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Colon cancer is one of the most common cancers, great progress was taken place in the treatment of colon cancer, however, the prognostic assessment system remains lagging. Cell cycle plays a vital role in the whole procedure of cancers. In this study, we firstly identified cell cycle-related genes specific in colon cancer. Functional enrichment analysis proved our analysis reliable. Furthermore, we constructed a robust signature based on the cell cycle-related genes. The AUC of the signature to predict the overall survival was 0.808, 0.807, and 0.831 of AUC at 1, 3, and 5 years, respectively. Internal and external validation proved the signature efficient. The 9 genes involved in the signature also showed a great job in molecular subgrouping which indicated the significant value of the 9 genes for further experimental research. In conclusion, the present research provided a novel robust signature predicting the prognosis of colon cancer.
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INTRODUCTION

Colon cancer is a common cancer type that owns high morbidity and mortality in the world. Nowadays, colorectal cancer ranks the second place of the mortality among all the cancers. Moreover, the age for people diagnosed with colon cancer tends to be younger than the previous, which indicates that the incidence is rising in young people (Siegel et al., 2020).

Owing to the great advance in the treatment of colon cancer including diverse novel surgical technology and different kinds of treatment specific for different kinds of patients, mortality reliefs much than before. However, the progress of the method to assess the prognosis of patients is far inferior to the progress of the treatment of colon cancer. A robust method that can better estimate the patients’ prognosis is also essential and can help to take an early intervention to the patients which may have a bad prognosis. At present, the most common method to estimate the prognosis of colon cancer patients is Tumor-Node-Metastasis (TNM) staging and pathological grading system, yet the effects are just passable (Dienstmann et al., 2017). On the other hand, it is urgent and crucial to establish a novel way to better predict the prognosis of colon cancer patients.

The recently great progressed high-throughput techniques including RNA-seq and microarray provides researchers deep insight into the role of molecular biomarkers in cancers (Zhang et al., 2018a,b; Qian et al., 2019). Furthermore, when combined with matched clinical information, this kind of technology also gives us a lot of inspiration in predicting the prognosis of patients. Many great signatures based on large sample size contributed a lot to the assessment of the prognosis of colon cancer patients (Zhang et al., 2020a,b,c). However, few of them are widely used in clinical practice mainly due to this signature still have defects which may because the original gene set cannot include the entire process of cancer.

Cell cycle is involved in almost every phase of the progression of cancer because the proliferation of cancer cells is mainly regulated by the cell cycle. However, the relevant signature based on the cell cycle is rare and remains a lack in the aspect of colon cancer. In this research, we identified specific cell cycle-related genes in colon cancer and constructed an efficient signature and further built a nomogram which combined the signature and some significant clinical features in order to predict the prognosis of patients who were diagnosed with colon cancer.



MATERIALS AND METHODS


Acquisition and Processing of Raw Data

Original data including microarray data and matched clinical data was downloaded from the website of database Gene Expression Omnibus (GEO,1). Method named Robust Multichip Average was carried out to normalize the raw data (Irizarry et al., 2003). According to the EntrezGeneID, probes were mapped. When more than one probes mapped to only one EntrezGeneID, the mean value was taken for further analysis. In this research, four colon cancer GEO datasets with relevant clinical information were included: GSE39582 (containing 585 patients), GSE17538 (containing 238 patients), GSE29621 (containing 65 patients), GSE39084 (containing 70 patients). GSE39582 which has the largest sample size among the four was defined as the discovery group. The other three datasets were combined as one which was defined as the validation group. The batch effects were balanced through Combat via the package “SVA” in R (Version 3.61).



Mining of Specific Cell Cycle-Related Genes in Colon Cancer

In order to screen out the cell cycle-related genes specific in colon cancer. The enrichment of cell cycle for each sample in the discovery set was computed through single-sample gene set enrichment analysis (ssGSEA) (Barbie et al., 2009). The reference genes set were retrieved from MSigDB2. “KEGG_CELL_CYCLE” filtered from “KEGG gene sets as Gene Symbols” in “c2: curated gene sets” was selected, and “GO_CELL_CYCLE” was also picked from “all GO gene sets as Gene Symbols” in “c5: Ontology gene sets”(Supplementary Table 1). These 2 gene sets were identified as references for ssGSEA algorithm. The Spearman’s correlation of the 2-enrichment scores with each gene was calculated. Then the genes which owned both the absolute correlation >0.3 and p-value < 0.01 were defined as colon cancer-specific cell cycle-related genes. ssGSEA was carried out by package “GSVA” in R (Version 3.6.2).



Survival and Functional Enrichment Analysis

Overall survival-related genes were identified through univariate Cox regression analysis via R (Version 3.62). Functional enrichment analysis was classified into two parts including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). GO can be detailed divided into the biological process (BP), cellular component (CC), and molecular function (MF). The GO and KEGG analysis were conducted by package “clusterProfiler” in R (Version 3.62) and the criterion for significant results was q-value < 0.05 and p-value < 0.05 (Yu et al., 2012).



Construction and Validation of the Signature

The GSE39582 set was randomly divided into two groups at the ratio of 1:1 which named internal training group and internal validation group. Least absolute shrinkage and selection operator (LASSO) was conducted in the internal training group to identify the variates. The variates obtained from LASSO were included to construct the signature via multivariate cox regression. Time-dependent receiver operating characteristic curve (tROC), risk-score analysis and Kaplan-Meier (KM) analysis was utilized to assess the accuracy of the model in the internal training set and were further validated in the internal validation set and external validation set. In order to prove the signature as an independent risk factor, the signature combined with other widely accepted clinical risk factors was further calculated by univariate and multivariate Cox regression analysis. The clinical features which were indicated to have significant contributions to survival were combined with the signature to build a nomogram, calibration analysis was then carried out. The process above were all conducted by R (Version 3.6.2), p-value < 0.05 was defined as statistically significant.



Identification of the Subtypes and Survival Analysis

The expression matrix of genes that were included in the signature was utilized to identify the molecular subtypes in colon cancer via R package “ConsensusClusterPlus” in R (Version 3.6.2). Survival analysis was carried out and visualized in the individual subtype.



RESULTS


Identification of Colon Cancer-Specific Cell-Cycle Related Genes

The entire analysis flow was presented in Figure 1. According to the raw microarray data and matched clinical information from GSE39582, we performed ssGSEA and took cell-cycle related gene sets as references. Spearman’s correlation of each gene with cell-cycle enrichment scores was calculated as described in the session of Methods and materials and 2767 genes were identified as colon cancer-specific cell-cycle related genes (Supplementary Table 2). We then conducted univariate Cox analysis to screen out the genes which were significantly correlated with survival based on the cell-cycle related genes (p-value < 0.05). Finally, 668 genes were obtained for further analysis (Supplementary Table 3).
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FIGURE 1. Flow chart of the entire research.




Functional Enrichment Analysis

We performed functional enrichment analysis including GO and KEGG analysis based on the 668 genes mentioned before, the results were presented in Supplementary Figure 1. For KEGG, the most enriched pathways were Cell cycle, DNA replication and Mismatch repair. For the results of GO, it mainly contained three parts including BP, CC, and MF. In terms of BP and DNA replication, chromosome segregation and DNA-dependent DNA replication took the top three places. In terms of CC, chromosomal region, condensed chromosome and condensed chromosome, centromeric region took the top three places. In terms of MF, catalytic activity, action on DNA, catalytic activity, action on RNA and helicase activity took the highest three places. Additionally, cell cycle related functional results were both enriched in GO and KEGG, such as cell cycle DNA replication and cell cycle G1/S phase transition in BP, Cell cycle and p53 signaling pathway in KEGG, these findings demonstrated that the 668 genes identified before enriched in cell cycle and further proved our previous analysis reliable.



Construction of Cell-Cycle Related Prognostic Signature in Colon Cancer

The 668 obtained in the previous analysis were selected to construct the cell cycle-related prognostic model to estimate the overall survival of patients. We firstly randomly divided the discovery group into two parts with the ratio of 1:1 that were recognized as internal training and internal validation group, respectively. LASSO regression was then performed based the colon cancer-specific cell cycle-related genes. Cross-validation was carried out (Figure 2A), the log(λ) with the lowest deviance was picked to select the mRNAs whose coefficients were not 0, and 24 genes were included in the signature (Figure 2B). They were PSMD6, TUBE1, MYNN, ALYREF, LYPD6, DHX33, SLC35G1, PA2G4, CCDC134, NUP93, RBBP5, METTL2B, SNRNP25, CELF1, TSPYL2, SCARA3, NPR3, VPS35L, ADH1A, LOXL4, CDK20, HSPA1L, KIF7, and PRRX2. Multivariate Cox regression was conducted to construct the prognostic signature based on the genes retrieved from the LASSO analysis. Finally, 9 genes were included in the prognostic signature, the signature was built as following: risk score = (exp of PSMD6 ∗ −2.715) + (exp of TUBE1 ∗ 1.538) + (exp of MYNN ∗ 1.344) + (exp of ALYREF ∗ −0.531) + (exp of CELF1 ∗ −2.028) + (exp of SCARA3 ∗ 1.278) + (exp of NPR3 ∗ 0.734) + (exp of VPS35L ∗ 1.1.02) + (exp of ADH1A ∗ −0.682). The risk score for individual patients was computed and 1.479 was selected as the cutoff for the high and low-risk group. The results of risk score demonstrated that the model could significantly distinguished the high and low-groups and utilizing the cutoff, the 2 groups differed obviously in survival according to the survival analysis (Figures 2C,D). The expression of each gene in the signature for every patient was shown as heatmap in Figure 2E. The accuracy was assessed by AUC of ROC in Figure 2F, as shown, the AUC was 0.808 at 1 year, 0.807 at 3 year and 0.831 at 5 year, respectively.
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FIGURE 2. Construction of the signature in the internal training group. (A,B) LASSO analysis: the association between deviance and log(λ) (A); the association between coefficients of genes and log(λ). (C) Risk score and (D) survival analysis of the high and low groups classified by the signature. (E) Heatmap of the expression of each gene involved in the signature. (F) AUC of the ROC.




Validation of the Signature in the Internal Validation Group and External Validation Group

According to the formula of the signature, we assessed the accuracy of the signature in internal validation set and the external validation set. The risk score analysis, survival analysis and ROC analysis were repeated in the internal validation group, the entire discovery set and the external validation group (Figures 3A–C, internal validation set: left panel, entire discovery set: middle panel and the external validation set: right panel). The model still could distinguish the high and low-risk group with great efficiency and the survival analysis proved the cutoff still worked. The AUC of ROC in different sets further demonstrated that the signature robust. The AUC in the internal validation group was 0.617, 0.644, and 0.636 at 1, 3, and 5 years. The AUC of the entire discovery was 0.708, 0.719, and 0.729 at 1, 3, and 5 years. The AUC in the external validation set was 0.719, 0.65, and 0.643 at 1, 3, and 5 years, respectively. We also analyzed the efficiency of the signature in the entire set under different situations. We classified patients into diverse groups according to different clinical features including age, gender, status of node metastasis, status of distant metastasis, status of BRAF and status of KRAS. The ROC of each group in diverse situations was presented in Figures 4A–F, and the results of survival analysis were shown in Figures 5A–F. These results all indicated that the signature could have great efficiency and keep stable in diverse situations. Moreover, we included some clinical characteristics with the signature into univariate Cox regression analysis. We then screened out the factors which were statically significant in univariate Cox analysis into multivariate Cox analysis, the results all demonstrated that the risk score was an independent risk factor no matter in univariate or multivariate Cox regression analysis (Table 1).
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FIGURE 3. Validation of the signature in the internal validation set (A), entire discovery set (B), and external validation set (C). Upper panel was the risk score analysis, middle panel was the survival analysis, and the down panel was the AUC of the ROC.
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FIGURE 4. AUC of the ROC that was computed by the signature under diverse situations classified by several clinical features including age (A), gender (B), status of node metastasis (C), status of distant metastasis (D), status of BRAF and status of KRAS (E,F).
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FIGURE 5. Kaplan-Meier plot of the high and low-risk groups identified by cell cycle-related signature under diverse situations by classifying the patients into different subgroups according to age (A), gender (B), status of node metastasis (C), status of distant metastasis (D), status of BRAF and status of KRAS (E,F).



TABLE 1. Univariate and multivariate Cox analysis of the signature combined with other clinical features.
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Construction of a Nomogram and Identification of Molecular Subtypes Utilizing the Genes Included in the Signature

We selected the factors which were both statistically significant after univariate and multivariate Cox analysis to build a nomogram, and calibration analysis was used to assess the efficiency and accuracy. The results were shown in Figures 6A,B. We further used the 9 genes involved in the signature to seek if these genes could classify the patients into different molecular subgroups. The results were considerable, and the molecular subtypes showed different survival outcomes based on survival analysis which also proved the potential clinical contributions of the molecular subtypes classification method (Figures 6C,D). The analysis also implied the 9 genes involved in the signature could have great possibilities to become biomarkers for colon cancer and proved the signature might have a vital role in the clinical contributions.
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FIGURE 6. Construction and validation of the nomogram. Details of the nomogram (A), calibration analysis based on the nomogram (B). Molecular subgrouping based on the 9 genes involved in the signature (C): Left panel: Elbow and gap plot for different numbers of subgroups; Right panel: Consensus heatmap of the clusters. Kaplan-Meier plot of the four subgroups (D).




DISCUSSION

Colon cancer is one of the most common cancers worldwide. Due to the great advance in the treatment of colon cancer, the mortality decreases in recent years, however, the progress of the system to assess the prognosis of colon cancer lags much. For colon cancer, the main method to assess the outcome of patients is TNM, pathological grading systems, and some other markers such as KRAS status and BRAF status (Yu et al., 2012). But even the patients shared the same TNM may still have diverse outcomes. In the era of precision medicine, the present prognostic system still has a large space to improve in order to estimate the individual outcome for each patient. Moreover, if we can precisely predict the prognosis of individual patients well, the beforehand intervention can be taken to the high-risk patients, and we may even improve the outcomes or the survival of these high-risk patients.

Benefited from the fast progress in high-throughput sequencing in recent years, we can obtain the transcriptome profiling data for every patient. It provided us novel insights into the precise assessment of the prognostic of the individual patient if combined with the relevant clinical data. Based on the technology, many researchers found many vital biomarkers that played significant roles in the process of cancers (Zhang et al., 2018b,c). And many signatures based on the transcriptome profiling data were constructed in recent years (Liu et al., 2019; Tan et al., 2019). However, few of these signatures were utilized in the clinical treatment may due to these signatures were flawed in some terms. The main reason for the deficiency may be the gene sets that were selected to construct the signature could not overall estimate the process of cancers.

Cell cycle is an important biological process that participates in the whole process of cell division. The cell cycle contained the start of cell division to the end of division, it can be detailed interpreted into two parts: inner-phase and division stage. Cell cycle checkpoints which were usually classified as G1 and G2 checkpoints was recognized as an important part in regulating the cell cycle. For most cancer cells, they are defective in G1 checkpoints, because it more common to obtain mutations or other changes of key regulators among G1 checkpoints. Two types of G2 checkpoint responses have previously been identified: DNA damage G2 checkpoint and degrading G2 checkpoint. ATM/CHK2/p53 pathway is the main participant of DNA damage and degradation G2 checkpoint, and the weakening of any G2 checkpoint will lead to chromosome instability. Additionally, cell cycle also regulates the proliferation of cells. Dysregulated cell cycle-related genes can be the root reason for uncontrolled cell proliferation, moreover, uncontrolled cell growth is one of the main causes and the specific features of cancer. On the other hand, cell cycle plays a significant role in the entire process of cancer, many researchers discovered dysregulated genes could affect the development of cancer by influencing the cell cycle (Qian et al., 2018; Tan et al., 2019). However, the researches that built a robust signature based on cell cycle-related genes to predict the prognosis of cancers is rare and remains blank in colon cancer.

In this research, we specifically integrated researched the cell cycle and survival-related genes in colon cancer, 668 genes were identified as cell cycle-related genes. Functional enrichment analysis proved that these 668 genes quite focused on cell cycle. Furthermore, through LASSO and multivariate Cox analysis, we built a signature based on these cell cycle-related genes. The signature showed great efficiency with 0.808, 0.807, and 0.831 of AUC at 1, 3, and 5 years, respectively, in the internal training group. Moreover, the signature was also robust in the internal validation and external validation group. Even under different conditions such as dividing the patients into diverse groups based on different clinical features, the signature still showed great efficiency. In conclusion, the cell cycle-related signature is stable and robust to assess the prognostic outcomes of colon cancer patients. Furthermore, we also included some clinical features which could influence the survival of colon cancers and constructed a nomogram along with the signature for better transform to clinical application.

According to the great efficiency of the signature, we wonder if these genes involved in the signature were important in the process of colon cancer, and we tried to use the expression of the 9 genes to classify colon cancer patients into different molecular subtypes. The result was exciting, we successfully classified patients into 5 subgroups and these five groups showed different survival outcomes which further indicated that the identification of the five subgroups was valuable. The analysis also implied that the 9 genes involved in the signature were of great possibilities for research in colon cancer. PMSD6 was reported to join in numerous cellular processes such as cell cycle, apoptosis, or DNA damage repair (Kanayama et al., 1992). ALYREF is dysregulated in a wide variety of cancer types (Viphakone et al., 2015). CELF1 was identified as a key regulator for melanoma-enriched pro-oncogenic networks (Cifdaloz et al., 2017). SCARA3 was also involved in the signature for estimating the prognosis of glioblastoma (Cao et al., 2019). NPR3 was proved to be inhibited by long non-coding RNA MRCCAT1 and further promoted the metastasis in clear cell renal cell carcinoma (Li et al., 2017). ADH1A was found to associated with proteome and included in HCC metabolic reprogramming. However, our study still had limitations, our signature was constructed based on the training set and further validated in the inner validation and external validation set, the experimental validation is still lack and the signature was not verified in the clinical treatment. In conclusion, our analysis identified specific cell cycle-related genes, and an efficient prognostic signature was constructed in colon cancer. The signature showed great efficacy in predicting the outcomes of colon cancer patients and the 9 genes involved in the signature further presented considerable value in molecular subgrouping. On the other hand, the present research screened out 9 genes that have possibilities as key biomarkers in colon cancer and provided us novel insights into the study of the relation of cell cycle and cancers.
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Supplementary Table 3 | Results of univariate Cox analysis of the 668 genes that were defined as cell cycle and survival-related genes in colon cancer.
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Cell cycle is regulated by a number of proteins namely cyclin-dependent kinases (CDKs) and their associated cyclins which bind with and activate CDKs in a phase specific manner. Additionally, several transcription factors (TFs) such as E2F and p53 and numerous signaling pathways regulate cell cycle progression. Recent studies have accentuated the role of long non-coding RNAs (lncRNAs) and microRNAs (miRNAs) in the regulation of cell cycle. Both lncRNAs and miRNAs interact with TFs participating in the regulation of cell cycle transition. Dysregulation of cell cycle regulatory miRNAs and lncRNAs results in human disorders particularly cancers. Understanding the role of lncRNAs, miRNAs, and TFs in the regulation of cell cycle would pave the way for design of anticancer therapies which intervene with the cell cycle progression. In the current review, we describe the role of lncRNAs and miRNAs in the regulation of cell cycle and their association with human malignancies.
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Introduction

Cell division has a fundamental role in the development multicellular organisms. This process is accomplished through orderly sequences of happenings that together with each other make the “cell cycle”. This cycle comprises precise duplication of the genome throughout the DNA synthesis stage (S phase), and separation of whole sets of chromosomes to one of the daughter cells in the mitosis stage (M phase). Two “Gap” phases also exist in the cell cycle. The first one (G1) links the accomplishment of the M phase to the commencement of S phase in the succeeding cycle. G2 splits the S and M stages. Cells residing in the G1 phase might momentarily or enduringly exit the cell cycle and go in an inactive or blocked phase namely G0 (1). In the mammalian cells, cell cycle is regulated by a number of proteins namely cyclin-dependent kinases (CDKs) and their associated cyclins which bind with and activate CDKs in a phase specific manner (2). Cyclins A and E are activating factors for CDK2. Cyclin B binds with CDK1. Finally, CDK4/6 is activated by cyclin Ds. Binding of cyclins with CDKs leads to phosphorylation of CDKs target proteins which finally permits progression through cell cycle (2). In addition to cyclins, Wee1 kinase and CDC25 phosphatase regulate activity of CDKs by phosphorylation and dephosphorylation reactions, respectively (3). Activity of CDKs and cell cycle progression are inhibited by a number of factors such as p15ink4b, p16ink4a, p18ink4d, p21Cip1, p27Kip1, and p57Kip2. These factors have a specific binding affinity for cyclin-CDK complexes (4–6). Progression through each phase of cell cycle is regulated by CDKs and their associated proteins/pathways. For instance, MAPK pathway induced by growth factors enhances transcription of cyclin Ds in the G1 phase, leading to activation of CDK4/6 (7). The protein complex formed by cyclin Ds and CDK4/6 phosphorylates retinoblastoma protein (pRB), p107 and p130, in the final stages of G1 phase, thus releasing E2F and enhancing E2F-dependent expression of growth-stimulating genes (7). At the G1/S boundary, the complex constructed by cyclin E and CDK2 phosphorylates pRB and other proteins participating in the regulation of DNA replication to facilitate G1/S transition (8). Cyclin B-CDK1 complex has several functions such as accomplishment of the G2 phase processes (9), negative regulation of cytokinesis (10), and coordination of mitotic-related procedures in the nucleus and the cytoplasm (11). This complex has a number of targets such as the anaphase-promoting complex/cyclosome (APC/C) (10). In addition to CDKs, cyclins, and the APC/C which directly regulate cell cycle progression, other molecules are involved in this process. For instance, p53 functions in numerous stages to warrant that cells do not bring their abnormal DNA through cell division. It halts the cell cycle at the G1 checkpoint through stimulating synthesis of CDK inhibitor (CKI) proteins. These proteins attach CDK-cyclin complexes and inhibit their function extending the time for the activation of DNA repair system. It also induces DNA repair enzymes. If DNA damage cannot be fixed, p53 induces cell apoptosis to prevent transmission of the damaged DNA to the daughter cells (12).

Several lines of evidence point to the role of non-coding RNAs (ncRNAs) in the regulation of expression or activity of the above-mentioned proteins (13). Cyclins, CDKs and their inhibitors, are targets of regulation by ncRNAs at different levels including transcriptional and post-transcriptional levels (13). Being classified mainly based on their sizes, ncRNAs include micro RNAs (miRNAs) and long non-coding RNAs (lncRNAs). LncRNAs are longer than 200 nucleotides. According to their structural features, lncRNAs are categorized into different classes among them are intergenic, intronic and natural antisense lncRNAs (14). In addition to their regulatory roles on gene expression at transcriptional and post-transcriptional levels, lncRNAs act as protein scaffolds to regulate interactions between proteins (15). Expressions of a number of lncRNAs are stimulated by DNA damage. These transcripts contribute in DNA damage responses and carcinogenic processes (13). Meanwhile, there is a reciprocal interaction between miRNAs and a number of cell cycle regulators in a way that miRNAs regulate expression of cell cycle regulators, and expression of miRNA is regulated by cell-cycle-dependent transcription factors (16). Such interactive network is implicated in the pathogenesis of a number of disorders particularly cancer. Most of miRNAs are first transcribed from their encoding genes into primary miRNAs. Then, they are changed to precursor miRNAs, and eventually mature miRNAs. These steps are performed in both nucleus and cytoplasm. Mechanistically, miRNAs interact with the 3′ UTR of their target transcripts resulting in degradation their or inhibition of their translation. Yet, miRNAs binding with the 5′ UTR, coding regions, and promoters, has also been demonstrated (17). In the current review, we describe the role of lncRNAs and miRNAs in the regulation of cell cycle and their association with human malignancies.



LncRNAs and Cell Cycle Control

Numerous lncRNAs have been shown to regulate cell cycle progression directly through modulation of expression of CDKs/cyclins or indirectly through regulation of TFs that control expression of CDKs/cyclins. For instance, the known oncogenic lncRNA MALAT1 regulates cell cycle progression at G1 phase since its knock down has resulted in cell cycle arrest at this step and enhanced expression of cell cycle inhibitors p53, p16, p21, and p27, while suppressing expression of cyclin A2 and CDC25A (18). Moreover, this lncRNA has a crucial role in up-regulation of expression of B-Myb, an oncogenic TF participating in G2/M progression (18). Thus, MALAT1 regulates cell cycle progression in different phases through modulation of expression of cell cycle regulators.

ANRIL is an lncRNA being transcribed from the INK4 locus in an antisense direction to p15 (19). This lncRNA participates in epigenetic suppression of expression of the INK4 locus through recruitment of polycomb repression complex 2 (PRC2). Such function specifically represses expression of p15 (20). Expression of CDK inhibitors is also regulated by other lncRNAs including lncRNA-HEIH. This up-regulated lncRNA in the hepatitis B virus-associated hepatocellular carcinoma decreases expression of p15, p16, p21, and p57, through cooperation with EZH2, thus regulating cell cycle transition at G0/G1 (21).

HOTAIR has been shown to regulate expression of genes which are principally associated with cell cycle progression (22). HOTAIR silencing has led to cell cycle arrest at G0/G1 in addition to modulation of expression of cell cycle-related proteins (22). Experiment in esophageal squamous cell carcinoma cells has also verified the impact of HOTAIR silencing on suppression of cell proliferation and induction of G1 cell cycle arrest. This lncRNA serves as a molecular sponge to suppress miR-1 expression and subsequently increase expression of cyclin D1 (23). In ovarian cancer cells, HOTAIR increases expression of cyclin D1 and cyclin D2 through negatively regulating miR-206 expression (24).

A number of lncRNAs have been shown to regulate expression of p53 thus affecting cell cycle regulation by this TF. These lncRNAs include both oncogenic and tumor suppressor ones. Examples from the former group include PVT1 and ANRIL which enhance MDM2-associated degradation of p53 (25, 26). On the other hand, LOC572558 enhances expression of p53 through regulation of its phosphorylation (27). Moreover, MEG3 RNA interacts with the promoter region of p21 to increase p53 accumulation (28). Meanwhile, p53 as a TF can alter expression of several lncRNAs. For example, the lncRNA-p21 has been shown to be transcribed from a genomic region adjacent to p21Cip1. This lncRNA is a direct target of p53. LncRNA-p21 silencing has affected expression of a number of p53-target genes with the exception of p21 gene (29). Moreover, the lncRNA PANDA is transcribed from a promoter region of p21 in response to DNA damage through a p53-dependent route (30). Therefore, lncRNAs exert functional roles both at upstream and downstream of cell cycle-associated TFs such as p53.

The lncRNA EMS has been identified as a direct target of c-Myc. This lncRNA acts as an oncogenic transcript that facilitates G1/S transition. Functional studies have shown interaction between EMS and the RNA binding protein RALY to increase the stability of E2F1 transcript and enhance its expression (31). The oncogenic lncRNA MIR31HG has been shown to promote cell proliferation, facilitate cell cycle progression, and suppress cell apoptosis. This lncRNA modulates cell cycle transition through regulation of HIF1A and p21 expressions (32). In addition, SHNG3 is another dysregulated lncRNA in diverse cancers. This lncRNA has higher expression in glioma tissues and cell lines compared with normal counterparts. Forced over-expression of SNHG3 has increased proliferation, quickened cell cycle progression, and suppressed cell apoptosis via silencing KLF2 and p21 through recruitment of EZH2 to their promoter (33). FOXD2-AS1 is another oncogenic lncRNA whose knock down results in cell cycle arrest in the G0/G1 stage, inhibition of colony development, cell proliferation, and suppression of tumor growth in the xenograft model. FOXD2-AS1 and reduced expression of CDKN1B through recruitment of EZH2 to its promoter region (34). ROR1-AS1 in an up-regulated lncRNA in colon cancer tissues, particularly in stage III and IV and more massive tumors. Forced over-expression of ROR1-AS1 has increased cell proliferation, reduced the G0/G1 phase time of cell cycle, and inhibited apoptosis. This lncRNA can bind to EZH2 and suppress expression of DUSP5 (35).

Figure 1 shows the molecular mechanism of involvement of a number of lncRNAs in cell cycle regulation. These lncRNAs recruit EZH2 to the promoter regions of their target genes.




Figure 1 | The lncRNA SNHG3 recruits EZH2 to the promoter of CDKN1A to induce H3K27me3 and decrease expression of this gene. This gene encodes the p21 protein which is an inhibitor of cyclin E/CDK2 (33). The lncRNA FOXD2-AS1 enhances recruitment of EZH2 to the promoter of CDKN1B and decreases its expression via H3K27me3. Therefore, it down-regulates p27 which is an inhibitor of cyclin D (34). These two lncRNAs promote cell progression at G1/S point. Over-expression of ROR1-AS1 has increased cell proliferation, reduced the G0/G1 phase time of cell cycle, and inhibited apoptosis. This lncRNA can bind to EZH2 and suppress expression of DUSP5 (35).



Table 1 shows the results of studies which assessed the role of lncRNAs in cell cycle control.


Table 1 | The role of lncRNAs in cell cycle control (ANTs, Adjacent normal tissues).




The interaction between lncRNAs and cell cycle-related proteins can alter response of cancer cells to chemotherapeutic agents. For instance TUG1 has a role in induction of chemoresistance in small cell lung cancer cells through regulation of LIMK2b expression. Knockdown of TUG1 has resulted in the accumulation of cells at G1-phase (67). NNT-AS1 via MAPK/Slug pathway could be involved in cisplatin chemoresistance in non-small cell lung cancer (68). Table 2 summarizes the results of studies which assessed the role of lncRNAs in this regard.


Table 2 | Role of cell-cycle related lncRNAs in chemoresistance (ANTs, Adjacent normal tissues).



The importance of cell cycle-associated lncRNAs as diagnostic/prognostic markers have been assessed in several studies. Higher expression of NR2F2-AS1, PCAT6, FOXD-AS1, SNHG3, FLVCR-AS1, and some other lncRNAs has been associated with lower OS rate. Table 3 summarizes the results of these studies.


Table 3 | Role of cell cycle-associated lncRNAs as prognostic markers.




miRNAs and Cell Cycle Control

These small transcripts participate in the regulation of cell cycle control via modulation of checkpoints and DNA repair mechanisms (16, 74). Moreover, they regulate expression of cyclins, CDKs, cyclin-dependent kinase inhibitors, and TF-associated proteins such as Rb (16). For instance, the miR-15a-16-1 cluster has been shown to induce cell cycle arrest at the G1 through suppressing expression of CDK1, CDK2, and CDK6 as well as D1, D3, and E1 cyclins (75–77). miR-188 suppress cell cycle transition at G1/S through inhibition of expression of cyclins D1, D3, E1, and A2 as well as CDK4 and CDK2. This miRNA also reduces Rb phosphorylation and decreases E2F transcriptional activity (78). miR‑424 has been shown to regulate cell cycle progression in the G2/M phase through inhibition of expression of CDK1 probably via the Hippo and the extracellular signal‑regulated kinase pathways (79). Moreover, regulation of CDK5 by miRNA-26a has been shown to control cell proliferation, apoptosis and tumor growth in an animal model of diffuse large B-cell lymphoma (80). Expression of CDK5 is also regulated by the tumor suppressor miRNA-505-5p in cervical cancer cells (81). Notably, this CDK has a distinct feature from other CDKs which is that it is not activated via interaction with cyclins. Instead, it is activated through binding with p35 and p39, or their cleaved proteins namely p25 and p29 (82).

Expression of cell cycle-related TFs is also regulated by miRNAs. For example, miR-17-92 cluster, miR-17-5p, miR-20a, miR-149*, miR-330, and miR-331-3p have been shown to suppress expression of E2F1, thus inducing cell cycle arrest in different tissues (83–86). On the other hand, miR-106a, miR-290, and miR-17-92 have been shown to target pRB or other proteins from this family (87–90).

A number of miRNAs such as miR-504 and miR-1285 regulate expression of p53 (91). Meanwhile, p53 has been shown to alter expression of several miRNAs such as miR-34a/b/c (92, 93). Thus, several miRNAs are implicated in the regulation of cell cycle progression through p53-mediated pathways. Figure 2 illustrates the role of a number of miRNAs in the cell cycle control.




Figure 2 | A schematic diagram of the regulation of mitochondrial apoptosis, Wnt/β-catenin, JAK-STAT, and PI3K/AKT signaling pathways via different miRNAs in various human cancers. Ectopic expression of some miRNAs including miR-345-5p, miR-561, miR-302b, miR-362-3p, and miR-34a could impede the mitochondrial apoptotic pathway via targeting caspase 3 and 9, Bcl-2, Bax, and Bim which can play an effective role in cell death suppression in variety of tumor cells (94, 95). Besides, miR-214, miR-320, miR-188, miR-374a, and miR-574-5p could activate the Wnt/β-catenin pathway in tumor cells through modulating GSK-3β, FOXM1, CCND1, and C-myc, and thereby promoting cell differentiation and proliferation as well as enhancing EMT and cell migration and invasion in different human cancers (96, 97). Additionally, miR-340, and miR-574-5p could regulate the JAK-STAT signaling pathway via targeting STAT3, SOCS3, and Survivin which have a significant role in regulating tumor cell growth and metastasis in various tumor cells (98, 99). In addition, aberrant expression of miR-214, miR-106b-5p, and miR-561 could negatively modulate PTEN and PIP3 in PI3K/AKT signaling pathway in different human cancers such as ovarian cancer, melanoma, and NSCLC cells (96, 100, 101).



Table 4 summarizes the function of miRNAs in cell cycle control.


Table 4 | Function of miRNAs in cell cycle transition (ANTs, Adjacent normal tissues).






The interaction between miRNAs and cell cycle controlling proteins has implications in defining response to chemotherapeutic agents. For instance miR-192/miR-215 and miR-320 could affect response of cancer cells to 5-Fluorouracil resistance (151, 152). In addition, miR-100 could increase cisplatin sensitivity, inhibit cell proliferation, induce conversion from G1 to S phase and promote apoptosis through directly targeting mTOR and PLK1 (140). miR-374a is another miRNA which alters chemoresistance phenotype in nasopharyngeal carcinoma. In this type of cancer, miR-374a decreases proliferation, migratory aptitude, invasiveness, metastatic ability, and resistance to cisplatin. Functionally, miR-374a decreases expression of CCND1 to attenuate activity of the pPI3K/pAKT/c-JUN axis through making a negative-feedback circle. This miRNA also inhibits downstream signals associated with cell cycle transition (144). miR-9600 has been demonstrated to attenuate tumorigenesis and metastatic potential of lung cancer cells via inhibiting expression of STAT3. Besides, miR-9600 improved response of cancer cells to paclitaxel and cisplatin through this axis and enhancement of chemotherapy-associated apoptosis (153). Besides, miR-106b-5p has a crucial impact in modulation of cisplatin resistance in lung cancer through inhibiting expression of PKD2 (154). Table 5 summarizes the data regarding the role of miRNAs in conferring resistance to chemotherapeutic agents.


Table 5 | Role of cell cycle regulating miRNAs in conferring resistance to chemotherapeutic agents.




Cell cycle-regulating miRNAs can be used as prognostic markers in cancer. Low expression of several miRNAs such as miR-129-5p, miR-29c-3p, miR-140-3p, miR-7-5p, miR-940, miR-107, miR-671-5p, and iR-299-5p has been associated with shorter survival rate of patients with certain types of cancers. Table 6 summarizes the results of studies which assessed this aspect of miRNAs.


Table 6 | The role of cell cycle controlling miRNAs as diagnostic/prognostic markers in cancer.






Discussion

Several lncRNAs and miRNAs have been shown to regulate cell cycle at different stages thus influencing the proliferation rate. Abnormal function of these transcripts might lead to the development of human cancers. Cell cycle is regulated by several lncRNAs through epigenetic modulation of gene expression regulation of transcription factors modulation of translation mRNA stability, and enhancement of protein-protein interactions (15). Recruitment of EZH2 to the promoter region of target genes is a common mechanism of action of some of these lncRNAs. Dysregulation of cell cycle-related lncRNAs is regarded as a hallmark of cancer. A number of these lncRNAs also contribute in controlling the proliferation rate of normal differentiated cells or during organogenesis, therefore being important in the context of regenerative medicine and in cell senescence studies. For instance, Malat1 controls differentiation of myogenic cells and muscle regeneration (168). In addition, H19 regulates myoblast differentiation and muscle regeneration (169). However, most of the cell-cycle regulatory roles of lncRNAs have been assessed in the context of cancer.

miRNAs also exert functional roles in the regulation of cell cycle. A comprehensive genome-wide screen of cell cycle-associated miRNAs has led to identification of a distinctive group of miRNAs that target almost all cyclins/CDKs. These miRNAs are extremely potent in impeding cancer cell proliferation (170). Systemic administration of a number of these miRNAs using nanoparticle delivery methods has repressed tumor progression in a number of xenograft models indicating the role of these miRNAs in the treatment of cancer (170). The prominent role of cell cycle-regulatory miRNAs in the pathogenesis of cancer has been further highlighted by the observed dysregulation of these transcripts in the cancer stem cells (CSCs) (171). These miRNAs have been shown to target several genes that regulate cell cycle progression among them are PTEN (172), JAK1, SOX4, STAT3, AKT, EZH1, HMGA2 (173), CDK4/6, NOTCH1 (174), and ZEB1/2 (175). Therefore, cell-cycle regulatory miRNAs represent important targets for intervention with the invasive and metastatic properties of cancer cells which are associated with CSC phenotypes. Furthermore, identification of miRNAs with distinctive functions in CSCs and normal stem cells would facilitate design of specific targeted therapies for cancer patients with fewer side effects in normal tissues. This research avenue needs to be explored in future studies.

As lncRNAs have important roles in the regulation of activity of miRNAs through serving as molecular sponges for these small transcripts, identification of this type of interactions between cell cycle-related lncRNAs and miRNAs would pave the way for better recognition of the molecular mechanism of cell cycle progression. Several lncRNAs act as competing endogenous RNAs for miRNAs, thus regulating expression of cell cycle-associated miRNAs. Examples include (but not limited to): loc285194/miR-211 (176), HOTAIR/miR-1 (23), HOTAIR/miR-206 (24), and ANRIL/miR-384 (177). In addition to this kind of interaction between lncRNAs and miRNAs, some lncRNAs serve as precursors for miRNAs. Such situation exists between H19 and miR-675 (178). While E2F1 enhances expression of H19 lncRNA (179), miR-675 suppresses pRB expression (180). In turn, pRB inhibits E2F-associated transcription of H19 constructing a self-regulated network between H19 and pRB (13). These examples obviously show the complex network between lncRNAs, miRNAs, and TFs.

Expression of cell cycle-associated non-coding RNAs directly influences the survival of patients with diverse cancer types. This speculation is based on the obtained data from both high and low throughput studies. An example of former type of studies is a study which assessed RNA seq data of a large cohort of patients with colorectal cancer. Authors have reported several differentially expressed cell cycle genes and miRNAs which regulate expression of these genes. Subsequently, they verified correlations between expression levels of these genes/miRNAs and patients’ survival (181). Moreover, these non-coding RNAs can contribute in the construction of diagnostic panels for diverse types of cancers.

Taken together, cell cycle-associated lncRNAs/miRNAs are potential therapeutic targets for management of cancer and possible biomarkers for prediction of cancer course. However, lack of specificity in the regulatory roles of some of these transcripts limits their application in the clinical settings. Future studies should focus on identification of the network between these two kinds of transcripts and TFs using high throughput techniques. The results of these studies would fulfill the prerequisite step for design of targeted therapies.
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Long Non-coding RNA SENP3-EIF4A1 Functions as a Sponge of miR-195-5p to Drive Triple-Negative Breast Cancer Progress by Overexpressing CCNE1

Lie Chen1†, Xiaofei Miao2†, Chenchen Si3†, An Qin1, Ye Zhang2, Chunqiang Chu1, Zengyao Li2, Tong Wang2* and Xiao Liu1*


1Department of Thyroid and Breast Surgery, Wuxi People's Hospital Affiliated to Nanjing Medical University, Wuxi, China

2Department of General Surgery, Wuxi People's Hospital Affiliated to Nanjing Medical University, Wuxi, China

3Dermatological Department, Wuxi Children's Hospital Affiliated to Nanjing Medical University, Wuxi, China

Edited by:
Mingyan Zhu, Affiliated Hospital of Nantong University, China

Reviewed by:
Hao Qian, Shanghai Jiao Tong University, China
 Jin Wang, Fudan University, China

*Correspondence: Xiao Liu, liuxiaowuxi@126.com
 Tong Wang, aanti@163.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Cell and Developmental Biology

Received: 30 December 2020
 Accepted: 11 February 2021
 Published: 15 March 2021

Citation: Chen L, Miao X, Si C, Qin A, Zhang Y, Chu C, Li Z, Wang T and Liu X (2021) Long Non-coding RNA SENP3-EIF4A1 Functions as a Sponge of miR-195-5p to Drive Triple-Negative Breast Cancer Progress by Overexpressing CCNE1. Front. Cell Dev. Biol. 9:647527. doi: 10.3389/fcell.2021.647527



Triple-negative breast cancer (TNBC) has high malignancy and limited treatment, so novel molecular therapeutic targets are urgently needed. Cyclin E1 (CCNE1) promotes progression in breast cancer, but its role and inherent mechanisms in TNBC are yet to be elucidated. Competing endogenous RNA (ceRNA) may be a potential mechanism. CCNE1 was selected though bioinformatics and clinical samples, and cell lines were utilized to verify CCNE1 expression by qRT-PCR and western blot. Predicting tools provided potential miR-195-5p and SENP3-EIF4A1 and tested from multilevel. Functional experiments were conducted in vitro and in vivo. Luciferase reporter assay and RNA immunoprecipitation experiments were implemented to ensure the interaction between miR-195-5p and SENP3-EIF4A1/CCNE1 in TNBC. Bioinformatics found DNA hypermethylation of miR-195-5p and preliminarily verified. Mechanistically, SENP3-EIF4A1-miR-195-5p-associated ceRNA could drive TNBC progress though regulating CCNE1. DNA hypermethylation of miR-195-5p might be another reason. In summary, SENP3-EIF4A1-miR-195-5p-CCNE1 axis promotes TNBC progress and may contribute to the novel diagnosis and treatment of TNBC.

Keywords: triple-negative breast cancer, CCNE1, microRNA, LncRNA, DNA methylation


INTRODUCTION

According to the 2020 cancer statistics published by the American Cancer Society (ACS) in CA, 276,480 cases of breast cancer are estimated to be the first in the incidence rate of female malignant tumors (Siegel et al., 2020). Breast cancer is one of the most common malignant tumors in women, which should not be ignored. Triple-negative breast cancer (TNBC), accounting for about 15–20% of total, is a subtype characterized by lack of estrogen receptor (ER) and progesterone receptor (PR) expression and lack of ERBB2 (also known as HER2) amplification (Foulkes et al., 2010). More than 75% have features of Basal-like subtype (Perou et al., 2000); TNBC always show more aggressive clinical behaviors (Sorlie et al., 2001) and poor prognosis (Carey et al., 2006). Due to the lack of effective therapeutic targets, the treatment of TNBC patients is extremely limited; the treatment bottleneck is difficult to break through. Thus, TNBC patients need new treatment options, and discovery of novel molecular targets is the priority.

Cyclins are widely distributed in eukaryotes from yeast to human. They participate in cell cycle regulation by interacting with cyclin-dependent kinases (CDKs) and cyclin-dependent kinase inhibitors (CKIs). Cyclin E1 (CCNE1) is one of the subtypes of cyclin E, which is considered as G1-cyclin. CCNE1-CKD2 complex induces hyperphosphorylation of phosphorylated Rb protein initiated by cyclin D-CDK4/6 (Macaluso et al., 2006), releasing E2F, allowing cell cycle from G1 to S phase and DNA synthesis (Harbour et al., 1999; Caldon and Musgrove, 2010). A number of studies have shown that CCNE1 is abnormally expressed in a variety of malignant tumors (Au-Yeung et al., 2017; Aziz et al., 2019). For breast cancer, overexpression of CCNE1 have been verified as an early event of breast cancer progression (Shaye et al., 2009), and high level of CCNE1 is often associated with poor prognosis (Fredholm et al., 2017). However, the expression and function of CCNE1 in TNBC is rarely studied.

At present, the theory of competitive endogenous RNA (ceRNA) hypothesis is a hot topic in oncology (Zheng et al., 2018; Wang W. et al., 2020). MicroRNA, long non-coding RNA (LncRNA), mRNA, and pseudogenes can interact and regulate each other through competitive binding microRNA response element (MRE) (Salmena et al., 2011), which provides a new gene regulation mechanism. miRNA is a non-encoding RNA of 18–25 nucleotides, which function is as a posttranscriptional regulator of target mRNA (Garzon et al., 2010; Kasinski and Slack, 2011). Recent studies have shown that miRNA can be involved in the occurrence and progression of many malignant tumors, including breast cancer or even TNBC (Givel et al., 2018; Kong et al., 2018). LncRNA plays an important role in ceRNA hypothesis. LncRNA is ubiquitous in the human genome (Jarroux et al., 2017) and is indispensable for maintaining the growth and function of normal cells (Jathar et al., 2017). The anomalous expression of lncRNA is closely related to the occurrence and development of many malignant tumors, including breast cancer (Wang et al., 2019; Yao et al., 2019). Although lncRNA-microRNA-associated ceRNA has been confirmed to regulate CCNE1 expression in hepatocellular carcinoma (Li et al., 2019), it is still unclear if this could affect TNBC.

Our study aims to investigate the relationship between lncRNA-microRNA-associated ceRNA and CCNE1 in patients with TNBC. The results clarify that lncRNA SENP3-EIF4A1 and miR-195-5p act on CCNE1 and regulate its promotion of TNBC progress.



MATERIALS AND METHODS


Cell Lines and Clinical Samples

MCF-7, MDA-MB-231, T47D, and ZR-75-1 cell lines were purchased from the American Tissue Culture Collection (ATCC). HBL-100 cell line came from Shanghai Institute of Biological Sciences. While, SUM1315 cell line was provided by the University of Michigan. DMEM (Gbico, Detroit, MI, USA) and 10% FBS (Gbico, Detroit, MI, USA), combined with 1% penicillin/streptomycin (Gibco, Detroit, MI, USA), were utilized to culture MCF-7, MDA-MB-231, and SUM1315. Differently, HBL-100, T47D, and ZR-75-1 cell lines were grown and reproduced in RPMI1640 (Gbico, Detroit, MI, USA) mixed with the same FBS and antibiotics. Forty-five paired breast cancer tissues (30 TNBC) and adjacent normal tissues were gathered from breast cancer patients who underwent surgical treatment at Nanjing Medical University Affiliated Wuxi People Hospital (Wuxi, China). Preoperative treatment was not performed. The study was approved by the Nanjing Medical University Institutional Ethics Committee and obtained written consent from the participants.



Lentivirus, Plasmid, and Small Interfering RNA Transfection

The miR-195-5p mimics/inhibitor lentivirus and their negative control were designed by GenePharma (Shanghai, China). Both two TNBC cell lines MDA-MB-231 and SUM1315 were transfected with miR-mimics/inhibitor or negative control when cells are at ~50% confluence. Three micrograms per milliliter of puromycin (VWR, USA) was used to select transfected cells for about 2 weeks.

Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) was used as a vector to transfect SENP3-EIF4A1 plasmids and small interfering RNAs (siRNAs) (GenePharma) into chosen breast cancer cells.



Quantitative Real-Time PCR and Western Blot

The total RNA was extracted with RNAiso Plus (Takara, Kusatsu, Japan) from collected clinical samples and chosen breast cancer cells, according to the manufacturer's protocol. cDNA was specifically synthesized for miRNA, and then was tested using the Hairpin-it miRNA qPCR Quantitation Kit (GenePharma, China). Other cDNA was synthesized by the reverse transcription kit (Takara), and then detected by the SYBR Green Master Mix Kit (Roche, Reinach, Switzerland). The expressions were normalized based on U6 or GAPDH, respectively. The primers for targets are listed in Supplementary Table 1.

The primary antibodies utilized for western blot were as follows: anti-CCNE1 (Abcam, Cambridge, UK, 1:1,000, ab33911), anti-CDK2 (Abcam, 1:3,000, ab32174), anti-c-Myc (Abcam, 1:1,000, ab32072), anti-E2F1 (Abcam, 1:1,000, ab 112580), and anti-GAPDH (Abcam, 1:2,500, ab9485). The secondary antibodies (GOAT anti-mouse and anti-rabbit IgG) were from Jackson Immunoresearch (USA).



RNA Immunoprecipitation

RNA immunoprecipitation (RIP) was performed by the Magna RIP kit (Millipore, Billerica, USA) according to the manufacturer's requirement. SUM1315 cells transfected miR-195-5p mimics/NC were cultured for 2 days and then lysed. After mixture with anti-Argonaute2 (AGO2) or IgG (negative control) conjugated magnetic beads for 4 h at 4°C, the mixture was washed. Then, purified and enriched microRNAs and lncRNA were detected using quantitative real-time PCR (qRT-PCR) and agarose gel electrophoresis.



Dual-Luciferase Reporter Assay

The wild-type (WT) or mutant (Mut) miR-195-5p binding site in the CCNE1 and SENP3-EIF4A1 were designed and constructed from GenePharma (China). After being transfected and cultured for 2 days, the Firefly and Renilla luciferase activities were tested by the Dual Luciferase Reporter Assay Kit (Promega, WI, USA, E1910).



Cell Proliferation and Cell Cycle Assays

According to the manufacturer's instructions, we applied the cell counting kit-8 (CCK8, Beyotime, Shanghai, China), clone formation, and 5-ethynyl-2′-deoxyuridine (EdU) kit (RiboBio, Guangzhou, China) to demonstrate the growth ability of TNBC.

For cell cycle analysis, chosen cells were collected and washed, then fixed in 70% ethanol at −20°C overnight before FCM. Cell cycle analysis kit (MultiSciences, Hangzhou, China) was used to dye for 15 min. Data were analyzed by a FACScan flow cytometer.



5-Aza-2′-Deoxycytidine Application

5-Aza-2′-deoxycytidine (5-AzaDC) (MCE, USA) with concentration gradient was added into MDA-MB-231 cells at about 50% confluence and cultured for 3 days. We collected related RNA and protein for qRT-PCR and western blot.



Animal Experiments

Animal experiments followed the protocols stipulated by the Nanjing Medical University Institutional Animal Care and Use Committee. Five-week-old female Balb/c nude mice from the animal center of Nanjing Medical University were used to construct xenotransplantation model. About 2 × 106 SUM1315 cells which stably transfected miR-mimics/inhibitor and negative controls were injected subcutaneously into the blank area of the forelimb. Tumors were gauged every 4 days after the constructed and the experimental mice were benevolently killed 28 days after injection. Tumor volume = (width2 × length)/2. Survival analysis started at day 24.



Bioinformatics Analysis

The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov), including RNA expression, methylation level, and clinical imformation of breast cancer samples, was ustilized in this study. TCGA data was downloaded from the TCGA database under the accession numbers: TCGA BRCA. GTEx (https://gtexportal.org/) database, which increased the number of normal samples, was applied to perform a pan-cancer analysis of CCNE1, and cooperated with TCGA database.

MIRWALK (http://mirwalk.umm.uni-heidelberg.de/), MIRTARBASE (http:// mirtarbase.cuhk.edu.cn/php/index.php), and MIRDIP (http://ophid.utoronto.ca/ mirDIP/ index. Jsp) are three frequently used mircoRNA-related forecasting tools and were applied jointly to predict potential mircoRNA or lncRNA.



Statistical Analysis

All experiments were performed at least three times with samples in triplicates. We used SPSS 20.0 (Chicago, IL, USA) and Graphpad Prism 8.0 (California, China) to perform statistical analysis. The ANOVA with a post-hoc test (Dunnett's multiple comparisons test) and two-tailed Student's t-test were utilized for studies with more than two groups and only two groups, respectively. Besides, the Pearson correlation was applied to analyze the correlation of expression between two different factors. p < 0.05 indicated a statistically significant difference. *p < 0.05; **p < 0.01; ***p < 0.001, and ****p < 0.0001.




RESULTS


CCNE1 Expression Profiles in TNBC

In order to understand initially cyclin expression in breast cancer, we utilized TCGA BRCA database to perform expression difference analysis. We found that eight cyclins (CCNA2, CCNB1, CCNB2, CCND2, CCNE1, CCNE2, CCNF, CCNO) were differentially expressed between breast cancer and normal tissue samples (Figure 1A), with the cut-off criterion of log2(fold change) >1, p < 0.05. This result showed that CCNE1 was significantly upregulated (3.68-fold) in breast cancer. Then, TCGA database and GTEx database were applied synergistically to design pan-cancer analysis. CCNE1 was overexpressed in several types of cancer, including breast cancer (Figure 1B). Combined TCGA BRCA clinical database, we found that breast cancer samples with higher level of T stage or TNM stage show higher expression of CCNE1 (Figure 1C). At the same time, ER or PR samples expressed high level of CCNE1 (Figure 1D).
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FIGURE 1. CCNE1 are overexpressed in TNBC and associated with poor prognosis. (A) Expression difference analysis of cyclins according to TCGA BRCA database [log2(fold change) >1, p < 0.05]. (B) Pan-cancer analysis of CCNE1 by TCGA and GTEx database. (C,D) CCNE1 expression in different TNM stages (C) or ER/PR/HER-2 status (D) in TCGA BRCA database. (E) CCNE1 expression in TNBC samples as compared with luminal-type breast cancer or normal breast samples from TCGA database. (F,G) CCNE1 expression in 30 human TNBC or 15 luminal-type breast cancer tissues and 45 adjacent normal breast tissues were detected by qRT-PCR (F) and four pairs by western blot (G). 1–4, tissue sample No.; T, TNBC tissue; N, normal breast tissue. (H) Survival curve of 3-year overall survival in 115 patients with TNBC according to the CCNE1 expression from TCGA database. (I,J) Expression of CCNE1 in breast cancer cell lines and HBL-100 were detected by qRT-PCR (I) and western blot (J). Data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.


Analyzing the TCGA BRCA database, CCNE1 was found to be the highest expression in TNBC compared with luminal-type breast cancer and normal samples (Figure 1E; Supplementary Figure 1A). Moreover, high-level expression of CCNE1 in TNBC showed bad overall survival (OS) (Figure 1H). qRT-PCR were performed to test CCNE1 mRNA expression in collected clinic samples of TNBC, luminal-type breast cancer, and corresponding normal tissues and CCNE1 expressed highest level in TNBC (Figure 1F; Supplementary Figure 1B). Whereas, results of western blot showed that CCNE1 expression was also higher in TNBC (Figure 1G). For breast cancer cell lines, qRT-PCR and western blot analysis confirmed that CCNE1 expression was higher in MDA-MB-231 and SUM1315 (two TNBC cell lines) than other types of breast cancer cell lines (MCF-7, ZR-75-1, and T47D) and normal breast epithelial cell line (HBL-100) (Figures 1I,J).

Hence, we paid our attention to CCNE1 in tumorigenesis and development of TNBC in this research.



miR-195-5p Expression Profiles in TNBC

To predict CCNE1-related miRNA, three miRNA target prediction databases online (MIRWALK, MIRTARBASE, and MIRDIP) were applied. Venn diagram showed 12 potential miRNAs (Figure 2A), including miR-195-5p. We further found that miR-195-5p expression was lower in TNBC than other groups of samples (Figure 2B; Supplementary Figure 1C) and high miR-195-5p level in TNBC showed good OS (Figure 2D). Clinical samples and breast cancer cell lines verified above result (Figures 2E,G; Supplementary Figure 1D).
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FIGURE 2. miR-195-5p acts as a negative regulator for CCNE1 in TNBC. (A) MIRWALK, MIRTARBASE, and MIRDIP predicted potentially related microRNAs of CCNE1. (B–D) TCGA BRCA database showed miR-195-5p expression in TNBC samples as compared with luminal-type breast cancer or normal breast samples (B), miR-195-5p and CCNE1 expression correlation in TNBC (n = 113) (C), and 3-year overall survival in 100 patients with TNBC according to the miR-195-5p expression (D). (E,F) miR-195-5p expression in 30 human TNBC or 15 luminal-type breast cancer tissues and 45 adjacent normal breast tissues (E) and expression correlation with CCNE1 in 30 TNBC samples (F). (G) Expression of miR-195-5p in breast cancer cell lines and HBL-100. (H) Relative RNA levels of miR-195-5p were detected in cells after being transfected with miR-NC, miR-mimics, miR-Ctrl, and miR-inhibitor using qRT-PCR. (I) Schematic illustration of CCNE1 luciferase reporter vectors. (J) The relative luciferase activities were detected in SUM1315 cells after transfection. (K,L) Relative mRNA (K) and protein levels (L) of CCNE1 were detected in cells after being transfected with miR-NC, miR-mimics, miR-Ctrl, and miR-inhibitor. Data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.


In order to ensure the relationship of miR-195-5p and CCNE1, Pearson correlation analysis was performed. These results indicated that miR-195-5p expression was negatively associated with CCNE1 expression in TNBC, whether it was TCGA or clinical data (Figures 2C,F). Transfecting miR-195-5p mimics or inhibitor to MDA-MB-231 and SUM1315 cell lines may upregulate or downregulate miR-195-5p expression in these two cell lines, respectively. Effects were verified by qRT-PCR (Figure 2H). Then we applied the dual-luciferase reporter analysis to identify that CCNE1 was a direct target of miR-195-5p. Fragments were performed (Figure 2I). The luciferase activity of miR-195-5p was decreased in SUM1315 cells with wild-type CCNE1 3′UTR, while the activity was not different in mutated CCNE1 3′UTR (Figure 2J). At the same time, miR-195-5p inhibitor could markedly upregulate CCNE1 mRNA expression, whereas mimics could significantly downregulate the level both in MDA-MB-231 and SUM1315 cell lines (Figure 2K). As shown in Figure 2L, the protein expression levels of CCNE1 were also altered by miR-195-5p inhibitor or mimics in two TNBC cell lines (Figure 2L).

These results ensured that miR-195-5p was the potential up-stream factor of CCNE1 and miR-195-5p might take participation in tumorigenesis and progression of TNBC.



The Inhibitory Effect of miR-195-5p in TNBC Proliferation

To reveal biological functions of miR-195-5p in TNBC, CCK8 assay-related growth curves and colony formation assays were performed. Both results demonstrated that upregulation of miR-195-5p could reduce proliferation viability of MDA-MB-231 and SUM1315 cell lines, while downregulation of miR-195-5p could enhance growth ability (Figures 3A,B).
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FIGURE 3. miR-195-5p promotes TNBC cell proliferation and modulates cell cycle. (A) The growth curves of transfected cells were evaluated by CCK8 assays. (B) Colony formation assays were used to detect the growth of transfected cells. (C) EdU assays were performed in transfected cells. (D) Flow cytometry assay analyze cell cycle of transfected cells. Data were presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.


MDA-MB-231 and SUM1315 cell lines transfected with miR-195-5p mimics displayed a marked decreased in the percentage of EdU-positive cells, while knockdown revealed an opposite effect (Figure 3C).

As we all know, the role of CCNE1 is associated with regulating cell cycling. Thus, the effects of miR-195-5p in cell cycle distribution were tested by flow cytometry analysis. The increased percentage of G0–G1 phases were observed in high miR-195-5p-expressed MDA-MB-231 and SUM1315 cell lines, which also showed decreased percentage of S-phases. On the other hand, reduced miR-195-5p promoted G1-to-S-phase transformation (Figure 3D).

The biological functions of miR-195-5p on tumor growth was also checked in vivo by a nude mice xenotransplantation model, in which SUM1315 cells stably transfected with miR-195-5p mimics, inhibitor, or respective negative control were injected subcutaneously. The results showed that tumor volume was remarkably increased in miR-195-5p inhibitor group compared with the negative control, while the difference of tumor weight was similar. Tumor growth curves were also utilized to depict tumor development in xenotransplantation model, and we found that tumor growth was significantly higher than control. In contrast, the opposite performance was presented in miR-195-5p mimics group (Figures 4A–C). Furthermore, miR-195-5p mimics injected model had better survival (Figure 4D).
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FIGURE 4. miR-195-5p facilitates tumorigenesis and development of TNBC cells in vivo. (A) Representative images of the subcutaneous tumors formed in nude mice following injection of transfected SUM1315 cells (n = 5 per group). (B,C) Tumor growth curves (B) and weight (C) are summarized. (D) Kaplan-Meier curves showed survival of four groups of nude mice (n = 8 per group) which started at 24 days after being injected. Data were presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.


Our results indicated that miR-195-5p downregulation in TNBC could promote tumor growth by mediating cell cycle G1-to-S-phase transformation and increasing DNA replication.



LncRNA SENP3-EIF4A1 Functions as a Sponge for miR-195-5p

MIRWALK were used to search for relative lncRNA, in order to define whether ceRNA plays an important role in anomalous miR-195-5p expression in TNBC or not. Then we found CCNE1 shares the highly similar MRE of miR-195-5p with SENP3-EIF4A1 (Figures 2I, 5D). Using the TCGA BRCA database and our clinical breast cancer data, SENP3-EIF4A1 presented higher expression in TNBC than luminal-type breast cancer samples (Figures 5A,B). Furthermore, in two TNBC cell lines MDA-MB-231 and SUM1315, SENP3-EIF4A1 expression was higher than ZR-75-1 cell line (a kind of luminal-type breast cancer cell) (Figure 5C). Interestingly, high level of SENP3-EIF4A1 expression in TNBC showed bad overall survival (OS), according to the TCGA BRCA database (Supplementary Figure 1E).
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FIGURE 5. SENP3-EIF4A1 functions as a sponge for miR-195-5p. (A–C) SENP3-EIF4A1 expression in TNBC and luminal-type breast cancer from TCGA BRCA database (A), clinical samples (B), and cell lines (C). (D) Schematic illustration of SENP3-EIF4A1 luciferase reporter vectors. (E) The relative luciferase activities were detected in SUM1315 cells after transfection. (F) Anti-AGO2 RIP was executed in transfected SUM1315 cells and agarose gel electrophoresis, qRT-PCR to detect expression. (G,H) Expression correlation between SENP3-EIF4A1 and miR-195-5p (G) or CCNE1 (H) in 30 TNBC samples. (I,J) SENP3-EIF4A1 (I) and miR-195-5p (J) expression shown by qRT-PCR after transfecting si-NC, si SENP3-EIF4A1, pl-Ctrl, and pl-SENP3-EIF4A1 in cells. (K) mRNA and protein level of CCNE1 expression of transfected cells. Data were presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.


A brand new and relative dual-luciferase reporter assay was constructed (Figure 5D). The results showed the luciferase activity of miR-195-5p was notably reduced in SUM1315 cells with wild-type SENP3-EIF4A1 3′UTR, whereas the activity did not change with mutated SENP3-EIF4A1 3′UTR (Figure 5E). Generally acknowledged, miRNAs bind to Argonaute 2 (AGO2), which is a key part of RNA-induced silencing complex (RISC), and then regulate targets. Thus, the RIP assay was constructed in SUM1315 cells, while IgG as a negative control. Indeed, SENP3-EIF4A1 was remarkably enriched in miR-195-5p upregulated SUM1315 cells, compared with negative control group. Similarly, the level of miR-195-5p which enriched in miR-195-5p upregulated SUM1315 cells was high (Figure 5F).

In order to further understand the relationship of SENP3-EIF4A1, miR-195-5p, and CCNE1 expression in TNBC, Pearson correlation analysis was used in clinical breast cancer samples and TCGA BRCA database. The results demonstrated that SENP3-EIF4A1 was negatively correlated with miR-195-5p, while positively correlated with CCNE1 expression in TNBC (Figures 5G,H). Then, relevant plasmid vectors were designed to knockdown SENP3-EIF4A1 expression in MDA-MB-231 cells and raise in SUM1315 cells (Figure 5I). miR-195-5p expression was downregulated in SENP3-EIF4A1-reduced MDA-MB-231 cells and upregulated in SENP3-EIF4A1-overexpressed SUM1315 cells, compared with negative controls, respectively (Figure 5J). Besides, SENP3-EIF4A1 low-expressed MDA-MB-231 cells presented low mRNA and protein level of CCNE1 expression. On the contrary, SENP3-EIF4A1-overexpressed SUM1315 cells showed high expression of CCNE1 (Figure 5K).

Thus, we found that SENP3-EIF4A1 could function as a sponge for miR-195-5p and then regulate CCNE1 expression.



DNA Methylation as Another Regulatory Factor of miR-195-5p

Using the TCGA BRCA methylation database, we obtained additional discovery that DNA methylation of miR-195-5p promoter was higher in TNBC than luminal-type breast cancer and normal samples (Figure 6A). Moreover, the level of miR-195-5p DNA methylation was negatively correlated with miR-195-5p expression, while positively correlated with CCNE1 expression in TNBC, according to the TCGA BRCA database (Figures 6B,C). To verify whether DNA methylation plays a role in expression of miR-195-5p, different doses of DNA methyltransferase inhibitor 5-Aza-DC was utilized to co-culture with MDA-MB-231 cells. With the application of 5-Aza-DC, MDA-MB-231 expressed higher miR-195-5p and lower CCNE1 levels (Figures 6D–F).
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FIGURE 6. Methylation levels of miR-195-5p promoter region in TNBC. (A–C) TCGA BRCA database showed DNA methylation of miR-195-5p in TNBC samples as compared with luminal-type breast cancer or normal breast samples (A), miR-195-5p DNA methylation level and miR-195-5p expression correlation in TNBC (n = 82) (B), miR-195-5p DNA methylation level, and CCNE1 expression correlation in TNBC (n = 82) (C). (D) qRT-PCR of miR-195-5p expression in MDA-MB-231 cells with or without 5-AzaDc treatment. (E,F) mRNA (E) and protein (F) level of CCNE1 expression in MDA-MB-231 cells with or without treatment. *p < 0.05; **p < 0.01; ****p < 0.0001.


Thus, we found that SENP3-EIF4A1 could function as a sponge for miR-195-5p and then regulate CCNE1 expression.



SENP3-EIF4A1 Promotes TNBC Cell Proliferation Through SENP3-EIF4A1/miR-195-5p/CCNE1 Axis

To validate whether circAGFG1 and miR-195-5p could regulate the expression of CCNE1 cooperatively in TNBC cells, we found that the down- or upregulation of CCNE1 mediated by SENP3-EIF4A1 knockdown or overexpression could be reversed by miR-195-5p inhibitor or mimics, respectively (Figures 7A,B). c-Myc, E2F1, and CDK2 were important members of CCNE1 function pathways. We further found c-Myc, E2F1, CDK2, and CCNE1 expression presented highly positive correlation in TNBC, according to the TCGA BRCA database (Supplementary Figure 1H). Interestingly, similar to changes of CCNE1 expression, the protein expression of c-Myc, E2F1 and CDK2 were also reduced or upregulated by SENP3-EIF4A1 knockdown or overexpression, and these effects could be neutralized using miR-195-5p (Figure 7B).
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FIGURE 7. SENP3-EIF4A1 promotes cell growth through SENP3-EIF4A1/miR-195-5p/CCNE1 axis. (A) CCNE1 mRNA expression of transfected cells. (B) CCNE1 and related c-Myc, E2F1, and CDK2 protein expression of transfected cells. (C) The proliferation curves of transfected cells were evaluated by CCK8 assays. (D) Colony formation assays were used to detect the growth of transfected cells. Data were presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.


CCK8 and colony formation assays were performed to test cell-proliferation function of SENP3-EIF4A1 in TNBC. We found that downregulation of SENP3-EIF4A1 could reduce proliferation viability of MDA-MB-231 cells, while upregulation of SENP3-EIF4A1 could enhance proliferative effects in SUM1315 cells. Furthermore, the functions of SENP3-EIF4A1 in these two TNBC cells could be neutralized by knockdown or overexpression of miR-195-5p (Figures 7C,D).




DISCUSSION

TNBC is a breast cancer subtype with high degree of malignancy and heterogeneity. Due to poor prognosis and limited treatment, TNBC has become one of the cruelest killers of female health. Now, it is urgent to discover novel targets for accurate diagnosis methods and effective treatment strategy. As important cell cycle regulators, cyclins participate in a variety of physiological activities with CDKs and CKIs. Dysregulation (Qie and Diehl, 2020) or even mislocalization (Moore, 2013) of cyclins could promote tumorigenesis in several cancers, including breast cancer (Dong et al., 2014; Ju et al., 2019). In order to better understand the effect of different cyclins in breast cancer, we analyzed their expression through the TCGA BRCA database and selected CCNE1, which was highly expressed in tumor, as further research object. A pan-cancer analysis based on TCGA and GTEx databases demonstrated CCNE1 was prominently expressed in nearly all human cancers. High expression of CCNE1 in breast cancer (Sieuwerts et al., 2006), liver cancer (Aziz et al., 2019), and ovarian cancer (Au-Yeung et al., 2017) indicates poor prognosis. Analyzing TCGA BRCA clinical data, we further found that CCNE1 expression in breast cancer could be related to TNM stage and ER/PR status. Moreover, the TCGA BRCA data showed CCNE1 was overexpressed in TNBC than luminal-type breast cancer and normal samples, while high CCNE1 expression in TNBC meant bad survival. Clinical samples and breast cancer cell lines also confirmed the expression of CCNE1. The mechanism of CCNE1 expression dysregulation in TNBC should be explored.

MicroRNA, a non-encoding RNA of 18–25 nucleotides, is considered a posttranscriptional regulator of target mRNA by microRNA response element (Garzon et al., 2010; Kasinski and Slack, 2011). Studies have shown that microRNA such as miR-204 (Yang et al., 2018), miR-375 (Tang et al., 2019), and miR-3178 (Kong et al., 2018) could play important roles in the occurrence and development of TNBC, while microRNA could also participate in the regulation of CCNE1 in tumor (Li et al., 2019). Thus, we applied microRNA forecasting tools to screen correlative microRNA and selected miR-195-5p, which downregulated colorectal cancer and affected tumorigenicity and metastasis (Lin et al., 2019). Our study revealed that miR-195-5p expression was relatively low in TNBC, which had significantly negative correlations with CCNE1 expression. Furthermore, highly expressed miR-195-5p in TNBC meant good prognosis. After constructing miR-mimics/inhibitor-TNBC cell lines, dual-luciferase reporter assay and expression of CCNE1 mRNA or protein level demonstrated that miR-195-5p was the potential direct up-stream factor of CCNE1. The results of cell proliferation, cell cycle assay, and xenotransplantation model animal experiment depicted that loss of mir-195-5p could promote tumor growth and induce poor prognosis, which might attribute to cell cycle G1-to-S-phase transformation and DNA replication increase.

lncRNA-microRNA-associated ceRNA has been confirmed as an important mode in progress of TNBC (Yang et al., 2018; Dong et al., 2020; Li et al., 2020), and CCNE1-associated ceRNA regulation appeared in several cancers (Zhang et al., 2019, 2020). Thus, we inferred that lncRNA-microRNA-associated ceRNA hypothesis provided potential possibility of CCNE1 dysregulation in TNBC. Forecasting tools recommended SENP3-EIF4A1 as a candidate, which is almost unknown to us except the participating ceRNA regulation in hepatocellular carcinoma (Wang J. et al., 2020). Then we performed experiments to confirm that SENP3-EIF4A1 expression was higher in TNBC than luminal-type breast cancer, which had significantly negative correlations with miR-195-5p expression and positive correlations with CCNE1 expression. Moreover, high expression of SENP3-EIF4A1 in TNBC meant poor prognosis. RIP and dual-luciferase reporter assay indicated that SENP3-EIF4A1 could directly combine with miR-195-5p by a similar MRE to CCNE1 combination. Immediately, SENP3-EIF4A1 showed abilities of regulating miR-195-5p expression and CCNE1 mRNA and protein expression in TNBC. Performing cell proliferation assays and promoting cell growth functions of SENP3-EIF4A1 were ensured, and these could be blocked by overexpression of miR-195-5p in TNBC cells. Deeply, miR-195-5p upregulation in TNBC could be capable of rescuing protein expression of CCNE1 and closely related c-Myc, CDK2, and E2F1 upregulated by SENP3-EIF4A1. CKD2, a kind of CKDs, is composed of CCNE1-CKD2 complex and participates in the regulation of cell cycle activity (Mende et al., 2015), then released E2F1, which is recognized as an oncogene (Rodriguez-Bravo et al., 2018; Liu et al., 2019). MYC is another well-known oncogene, which could be activated by E2F1 in tumor (Wang et al., 2014). Thus, we found that SENP3-EIF4A1 could function as a sponge for miR-195-5p and then regulate CCNE1 expression.

Interestingly, DNA methylation level of miR-195-5p was abnormally high in TNBC according to the TCGA database and had negative correlations with miR-195-5p expression and positive correlations with CCNE1. Then, using 5-Aza-DC could increase miR-195-5p and decrease CCNE1 expression in TNBC cells. Abnormal methylation is an important way to promote the development of TNBC cells (Chen et al., 2019). It has been found that DNA hyper/hypomethylation is a potential mechanism of miRNA dysregulation in breast cancer (Aure et al., 2013; Kang et al., 2016). Thus, DNA hypermethylation of miR-195-5p promotor might enhance CCNE1 expression in TNBC synergistically.

In conclusion, the lncRNA SENP3-EIF4A1 functions as a sponge of miR-195-5p to promote TNBC development through increasing CCNE1 expression, while DNA hypermethylation of miR-195-5p may be another reason for CCNE1 dysregulation in TNBC (Figure 8). Generally, our findings of this study will help to explore the brand-new mechanism of ceRNA in the occurrence and progression of TNBC and contribute to novel diagnosis and treatment.


[image: Figure 8]
FIGURE 8. Schematic model of SENP3-EIF4A1/miR-195-5p/CCNE1 axis in regulating TNBC. DNA hypermethylation of miR-195-5p decreases miR-195-5p and the lncRNA SENP3-EIF4A1 functions as a sponge of miR-195-5p to promote TNBC development through increasing CCNE1 expression.
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High iodine can alter the proliferative activity of thyroid cancer cells, but the underlying mechanism has not been fully elucidated. Here, the role of high iodine in the proliferation of thyroid cancer cells was studied. In this study, we demonstrated that high iodine induced the proliferation of BCPAP and 8305C cells via accelerating cell cycle progression. The transcriptome analysis showed that there were 295 differentially expressed genes (DEGs) in BCPAP and 8305C cells induced by high iodine, among which CDK1 expression associated with the proliferation of thyroid cancer cells induced by high iodine. Moreover, the western blot analysis revealed that cells exposed to high iodine enhanced the phosphorylation activation of AKT and the expression of phospho-Wee1 (Ser642), while decreasing the expression of phospho-CDK1 (Tyr15). Importantly, the inhibition of AKT phosphorylation revered the expression of CDK1 induced by high iodine and arrested the cell cycle in the G1 phase, decreasing the proliferation of thyroid cancer cells induced by high iodine. Taken together, these findings suggested that high iodine induced the proliferation of thyroid cancer cells through AKT-mediated Wee1/CDK1 axis, which provided new insights into the regulation of proliferation of thyroid cancer cells by iodine.




Keywords: thyroid cancer, high iodine, proliferation, transcriptome analysis, cyclin-dependent kinase 1 (CDK1), AKT



Introduction

Follicular cell-derived thyroid cancer is the most common endocrine cancer, which can be mainly classified into papillary cancer (PTC), follicular cancer (FTC) and anaplastic cancer (ATC) (1). Among them, PTC is a well-differentiated carcinoma with an excellent prognosis, and accounts for over 80% of the total incidence (2); while ATC is the most aggressive thyroid carcinoma with poor prognosis, only accounting for less than 5% of the incidence, but it accounts for a large proportion of the mortality (2–5). In recent years, thyroid cancer incidence has been obviously increasing worldwide and most of the new cases were attributing to PTC (6–9). Evidences have suggested that increased ability to detect and diagnose or overdiagnosis may be the substantial, but there are also other contributors to this increase (10–12). Some genetic and environmental factors are also suspected to be the risk factors, especially the relationship between iodine excess intake and thyroid cancer (13–16). Thus, it is imminent to explore the implications of high iodine exposure on thyroid cancer.

As an essential trace element for thyroid function, iodine plays an important role in human growth development and metabolism. Either deficient or excessive iodine intakes contribute to the progress of thyroid disease (17). Available evidences suggest that iodine deficiency is a risk factor for thyroid cancer (18, 19), but the effect of iodine excess on thyroid cancer remains controversy (20, 21). Furthermore, studies suggest that iodine intake higher than physiological concentration promotes the growth of thyroid cancer cells (22, 23). However, until now, the mechanism underlying the promotive effect of high iodine on the thyroid cancer cells is not fully elucidated.

As other neoplastic lesions, the development of thyroid cancer results from an imbalance between cellular proliferation and programmed cell death. Ordered regulation of cell cycle is crucial to the survival of a cell and prevention of uncontrolled cell division. Cell cycle checkpoints controlled by numerous proteins are the regulatory mechanism that controls the order and temporal coordination of cell cycle transition (24). There are over 13 diverse CDKs and 25 cyclins in human cells, which can form multiple CDK-cyclin complexes at distinct stages of cell cycle to exert specific effects on cell cycle progression (25). Among them, CDK1 is the key regulator of cell cycle regulation, binds to Cyclin B and forms cyclin B1-CDK1 complex, which is necessary for G2/M transformation (26). Overexpression of CDK1 have been found in various type of human cancers, including thyroid cancer (27), ovarian cancer (28), colorectal cancer (29), etc, thus it plays a pivotal role in driving oncogenesis.

Protein kinase B (AKT) is an important signaling molecular in regulating cell survival and proliferation, which promotes cell cycle progression via regulating the cell cycle regulators, resulting in cancer development and progression (30). In humans, there are three AKT genes, namely AKT1, AKT2, and AKT3, which is a high degree of amino acid sequence similarity (31). Among them, AKT1 plays a vital role in cell proliferation and survival. There are multiple targets available for AKT1, which stimulates cellular proliferation through downstream substrates with significant implications on cell cycle progression and regulation (32). It is reported that AKT can inhibit Wee1 or Myt1 via AKT-dependent phosphorylation, while the phosphorylation of CDK1 at Tyr15 and Thr14 catalyzed by Wee1 and Myt1 results in inhibition of CDK1 and prevents entry into mitosis, thereby promoting the G2/M transition (33). Thus, AKT indirectly causes the activation of CDK1 and promotes cell cycle progression at G2/M transition. AKT activation has been observed in thyroid cancers, and mediates thyroid cancer development promoted by iodine (34). However, it is unclear whether CDK1 expression regulated by AKT is involved in the proliferation of thyroid cancer cells induced by iodine via regulating cell cycle progression.

This study was designed to explore whether AKT-mediated Wee1/CDK1 axis is involved in the proliferation of PTC and ATC cells induced by high iodine, with a new insights that iodine plays the role on cell proliferation in thyroid cancer.



Materials and Methods


Chemicals and Solutions

Ly294002 (CAS no.154447-36-6), a specific inhibitor for PI3K/AKT pathway, was purchased from MCE (purity > 99.9%) and dissolved in Dimethyl Sulfoxide (DMSO, Sigma) to yield the working concentrations. It was well-mixed and well-distributed in DMSO prior to and throughout dosing.



Cell Lines and Cell Culture

The human PTC cell line (BCPAP) and ATC cell line (8305C) were purchased from the cell library of the Chinese Academy of Sciences, which were respectively cultured in RPMI 1640 medium (Thermo Fisher Scientific) or Eagle’s Minimum Essential Medium (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco). Cells were incubated at 37°C in humidified air containing 5% CO2.



Cell Proliferation Assay

Cells were seeded in 96-well plates (5000 cells/well), cultured over-night and exposed to test agents in complete medium. Cell viability was evaluated by Cell Counting Kit-8 kit (CCK-8, Dojindo) and Ethynyldeoxyuridine assay (EdU, RiboBio) according to the manufacturer’s protocol.



Cell Cycle Assay

BCPAP and 8305C cells were seeded into 6 well plates (106 cells/well), cultured over-night and exposed to test agents in complete medium. Cell cycle distribution was subsequently analyzed by Cell Cycle and Apoptosis Analysis Kit (Beyotime Biotechnology) according to the manufacturer’s protocol. The cellular DNA content was measured by flow cytometry (Becton Dickinson, BD), and the percentage of cells in each phase of cell cycle was analyzed using the ModFit software.



Cell Apoptosis Assay

Annexin V-FITC Apoptosis Detection kit (BD, USA) was used to detect cell apoptosis. BCPAP and 8305C (2 × 106 cells/well) were washed twice with cold PBS and resuspended in 1X Binding Buffer. Cells were analyzed with a flow cytometer (BD Accuri C6 Plus, USA). FlowJo V10 was used to calculate the number of viable cells, early apoptotic cells, and late apoptotic cells.



Quantitative Real-Time RT-PCR

Total RNA was extracted using TRIzol reagent (TaKaRa). cDNA was synthesized with the Prime-Script RT reagent Kit (TaKaRa). RT-qPCR analyses for CDK1, Wee1, AKT1 and β-actin were performed using SYBR Premix ExTaq (TaKaRa). The primers used were listed in Table S1. RT-qPCR was performed using the ABI 7500 fast real-time PCR machine (Applied Biosystems). The relative expression of each gene was calculated and normalized using the 2−ΔΔCt method. RT-qPCR was conducted in triplicate for each sample.



Microarrays Analysis

Total RNA was extracted from three paired samples of BCPAP and 8305C cells treated with or without exposure to high iodine using TRIzol reagent (TaKaRa). cDNA probes were synthesized from the total RNA and subjected to hybridization with a HuGene 2 1 ST array (Affymetrix). Raw intensity data for each experiment were analyzed with the use of Transcriptome Analysis Console (TAC) software (Applied Biosystems).



Identification Differentially Expressed Genes

The DEGs were screened with |Flod Change| > 1.5 and p-value < 0.05. A Venn diagram was conducted via the online tool (https://bioinfogp.cnb.csic.es/tools/venny/) to obtain genes that was regulated by iodine in PTC and ATC cells. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed with R loading with packages “clusterProfiler,” “enrichplot,” and “ggplot2.” Both p- and false discovery rate (FDR) < 0.05 were considered significantly enriched.



Western Blot Analysis

The proteins in BCPAP and 8305C cells were extracted using the Total Protein Extraction Kit (Beyotime Biotechnology). The extracted protein (40 μg) were separated by 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and then electrophoretically transferred to polyvinylidene fluoride (PVDF) membranes (Millipore). After blocking in 5% non-fat milk for 1 h at room temperature, the membranes were incubated overnight at 4°C with primary antibodies against AKT, p-AKT, Wee1, p-Wee1, Cyclin B and β-actin (1:1000; Cell Signaling Technology), CDK1 (1:1000; Abcam), p -CDK1 (1:1000; R&D), Cyclin A (1:1000; Affinity), caspase 3 (1:250; Affinity) and Cleaved caspase 3 (1:250; Affinity). After incubation with secondary antibodies (1:5000 dilution; CST) for 1 h, TBST was used to wash the protein bands, which were visualized using an enhanced chemiluminescence (ECL) detection reagent (Haigene) and detected using the Tanon imaging system (Tanon).



Xenograft Tumor Model

Animal experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, which was approved by the institutional animal care and use committee of Harbin Medical University (hrbmuecdc20180302). For xenograft experiments, twenty BALB/c nude mice of 4–6 weeks old were divided into four groups randomly based on body weights (BCPAP: control, I6000μg/L; 8305C: control, I6000μg/L; n = 5 for each group). Each mouse was injected with 2 × 107 indicated cells. Tumor volume was calculated by measuring the length and width of the tumor (tumor volume = length×width2/2). The measurement was carried out every 3 days. After 21 days in tumor formation, the mice were sacrificed by cervical dislocation and the tumors were removed and weighed for further analysis, and the blood sampled isolated from by eyeball extirpating.



Determination of Iodine Concentration in Serum

Iodine content in serum was detected by As3+-Ce4+ catalytic spectrophotometry based on the nationally standardized method in China (WS/T572-2017). Briefly, 0.5 ml perchloric acid and 0.6 ml sodium chlorate, respectively, was added to 0.20 ml blood samples, vortex-mixed, digested at 130°C for 2 h, 0.6 ml ammonium ceric sulfate were added after adding 3 ml arsenic acid and iodine concentration in diluted blood and standard samples with different concentrations were tested by a double-beam UV-Vis Spectrophotometer (Beijing Persee General Instruments Co. Ltd).



Immunohistochemical Analysis

All specimens were fixed in 4% paraformaldehyde, embedded in paraffin and then sectioned at a thickness of 4μm. Briefly, the sections were treated with 3.0% H2O2 for 10 min to block the endogenous peroxidase activity. Each section was subjected to microwave antigen retrieval with citrate buffer (0.01%, pH 6.0) and blocked with 5% bovine serum albumin for 30 min. Then, the sections were incubated in a humidity chamber with the following antibodies overnight at 4°C: PCNA (1:400; #13110; CST, USA), CDK1 (1:100; #133327; Abcam), p-CDK1 (1:100; R&D), Wee1 (1:150; #203236; Abcam), p-Wee1 (1:100; #203236; Abcam), AKT (1:100; #4691; CST), p-AKT (1:50; #AF0016; Affinity), caspase 3 (1:50; #AF6311; Affinity) or Cleaved caspase 3 (1:50; #AF7022; Affinity). Next, sections were incubated with a one-step polymer detection for mouse/rabbit antibodies (ZSGB Biotechnology) in a humidity chamber for 20 min at room temperature, incubated (for color development) in a DAB staining kit (ZSGB Biotechnology) and finally counterstained with hematoxylin for 1 min. Staining scores were observed in terms of staining intensity and percentage of positively stained cells. Staining intensity was divided into four grades: 0 (no staining), 1 (weak staining), 2 (intermediate staining), or 3 (strong staining). The staining percentages were divided into the following grades: 0 (<5% positive), 1 (<25% positive), 2 (25%–50% positive), 3 (51%–75% positive), and 4 (>75% positive) (35). Independent fields (×400) were randomly selected to obtain an average score.



Statistical Analysis

Statistical analysis was carried out using SPSS 23.0 (IBM). Data were expressed as mean ± SD and were analyzed with independent samples t-test or one-way ANOVA. The post hoc analysis was carried out to compare the significance between groups by Dunnett T3 test or LSD test. Differences in tumor volume among iodine treatments and control groups were compared using the repeated measure of ANOVA, and differences in tumor weight and iodine concentration in serum between iodine treatments and control groups were compared using Mann-Whitney U test or independent samples t-test. P < 0.05 was considered statistically significant.




Results


High Iodine Promotes the Proliferation of BCPAP and 8305C Cells via Regulating Cell Cycle Progression

CCK-8 assays were used to identify the effect of high iodine on the proliferation of BCPAP and 8305C cells. As shown in Figure 1A, after treatments with 2 μmol/L KIO3 for 72 h, the viability of BCPAP and 8305C cells increased up to 18% and 11% (P < 0.05), respectively. Therefore, treatment with 2 μmol/L KIO3 for 72 h was used as the dose and time of KIO3 treatment in the following experiments.




Figure 1 | High iodine promoted the proliferation of thyroid cancer cells. (A) BCPAP and 8305C cells were treated with gradient concentrations of high iodine for 72 h. Cell proliferation was evaluated by CCK-8 assays. (B) BCPAP and 8305C cells were treated with 2 μmol/L KIO3 treatment for 72 h. Cell viability was evaluated by EdU assays. (C) Flow cytometry analysis of G1, S, and G2/M phases in BCPAP and 8305C cells that were treated with or without high iodine. (D) Apoptosis rate of BCPAP and 8305C cells induced by high iodine for 72 h were detected by flow cytometry. *P < 0.05, **P < 0.01, ***P < 0.001.



The effect of high iodine on DNA synthesis in BCPAP and 8305C cells was examined by EdU assay, a sensitive and robust method to evaluate cell proliferation. As shown in Figure 1B, compared with the control groups, treatment with 2 μmol/L KIO3 for 72 h increased the EdU-positive rate of BCPAP and 8305C cells by 27.5% and 53.4%, respectively. These results indicated that exposure to high iodine promoted the proliferation of BCPAP and 8305C cells.

Next, flow cytometry was used to analyze the effect of high iodine on the cell cycle in BCPAP and 8305C cells. As shown in Figure 1C, compared with the control groups, treatment with 2 μmol/L KIO3 for 72 h significantly decreased the proportion of G1 and G2 phase cells but increased the proportion of S phase cells in both BCPAP and 8305C cells (P < 0.05). These results indicated that high iodine may regulate cell cycle in BCPAP and 8305C cells.

In addition, we evaluated apoptosis using the Annexin-V-FITC/PI method. Flow cytometry results showed that the apoptotic rate of BCPAP and 8305C cells decreased with exposure to 2 μmol/L KIO3 for 72 h (Figure 1D). The average percentage of apoptotic cells in the high-dose group was significantly lower than that in the control group (for BCPAP cells: 9.489% vs. 4.56%; for 8305C cells: 9.02% vs. 5.43, P < 0.01). These results indicated that high iodine may promote the proliferation of BCPAP and 8305C cells and inhibit apoptosis.



Differential Expression Genes and Enrichment Analysis

To explore the molecular mechanisms that high iodine induced the proliferation of thyroid cancer cells, gene microarray were used to conduct a comprehensive analysis. As shown in the volcano plots, 153 and 149 DEGs were identified which regulated by high iodine in the BCPAP and 8305C cells compared to control groups (Figure 2A). As shown in the Venn diagram, a total of 295 DEGs were significantly regulated in BCPAP and 8305C cells with exposure to high iodine, in which the seven genes were identified (DIAPH3, KIF20B, LINC00472, LOC105374715, PHIP, SGOL1, and ZNF581) in both BCPAP and 8305C cells (Figure S1). These results indicated these genes played a critical role in the proliferation of thyroid cancer cells induced by high iodine.




Figure 2 | Identification of genes related to high iodine. (A) Volcano plot of DEGs in BCPAP and 8305C cells were treated with or without high iodine. Red/green symbols classify the upregulated/downregulated genes according to the criteria: |Fold Change| >1.5 and P-value < 0.05. (B) An interactive network between genes and pathways based on DEGs from KEGG enrichment analysis.



In present study, the GO/KEGG enrichment analysis was applied based on DEGs to classify significantly enriched pathways. For GO analysis, these influences of DEGs on cellular GO enrichment terms are shown in Figure S2A, including cellular process, cellular anatomical entity, membrane-bounded organelle, intracellular organelle, cytoplasm, etc. For KEGG analysis, 63 pathways regulated by iodine were significantly enriched, including cell cycle, PI3K/AKT pathway, transcriptional misregulation in cancer, etc (Figure S2B). Importantly, a network of interactions between genes and pathways based on 295 DEGs was identified (Figure 2B), suggesting that cell cycle pathway is closely related to CDK1.

In addition, protein-protein interaction (PPI) network were constructed via the STRING database and used Cytoscape software to identify significant genes that regulated by high iodine. The interactions among 295 genes are shown in Figure S3, and the bar plots were represented for the top 10 genes ranked by the number of nodes software. Finally, CDK1, as the most significant gene, was identified from the above analysis.



High Iodine Significantly Increases AKT/Wee1/CDK1 Expression in the Thyroid Cancer Cells

As mentioned above, CDK1, as a significant hub gene in PPI network, was identified, the protein and mRNA expression of that was detected to determine whether high iodine stimulated their expression in BCPAP and 8305C cells. Shown in Figures 3A, B, the expressions of CDK1 were both significantly increased in mRNA (P < 0.01) and protein level (P < 0.05) in BCPAP and 8305C cells treated by high iodine compared with those in the control.




Figure 3 | High iodine increased AKT/Wee1/CDK1 expression in BCPAP and 8305C cells. Data were presented as means ± SD. (A) Western blot of CDK1 and p-CDK1 in BCPAP and 8305C cells treated with or without 2 μmol/L KIO3 for 72 h. (B) RT-qPCR was used to detect the expression of CDK1 in BCPAP and 8305C cells treated with or without 2 μmol/L KIO3 for 72 h. (C) Western blot of Wee1 and p-Wee1 in BCPAP and 8305C cells treated with or without 2 μmol/L KIO3 for 72 h. (D) RT-qPCR was used to detect the expression of Wee1 in BCPAP and 8305C cells treated with or without 2 μmol/L KIO3 for 72 h. (E) Western blot of AKT and p-AKT in BCPAP and 8305C cells treated with or without 2 μmol/L KIO3 for 72 h. (F) RT-qPCR was used to detect the expression of AKT1 in BCPAP and 8305C cells treated with or without 2 μmol/L KIO3 for 72 h. *P < 0.05, **P < 0.01.



Due to the interaction among CDK1, Wee1 and AKT1 as well as their crucial role in the cell cycle progression, the expression of Wee1 and AKT1 were detected in mRNA and protein level. As shown in Figures 3C, E, western blot analyses indicated that treatment with 2 μmol/L KIO3 for 72 h significantly increased the levels of phospho-AKT (Ser473) and phospho-Wee1 (Ser642) in both cell lines, whereas the levels of AKT and Wee1 were unchanged, thereby elevating the ratio of p-AKT/AKT (P < 0.05) and p-Wee1/Wee1 (P < 0.01) in BCPAP and 8305C cells. Similarly, shown in Figures 3D, F, the expression of AKT1 in mRNA level (P < 0.05) was significantly increased in BCPAP and 8305C cells treated with high iodine compared with those in the control groups, while the expression of Wee1 in mRNA level (P < 0.05) decreased in an opposite manner. These results indicated that high iodine significantly increased AKT/Wee1/CDK1 expression in thyroid cancer cells. Since CDK1 is partnered by cyclin A and cyclin B, we examined the expression of Cyclin A and Cyclin B protein in BCPAP and 8305C cells treated with high iodine. The results showed that the expression of Cyclin A and Cyclin B protein was no significant difference between these groups (Figure S4). In addition, high iodine can inhibit the apoptosis of BCPAP and 8305C cells. And, western blot results showed that the ratio of cleaved-caspase3/caspase3 significantly decreased in BCPAP and 8305C cells treated with high iodine compared with the control group (P <0.01, Figure S4).



High Iodine Promotes the Cell Proliferation via AKT/Wee1/CDK1 Axis

To explore whether AKT-mediated Wee1/CDK1 is involved in the proliferation of BCPAP and 8305C cells induced by high iodine, we abrogated the induction of AKT activation induced by iodine in these cell lines via treatment with Ly294002, an inhibitor of AKT. As a result, treatment with Ly294002 alone decreased the ratio of p-Wee1/Wee1, but increased the ratio of p-CDK1/CDK1, compared with control groups. Besides, pretreatment with Ly294002 in iodine-treated cells decreased the ratio of p-Wee1/Wee1, but increased the ratio of p-CDK1/CDK1, compared with high iodine-treated groups (Figure 4A). However, the expression of Cyclin A and Cyclin B in iodine combined with inhibitor-treated group was not statistically significant, compared with high iodine-treated group (Figure S5). Furthermore, pretreatment with Ly294002 reduced the EdU-positive cells induced by high iodine in these cell lines (Figure 4B), and arrested the cell cycle in the G1 phase, which reduced the proportion of cells in the S/G2 phase (Figure 4C). These results indicated that high iodine can accelerate the cell cycle progression and induce the proliferation of BCPAP and 8305C cells by activating AKT/Wee1/CDK1 axis.




Figure 4 | High iodine induced the proliferation of BCPAP and 8305C cells via activating AKT-mediated Wee1/CDK1 axis. Data were presented as means ± SD. (A) Ly294002 inhibited the expression levels of p-CDK1/CDK1, p-Wee1/Wee1 and p-AKT/AKT in BCPAP and 8305C cells induced by high iodine. β-actin was used as a loading control. (B) Ly294002 inhibited the proliferation of BCPAP and 8305C cells induced by high iodine. Cell viability was measured by the EdU assay, and DMSO was used as a control. (C) The proportion of cells in each phase of the cell cycle was evaluated by flow cytometry after 48 h of treatment with Ly294002. *P < 0.05, **P < 0.01, ***P < 0.001.



In addition, compared with control groups, treatment with Ly294002 alone increased the ratio of cleaved caspase 3/caspase 3. And, compared with high iodine groups, there was a similar increase in the iodine combined with inhibitor group (P < 0.001, Figure S5). Flow cytometry results showed that the apoptotic rate of BCPAP and 8305C cells in iodine combined with inhibitor-treated group was significantly higher than that in the high iodine group (P < 0.05, Figure S6). These results confirmed that high iodine can inhibit the apoptosis of BCPAP and 8305C cells through activating AKT.



Effects of High Iodine on Tumor Growth in Xenograft Tumor Models of PTC and ATC Cells

To study the effect of high iodine on the proliferation of thyroid cancer cells, we constructed xenograft models of PTC and ATC cells. As shown in Figures 5A–C, the tumor volume and weight in PTC cells differed significantly across excessive iodine groups compared to control group (P < 0.05), with no significant difference in ATC cells. However, serum iodine was increased in mice wearing both cells of I6000 μg/L groups compared to control group (P < 0.05, Figure 5D). Also, PCNA expression significantly increased in I6000 μg/L groups compared to control groups (P < 0.05, Figure 5E). These indicated that high iodine promoted tumor growth in xenograft tumor models of PTC and ATC cells. In addition, IHC analysis showed that compared to control groups, the ratio of cleaved caspase 3/caspase 3 (P < 0.05, Figure S7) in xenograft tumor models were significantly decreased in I6000 μg/L groups.




Figure 5 | High iodine promoted tumor growth in xenograft tumor models of PTC and ATC cells. All data were presented as means ± SD. (A, B) BCPAP and 8305C cells were subcutaneous injected into nude mice under exposure to high iodine. Relative tumor volumes of different groups, monitored every 3 days during treated with or without high iodine. (C) Tumor weights were measured at the end of the day 21. (D) Iodine concentration in serum of nude mice among control and iodine treatment groups. (E) Representative IHC staining images showed staining score of PCNA protein in xenograft tumor tissues. *P < 0.05, **P < 0.01.





Effects of High Water Iodine on Expression of AKT/Wee1/CDK1 in Xenograft Tumor Models of PTC and ATC Cells

Since previous experiments found that high iodine can induce the proliferation of BCPAP and 8305C cells by activating AKT/Wee1/CDK1 axis, we discussed whether AKT/Wee1/CDK1 was involved in the tumor growth of xenograft tumor models of PTC and ATC cells induced by high iodine. IHC analysis showed the ratio of p-AKT/AKT (P < 0.01, Figure 6A) and p-Wee1/Wee1 (P < 0.05, Figure 6B) in xenograft tumor models were significantly increased in I6000 μg/L groups compared to control groups, whereas the ratio of p-CDK1/CDK1 was significantly decreased in the I6000 μg/L group compared to control groups (P < 0.05, Figure 6C). These results suggested that high iodine significantly increased AKT/Wee1/CDK1 expression in xenograft tumor models of PTC and ATC cells.




Figure 6 | Effects of high water iodine on expression of AKT/Wee1/CDK1 in xenograft tumor models of PTC and ATC cells. Data were presented as means ± SD. Representative photomicrographs of IHC in the xenograft tumors (400 ×). (A) Staining score of p-AKT and AKT protein in xenograft tumor tissues among control and iodine treatment groups. (B) Staining score of p-Wee1 and Wee1 protein in xenograft tumor tissues among control and iodine treatment groups. (C) Staining score of p-CDK1 and CDK1 protein in xenograft tumor tissues among control and iodine treatment groups. *P < 0.05, **P < 0.01.






Discussion

Thyroid cancer occurrence is a process involving multi-step, multi-factor and multi-gene alterations, in which out-of-control cell proliferation are considered important mechanisms associated with abnormal cell cycle regulation (36). In the current study, we highlighted that exposure to high iodine could promote the proliferation of thyroid cancer cells. Further studies uncovered that high iodine exerted its roles by activating AKT/Wee1/CDK1 axis and accelerating cell cycle progression in thyroid cancer. The above findings provide strong evidences to support the fact that high iodine plays vital roles in the development of thyroid cancer.

Iodine is crucial to thyroid health since this trace element is essential for thyroid hormone synthesis. Both deficient and excessive iodine intakes can cause thyroid disease, so iodine intake-associated health disorders has became the major public health issues (2, 37). Among them, the association between iodine intake and thyroid cancer, especially the effect of high iodine on thyroid cancer incidence, has aroused extensive attention. Several studies reported an increased risk of thyroid cancer in populations living in iodine excessive areas, such as Iceland and Hawaii, but volcanic activity are likely to be responsible for the high incidence of thyroid cancer in these areas rather than iodine excess (20, 38). Another study by Truong et al., performed among native and European residents in New Caledonia, failed to find the relationship between high dietary iodine intake and risk of thyroid cancer (39). Therefore, the association between excess iodine intake and thyroid cancer incidence remain controversy. Previous experiments in vitro have demonstrated iodine at a certain concentration range promoted the proliferation of thyroid cancer cells (22, 23). However, the underlying mechanism by which iodine affects thyroid cancer cells is not fully elucidated.

A previous study showed that the normal physiological concentration of iodine in human thyroid is 10-6 to 10-5 mM, and incubation with iodine at concentration of 10-3 mM for 72 h could promote the proliferation of thyroid cancer cells (W3 and FTC-133) (22). Also, we demonstrated that treatment with 2 μmol/L KIO3 for 72 h increased the proliferation of thyroid cancer cells (BCPAP and 8305C). Thus, at the cellular level, treatment with 2 μmol/L KIO3 for 72 h was used as the test dose and time in the following experiments. In addition, previous studies have shown that 6000 μg/L I- is a reasonable and representative dose for human exposure (40). Hence, in xenograft tumor models, an iodine dosage of 6000 μg/L I- was selected to explore the effects of iodine intake on tumor growth.

In this study, results showed that treatment with 2 μmol/L KIO3 for 72 h promoted the proliferation of thyroid cancer cells and the proportion of S phase cells, but significantly decreased the proportion of G1 and G2 phase cells, suggesting that high iodine might promote the proliferation of thyroid cancer cells via regulating cell cycle progression. In addition, high iodine had a weak inhibitory effect on apoptosis of thyroid cancer cells. To explore the underlying mechanism, the transcriptional profile was analyzed in BCPAP and 8305C cell exposed to high iodine. The results showed there were 153 and 149 genes in the PTC and ATC cells regulated by high iodine, separately, and the seven genes were identified by overlapping these genes, namely DIAPH3, KIF20B, LINC00472, LOC105374715, PHIP, SGOL1, and ZNF581. But the biological function of seven genes was not reported to be related with the cell cycle regulation and cell apoptosis. Given that, we analyzed the 295 DEGs in the union of BCPAP and 8305C regulated by high iodine. KEGG enrichment analysis of iodine-related genes showed that these genes are mainly correlated with various signaling pathways, including cell cycle, PI3K/AKT signaling, among which apoptosis pathway was not found. As a result, this study mainly focused on the effect of high iodine on the proliferation of thyroid cancer cells via regulating cell cycle progression. Importantly, the interaction between genes and pathway showed DEGs were differentially regulated and affected the pathways of the cell cycle, proteoglycans in cancer and progesterone-mediated oocyte maturation. Among them, CDK1 was associated with cell cycle pathways and was involved in proliferation of thyroid cancer cells induced by high iodine.

CDK1, a cylcin-dependent kinase1, is one of the most pleiotropic cell cycle regulators, which plays a vital role in the physiological processes, including cell proliferation, chromosome condensation and chromosome segregation in mitosis (27). It can regulate cell cycle progression via interacting with interphase cyclins, such as cyclin A, B, D1, and E (41). In this study, the expression of Cyclin A and Cyclin B had no change in BCPAP and 8305C cells under high iodine treatment, but the phosphorylation of CDK1 kinase at Tyr15 was inhibited by high iodine, thereby increasing CDK1 activity. These results suggested that increased CDK1 activity plays an important role in the proliferation of thyroid cancer cells induced by high iodine. Furthermore, research described that CDK1 was inactivated by Wee1 kinases through catalyzing the inhibitory phosphorylation of CDK1 kinase at Tyr15, whereas Wee1 can be negatively regulated by AKT in a phosphorylation dependent manner (42). Also, in this study, the expression of p-Wee1 (Ser642) and p-AKT (Ser473) were significantly increased in BCPAP and 8305C cells under exposure to high iodine. Therefore, we inferred that AKT/Wee1/CDK1 axis might be activated under exposure to high iodine, thereby promoting the proliferation of developed thyroid cancer cells.

AKT, also known as protein kinase B, is an important intermediate in the process of cell signaling, and can promote the occurrence and development of tumors by regulating biological processes, such as cell proliferation, migration and differentiation (43, 44). In this study, we found that AKT activation might be involved in the proliferation of BCPAP and 8305C cells induced by high iodine, which was similar with previous studies (22, 34). More importantly, the inhibition of AKT activation by Ly294002 not only reduced the induction of high iodine on the expression of CDK1 but reversed the proliferation activity of BCPAP and 8305C cells via arresting the cell cycle in the G1 phase. These results suggested high iodine induced the proliferation of BCPAP and 8305C cells through activating AKT-mediated Wee1/CDK1 axis. Similarly, in nude mice, we confirmed that AKT/Wee1/CDK1 axis was also involved in tumor growth during exposure to high iodine.

This study shows that high iodine has a proliferative effect on papillary and anaplastic thyroid cancer cells via accelerating cell cycle progression. Furthermore, activating AKT/Wee1/CDK1 axis was involved in the proliferation of papillary and anaplastic thyroid cancer cells induced by high iodine. In summary, this study might be helpful for understanding of the complex mechanism underlying high iodine-induced proliferation of thyroid cancer cells, and provide new insight into the relationship between high iodine and thyroid cancer. In addition, this study also had limitations about the classification of tumors to different subtypes as with all research. Although we provided papillary and anaplastic thyroid cancer to explore the underlying mechanism that high iodine promoted the proliferative activity of thyroid cancer cells, it may not be very comprehensive understanding for follicular thyroid cancer subtype. This should be further validated through a series of experiments.
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Supplementary Figure 1 | The Venn calculation result obtained genes that involved in the proliferation of BCPAP and 8305C cells induced by high iodine. The 2 datasets showed an overlap of 295 genes.

Supplementary Figure 2 | Enrichment analysis for 295 DEGs related to iodine. Terms with p and q < 0.05 were believed to be enriched significantly. The top ten pathways were displayed. (A) GO analysis for 295 DEGs related to iodine. (B) KEGG enrichment analysis for 295 DEGs related to iodine

Supplementary Figure 3 | Protein–protein interaction network based on DEGs related to iodine. (A) Interaction network constructed with the nodes with interaction confidence value > 0.40. (B) The top 10 genes ordered by degree method. (C) The top 10 genes ordered by the number of nodes

Supplementary Figure 4 | Effect of high iodine on the expression of Cyclin A, Cyclin B, caspase 3 and cleaved caspase 3 in BCPAP and 8305C cells. Data were presented as means ± SD. β-actin was used as a loading control. *P < 0.05, **P < 0.01, ***P < 0.001.

Supplementary Figure 5 | Effects of high iodine on expression of Cyclin A, Cyclin B, caspase 3 and cleaved caspase 3 in BCPAP and 8305C cells under treatment with Ly294002. Data were presented as means ± SD. ’-actin was used as a loading control. *P < 0.05, **P < 0.01, ***P < 0.001.

Supplementary Figure 6 | Apoptosis rate of BCPAP and 8305C cells under treatment with Ly294002 were detected by flow cytometry. *P < 0.05, **P < 0.01, ***P < 0.001.

Supplementary Figure 7 | Effects of high water iodine on the expression of caspase 3 and cleaved caspase 3 in xenograft tumor models of PTC and ATC cells. Data were presented as means ± SD. Representative photomicrographs of IHC in the xenograft tumors (400 ×). *P < 0.05, **P < 0.01.
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Objective: To screen lung adenocarcinoma (LUAC)-specific cell-cycle-related genes (CCRGs) and develop a prognostic signature for patients with LUAC.

Methods: The GSE68465, GSE42127, and GSE30219 data sets were downloaded from the GEO database. Single-sample gene set enrichment analysis was used to calculate the cell cycle enrichment of each sample in GSE68465 to identify CCRGs in LUAC. The differential CCRGs compared with LUAC data from The Cancer Genome Atlas were determined. The genetic data from GSE68465 were divided into an internal training group and a test group at a ratio of 1:1, and GSE42127 and GSE30219 were defined as external test groups. In addition, we combined LASSO (least absolute shrinkage and selection operator) and Cox regression analysis with the clinical information of the internal training group to construct a CCRG risk scoring model. Samples were divided into high- and low-risk groups according to the resulting risk values, and internal and external test sets were used to prove the validity of the signature. A nomogram evaluation model was used to predict prognosis. The CPTAC and HPA databases were chosen to verify the protein expression of CCRGs.

Results: We identified 10 LUAC-specific CCRGs (PKMYT1, ETF1, ECT2, BUB1B, RECQL4, TFRC, COCH, TUBB2B, PITX1, and CDC6) and constructed a model using the internal training group. Based on this model, LUAC patients were divided into high- and low-risk groups for further validation. Time-dependent receiver operating characteristic and Cox regression analyses suggested that the signature could precisely predict the prognosis of LUAC patients. Results obtained with CPTAC, HPA, and IHC supported significant dysregulation of these CCRGs in LUAC tissues.

Conclusion: This prognostic prediction signature based on CCRGs could help to evaluate the prognosis of LUAC patients. The 10 LUAC-specific CCRGs could be used as prognostic markers of LUAC.

Keywords: lung adenocarcinoma, cell cycle-related genes, prognostic signature, overall survival, GEO


INTRODUCTION

Lung cancer (LC) remains one of the most common malignancies and is a major contributor to cancer-related deaths worldwide, accounting for 11.6% of cancers and 18.4% of deaths, respectively (Bray et al., 2018). In China, the burden of LC remains the highest of all cancers, with mortality and incidence rates 1.5 times those worldwide in 2017 (Liu et al., 2020). Non-small-cell LC (NSCLC) is the predominant type (approximately 85%) of LC; it includes lung adenocarcinoma (LUAC) and lung squamous cell carcinoma (LUSC), of which LUAC is the most prevalent type (Peng et al., 2017; Herbst et al., 2018). LUAC originates in the distal airway and has less correlation with chronic inflammation and smoking than LUSC (Peng et al., 2017).

Currently, anatomical surgical resection and mediastinal lymph node dissection are the most effective methods for treatment of early stage LUAC patients, and the main surgical procedures are lobectomy and sub-lobectomy (Lin et al., 2020; Yu et al., 2020). Advanced-stage LUAC covers a variety of disease manifestations and has an equally complex range of multimodal treatment options, including systemic and local therapies (chemotherapy, radiation therapy, etc.) for remote and local symptom control, respectively (Evison, 2020). With the application of biomarker-directed therapies targeting molecular changes (such as EGFR and BRAF V600E mutations, or ALK and ROS1 rearrangements), these therapies can prolong the survival of LC patients (Arbour and Riely, 2019). In the past few years, with the application of high-throughput sequencing (Illumina HiSeq, Illumina MiSeq, Ion PGMTM, etc.), increasing numbers of rare molecular changes in oncogenic drivers (including HER2, MET, and RET) have been identified (Yu et al., 2018). Specific tyrosine kinase inhibitors targeting these genomic changes have shown improved patient survival and satisfactory biological activity, mostly in phase III clinical trials, which has led the US Food and Drug Administration to accelerate the approval of some of these drugs (Lamberti et al., 2020). However, the 5 year survival rate has only increased by 5% in the past 20 years (Johnson et al., 2014).

Increasing numbers of studies show that the cell cycle is tightly bound to the growth and proliferation of LUAC cells, with certain genes potentially functioning as cycle regulators. For example, knockdown of GINS2 induced cell cycle arrest and apoptosis in A549 cells (Sun et al., 2021), and MITF could inhibit NSCLC progression by controlling the cell cycle (Hsiao et al., 2020). However, the results of such studies are difficult to translate into clinical practice. This is mainly because tumor occurrence and development are pathological processes driven by multiple genes and cannot adequately be explained by the abnormal expression of a single gene. Although changes in a certain gene may lead to differences in the prognosis of patients, the sensitivity and specificity of clinical tests for the gene in question are often not satisfactory. Thus, there is a need to develop more accurate methods for diagnosis and prediction of prognosis of LUAC patients.



MATERIALS AND METHODS


Sources of Research Data

The GSE68465 (Shedden et al., 2008), GSE42127 (Hight et al., 2020), and GSE30219 (Rousseaux et al., 2013) data sets (containing data from 443, 133, and 148 LUAC patients, respectively) were downloaded from the Gene Expression Omnibus database (Edgar et al., 2002). GSE68465 was defined as an internal group, and the other data sets were combined as an external group (test group). The batch effect was balanced using the “SVA” package in R (version 4.0.2) (Irizarry et al., 2003). When more than one probe was mapped to one gene ID, we took their average value for further analysis. In addition, mRNA expression profiles and corresponding clinical information of LUAC patients were obtained from The Cancer Genome Atlas (TCGA) database (Chang et al., 2015).



Identification of LUAC-Specific Cell-Cycle-Related Genes (CCRGs)

Single-sample gene set enrichment analysis (ssGSEA) was implemented using the “GSVA” R package (Barbie et al., 2009). The reference gene sets were from the MSigDB2 database (Liberzon et al., 2011): “KEGG_CELL_CYCLE” (Kanehisa, 2002) and “GO_CELL_CYCLE” (Mi et al., 2019). Spearman correlations were calculated between pairs of enrichment scores and each gene. Next, genes that met both of the following criteria were defined as LUAC-related CCRGs: absolute correlation > 0.3 and P < 0.01. The analysis of differentially expressed genes used the “limma” package. | Log2 fold change| > 1 and P < 0.05 were the criteria for determining differentially expressed genes. Finally, LUAC-specific CCRGs were screened out.



Construction and Verification of Prognostic Model

The samples from GSE68465 were divided into two groups at a ratio of 1:1 at random to form an internal training group and a test group. Univariate Cox regression analysis, LASSO regression, and multiple Cox regression analysis were used to investigate the prognostic value of CCRGs in predicting the overall survival (OS) of LUAC patients, and to construct a model. On the basis of the median value of the risk score, all samples in the training group were divided into low- and high-risk groups. Kaplan–Meier survival curves and time-dependent receiver operating characteristic curves for OS evaluation of the two groups were plotted to evaluate the accuracy of the signature in the internal training group. The results were further confirmed in the internal and external test groups. To demonstrate that the model represents an independent risk factor, the combination of the signature and clinical factors was further validated through univariate and multivariate Cox regression analysis. P < 0.05 was regarded as statistically significant.



Establishment of Prognostic Prediction Model Line Graph

To predict 1, 3, and 5 years OS, we established a nomogram and plotted its calibration curve based on all independent prognostic factors determined by multivariate analysis. Cox regression analysis was conducted with the R software to observe the relationship between the predicted probabilities and the actual occurrence rates.



Identification and Survival Rate Analysis of Subtypes

With the R package “ConsensusClusterPlus,” the gene expression matrix contained in the model was used to identify molecular subtypes in LUAC. Then, survival rate analysis was performed and displayed for single subtypes.



Verification of Prognosis-Related CCRG Expression

Data from the Clinical Proteomic Tumor Analysis Consortium (CTPAC) (Rudnick et al., 2016) and the Human Protein Atlas (HPA) (Pontén et al., 2008) were chosen to verify the protein expression of LUAC-specific CCRGs in tumor tissues and normal tissues, and to determine whether the expression differences were consistent with the previous mRNA results from TCGA. Differences were considered notable if P < 0.05.



Immunohistochemistry

After obtaining the consent of 3 LUAC patients, tissue sections were obtained from the pathology department of our hospital. After blocking with endogenous peroxide and protein, the sections were then incubated with diluted specific anti-ECT2 or anti-BUB1B at 4°C overnight. The next day, the sections were incubated with the secondary antibody at 37°C for 1 h. The sections were stained with 3,3-diaminobenzidine solution for 3 min and counterstained with hematoxylin. The slices are finally observed and photographed under a microscope.




RESULTS


Screening for LUAC-Specific CCRGs

The workflow of the study is shown in Figure 1. On the basis of the mRNA data and clinical features from GSE68465, we conducted ssGSEA and used the CCRG sets as a reference, identifying 1,029 genes as LUAC-related CCRGs. Then, univariate Cox analysis was performed to screen out CCRGs that were significantly related to survival, resulting in 801 genes (Supplementary Table 1). By comparison with mRNA expression in the TCGA LUAC data set, we screened out 148 differentially expressed CCRGs (Supplementary Table 2) as LUAC-specific CCRGs (Figure 2A).
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FIGURE 1. Flow chart of the entire research.
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FIGURE 2. Prognostic model of the training cohort and risk signature with the 10 CCRGs. (A) LUAC-specific CCRGs were screened out. (B) The association between deviance and log(λ). (C) The association between coefficients of genes and log(λ). (D) Risk score of the high and low groups. (E) Survival analysis of the high and low groups. (F) Heatmap of the expression of 10 CCRGs. (G) The AUC of the ROC.




Construction and Verification of Prognostic Model

First, the internal group (GSE68465) was randomly divided into two groups, which were used as an internal training group and a test group. Then, LASSO regression was used, and cross-validation was performed in the internal training group (Figure 2B). The preliminary signature included 21 CCRGs: ETF1, TFRC, RRM2, MYBL2, CDC6, RECQL4, BUB1B, ECT2, PITX1, TRIP13, RPL39L, PKMYT1, CKS1B, KIF23, MCM10, TUBB2B, COCH, DTL, CENPE, BLM, and DHRS2 (Figure 2C). Then, multivariate Cox regression was performed to build prognostic signatures on the basis of these CCRGs. Finally, a signature of 10 CCRGs was selected, and risk scores were calculated as follows: risk score = (−0.655 ∗ exp of ETF1) + (0.106 ∗ exp of TFRC) + (0.122 ∗ exp of CDC6) + (0.099 ∗ exp of RECQL4) + (0.178 ∗ exp of BUB1B) + (0.22 ∗ exp of ECT2) + (0.094 ∗ exp of PITX1) + (−0.212 ∗ exp of PKMYT1) + (−0.119 ∗ exp of TUBB2B) + (0.042 ∗ exp of COCH). After calculating the risk scores of individual patients, 1.0145 was chosen as the cutoff value to distinguish the high- and low-risk groups (Figure 2D). The survival analysis showed striking differences between the two groups (Figure 2E). The mRNA expression of the 10 LUAC-specific CCRGs in each sample is shown in Figure 2F. The accuracy was evaluated by the area under the curve (AUC) of the ROC curve; as shown in Figure 2G, the AUC values were 0.76 at 1 year, 0.751 at 3 years, and 0.698 at 5 years.

The internal and external test groups were used to verify the accuracy of the model. Risk score analysis, survival analysis, and ROC analysis were performed repeatedly for each group (Figures 3A–D). The model could distinguish the high-risk group from the low-risk group efficiently. Survival analysis proved that the critical value remained valid. The AUC of the ROC curve in different groups further proved the robustness of the signature. The AUC values at 1, 3, and 5 years were 0.611, 0.665, and 0.679, respectively, for the internal test group; 0.664, 0.711, and 0.688 for the entire internal group; 0.768, 0.735, and 0.753 for the external validation group; and, finally, 0.674, 0.686, and 0.675 for all samples.
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FIGURE 3. Validation of the signature. Risk score and survival analysis of the high and low groups, heatmap of the expression of 10 CCRGs, and the AUC of the ROC in (A) internal test group, (B) internal group, (C) external test group and (D) all samples.




Risk Score Is an Independent Prognostic Indicator of LUAC

In order to analyze the efficiency of the signature in different situations, patients were divided into different groups on the basis of different clinical characteristics (age, gender, lymph node metastasis, whether they received adjuvant radiotherapy, and whether they relapsed). Figures 4A–E shows the results of ROC and survival analysis for each group under different conditions; the OS rate of the high-risk group was significantly lower than that of the low-risk group. These results showed that the signature was highly efficient and stable in different situations. In addition, we used univariate and multivariate Cox regression in GSE68465, GSE42127, and GSE30219 to analyze the prognostic value of the risk score in specimens with different clinicopathological factors (Figures 5A–C).
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FIGURE 4. The AUC of the ROC that was computed by the signature under diverse situations. Survival analysis of the high and low groups and the AUC of the ROC in (A) gender, (B) age, (C) status of node metastasis, (D) whether they received adjuvant radiotherapy, and (E) whether relapsed.
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FIGURE 5. Univariate and multivariate Cox analysis of the signature combined clinical features. Univariate and multivariate Cox analysis in (A) GSE68465 (B) GSE42127 (C) GSE30219.




Construction of the Nomogram Model

In order to integrate multiple predictors, show the relationship between the variables in the predictive model, we used the gender, age, relapse, T, M, N, and risk score to build a nomogram model (Figure 6A). The calibration curve was close to the ideal curve, indicating that the signature produced results consistent with the actual results (Figure 6B).
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FIGURE 6. Construction and validation of the nomogram. (A) Details of the nomogram, (B) Calibration analysis based on the nomogram. (C) Molecular subgrouping based on 10 CCRGs: Elbow and gap plot for different numbers of subgroups; Consensus heatmap of the clusters. (D) Survival analysis of the four subgroups.




Identification of Molecular Subtypes

We further verified whether the 10 CCRGs could divide patients into different molecular subgroups. The subgroup effect was most significant with a k-value of 4. OS analysis of different molecular subtypes confirmed the prognostic significance of molecular subtype classification methods for clinical patients (Figures 6C,D). These findings suggest that the 10 CCRGs are potential LUAC biomarkers that could have a vital role in clinical treatment.



Protein Verification of Prognostic Genes

According to the CPTAC data, the protein expression of PKMYT1, ETF1, ECT2, BUB1B, and RECQL4 in tumor tissues was significantly increased, while the expression of TFRC was significantly reduced, and the expression of COCH and TUBB2B did not change significantly (PITX1 and CDC6 were not included) (Figure 7A). In the HPA data, compared with normal tissues, the expression of PKMYT1, ETF1, RECQL4, TUBB2B, and CDC6 in tumor tissues was remarkably upregulated, while the expression of TFRC and PITX1 was significantly downregulated (,ECT2, BUBB1B, and COCH were not included) (Figure 7B). In addition, through IHC, we found that ECT2 and BUBB1B are highly expressed in LUAC tissues (Figure 7C). The verification results basically coincided with the previous results.
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FIGURE 7. Protein level of CCRGs in LUAC tumor tissues and normal tissues. (A) CPTAC database. (B) HPA database. (C) IHC *P < 0.05, **P < 0.01, ***P < 0.001.





DISCUSSION

LC is the most common type of cancer and a major contributor to cancer-related deaths worldwide. It accounts for 11.6% of all cancers, and there were approximately 2.1 million new cases in 2018 (Bray et al., 2018). In addition to the prevalence of LC, the prognosis of most LC patients is very poor, with a 5 years predicted survival rate of about 17.8% (Zappa and Mousa, 2016). LUAC is the main type of LC. Therefore, there is an urgent need to find a more accurate way to diagnose LUAC patients and predict their prognosis.

Recent research has confirmed that genes changes can regulate the cell cycle in cancer. Precise regulation of the cell cycle is a basic requirement for eukaryotic cell homeostasis. The progression of the cell cycle consists of five consecutive phases: G0, G1, S, G2, and M (Schafer, 1998). A complex balance of different cyclin-dependent kinases (CDKs) and cyclins determines whether a cell enters the G1 phase of the cell cycle (Wood and Endicott, 2018). In addition, the G1 and G2 cell cycle checkpoints are considered to be an important part of regulating the cell cycle and are regulated by a variety of molecules (Afshari and Barrett, 1993). An extensive regulatory network composed of CCRGs is indispensable for the progression of the cell cycle. Understanding the expression levels of these factors and their combined regulatory modes is essential to predicting patient outcomes and prognosis. The development of drugs targeting one or more CCRGs may be the general trend of LUAC treatment in the future. At present, there is no research specifically analyzing which genes in CCRGs have an impact on the prognosis of LUAC patients. Therefore, it is of great significance to screen out these genes that play an important role in the progression of LUAC and the prognosis of patients.

In this work, we aimed to develop a prognostic signature related to the cell cycle. LUAC samples were divided into an internal training group, internal test group, and external test group. We used the internal training group to establish a prognostic model through Cox and LASSO regression analysis, and used the internal test group and external test group to verify the model. PKMYT1, ETF1, ECT2, BUB1B, RECQL4, TFRC, COCH, TUBB2B, PITX1, and CDC6 were screened out. We also studied some clinical features that may affect the survival of LUAC patients and constructed a nomogram to prove that the model can be better translated into clinical applications. Although new CCRGs are discovered every day, the use of genetic signatures can highlight the most vital markers for clinical applications.

In addition, we used the expression of these 10 CCRGs to classify LUAC patients into four different molecular subtypes. These four groups showed differences in prognosis, suggesting that these 10 genes have potential applications in LUAC diagnosis and treatment. The CPTAC and HPA databases were used to verify the differential expression of these genes. PKMYT1 is a membrane-associated kinase that can negatively regulate the G2/M transition of the cell cycle by phosphorylation and inactivation of CDK1 (Schmidt et al., 2017). In the cytoplasm, PKMYT1 can also promote the cytoplasmic separation of CDK1, thereby promoting the activation of mitosis-promoting factor and accelerating the cycle process (Lolli and Johnson, 2005). ETF1 is dysregulated in various types of cancer (Dubourg et al., 2002). ECT2 is a necessary link between the cell cycle machinery and Rho signaling pathways involved in the regulation of cell division, and its exchange function relies on its phosphorylation during the G2 and M phases (Tatsumoto et al., 1999). Expression of the BUB1B gene cannot be detected in G1 but reaches a peak in G2/M, and its absence can cause genome instability and the progression of LC (Myslinski et al., 2007). RecQL4 can protect chromosome stability by coordinating and regulating cell proliferation and cell cycle progression (Fang et al., 2018). TFRC accelerates cell proliferation and metastasis by upregulating AXIN2 in epithelial ovarian cancer (Huang et al., 2020). Methylation levels of COCH are elevated in the plasma of NSCLC patients with lymph node metastasis (Chen et al., 2020). Upregulation of TUBB2B may contribute to the development of neuroblastoma (Liu and Li, 2019). The p53 gene is the direct transcriptional target of PITX1 (Liu and Lobie, 2007). The synergistic effects of CDC6 and cyclin E induce DNA replication in resting cells when CDC6 and CDT1 are ectopically expressed (Borlado and Méndez, 2008). Our signature was constructed and verified in a comprehensive cohort and could be used in clinical practice with a large number of genes.

However, our research had some limitations. Our results based on data from TCGA, CPTAC, and HPA partially proved that 10 CCRGs are dysregulated in LUAC, suggesting that they may have vital roles in the occurrence and development of LUAC. Functional experiments are needed to further uncover the possible molecular regulatory mechanisms of these CCRGs.



CONCLUSION

The current study shows that the cell cycle pathway is mainly responsible for the occurrence and development of LUAC. A prognostic signature was constructed based on LUAC-specific CCRGs, which could be used for prognostic evaluation of LUAC patients. In addition, the specific CCRGs screened out could be used as new targets for the treatment of LUAC.
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ABBREVIATIONS

CCRGs, cell-cycle-related genes; NSCLC, non-small-cell lung cancer; LC, lung cancer; LUAC, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; ssGSEA, single-sample gene set enrichment analysis; LASSO, least absolute shrinkage and selection operator; PKMYT1, protein kinase, membrane associated tyrosine/threonine 1; ETF1, eukaryotic translation termination factor 1; ECT2, epithelial cell transforming 2; BUB1B, BUB1 mitotic checkpoint serine/threonine kinase B; RECQL4, RecQ like helicase 4; TFRC, transferrin receptor; COCH, cochlin; TUBB2B, tubulin beta 2B class IIb; PITX1, paired like homeodomain 1; CDC6, cell division cycle 6.
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Background: Clear cell renal cell carcinoma (ccRCC) is one of the most common malignant cancers in East Asia, with high incidence and mortality. Accumulating evidence has shown that ATF3 is associated with tumor progression.

Methods: Using qPCR, the expression of ATF3 was detected in 93 patients with ccRCC, including 24 paired normal and tumor tissues, which were used to further compare ATF3 expression through western blotting and immunohistochemistry. Lentivirus was used for the overexpression or knockdown of ATF3, and the consequent alteration in function was analyzed through CCK8 assay, colony formation assay, wound healing assay, invasion assay, and flow cytometry. The potential mechanism affected by ATF3 was analyzed through gene set enrichment analysis (GSEA) and verified using western blotting, invasion assay, or immunofluorescence staining. Furthermore, a xenograft mouse model was used to assess the function of ATF3 in vivo.

Results: ATF3 expression was significantly decreased in ccRCC compared to that in adjacent normal tissues. Through gain- and loss-of-function experiments performed in an in vitro assay, we found that ATF3 could regulate ccRCC cell proliferation, cycle progression, migration, and invasion. In the in vivo study, the xenograft mouse model revealed that ATF3 overexpression can inhibit the growth of ccRCC. Moreover, the mechanism analysis showed that suppression of ATF3 could lead to an increase the expression of β-catenin and promote β-catenin transfer to the nucleus, and might be affected by EGFR/AKT/GSK3β signaling.

Conclusion: ATF3 could be utilized as an independent protective factor to inhibit the progression of ccRCC. Potential treatment strategies for ccRCC include targeting the ATF3/EGFR/AKT/GSK3β/β−catenin signaling pathway.

Keywords: clear cell renal cell carcinoma, activation transcription factor 3, growth, metastasis, GSEA


INTRODUCTION

Clear cell renal cell carcinoma is one of the ten most common cancers in the world, and it accounts for 80%–90% of kidney malignancies and approximately 2%–3% of systemic malignancies (Capitanio et al., 2019). In the United States, approximately 73,820 new cases of kidney cancer and 14,770 related deaths were reported in 2019 (Siegel et al., 2019). Unfortunately, 20%–30% of patients with ccRCC present with local or distant metastasis at the first diagnosis (Chin et al., 2006), and approximately half of the patients develop metastatic lesions after surgery (Bukowski, 1997), leading to a severe impact on disease-related mortality. Therefore, further research on the mechanisms implicated in ccRCC development and progression is highly warranted to identify new therapeutic targets. Notably, it is essential to identify therapeutic targets and prognostic biomarkers that contribute to ccRCC metastasis.

Activation transcription factor 3 is a member of the transcription factor ATF/cAMP-responsive element-binding protein (CREB) family (Zhao et al., 2016).

Activation transcription factor 3 is involved in many physiological and pathological events, as it responds to a wide range of cellular stresses, including DNA damage (Yuan et al., 2013), oxidative stress (Kaneko et al., 2017), cell injury, and carcinogenic stimuli (Wang et al., 2016). According to previous reports, ATF3 plays an essential role in maintaining genome stability and promoting DNA damage response (Wei et al., 2019), and ATF3 could activate the tumor suppressor p53 to regulate the expression of its target genes (Wang et al., 2018). ATF3 has been reported to be involved in many pathological conditions, such as cancer (Gargiulo et al., 2013; Wang et al., 2018), infections/inflammation (Rosenberger et al., 2008; Bambouskova et al., 2018), diabetes (Wang et al., 2020), and ischemic injury of the heart, liver, or brain (Seijffers et al., 2007; Huang et al., 2015). Some studies have indicated that ATF3 expression is downregulated in human cancers, such as in colon cancer (Park et al., 2017), liver cancer (Xiaoyan et al., 2014), multiple myeloma (Ri, 2016), neuroblastoma (Tian et al., 2009), prostate cancer (Wang and Yan, 2016), malignant glioma (Guenzle et al., 2017), and non-small cell lung carcinoma (Bar et al., 2016), compared to its level in normal tissues. Li et al. (2016) found that ATF3 was reduced in esophageal squamous cell carcinoma (ESCC) compared with non-tumor adjacent tissues. Mechanistically, ATF3 suppressed ESCC progression via downregulating ID1. In bladder cancer, ATF3 suppresses metastasis by regulating gelsolin-mediated remodeling of the actin cytoskeleton (Yuan et al., 2013). ATF3 was a biomarker of tumor response and a reactivation of ATF3 by pracinostat was observed in the tumor response to the HDACi therapy (Sooraj et al., 2016). Although ATF3 may regulate cancer progression and metastasis in a context-dependent manner (Messmer et al., 1989; Yan and Boyd, 2006), its role in ccRCC remains unclear.

In this study, by comparing data from public databases, we found that ATF3 expression was significantly decreased in ccRCC tumor tissues. Functionally, as a tumor suppressor, ATF3 inhibited ccRCC cell growth both in vivo and in vitro. In addition, we demonstrated that ATF3 deactivated the EGFR/β-catenin signaling pathway and suppressed EMT. In conclusion, our study indicated that ATF3 could be used as a novel candidate for inhibiting the growth and metastasis of ccRCC.



MATERIALS AND METHODS


Ethics Approval and Informed Consent

Informed consent was obtained from all subjects according to the Internal Review and Ethics Boards of The Affiliated Changzhou No. 2 People’s Hospital of Nanjing Medical University, and the project was in accordance with the Helsinki Declaration of 1964. All animal experimentation described in this study was performed in accordance with protocols approved by the Institutional Animal Care and Use Committee at Nanjing Medical University.



Human Clinical Samples

All tumor tissues and adjacent normal tissues were obtained from the Department of Urology, The Affiliated Changzhou No. 2 People’s Hospital of Nanjing Medical University, from 2016 to 2018. IHC was performed on 4% formaldehyde-fixed tissues. Twenty-four pairs of fresh tumor tissues and corresponding peritumoral tissues were used for qRT-PCR and western blot (WB) assays.



TCGA Database, Receiver Operating Characteristic Curve (ROC) and Gene Set Enrichment Analysis (GSEA)

R 3.6.2 was used to preprocess the microarray data. The clinical implication of ATF3 expression was obtained from The Cancer Genome Atlas (TCGA). ROC analyses were performed with MedCalc software to calculate the specificities, sensitivities, and accuracies at the best cut-off point. GSEA v3.0 was used to perform single gene set enrichment analysis.



Cell Cultures and Transfection

The human immortalized proximal tubule epithelial cell line HKC8 and human ccRCC cell lines A498, ACHN, 786-O, OSRC-2, and Caki-1 were purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All cells were cultured in DMEM (Waltham, MA, United States) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific). Cells were maintained at 37°C in 5% CO2. The cells were transfected with pLKO/pLKO.1-shATF3 and the transfected cells were selected using puromycin to establish stable gene-transfected cell lines.



qRT-PCR Assay

For RNA extraction, TRIzol reagent (Invitrogen, Grand Island, NY, United States) was used to isolate total RNA. The total RNA was reverse transcribed to cDNA using a reverse transcription system (Bio-Rad, Hercules, CA, United States) according to the manufacturer’s instructions. The mRNA expression level of the gene of interest was determined through qRT-PCR using a Bio-Rad CFX96 system with SYBR green. GAPDH expression was used to normalize the expression levels of the target gene. The details of primers used in the study are shown in Supplementary Table 1.



Western Blot Assay

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer containing phosphatase and proteinase inhibitors. After quantification and deformation, 30 μg protein was run in 10% SDS/PAGE gel and was then transferred to a PDVF membrane (Millipore, Billerica, MA, United States). After blocking for 2 h with 5% BSA at room temperature, the membrane was incubated with primary antibodies at 4°C overnight. Later, the membrane was rinsed three times and was incubated with secondary antibodies for 1 h at room temperature. Finally, protein bands were imaged using an ECL system (Thermo Fisher Scientific). In addition, the extraction of cell nuclear proteins and cytoplasmic proteins was performed using the Nuclear and Cytoplasmic Protein Extraction Kit (Wanlei) following the manufacturer’s manual. The antibodies used are listed in Supplementary Table 2.



Immunofluorescence Staining

Cells transferred on chamber slides were fixed with 3.7% formaldehyde for 15 min at room temperature, and then PBS was used to wash the cells three times. Next, the cells were permeabilized with 0.25% Triton X-100 in PBS for 10 min. The non-specific binding sites were blocked with 5% normal goat serum in PBS for 30 min and the slides were incubated with β-catenin primary antibody (1:150, CST, United States) overnight at 4°C. Alexa Fluor®488 goat anti-mouse IgG and Fluor®594 goat anti-rabbit IgG (Millipore Inc., Billerica, MA, United States) were used as secondary antibodies. Images were obtained using an Olympus microscope (Tokyo, Japan).



Invasion Assay and Wound-Healing Assay

Cell invasive activity was estimated using transwell plates coated with extracellular matrix gel from Corning (Corning, NY, United States). Cells (1 × 105) were plated in the upper chambers containing 100 μL serum-free medium, whereas 500 μL medium containing 10% FBS was loaded into the lower chamber. After 24 h of incubation, the cells that migrated to the lower membrane surface were fixed with 4% paraformaldehyde and then stained with 0.1% crystal violet. The number of migratory cells was observed and counted under a light microscope. For the wound-healing migration assay, after the cells cultured in a 6-well plate reached 90% confluency, wounds were created by scraping the bottom of the wells with a 200 μL yellow plastic pipette tip. The wounds were observed and photographed at 0 h and 48 h.



Cell Proliferation Assay and Colony Formation Assay

Stably transfected cells (5 × 103/well) were cultured in 96-well plates. Cell viability was assessed using a CCK8. Cells were plated into 6-well plates at a density of 1 × 103 cells per well. After 14 days, colonies were rinsed with PBS twice, fixed with methanol, and stained with 0.1% crystal violet, and the numbers were counted.



Cell Cycle Analysis

The cells were harvested, washed with cold PBS, and fixed in 70% cold ethanol. Before analysis with a fluorescence-activated cell sorter (BD FACS Flow Cytometer), the cells were stained with 50 mg/L propidium iodide for 30 min.



Animal Studies

The animal study protocol was approved by the Institutional Animal Use and Care Committee of Nanjing Medical University. For the xenograft group, mice were subcutaneously inoculated with 1 × 106/100 μL OSRC-2 cells stably transfected with oeATF3 and pWPI. The implanted tumor volume in each mouse was monitored every 7 days, and tumor weight was calculated after 5 weeks when the mice were sacrificed.



Statistical Analysis

SPSS 23.0 software (IBM, United States) was used to conduct the statistical analyses. The results of the experiments are shown as the mean ± standard deviation (SD). Differences in different groups were analyzed using Student’s t-test or one-way analysis of variance. Correlations between different parameters were analyzed using the Spearman rank test. A Kaplan–Meier curve was constructed to illustrate the overall survival (OS) and disease-free survival (DFS) in subgroups. p < 0.05 was considered statistically significant. The detailed results were ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.



RESULTS


ATF3 Is Downregulated in ccRCC and Is Negative Correlation With the Clinicopathological Prediction Trait

The expression pattern of ATF3 in ccRCC was analyzed based on RNA-seq data from the TCGA-KIRC cohort. The results showed that the mRNA expression of ATF3 was significantly downregulated in patients with RCC (n = 539) when compared to that in normal kidney tissues (n = 72) (P < 0.001, Figure 1A). Additionally, ATF3 expression was negatively associated with the clinical stage (P = 0.041, Figure 1B), lymph node metastasis (P = P-0.039, Figure 1C), poor OS (P = 0.056), and DFS (P = 0.021) (Figures 1D,E). Moreover, the area under the curve (AUC) of the ROC curve for ATF3 was 0.7206, which revealed that ATF3 could be a better prognostic signature for patients with RCC (Figure 1F). Moreover, tumor samples showed significantly lower ATF3 expression when compared with paired normal samples across 13 human tumor types (BLCA, BRCA, CHOL, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, PRAD, READ, SKCM) from TIMER web tools (Supplementary Figure 1), which further suggested that ATF3 might act as a tumor suppressor in various human cancer types. Based on ATF3 expression, the 93 patients which we have collected from the hospital were divided into high and low expression groups. As shown in Table 1, ATF3 expression was significantly related to gender, age, tumor size, Fuhrman grade, tumor stage, and metastasis in patients with ccRCC. To detect ATF3 expression at the mRNA and protein levels, we determined the expression of ATF3 in 24 pairs of ccRCC tissues and adjacent normal tissues through RT-PCR and WB assays. WB results showed that ATF3 expression was significantly downregulated in ccRCC tissues compared with that in adjacent normal tissues (Figures 1G,H), and RT-PCR assays also confirmed that there was a significant decrease in ATF3 mRNA levels in 16 of the 24 pairs of tissues (Figure 1I). Moreover, IHC staining showed that ccRCC tissues expressed lower levels of ATF3 protein than the adjacent renal tissues (Figure 1J).
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FIGURE 1. ATF3 expression decreases in ccRCC patients and acts as a protective trait. (A) ATF3 was downregulated in ccRCC patients compared to that in normal kidney tissues. (B,C) Relative expression levels of ATF3 in TCGA-KIRC subgroup: pathological stage (B) and lymph node metastasis (C). (D,E) ATF3 was a positive prognostic factor for ccRCC overall survival (D) and disease-free survival (E). (F) ROC curve assessed the specificity and sensitivity of ATF3 to differentiate between high and low group in ccRCC patients (AUC = 0.7206, p < 0.001). (G) Western blotting analysis of ATF3 in 24 ccRCC tissues compared to adjacent normal tissues. (H) The quantify of relative ATF3 protein expression. (I) RT-PCR analysis of ATF3 mRNA levels in 24 ccRCC tissues and adjacent normal tissues. (J) IHC images shown the ATF3 staining in ccRCC tissues and adjacent kidney tissues.



TABLE 1. The clinic-pathological factors of 93 KIRC patients for survival analysis.

[image: Table 1]Collectively, the above data demonstrated that ATF3 expression was decreased in patients with ccRCC and was negatively associated with advanced tumor stage. This indicated that ATF3 at lower levels might play a key role in the growth and metastasis of ccRCC.



ATF3 Inhibits ccRCC Cell Proliferation and Colony-Formation, and Leads to Cell Cycle Arrest

To investigate the biological effects of ATF3 in ccRCC cells, we used five ccRCC cell lines and an immortalized human tubule epithelial cell line HKC8 to analyze the mRNA and protein levels of ATF3 through qRT-PCR and WB. All ccRCC cell lines exhibited lower ATF3 expression than the normal kidney cell line HKC8 (Figures 2A,B). We chose 786-O cell, which contains a higher endogenous expression, to knockdown ATF3 using two shRNAs (shATF3#1 and shATF3#2). shATF3#2 was used for further experiments because of its higher knockout efficiency. In addition, we established ATF3 overexpression in OSRC-2 cell, which contains a lower endogenous lower expression (Figures 2C,D). In order to study the effect of ATF3 on proliferation in ccRCC cells, we first used the CCK8 assay to detect the cell growth. The results revealed that knockdown of ATF3 significantly increased the proliferation of 786-O cells and that overexpression of ATF3 inhibited the proliferation of OSRC-2 cells (Figure 2E). Consistently, ATF3 knockdown significantly promoted colony formation in 786-O cells, and ATF3 overexpression suppressed the colony formation ability of OSRC-2 cells (Figures 2F,G). Next, we used FACS analysis to investigate how ATF3 modulates cell cycle progression. The number of cells remaining at different cell cycle phases (G0/G1, S, or G2/M) was quantified as a percentage of the whole for comparison. We found that ATF3 overexpression resulted in a decrease in the percentage of cells in the S phase and in an increase in the percentage of cells in G2/M phase both in 786-O and OSRC-2 cells (Figures 2H,I). Collectively, these results demonstrated that ATF3 reduced the growth of ccRCC cells.
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FIGURE 2. ATF3 inhibits ccRCC cell proliferation, colony-forming ability, and leads to cell cycle arrest at the G2/M checkpoint. (A) ATF3 mRNA levels in different ccRCC cell lines compared to those in normal kidney HKC8 cells. (B) The protein level of ATF3 in different ccRCC cell lines and normal kidney HKC8 cell line. (C,D) Knockdown efficiency of shATF3 lentivirus in 786-O cells and overexpressed efficiency of oeATF3 lentivirus in OSRC-2 cells. (E) CCK8 assay revealed cell proliferation in 786-O cells and OSRC-2 cells. (F,G) ATF3 knockdown by shRNA #2 increased colony-forming ability of 786-O cells and overexpression of ATF3 decreased colony-forming ability of OSRC-2 cells. (F) Representative images of colonies. (G) Statistical analysis of panel (F). (H,I) ATF3 overexpression increased cell population in G2/M-phase and decreased cell population in S-phase both in 786-O and OSRC-2 cells as examined by FACS using PI staining. *p < 0.05, **p < 0.01.




ATF3 Inhibits Migration and Invasion and Induces Apoptosis in Human ccRCC Cells

To evaluate the potential metastatic function of ATF3 in ccRCC cells, we used 786-O cells to be transfected with shATF3, and the results showed greater migratory capability in the scratch-wound healing model compared to pLKO group (Figure 3A). On the contrary, OSRC-2 cells transfected with oeATF3 showed less motility compared to pWPI group (Figure 3B). Similarly, the effect of ATF3 on ccRCC cell invasion was determined using the transwell invasion assay. The results showed that knocking down ATF3 in 786-O cells increased the cell invasion ability compared to that in the control (pLKO) group (Figure 3C). Overexpression of ATF3 in OSRC-2 cells decreased cell invasion (Figure 3D). The result of vasculogenic mimicry (VM) also confirmed the effect of ATF3 (Figures 3E–H). The apoptosis assay with flow cytometry results demonstrated a higher apoptotic index both in the 786-O and OSRC-2 cells transfected with oeATF3 (Figure 3I). Altogether, these results demonstrated that ATF3 inhibits metastatic potential and induces the apoptosis of ccRCC cells.
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FIGURE 3. ATF3 inhibits migration, invasion and induced apoptosis in human ccRCC cells. (A,B) Wound-healing assay after ATF3 knockdown in 786-O (A) and OSRC-2 (B) cells. (C,D) Invasion assay after ATF3 knockdown in 786-O cells (C) and overexpressed in OSRC-2 cells (D). (E–H) Vasculogenic mimicry (VM) formation assays were performed using 786-O cells (E) transfected with ATF3-shRNA #2 and pLKO, with OSRC-2 cells (G) transfected with oeATF3 and pWPI, and the quantitation is on the right of the images (F,H). (I) Higher apoptotic index in 786-O and OSRC-2 cells exhibiting overexpression of ATF3 compared to pWPI as detected by FACS. *p < 0.05, **p < 0.01, ***p < 0.001.




ATF3 Overexpression Suppresses ccRCC Tumor Growth in the in vivo Mouse Models

We sought to determine whether ATF3 could exert an inhibitory effect on tumor growth in vivo. The stabilized oeATF3#2-786-O cells were subcutaneously implanted into nude mice (1 × 106 cells per mouse, five mice per group), and the mice injected with the corresponding empty pWPI vector served as a control group. As expected, the results indicated that the tumor volumes of the oeATF3 group were significantly smaller than those of the pWPI group at 5 weeks (Figures 4A,B). In addition, the result of the linear curve also demonstrated that overexpression of ATF3 significantly suppressed the growth (Figure 4C) and average weight (Figure 4D) of tumors in nude mice. These results suggested that ATF3 could suppress ccRCC tumor growth in vivo, which was consistent with the observed results in vitro.
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FIGURE 4. ATF3 overexpression inhibits ccRCC tumor growth. (A) Representative images of xenografts (arrows) were taken 5 weeks after injection. (B) The gross size of tumors in oeATF3 and control groups. (C,D) Analysis of tumor volume (C) and weight (D) of xenograft tumors. *p < 0.05, **p < 0.01.




ATF3 Inhibits Epithelial–Mesenchymal Transition (EMT) by Deactivating the β-Catenin Pathway

In order to probe the potential molecular mechanisms of ATF3 in ccRCC, we divided the TCGA-KIRC dataset into a high ATF3 expression group and a low ATF3 expression group using the median ATF3 expression as the traction criterion. GSEA was used to compare different biological processes between the two groups. Interestingly, the results of GSEA revealed that ATF3 was strongly associated with the β-catenin transactivating pathway (Figure 5A). β-Catenin is considered to be the central molecule of the Wnt/β-catenin signaling pathway, which also participates in the EMT process. We then used RT-PCR and WB to assess EMT-related markers. The results showed that downregulated ATF3 could significantly suppress the expression of epithelium-related E-cadherin gene, and could dramatically increase the expression of β-catenin and mesenchymal-related markers, such as N-cadherin, vimentin, snail, and twist (Figures 5B,C). The translocation of β-catenin from the cytoplasm to the nucleus leads to the activation of the canonical β-catenin signaling pathway. Therefore, we extracted both nuclear and cytosolic parts from shATF3#2 and oeATF3 cells and their corresponding control cells. The results of WB showed that shATF3#2 decreased the protein expression of β-catenin in the cytoplasm and promoted β-catenin nuclear translocation in 786-O cells. Conversely, when increased the expression of ATF3 with overexpressing ATF3 in the OSRC-2 cells, the expression of β-catenin protein in the cytoplasm was significantly increased, and the β-catenin protein level was obviously decreased in the nucleus (Figure 5D). These results were also confirmed through immunofluorescence assays (Figure 5E). Next, we analyzed the expression of genes downstream of β-catenin to further verify the regulation of β-catenin by ATF3. The expression of cyclin D1, MMP7, MMP9, and BCL2 was increased upon ATF3 depletion in 786-O cells. In contrast, the protein expression of cyclin D1, MMP9, MMP7, and BCL2 was significantly downregulated upon ATF3 overexpression in OSRC-2 cells (Figure 5G). We then detected the effect of β-catenin knockdown using siβ-catenin in both 786-O and OSRC-2 cells (Figure 5F). In addition, β-catenin knockdown, caused by induced ATF3 expression in 786-O cells and enhanced ATF3 expression in OSRC-2 cells, reversed the protein expression of downstream genes compared to that in the control group (Figure 5H). Consistently, we performed invasion assay and obtained the same results (Figures 5I,J). Accordingly, the results indicated that ATF3 regulated EMT progression via the β-catenin-dependent signaling pathway.
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FIGURE 5. ATF3 inhibits EMT by deactivating the β-catenin pathway. (A) GSEA analysis revealed that ATF3 could deactivate the β-catenin transactivating. (B,C) RT-PCR (B) and WB (C) assays revealed the expressions of EMT-related markers in ccRCC cells with ATF3 downregulation in 786-O cells and upregulation OSRC-2 cells. (D,E) ATF3 inhibits translocation of β-catenin from cytoplasm to nucleus thus reduced the nuclear β-catenin. (F) Efficiencies of β-catenin knockdown with siβ-catenin in 786-O and OSRC-2 cells. (G) TransWestern blot assays evaluated the expression of downstream target genes of β-catenin, including c-Myc, cyclin D1, mmp7, mmp9, BCL2 in 786-O cells with ATF3 knockdown and OSRC-2 cells with ATF3 overexpression. (H) The depletion of β-catenin reversed the protein expression of downstream genes, which were caused by induced ATF3 expression in 786-O cells and enhanced ATF3 expression in OSRC-2 cells. (I,J) Invasion phenotype shown that the effect of ATF3 knockdown can be reversed by siβ-catenin in 786-O cells and the effect of ATF3 overexpression can be enhanced by siβ-catenin in OSRC-2 cells (I), and quantitation is on the right of images (J). *p < 0.05, **p < 0.01, ***p < 0.001.




ATF3 Inhibits EMT via Deactivating EGFR/AKT/GSK3β/β-Catenin Signaling in ccRCC Cancer Cells

To investigate how ATF3 reduces β-catenin signaling, we conducted GSEA analysis. Our result showed that canonical WNT signaling was not tightly associated with ATF3 expression (data not shown). Unexpectedly, we found that EGFR signaling, one non-canonical pathway bears the capacity to activate β-catenin via AKT/GSK3β (Hofmockel et al., 1997; Hashmi et al., 2018; Ge et al., 2020), was significantly enriched in the ccRCC patients with low ATF3 expression (Figure 6A), suggesting loss of ATF3 may activate β-catenin via EGFR/AKT/GSK3β signaling. As observed in Figure 6B, WB results revealed that ATF3 knockdown increased the phosphorylation level of EGFR (at Tyr1068 and Tyr1086), p-AKT, and p−GSK3β in 786-O cells, whereas ATF3 overexpression had the opposite effect in OSRC-2 cells. These findings were consistent with our speculation that upregulation of β-catenin by shATF3 was due to the activation of EGFR/AKT/GSK3β signaling. To confirm the cross-talk between ATF3 and EGFR signaling, we performed interruption assay using EGFR inhibitor. Indeed, the increased p-EGFR, p-AKT, and p-GSK3β levels by shATF3#2 could be reversed by adding the inhibitor of EGFR-specific tyrosine kinase (AG1478, 10 μM) (Figure 6D). In addition, the enhanced effect on cell proliferation (Supplementary Figures 2A,B) and cell invasion (Figures 6E,F) observed upon knockdown of ATF3 was also reversed by AG1478 in 786-O and OSRC-2 cells. To further confirm the participation of EGFR/AKT/GSK3β into shATF3 promoted ccRCC progression, we applied AKT inhibitor or GSK3β inhibitor to examine whether it can block the biological functionalities of ATF3. As expected, inhibition of AKT by MK-2206 (1 μM) could blunt shATF3-induced β-catenin, cell proliferation and cell invasion of both 786-O and OSRC-2 cells (Supplementary Figure 3). Similar results were gained when GSK3β inhibitor BIO (1 μM) was used (Supplementary Figure 4). Thus, these data suggest that activation of β−catenin by loss of ATF3 was dependent of EGFR/AKT/GSK3β signaling, which probably contributes to ccRCC development.
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FIGURE 6. ATF3 inhibits EMT via deactivating EGFR/AKT/GSK3β/β–catenin signaling in ccRCC cancer cells. (A) GSEA analyses detected that EGFR-Downregulation was significantly enriched in ATF3 high group. (B) Western blot assays identified ATF3 knockdown increased the phosphorylation level of EGFR (at Tyr1068 and Tyr1086), p-AKT and p–GSK3β in 786-O cells, while ATF3 overexpression has the opposite result in OSRC-2 cells. (C) GeneMANIA database shown the research genes enhanced on the relevant function of protein import in nucleus, epidermal growth factor receptor signaling pathway, regulation of cell cycle G2/M phase transition, epithelial cell migration, negative regulation of extrinsic apoptotic signaling pathway, Wnt signaling pathway, beta-catenin binding. (D) Western blot assays detect the phosphorylation levels of EGFR, AKT and GSK3β treated with EGFR specific inhibitor (AG1478) after ATF3 knockdown. (E,F) The enhanced effect of invasion by knockdown ATF3 also can be reversed by AG1478 in 786-O cells (E) and OSRC-2 cells (F). **p < 0.01.




DISCUSSION

Currently, ccRCC remains the most common cancer (Hsieh et al., 2017). Although current treatments benefit patients, the persistence of metastatic ccRCC is still quite high (Verhoest et al., 2009; Jonasch et al., 2014). Therefore, there is an urgent need to identify novel molecules that represent pivotal biomarkers of ccRCC, in order to develop new therapeutic strategy for better treatment of ccRCC patients.

ATF3 may perform different functions in various tumors. In hepatocellular carcinoma and esophageal squamous cell carcinoma, ATF3 expression was lower than that in normal adjacent tissues and could suppress tumor growth (Xiaoyan et al., 2014; Li et al., 2016). However, in lung cancer, the upregulated ATF3 promotes cancer cell proliferation, invasion, and migration (Li et al., 2017). ATF3 displays conflicting functions in various diseases, and this may be due to the complicated tumor microenvironment, such as the community of genomically altered non-neoplastic cells, cancer cells, and various microorganisms. In this study, our clinical pathological and TCGA data analysis of ccRCC demonstrated that ATF3 was significantly downregulated in tumors compared to in adjacent non-tumor tissues. Moreover, ATF3 was positively correlated with the OS and DFS of ccRCC patients. Our study further validated that ATF3 could inhibit ccRCC cell proliferation, colony formation, and metastasis both in vitro and in vivo. Besides, GEPIA web tools also showed that ATF3 was significantly expressed with poor prognosis in many cancers, further suggesting that ATF3 might play an anti-oncogenic role in various types of human cancer.

According to the GESA of a single gene, ATF3 could deactivate β-catenin transactivation. Activation of the β-catenin signaling pathway by β-catenin nuclear translocation plays a significant role in EMT process. The disturbance of this signaling pathway leads to a change in many biological processes, including cell autophagy (Romero et al., 2018), cell migration (Ji et al., 2013), and cell apoptosis (Rosenbluh et al., 2012). Our study demonstrated that ATF3 overexpression could decrease the protein expression of β-catenin and reduce the translocation of β-catenin into the nucleus. It has been reported that the downstream proteins of β-catenin are closely related to cell functions, such as c-Myc and cyclin D1 which are related to cell proliferation, MMP7 and MMP9 which are related to cell invasiveness, and BCL2 which is involved in anti-apoptosis (Li et al., 2020). Herein, our research proved that ATF3 knockdown enhanced the expression of c-Myc, cyclin D1, MMP7, MMP9, and BCL2, while ATF3 overexpression showed the opposite effect. Finally, many biological processes can be regulated in kidney cancer cells by influencing these genes.

Deep mechanistic exploration demonstrated that ATF3-reduced β-catenin was attributable to the downregulation of EGFR signaling pathway. According to some reports, EGFR is associated with most solid tumors (Goss et al., 2016), and is positively correlated with the clinical histopathological characteristics of ccRCC patients (Pu et al., 2009). A previous study reported that the activation of the EGFR/AKT/β-catenin axis promoted EMT in pancreatic cancer cells (Ge et al., 2020). Interestingly, our data also suggested that ATF3 reduced the phosphorylation of EGFR, deactivating the phosphorylation of AKT and its downstream molecule GSK3β, thereby downregulating the expression of β−catenin to decrease invasive motility and suppress EMT, which was consistent to previous report. And deactivation of EGFR, AKT or GSK3β with its corresponding inhibitor could block shATF3 induced β−catenin expression, cell proliferation and cell invasion in ccRCC cells, suggesting they formed as one central signaling axis to promote ccRCC development.



CONCLUSION

Overall, our study illustrates that ATF3 suppresses EMT by deactivating EGFR/β-catenin signaling in ccRCC cells. Furthermore, the findings suggest that ATF3 may be a potential biomarker for kidney cancer diagnosis and prognosis.
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Background: Lethal genes have not been systematically analyzed in breast cancer which may have significant prognostic value. The current study aims to investigate vital genes related to cell viability by analyzing the CRISPR-cas9 screening data, which may provide novel therapeutic target for patients.

Methods: Genes differentially expressed between tumor and normal tissue from the Cancer Genome Atlas (TCGA) and genes related to cell viability by CRISPR-cas9 screening from Depmap (Cancer Dependency Map) were overlapped. Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analysis was conducted to identify which pathways of overlapped genes were enriched. GSE21653 set was randomized into training and internal validation dataset at a ratio of 3:1, and external validation was performed in GSE20685 set. The least absolute shrinkage and selection operator (LASSO) regression was used to construct a signature to predict recurrence-free survival (RFS) of breast cancer patients. Univariate and multivariate Cox regression were used to evaluate the prognostic value of this signature. Differentially expressed genes (DEGs) between high-risk and low-risk patients were then analyzed to identify the main pathways regulated by this signature. Weighted correlation network analysis (WGCNA) was conducted to recognize modules correlated with high risk. Enrichment analysis was then used to identify pathways regulated by genes shared in the overlapped genes, DEGs, and WGCNA.

Results: A total of 86 oncogenes were upregulated in TCGA database and overlapped with lethal genes in Depmap database, which were enriched in cell cycle pathway. A total of 51 genes were included in the gene signature based on LASSO regression, and the median risk score of 2.36 was used as cut-off to separate low-risk patients from high-risk patients. High-risk patients showed worse RFS compared with low-risk patients in internal training, internal validation, and external validation dataset. Time-dependent receiver operating characteristic curves of 3 and 5 years indicated that risk score was superior to tumor stage, age, and PAM50 in both entire and external validation datasets. Cell cycle was the main different pathway between the high-risk and low-risk groups. Meanwhile, cell cycle was also the main pathway enriched in the 25 genes which were shared among 86 genes, DEGs, and WGCNA.

Conclusion: Cell cycle pathway, identified by CRISPR-cas9 screening, was a key pathway regulating cell viability, which has significant prognostic values and can serve as a new target for breast cancer patient treatment.

Keywords: CRISPR-cas9 screening, breast cancer, cell cycle, signature, cell viability


INTRODUCTION

Breast cancer, with the highest incidence rate among female cancer, is the second leading cause of cancer-related death and poses a great threat to women’s health (Siegel et al., 2020). It accounts for 30% of all new cases and is responsible for 15% of cancer deaths in women. Despite that the prognosis of patients has been improving over the past few years, the complex biological behaviors of breast cancer still hamper the progress in clinical treatment. Thus, understanding the specific vulnerability of breast carcinoma is of great importance.

Currently, CRISPR-cas9 screening is emerging as a powerful tool for precise medicine (Doudna and Charpentier, 2014; Kurata et al., 2018). Combining cas9 with pooled guide RNA libraries facilitates screening of genes that contribute to specific biologic phenotypes and diseases in a high-throughput way (Joung et al., 2017). This “phenotype-to-genotype” approach includes modifying expression of genes, selecting cells with a phenotype of interest, and sequencing the perturbation of interest, which allows for discovering genes related to cell viability (Schuster et al., 2019). Meanwhile, large-scale loss-of-function screening for cancer dependences have been performed in a variety of well-characterized cancer cell lines to assess the effect of single-gene knockout on cell viability (Meyers et al., 2017; Tsherniak et al., 2017). These data were deposited in the Cancer Dependence Map (DepMap) website.

Aberrant cell cycle is a hallmark of cancer (Hanahan and Weinberg, 2011). The evolution of cell cycle is conservative. Checkpoints have evolved to ensure that cell cycle progress is under sequential activation (Kastan and Bartek, 2004; Strzyz, 2016). Under the stimulation of mitogenic signal, cyclin-dependent kinases (CDKs) associate with cyclins and phosphorylate intracellular proteins that orchestrate cell cycle progress in a well-organized way (Malumbres and Barbacid, 2009; Malumbres, 2014). In cancer cells, aberrant signals are developed and promote the activation of CDK–cyclin complex. Deregulation of the cell cycle engine eventually leads to uncontrolled cell proliferation and genomic instability in cancer. Thus, the therapeutic potential of targeting the cell cycle has been increasingly concerned (Lim and Kaldis, 2013). In breast cancer, the application of CDK4/6 inhibitor transformed treatment landscape in estrogen (ER)-positive human epidermal growth factor receptor-2 (HER2) negative breast cancer. The improvement in prognosis indicated that targeting cell cycle is an essential way to cancer treatment (Ingham and Schwartz, 2017; Slamon et al., 2018; Tripathy et al., 2018).

Biological process involving cell viability is complex. However, cell vulnerability of breast cancer has not been systematically researched. Meanwhile, pathways and the prognostic significance of these genes have never been detailed. In the current study, we aimed to identify genes differentially expressed in tumor tissues and contributed to cell viability. Using these genes, a prediction model with prognostic significance was constructed and validated. The pathways and biological processes regulated by these genes were also evaluated.



MATERIALS AND METHODS


Identification of Viability Vulnerable

Dependence scores of breast cancer cell lines were downloaded from the Depmap dataset1, and this is the result from a series of loss-of-function genomic screening in different cell lines. Dependence score was calculated by CERES algorithm to identify genes essential to proliferation and survival (Meyers et al., 2017). A negative score of a gene indicates that knocking out of the gene inhibits the survival of a cell line, whereas a positive score indicates that knocking out of the gene promotes the survival and proliferation. Cut-offs of 0.5 and −0.5 were to define growth-suppressing genes and growth-promoting genes.

Read counts of breast cancer were downloaded from TCGA datasets2. Differentially expressed genes between tumor and normal patients were calculated based on the negative binomial distribution using DESeq2 package. Adjusted p value <0.05 and absolute fold change greater than 2 were used as cut-off to select differentially expressed genes. Growth-suppressing genes from Depmap were overlapped with downregulated genes from the TCGA dataset, and growth-promoting genes from Depmap were overlapped with upregulated genes from the TCGA dataset to select genes for further analysis.



Data Processing

Raw data of GSE20685 and GSE21653 were downloaded from the GEO database3. These two datasets were both from [HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 platform. The raw data of GSE20685 and GSE21653 were normalized by gcrma algorithm simultaneously. The probe ID was converted into gene symbol using the annotation platform. When one probe was matched to the same gene, average gene expression of this gene was calculated.



LASSO Regression Analysis

Patients from GSE21653 set were randomized into internal training dataset and internal validation dataset at a ratio of 3:1. The least absolute shrinkage and selection operator (LASSO) model was used to remove genes of high correlation and a risk model was constructed (Tibshirani, 1997; Zhou et al., 2019). A risk score formula was established by integrating gene expression value weighted by their LASSO Cox coefficients. R package “glmnet” in R 3.5.2 was used to perform LASSO analysis (Ternès et al., 2016). Univariate and multivariate Cox regression analysis was used to assess the prognostic value of risk score in entire dataset and external validation dataset. Time-dependent receiver operating characteristic (tROC) curves were used to compare the prediction accuracy of risk score with traditional clinicopathological parameters. “survivalROC” package was used to plot tROC curve and calculate Area under curve (AUC).



Differentially Expressed Genes

In dataset GSE21653, limma package was used to calculate differentially expressed genes between high-risk group and low-risk group patients. P value <0.05 and absolute fold change greater than 1.5 were defined as DEGs.



Enrichment Analysis

Gene Ontology (GO) was used to annotate biological processes, molecular functions, and cellular components of genes. Kyoto Encyclopedia of Genes and Genomes (KEGG) was used to annotate the gene pathways (Gene Ontology Consortium, 2015; Kanehisa et al., 2017). GO and KEGG analysis was performed using clusterProfiler package (Yu et al., 2012). P value <0.05 was considered as significant pathways enriched.



PPI Network Construction and Hub Gene Identification

STRING4 website was used to discover known and predicted protein–protein interactions, as well as to construct a PPI network. The Cytoscape software was then employed to visualize the interactive relationship of the overlapped genes.



Weighted Correlation Network Analysis

Weighted Correlation Network Analysis (WGCNA) was performed to find modules of highly correlated genes using WGCNA package (Langfelder and Horvath, 2008). A One-step network construction was used to construct network and modules were identified. Eigengenes were correlated with external traits to identify modules that are significantly associated with the measured clinical traits. A scatterplot of Gene Significance (GS) versus Module Membership (MM) in different modules was plotted to show the correlation of GS and MM.



Statistical Analysis

Survival analysis was evaluated using Kaplan–Meier analysis with the log-rank test. P value <0.05 was defined as statistically significant. The time-dependent AUC value was calculated by the survivalROC package.



RESULTS


Identification of Functional Genomic Genes in Breast Cancer

The flowchart of analysis is shown in Figure 1. A total of 28 cell lines of breast cancer have dependence scores on the Depmap website. Genes with dependence score less than −0.5 in all breast cancer cell lines were overlapped with upregulated genes in TCGA and 86 genes were discovered. Meanwhile, genes with dependence score greater than 0.5 in all breast cancer cell lines were overlapped with downregulated genes in TCGA and none of the genes were overlapped (Figure 2A). These 86 genes were defined as oncogenes. The dependence scores of oncogenes are shown in Figure 2B and expression of these genes in TCGA are shown in Figure 2C. PPI network revealed there contains 1117 interactions among these proteins (Figure 2D). Overall, the mutation rate of these genes was low, and INTS7 had the highest mutation rate of 0.8% (Supplementary Figure 1). KEGG analysis demonstrated that these oncogenes were enriched in pathways including cell cycle, DNA replication, oocyte meiosis, and nucleotide excision repair gene (Figure 2E). In GO analysis, the top three pathways enriched were ATP binding, adenyl ribonucleotide binding, and adenyl nucleotide binding (Figure 2F).
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FIGURE 1. Flowchart of the entire analysis.
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FIGURE 2. Identification of oncogenes from TCGA and Depmap dataset. (A) Overlapped genes between TCGA and Depmap dataset. (B) The dependence score of 86 oncogenes in breast cancer cell lines. (C) The differential expression of the 86 genes in TCGA dataset between tumor and normal. (D) The PPI network of the 86 genes. (E) KEGG analysis of 86 genes. (F) GO analysis of 86 genes.




Gene Signature Construction and Validation

A total of 51 genes were screened out by Lasso regression model, and a risk formula was constructed. The coefficients are listed in Supplementary Table 1. The median risk score 2.36 was used as cut-off value to divide patients into high-risk and low-risk group in internal training dataset and the same cut-off was also used in validation dataset. Patients from the high-risk group had significantly shorter median RFS of 5.52 years compared with patients from the low-risk group in internal training dataset (Figure 3A, p < 0.001, HR: 2.88, 95% CI: 1.72–4.82). This was validated in internal and external validation dataset. As expected, patients with high risk had poorer RFS compared with patients in low-risk group in internal validation dataset (Figure 3B, p < 0.001, HR: 10.54, 95% CI:1.38–80.79), entire train dataset (Figure 3D, p < 0.001, HR: 3.28, 95% CI: 2.00–5.36), and external validation dataset (Figure 3E, p < 0.001, HR: 8.39, 95% CI: 2.65–26.48). Cut-off calculated by ROC curve was used and 2.68 was used as a cut-off to separate patients into different risks. Similarly, both in the entire dataset and validation dataset, there was statistical significance between high-risk and low-risk groups (Supplementary Figure 2). For 3-year tROC curves, AUC area was 0.682, 0.812, 0.702, and 0.756 for internal train, internal validation, entire train, and external validation dataset (Figure 3C). For 5-year tROC curves, AUC area was 0.767, 0.761,0.764, and 0.733 for internal train, internal validation, entire train, and external validation dataset, respectively (Figure 3F). The distribution of risk scores of different risk groups are shown in risk plots (Supplementary Figure 3). After adjustment of clinicopathological variables, Cox regression demonstrated that the risk score was an independent prognostic signature in the entire train set (Figures 4A,B, p < 0.001, HR: 3.24, 95% CI: 2.22–4.74) and external validation set (Figures 4C,D, p < 0.001, HR: 3.18, 95% CI: 2.18–4.66). Stratified analysis suggested that the signature was clinically significant in stage I + II, stage III + IV cases (Figures 5A–D). In both luminal and HER2 amplification groups, RFS of the high-risk group was also worse than that of the low-risk group in validation dataset (Supplementary Figure 4, luminal group: p < 0.0002, HER2 amplification group: p = 0.02). A total of 45 patients were included in the basal group and only one patient was included in the low-risk group, so basal cohort with more patients were needed to validate the performance of this signature (p = 0.6). Stratified analysis was done in dataset GSE20685 between patients with chemotherapy and without chemotherapy. In patients receiving chemotherapy, RFS of high-risk group was worse than that of low-risk group (Supplementary Figure 5, p < 0.0003). In patients without therapy, the RFS of high-risk group was worse than that of low-risk group, but there was no statistical significance (p = 0.1). Meanwhile, our signature outperformed age, stage, and PAM50 subtype in both datasets (Figure 6). For 3-year tROC curves, AUC area was 0.693, 0.538, 0.479, and 0.475 for risk score, age, stage, and PAM50 subtype in entire dataset (Figure 6A). For 5-year tROC curves, AUC area was 0.754, 0.521, 0.450, and 0.456 for risk score, age, stage, and PAM50 subtype in entire dataset (Figure 6B). For 3-year tROC curves, AUC area was 0.756, 0.440, 0.721, and 0.596 for risk score, age, stage, and PAM50 subtype in external validation dataset (Figure 6C). For 5-year tROC curves, AUC area was 0.733, 0.410, 0.697, and 0.566 for risk score, age, stage, and PAM50 subtype in external validation dataset (Figure 6D).
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FIGURE 3. Kaplan–Meier plot and AUC curve of discovery and validation cohort based on gene signature. (A) Kaplan–Meier plot of the internal train cohort. (B) Kaplan–Meier plot of the internal validation cohort. (C) AUC area of tROC curve of 3-year survival. (D) Kaplan–Meier plot of the entire cohort. (E) Kaplan–Meier plot of the external validation cohort. (F) AUC area of tROC curve of 5-year survival.
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FIGURE 4. Univariate and multivariate Cox regression analyses of the entire train and validation cohort. (A) Univariate Cox regression analysis in the entire cohort. (B) Parameters significant in univariate Cox regression were included in multivariate Cox regression analysis in the entire cohort. (C) Univariate Cox regression analysis in the external validation cohort. (D) Parameters significant in univariate Cox regression were included in multivariate Cox regression analysis in external validation cohort.
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FIGURE 5. Kaplan–Meier plot of risk score in different subtypes. Kaplan–Meier plot of risk score in stage I–II (A) and stage III–IV (B) in the entire dataset. Kaplan–Meier plot of risk score in stage I–II (C) and stage III–IV (D) in external validation dataset.
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FIGURE 6. AUCs of tROC curve for clinicopathologic parameters and risk score. (A) tROC curves of 3-year survival for clinicopathologic parameters and risk score in the entire train dataset. (B) tROC curves of 5-year survival for clinicopathologic parameters and risk score in the entire train dataset. (C) tROC curves of 3-year survival for clinicopathologic parameters and risk score in the validation dataset. (D) tROC curves of 5-year survival for clinicopathologic parameters and risk score in the validation dataset.




DEGs Between High-Risk and Low-Risk Groups

Differentially expressed genes were calculated between high-risk and low-risk groups in GSE21653 dataset. A total of 398 were identified, among which 285 genes were upregulated and 113 genes were downregulated (Figures 7A,B). Downregulated genes were only enriched in PPAR signaling pathway (Figure 7C), whereas upregulated genes were involved in cell cycle, oocyte meiosis, chemokine signaling pathway in KEGG analysis, and in identical protein binding, tubulin binding, and microtubule binding in GO analysis (Figures 7D,E). Interestingly, both in our signature and DEGs, cell cycle and oocyte meiosis were both enriched, indicating cell cycle was an important way regulating cell viability.
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FIGURE 7. Difference between high risk and low risk. (A) Differentially expressed genes in high-risk and low-risk group. (B) Heatmap of differentially expressed genes in high-risk and low-risk group. (C) KEGG analysis of downregulated genes. (D) KEGG analysis of upregulated genes. (E) GO analysis of upregulated genes.




WGCNA

WGCNA was performed in GSE21653 dataset to identify hub genes. Soft threshold power of 5 was selected to ensure a scale-free network (Figure 8A). A total of 37 clusters were clustered using cut height 0.25 (Figure 8B). Several modules were correlated with high-risk group (Figure 8C), including light yellow module (correlation parameter = 0.68, p < 0.001), red module (correlation parameter = 0.5, p < 0.001), and brown module (correlation parameter = 0.56, p < 0.001, Figures 8D–F). Upregulated DEGs from GSE21653 dataset, genes from three modules, and 86 oncogenes were overlapped and 25 genes were shared in these three groups (Figure 8G). Enrichment analysis showed that cell cycle, progesterone-mediated oocyte maturation, and oocyte meiosis pathways were the top three pathways (Figure 8H). In GO analysis, the top three items enriched in these 25 genes were enzyme binding, ATP binding, and adenyl ribonucleotide binding (Figure 8I). Of the 25 overlapped genes, 9 genes (CDC6, MCM2, MCM4, CDC20, CDK1, BUB1B, PLK1, CCNA2, GINS1) were enriched in cell cycle pathway. Similarly, upregulated DEGs from GSE21653 dataset, genes from three modules, and 51 oncogenes were overlapped and 25 genes were shared in these three groups (Supplementary Figure 6). A total of 13 genes were overlapped and cell cycle was still the main pathway regulated by these 13 genes. Six genes (CDC6 MCM4 CDK1 BUB1B PLK1 CCNA2) were enriched in cell cycle pathway.
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FIGURE 8. WGCNA analysis related with high risk. (A) Analysis of scale-free fit index for various soft threshold powers. (B) Co-expression network modules for mRNA. (C) Heatmap of trait correlation with tamoxifen resistance. (D) Scatter plots of module membership in red module and gene significance. (E) Scatter plots of module membership in brown module and gene significance. (F) Scatter plots of module membership in light yellow module and gene significance. (G) Venn diagram of overlapped genes among 86 oncogenes, DEGs between high-risk and low-risk patients and WGCNA modules. (H) KEGG analysis of overlapped genes. (I) GO analysis of overlapped genes.




DISCUSSION

Breast cancer poses a great threat to women’s health. Reliable targeted therapy provides prospects for improving the survival of breast cancer. The CRISPR-cas9 screening serves as a cornerstone and is an outstanding way to systematically identify synthetic-lethal genes (Dhanjal et al., 2017). In the current study, we integrated CRISPR-cas9 screening results of breast cancer from DepMap with TCGA dataset, and identified 86 oncogenes that were overexpressed and have a lethal effect on breast cancer. Enrichment analysis revealed that these genes were enriched in cell cycle. Moreover, we established a gene signature screened from 86 genes, and this signature could divide patients into high risk and low risk. Interestingly, cell cycle pathway also ranked the first when we analyzed DEGs between high-risk and low-risk group and genes. Overlap among the 86 oncogenes, DEGs, and WGCNA analysis highlight the cell cycle pathways as well, indicating its importance to breast cancer viability.

In our study, 9 cell cycle related genes mainly involved in G1/S and G2/M phases, and researches on mechanism of these genes have been conducted. MCM2 and MCM4 genes are members of minichromosome maintenance (MCM) protein complex. As a crucial element of the pre-replication complex (pre-RC), they regulate the helicase activity and the formation of the replication forks. Meanwhile, they play an important role in the initiation of DNA replication and unwinding of the DNA strands in the G1 to S transition phase (Forsburg, 2004). High expression of MCM2 was associated with poor survival in breast cancer patients (Samad et al., 2020). In our analysis, we identified that MCM2 and MCM4 are vital to the survival of breast cancer. CDC6 plays an important role in DNA replication and cells could not initiate DNA replication without CDC6 (Borlado and Méndez, 2008). CDC6 helps MCM proteins load onto origins of replication and promotes them to associate with the chromatin. GINS1 also had a vital effect on G1/S transition by tightly interacting with DNA polymerase ε (Pol ε) and participating in DNA replication (Takayama et al., 2003). The rest of the genes mainly had critical function in G2 to M transition. CDK1 is one of the most important proteins that regulate cell cycle progression via associating with cyclin B1 and promote G2 to M transition. High expression of CDK1 was reported in breast cancer compared with normal tissue (Barrett et al., 2002). CDC20 is co-activator of anaphase promoting complex (APC) which is a complex E3 ubiquitin ligase (Foe and Toczyski, 2011). APCCdc20 destructs critical cell cycle regulators such as cyclin B, allowing cells to progress from the metaphase to anaphase transition (Kim and Yu, 2011). CDC20 was reported higher expressed in breast cancer and functions as an oncogene, which was also validated in our analysis (Yuan et al., 2006). BUB1B, which blocks the activation of APCCdc20, is the central component of the mitotic checkpoint for spindle assembly, and it was proved overexpressed in breast cancer and acts as a oncogene (Koyuncu et al., 2020). PLK1, as a member of polo-like kinase family, is involved in mitotic entry, centrosome maturation, spindle assembly, and cytokinesis process (Golsteyn et al., 1995; García et al., 2020). Results from CRISPR-cas9 screening suggested that knocking out these genes leads to cell death in breast cancer of all subtypes, and inhibitors targeting these genes may be potential therapeutic strategies for breast cancer. Furthermore, upregulation of these genes in breast cancer indicates that they may be good candidates for drug development.

Previous studies constructed a prognostic signature mainly based on the gene expression, while we integrated functional genomic screening with gene expression in the current study. Our gene signature could divide patients into high risk and low risk regardless of the tumor stage. For patients with high risk, appropriate target agent may be prescribed to improve patients’ outcome. The prediction accuracy of our signature was better than classic clinicopathologic parameters such as tumor stage or PAM50 subtype. This signature was the only independent prognostic parameter in multivariate analysis, although subtypes and stage were widely used in clinical practice.

In conclusion, our research systematically studied genes vulnerable to cell viability and cell cycle is a vital pathway to this process. Functional genomic screening was integrated into our gene signature to predict the prognosis of breast cancer, which outperformed classical clinicopathological parameters in prediction accuracy. These cell cycle–related genes may serve as targets for breast cancer therapy.
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Supplementary Figure 1 | Mutation rate of 86 genes in TCGA dataset.

Supplementary Figure 2 | Kaplan–Meier plot of discovery and validation cohort based on gene signature using cut-off from ROC curve. (A) Kaplan–Meier plot of the internal train cohort. (B) Kaplan–Meier plot of the internal validation cohort. (C) Kaplan–Meier plot of the entire cohort. (D) Kaplan–Meier plot of the external validation cohort.

Supplementary Figure 3 | Risk plot of the discovery and validation cohort. (A) Risk score distribution of patients in the prognostic model in the discovery cohort. (B) Relationship between the survival time and risk score rank in the discovery cohort. (C) Risk score distribution of patients in the prognostic model in the validation dataset. (D) Relationship between the survival time and risk score rank in the validation cohort.

Supplementary Figure 4 | Kaplan–Meier plot of risk score in different subtypes. Kaplan–Meier plot of risk score in luminal (A) and HER2 (B) subtypes in GSE20685 dataset.

Supplementary Figure 5 | Kaplan–Meier plot of risk score in different chemotherapy groups. Kaplan–Meier plot of risk score in patients with chemotherapy (A) and without chemotherapy (B) in GSE20685 dataset.

Supplementary Figure 6 | Overlapped genes between three groups. (A) Venn diagram of overlapped genes among 51oncogenes, DEGs between high-risk and low-risk patients, and WGCNA modules. (B) GO analysis of overlapped genes. (C) KEGG analysis of overlapped genes.
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Esophageal squamous cell carcinoma (ESCC) has been one of the key causes of cancer deaths worldwide. It has been found that long non-coding RNA (lncRNA) is related to the generation and progression of various cancers (including ESCC). However, there are still many lncRNAs related to ESCC whose functions and molecular mechanisms have not been clearly elucidated. In this study, we first reported that lncRNA MTX2-6 was significantly downregulated in ESCC tissues and cell lines. The decreased expression of MTX2-6 is closely related to larger tumor and worse prognosis of ESCC patients. Through a series of functional experiments, we detected that overexpressed MTX2-6 inhibited cell proliferation and promoted cell apoptosis of ESCC in vitro and in vivo. Further studies showed that MTX2-6 exerts as a competing endogenous RNA (ceRNA) by binding miR-574-5p and elevates the expression of SMAD4 in ESCC. In summary, our results clarify the tumor suppressor roles of MTX2-6/miR-574-5p/SMAD4 axis in the progression of ESCC and provide emerging therapeutic targets for ESCC patients.
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INTRODUCTION

The incidence and mortality of esophageal cancer rank sixth and seventh among all malignancies in 2018, respectively. At least 570,000 diagnosed esophageal cancer patients and 500,000 deaths evaluated to occur worldwide (Bray et al., 2018). Esophageal cancer mainly includes two pathological types, squamous cell carcinoma and adenocarcinoma. Esophageal squamous cell carcinoma (ESCC) occupies about 90% of all esophageal cancer in China (Liang et al., 2017). Although considerable advances (radical surgery, neoadjuvant treatment, radiotherapy, immunotherapy, and chemotherapy) have been applied to the treatment of ESCC patients, the 5-year survival rate is still just about 30% (Okines et al., 2010; Abnet et al., 2018; Reichenbach et al., 2019). Therefore, revealing the mechanism of pathogenesis and progression is critical to improve the prognosis of ESCC patients.

Long non-coding RNAs (lncRNAs), which are absent of protein-coding ability, affect the biological behaviors (tumor growth, metastasis, chemotherapy resistance, and cancer stemness) of tumors via regulating target genes at epigenetic, transcriptional, and posttranscriptional levels (Mercer and Mattick, 2013; Yao et al., 2019; Yang et al., 2020). Numerous studies have substantiated the vital role of lncRNAs in initiation and progression of malignancies, especially the robust potentialities of lncRNAs in early diagnosis, treated targets, and prognostic biomarkers of ESCC (Chen et al., 2015; Hu et al., 2015; Tong et al., 2015; Tian et al., 2020). Further research presented that lncRNAs can significantly afflict the process of tumors through the specific mechanism of competing endogenous RNAs (ceRNAs) (Sun and Zhang, 2019; Liu et al., 2020; Zhang et al., 2020). Therefore, probing and elucidating the mechanism of the emerging ceRNAs of lncRNAs can provide an insight view of ESCC.

In this study, we found lncRNA MTX2-6 closely related to the clinical characteristics of ESCC. The MTX2-6 significantly decreased in ESCC tissues and cell lines, and the lower MTX2-6 was related to the larger tumors and poorer prognosis of patients. Importantly, the specific functions of MTX2-6 in ESCC have not been excavated yet. Through a series of functional experiments in vitro and in vivo, we found that high expression of MTX2-6 inhibited cell proliferation and promoted cell apoptosis of ESCC. With profound studies, we found that MTX2-6 regulated the expression of the target gene SMAD4 by competitively binding to miR-143-3p to exert ceRNAs function, thereby affecting the process of ESCC. In summary, our study clarified the tumor suppressor roles of MTX2-6/miR-574-5p/SMAD4 axis in ESCC, which provided prognostic markers and promising therapeutic targets for ESCC patients.



MATERIALS AND METHODS


Clinical Specimens and Cell Culture

A total of 80 paired ESCC tissues and matched adjacent tissues were obtained from the patients who were diagnosed as ESCC by histopathological examination in Department of Cardiothoracic Surgery, Yancheng Third People’s Hospital, The Sixth Affiliated Hospital of Nantong University. Resected tumors were frozen in liquid nitrogen immediately and stored at −80°C. This study was approved by the Ethics Committee of the Sixth Affiliated Hospital of Nantong University. Patients have signed informed consent before specimens’ collection.

Esophageal squamous cell carcinoma cell lines (KYSE150, TE-1, TE-10, EC-1, and EC-109) and the normal esophageal epithelial cell (NE1) were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). All cells were maintained in RPMI-1640 medium (Gibco, United States) supplemented with 10% foetal bovine serum (Winsent, QC, Canada) at 37°C in a 5% CO2 incubator.



qRT-PCR and miRNA RT-PCR

Both qRT-PCR and miRNA RT-PCR methods referred to a previously published paper (Li et al., 2020). Supplementary Table 1 lists the primers for qRT-PCR of lncMTX2-6, β-actin, U6, SMAD4, miR-574-5p, and miR-1285-3p, the primers for RT-PCR of miR-574-5p, miR-1285-3p, and U6. The results were presented through relative quantification by the 2–ΔΔCT method.



Cell Transfection

The plasmids of overexpressed SMAD4 and negative control (NC) were designed and synthesized by GenePharma (Shanghai, China). The MTX2-6, miR-574-5p-mimics, miR-574-5p-inhibitor, and the corresponding NC used lentivirus to stably transfect with cells. Lipofectamine 3000 was used for the transfection of lentivirus and plasmids. The transfection efficiency was confirmed through qRT-PCR.



Fluorescent in situ Hybridization

The procedures were consistent with the description in a previous publication (Yang et al., 2020). The probe of lncMTX2-6 and fluorescent in situ hybridization (FISH) Kit were designed and obtained from RiboBio (Guangzhou, China).



Western Blot

Procedures were as described previously (Li et al., 2020). The primary antibody information is listed below: SMAD4 (Abcam, ab110175), β-actin (Abcam, ab6276), cyclin-dependent kinase 4 (CDK4) (Abcam, ab193968), cyclin D1 (Abcam, ab40754), Bcl-2 (Abcam, ab182858), Bax (Abcam, ab263897), and Caspase-3 (Abcam, ab32351).



5-Ethynyl-2’-Deoxyuridine Assay

The procedures were adapted from a previous publication (Zhang et al., 2018). Images were photographed by using a Nikon microscope (Nikon, Japan).



Luciferase Reporter Assay

The procedures were performed as before described (Li et al., 2020). GeneScript (Nanjing, China) synthesized the sequences corresponding to the 3’-UTR of MTX2-6 and SMAD4 mRNA and containing the wild-type or mutated miR-574-5p binding sequence.



RNA Immunoprecipitation

RNA Immunoprecipitation (RIP) assay was conducted as previously described (Zhang et al., 2018). The EZ-Magna RIP RNA Binding Protein Immunoprecipitation Kit (Millipore, United States) was used to conduct RIP assay. Precipitate was digested, and the co-immunoprecipitated RNA was isolated for PCR.



Cell Proliferation Assay

After the cells were supplemented with Cell Counting Kit-8 (CCK-8) (Beyotime, Shanghai, China) for 120 min, wavelength of 450 nm was selected to detect the absorbency of cells.

For colony formation assay, the procedures were adopted from Zhang et al. (2018).



Immunohistochemistry

Immunohistochemistry (IHC) was conducted as previously described (Li et al., 2020). IHC scores were calculated of stain-intensity scores adding scores of staining percentage. Detailed grading standards can refer to Li et al. (2020).



Cell Cycle and Apoptosis Analysis

The cells were fixed with 75% ethanol at −20°C for at least 12 h. Subsequently, the cells stained with DNA staining dye (Beyotime, Shanghai, China) at room temperature avoiding light for 30 min. The percentage of cells was analyzed using BD FACSCanto II.

Cells were pretreated with 4 μmol H2O2 for 2 h before adding the apoptotic reagents. The treated cells were lucifugally incubated with 300 μl binding buffer, including 3 μl Annexin V-FITC and 3 μl PI, for 20 min. BD FACSCanto II was used to analyze the cells.



Tumor Xenograft in Nude Mice Model

A 4-week-old BALB/C nude mice were used for the xenograft model. Stably transfected with MTX2-6, NC, MTX2-6 + Ctl, and MTX2-6 + miR-574-5p cells were injected subcutaneously of mice, respectively. The tumor volumes and weights were measured every week. After 21 days, the xenograft tumors were dissected. All animal experiments were approved by the Committee on the Ethics of Animal Experiments of Nantong University.



Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labelling Assay

In situ Cell Death Detection Kit (Roche, Germany) was used to perform the transferase dUTP nick-end labelling (TUNEL) assay by following manufacturer’s protocols. Antigen retrieval was performed using hot 0.1 M citrate buffer (pH 6.0) and incubation with the TUNEL reaction mixture for 1 h at 37°C. The apoptotic cells were analyzed using a fluorescence microscope (Leica, Germany).



Statistical Analysis

The data were presented as mean ± standard deviation. The experiments were performed thrice independently. Statistical significances were determined using chi-square test, Student’s t-test and two-way ANOVA. Kaplan–Meier was used to compare ESCC patients’ prognosis. SPSS and GraphPad Prism analyzed the data, and p-value < 0.05 was set as significance threshold.



RESULTS


MTX2-6 Is Downregulated in ESCC and Related With Adverse Clinical Features

The expression of MTX2-6 was significantly downregulated in ESCC samples than in adjacent tissues from GEO database (Figure 1A). Moreover, the decreased expression of MTX2-6 was verified in 80 ESCC tissues and 80 corresponding adjacent tissues (Figure 1B). Then, we divided the patients into two groups through the median value of tumor size. The results indicated that the expression of MTX2-6 was lower in larger tumors than that in smaller tumors (Figure 1C). Then, we detected the expression of MTX2-6 in ESCC cell lines and NE1. As expected, the expression of MTX2-6 in NE1 cells was higher than that in all ESCC cells (Figure 1D). We collected and analyzed the pathological and follow-up data of 80 ESCC patients to explore the correlation between MTX2-6 and clinical features. The results showed that the overall survival (OS) and disease-free survival (DFS) of ESCC patients with higher MTX2-6 expression were better than those of patients with lower MTX2-6 expression (Figures 1E,F). The results of ki-67 of IHC indicated that the low expression MTX2-6 tumors grew faster than the adjacent tissues or high expression of MTX2-6 tumors (Figure 1G). In addition, the expression of MTX2-6 was inversely related to the tumor size of ESCC (Table 1).
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FIGURE 1. MTX2-6 is decreased in ESCC and associated with prognosis. (A) Volcano plot analysis of MTX2-6 expression in ESCC from the GEO database. (B) MTX2-6 expression in 80 paired ESCC tissues and adjacent normal tissues. (C) MTX2-6 expression in different tumor size of ESCC. (D) MTX2-6 expression in ESCC cell lines and normal cell NE1. (E) Kaplan–Meier analysis of overall survival (OS) curves according to MTX2-6 expression levels. (F) Kaplan–Meier analysis of disease-free survival (DFS) curves according to MTX2-6 expression levels. (G) The IHC of ki-67 in the adjacent tissues, high expression MTX2-6 of tumors, and low expression MTX2-6 of tumors. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.



TABLE 1. Relevance analysis of lncMTX2-6 and miR-574-5p expression in ESCC patients.
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Upregulated MTX2-6 Represses ESCC Cell Proliferation in vitro

We chose two ESCC cell lines EC-1 and EC-109 by the expression of MTX2-6 to conducting functional experiments. The data of Figure 2A confirmed that the expression of MTX2-6 was elevated in EC-1 and EC-109 cell lines by qRT-PCR. Overexpressed MTX2-6 decreased the cell proliferation ability of ESCC by CCK-8 assay (Figure 2B). Representative photographs of colony assay similarly showed that the upregulated MTX2-6 restrained cell growth compared to NC group of ESCC (Figure 2C). As shown in Figures 2D,E, the rates of 5-ethynyl-2′-deoxyuridine (EdU) positive cells were higher in NC groups, and MTX2-6 significantly repressed the cell proliferation through EdU assay of ESCC. In addition, elevated MTX2-6 inhibited cells from G0/G1 phase to S phase and promoted cell apoptosis of ESCC (Figures 2F,G). The results of IHC presented that the lower expression of MTX2-6 in tumors showed the higher CDK4, the lower Caspase3 and Bax than that of the higher expression of MTX2-6 tumors (Figure 2H). These results demonstrate that overexpressed MTX2-6 repressed ESCC cell proliferation, inhibited cell cycle into S phase, and promoted ESCC cell apoptosis.
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FIGURE 2. Overexpressed MTX2-6 inhibits ESCC cell proliferation in vitro. (A) qRT-PCR analysis of MTX2-6 in EC-1 and EC-109 cells treated with LV-MTX2-6. (B) CCK-8 assay was applied to detect cell viability. (C–E) Colony formation assays and the Edu assays were conducted to measure cell proliferation ability in EC-1 and EC-109 cells (scale bar: 100 μm for Edu assay). (F) Effects of MTX2-6 on regulating cell cycle were detected by flow cytometry. (G) Flow cytometry analysis of EC-1 and EC-109 cells apoptosis rates. (H) The IHC of CDK4, Caspase3 and Bax in the high expression MTX2-6 of tumors and low expression MTX2-6 of tumors. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.




MTX2-6 Exerts on a Molecular Sponge for miR-574-5p of ESCC

To further explore the specific mechanism of MTX2-6, we first confirmed the subcellular localization of MTX2-6 by FISH and qRT-PCR. The results presented that MTX2-6 was mainly located in the cytoplasm of ESCC cells (Figures 3A,B). Therefore, we hypothesized that MTX2-6 may act as ceRNA of microRNAs. Then, we used miRDB1 and RegRNA2.02 databases to predict miRNAs that may interact with MTX2-6, respectively. Through the integration and analysis of these results, miR-574-5p and miR-1285-3p may exist in close interaction with MTX2-6 (Figure 3C). The level of miR-574-5p and miR-1285-3p expression increased when MTX2-6 was downregulated, but only miR-574-5p significantly decreased when MTX2-6 was upregulated by qRT-PCR (Figure 3D). Therefore, we focused on the relation between MTX2-6 and miR-574-5p. The luciferase reporter presented that elevated miR-574-5p remarkably decreased the luciferase activity of wild-type MTX2-6 compared with mutant-type MTX2-6 (Figures 3E,F). Then, the levels of miR-574-5p expression in the 80 paired ESCC tissues and adjacent tissues were detected. The level of miR-574-5p expression was higher in the ESCC tissues (Figure 3G), which indicated it may exert on an oncogenic gene. In addition, the level of miR-574-5p was higher in larger tumors in comparison with that in smaller tumors (Figure 3H). It was a negative correlation between the level of MTX2-6 expression and miR-574-5p in 80 paired ESCC specimens (Figure 3I). Abovementioned data indicated that there is a ceRNA between MTX2-6 and miR-143-3p.
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FIGURE 3. MTX2-6 acts as a molecular sponge for miR-574-5p in ESCC cells. (A,B) Subcellular localization of MTX2-6 in ESCC cells was analyzed by FISH and qRT-PCR (scale bar: 25 μm for FISH assay). (C) miRDB and RegRNA2.0 databases predict miRNAs binding to MTX2-6. (D) The relative expressions of miRNAs in ESCC cells after upregulation or downregulation of MTX2-6. (E) The predicted binding sites between MTX2-6 and miR-574-5p. (F) miR-574-5p mimics markedly reduced luciferase activity in MTX2-6-wild, not in MTX2-6-mut in HEK-293T cells. (G) Relative expression of miR-574-5p in ESCC tissues and adjacent tissues. (H) miR-574-5p expression in different tumor size of ESCC. (I) Correlation analysis of the expression of MTX2-6 and miR-574-5p in 80 ESCC tissues. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.




The Effects of MTX2-6 on ESCC Cells Are Regulated by miR-574-5p

The expression of miR-574-5p elevated in co-transfected cell lines (EC-1 and EC-109) by qRT-PCR (Figure 4A). Overexpressed miR-574-5p reversed the inhibited effects of upregulated MTX2-6 on cell proliferation ability of ESCC by CCK-8, colony formation, and EdU assays (Figures 4B–E). Moreover, elevated miR-574-5p facilitated cells from G0/G1 phase to S phase and inhibited cell apoptosis of ESCC (Figures 4F,G). The IHC results presented that the higher expression of miR-574-5p in tumors showed the higher CDK4, the lower Caspase3 and Bax than that of the higher miR-574-5p expression in tumors (Figure 4H). Abovementioned results suggest that the inhibition on ESCC cell growth of overexpressed MTX2-6 is mediated by miR-574-5p.
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FIGURE 4. The effects of MTX2-6 on ESCC cells are mediated by miR-574-5p. (A) Expression of miR-574-5p was verified in co-transfected ESCC cell lines by qRT-PCR. (B–E) CCK-8 assays, colony formation assays, and the Edu assays confirmed that overexpressed miR-574-5p abrogated the effects of upregulated MTX2-6 on proliferation of ESCC cells (scale bar: 100 μm for Edu assay). (F) miR-574-5p restoration promoted cell cycle from G0/G1 phase stepped to S phase of MTX2-6-overexpressing of ESCC cells. (G) miR-574-5p restoration inhibited cell apoptosis of MTX2-6-overexpressing of ESCC cells. (H) The IHC of CDK4, Caspase3, and Bax in the high expression miR-574-5p of tumors and low expression miR-574-5p of tumors. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.




MTX2-6 Inhibited ESCC Cell Proliferation via miR-574-5p in vivo

To confirm the biological functions of MTX2-6 in vivo, the upregulated MTX2-6 cells, NC cells, co-transfected MTX2-6, and control cells and co-transfected MTX2-6 and miR-574-5p cells were subcutaneously injected to the nude mice. After 3 weeks, as shown in Figure 5A, the MTX2-6 significantly repressed the tumor growth of ESCC cells, and the tumor size and tumor weight of the MTX2-6 group were smaller and lighter than that of the NC group (Figures 5B,C), respectively. From the IHC assay of ki-67 and TUNEL assay (Figure 5D), the results indicated that overexpressed MTX2-6 can inhibit growth and promote the apoptosis of ESCC cells in vivo. Interestingly, overexpressed miR-574-5p reversed the inhibition on tumor growth of upregulated MTX2-6 of ESCC cells in vivo (Figure 5E). The results of the co-transfected MTX2-6 and miR-574-5p group presented the larger tumors and heavier tumors than that of MTX2-6 and Ctl group (Figures 5F,G). The upregulated miR-574-5p boosted the tumor growth and inhibited tumor apoptosis (Figure 5H). These results indicated that MTX2-6 restrained the adverse behaviors of ESCC via regulating the miR-574-5p in vivo.
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FIGURE 5. MTX2-6 inhibits cell proliferation through regulating miR-574-5p of ESCC in vivo. (A) Photograph of tumors obtained from nude mice transfected with MTX2-6 and NC. (B,C) Analysis of tumor size and weight in different groups. (D) Protein levels of Ki-67 in the tumor samples were determined by immunohistochemical. Scale bar = 100 μm. TUNEL was used to detect the apoptosis in the tumor samples. Scale bar = 50 μm. (E) Photograph of tumors obtained from nude mice co-transfected with MTX2-6 + Ctl and MTX2-6 + miR-574-5p. (F,G) Analysis of tumor size and weight in different groups. (H) Protein levels of Ki-67 in the tumor samples were determined by immunohistochemical. Scale bar = 100 μm. TUNEL was used to detect the apoptosis in the tumor samples. Scale bar = 50 μm. ∗∗p < 0.01, ∗∗∗p < 0.001.




SMAD4, a Target of miR-574-5p, Is Indirectly Regulated by MTX2-6

In order to reveal the ceRNA networks between MTX2-6, miR-574-5p, and its target in ESCC, miRWalk3, TargetScan4, miRTarBase5, and miRDB1 database were utilized to seek the potential targets of miR-574-5p (Figure 6A). A conservative putative miR-574-5p bound to the 3′UTR of SMAD4 mRNA was found among the candidate genes (Figure 6B). The results of RIP assay and luciferase reporter validated this hypothesis that miR-574-5p directly bound to SMAD4 mRNA (Figures 6C,D). Then, we detected the expression of SMAD4 in the ESCC tissues and adjacent tissues. The SMAD4 significantly decreased in ESCC tissues (Figure 6E). Moreover, the level of SMAD4 expression was lower in larger tumors than that in smaller tumors (Figure 6F). Regression analysis indicated that the level of SMAD4 expression was positively correlated with MTX2-6, while negatively correlated with miR-574-5p in 80 paired tissues (Figures 6G,H). Then, the decreased expression of SMAD4 mRNA and protein was validated in the upregulated miR-574-5p cells of ESCC (Figure 6I). The SMAD4 increased along with the upregulated MTX2-6 (Figure 6J). In rescue experiments, upregulated miR-574-5p reversed the elevation of SMAD4 expression caused by upregulated MTX2-6 (Figure 6K). Furthermore, the online Kaplan–Meier analysis6 indicated that a high level of SMAD4 expression was connected to a better OS of ESCC patients from TCGA database (Figure 6L). These results indicated that MTX2-6 inhibits cell proliferation by competitively binding miR-574-5p to increase SMAD4 expression of ESCC.
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FIGURE 6. SMAD4, a target gene of miR-574-5p, is regulated by MTX2-6. (A) Predicted binding targets for miR-574-5p binding target via miRWalk, miRDB, TargetScan, and miRTarBase. (B) The predicted binding sites between SMAD4 and miR-574-5p. (C) Luciferase reporter assay was conducted to verify that miR-574-5p bound to the 3′-UTR region of SMAD4 directly. miR-574-5p overexpression significantly suppressed, while miR-574-5p loss increased the luciferase activity that carried wild-type (wt) but not mutant (mut) 3′-UTR of SMAD4. (D) RIP assays confirmed the binding status between miR-574-5p and SMAD4 in ESCC cell lines, respectively. (E) qRT-PCR was used to detect the ESCC expression in 72 ESCC tissues and paired adjacent tissues. (F) SMAD4 expression in different tumor size of ESCC. (G,H) Correlation analysis of the expression of MTX2-6, miR-574-5p, and SMAD4 in 80 ESCC samples. (I) Relative mRNA and protein levels of SMAD4 in ESCC cells transfected with miR-574-5p mimics and control groups. (J) Relative mRNA and protein levels of SMAD4 in ESCC cells transfected with LV-MTX2-6 and control groups. (K) Relative mRNA and protein levels of SMAD4 in ESCC cells co-transfected with MTX2-6 + Ctl and MTX2-6 + miR-574-5p. (L) Online Kaplan–Meier overall survival (OS) curves according to SMAD4 expression levels of ESCC. ∗∗∗p < 0.001.




The Effects of SMAD4 on ESCC Cells Is Regulated by miR-574-5p

Preceding publications reported that SMAD4 plays as a tumor inhibitor of ESCC (Chiao et al., 1999; Natsugoe et al., 2002). MiR-574-5p + Ctl and miR-574-5p + SMAD4 were co-transfected to the cells to further study the interactions between miR-574-5p and SMAD4 of ESCC. The results of qRT-PCR and immunoblotting demonstrated that upregulated SMAD4 altered the reduction of SMAD4 mRNA and protein caused by overexpressed miR-574-5p (Figure 7A). Assays of cell proliferation detected that elevated SMAD4 inverted the effects of upregulated miR-574-5p on promotion of ESCC cell growth (Figures 7B–E). The results of Western blot further verified that upregulated MTX2-6 arrested the cell cycle from G0/G1 phrase to S phrase (CDK4 and Cyclin D1) and facilitated the cell apoptosis (Bcl-2 and Bax) via the accumulation of SMAD4 by depletion of miR-574-5p (Figure 7F). The IHC results presented that the lower expression of SMAD4 in tumors showed the higher CDK4 and Cyclin D1, the lower Caspase3 and Bax than that of the higher expression of SMAD4 tumors (Figure 7G).
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FIGURE 7. The regulation of SMAD4 on ESCC cells is mediated by miR-574-5p. (A) Expression of SMAD4 was confirmed by qRT-PCR and western blot in co-transfected ESCC cell lines. (B–E) CCK-8 assays, colony formation assays, and EdU assays were used to detect the cell proliferation after co-transfecting ESCC cells with miR-574-5p + Ctl and miR-574-5p + SMAD4 (scale bar: 100 μm for Edu assay). (F) Western blot analysis confirmed that MTX2-6 inhibits cell cycle process and promotes cell apoptosis through regulating miR-574-5p of ESCC. (G) The IHC of CDK4, Cyclin D1, Caspase3, and Bax in the high expression SMAD4 of tumors and low expression SMAD4 of tumors. (H) Proposed model of lnc MTX2-6 suppresses proliferation by acting as ceRNA of miR-574-5p to modulate SMAD4 in ESCC cells. ∗∗p < 0.01, ∗∗∗p < 0.001.




DISCUSSION

Accumulating studies have substantiated that abnormal expression of lncRNAs is connected with the generation and progression of ESCC, and can be used as therapeutic targets and biomarkers for ESCC (Tong et al., 2015; Yao et al., 2019). This study reported for the first time that MTX2-6 was decreased in ESCC tissues and cell lines. Moreover, the larger tumors exhibited a lower level of MTX2-6 expression than the smaller tumors of ESCC. It was a positive correlation between the level of MTX2-6 expression and the prognosis of ESCC patients. All results indicated that MTX2-6 plays an inhibitive factor in ESCC.

Adverse clinical features are the main causes for the poor prognosis of ESCC patients. The increasing evidence shows that lncRNAs significantly regulate the cell cycle and apoptosis in various cancers, thereby affecting tumor growth, including ESCC (Liu et al., 2019; Fan et al., 2020; Yang et al., 2020). In this study, functional experiments proved that elevated MTX2-6 represses the growth of ESCC cells via arresting the cell cycle from G0/G1 phrase to S phrase and facilitating cell apoptosis in vitro and in vivo.

In recent years, the ceRNA theory of tumors has drawn widespread investigations. Previous studies demonstrated that lncRNAs can exert as a ceRNA of binding to the specific miRNAs to altering target genes (Liu et al., 2014; Sanchez-Mejias and Tay, 2015). FISH and qRT-PCR were used to confirm the cytoplasm localization of MTX2-6 in ESCC cells. Then, we found the putative target miRNA of MTX2-6 by using bioinformatic tools, miR-574-5p, which was reported as an oncogenic gene in ESCC (Yang et al., 2013; Han et al., 2020). The luciferase activity of Wild Type of MTX2-6, and not that of mutation, is altered by the overexpressed and downregulated of miR-574-5p. Next, the elevated level of miR-574-5p was validated in the 80 ESCC tissues in comparison with adjacent tissues. In addition, the level of miR-574-5p expression was negatively correlated with MTX2-6 expression in ESCC tissues. miR-574-5p mediated the MTX2-6 regulation of ESCC cell cycle and apoptosis. Upregulated miR-574-5p reversed the inhibition on cell growth of MTX2-6 in vitro and in vivo. The ceRNA network between MTX2-6 and miR-574-5p was gradually detected of ESCC.

Therefore, the most critical target gene in the ceRNA network was expected to excavate. Similarly, the miRWalk, TargetScan, miRTarBase, and miRDB databases were applied to seek the objects of miR-574-5p. SMAD4 was sieved to further investigate luciferase reporter assays and RIP assays, which was investigated as a tumor suppressor in ESCC (Osawa et al., 2000; Natsugoe et al., 2002). We detected that the level of SMAD4 expression decreased in 80 ESCC tissues in comparison with adjacent tissues. Higher levels of SMAD4 indicated better prognosis and clinical features of ESCC patients. Besides, the positive correlation between MTX2-6 and SMAD4 and the negative relation between SMAD4 and miR-574-5p were checked in the tissues of ESCC. Rescue experiments revealed that miR-574-5p repressed SMAD4 abundance in ESCC cells, while overexpressed SMAD4 abolished the changes of miR-574-5p-induced booming cell growth of ESCC. Thus, all results indicated that upregulated MTX2-6 arrested the cell cycle from G0/G1 phrase to S phrase (CDK4 and Cyclin D1) and facilitated the cell apoptosis (Bcl-2 and Bax) via the accumulation of SMAD4 by depletion of miR-574-5p.

To conclude, the study first confirmed that the expression of MTX2-6 decreased in both ESCC tissues and cells and that the low MTX2-6 expression was related to adverse prognosis and clinicopathological features. Moreover, MTX2-6 inhibited the cell proliferation and facilitated cell apoptosis of ESCC via the accumulation of SMAD4 by exerting as a ceRNA that sponges miR-574-5p. In conclusion, the abnormal MTX2-6 acted a crucial part in tumor growth and was an emerging biomarker and target of treatment for ESCC (Figure 7H).
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The molecular classification of patients with colon cancer is inconclusive. The gene set enrichment analysis (GSEA) of dysregulated genes among normal and tumor tissues indicated that the cell cycle played a crucial role in colon cancer. We performed univariate Cox regression analysis to find out the prognostic-related genes, and these genes were then intersected with cell cycle-associated genes and were further recognized as prognostic and cell cycle-associated genes. Unsupervised non-negative matrix factorization (NMF) clustering was performed based on cell cycle-associated genes. Two subgroups were identified with different overall survival, clinical features, cell cycle enrichment profile, and mutation profile. Through nearest template prediction (NTP), the molecular classification could be effectively repeated in the original data set and validated in several independent data sets indicating that the classification is highly repeatable. Furthermore, we constructed two prognostic signatures in two subgroups, respectively. Our molecular classification based on cell cycle may provide novel insight into the treatment and the prognosis of colon cancer.
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INTRODUCTION

Colon cancer is widely recognized as one of the most common cancers worldwide. Due to the rapid progress in the treatment and diagnosis of colon cancer, mortality has decreased significantly in recent years. However, the potential mechanism of colon cancer has not been clarified till now. In addition, in the era of precision treatment for certain cancers, according to molecular subtypes classified by molecular characteristics, patients receive different treatments and show different prognostic outcomes. For example, patients with breast cancer are often classified into three subtypes according to the molecular characteristics, namely the expression of estrogen or progesterone receptors and human epidermal growth factor 2 (ERBB2, also named HER2). Different patients show diverse risk profiles, and the therapy strategy will differ according to the subtype. Overall, the molecular classification provides great value in the treatment and assessment of the prognosis of patients with breast cancer (1). In colon cancer, the consensus molecular subtypes (CMS) are relatively commonly recognized (2). However, the classification of colon cancer in the molecular layer does not show a similar clinical value to breast cancer, indicating that CMS still has some deficiency in the clinical translation. Thus, it is quite urgent to identify the potential molecular subtypes to aid the treatment and prognostic assessment of patients with colon cancer.

In the present research, we first identified the differentially expressed genes (DEGs) between normal [normal colon samples from the Genotype–Tissue Expression (GTEx) data sets and tumor-adjacent normal colon samples from the cancer genome atlas (TCGA)] and tumor samples [colon cancer samples in The Cancer Genome Atlas (TCGA)]. The gene set enrichment analysis (GSEA) indicated that the dysregulated genes were mainly enriched with cell cycle-associated gene sets (Hallmark E2F targets, Hallmark MYC targets, and Hallmark G2M checkpoint). We supposed that the cell cycle might play a significant role in colon cancer.

The cell cycle is one of the most important biological processes in the human body (3). The cell cycle mainly involves regulating the cell division and duplication of genetic materials. It is also highly associated with the proliferation of cells. For the most commonly recognized views, the cell cycle contains four continuous phases, which were characterized as G0/G1, S, G2, and M phases (4). The G1/G0 phase is the process before DNA replication, and it is also recognized as the pre-synthesis period. This period mainly functions to synthesize the RNA and ribosomes. In the S phase, DNA replication is more frequent; besides, histones and enzymes, which are fundamental for DNA replication, are also created in this phase. G2 is the preparatory phase for mitosis and is recognized as the end of DNA synthesis. The M phase involves the phase of mitosis in which the cell often divides into two daughter cells. The M phase also contains four sequential periods, including prophase, metaphase, anaphase, and telophase. The transition of these four phases is tightly regulated by the interaction between several cyclin-dependent kinases (CDKs) and their corresponding cyclin partners (5). The cell cycle is also an indispensable component that participates almost in the entire process of cancer. An important characteristic of cancer is uncontrolled cell proliferation, which is mainly regulated by the cell cycle. Dysregulated cell cycle regulators were reported to play important roles in diverse cancers (6, 7). In colon cancer, previous studies also demonstrate that the cell cycle plays a vital function in the initiation and progress of cancer (8–10). Because of the significant role of the cell cycle in cancers, we hypothesize that colon cancer could be clustered as different molecular subtypes based on cell cycle-associated genes.

In the present study, we identified two molecular subtypes according to the cell cycle-related genes. These two molecular groups showed different genetic mutations, overall survival (OS), and clinical features. Moreover, through nearest template prediction (NTP), the molecular classification could be effectively repeated in the original data set and validated in several independent data sets indicating that the classification is highly repeatable. Our molecular classification based on the cell cycle may provide novel insight into the treatment and prognosis of colon cancer.



MATERIALS AND METHODS


Process on the Original Data

Raw microarray information of colon cancer with matched clinical information and normal colon samples were obtained from TCGA database, Gene Expression Omnibus (GEO), and GTEx database. The data from TCGA and GTEx were obtained from Xena (http://xena.ucsc.edu/), and in order to conduct the representational difference analysis (RDA), the data from GTEx and TCGA were normalized according to the description of individual data sets from Xena and then combined together. In GEO data sets, the selection criteria were set as below: (1) data sets should be built through the Affymetrix HG-U133 plus 2.0 platform; (2) data sets should at least have clinical information about the American Joint Committee on Cancer (AJCC) staging system, OS interval, and OS status; and (3) larger samples in the individual data set are preferred where there are least 200 samples or more. Finally, GSE17538 and GSE39582 complied with the criterion (11, 12).



Representational Difference Analysis and GSEA

Dysregulated genes between normal and tumor tissues were determined through the Wilcoxon test based on R language (Version 3.6.2). In this study, the normal tissues consisted of normal colon tissues from the GTEx database, colon cancer tissues and adjacent normal tissues were obtained from the TCGA database, and the tumor tissues were obtained from the colon cancer samples from the TCGA database. GSEA was conducted through R language (Version 3.6.2) and “h: the hallmark gene sets,” that were downloaded from MSigDB (https://www.gsea-msigdb.org/gsea/index.jsp), was selected as the gene reference set.



Identification of the Prognostic and Cell Cycle-Associated Genes

The cell cycle-associated genes were downloaded from MSigDB (https://www.gsea-msigdb.org/gsea/index.jsp). Genes involved in “KEGGCELLCYCLE,” which were filtered from “KEGG gene sets as Gene Symbols” in “c2: curated gene sets,” were selected, and genes involved in “GOCELLCYCLE,” which were also picked from “all GO gene sets as Gene Symbols” in “c5: Ontology gene sets,” were also picked. The genes of these two reference gene sets were merged and deduplicated and identified as cell cycle-associated genes. According to the clinical information from TCGA, univariate Cox regression analysis was performed on the micro RNAs (mRNAs), genes with outlier hazard ratio (HR) values are deleted, and genes with p < 0.05 and HR < 0.8 or HR > 1.2 were screened out and were intersected with cell cycle-associated genes; the results were defined as prognostic and cell cycle-associated genes. The process was carried out through the R language (Version 3.6.2).



Identification and Validation About the Molecular Subgroups

Based on the prognostic and cell cycle-associated genes, the unsupervised non-negative matrix factorization (NMF) clustering method was carried out on the TCGA database through the R package, “Cancer Subtypes” (13). The optimal number of clusters (k) was comprehensively considered according to the molecular clustering effects and cophenetic correlation analysis. The survival analysis was conducted through a Kaplan–Meier plot and log-rank test. For individual molecular subgroups, RDA was conducted to identify the top 50 upregulated hall markers between other molecular subgroups through the R package, “LIMMA.” NTP was then carried out based on the top 50 upregulated markers of the individual molecular subgroup. The NTP was first conducted in the TCGA database to show the accuracy of the prediction based on the NTP method. Then, the NTP was carried out in GSE17538 and GSE39582 data sets. The clinical features, including gender, T, N, M, and AJCC stages, and survival profile in the individual molecular subgroup, were compared among diverse data sets to assess the repeatability and accuracy of the molecular subgroup prediction based on NTP.



Degree of Enrichment of Cell Cycle in Diverse Molecular Subgroups

The cell cycle-associated gene sets, which were statistically significant in the previous GSEA analysis, were included and identified as reference gene sets for single sample gene set enrichment analysis (ssGSEA) to analyze the degree of enrichment of cell cycle among the diverse molecular subgroups. Each sample was computed according to the ssGSEA analysis through the R language (Version 3.6.2). The RDA among diverse molecular subgroups was analyzed by the R package “LIMMA,”



Mutation Profile Between Different Molecular Subgroups

The mutation data of patients with chronic obstructive airway disease (COAD) was obtained from the TCGA data set (https://portal.gdc.cancer.gov/). Maftools were utilized to analyze the data. The mutation data were visualized and analyzed based on the two different molecular subgroups.



Construction of Two Overall-Survival Prognostic Signatures in Two Subgroups, Respectively

In individual subgroups, the patients included in the GEO data sets were randomly divided into two groups with a ratio of 7:3. About 70% of patients were identified as belonging to an inter-training group, and 30% of patients were identified as belonging to an inter-test group. Prognostic and cell cycle-associated genes were processed through univariate Cox regression analysis in two subgroups, respectively. The genes that owned HR > 1.2 or HR < 0.8 and p < 0.05 were involved in the least absolute shrinkage and selection operator (LASSO) analysis. Then the respective signatures were constructed. The signatures were validated in a test group based on TCGA data sets. The area under the curve (AUC) of the receiver operating characteristic curve (ROC) was used to evaluate the efficiency of these signatures.




RESULTS


Dysregulated Genes Among Normal and Tumor Samples and Function Enrichment Analysis

The entire analysis flow is presented in Figure 1. We integrally analyzed the dysregulated genes among normal and tumor tissues. In the current study, the normal tissues consisting of normal colon tissues were obtained from the GTEx database, colon cancer-adjacent normal tissues were obtained from the TCGA database, and the tumor tissues were obtained from colon cancer samples from the TCGA database. We have represented the expression profile of the top 50 upregulated and downregulated genes between normal and cancer tissues in the form of a heatmap (Figure 2A). After identifying the DEGs, we then performed GSEA to research the functional enrichment of these DEGs. The results indicated that several cell cycle-associated gene sets were mainly enriched and activated by E2F targets, MYC targets, G2M checkpoint, and the P53 pathway, and the four gene sets were suppressed including myogenesis, oxidative phosphorylation, epithelial–mesenchymal transition, and adipogenesis. Other gene sets that were high ranked include mTORC1 signaling, interferon–alpha response, and glycolysis (Figure 2B).


[image: Figure 1]
FIGURE 1. Analysis flow of this research.



[image: Figure 2]
FIGURE 2. Expression profile of top dysregulated genes between normal and tumor samples and gene set enrichment analysis (GSEA). (A) Heatmap depicted the expression profile of the top 50 upregulated and top 50 downregulated genes between normal and tumor tissues. (B) GSEA results of differentially expressed genes.




Identification of the Molecular Subgroups

Genes involved in the gene sets named, “KEGG gene sets as Gene Symbols” and “GO_CELL_CYCLE” were combined and determined as cell cycle-associated genes. Finally, 1,875 genes were recognized as cell cycle-associated genes (Supplementary Table 1). Then, based on the OS information from the TCGA, a univariate Cox regression analysis was performed on all the micro RNAs (mRNAs). The filter criterion was set as HR <0.8 or HR >1.2 with p < 0.05, genes with outlier HR were excluded (Supplementary Table 2), and the results were intersected with cell cycle-associated genes. Finally, 149 genes were determined as cell cycle and prognostic-associated genes (Supplementary Table 3). Unsupervised NMF clustering was conducted based on the 149 genes. The optimal k was comprehensively considered according to the molecular clustering effects and cophenetic correlation analysis. We tried k from 2 to5, and the results of clustering, OS analysis, and silhouette plots when k = 3–5 are presented in Supplementary Figures 1–3. When k = 2, the clustering results, OS analysis, and silhouette plots presented better effects (Figures 3A–D). Moreover, cophenetic correlation analysis showed that k = 3 dropped a lot compared to when k = 2. Hence, k = 2 was preferred, and the two subgroups were identified as C1 and C2, respectively.


[image: Figure 3]
FIGURE 3. Identification of the molecular subgroups. (A) Cophenetic correlation analysis. (B) Clustering display of the molecular subgroups. (C) Silhouette plot of the molecular subgroups. (D) Overall survival (OS) of the two molecular subgroups.




Validation of the Molecular Subgroup Classified by NTP

We first identified the top 50 upregulated genes for an individual group compared to the other group. These top 50 upregulated genes were recognized as markers of the corresponding subgroups (Supplementary Table 4). Then, NTP analysis was first conducted on the TCGA database, and the result of the clustering was compared to the original clustering and the comparison showed a high accuracy of NTP for the prediction of subgroups (Figure 4A). Later, we performed NTP on GSE17538 and GSE39582, and distribution of several clinical features included AJCC stage, age, gender, T stage, N status, and M status (Figure 4B). The OS was also compared between the two molecular subgroups in diverse data sets (Figure 4C). The distribution and survival analysis indicated that the molecular subgroups showed similar clinical features among different data sets in terms of age and gender, and the two molecular subgroups were similar; however, in terms of T stage, N and M status, and AJCC stage, C1 showed later stage compared to C2. Correspondingly, C1 showed worse OS compared to C2. The process showed that the molecular subgroups could be repeated based on the NTP method with high accuracy. In addition, the subgroups predicted by NTP were highly consistent with the previous subgroups that were classified based on the TCGA database.


[image: Figure 4]
FIGURE 4. Validation of the molecular subgroup classified by nearest template prediction (NTP). (A) Sankey plot depicted the accuracy of the NTP method. Upper layer represents the original subgroups, and the down layer represents the subgroups predicted by NTP. (B) The distribution of several clinical features, including AJCC stage, age, gender, T stage, N status, and M status in GSE17538, TCGA, and GSE39582. (C) The Overall survival analysis of the two molecular subgroups in diverse data sets.





RESULTS OF SSGSEA BETWEEN TWO SUBGROUPS IN TERMS OF CELL CYCLE

The cell cycle-associated gene sets that were statistically significant in the previous GSEA analysis were included and identified as reference gene sets for ssGSEA to analyze the degree of enrichment of cell cycle among the diverse molecular subgroups. The results showed that no matter in TCGA, GSE17538, or GSE39582, E2F targets, G2M checkpoint, and MYC targets were more enriched with C2, and in terms of the P53 pathway, C1 was more enriched (Figure 5).


[image: Figure 5]
FIGURE 5. Results of ssGSEA between two subgroups in terms of cell cycle.



Mutation Profile Between Different Molecular Subgroups

The mutation profile was integrated and then analyzed according to the diverse subgroups, respectively (Figure 6A). The APC, TP53, TTN, KRAS, SYNE1, and PIK3CA were the top five frequently mutated genes in colon cancer. But the mutations differed between C1 and C2. In C1 and C2, the top four frequently mutated genes remained as APC, TP53, TTN, and KRAS; however, mutations in PIK3CA, RYR2, and FBXW7 were more frequent in C1 compared to C2. SYNE1, PCLO, and MUC16 were more frequently mutated in C2 (Figures 6B,C).


[image: Figure 6]
FIGURE 6. Mutation profile in the entire colon cancer and two subgroups. (A) The mutation profile in all patients with colon cancer. (B,C) The mutation profile in C1 and C2.





CONSTRUCTION OF TWO OS PROGNOSTIC SIGNATURES IN TWO SUBGROUPS, RESPECTIVELY

As described in Methods and Materials, we constructed two prognostic signatures in two subgroups, respectively. The results of the LASSO analysis are presented in Figure 7A. AUC was used to evaluate the efficiency of signatures in two subgroups (Figure 7B). In C1, the signature was presented as (expression of ASRGL1) * (−0.334) + (expression of CCL22) * (−0.578) + (expression of ERCC3) * 0.711 + (expression of F2RL2) * (−0.263) + (expression of HNF1B) * (−0.409) + (expression of MYB) * (−0.456) + (expression of PTTG1IP) * 0.365 + (expression of RIPK4) * 0.635. The signature in C2 was presented as (expression of ARMT1) * 0.752 + (expression of CCL22) * (−1.017) + (expression of CUZD1) * 0.626 + (expression of EPHB2) * (−0.552) + (expression of ERFE) * 0.353 + (expression of LYPD6) * (−0.785) + (expression of MS4A2) * (−1.626).


[image: Figure 7]
FIGURE 7. Construction of prognostic signatures in two subgroups, respectively. (A) Results of least absolute shrinkage and selection operator (LASSO) analysis in two subgroups. (B) Area under the curve (AUC) of receiver operating characteristic curve (ROC) of 2 signatures in two subgroups.




DISCUSSION

Colorectal cancer (CRC) ranks third in the estimation of morbidity and mortality among all cancer types as per the 2020 cancer statistics (14). Colon cancer is a common type of CRC. Due to the progress in colon cancer therapy and diagnosis, mortality has decreased significantly recently. However, the treatment for colon cancer is still less specific, and there is still much room for improvement for the therapy and diagnosis of colon cancer, as the molecular subtype for colon cancer is not clarified. In the era of precision medicine, the treatment for individual patients is specific and many patients who are diagnosed with some other types of cancer can benefit greatly due to the specific treatment (1). Colon cancer also has several molecular subtyping such as CMS (2), but it is based on patients with type I–III colon cancer, and it is still not wildly used in the clinical treatment, indicating that it has some deficiency in the clinical transition. According to the current status of the treatment of colon cancer, it is necessary to research the potential molecular subtyping in colon cancer to help improve the precise treatment for patients with colon cancer.

Benefiting from the advancement in bioinformatics, especially in the high-throughput sequencing technology, we can research the potential mechanism of cancers at the transcriptome level. Many researchers used bioinformatics tools to construct efficient signatures to help better estimate the prognosis and tried to reveal the latent mechanism of diverse cancers (15–21). Moreover, cluster analysis can classify patients with cancer into diverse molecular subtypes according to the expression pattern of specific gene sets that are identified as gene references. However, the kinds of gene sets that were set as references will be the decisive factor for the efficiency of molecular subtyping.

In the present study, based on the data from GTEx and TCGA, we used RDA to screen out the dysregulated genes between normal colon tissues and tissues from colon cancer. Through GSEA, we found that the cell cycle might have an important role in the process of colon cancer (the gene sets were enriched with E2F targets, MYC targets, the G2M checkpoint, and the P53 pathway); thus, the prognostic and cell cycle-associated genes were identified as references for molecular subtyping.

The cell cycle is a significant part of the biological process (22–25). Usually, cells proliferate only in response to developmental or other mitotic signals that are essential for normal tissue growth; however, the proliferation of cancer cells is not under control. This indicates that cancer cells proliferate due to the dysregulation of internal and external inhibition of proliferation signals that can be regulated by the cell cycle. Many previous studies proved that some dysregulated genes could mediate the expression of several key factors that could regulate the cell cycle of cancer cells. In conclusion, the cell cycle plays a crucial role in the occurrence and progress of the tumor and may also play a vital role in the molecular classification of patients with tumors. We hypothesized that cell cycle-associated genes could have great performance in molecular subgrouping and conducted the sequenced bioinformatic analysis.

Through repeated tests on the number of the optimal number of k, we finally identified two molecular subtypes that were named “C1” and “C2”; C1 has a worse prognosis in terms of OS than C2, and patients with C1 showed worse clinical characteristics, especially in the T stage, N status, M status, and AJCC stage, than C2. Moreover, the mutation profile differed in the two subtypes. Mutations in PIK3CA, RYR2, and FBXW7 were more frequent in C1 compared to C2. SYNE1, PCLO, and MUC16 were more frequently mutated in C2. The difference between the two groups of mutations might also differ in the treatment methods and drugs. For better clinical applications, we identified 50 upregulated genes as markers for individual subtypes. The NTP method was utilized to predict the molecular subtypes based on the gene markers, and this method showed great accuracy in prediction compared to the original molecular subtyping. In the independent data sets, such as GSE17538 and GSE39582, the subtypes predicated by NTP method also showed similar clinical features and clinical outcomes as the TCGA data sets; moreover, the enrichment profile of cell cycle for two subtypes in GSE17538, GSE39582, and TCGA also showed high similarity indicating that the molecular subtype based on prognostic and cell cycle-associated gene sets and the NTP method was efficient, accurate, and highly repeatable.

In conclusion, we used prognostic and cell cycle-associated genes to cluster patients with colon cancer into two types, where the two types of patients with colon cancer showed different mutation profile, clinical features, and OS outcomes. Moreover, we used the NTP method to highly and accurately repeat our molecular subtyping. The molecular subtypes based on prognostic and cell cycle-associated genes might give us insight into the treatment and the estimation of the prognosis of patients with colon cancer.
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The complex in which scribble planar cell polarity protein (SCRIB) is located is one of the three main polar protein complexes that play an important role in maintaining epithelial polarity and affecting tumour growth. However, the role of SCRIB in colorectal cancer (CRC) remains largely unknown. This study used date from The Cancer Genome Atlas (TCGA) and clinical samples to determine the expression of SCRIB in CRC and explored its mechanism through bioinformatics analysis and in vivo and in vitro experiments. In this study, SCRIB was found to be highly expressed in CRC patients, and it was often associated with malignant characteristics, such as proliferation, apoptosis, and epithelial-mesenchymal transition (EMT). Furthermore, we found that SCRIB may interact with the Hippo signalling pathway and affect the phosphorylation of YAP and its distribution inside and outside of the nucleus. We concluded that increased expression of SCRIB is likely to inhibit the Hippo signalling pathway by promoting YAP phosphorylation. This role of SCRIB in the progression of CRC provides an important information for the treatment of CRC.
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INTRODUCTION

Colorectal cancer (CRC) is the third most common malignant tumour with the third highest incidence and the second highest mortality rate worldwide, and the age of patients at CRC onset is decreasing (Siegel et al., 2020a,b). The increase in the incidence of CRC among Chinese population in the past decade is closely related to the changes in people’s living habits due to rapid economic development; these changes include unhealthy eating, drinking, smoking, lack of exercise and obesity (Zhu et al., 2017). Although the use of surgery and comprehensive treatment has benefited many CRC patients, nearly half of the patients who undergo radical surgery may relapse, and patients who die from CRC liver metastases account for more than 50% of all CRC-related deaths (Enomoto and Igaki, 2011; Beckers et al., 2018). The occurrence of CRC is an extremely complicated process that may involve biological behaviours such as cell proliferation, metabolism, apoptosis, invasion and metastasis (Hanahan and Weinberg, 2000, 2011). However, the specific mechanisms underlying the occurrence and distant metastasis of CRC have yet to be determined.

The development of solid tumours is actually an process driven by internal and external factors that causes normal cells to proliferate in an unregulated manner and to acquire migratory and invasive capabilities (Hanahan and Weinberg, 2011). In particular, disordered cell polarity is one of the important intracellular factors that is important for the malignant progression of CRC and other epithelial cell tumours (Rothenberg et al., 2010; St Johnston and Ahringer, 2010; Muthuswamy and Xue, 2012; Chatterjee and McCaffrey, 2014). Scribble complexes, which are one of the three types of polar complexes, have a profound impact on the apical–basal polarity of epithelial cells (Assémat et al., 2008; Lee and Vasioukhin, 2008). In several studies, the SCRIB gene, which encodes the Scribble protein, is even considered to be a regulator of tumour development and metastasis due to its role in tumour-related mechanisms (Zen et al., 2009; Royer and Lu, 2011). However, considering that the function of SCRIB in different, even opposite, in different tumours, it cannot be generally considered to be a cancer-promoting or cancer-suppressing gene (Zhan et al., 2008; Feigin et al., 2014). Our previous study found that there is a polymorphic site in SCRIB, namely rs13251492 (P = 7.76 × 10–5), that is significantly associated with CRC, and we proved that this genetic variation can affect the expression of SCRIB (Shen et al., 2020). However, the impact of SCRIB on the progression of CRC and its underlying mechanism are not yet known.

Our study determined that SCRIB is highly expressed in CRC and indicates a poor prognosis. We performed gain-of-function and loss-of function experiments and found that SCRIB promotes the proliferation, invasion and migration of CRC, and inhibits its apoptosis in vitro and in vivo. The bioinformatics prediction and the corresponding verification experiments together yielded the result that SCRIB progression of CRC by influencing the Hippo signalling pathway. Therefore, our study elucidates the mechanism by which SCRIB participates in CRC and may provide a new target for the treatment of CRC and a new perspective for clinical decision-making.



MATERIALS AND METHODS


Clinical Samples and Ethical Approval

Human CRC and adjacent normal mucosa samples were obtained from CRC patients who underwent surgery at the First Affiliated Hospital of Nanjing Medical University between 2014 and 2018. Within 5 min of surgical resection, the samples were immediately embedded in the paraffin or transferred to the −80°C freezer. All clinicopathological diagnoses were confirmed by at least two pathologists according to the guidelines of the American Joint Committee on Cancer. All experiments were approved by the Ethics Committee of the First Affiliated Hospital of Nanjing Medical University, and informed consent was obtained from the all the patients before enrolment in this study.



Cell Culture and Transfections

Normal epithelial colon cells (NCM460 cells) and human CRC cells, including Lovo, HCT116, SW620, DLD-1 and HT-29 cells, were obtained from American Type Culture Collection. RPMI-1640 medium and McCoy’5A medium (HyClone, Logan, UT, United States) were mixed with 10% fetal bovine serum to culture the DLD-1 and HCT116 cells, respectively. The cells were cultured in a humid incubator, which always maintained a temperature of 37°C and an atmosphere of 5% CO2. The siRNAs targeting SCRIB and the corresponding negative controls (si-NC) were synthesized by RiboBio (Guangzhou, China). The siRNA target sequence (GAAGCAGCTATCCATCCTA) with the highest efficiency for knocking down the expression of SCRIB was cloned into the lentivirus vector pGLV3 to by GeneChem (Shanghai, China). GeneChem Company designed and constructed the SCRIB overexpression plasmid for our study. Lipofectamine 3000 (Invitrogen) was used for the transfection of cells.



RNA Extraction and Polymerase Chain Reaction (PCR)

Total RNA was extracted from CRC tissue and CRC cell lines with TRIzol reagent according to the manufacturer’s instructions (Qiagen, Hilden, Germany). The HiScript® III RT SuperMix (Vazyme, Nanjing, China) was used to reverse transcribe the extracted total RNA into cDNA by reverse transcription PCR (RT-PCR). The genes were amplified and their expression levels were detected by quantitative real-time PCR (qRT-PCR) using ChamQ SYBR qPCR Master Mix (Vazyme, Nanjing, China). The results were normalized to the expression levels of GAPDH. The primers for the target mRNAs and internal control were as follows: SCRIB, forward primer, 5′-CCTCTGTCAAGGGAGTGTCG-3′ and reverse primer, 5′-CCCGAGAGATGAATATGCCCTC-3′; YAP, forward primer, 5′-TAGCCCTGCGTAGCCAGTTA-3′, reverse primer, 5′TCATGCTTAGTCCACTGTCTGT-3′; GAPDH, forward primer, 5′-GGAGCGAGATCCCTCCAAAAT-3′, reverse primer, 5′-GGCTGTTGTCATACTTCTCATGG-3′; ZO-1, forward primer, CGGTCCTCTGAGCCTGTAAG, reverse primer, GGAT CTACATGCGACGACAA; E-cadherin, forward primer, 5′-AC CAGAATAAAGACCAAGTGACCA-3′, reverse primer, 5′-AGCAAGAGCAGCAGAATCAGAAT-3′; N-cadherin, forward primer, 5′-GGACAGTTCCTGAGGGAT CA-3′, reverse primer, 5′-GGATTGCCTTCCATGTCTG T-3′; Vimentin, forward primer, 5′-GATGCGTGAGATGGAAGAGA-3′, reverse primer, 5′-GGCCATGTTAACATTGAGCA-3′.



Western Blot Analysis

Cells and tissue fragments were sonicated and then RIPA lysis buffer (Beyotime, Shanghai, China) was used for protein extraction. The concentrations of the purified proteins were detected by bicinchoninic acid (BCA) protein assay (Beyotime, Shanghai, China). The protein samples were separated by 10% gels using SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, MA, United States). The antibodies against SCRIB, E-cadherin, ZO-1, N-cadherin, Vimentin, Histone H3, Ki67, Cdk4, GAPDH and β-actin were purchased from Abcam (Cambridge, MA, United States). The antibodies against YAP and phospho-YAP (Ser127) were purchased from Cell Signaling Technology (Danvers, MA, United States).



Scratch Wound Healing Assay and Transwell Assay

The cells were seeded in a 6-well plate at a density of 4×105 cells/well and cultured until the cells covered almost the entire well. A 200-μL pipette tip was used to scrape a linear wound. The culture medium in the dish was replaced with serum-free medium at 0 and 24 hours after injury, and the migrating cells at the edge of the wound were monitored by an inverted microscope. According to the manufacturer’s instructions, Millicell cell culture inserts (24-well inserts with 8-μm pores) were used for Transwell and invasion analyses. To perform the migration assays, the bottom of the insert was seeded with 4 × 104 cells (per well) in 200 μL of serum-free medium, and then, 500 μl of medium containing 10% FBS was added to the lower chamber. For the invasion assay, Matrigel (BD Biosciences, Franklin Lakes, NJ, United States) was added to the insert, and then, 8 × 104 cells (per well) were plated in serum-free medium. Add Medium containing 10% FBS was added to the lower chamber. After 24 hours of incubation, the cells on the bottom of the membrane were fixed and stained with 0.5% crystal violet solution. We used light microscopy to observe the migrating and invading cells and randomly selected 3 fields for counting.



Cell Proliferation Assay

For the colony formation assay, cells were plated in 6-well plates. We counted the number of colonies 14 days later and photographed representative wells. In addition, a cell proliferation assay was also performed with the 5-ethynyl-2′-deoxyuridine assay (EDU) Kit (Beyotime, Shanghai, China) and Cell Counting Kit 8 (CCK-8) assay (Beyotime, Shanghai, China) according to the manufacturer’s protocols. The detailed methods were described in our previous research (Hu et al., 2020).



Immunohistochemistry

Immunohistochemistry (IHC) was conducted as previously described (Hu et al., 2020). Tissue sections with a thickness of 4 μm were first deparaffinized with xylene and then rehydrated with gradient alcohol. The samples were incubated with 3% H2O2 for 10 min at room temperature to block the endogenous peroxidase activity. Finally, the primary antibodies were combined with the proteins in the sample by using the streptavidin peroxidase-conjugated method. Photographs of the sections were obtained using a digital microscope camera. The staining score was used to indicate the expression level of genes, and the specific scoring rules can refer to previous studies.



Immunofluorescence (IF)

The transfected cells were fixed with 4% paraformaldehyde for 20 min. The cells were incubated in 0.1% Triton X-100 for 4 hours at room temperature to achieve permeabilization. The cells were blocked in the blocking solution for 60 min and gently shaken on a shaker. The blocking solution was removed by washing with phosphate-buffered saline (PBS), and the samples were incubated with diluted primary antibodies against YAP (1:250; Abcam) for 60 min. The primary antibodies were removed, and the cells were washed 3–5 times with PBS for 3–5 min each time. After removing the washing solution, 1 ml of Alexa Fluor488-conjugated secondary antibodies (Beyotime, Shanghai, China) was added and incubated for 60 min in the dark. Fluorescence confocal images was captured by confocal fluorescence microscopy (Zeiss Germany, Germany).



Animal Experiments

We chose to use 6- to 8-week-old BALB/c nude male mice for the subcutaneous tumour formation experiments. For the tumorigenicity studies, The HCT116 cells stably transfected with lentivirus and DLD-1 cells transfected with the overexpression plasmid were used. A total of 5 × 106 of the indicated cells, including control cells, were subcutaneously injected into the left and right axilla of each nude mouse. The volume and weight of the tumours were measured every 5 days. After 4–6 weeks, xenograft tumours were dissected from sacrificed nude mice and used for IHC. All the animal experiments were approved by the Committee on the Ethics of Animal Experiments of Nanjing Medical University.



Cell Cycle and Apoptosis Analysis

For cell cycle analysis, we use the appropriate methods to process the cells and set up a negative control group. A total of 1–10×105 cells were washed with PBS and centrifuged at 2,000 rpm per minute. Then, 500 μl of cold 70% ethanol was added to the precipitate for fixation, and the samples were incubated overnight at 4°C. Before staining, we washed away the fixative with PBS, added 100 μl RNase A (KeyGene, Jiangsu, China) and then incubated the samples at 37°C for 30 min. Then, 400 μl PI was added to the tubes, and the samples were incubated at 4°C in the dark for 30 min. Finally, flow cytometry analysis was performed according to the protocol. The apoptosis assay was performed using an Annexin V-FITC/PI (MultiScience, Zhejiang, China). The cells were digested and centrifuged at 1,500 rpm for 5 min. The cells were centrifuged and washed with prechilled PBS. Approximately 1–10×105 cells were collected, including the cells in the culture supernatant. Five hundred microlitres of the working solution diluted in double-distilled water was to resuspend the cells. A total of 5 μl Annexin V-FITC and 10 μl PI were added to each tube. After gentle vertexing, the cells were incubated for 5 min at room temperature in the dark. Finally, flow cytometry analysis was performed according to the protocol.



TUNEL Staining

According to the manufacturer’s protocol, a one-step TUNEL (TdT-mediated dUTP gap end labelling) apoptosis detection kit (Beyotime, C1090) was used to examine the apoptosis of HCT116 and DLD-1 cells after the knockdown and overexpression of SCRIB, respectively. The cells were photographed under an Olympus FSX100 microscope (Tokyo, Japan).



Statistical Analysis

All the experiments were carried out at least three independent times. All the statistical analyses were performed using Social Sciences 22.0 software (SPSS, CA, United States), and the statistical results were visualized using GraphPad Prism 8.0 (GraphPad Software, CA, United States). The t-test was used to compare the differences between the two groups of data that conformed to the Gaussian distribution, while the Wilcoxon test and the Mann-Whitney test were used for the paired and unpaired data with a the non-Gaussian distribution. One-way ANOVA was used to compare the differences between multiple groups of data, and the χ2 test was used to compare categorical variables. All the data are presented as the mean ± SD (standard deviation) of triplicates. P values <0.05, as determined using two-sided tests, were considered statistically significant.



RESULTS


Upregulation of SCRIB in CRC Predicts a Poor Prognosis

In our previous research, a large amount of data from TCGA and the Gene Expression Omnibus database was analysed to illustrate the relationship between SCRIB and CRC (Shen et al., 2020). Considering the availability of updated data, we repeated some of these significant analyses. Our new analysis showed that the mRNA level of SCRIB in tumour tissues was significantly increased compared to that in normal colorectal tissues (P = 2.51×10−20) (Figure 1A). In addition, the survival analysis results showed that CRC patients with high SCRIB expression were more likely to relapse (Figure 1B). In the stratified analysis of tumour tissue, we found that the different pathological types of CRC, adenocarcinoma and mucinous adenocarcinoma, had obvious differences (P = 8.32 × 10–8). The expression level of SCRIB was higher in advanced patients with tumour-node-metastasis (TNM) staging, and high SCRIB expression was also observed in the CRC cancer tissue of patients with metastasis and lymphatic invasion (Figure 1C). Together, these results indicate that the expression of SCRIB may have potential value for predicting the progression of CRC. Therefore, we further detected the expression level of SCRIB in CRC tissues and analysed the relationship between its expression level and the epidemiological and pathological characteristics of CRC patients (Table 1). The expression of SCRIB did not change due to the age, sex, and living habits of CRC patients, but there were indeed differences in patients with different TNM stages (P = 0.018), this observation is consistent with the TCGA analysis results. The qRT-PCR and western blot results showed that SCRIB substantially upregulated in tumours tissues compared with the adjacent nontumorous tissues at both the mRNA and protein levels (Figures 1D,E). The high expression of SCRIB in CRC tissues was also shown by IHC staining of CRC tissues (Figure 1F). The patients were divided into two groups based on high SCRIB expression and low SCRIB expression to study the relationship between the expression level of SCRIB and the clinical characteristics of CRC patients (Table 1). In addition, the expression of SCRIB in various CRC cells was higher than that in normal colorectal cells (Figure 1G).


TABLE 1. Relevance analysis of SCRIB expression in CRC patients.
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FIGURE 1. Upregulation of SCRIB predicts poor prognosis for patients with colorectal cancer. (A) The expression level of SCRIB in normal tissues (n = 51) and CRC tissues (n = 635) from The Cancer Genome Atlas (TCGA) database. (B) CRC patients (n = 499) with progression-free survival data in the TCGA database were included in the survival analysis. The population was divided into two groups according to the median expression level of SCRIB. (C) The stratified analysis of CRC patients was based on pathological type, stage, metastasis, and lymphatic invasion. The data were derived from TCGA. Due to the lack of patient data, the total number of stratified analyses is not consistent. (D) SCRIB expression in 60 paired CRC tissues and adjacent normal tissues. (E) The expression of SCRIB in eight pairs of CRC tissues (T) and adjacent normal tissues (N) was detected by western blot. (F) The expression of SCRIB in CRC tissue was assessed by immunohistochemical staining. Representative micrographs show high-level and low-level expression of SCRIB in tumour tissues and adjacent nontumorous tissues. Scale bar, 100 μm. (G) qRT-PCR showed the expression level of SCRIB in NCM460, LOVO, HCT116, SW620, DLD-1, and HT29 cells; western blot showed the protein level of SCRIB in these cell lines. *p < 0.05, **p < 0.01, and ***p < 0.001.




SCRIB Upregulation Enhanced the Metastatic Capacity of CRC

Based on the differential expression of SCRIB in different CRC cells, we performed loss-and gain-of-function assays with HCT116 cells, which have high SCRIB expression, and DLD-1 cells, which have low SCRIB expression (Figure 1G). First, the knockdown lentivirus and overexpression plasmids were transfected into HCT116 and DLD-1 cells, respectively. The knockdown and overexpression efficiencies were examined by qRT-PCR and western blot respectively (Figures 2A,B). Considering the distribution of SCRIB expression in patients with different TNM stages, distant metastasis and lymphatic invasion (Figure 1C), we have a strong interest in studying the impact of SCRIB on the invasion and metastasis of CRC cell lines. The wound healing assays demonstrated that SCRIB downregulated inhibited the migration of HCT116 cells and SCRIB overexpression significantly increased the migration of DLD-1 cells compared to that of control cells (Figure 2C). Transwell assays showed that downregulated SCRIB reduced the migration and invasion of HCT116 cells relative to those of control cells. Correspondingly, DLD-1 cells overexpressing SCRIB showed enhanced cell migration and invasion capabilities (Figure 2D). We used qRT-PCR and western blotting to detect the expression levels of several epithelial-mesenchymal transitions (EMT) markers to further verify whether SCRIB promotes CRC transfer by regulating EMT. ZO-1 is a tight junction protein, E-cadherin is an epithelial marker, and N-cadherin and vimentin are mesenchymal markers. The results of Figure 2E show that the knockdown of SCRIB in HCT116 cells increased the expression of ZO-1 and E-cadherin and decreased the expression of the N-cadherin and vimentin at the mRNA and protein levels (Figure 2E). In contrast, DLD-1 cells overexpressing SCRIB showed a significant decrease in the expression of E-cadherin and ZO1 and an increased in the expression of vimentin and N-cadherin (Figure 2F).
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FIGURE 2. SCRIB promotes the migration and invasion of CRC cells in vitro. SCRIB was knocked down and overexpressed in HCT116 and DLD-1 cells, respectively. The efficiency of knockdown and overexpression was verified by qRT-PCR and WB (A,B). (C) Effects of SCRIB on migration in CRC cell lines were detected by wound healing assay, scale bars: 100 μm. (D) Cell migration and invasion of HCT116 and DLD-1 cells as measured by Transwell assays; scale bars: 100 μm. (E) Western blot analysis of the tight junction protein ZO-1, epithelial marker E-cadherin, and mesenchymal markers N-cadherin and Vimentin after SCRIB knockdown in HCT116 cells. (F) The same molecules were observed in DLD-1 cells overexpressing SCRIB. The data represent the mean ± SD from three independent experiments. Student’s t-test was used to determine statistical significance: *P < 0.05, **P < 0.01, and ***P < 0.001.




The Expression of SCRIB Affects the Proliferation and Cell Cycle of CRC Cells

We further studied the role of SCRIB in CRC cell proliferation and cell cycle progression. First, we used a CCK-8 assay to study the effect of SCRIB on the proliferation of CRC cells by observing the absorbance of the cells for 5 consecutive days. The results of the CCK-8 experiment showed that the proliferation ability of HCT116 cells with downregulated SCRIB was reduced, while the upregulation of SCRIB enhanced the proliferation ability of DLD-1 cells (Figure 3A). Colony formation assays showed that HCT116 cells with SCRIB knocked down formed fewer colonies than control cells, while DLD-1 cells overexpressing SCRIB formed more colonies than control cells (Figure 3B). The results of the EDU assays further confirmed that SCRIB can promote cell proliferation (Figure 3C). In light of the function of SCRIB in CRC cell proliferation, we considered whether its expression level would cause differences in the cell cycle distribution and apoptosis of CRC cells. An increased number of cells in the G0 and G1 phases and a decreased number of cells in the S phases were observed in the HCT116 cells with SCRIB-knocked down compared with control cells. In contrast, the overexpression of SCRIB promoted the G1-to-S phase transition in DLD-1 cells (Figure 3D). In addition, transfected HCT116 cells exhibited a reduced proportion of apoptotic cells compared to the control cell. The proportion of apoptotic cells in DLD-1 cells overexpressing SCRIB increased significantly (Figure 3E). Based on the results of the above experiments, we further examined the effects of changes in SCRIB expression on cell proliferation and cell cycle progression at the tissue level. In immunohistochemical (IHC) staining, the expression levels of Ki67, CDK4 and Bax were used as markers to detect cell proliferation, cell cycle progression and apoptosis. We observed that SCRIB expression was positively correlated with Ki67, CDK4 and Bax expression at the tissue level (Figure 3F).
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FIGURE 3. SCRIB promotes CRC cell proliferation and inhibits apoptosis in vitro. (A) Cells were seeded in 96-well plates after transfection with oe-SCRIB and sh-SCRIB and the corresponding empty vectors, and the cell number was assessed on days 1–4 using CCK-8 assays. The knockdown of SCRIB suppressed the proliferation of HCT116 cells, whereas the overexpression of SCRIB promoted the proliferation of DLD-1 cells. (B) Effect of overexpression or knockdown of SCRIB on the colony formation ability of CRC cells; representative graphs are shown. (C) EdU immunofluorescence staining confirmed the function of SCRIB in the proliferation of CRC cells, scale bars: 100 μm. (D) Flow cytometry showing significant increases or decreases in the proportion of HCT116 cells in the G1 or S phase, respectively, when SCRIB was knocked down. In the SCRIB-overexpressing DLD-1 cells, the number of cells in the G1 or S phase decreased or increased, respectively. (E) The apoptotic rates (LR + UR) of transfected cells were detected by flow cytometry (Q2 + Q3). LR, early apoptotic cells; UR, terminal apoptotic cells. (F) Immunohistochemical staining of Ki-67, CDK4 and Bax was performed, and their expression was compared between SCRIB high-expressing CRC tissues and SCRIB low-expressing tissues, scale bars: 100 μm. The data are shown as the mean ± SD of three independent experiments, *P < 0.05, ** P < 0.01, and ***P < 0.001.




SCRIB Contributes to Tumour Proliferation and Progression in vivo

As shown in the model diagram, HCT116 cells with SCRIB knocked down, DLD-1 cells overexpressing SCRIB, and the corresponding control cells were injected subcutaneously into nude mice (Figure 4A). Tumour growth was markably suppressed by the knockdown of SCRIB as shown by lower final tumour volumes and weights than those of the control tumours, and overexpression of SCRIB promoted tumour growth (Figure 4B). A TUNEL assay was performed, and the results showed that the TUNEL-positive rate in tumour tissues with relatively high SCRIB expression was significantly higher than that in tumour tissues with relatively low SCRIB expression (Figure 4C). Furthermore, we performed immunohistochemical staining of the tumour tissues in nude mice. A decrease in the expression of Ki67 in SCRIB knockdown tumours was observed by IHC staining (Figure 4D).
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FIGURE 4. SCRIB enhances tumour growth in vivo. (A) Nude mice were subcutaneously injected with HCT116 cells transfected with lentivirus and DLD-1 cells transfected with overexpression plasmid and their corresponding control cells. The established tumours in the right and left groins of the mice were measured every 5 days, and the mice were sacrificed 4–6 weeks after implantation. (B) Knockdown of SCRIB inhibited the tumour growth of HCT116 cells in nude mice, while overexpression of SCRIB promoted the tumour growth of DLD-1 cells in nude mice. (C) Apoptotic cells in tumour tissue were detected by TUNEL assay, and the number of TUNEL-positive cells was quantified; scale bars: 50 μm. (D) Protein levels of Ki67 in the tumour samples were determined by IHC, scale bars: The data are shown as the mean ± SD of three independent experiments, *P < 0.05, **P < 0.01.




SCRIB Promotes the Activation of the Hippo/YAP Pathway in CRC Cells

To further study the mechanism by which SCRIB mediates tumour biological behaviour, we summarized the SCRIB-related molecules, including miRNAs, lncRNAs, transcription factors and interacting proteins, reported in the literature (Figure 5A and Supplementary Table 1). We focused on the proteins related to SCRIB and used the String database to predict the relationships between SCRIB and these proteins. We clearly observed that the protein encoded by SCRIB interacts with most proteins, including those that have been verified by experiments and predicted by bioinformatics (Figure 5B). Then, we analysed the pathway enrichment of these proteins through DAVID, KOBAS, Metascape and GCBI to identify the signalling pathways targeted by SCRIB. Ultimately, the Hippo signalling pathway was revealed to be the only signalling pathway enriched in all four databases (Figure 5C and Supplementary Table 2). CRC data from the TCGA database were used to analyse the correlation between the core genes and downstream target genes of the Hippo signalling pathway and SCRIB (Figure 5D). We first observed that there was no correlation between the expression of SCRIB and YAP, a key gene of the Hippo signalling pathway. However, the target genes TEAD3 and TEAD4, which are activated by YAP in the nucleus, were significantly positively correlated with SCRIB (P = 1.50 × 10–8 and P = 7.50 × 10–8, respectively). Although the expression levels of MST1/2 and SAV1 were not obviously altered as the expression levels of SCRIB increased, LAST1/2 and MOB1A/B were all negatively correlated with SCRIB. The activation of the upstream genes of the Hippo signalling pathway, such as MST1/2 and LATS1/2, causes serine 127 of YAP to be phosphorylated, which traps YAP in the cytoplasm to promote transcription (Zhao et al., 2007). Therefore, we assume that the increase in the expression of SCRIB does not directly affect the expression of YAP but rather prevents the LAST1/2 and MOB1A/B complexes from reducing the phosphorylation of YAP, thereby indirectly causing more YAP to enter the nucleus to activate the transcription of the downstream TEAD family of genes. We found by western blot that when SCRIB was knocked down or overexpressed, the protein level of YAP did not change significantly, but the level of phosphorylated YAP (p-YAP) increased or decreased accordingly (Figure 5E). In addition, the cytoplasm/nuclear protein extraction assay showed that the nuclear accumulation of YAP in SCRIB-knockdown HCT116 cells was lower than that in control cells, while the nuclear accumulation of YAP in SCRIB-overexpressing DLD-1 cells was greater than that in control cells (Figure 5F). The IF assay showed that YAP in HCT116 cells mainly accumulates in the nucleus, but the knockdown of SCRIB maintains YAP in the cytoplasm. The overexpression of SCRIB in DLD-1 cells significantly increased the level of YAP in the nucleus (Figure 5G). IHC of the CRC specimens revealed a positive correlation between SCRIB expression and YAP nuclear localization (Figure 5H).
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FIGURE 5. | SCRIB promotes the Hippo/YAP signalling pathway in CRC cells. (A) SCRIB-related regulatory network. Green represents interacting proteins, light blue represents related lncRNAs, purple represents targeted miRNAs, and red represents activated transcription factors. (B) Interactions between proteins predicted by the STRING database. The empty nodes represent the 3D structure position of the protein, and the filled nodes represent the known or predicted 3D structure of the protein. Proteins determined to be related to each other are connected by light blue and dark purple, and these relations have been verified by databases and experiments, respectively. Among the predicted protein interactions, dark green represents the gene neighbourhood, red represents gene fusions, and dark blue represents gene cooccurrence. The remaining lines represent weaker connections between proteins: light green represents text mining, black represents coexpression, and light purple represents protein homology. (C) David, KOBAS, Metascape and GCBI were used to predict the downstream pathways of SCRIB, and the Hippo signalling pathway was the only signalling pathway identified in all four databases. (D) The correlation between SCRIB and the core genes of the Hippo signalling pathway was analysed through the TCGA database. The dashed box indicates the nucleus. A straight arrow indicates activation, and a straight blunt arrow indicates inhibition. (E) Nuclear and cytoplasmic protein separation from the indicated CRC cells was performed to detect the expression of YAP by western blotting. Histone H3 and GAPDH were used as the loading controls for nuclear proteins and cytoplasmic proteins, respectively. (F) Cell lysates from the indicated cells were subjected to immunoblotting for phosphorylated YAP (Ser127) and total YAP. (G) Representative images showing the influence of different expression levels of SCRIB on the intracellular distribution of YAP; scale bar: 10 μm. (H) Representative images of immunohistochemical staining for SCRIB and YAP in sections from CRC tumours, scale bar: 100 μm. **P < 0.01.




Agonists and Inhibitors of the Hippo Signalling Pathway Can Restore SCRIB-Mediated CRC Cell Proliferation, Invasion and Migration

XMU-MP-1 is a reversible and selective MST1/2 inhibitor that promotes YAP translocation to the nucleus by reducing the phosphorylation of YAP (Fan et al., 2016). Ki16425 inhibits the dephosphorylation of YAP induced by serum-borne lysophosphatidic acid (LPA) and thus reduces the amount of YAP in the nucleus (Yu et al., 2012). We used these two drugs to determine that the effect of SCRIB on the malignant phenotype of CRC cells is dependent on YAP. To a certain extent, the use of these drugs reversed the phosphorylation status of YAP, which changes with the expression of SCRIB (Figure 6A). An immunofluorescence experiment also showed that the accumulation of YAP in the cytoplasm was no longer changed due to the use of pathway agonists and inhibitors (Figure 6B). In addition, drug treatment eliminated the SCRIB-mediated increase in cell proliferation, invasion and migration (Figures 6C–G). In summary, these results suggest that YAP is essential for the SCRIB-mediated malignant phenotype of CRC cells.
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FIGURE 6. Agonists and inhibitors of the Hippo signalling pathway can restore SCRIB-mediated CRC cell proliferation, invasion and migration. Hippo signalling pathway agonists and inhibitors were used to treat the indicated CRC cells, and the corresponding control cells were treated with DMSO to eliminate errors caused by the drugs. (A) Western blotting was used to detect the phosphorylated YAP (Ser127) and total YAP levels after the cells were treated. (B) Representative images and quantification of immunofluorescence staining for YAP distribution after cells were treated with XMU-MP-1 (1 μM) and Ki-16425 (2 μM) for 12 h. (C,D) Cell invasion and migration were detected by Transwell assay and scratch wound healing assay at various time points (ns: no significance). (E–G) Cell proliferation was detected by EdU, colony formation and CCK-8 assays at various time points (***P < 0.001, ns: no significance).




DISCUSSION

In this study, we focused our work on the SCRIB-mediated regulation of CRC progression. Our research started by verifying the expression level of SCRIB in CRC tissues, including an analysis of the available data in the TCGA database and verification with samples from our laboratory. We have discussed in our previous works that the trend of SCRIB expression in different tumours may be different, even opposite (Shen et al., 2020). Although we previously predicted that SCRIB may have a significant impact on the development of CRC, it has not been experimentally confirmed. In this study, we not only determined that SCRIB is highly expressed in CRC tissues and promotes the progression of CRC but also further studied the mechanism.

The establishment of cell polarity and intercellular adhesion lead to high-order structural organization, and the disruption or complete loss of this organization is often accompanied by neoplastic transformation (Lee and Vasioukhin, 2008). However, the regulation of cell polarity is extremely complicated. On the apical and basal sides of cells, different polar protein complexes antagonize each other to maintain cell polarity (Bilder, 2004; Margolis and Borg, 2005; Suzuki and Ohno, 2006). A large number of studies have found that the expression of the Scrib-Lgl-Dlg polar protein complex is reduced or completely lost in the primary tumours of human patients (Cavatorta et al., 2004; Navarro et al., 2005; Gardiol et al., 2006; Kuphal et al., 2006). However, the conclusion that the deletion of the cell polarity genes dlg, lgl or scib can cause tumours in Drosophila is not completely applicable to mammals. Some studies have shown that the deletion of these genes in mammals may only cause asymmetric cell division and not cancer (Klezovitch et al., 2004; Mahoney et al., 2006; Cuthbert et al., 2007). One of the reasons may be that compared with Drosophila, in the mammalian system, the core cell polarity components exhibit large amounts of redundancy, so the mutation of a single gene is not enough to cause tumours. In our study, we concluded that the increased expression of SCRIB promotes the progression of CRC by affecting proliferation, invasion, metastasis, and apoptosis. It is worth noting that during our research, we found that with the increase in SCRIB, the expression of E-cadherin and ZO-1 was downregulated and the expression of vimentin and N-cadherin, which are key epithelial markers of EMT, was upregulated. In the EMT process, epithelial cells acquire invasive capacities, mainly through the weakening of cell-cell junctions and the rearrangement of the cytoskeleton. However, before that, the first event that occurs in epithelial cells is the loss of apical–basal polarity (Kalluri and Weinberg, 2009; De Craene and Berx, 2013; Lamouille et al., 2014). The study by Jung et al. (2019) explained that apical–basal polarity can directly affect the EMT process to inhibit invasion and metastasis and even serve as a critical checkpoint. Wan et al. (2018) found that SCRIB was overexpressed in human liver cancer cells, and the dysregulation of SCRIB may play an important role in hepatocarcinogenesis and HCC cell dissemination.

An interaction between SCRIB and the Hippo signalling pathway has been reported (Enomoto and Igaki, 2011; Martin-Belmonte and Perez-Moreno, 2011), and this interaction was used as the basis for listing SCRIB as a gene related to the Hippo signalling pathway in our previous studies (Shen et al., 2020). In this study, we again identified the Hippo signalling pathway as the pathway that is most closely related to SCRIB through bioinformatics analysis. Our work found that YAP, the core molecule of the Hippo signalling pathway, did not change with increasing SCRIB expression. However, the expression levels of genes targeted by YAP in the nucleus increased accordingly. Considering that YAP affects downstream target genes by entering the nucleus, we hypothesized that the increased expression of SCRIB likely promotes YAP translocation to the nucleus; we subsequently confirmed this hypothesis through experiments. We found that four genes, LATS1/2 and MOB1A/B, which are closely associated with YAP and are upstream of the Hippo signalling pathway, are negatively correlated with SCRIB in terms of expression. It is well known that the Hippo signalling pathway functions to phosphorylate YAP through a series of upstream phosphorylation cascades. This process prevents YAP from entering the nucleus and ultimately controls excessive cell growth (Zhao et al., 2007; Martin-Belmonte and Perez-Moreno, 2011). Combining our research results, we can conclude that the high expression of SCRIB in CRC tissues downregulates the LATS1/2 and MOB1A/B genes, reducing the phosphorylation of YAP, increasing its translocation to the nucleus, and ultimately activating nuclear oncogenes.

Our research still has some limitations. First, the number of CRC tissue samples used was not large, which makes our correlation analysis of the expression of SCRIB and the pathological characteristics of CRC patients have a certain deviation. On the other hand, due to the limitation of the experimental conditions, the specific mechanism by which SCRIB affects YAP is not detailed. How genes upstream of the Hippo signalling pathway, such as LATS1/2, participate in the process by which SCRIB regulates YAP still requires further exploration.

In conclusion, we verified that SCRIB is highly expressed in CRC and participates in tumour progression through in vivo and in vitro experiments. In addition, we explained that the effect of SCRIB on colorectal cancer is achieved by affecting the nuclear translocation of YAP, the core molecule of the Hippo signalling pathway (Figure 7). Our work complements the study of the interaction between polar proteins and the Hippo signalling pathway and provides a possibility of identifying new therapeutic targets for CRC.
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FIGURE 7. A schematic model of the role of SCRIB in regulating CRC. The upregulation of SCRIB reduced the expression of LATS1/2 and MOB1A/B to further inhibit the phosphorylation of YAP. Unphosphorylated YAP can translocate to the nucleus to activate transcription of the target genes TEAD1-4. The SCRIB-YAP-Hippo axis ultimately affects the disease progression of CRC patients by affecting the proliferation, invasion, migration, and apoptosis of CRC cells.
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Previous studies have shown that long intergenic non-protein coding RNA 00518 (LINC00518) are essential for the cell growth and metastasis of human cancer. However, the role of LINC00518 in lung adenocarcinoma (LUAD) is still unknown. This research put emphasis on the function of LINC00518 on the cell growth of LUAD. The lncRNA, miRNA and mRNA expression were measured by using qRT-PCR. Protein levels were measured by using Western blotting. CCK-8, colony formation assays and transwell assay were performed to evaluate the cell proliferation ability and invasion. Bioinformatic analysis and luciferase reporter assays were chosen to confirm the mechanism of LINC00518 in LUAD. We found that LINC00518 was highly expressed in LUAD specimens and the high-expression was negatively correlated with the overall survival rates. This finding was also proved in the LUAD cell lines. Through a series of in vitro and in vivo experiments, we proved that LICN00518 promoted the cell growth of LUAD by regulating the cell cycle. Moreover, LICN00518 upregulated the expression of MECP2 by mutagenesis of miR-185-3p. The results suggested that LICN00518 could be used as a survival indicator and potential therapeutic target for LUAD patients.
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Introduction

Lung cancer still remains the highest rates of morbidity and mortality among all malignancies (1). At present, more than 800,000 new cases of lung cancer are reported annually all over the world, of which 700,000 are fatal (2). Non-small cell lung cancer (NSCLC) is a major subtype of lung cancer, accounting for 85% of lung cancer, and consists of three main subtypes: lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LSCC), and large cell carcinoma (3). In addition, LUAD accounts for the majority of NSCLC. At present, the main effective treatment methods for lung cancer are: surgery, radiotherapy and chemotherapy, immune and targeted therapy (4, 5). Despite these recent advances in the treatment of lung cancer, the 5-year survival rate is still not satisfactory (6). Therefore, early diagnosis and molecular targeted therapy are critical to enhance the prognosis of patients with LUAD.

Long intergenic noncoding RNAs(lincRNAs)have been highlighted as new regulatory molecules characterized by cell-type specific expression and subcellular compartment localization (7). LincRNAs play a critical role in the pathogenesis and development of cancer by interacting with cancer related genes (8, 9). Previous studies have shown that LINC-PINT promotes cell proliferation through EZH2 and predicts poor prognosis in clear cell renal cell carcinoma (10). In addition, Linc-ROR targets FGF2 to regulate HASMC proliferation and migration via sponging miR-195-5p (11). LINC00518 was found to be highly expressed in many human cancers including gallbladder cancer and colorectal cancer and acted as a functional player in tumor cell proliferation, migration and invasion (12, 13). Nevertheless, the specific role of LINC00518 in LUAD needs more complete exploration.

In this manuscript, the authors first discovered that LINC00518 was highly expressed in LUAD tissues and cell line. In vitro and in vivo experiments have demonstrated that LINC00518 promoted cell proliferation by regulating the cell cycle of LUAD through miR-185-3p targeting MECP2. The LINC00518/ miR-185-3p/MECP2 axis may have therapeutic potential for lung cancer tumorigenesis and development.



Materials and Methods


Patients and Tissue Samples

Since 2019, 42 LUAD patients were selected form The Sixth Affiliated Hospital of Nantong University. This research was approved by the Ethics Committee of Yancheng Third People’s Hospital. Patients who received preoperative radiotherapy or chemotherapy, and those who had a history of other cancers were excluded from the study. All patients voluntarily participate in this study.



Cell Culture and Transfection

SPCA1, H1299, PC9, A549(LUAD cells), 16HBE (human bronchial epithelial) cells and HEK293T cells were purchased from the Chinese Academy of Sciences (Shanghai, China) and were cultured in DMEM medium (Gibco, NY, USA), with 10% fetal bovine serum (Gibco, NY, USA), and placed in a 37 °C incubator containing 5% CO2. LINC00518 siRNA, LINC00518 overexpression plasmid, miR-185-3p mimics, miR-185-3p inhibitor, NC were purchased from Genechem (Shanghai, China). Transitory transfection was performed using lipofectamine 3000 (Invitrogen, USA) in accordance with the manufacturer’s instructions.



Isolation of Total RNA and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from LUAD tissues or cells using Trizol reagent (Invitrogen, USA). Reverse transcription was performed according to the instructions of Prime Script RT reagent (Takara, Kusatsu, Japan). QRT-PCR was conducted by using SYBR Green Master Mix I (Takara, Kusatsu, Japan) on an ABI 7500 Fast Real Time PCR System (ABI, CA, USA). miRNA samples were calibrated with U6, lncRNA and mRNA samples were calibrated with GAPDH. Relative quantification was performed by using the 2-ΔΔCT method. For miRNAs, primer probes were designed and synthesized by Gemma (Shanghai, China). For mRNA, Primer 5.0 (Gemma, Shanghai, China) was used to design the gene primers. All the oligonucleotide sequences used in the experiment are shown in Table 1.


Table 1 | The oligonucleotides used in this study.





RNA Binding Protein Immunoprecipitation (RIP)

The EZMagna RIP kit (Merck, Darmstadt, Germany) was used to perform RIP analysis according to the manufacturer's protocol. First, the RIP lysis buffer was used to lyse HEK293T cells. And then the lysate products were Incubate with magnetic beads at 4°C for 6 hours that were pre-conjugated with anti-Ago2 or anti-IgG antibody. Protease K was used to obtain purified RNA by eliminating proteins. Finally, the mRNA level was determined by qRT-PCR.



Colony Formation Assay

The LUAD cells of each group in the logarithmic growth phase were inoculated on a 35mm petri dish (Corning, NY, USA) with 10 mL of 37°C pre-warmed culture medium and cultured for 2 weeks. Then, the petri dish was stained with crystal violet staining solution (Beyotime, Shanghai, China), and colonies with ≥10 cells were counted under the microscope with low magnification. After all preparations, three independent experiments were carried out.



Cell Counting Kit-8 (CCK-8) Analysis

Stably transfected LUAD cells were incubated in 96-well plates (Corning, NY, USA) and then stained with 10 μl of CCK-8 solution (Dojindo, Tokyo, Japan) for 2 hours at 37°C. Each absorbance (A450) was measured at 450 nm using a spectrophotometer. Each sample was run in triplicate.



Flow Cytometry

First collect the cells in each group, centrifuge and suspend them in 0.3ml of PBS containing 10% calf serum, then add 0.7ml of absolute ethanol to fix the cells and place them at -20°C for 24 hours. Discard the supernatant and resuspend the cells with 1ml PBS, and then centrifuge to wash the cells once. After discarding the supernatant, 100μL RNase A was added to the cells, and then placed at 37°C for 30 minutes. Then, 400 μL of propidium iodide (PI) was added to the cells and incubated in the dark for 10 minutes. Finally, the cell cycle was detected by flow cytometry (BD Biosciences, Detroit, USA).



Luciferase Report Analysis

The 3'-UTR sequence of MECP2 and LINC00518 containing the binding site of miR-185-3p were inserted into the promoter vector (Promega, Madison, USA). HEK293T cells were seeded in six-well plates (Corning, NY, USA) and transfected with related oligonucleotides and luciferase reporter plasmids by the Lipofectamine 3000 (Invitrogen), and transfected cells were obtained after 48 hours. Relative luciferase activity was evaluated using a luciferase assay kit (Promega).



Western Blotting

Total protein was isolated from cells by using RIPA Lysis Buffer (Beyotime, Shanghai, China). BCA Protein Assay Kit was used to evaluate the protein concentration. The extracted protein was separated by 10% SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad, CA, USA). After blocking with 5% nonfat dry milk for 1 hours, the membrane was cultured with specific primary antibody at 4 °C overnight. The membrane was later cultured with HRP-conjugated secondary antibody (1:1000) for 2 hours at room temperature. An enhanced chemiluminescence (ECL, Rockford, USA) detection system was applied to detect protein blots.



5-Ethynyl-2′-deoxyuridine (Edu) assay

Cells are seeded into 96-well plates (5×104 cells/well). Add DMEM (10% FBS) containing 100uLEdU (50μmol/L) to each well and incubate for 2 hours. After washing the cells with PBS, fix them in 4% paraformaldehyde for 15 minutes. 1x ApolloR reaction mixture (400μL) was add to react with EdU (RiboBio, China) at room temperature for 30 minutes, and infiltrate with 0.5% TritonX-100 for 10 minutes. Then the cells was washed with PBS, and incubated with Hoechest33342 (500μL) at room temperature for 30 minutes. After washing the cells with PBS, observe the cells through a fluorescence microscope and take pictures. The mean number cells of each sample in the three fields were counted under the microscope.



Animal experiments

Animal experiments were approved by the Ethics Committee of Yancheng Third People’s Hospital. si-LINC0051 cells transfected with lentivirus were injected into 4-week-old nude mice (five mice per group). Tumor volume were measured every 4 days. 24 days after Injecting, the mice were euthanized, and then the tumors were resected for weighting. PerkinElmer IVIS Spectrum (Xenogen, CA) was used for in vivo imaging.



Immunohistochemistry (IHC)

All specimens were fixed with formalin and embed them in paraffin. After the specimen was sectioned, it was deparaffinized with xylene and then hydrated with alcohol. Then the section of specimens were incubated with primary antibodies Ki-67 and P-Akt (Abcam, USA) at 4°C overnight, and then HRP-conjugated secondary antibodies were added and incubated at 4°C for 1 hour. Subsequently, DAB developer was added for dyeing and counterstained with hematoxylin. The images were taken by fluorescent microscope. Three visual fields were selected for each group.



Statistical Analysis

All experimental data were obtained using SPSS 23.0 and GraphPad software 7.0. The P-values were analyzed by performing Student’s t-test, one-way ANOVA and Spearman’s test. P < 0.05 was considered statistically significant.




Results


LINC00518 Was Over-Expressed in LUAD Tissues and Cell Lines

Through the TCGA database, we found that compared with normal lung tissues, the expression of Linc00518 in cancer tissues of LUAD patients was significantly increased (Figure 1A). In addition, data from the TCGA dataset showed that patients with high expression of LINC00518 had poorer overall survival (Figure 1B). Due to the differential expression of LINC00518 in the database, we used qRT-PCR to detect the expression of LINC00518 in tumor tissues and adjacent tissues in 42 pairs of LUAD samples. The data showed that LINC00518 expression was significantly higher in LUAD tumor tissues compare with normal lung tissue (Figure 1C). In addition, the expression of LINC00518 in a series of human LUAD cell lines, were further verified this finding. The expression of LINC00518 in LUAD cell lines (SPCA1, H1299, PC9, A549) was significantly higher than that of 16HBE (Human bronchial epithelial cells) (Figure 1D). As shown in Table 2, in clinical samples, patients with larger tumor size and late pathological stage (TNM stages) have higher LINC00518 levels. Above all, LINC00518 may play an important role in the proliferation of LUAD cells.




Figure 1 | LINC00518 was over-expressed in LUAD tissues and cell lines. (A) The expression level of LINC00518 in LUAD tumor tissues and normal tissues form the TCGA database. (B) Survival rate of patients with high and low LINC00518 expression. (C) LINC00518 expression in LUAD tumor tissue compared with normal adjacent tissue. (D) Expression level of LINC00518 in human bronchi Epithelial Cells (16HBE) and LUAD cell lines(SPCA1, H1299, PC9, A549). Data are represented as mean ± SD. (*P < 0.05, **P < 0.01, ***P < 0.001).




Table 2 | The Correlation between LINC00518 Expression and Clinicopathological Features in 42 LUAD Patients.





LINC00518 Promotes LUAD Cell Proliferation

In order to study the role of LINC00518 in LUAD cells, we performed RNA interference (small interfering RNA (siRNA)) technology to transfect A549 and PC9 cells respectively, and upregulate LINC00518 by transfected pcDNA-LINC00518 in SPCA1 as overexpression group. Through qRT-PCR analysis, we found that the expression of LINC00518 in A549 and PC9 cells transfected with si-LINC00518 was significantly inhibited, while the expression was increased significantly by transfecting with pcDNA-LINC00518 in SPCA1 cells (Figure 2A). Through the CCK-8 assay, compared with the NC group, the cell proliferation of the si-LINC00518 group was significantly reduced, while enhanced LINC00511 expression promoted the proliferation of SPCA1 cells. (Figure 2B). The results indicated that down-regulate the expression of LINC00518 can inhibit the proliferation of LUAD cells. The colony formation experiments also showed that the number of colonies formed by A549 and PC9 cells in the si-LINC00518 group were significantly less than that in the NC group, while enhanced LINC00511 expression produced the opposite effect (Figure 2C). Similarly, Edu assays showed the same results that LINC00518 affect LUAD cell proliferation (Figure 2D). Through flow cytometry analysis, we explored the effect of LINC00518 on the cell cycle of LUAD. As shown in Figure 2E, the down-regulation of LINC00518 caused an increase in the proportion of G1 in A549 and PC9 cells, while the proportion of cells in the S phase decreased. These findings indicated that the expression of LINC00518 accelerates the proliferation of LUAD cells by extending the proportion of S phase and reducing the proportion of G1 phase. In addition, we measured the protein level of p-Akt, P-Erk and cyclin D1 in the LUAD cell lines by Western blotting (Figure S1). By inhibiting the LINC00518 expression, the protein levels of proliferation-associated protein (p-Akt, P-Erk and cyclin D1) were significantly reduced. The opposite result was obtained after overexpressing LINC00518. Through the above series of in vitro experiments, we confirmed that the overexpression of LINC00518 can promote the proliferation of LUAD cells.




Figure 2 | LINC00518 affects LUAD cell proliferation by regulating the cell cycle. (A) A549 and PC9 cells were transfected with si-LINC00518 respectively, while SPCA1 cells were transfected with pcDNA-LINC00518. The results were validated by qRT-PCR.NC and blank were used as controls. (B) CCK-8 assay was applied to detect the proliferation of A549,PC9 and SPCA1 cells transfected with si-LINC00518 or NC. (C, D) Colony formation analysis and Edu assays in A549, PC9 and SPCA1 cells transfected with si-LINC00518,pcDNA-LINC00518 or NC. (E) Cell cycle distributions were analyzed in A549, PC9 and SPCA1 cells, respectively by Flow Cytometry. All data are expressed as mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.





Knockdown of LINC00518 Inhibits LUAD Tumor Growth In Vivo

We further evaluated the effect of LINC00518 on the growth of LUAD tumors in vivo by inoculating A549 cells transfected with si-LINC00518 into nude mice. The results showed that the low expression of LINC00518 can significantly reduce tumor growth in vivo (Figures 3A-C). At the same time, the LINC-00518 mRNA level of tumor tissues of nude mice which inoculated with A549 cells transfected with si-LINC00518 was significantly decreased (Figure 3D). The results of IHC staining showed that the expression of Ki-67 and p-Akt is consistent with the results of LINC00518 promoting the proliferation of LUAD cells (Figure 3E). These results indicated that LINC00518 promotes tumor formation in vivo.




Figure 3 | Knockdown of LINC00518 inhibits LUAD tumor growth in vivo. (A) Comparison of the effects of transfection with si-LINC00518 or NC on tumor growth in nude mouse models. (B, C) Analysis of tumor size and weight in different groups. (D) LINC00518 expression changes were identified by qRT-PCR. (E) The expression of Ki-67 and P-Akt were detected by IHC of sections from the xenografts (Scale bar, 50 μm). *P < 0.05, **P < 0.01, ***P < 0.001.





LINC00518 Serves As Competing Endogenous RNA for miR-185-3p in LUAD

Previous studies have shown that LINC00518 plays a role in tumors through the ceRNA mechanism. We used Starbase to predict the LINC00518/miRNA interaction. Finally, we selected miR-185-3p as the research object. QRT-PCR nuclear and cytoplasmic fractions showed that LINC00518 was mainly located in the cytoplasm of LUAD cells (Figure 4A). This indicates that LINC00518 may have an effect on post-transcriptional epigenetic regulation. Next, we confirmed that both wild-type and mutant-type LINC00518 have multiple binding sites with downstream miR-185-3p (Figure 4B). We also found that miR-185-3p expression was decreased in 42 paired LUAD tumor tissues and LUAD cell lines (Figures 4C, D). In the luciferase reporter assays, we found that the luciferase activity of the LINC00518-WT was significantly reduced by transfecting with miR-185-3p mimic (Figure 4E). The results of the RIP assay further verify the direct interaction between miR-185-3p and LINC00518. Compared with IgG antibody, the relative RNA expression levels of miR-185-3p and LINC00518 were significantly increased in the immunoprecipitation formed by the Ago2 antibody (Figure 4F). In addition, we also found that the mRNA expression levels of LINC00518 was negatively correlated with that of miR-185-3p by qRT-PCR (Figure 4G). All results indicated that LINC00518 may act as the ceRNA for miR-185-3p in LUAD.




Figure 4 | LINC00518 serves as competing endogenous RNA for miR-185-3p in LUAD. (A) The subcellular position of LINC00518 on the cytoplasm or nucleus were analyzed by qRT-PCR. 18S and U6 acted as the cytoplasm and nuclear control. (B) The putative binding site of miR-185-3p on LINC00518, and LINC00518 MUT. (C) The expression level of miR-185-3p in LUAD tissues and adjacent tissues were detected by qRT-PCR. (D) The expression levels of miR-185-3p in H1299, PC9, A549, SPCA1 and 16HBE were detected by qRT-PCR. (E) Luciferase assay of HEK293T cells transfected with LINC00518 WT or LINC00518 MUT reporter together with miR-185-3p or NC. (F) RIP assay was used to further verify the direct interaction between miR-185-3p and LINC00518. (G) A negative correlation was found between the mRNA level of LINC00518 and miR-185-3p in 42 LUAD tissues. Data are represented as mean ± SD. (*P < 0.05, **P < 0.01, ***P < 0.001).





LINC00518 Regulate LUAD Cell Proliferation and Cell Cycle by Inhibiting miR-185-3p Expression

Transfection of si-LINC00518 in A549 and PC9 cells can significantly upregulate the expression of miR-185-3p. While transfecting with miR-185-3p inhibitors, the promotion effect of si-LINC00518 on miR-185-3p expression can be significantly reversed. On the contrary, miR-185-3p expression was down-regulated by overexpressing LINC00518 in SPCA1 cells (Figure 5A). CCK-8 assay and colony formation assays showed that knockdown of LINC00518 inhibited the proliferation of LUAD cells, and this inhibition was rescued by co-transfection with miR-185-3p inhibitor (Figures 5B, C). By flow cytometry analysis, we found that si-LINC00518 co-transfected with miR-185-3p inhibitor can significantly decrease the ratio of G1 and increase the ratio of S-phase cells in A549 and PC9 cells (Figure 5D). All these results demonstrated that LINC00518 promoted LUAD cell proliferation and regulate cell cycle by down-regulating miR-185-3p expression.




Figure 5 | LINC00518 regulate LUAD cell proliferation and cell cycle by inhibiting the miR-185-3p expression. (A) The expression levels of miR-185-3p in LUAD cells following transfection with NC, LINC00518 siRNA, LINC00518 siRNA plus miR-185-3p inhibitor, pcDNA-LINC00518 or pcDNA-LINC00518 plus miR-185-3p mimics. (B, C) By CCK-8 assay and colony formation assays were used to detect the cell proliferation ability after transfecting A549, PC9 and SPCA1 cells respectively. (D) Cell cycle distributions were analyzed in transfected LUAD cells by Flow Cytometry. *P < 0.05, **P < 0.01, ***P < 0.001. Data are represented as mean ± SD. (*indicates P < 0.05, **P < 0.01).





MECP2 Is a Target of miR-185-3p Regulated by LINC00518 in LUAD Cells

Starbase were also used to predict the putative targets of miR-185-3p. The 3’-UTR of MECP2 has the same binding sites that LINC00518 combined with miR-185-3p (Figure 6A). By searching the TCGA database, we found that MECP2 was highly expressed in LUAD samples (Figure 6B). The expression of MECP2 detected by IHC from the HPA database demonstrated the consistent results (Figure 6C). The luciferase activity of the MECP2-WT was significantly reduced by transfecting with miR-185-3p mimic, but not that of the mutant plasmid (Figure 6D). In addition, through qRT-PCR and West blotting, relative mRNA and protein levels of MECP2 were obviously reduced by transfecting with si-LINC00518 (Figures 6E, F). These results confirmed that MECP2 is a target of miR-185-3p and LINC00518 regulate the expression of MECP2.




Figure 6 | MECP2 is a target of miR-185-3p regulated by LINC-00518 in LUAD cells. (A) The binding sites of miR-185-3p on the 3′-UTR of MECP2. (B) Relative expression of MRCP2 in LUAD tissues compared with adjacent normal tissues from the TCGA database. (C) The expression of MECP2 were detected by IHC from the HPA database. (D) Luciferase assay of LUAD cells transfected with MECP2-WT or MECP2-MUT reporter together with miR-185-3p or NC. (E, F) Relative mRNA and protein levels of MECP2 in A549, PC9 and SPCA1 cells transfected with NC, si-LINC00518 or pcDNA-LINC00518. Data are represented as mean ± SD. (*indicates P < 0.05, **P < 0.01).






Discussion

Among all malignant tumors, the incidence and mortality of lung cancer are still at the forefront. Although immunization and targeted therapy have achieved satisfactory results in the diagnosis and treatment of lung cancer, more effective target genes are still needed for early diagnosis and efficacy prediction of lung cancer.

More and more studies have shown that LncRNA plays an important role in the biological process of tumors, such as cell proliferation, differentiation, migration and apoptosis (14, 15). Previous research has shown that Linc-DYNC2H1-4 promotes EMT and CSC phenotypes by acting as a sponge of miR-145 in pancreatic cancer cells (16). Chen et.al reported that Linc-RoR can promote proliferation, migration, and invasion via the Hippo/YAP pathway in pancreatic cancer cells (17).In this study, we investigated the expression pattern and clinical significance of LINC00518 in LUAD tissues by searching the microarray data set published in the TCGA database, and found that the expression of LINC00518 in LUAD tissues and cell lines were significantly up-regulated and the increased LINC00518 expression may be related to a poor survival rate. Besides, by detecting our 42 LUAD samples, we found that the high expression of LINC00518 is significantly related to the advanced TMN stage and lymph node metastasis of LUAD tumors, which indicates that LINC00518 is related to the development of LUAD tumors. Further, We found that knocking down LINC00518 significantly inhibited LUAD cell proliferation and tumor growth in vivo. LINC00518 can also accelerate the proliferation of LUAD cells by extending the proportion of S phase and reducing the proportion of G1 phase. These results indicate that LINC00518 may be an oncogene of LUAD and can be used as an independent potential prognostic biomarker for LUAD patients.

Many studies have proven that lncRNA can exert its function by regulating the expression of miRNA (18–20). For instance, it has been reported that LINC-smad7 promotes myoblast differentiation and muscle regeneration via sponging miR-125b (21).Hao et.al found that LINC-PINT suppresses tumor cell proliferation, migration and invasion through targeting miR-374a-5p in ovarian cancer (22).Previous study has proved that LINC00518 serves as a sponge for the miR-204-5p in melanoma (12). According to the subsequent bioinformatics analyses and luciferase reporter assays, we predicted that the LINC00518 may have a strong interaction with miR-185-3p.In this study, we first proved that miR-185-3p was down-regulated in LUAD tumor tissues and cell lines. We also found that the luciferase activity of the LINC00518-WT was significantly reduced by transfecting with miR-185-3p mimic, and the expression of miR-185-3p is negatively correlated with the expression of LINC00518 in LUAD tissues. Through a series of functional experiments, we found that the effect of LINC00518 in promoting the proliferation of LUAD cells can be reversed by transfection of miR-185-3p mimics. All these results demonstrate that LINC00518 promotes LUAD cell proliferation by down-regulating miR-185-3p expression.

Many studies have shown that miRNAs function by inhibiting the expression of target mRNA. There are reports that MECP2 promotes breast cancer cell proliferation and cell cycle progression and inhibits cell apoptosis (23, 24). MECP2 was also reported as a target of miR-638, facilitated gastric cancer cell proliferation and may serve as a potential target for gastric cancer therapy (25). In our study, MECP2 was selected as a direct target of miR-185-3p through bioinformatics analyses and luciferase reporter assays. We found that the MECP2 expression was up-regulated in LUAD tumor tissues. Through a series of in vitro experiments, we proved that LINC00518 expression has a positive correlation with the expression of MECP2. These findings demonstrated that MECP2 is a target of miR-185-3p regulated by LINC00518 in LUAD cells.

In conclusion, our results prove that LINC00518 promotes cell proliferation and tumor growth by regulating the cell cycle of LUAD through miR-185-3p targeting MECP2 in vitro. In addition, over-expression of LINC00518 is related to the poor prognosis, advanced TMN stages and tumor size of LUAD patients. These data highlight the importance of LINC00518 in the progression of LUAD, indicating that LINC00518 may be a key predictor of LUAD poor prognosis and a potential therapeutic target.
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Head and neck squamous cell carcinoma (HNSCC) refers to an epithelial malignant tumor that originates in the head and neck, and over 600,000 new cases are reported every year, However, the overall prognosis is still poor due to local recurrence and distant metastasis after surgery. The circ_0032822 has been reported upregulated in human oral squamous cell carcinoma; however, the detailed function or mechanism remains unknown. In this study, we confirmed the upregulation of circ_0032822 in HNSCC tumor tissues. Functionally, the overexpression of circ_0032822 significantly promoted the proliferation of HNSCC cell lines along with the S phase arrest and reduced apoptosis, while downregulation of circ_0032822 has the opposite effect in vitro. Mechanistic analysis showed that circ_0032822 acted as a competing endogenous RNA of miR-141 to diminish the repressive effect of miR-141 on its target E2F3. In conclusion, we demonstrated that circ_0032822 functions as a tumor oncogene in HNSCC and that its function is regulated via the miR-141/E2F3 axis.




Keywords: HNSCC, ceRNA, circRNA, cell cycle, apoptosis



Introduction

Head and neck squamous cell carcinoma (HNSCC) refers to an epithelial malignant tumor that originates in the head and neck and over 600,000 new cases are reported every year (1, 2). Although advances in technology and supportive treatment have improved the quality of life of HNSCC patients, the overall prognosis is still poor due to local recurrence and distant metastasis after surgery (3, 4). Therefore, there is an urgent need to better understand the molecular mechanism of HNSCC progression to improve the prevention, diagnosis, and personalized treatment of patients.

Circular RNAs (circRNAs) are a new class of non-coding RNAs that form covalently closed continuous loops caps and tails (5, 6). Because of the closed-loop structure, circRNAs are not easily degraded by the exonuclease RNase R and show greater stability than linear RNAs (7). Based on these features, circRNAs are defined as abundant, stable, and conserved molecules and usually exhibit tissue or developmental stage-specific expression (8). CircRNA was found to participate in multiple human diseases through different approaches. It was observed that circRNAs possess protein translation ability and could also be regarded as efficient miRNA sponges, as they contain conserved miRNA target sites (9). As regulatory factors, miRNAs regulate physiological and pathological processes by blocking protein translation or inducing mRNA degradation to inhibit target gene expression and are widely involved in many biological processes, such as cell metabolism, proliferation, differentiation and apoptosis (8, 9).

Previously reported has identified that expression profile of circular RNAs in oral squamous cell carcinoma (OSCC), which was the commonest cancer in the oral maxillofacial region also was a common tumor of head and neck and is often accompanied by regional lymph node metastasis and even distant metastasis (10). Based on the CircRNA sequencing data, researchers found several dysregulated circRNA in OSCC tumor tissues, one of the most significant upregulated circRNA was circ_0032822. However, little of the function or mechanism of circ_0032822 was identified in human disease and in HNSCC. Here in the present study, we first validated the upregulation of circ_0032822 in HNSCC tumor tissues, following bioinformatics prediction analysis implied that circ_0032822 acts as the sponge of miR-141 in HNSCC cells and that it might promote metastasis through an miR-141-dependent mechanism. The subsequent experiments also suggested that E2F3 is the target of miR-141. Our findings indicated that circRNAs might exert regulatory functions in HNSCC.



Material and Methods


Patient Samples

Samples, including tumor tissues and corresponding adjacent tumor tissues, were obtained from patients with HNSCC from 2006 to 2019. Patients with HNSCC were diagnosed based on surgical and pathological findings in The First People’s Hospital of Lianyungang. After sample collection, liquid nitrogen was frozen and transported, and stored in a -70°C; deep cryogenic refrigerator. Written consent was obtained from the patients enrolled in this study. The clinical-stage was based on the 8th edition of the International Union Against Cancer (UICC) on the Tumor-Node-Metastasis (TNM) staging system. All experiments were performed in compliance with government policies and the Helsinki Declaration. All subjects were informed about the study and provided their consent prior to specimen collection. All experiments were approved by the ethics committee of the First People’s Hospital of Lianyungang.



Cell Lines and Cell Culture

HNSCC cell lines, including HN-4, HN-9, HN-30, SCC-4, SCC-9, and SCC-25 cells, were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China), and were cultured and stored according to the guidelines of the cell bank. The culture medium used was Dulbecco’s modified Eagle’s medium (DMEM; Winsent, Quebec, Canada) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin. All the cell lines were incubated in a 5% CO2 humidified incubator at 37°C.



RNA Isolation and Real-Time Quantitative PCR

TRIzol reagent was used to isolate RNA from colorectal tissues or cell lines according to the manufacturer’s protocol. Next, 1 μg RNA was used to synthesize cDNA, followed by gene expression analysis on the ABI 7900 qPCR system. Relative expression was normalized to that of GAPDH. The primers used for GAPDH and circ_0032822 were as follows: GAPDH: forward: 5ʹ-GGAGCGAGATCCCTCCAAAAT-3ʹ, reverse: 5ʹ-GGCTGTTGTCATACTTCTCATGG-3ʹ; circ_0032822: forward: 5’-AGAAAGGCAGGAGCAGCTT-3’, reverse: 5’-TCCAGCTGACCACGATGA-3’.



Cell Proliferation Assay

Cells transfected for 24 h with miRNA mimic or stably transduced cells were seeded into 96-well plates at a density of 1000 cells per well in triplicate. The cells were harvested, and 10 μl of CCK-8 reagent (Dojindo, Kumamoto, Japan) was added to 100 μl of culture medium. The cells were subsequently incubated for 2 h at 37°C, and the optical density was measured at 450 nm using a microplate reader (SpectraMax i3, Molecular Devices, USA).

For colony formation assay, treated cells were seeded onto 6-well plates (500 cells per well). After 2 weeks, cells were fixed with 4% paraformaldehyde for 30 minutes and finally stained with crystal violet. Colonies were counted by the naked eye after rinsed twice by phosphate buffer saline (PBS).



Flow Cytometry Analysis of Cell Cycle and Apoptosis

For cell-cycle analysis, cells were subjected to serum starvation for cell cycle synchronization. The cells at the logarithmic growth period were harvested and fixed in 70% ethanol overnight at −20°C. The cells were washed and incubated in propidium iodide (PI) (Multi-Science) and analyzed by flow cytometry. Apoptosis was analyzed by using the Annexin V–APC/7-AAD apoptosis kit and flow cytometry, according to the manufacturer’s instructions.



Mitochondrial Membrane Potential Detection

The Mitochondrial membrane potential detection was conducted by using Mitochondrial Membrane Potential and Apoptosis Detection Kit with Mito-Tracker Red CMXRos and Annexin V-FITC according to the manufacturer’s instructions (MKBio, Shanghai, China). In brief, after washing adherent cells with PBS, Annexin V-FITC and Mito-Tracker Red CMXRos staining were added, respectively. Hoechst 33342 was added after 30 minutes of dark incubation for nucleus staining. Fluorescence intensity was observed under a fluorescence microscope.



In Vivo Experiments

Six-week-old male nude mice (NOD/SCID background) were randomly divided into indicated groups (n=6) before inoculation. A total of 5×106 cells transfected with indicated vectors were subcutaneously into the left or the right flanks of mice. Tumors were allowed to grow for 5 weeks. All mice were sacrificed and tumor volume was calculated (length × width2 × 0.5). All the in vivo experiments were repeated three times. All animal experiments were conducted in accordance with the Institutional Animal Care and Use Committee guidelines at The First People’s Hospital of Lianyungang.



RNA Immunoprecipitation Assay

RNA immunoprecipitation (RIP) assay was performed according to a previously reported protocol. The Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, CA, USA) was used, and the assay was conducted according to the manufacturer’s instructions. As the negative control, the IgG antibody was incubated in the suspension of magnetic beads with rotation for 30 min. After washing with ice-cold RIP wash buffer, the immunoprecipitated RNA was purified and detected by qRT-PCR.



Bioinformatics Analysis

The sequence of circ_0032822 was obtained from circbase (http://www.circbase.org), and TargetScan (http://www.targetscan.org/), and miRanda (http://www.microrna.org/) were used to predict the binding sites between circ_0032822 and miRNAs, and the potential target mRNAs of miR-141.



Dual-Luciferase Reporter Assay

The full-length sequence of circ_0032822 predicted to interact with miRNA or the mutated sequence with the predicted target sites was inserted into the HindIII and SacI sites of the pMIR-REPORT luciferase vector (GenScript, Nanjing, China). The cell lines cultured in 24−well plates were co-transfected with pMIR-REPORT vectors containing either the wild-type or mutated segments along with the control vector, and the pRL-TK vector containing Renilla luciferase were used for normalization. The cells were co−transfected with the precursor microRNA mimics and the control group. Assays were performed to determine the gene expression level.



Western Blotting Assay

Proteins were extracted from cells and tissues according to the manufacturer’s protocol (KeyGEN BioTech, Jiangsu, China). In brief, after extraction with RIPA buffer with protease inhibitor and phosphatase inhibitor cocktails (Pierce Biotechnology, Rockford, IL, USA) and quantification with a BCA kit (Thermo Fisher Scientific, Waltham, MA, USA), proteins from cell lysates or tissue lysates were equally loaded onto each well of SDS-PAGE. After electrophoresis, the proteins were transferred onto a membrane, blocked with 5% non-fat milk in PBST for 1 h, and then incubated with diluted primary antibodies at 4°C overnight. The protein expression levels were detected by ECL Plus (Millipore, Billerica, MA, USA) with a bio-imaging system.



Statistical Analysis

All statistical analyses were performed using SPSS 13.0 software (Chicago, IL, USA) and GraphPad Prism software (La Jolla, CA, USA). The chi-square test was used to analyze the correlation between circRNA expression levels and clinical features of the patients. The differences between groups were analyzed using an unpaired t-test when only two groups were compared and a one-way ANOVA analysis of variance when more than two groups were compared. Survival curves were calculated using the Kaplan-Meier method, and the significance was determined by the log-rank test. Pearson’s correlation analysis was performed to determine the correlation between the expression of circRNA, miRNA, and mRNA. Differences were considered to be statistically significant at P < 0.05.




Results


Increased circ_0032822 in HNSCC Tumor Tissues

As circ_0032822 was found to be upregulated in OSCC tissues, we firstly investigated the expression of circ_0032822 in HNSCC tumor tissues and the adjacent corresponding tumor tissues. As shown in Figure 1A, we found that circ_0032822 expression was increased in tumor tissues. Based on the clinicopathological characteristics of the enrolled patients, it was found that circ_0032822 was highly associated with tumor size instead of TNM stage or lymph node metastasis (Table 1). Furthermore, Kaplan-Meier and log-rank test analyses suggested a positive correlation between the tumoral circ_0032822 expression and significantly reduced overall survival (OS) and recurrence-free survival (RFS) rates (P = 0.013 for OS and P = 0.021 for RFS) (Figure 1B).




Figure 1 | Expression level of circ_0032822 in HNSCC tissues and cell lines. (A) The expression of circ_0032822 in HNSCC tissues (n=60) were detected by RT-PCR. (B) The overall survival and recurrence-free survival rates of HNSCC patients were compared between higher circ_0032822 and lower circ_0032822 groups. (C) The expression of circ_0032822 in HNSCC cell lines. (D) Ovexpression and knocking-down efficiency in cell lines. (E) The PCR analysis confirmed that circ_0032822 resisted to RNase R digestion. (F) Expression of linear form of circ_0032822. Data were presented as plot of the mean with SEM, * indicated p < 0.05, ** indicated P < 0.01, n.s., no significant.




Table 1 | Correlation between circRNA_0032822 expression and clinicopathological parameters in head and neck squamous cell carcinoma (HNSCC) patients.



Next, we aimed to conduct the loss-of-function and gain-of-function assay to detect the endogenous expression of the circ_0032822 in HNSCC cell lines. HN4 was selected as the cell model for overexpression based on the lowest expression level while SCC-25 was considered for knocking down by shRNA technology (Figure 1C). Next, HN4 was treated with a circ_0032822-overexpressing lentivirus vector and SCC-25 was treated with two independent shRNA lentivirus vectors. The infection efficiency was measured by RT-PCR (Figure 1D). Since circ_0032822 was little known in human disease or cells, the RNase exonuclease was applied to text the stable expression of circRNA. We found that circ_0032822 was resistant to RNase after digestion of RNA instead of the liner form (Figure 1E). Also, we also confirmed the knock-down lentivirus and the overexpression lentivirus were all specifically targeted at circ_0032822, but not its linear form, CEP128 mRNA (Figure 1F).



The circ_0032822 Promoted the Proliferation of HNSCC Cells In Vitro

The high expression of circ_0032822 in HNSCC tissues indicated its tumorigenic effect in HNSCC cells. In order to evaluate the circ_0032822 function in HNSCC cells, the CCK8 assay was employed. We found that circ_0032822 could promote the proliferation of HNSCC cells while knocking down of circ_0032822 induced a suppression of tumor cells (Figure 2A). Besides, the cell cycle was also investigated in different groups mentioned above. We also found a S phage arrest when cells were upregulated with circ_0032822; however, the G1 phage arrest was obtained when circ_0032822 was knocking down (Figure 2B; Figure S1A). Consistently, we also found a reduced apoptotic cell when circ_0032822 was overexpressed and the apoptosis of the cell could be promoted by treating cells with circ_0032822 shRNAs (Figures 2C; S1B). The EDU assay also confirmed the similar function of circ_0032822 in HSNCC cells (Figure 2D).




Figure 2 | The circ_0032822 promoted cell function of HNSCC (A) CCK8 assay in cells treated with circ_0032822 overexpression or knocking-down lentivirus. The F value for the ANOVA analysis between shRNAs and control group was 10.2. (B) Cell cycle distribution in cells. The F value for the ANOVA analysis between shRNAs and control group was 12.1. (C) Cell apoptosis detected by flow cytometry. The F value for the ANOVA analysis between shRNAs and control group was 14.6. (D) EDU assay in HNSCC cells. The F value for the ANOVA analysis between shRNAs and control group was 28.1. * indicated P < 0.05, ** indicated P < 0.01.



Besides, we also conducted the mitochondrial membrane potential detection through immunofluorescence to confirm cell apoptosis. As presented in Figure 3A, we found that upregulated circ_0032822 will reduce apoptosis of colorectal cells while knocking-down of circ_0032822 will promote the apoptosis. We also performed colony forming assay to further detect cell proliferation. The number of colony formation was increased when circ_0032822 was up-regulated while could be attenuated by the suppressing of circ_0032822 (Figure 3B). A subcutaneous xenograft model was constructed by subcutaneous injection of colorectal cancer cells in NOD/SCID mice. We found the tumor growth was promoted by increasing the level of circ_0032822 in colorectal cancer cells while the tumor growth was suppressed by knocking down of circ_0032822 (Figure 3C).




Figure 3 | The circ_0032822 promoted cell proliferation while reduced apoptosis of HNSCC. (A) The mitochondrial membrane potential detection through the immunofluorescence. Annexin V-FITC (green), Mito-Tracker Red CMXRos (red). (B) Colony formation assay. The F value for the ANOVA analysis between shRNAs and control group was 20.1. (C) Tumor size and growth curve of colorectal cancer cells treated with circ_0032822 overexpression or knocking down lentivirus. *indicated P < 0.05, ** indicated P < 0.01.





Identification of miRNA Candidates That Can Bind to circ_0032822

Given that circRNAs may act as competing endogenous RNAs (ceRNAs) of miRNAs to regulate mRNA expression, we next assessed the potential targets of circ_0032822 through a ceRNA-dependent mechanism. Furthermore, by using the bioinformatics tool Miranda, we predicted and screened the top three possible sponge miRNAs, including miR-218, miR-200a, and miR-141 (Figure 4A). The subsequent qRT-PCR analysis showed that the upregulation of circ_0032822 decreased the expression of only miR-141 but not of miR-218 or miR-200a (Figure 4B). Next, the dual luciferase reporter assay was conducted to determine whether circ_0032822 could directly bind to the miRNA candidate. As shown in Figure 4C, we found that only the luciferase intensity of miR-141 was significantly suppressed. The RIP analysis also showed that more circ_0032822 was pulled down by anti-Ago2 antibody when transfected with miR-141 mimics in DLD-1 cells as compared to the miR-141 control group and the IgG group (Figure 4D). A biotin-coupled circ_0032822 probe was also designed for the pull-down assay, and the results showed that miR-141 was effectively enriched by circ_0032822 (Figures 4E, F).




Figure 4 | The circ_0032822 could be bound by miR-141. (A) Potential miRNA prediction. (B) Relative expression of miRNA in cells treated with circ_0032822 overexpression lentivirus. (C) Dual-luciferase reporter assay in cells treated with circ_0032822 and candidate miRNA mimics. (D) RIP analysis showed that circ_0032822 was abundantly pulled down by anti-Ago2 antibodies when transfected with miR-141 mimics, compared to the NC or IgG group. (E, F) Biotin-coupled probe pull down assay confirmed that miR-141 was effectively enriched by circ_0032822. Data were presented as plot of the mean with SEM. * indicated P < 0.05, ** indicated P < 0.01, n.s., no significant.





miR-141 Directly Targets E2F3

To further elucidate the regulatory relationship between circ_0032822 and miR-141, the expression levels of miR-141 in the tissue’s samples of HNSCC patients were also determined. We found that miR-141 expression was downregulated in tumor tissues of HNSCC patients (Figure 5A). MiR-141 was reported to inhibit gastric cancer proliferation by interacting with MEG3 and suppressing E2F3 expression (11). Bioinformatics analysis also revealed that E2F3 was the direct target of miR-141 with the highest binding ability (Figure 5B). We also confirmed the expression of miR-141 and E2F3 in the histological images of HNSCC. We found that miR-141 was down-regulated in tumor tissues while E2F3 was up-regulated (Figure 5C). Therefore, we speculated that circ_0032822 may regulate the metastatic process through the miR-141/E2F3 pathway. Pearson’s correlation analysis was also used to confirm this finding. The results showed an inverse correlation between circ_0032822 and miR-141, a positive correlation between circ_0032822 and E2F3, and an inverse correlation between miR-141 and E2F3 (Figure 5D). A subsequent dual-luciferase reporter assay indicated that miR-141 could directly bind to E2F3 (Figure 5E). We also investigated the expression level of E2F3 with miR-141 mimics transfection and circ_0032822 shRNA, we found that both the mRNA and protein expression of E2F3 was suppressed either treating cells with miR-141 mimics transfection or circ_0032822 shRNA (Figures 5F, G).




Figure 5 | miR-141 directly targeted E2F3. (A) Relative expression of miR-141 in tissues samples of HNSCC. (B) Detailed binding site for miR-141 and E2F3. (C) IHC stains of miR-141 and E2F3 in HNSCC tumor tissues. (D) Pearson correlation analysis for circ_0032822/miR-141/E2F3 in tissues. Data were presented as plot of the mean with SD with log-transformed. (E) Dual-luciferase reporter assay in cells treated with E2F3 3’UTR and candidate miR-141 mimics. (F) mRNA expression of E2F3. (G) Protein expression of E2F3. Data were presented as plot of the mean with SEM. * indicated P < 0.05, ** indicated P < 0.01, n.s., no significant.



We further investigated the interaction between circ_0032822, miR-141, and E2F3. First, we detected the expression of E2F3 in cells treated with miR-141 mimics and an miR-141 inhibitor. The expression of E2F3 was suppressed following miR-141 overexpression, while E2F3 expression was upregulated through the inhibition of miR-141 (Figure 6A). Furthermore, the increased level of circ_0032822 also promoted the expression of E2F3, while the suppression of circ_0032822 expression downregulated E2F3 expression (Figure 6B). The protein level of E2F3 and the downstream signalling pathway was also confirmed to be consistent with its mRNA level mentioned above. We also co-transfected the cells with miR-141 mimics and circ_0032822 shRNA. the expression of E2F3 and the downstream signalling pathway presented stronger inhibition (Figures 6C, D).




Figure 6 | Interaction between circ_0032822, miR-141 and E2F3. (A) Relative mRNA expression of E2F3 in cells treated with miR-141 mimics or inhibitor. (B) Relative mRNA expression of E2F3 in cells treated with circ_0032822 overexpression or shRNA lentivirus. (C) Protein level of E2F3 in cells with different treatment. (D) Integral optical density analysis of immunoblots. The F value for the ANOVA analysis between shRNAs and control group was 13.2, 12.7, 11.6, respectively. Data were presented as mean with SEM. * indicated P < 0.05.






Discussion

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common type of human malignancy and involves carcinoma of several anatomic sites, such as lip, oral cavity, pharynx (nasopharynx, oropharynx, hypopharynx), and larynx, with an annual incidence of ~600,000 per year (12, 13). Although the diagnosis and treatment have advanced in recent years, HNSCC still has a high incidence and mortality rate in developing countries (14, 15). Therefore, identifying new molecular targets is a key step in improving the diagnosis, prognosis, and treatment of HNSCC.

CircRNA is considered a novel biomarker and therapeutic target for human cancer. Numerous studies have shown that circRNAs have an important role in human cancers (16, 17). CircRNAs function as a miRNA sponge; it may interact with proteins and regulate protein translation and gene transcription. Researchers have developed a database to predict the potential binding of circRNA by RNA binding protein. For example, the Circular RNA Interactome database designed by NIH (https://circinteractome.nia.nih.gov/) provided 109 datasets of RNA-binding proteins (RBPs) and queried circRNAs for RNA-binding sites. This computational tool enables the prediction and mapping of binding sites for RBPs and miRNAs on reported circRNAs (18). Increasing evidence has shown that circRNAs play a crucial role in carcinogenesis, cancer progression, and clinical outcomes of various human cancers (19). For example, researchers found Circular RNA 103862 promoted proliferation and invasion of laryngeal squamous cell carcinoma cells through the miR-493-5p/GOLM1 axis (12). Besides, CircRNA_ACAP2 could suppress EMT in head and neck squamous cell carcinoma by targeting the miR-21-5p/STAT3 signalling axis (20). Based on the important function of circRNA in HNSCC, The CircRNA sequencing was performed in 6 pairs of samples of OSCC and normal oral mucosal tissues. Among the 122 dysregulated circRNAs, 10 circRNAs were identified for the first time as novel circRNAs. Expression of hsa_circ_0000857, hsa_circ_0001470, hsa_circ_0001766, hsa_circ_0004390, hsa_circ_0005050, hsa_circ_0006151, hsa_circ_0008603, hsa_circ_0032822, hsa_circ_0104368, hsa_circSENP2 were identified with different expression in OSCC tissues and normal oral mucosal tissues. From these results, we detailed analyzed that hsa_circ_0001766 has been deeply investigated while circ_0032822 presented a significant difference and with little known in OSCC or HNSCC.

As a member of the E2F family, E2F3 was involved in cell proliferation and regulation. Moreover, E2F3 could form a dimer with cyclin D1 and participate in the regulation of the cell cycle, which is related to a variety of oncogenic and tumor suppressor genes. It has been reported that miR-34a can regulate tumor angiogenesis by directly inhibiting angiogenic functions of endothelial cells by downregulating several key proteins including E2F3, SIRT1 and CDK4 in HNSCC (21). Besides, a suggestive relationship between E2F3 and survival indicated that a greater expression difference of E2F3 between normal and tumor tissue will possibly predict shorter survival of the patient affected by HNSCC (22). The above pieces of evidence were consistent with our results; the suppression of E2F3 was caused by overexpression of miR-141 and circ_0032822 and was accompanied by the attenuate of cell proliferation and cell cycle rearrangement. Besides, CDK6 and CCND1 were the downstream of E2F3, and were the most widely studied indicators of cell proliferation, which is involved in the occurrence and development of tumors (23). The expression of CDK6 and CCND1 was altered along with the regulation of E2F3.

In conclusion, in the present study, we outlined the function of circ_0032822 during the development of HNSCC. The circ_0032822 was identified as a tumor-promoting noncoding RNA in HNSCC through the miR-141/E2F3-dependent mechanism. These findings suggest that circ_0032822 could be used as a potential therapeutic target for HNSCC. Although this study confirmed the carcinogenic effect of circ_0032822 on HNSCC, it was not possible to exclude that other circRNAs were involved in the carcinogenesis and progression of HNSCC. Follow-up studies should add the RNA-seq or proteomics studies in HNSCC cells with circ_0032822 downregulation and overexpression to reveal the deeper mechanisms of circ_0032822 in vivo.
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So far, many existing evidences indicate that microRNAs (miRNA) are closely associated with the tumorigenesis and progression of various tumors. It has been reported that miR-1301-3p is abnormally expressed in several malignant tumors. However, the role of miR-1301-3p in gastric cancer (GC) remains unclear and is worth studying. Through qRT-PCR, the expression of miR-1301-3p and SIRT1 were detected in GC tissues and cells. The cell proliferation and cell cycle were measured through CCK-8 assay and clone formation assay. Dual luciferase reporter assay was used to determine the target of miR-1301-3p. Though tumorigenesis assay, we monitored the effect of miR-1301-3p on GC cell growth in vivo. miR-1301-3p was upregulated in GC tissues and cells in our study. Overexpression of miR-1301-3p accelerated GC cell proliferation, cell cycle progression and tumorigenesis. Notably, altering the expression miR-1301-3p caused deregulation of Cyclin D1, CDK4, c-Myc and P21. Furthermore, SIRT1 was the direct target of miR-1301-3p by luciferase reporter assay. After transfecting with miR-1301-3p inhibitor, we found that knockdown of SIRT1 could enhance the ability of proliferation. Our results identify miR-1301-3p as a novel potential therapeutic target that is associated with the tumorigenesis and progression of gastric cancer.
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Introduction

Gastric cancer (GC) is the most common malignant tumor and one of the leading causes of tumor-related death (1). The absence of obvious symptoms in the early period of GC results in dismal prognosis (2). Therefore, identification of novel crucial biomarkers seems to be urgent.

MicroRNAs (miRNAs) are a class of short non-coding RNAs that function by binding to the 3’-UTR of a target gene, leading to their inhibition in post-transcriptional level or degradation (3, 4). Differential miRNAs expression has been reported in enormous oncologic studies (5–7). We lucubrated the global miRNA expression profiles in GC derived from The Cancer Genome Atlas (TCGA) and identified miR-1301-3p was up-regulated significantly in GC. Previous studies have shown that microRNA-1301-3p inhibits the invasion and migration of HepG2 cells (8). However, not long after the discovery, others proved that miR-1301-3p is highly expressed and promotes tumorigenesis in liver cancer cells (9). A latest study demonstrated that miR-1301 could inhibit biological function of hepatocellular carcinoma cells, such as the migration, invasion, and so on (10). The paradoxical results veiled the mysterious functions of miR-1301-3p, making the researches focused on its role in cancers more fascinating. Besides that, the correlations between miR-1301-3p and prostate cancer progression as well as glioma were revealed, and miR-1301-3p may act as oncogene that accelerate the process of prostate carcinogenesis through targeting PPP2R2C or tumor suppressor gene inhibiting the proliferation of glioma cells (11, 12). These results prompt us to further study the role of miR-1301-3p in GC.

SIRT1, a class III histone deacetylase that depends on nicotinamide, could regulate the physiological and pathological process by creating proteins and DNA methylation (13, 14), playing dual effects on the development of neoplasms (15–18). A previous study found that SIRT1 could result in G1-phase arrest through NF-kB/Cyclin D1 signaling, retarding proliferation of GC cells (19). As a result, SIRT1 could affect tumorigenesis by regulating cell cycle progression.

In this study, we initially evaluated miR-1301-3p expression and the biologic process in GC. Determining SIRT1 as the direct target of miR-1301-3p by a series of assays. In miR-1301-3p-inhibited GC cells, further knockdown of SIRT1 could reverse the inhibitory effect of miR-1301-3p knockdown on gastric cancer cell function. Our results identify miR-1301-3p as a novel potential therapeutic target that is associated with the tumorigenesis and progression of GC.



Materials and Methods


Gastric Cancer Tissues and Cells

GC and normal tissues from sixty patients were collected from 2010 to 2015 in the First Affiliated Hospital of Nanjing Medical University. All cases were diagnosed as primary gastric cancer and no neoadjuvant chemotherapy or radiotherapy was received. The ethics committee of the First Affiliated Hospital of Nanjing Medical University has approved the study. All patients received informed consent.

All Human GC cell lines in this research were obtained from Cell Center of Shanghai Institutes for Biological Science. The above cell lines were cultured in RPMI-1640 medium (Gibco, USA) by mixing with 10% fetal calf serum (WISENT, Canada) under humidified conditions of 5% CO2 at 37 °C, respectively. HEK-293T cell line was cultivated in DMEM medium (Gibco, USA) blended with 10% fetal bovine serum at 37°C in a humidified condition which contains 5% CO2.



Quantitative Real-Time PCR

Total RNA was extracted by using Trizol reagent (Invitrogen, Carlsbad, CA, USA). After that, for detecting miR-1301-3p expression level, each RNA sample was polyadenylated in the presence of ATP using polyA polymerase, then the decorated RNA was mixed with polyT adaptor: 5’-GCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTTT-3’, eventually, cDNA was obtained by using RevertAid First Strand cDNA Synthesis Kit (Thermo, USA). For quantify SIRT1 mRNA expression, cDNA from RNA samples were contained by using Primescript RT reagent (Takara, Otsu, Japan). Reverse transcription real-time polymerase chain reaction (RT-PCR) was performed using SYBR Green Master Mix (Vazyme, Nanjing, China) in a Steponeplus instrument (Applied Biosystems, Foster City, CA, USA). The primers involved in this study are shown in Table 1. The amplification reaction was carried out in a volume of 10 μL, including 5 μL of the master mix, 0.2 μL of the primer, and 100 ng of cDNA. The reaction procedure was set to 95 °C for 5 minutes, then 40 cycles, 95 °C for 10 seconds, 60 °C for 30 seconds. All procedures are performed in triplicate.


Table 1 | Sequences used in this study.





Western Blotting

The total protein from GC cells has suffered different management. Protein was separated on SDS-PAGE and transferred to PVDF membranes. Then, blocking it and probing the membranes overnight at 4°C with primary antibodies: rabbit anti-human Cyclin D1, rabbit anti-human c-Myc, rabbit anti-human P21, rabbit anti-human β-actin (dilution 1:1000, Cell Signaling Technology, Massachusetts, USA), mouse anti-human CDK4 and rabbit anti-human SIRT1(dilution 1:2000, Abcam, Cambridge, UK). After that, probing the membranes with the HRR-conjugated anti-mouse or anti-rabbit IgG antibodies (dulation 1:20000, Jackson Immunoresearch) at room temperature for 2 hours.



Flow Cytometry

Fixing transfected cells overnight in 75% iced ethanol. Thereafter, the cells were cultured with propidium iodide (PI) staining solution for 30 minutes, then, analyzing the cell distribution by flow cytometry (BD Biosciences).



Cell Transfection

In present study, MGC-803 and SGC-7901 cells were treated with miR-1301 inhibitor, miR-1301 mimics and corresponding negative controls using lentivirus (GenePharma, Shanghai, China). Small interfering (Si) SIRT1 and normal control oligonucleotides (GenePharma, Shanghai, China) were transfected by using Lipofectamine 3000 Transfection Reagents (Invitrogen, CA, USA). We confirmed the transfection efficiency with qRT-PCR and western blot.



Luciferase Reporter Assay

We predicted the possible miR-1301-3p binding sites in SIRT1 3’ untranslated region (3’-UTR) by TargetMiner, microRNA.org, TarBase. Sequences corresponding to the 3’-UTR of SIRT1 mRNA and containing the mutated or wild-type miR-1301-3p binding sequence were designed and processed by GeneScript (Nanjing, China). To generate the SIRT1 3’-UTR reporter constructs (pMIR-WT-SIRT1 and pMIR-MUT-SIRT1), Hind III and Spe I restriction enzymes were used to digest the pMIR-report plasmid. The synthesized WT and Mut sequences were then connected to the Spe I/Hind III sites of the pMIR-report plasmid respectively (Applied Biosystems). We co-transfected H293T cells with miR-1301-3p mimics or control, pRL-TK vector, and pMIR-REPORT vector using Lipofectamine 2000 (Invitrogen) in 24-well plates. After 48 hours of transfection, the luciferase activity was detected by using double luciferase reporting and analysis system (Promega).



CCK-8 Assay

1000 cells were seeded and cultured with 100ul RPMI-1640 medium containing 10% FBS in 96-well plates. At the designated time point of each day, investigating the GC cell proliferation using cell counting kit-8 (CCK-8). In general, replacing the medium by 110 ul RPMI-1640 with 10 ul CCK-8, after that, incubating the cells for 2 hours and measuring the cell viability.



Colony Formation Assay

500 GC cells were seeded and incubated for about 14 days in 6-well plates while the obvious colony was observed. Then, the plates were washed and stained with PBS and crystal violet, respectively. Counting the colonies number by Photoshop software. Each clone contains more than 50 cells with a size of 0.3-1.0 mm.



Immunohistochemistry (IHC)

Fixing cancerous and paracancerous tissue specimens by using 4% formalin, and the specimens were then embedded in paraffin. After the endogenous protein and peroxide were blocked, in order to specifically detect SIRT1 (Abcam, Cambridge, UK), a 4 μm thick section was incubated with the primary antibody overnight at 4°C. The sections were washed with PBS next day, and co-incubated with the HRP-polymer conjugated secondary antibody for 1 hour at 37°C. Next, 3,3-diaminobenzidine solution was used to stain sections for 3 minutes and hematoxylin was utilized to counterstain the nuclei. A blinded manner was utilized to examine the sections. Three fields were randomly selected for each section to determine the intensity of cell staining and percentage of positive tumors.



Tumor Xenograft in Nude Mice

The Institutional Animal Care and Use Committee of Nanjing Medical University approve all animal experiments. A total of thirty BALB/c nude mice (4 weeks old) were purchased from the Animal Center of Nanjing Medical University. The number of 2*106 cells blended with 200 ul PBS was inoculated subcutaneously into each flank of nude mice. We evaluate the tumors with calipers every four days. Three weeks later, mice were euthanized. We calculate the tumor volume with the formula of “volume = (width2 × length)/2”.



Statistical Analysis

All data were presented as mean ± deviation. Student’s t test (two-tailed) was used to perform the statistical analyses with SPSS 22.0. χ2 test was used to analyze the categorical data. P<0.05 was considered statistically significant.




Results


miR-1301-3p Is Overexpressed in Both GC Tissues and Cells

To begin with, we performed a comprehensive analysis of The Cancer Genome Atlas (TCGA) data, miR-1301 was found up-regulated at GC tissue level (Figure 1A). To validate this result, the expression of miR-1301-3p in GC and normal tissues was detected by qRT-PCR method, which showed that miR-1301-3p was upregulated in GC (Figure 1B). Similarly, miR-1301-3p expression was significantly increased in GC cell lines compared to GES-1 cells (Figure 1C).




Figure 1 | Expression of miR-1301 in human gastric tissues and cells. (A) The expression levels of miR-1301 in TCGA database. (B) The expression levels of miR-1301-3p in 60 pairs of GC and adjacent normal tissues. (C) The expression levels of miR-1301-3p in GES-1 and GC cells. *p < 0.05, **p < 0.01, ***p < 0.001.





miR-1301-3p Promotes the Proliferation and Accelerates Cell Cycle Progression of GC Cells

To further figure out the underlying role of miR-1301-3p in GC, we carried out a gain-loss study. MGC-803 and SGC-7901 were treated with miR-1301-3p mimics, inhibitor as well as corresponding normal controls using lentivirus. qRT-PCR was utilized to verify the efficacy of transfection (Figures 2A, 3A). Colony formation assay demonstrated upregulated miR-1301-3p could enhance GC cells proliferation, whereas knockdown of miR-1301-3p could suppress GC cells proliferation (Figures 2B, 3B). Consistently, CCK-8 assay also suggested that upregulated miR-1301-3p promoted GC cells proliferation (Figures 2C, D), knockdown of miR-1301-3p inhibited GC cells proliferation (Figures 3C, D). To better elucidate the possible mechanism, on the basis of above results, we thereafter investigated the effects of miR-1301-3p on cell cycle. The cell cycle assay provided us with convincing results that compared with the control, overexpression of miR-1301-3p promoted cell cycle arrest in the G0/G1 phase and the number of cells in the S phase was increased in GC cells (Figures 4A, B). Oppositely, knockdown of miR-1301-3p had the adverse effects (Figures 4C, D). The key proteins for G1/S transition were also detected. Overexpression of miR-1301-3p elevated the Cyclin D1, CDK4, c-Myc expression and inhibited P21 expression while knockdown of miR-1301-3p inhibited Cyclin D1, CDK4, c-Myc expression and elevated P21 expression (Figure 5, Figures S1A–D), which suggested miR-1301-3p could promote the transformation of G1/S and accelerate cell cycle progression. Above results showed that overexpression of miR-1301-3p promoted GC cell proliferation by regulating cell cycle progression of GC in vitro.




Figure 2 | Overexpression of miR-1301-3 promotes the proliferation of GC cells. (A) qRT-PCR was utilized to verify the efficacy of transfection. (B) Colony formation assay demonstrated overexpression of miR-1301-3p enhanced the proliferation of GC cells. (C, D) CCK-8 assay demonstrated that overexpression of miR-1301-3p promoted the proliferation of GC cells. *p < 0.05, **p < 0.01.






Figure 3 | Knockdown of miR-1301-3p inhibited the proliferation of GC cells. (A) qRT-PCR was utilized to verify the efficacy of transfection. (B) Colony formation assay demonstrated knockdown of miR-1301-3p inhibited the proliferation of GC cells. (C, D) CCK-8 assay demonstrated that knockdown of miR-1301-3p inhibited the proliferation of GC cells. *p < 0.05, **p < 0.01.






Figure 4 | miR-1301-3p facilitated cell cycle progression. (A, B) miR-1301-3p mimics resulted in a decrease of the proportion in the G0/G1 phase and an increase of the proportion in the S phase compared with the control. (C, D) miR-1301-3p inhibitor increased the proportion in the G0/G1 phase and decreased the proportion in the S phase compared with the control. *p < 0.05, **p < 0.01.






Figure 5 | Expression of key proteins for G1/S transition. Overexpression of miR-1301-3p elevated the Cyclin D1, CDK4, c-Myc expression and inhibited P21 expression, knockdown of miR-1301-3p inhibited Cyclin D1, CDK4, c-Myc expression and elevated P21 expression.





SIRT1 Was A Direct Target of miR-1301-3p in GC

To more insightfully investigate the precise mechanism, we predicted the possible targets of miR-1301-3p on the basis of three databases including TargetMiner, microRNA.org, TarBase and identified that SIRT1 was one of the candidates of the target genes affected by miR-1301-3p. Bioinformatics analysis revealed one putative miR-1301-3p binding site in SIRT1 3’UTR. Luciferase reporter assay was used to verify the combination of miR-1301-3p and 3’UTR of SIRT1 mRNA. The 3’UTR region of SIRT1 with target and mutated sequences were cloned into the pMIR-REPORT luciferase reporter vector respectively. After co-transfecting pMIR-REPORT-SIRT1 and miR-1301-3p mimics, we detected a relatively reduced luciferase activity in HEK-293T cell, which showed that miR-1301-3p significantly reduced the relative luciferase activity of the wild-type SIRT1 3’UTR (Figure 6A). Furthermore, we detected the SIRT1 expression in GC and normal tissues by qRT-PCR. As shown in Figure 6B, SIRT1 was downregulated. IHC investigations also showed decreased SIRT1 expression in GC tissues (Figure 6C). Notably, miR-1301-3p and SIRT1 was negatively correlated in GC specimens (r=-0.3257, P<0.05) (Figure 6D). We evaluated the expression level of SIRT1 protein after lentiviral transfection by utilizing western blotting. We found that overexpressed miR-1301-3p could suppress SIRT1 protein expression whereas knockdown of miR-1301-3p could promote SIRT1 protein expression (Figure 6E, Figures S1E, F). We next downregulated SIRT1 using siRNA in SGC-7901 and MGC-803 cells, which had been verified by western blotting (Figure 7A, Figure S1G). Using colony formation assay, CCK-8 and cell cycle assay, we found that knockdown of SIRT1 could reverse the inhibition of GC cell proliferation (Figures 7B–D) and cell cycle progression (Figure 8, Figure S2) by miR-1301-3p inhibitor compared with control group. Taken together, these data suggested that SIRT1 was a direct target of miR-1301-3p.




Figure 6 | SIRT1 was a direct target of miR-1301-3p in GC. (A) Luciferase reporter assay proved that SIRT1 was a direct target of miR-1301-3p. (B) The expression levels of SIRT1 in 60 pairs of GC and adjacent normal tissues. (C) IHC investigations showed decreased SIRT1 expression in GC tissues compared with that in the paired adjacent normal tissues. (D) There was a negative correlation between the expression of miR-1301-3p and SIRT1 in GC specimens. (E) Overexpression of miR-1301-3p inhibited SIRT1 protein expression, knockdown of miR-1301-3p could promote SIRT1 protein expression. **p < 0.01.






Figure 7 | Knockdown of SIRT1 in gastric cancer cells transfected with miR-1301-3p inhibitor enhanced the ability of proliferation. (A) Western blotting was utilized to verify the efficacy of transfection. (B) Colony formation assay demonstrated that knockdown of SIRT1 and miR-1301-3p simultaneously promoted cell proliferation in gastric cancer. (C, D) CCK-8 assay demonstrated that knockdown of SIRT1 and miR-1301-3p simultaneously promoted cell proliferation in gastric cancer. *p < 0.05.






Figure 8 | Cell cycle assay demonstrated that knockdown of SIRT1 and miR-1301-3p simultaneously promoted cell cycle progression. (A, B) Cell cycle assay in SGC-7901 and MGC-803 cells transfected with miR-1301-3p-in+si-NC and miR-1301-3p-in+si-SIRT1. *p < 0.05, **p < 0.01.





miR-1301-3p Facilitates Tumor Growth of GC Cells In Vivo

To evaluate the effects of miR-1301-3p on tumor growth in vivo, SGC-7901 and MGC-803 cells transfected with miR-1301-3p mimics, inhibitor and negative control lentivirus were injected subcutaneously into nude mice. The miR-1301-3p mimics group had a significant increase in tumor volume and weight compared with the control group. However, the miR-1301-3p-inhibitor group demonstrated the opposite effect (Figure 9).




Figure 9 | miR-1301-3p facilitates tumor growth of GC cells in vivo. (A) GC cells SGC-7901 and MGC-803 transfected with miR-1301-3p mimics facilitated the tumor formation in the flank of nude mice, GC cells SGC-7901 and MGC-803 transfected with miR-1301-3p inhibitor retarded the tumor formation in the flank of nude mice. (B, C) The graphs represented the growth tendency of tumors 3 weeks after inoculation. The volume and weight of tumors were calculated. *p < 0.05, **p < 0.01.






Discussion

In our study, we initially performed a comprehensive analysis of miRNA expression profiles and found miR-1301 was upregulated. To verify the above data, we evaluated the miR-1301 expression in GC and normal tissues. That miR-1301-3p promoted cell proliferation in GC could be demonstrated by CCK-8 assay and colony formation assay. Besides that, miR-1301-3p facilitated G1/S transition and resulted in deregulation of Cyclin D1, CDK4, c-Myc and P21 in GC cells. Meanwhile, experiments in vivo showed that miR-1301-3p could contribute to the growth of GC xenograft tumors. Further studies showed that the direct target of miR-1301-3p was SIRT1. These studies demonstrated the roles of miR-1301-3p in GC.

In recent years, short chain non-coding RNAs, especially miRNAs, and the study of their function, have greatly promoted our understanding of the development of tumors. Studies have shown that miRNAs play an important role on tumorigenesis and progression in many tumors, which suggested that miRNA could be used as tumor prevention, diagnosis and prognosis value of biomarkers or targets (20–26). For instance, a phase I clinical trial (NCT01829971) is ongoing to test miR-34 mimics that is encapsulated in lipid nanoparticles in hematological malignancies and several solid tumors (27). Depending on the specific functions of the targeted mRNA, miRNAs either function as cancer promoters or function as cancer suppressors in tumors (28–31). However, it has been well accepted that some miRNAs may play the role of tumor suppressor or oncogene by targeting multiple downstream genes in diverse tumor types (32, 33). For instance, miR-424-5p promotes GC proliferation by targeting Smad3 (34) and suppresses cervical cancer cell growth though decreasing the expression of KDM5B (35). miR-155 promotes hepatocellular carcinoma progression by suppressing PTEN through the PI3K/Akt pathway (36) and acts as a tumor suppressor by targeting CTHRC1 in vitro in colorectal cancer (37). miR-1301-3p acts as oncogene that accelerates the process of prostate carcinogenesis through targeting PPP2R2C (11) and anti-oncogene by inhibiting cell proliferation in glioma (12). However, the paradoxical results were reported in the progression of hepatic cancer (8–10). On the basis of our results, we speculate that there are tumor-specific transcription factors located upstream of miR-1301-3p in different tumor types, resulting in the differential expression of miR-1301-3p and its variable biological functions. The precise mechanisms need to be addressed in the future studies.

SIRT1, which belongs to the class III histone deacetylase family, is down-regulated in GC and leads to G1-phase arrest via NF-κB/cyclin D1 signaling, thereby inhibiting the proliferation of GC cells (19). In this study, SIRT1 was recognized as a direct target of miR-1301-3p. Overexpression of miR-1301-3p accelerated G1/S transition and led to deregulation of Cyclin D1, CDK4, c-Myc and P21 in GC cells. Previous studies have revealed the correlations between miRNAs and cell cycle (38). Induction of cell cycle progression is one of core mechanisms for tumor growth. Obviously, knockdown of SIRT1 and miR-1301-3p simultaneously promoted cell proliferation and accelerated cell cycle progression. These results demonstrated that miR-1301-3p promoted cell proliferation likely by targeting SIRT1 though cell cycle progression.

However, there are several limitations in our study. We did not overexpress SIRT1 in cells transfected with miR-1301-3p mimics to evaluate the role of SIRT1-mediated promotion in gastric carcinogenesis regulated by miR-1301-3p. In addition, the underlying signaling pathways participating in the regulation of miR-1301-3p were not investigated. Further study of gene expression profiles needs to be carried out to identify the activated signaling pathways.

In summary, this study provided convincing results that miR-1301-3p is upregulated and promotes cell proliferation by targeting SIRT1 in GC. As a result, miR-1301-3p may be a new treatment breakthrough for GC.
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Supplementary Figure 1 | (A–D), Quantitative analysis of c-Myc, P21, CDK4, CyclinD1 protein levels in SGC7901 and MGC803 cells transfected with miR-1301-3p inhibitor, miR-1301-3p mimics and their control groups. (E, F), Quantitative analysis of SIRT1 protein levels in SGC7901 and MGC803 cells transfected with miR-1301-3p inhibitor, miR-1301-3p mimics and their control groups. (G), Quantitative analysis of SIRT1 protein levels in SGC7901 and MGC803 cells transfected with miR-1301-3p-in+si-NC and miR-1301-3p-in+si-SIRT1. *p < 0.05, **p < 0.01, ***p < 0.001.


Supplementary Figure 2 | (A, B), The protein expression of SIRT1, Cyclin D1, CDK4, c-Myc and P21 in SGC7901 and MGC803 cells transfected with miR-1301-3p-in+si-NC and miR-1301-3p-in+si-SIRT1. *p < 0.05, **p < 0.01, ***p < 0.001.
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Uncontrolled proliferation as a result of dysregulated cell cycling is one of the hallmarks of cancer. Therapeutically targeting pathways that control the cell cycle would improve patient outcomes. However, the development of drug resistance and a limited number of inhibitors that target multiple cell cycle modulators are challenges that impede stopping the deregulated growth that leads to malignancy. To advance the discovery of new druggable targets for cell cycle inhibition, we investigated the role of Chaperonin-Containing TCP1 (CCT or TRiC) in breast cancer cells. CCT, a type II chaperonin, is a multi-subunit protein-folding complex that interacts with many oncoproteins and mutant tumor suppressors. CCT subunits are highly expressed in a number of cancers, including breast cancer. We found that expression of one of the CCT subunits, CCT2, inversely correlates with breast cancer patient survival and is subject to copy number alterations through genomic amplification. To investigate a role for CCT2 in the regulation of the cell cycle, we expressed an exogenous CCT2-FLAG construct in T47D and MCF7 luminal A breast cancer cells and examined cell proliferation under conditions of two-dimensional (2D) monolayer and three-dimensional (3D) spheroid cultures. Exogenous CCT2 increased the proliferation of cancer cells, resulting in larger and multiple spheroids as compared to control cells. CCT2-expressing cells were also able to undergo spheroid growth reversal, re-attaching, and resuming growth in 2D cultures. Such cells gained anchorage-independent growth. CCT2 expression in cells correlated with increased expression of MYC, especially in spheroid cultures, and other cell cycle regulators like CCND1 and CDK2, indicative of a novel activity that could contribute to the increase in cell growth. Statistically significant correlations between CCT2, MYC, and CCND1 were shown. Since CCT2 is located on chromosome 12q15, an amplicon frequently found in soft tissue cancers as well as breast cancer, CCT2 may have the basic characteristics of an oncogene. Our findings suggest that CCT2 could be an essential driver of cell division that may be a node through which pathways involving MYC, cyclin D1 and other proliferative factors could converge. Hence the therapeutic inhibition of CCT2 may have the potential to achieve multi-target inhibition, overcoming the limitations associated with single agent inhibitors.
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Introduction

Breast cancer is the most common cancer among women and a leading cause of death. Worldwide estimates of age-standardized incidence rate and mortality rate for breast cancer are 46.3 and 13.0 per 100,000, respectively (1). Breast cancer is typically classified based on the expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2). The main molecular subtypes of breast cancer are: luminal A, which is hormone-receptor positive (ER+PR+HER2-, Ki67 low), low grade, grows slowly and has the best prognosis; luminal B, which is also hormone-receptor positive (ER+PR+HER2+/-, Ki67 high), grows faster than luminal A and has a worse prognosis; HER2 positive or enriched, which is hormone receptor negative but HER2 positive (ER-PR-HER2+), grows faster than luminal cancers, and has a worse prognosis; and triple negative (TNBC) or basal, which is hormone receptor negative (ER-PR-HER2-), is more invasive, is common in women with BRCA1 mutations and cannot be treated with endocrine therapies or HER2 inhibitors as with the other subtypes. These subtypes of breast cancer help stratify patients and impact prognostic predictions and therapeutic decision making (2–4). However, breast cancer is a heterogeneous disease with complexities that go beyond these subtypes. Loss of tumor suppressors and amplification of oncogenes are common in breast tumors. Gene amplification is the most frequent genetic alteration in breast cancer with MYC, CCND1, epidermal growth factor receptor (EGFR), fibroblast growth factor receptor (FGFR), CDK4, and MDM2 being the genes most frequently amplified in primary and recurrent breast tumors (3, 5–10). Genetic alterations in these genes correlate with patient prognosis and clinicopathological features (11–13) and their therapeutic targeting remains the goal of precision medicine.

Genetic alterations support malignant transformations that results from uncontrolled proliferation, especially those that deregulate cell cycle phases – specifically the Gap 1 (G1) phase to Synthesis (S) phase transition (14). Therapeutically targeting cancer proliferative pathways is therefore of significant interest (15). The cell cycle is tightly regulated by cyclin dependent kinases (CDK), cyclins, and inhibitors such as p21 or p27 as well as proteolytic pathways to drive cell progression from the G1 phase through S phase, Gap 2 (G2) phase, then mitosis and cytokinesis. The G1 to S transition serves as a key checkpoint through regulation of the activities of retinoblastoma protein (Rb) and histone deacetylases, which control transcription through E2 factor (E2F). In breast cancer, as with other cancers, deregulation of the G1/S transition results in uncontrolled entry into S, bypassing the checkpoint (14, 16). Normally, mitotic signals drive the expression of cyclin D, which associates with the G1 kinases, CDK4/6, leading to the phosphorylation of Rb, activation of the transcriptional activity of E2F, and the subsequent generation of the S phase kinase, CDK2/cyclin E. In breast cancer, ER+ in particular, multiple signaling pathways converge to target cyclin D (17, 18). MYC is also involved in cell proliferation and differentiation, transcriptionally activating cell cycle regulators and repressing cell cycle inhibitors and is implicated in the development of cancer drug resistance (19–21). With that said, treatment options for breast cancer patients depend on the molecular classification of their tumors and the availability of targeted therapeutics. Recent successes with CDK inhibitors, such as those that target CDK4, are encouraging (22–24), since these inhibitors block the proliferation of cancer cells. However, there are no drugs in clinical use that target CCND1/cyclin D1 or MYC. Endocrine therapies remain the best option for ER+ patients (luminal cancers), but the development of drug resistance is problematic. Patients can also develop resistance to CDK4 inhibitors (25), three of which are approved for clinical use (26). Identifying new targetable oncogenes will advance knowledge on the evolution and progression of cancer and reveal novel treatment approaches that improve the prognosis and long-term survival of cancer patients, especially those that develop resistance to front-line therapies.

To advance the discovery of targetable factors for cancer therapy, we focused on CCT, which is a type II eukaryotic chaperonin that is composed of two stacked rings consisting of eight distinct subunits (CCT1-8) that form the protein folding chamber. Each CCT subunit assembles at a specific location in relation to other subunits in cis (same) and trans (opposite) positions in the ring. A CCT subunit contains three domains: an equatorial domain that forms the base of the chamber, an intermediate domain that has the ATP binding pocket, a hinge that attaches to the apical domain, and the apical domain itself. The apical domain has multiple hydrophobic areas that bind different substrates; hence substrate binding is not based on the amino acid sequence of a protein but rather its structural features. CCT subunits have different binding affinities to ATP, which has a regulatory role, and as well as different binding affinities for substrates (27, 28). While the scope and breadth of the CCT interactome are not fully understood, reports suggest that CCT could interact with about 1-15% of the proteome (29–31) to support cellular processes such as those involved in proliferation, cell cycle progression, and invasion. Cytoskeleton proteins, actin and tubulin, are obligate substrates for CCT (32). In addition, direct interactions with CCT and cell cycle proteins, transcription factors, and tumor suppressors like PLK1 (33), cdc20 (34, 35), CDH1 (36), Cyclin E (37), p53 (38), STAT3 (39) and others (30) are reported. Hence, cancer cells could become highly dependent on CCT to provide the functional, folded forms of many oncoproteins and essential factors required for survival and growth.

We and others reported that CCT subunits were highly expressed in breast cancer as compared to normal tissue and that their expression increased with patients’ tumor stage and metastasis (40, 41). Of the CCT subunits, we found that CCT2 expression inversely correlated with the overall survival of breast cancer patients (40, 42). CCT2 could thus be a novel oncogene and serve as a prognostic biomarker, which supports deeper investigation into the role of the chaperonin complex and, CCT2 in particular, in the process of carcinogenesis. Most of our understanding of the role of CCT2 in cancer is inferred from the activity of the whole CCT folding complex and identified protein-protein interactions. To augment this data, we specifically examined the role of CCT2 in cell cycle progression using 2D and 3D cultures to investigate cellular and molecular changes directly associated with overexpressing the CCT2 subunit in luminal A cells, the most common subtype of breast cancer. We found that CCT2 expression drove the proliferation of cancer cells in spheroid cultures as well as in 2D monolayers, endowing cancer cells with growth adaptivity irrespective of anchorage. CCT2 expression also correlated with increased expression of key proliferative factors, such as MYC, especially in spheroid cultures, suggesting that the chaperonin could have a role regulating the expression of these oncogenes. These findings present CCT2 as a potential cell cycle regulator and possible proto-oncogene with prognostic and therapeutic value in breast and other cancers. 



Materials and Methods


Cell Lines and Generation of CCT2 Overexpressing or Depleted Cells

Cell lines used were MCF7 (ATCC HTB-22) human ER+ breast cancer cells, T47D (ATCC HTB-133) human ER+ breast cancer cells, and E0771 (CH3 Biosystems) murine TNBC cells. T47D cells were cultured in RPMI-1640 (Corning) supplemented with 10% fetal bovine sera (FBS) (Gemini), 1% penicillin-streptomycin (P/S) (Corning), and 0.2 units/mL human recombinant insulin (Santa Cruz). MCF7 cells were cultured in Eagle’s Minimum Essential Medium (EMEM) (ATCC) supplemented with 10% FBS (Gemini), 1% P/S (Corning), and 0.01 mg/mL human recombinant insulin (Santa Cruz). MCF7 and T47D cells were transduced with plasmids for the lentiviral control or CCT2-FLAG as previously described (40). For selection, cells were maintained with 0.5 μg/mL puromycin dihydrochloride (ThermoFisher) and microscopically observed for GFP expression. E0771 TNBC (CH3 Biosystems) were cultured in RPMI-1640 (Corning) supplemented with 10% FBS (Gemini) and 1% P/S (Corning). E0771 were transduced with lentiviral-based inducible small hairpin RNA (shRNA) to deplete CCT2 as previously reported (40). To induce shRNA expression, 0.5 µg/mL doxycycline was added to the media for 24-72 hours.



Spheroid Formation Assay

Cells were grown in ultra-low attachment plate (ULA) (Corning) and supplemented with complete growth media as appropriate for each cell line. To observe the formation of multiple spheroids, 24-well flat bottom ULA plates were seeded with 30,000 cells/well. To observe the formation of individual spheroids, 96-well rounded bottom ULA plates were seeded with 1,000 cells/well. Culture day 0 refers to the start of spheroid plating. Spheroids were grown for 8 days on ULA plates and assayed at different time points: days 3, 5, and 8. Brightfield images and overlay GFP images were captured using the Cytation 5 Cell Imaging Multi-Mode Reader (BioTek).



2D Post 3D Cultures (Spheroid Growth Reversal)

To assess spheroid growth reversal, day 8 spheroids grown in 24-well ULA plates were collected and disintegrated either physically by repeat pipetting or chemically using Accumax (Innovative Cell Technology), washed once in PBS, resuspended in complete media, and then plated in standard tissue culture T-25 flask with media appropriate to each cell line as follows. To assess anchorage independent growth, spheroids were chemically dissociated using Accumax and plated onto standard tissue culture flasks. Brightfield images were acquired at endpoints 2-3 weeks post transfer at 20X magnification (AXIO Observer). Alternatively, intact day 8 spheroids from 96-well ULA plates were transferred to 48-well standard tissue culture plates with media appropriate to each cell line. Fluorescent images were captured using the Cytation 5 (BioTek), and brightfield microscopy images were captured using the AXIO Observer with the 20X objective (Carl Zeiss AG) at days 2 and 5 post-transfer.



Proliferation and Viability Assays

The ViaFluor® 405 SE Cell Proliferation Kit (Biotium) was used to assess proliferation by tracking the number of cell divisions. Cells from day 3 spheroid cultures were stained following manufacturer’s protocol, incubated for 48 hours, then collected on day 5 for analysis. As a reference population, a subset of cells from day 3 spheroids were stained and immediately collected for analysis. Samples were analyzed by flow cytometry using the Cytoflex S flow cytometer (Beckman Coulter). The viability of cells was assessed using propidium iodide (PI) (Invitrogen) staining in an exclusion assay. Five µl of (1mg/ml) of PI were added to 200 µl cell suspension of 106 cell/ml concentration. Samples were analyzed by flow cytometry (Cytoflex S). Data analysis was performed using FCS Express 6 software (DeNovo).



Cell Cycle Analysis

To assess cell cycle progression, 200,000 cells/well were added to 6-well tissue culture plates and supplemented with complete growth media. Cells were cultured overnight. To induce growth arrest, cells were washed and then supplemented with serum-free media and cultured for 24 hours. Initiation of growth was synchronized by the addition of complete growth media with 10% FBS and cells assessed after 24- and 48-hours. Samples were collected for PI intracellular staining as follows. Briefly, equal volumes of detergent buffer and PI (Invitrogen) solution were added to cells at 106 cells/ml followed by the addition of 15 µl RNAase solution (Thermo Scientific) per 1ml total volume. Cells were incubated for 3 hours at room temperature. Samples were analyzed by flow cytometry (Cytoflex S). Data analysis was performed using FCS Express 6 software (DeNovo).

Detergent buffer recipe: 8 gm sodium chloride, 0.4 gm potassium chloride, 0.06 gm KH2PO4, 0.09 gm Na2HPO4, 0.14 gm CaCl2, 0.10 gm MgCl2, 0.10 gm MgSO4, 5.6 gm HEPES, 2 gm bovine serum albumin (BSA), 4 gm Nonidet P-40 in 1000 ml distilled water.

PI staining solution recipe: 25 gm PI in 500 ml detergent buffer.

RNAase solution recipe: 0.006 g RNAase in 1 ml distilled water.



Adhesion Assay

Spheroids were grown on 96 well ULA plates as described above for 8 days. On day 8, the spheroids were transferred to 96-well standard tissue culture plates (Eppendorf) and allowed to attach for 3 hours. After 3 hours, spheroids were washed to remove remaining floating cells and imaged using the Cytation 5 multi-model plate reader (BioTek). The following day, the spheroids were imaged again with the Cytation 5 and then lifted from the plate. Spheroids were then dissociated using ice-cold Accumax (Innovative Cell Technologies) with shaking for 15 min. Once dissociated, the cells were counted by imaging using Cytation 5 reader and Gen 5 software based on green fluorescent protein (GFP) levels. 



Immunofluorescence Staining for Confocal Microscopy

Spheroids grown on 24-well ULA plates were collected and chemically dissociated using Accumax (Innovative Cell Technologies). Dissociated spheroid cells were plated on poly-L-lysine coated 25 mm coverslips (Fisher Scientific), and cells were left for 1 hour to adhere before fixation. Cells were fixed with 4% PFA for 10 min, washed with PBS for 10 min, permeabilized in 0.5% TritonX-100 in PBS for 5 min, blocked with 1% BSA and 0.05% Tween in PBS for 1 hour, stained with and ActinRed™ 555 ReadyProbes™ Reagent (Rhodamine phalloidin) (Thermofisher) for 1 hour, and mounted with anti-fade DAPI (Invitrogen). Images were acquired with a Zeiss LSM 710 confocal microscope (Carl Zeiss AG) with the 40X objective. Total fluorescence per cell was analyzed using ImageJ. The RGB image was converted to a grayscale 8-bit image type, the region of interest was selected (each cell), and then area, mean and integrated intensity were measured using the Analyze tool in ImageJ. Corrected fluorescent intensity (CTCF) for each cell was calculated according to the equation: CTCF = Integrated Density – (Area of selected cell X Mean fluorescence of background readings). Each field had at least 6 images of cells at 40X magnification.



Western Blot

Cell lysis, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), total protein staining, gel visualization, and gel band quantification were performed as previously described (43). Lysates were collected from cells grown in 2D culture flasks or 24-well ULA plates. Total protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific) following the manufacturer’s protocol. Anti-CCT2 (ab109184) and anti-FLAG (ab1162) antibodies were obtained from Abcam, anti-CCT3 (MA5-27872) antibodies were from Invitrogen, and anti-CCT-beta (MAB10050) antibodies were from Millipore. Note that anti-CCT2 (Abcam) and anti-CCT-beta (Millipore) antibodies target the N-terminal amino acids 1-100 and C-terminal amino acids of human CCT-beta, respectively. Secondary antibodies used were IRDye 800CW and IRDye 680CW (LI-COR).



Quantitative Real Time Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted from cells using Trizol (Ambion) following the manufacturer’s instructions. RNA concentration was determined using the NanoDrop instrument (Nanodrop 8000, ThermoFisher). Approximately 1 µg of RNA was reverse transcribed to cDNA using iScript reverse transcription Supermix for RT-qPCR (Bio-Rad) according to the manufacturer’s instruction. cDNA was diluted to 10 ng/µl. For RT-qPCR, a 20 µl PCR reaction was performed using 5 µl of Fast Syber Green Mastermix (Applied Biosystem), 0.2 forward primer, 0.2 reverse primer, and 2 µl cDNA (10 ng/ml) and RNase free water. PCR reactions were performed in duplicate. GAPDH was used as a reference gene. PCR reactions were performed using the Applied Biosystems QuantStudio 7 Flex Real-Time PCR system of 40 cycles of 95°C for 3 seconds and 62°C for 30 seconds. The melting curve was evaluated for each reaction to verify a single amplification product. Relative mRNA expression was calculated using 2–ΔCt and fold change using 2–ΔΔCt equations. Primers used are shown in Table 1.


Table 1 | Primer pairs used in RT-qPCR assay.





Bioinformatics Analysis

Interrogation of The Cancer Genome Atlas (TCGA) database was accomplished using the websource cBioPortal for Cancer Genomics [http://cbioportal.org (44, 45)] to visualize copy number alteration, mutual exclusivity, and co-expression of genes in different studies. TCGA data were analyzed, and graphics were downloaded using the webtool. CCT subunits alterations were analyzed using the Catalog of Somatic Mutations in Cancer (COSMIC) (46). mRNA expression and copy number data from The Cancer Cell Line Encyclopedia (CCLE) databases were downloaded using the Xena browser (46, 47).



Statistical Analysis

For statistical analysis of protein levels, imaging data, spheroid growth, adhesion, viability and proliferation data, Prism 8 (GraphPad) was used to determine statistical significance. Different groups were tested using Student’s t-test or ANOVA as relevant. P-values of less than 0.05 were considered statistically significant. For analysis of gene expression data, we first checked the raw Ct data for batch effect. If it existed, we then removed the batch effect using R package (Limma) prior to downstream gene expression analysis. After batch effect was corrected, we used the 2-ΔΔCt method to calculate and normalize gene expression for each target gene, in which -ΔΔCt was calculated using the formula: -ΔΔCt=average(ΔCt control sample)-ΔCt treated sample, where ΔCt=Ct target gene – Ct housekeeping gene. In all subsequent analysis, we log2-transformed the fold change (2-ΔΔCt), i.e., used -ΔΔCt, to evaluate the effect of different treatments on gene expression of each target gene. Multiple mixed effect linear regression model was used to evaluate expression of each gene in response to the effects of cell line, treatment and time. Time was set as a continuous variable with value of 0 for day 0, 1 for day 3, 2 for day 5 and 3 for day 8. Multi-factor ANOVA analysis was performed to evaluate the effect of individual factors, such as cell line, overexpression of CCT2 and culture type, depending on expression of each target gene. Spearman correlation coefficient was applied to test the gene interaction among MYC, CCND1 and total CCT2. These statistical analyses were performed using Stata MP 15 (StataCorp LLC, 2019) and R packages. All tests were two-tailed with a significance level of α (type I error) <0.05. The p-values were adjusted based on Holm adjustment when multiple tests were conducted.




Results


Co-Occurrence of CCT2 Genetic Alterations With Cell Cycle Gene Alterations Is Suggestive of Functional Relationships

The co-occurrence of genetic mutations that are functionally related contributes to the process of carcinogenesis. Identifying such patterns could reveal novel cancer initiating pathways and treatment targets. Genetic alterations in cell cycle regulators are common in breast cancer, supporting the uncontrolled proliferation of cancer cells. However, the heterogeneity of tumor types and subtypes, suggests that there is not a single mechanism that exerts a biological function like proliferation but rather different signaling pathways converge that are responsible for the complex dynamics of cancer growth. Identifying possible points of convergence for future therapeutic targeting underlies our studies. To this end, we mined pan-cancer databases like TCGA for the expression of CCT subunits in all cancers and showed that the most common type of copy number alteration of the CCT2 subunit gene was amplification, and that this gene was rarely deleted (Figure 1A). In comparison, data for CCT3 is included (Figure 1A). The importance of CCT2 in cancer progression is further emphasized by the fact that cancer patients with genetic alterations in CCT2 had reduced overall and progression free survival (Figure 1B). In support, we previously reported that breast cancer patients with CCT2 genetic alterations died up 70 months sooner than patients without alterations (40). These findings support investigating the relationship between CCT2 and cell cycle gene expression to reveal possible new pathways for therapeutic intervention. Since our previous studies showed that the CCT2 subunit was essential for breast cancer growth and tumor formation (40), we first examined whether alterations of the CCT2 gene associated with cell cycle gene alterations. As shown in Table 2, genetic alterations in CCT2 co-occurred with CDK4, CDK2, CCND1, and MYC.




Figure 1 | CCT2 is genomically amplified in cancer and correlates with reduced patient survival. (A, B) The TCGA PanCancer database was evaluated using cBioPortal for CCT2 and CCT3 mRNA expression and genetic alterations (A) and overall and progression free survival of patients (B) in CCT2 altered and unaltered groups. (C) Copy number alterations and mutation profiles for MCF7 and T47D cell lines based on CCLE data exported using cBioPortal are shown. (D) CCT copy number and expression in T47D and MCF7 cells, data were downloaded from The Cancer Cell Line Encyclopedia (CCLE) databases using the Xena browser. CCT subunit alterations in MCF7 and T47D were obtained from the COSMIC database and shown in Table 3.




Table 2 | Co-occurring genetic alterations of CCT2 with cell cycle genes.



As the platform to investigate a role for CCT2 in cell cycle regulation, we chose to use the T47D and MCF-7 cell lines. Both cell lines are luminal A epithelial breast cancer cells, ER+, and are derived from a metastatic site of pleural effusion. We previously reported that T47D and MCF7 cells had lower levels of cytosolic CCT2 protein as compared to basal cell lines like MDA-MB-231 (40, 42). Luminal A subtypes are among the most common breast cancer subtypes but also display molecular heterogeneity. Clinically this is reflected by differential treatment outcomes and the development of acquired endocrine therapy resistance, such as due to the overexpression/amplification of CCND1 and CDK4 (48, 49). The Cancer Cell Line Encyclopedia (CCLE) database for global and selected gene alterations indicates that MCF7 and T47D cell lines have variable copy number alteration profiles and mutation rates (Figure 1C). Focusing on the copy number and expression level of cell cycle genes, MCF7 cells have a relatively higher copy number of CCT2 and MYC but lower gene expression relative to T47D cells (Figure 1D). CCT2 gene expression is thus higher in T47D cells. MCF7 cells also had about the same copy number but relatively higher mRNA expression for CCND1 and CDKN1A compared to T47D cells (Figure 1D). Further, we examined whether these cell lines harbored any genetic alterations in CCT subunits. Using the COSMIC web-tool, we found that MCF7 and T47D cells had mutations in CCT6B and CCT8 subunits, respectively. In addition, CCT3 was overexpressed in MCF7 cells, but not in T47D cells (Table 3). These data indicate that, while T47D and MCF7 cell lines are representative of the most common forms of breast cancer, these display genetic heterogeneity that is observed in cancerous cells and thus could help reveal the role that CCT2 plays in the regulation of cancer cell growth, especially as cancers spread from local to disseminated disease. 


Table 3 | Genetic alterations of CCT subunits in MCF7 and T47D cells.





CCT2 Overexpression in Breast Cancer Cells Promotes the Growth of Spheroids

To achieve the exogenous expression of CCT2 in T47D and MCF7 cells, we used a lentiviral system to transduce cells with a FLAG-tagged CCT2 construct as described in our previous studies (40). As shown in Figure 2A, the transduction of both cell lines was equivalent as indicated by comparable levels of GFP expression from the lentiviral plasmid. CCT2-FLAG overexpression was examined by western blot using antibodies specific for the exogenous CCT2-FLAG protein (anti-FLAG), total CCT2 protein (anti-CCT2 N-terminal specific), and endogenous CCT2 protein (anti-CCT2 C-terminal specific). While both cell lines expressed the CCT2-FLAG protein, T47D cells had increased total CCT2 protein as compared to MCF7 cells (Figure 2B). This is in part due to the downregulation of endogenous CCT2 in CCT2-FLAG expressing cells (Figure 2B). In T47D cells, CCT2-FLAG expression increased total CCT2 mRNA (Figure 2C), which correlated with CCT2 protein expression. In MCF7 cells, CCT2-FLAG mRNA was increased as well; however, this did not correlate with increased total CCT2 protein as compared to lentiviral control, likely due to differences in post-transcriptional mechanisms. This difference in total CCT2 expression between the cell lines is important as we consider the effects of CCT2-FLAG overexpression upon cell growth, proliferation, and correlation with cell cycle regulators.




Figure 2 | CCT2-FLAG is overexpressed in T47D and MCF7 breast cancer cell line. (A) Expression of GFP by cells transduced with lentiviral CCT2-FLAG and control vectors is shown. Images were acquired using the Cytation 5 Cell Imaging Multi-Mode Reader (BioTek). (B) Western blots for exogenous CCT2-FLAG (anti-FLAG antibody), total CCT2 (N-terminal specific anti-CCT2 antibody), and endogenous CCT2 (C-terminal specific anti-CCT2 antibody) proteins are shown. Data were normalized to total protein as described in Methods. Representative blots are shown (n=3), and data replicates summarized in the graph. (C) Relative mRNA expression for total CCT2 and exogenous CCT2-FLAG was determined by RT-qPCR (n=5). GAPDH was used as a reference gene. Calculations were based on using the equation 2-ΔΔ Ct equation. Values are mean ± SD. *p-value <0.05, ****p-value <0.00005. ns, non-significant.



Since we observed that overexpressing CCT2-FLAG caused a decrease in endogenous CCT2, we determined whether other endogenous CCT subunits were also decreased. In MCF7 and T47D cells no statistically significant differences in endogenous CCT3 protein and mRNA expression were noted between CCT2-FLAG overexpressing and lentiviral controls (Figure S1). We previously reported that the endogenous levels of the other CCT subunits (e.g., CCT4, CCT5) were the same or increased in cells expressing CCT2-FLAG (40). Hence, the decrease in endogenous CCT2 upon expression of CCT2-FLAG was not accompanied by a similar decrease of other CCT subunits. Moreover, in our previous study we found that a major portion of the CCT2-FLAG protein physically associated with the other CCT subunits to form a complex (40). While this is suggestive that the biological activity of CCT2-FLAG in T47D and MCF7 cells is mediated as part of the CCT protein-folding oligomeric complex, it does not rule a novel possible biological function for the monomeric CCT2 mRNA or protein.

3D culture models better mimic aspects of in vivo tumor growth dynamics compared to 2D cultures (50) and are a valuable tool to investigate tumor growth mechanisms. Cells grown in 3D culture form spheroids containing cores that are usually hypoxic and necrotic, having less access to growth factors, middle layers containing quiescent cells, and outer layers typically composed of actively proliferating cells in contact with the surrounding media. Utilizing 3D culture conditions, enabled through the use of ULA plates, we investigated the effect that CCT2-FLAG overexpression would have on spheroid formation by breast cancer cells. In flat bottom 24 well ULA plates, T47D and MCF7 cells expressing CCT2-FLAG formed multiple spheroids that spread across the plate as compared to cells expressing a lentiviral control plasmid (Figure 3A). Morphologically, the spheroids formed by T47D cells expressing CCT2-FLAG attained a sheet-like pattern rather than growing in small clusters of spheroids as seen with MCF7 cells expressing CCT2-FLAG or the T47D and MCF7 lentiviral controls (Figure 3A). Using the spheroids grown in 24 well ULA plates, we determined spheroid number per well at different days of spheroid formation (days 3, 5, and 8). A statistically significant increase in the number of cells forming spheroids was seen with T47D cells that overexpressed CCT2-FLAG, and a similar, though not statistically significant trend, was observed with MCF7 CCT2-FLAG expressing cells (Figure 3B). To measure the size of individual spheroids (by imaging single spheroids), we grew T47D and MCF7 CCT2-FLAG overexpressing and lentiviral control cells in 96-well rounded bottom ULA plates. For T47D and MCF7 CCT2 overexpressing cells, larger spheroids formed that increased at each time point - 3, 5 and 8 days (Figure 3C). We confirmed that CCT2-FLAG protein levels were maintained in each cell line through day 5 of spheroid growth, while in lentiviral control cells, endogenous CCT2 protein was downregulated (Figures S2, S3). T47D CCT2-FLAG over-expressing cells maintained higher total CCT2 mRNA that peaked at day 3 of the 3D culture (Figure 3D). These results demonstrate that increased expression of CCT2 can drive spheroid growth, even when normal cellular processes are decreasing, and that T47D cells, which maintain a higher expression level of total CCT2 than MCF7 cells, display corresponding increased growth of multiple and larger spheroids under 3D culture conditions.




Figure 3 | CCT2 enhances the formation of spheroids by breast cancer cells. (A, B) Merged brightfield and GFP images from T47D and MCF7 spheroids grown on 24-well ULA flat bottom plates at days 3, 5, and 8 of 3D culture are shown. Magnification was 2.5X. (B) Total spheroid cell count per well for T47D and MCF7 cells is shown (n=3). Cells were chemically dissociated from spheroids using Accumax and counted using flow cytometry. (C) Merged brightfield and GFP images of T47D and MCF7 spheroids grown on 96-well ULA round bottom plates at days 3, 5, and 8 of spheroid growth. Magnification was 2.5X. Single spheroids from 96-well ULA plates were used for perimeter measurements based on GFP signal using Gen5 software (n=5) is shown. (D) Relative mRNA expression for total CCT2 and exogenous CCT2-FLAG at day 0, day 3, day 5, day 8 (n=3-5) was determined by RT-qPCR. GAPDH was used as reference gene. Values are mean ± SD. *p-value <0.05, **p-value <0.005, ***p-value < 0.0005, ****p-value <0.00005.



To verify that CCT2 is essential for spheroid formation and growth, we performed a CCT2 depletion experiment using a doxycycline (doxy) inducible shRNA. A complete knockdown of CCT2 is not possible because CCT2 is an essential gene (depmap.org), and its loss causes death of cancer cells (40, 42, 43). Hence, we chose an inducible shRNA approach to achieve partial depletion. Previously, we established that 25-50% depletion of CCT2 caused loss of viability in MDA-MB-231 breast cancer cells and could inhibit tumor growth in a syngeneic mouse model of E0771 TNBC cells (40). We used these TNBC cells for CCT2 depletion because, unlike the luminal A breast cancer cells, these cells tend to express increased amounts of endogenous CCT2 and are amenable to depletion (40, 42). Using this same system to deplete CCT2, we plated the E0771 inducible control shRNA or CCT2 shRNA cells on 96-well ULA round bottom plates and assessed the growth of individual spheroids upon treatment with doxycycline (doxy) as follows. As shown in Figure 4A, E0771 cells were plated at day 0, and depletion of CCT2 was induced with doxy after day 3 of spheroid growth. Cells were imaged at 24-, 48-, and 72-hours post-doxy treatment. CCT2 depletion interfered with the formation of spheroids as these cells lost their tight interactions and loosely aggregated at the bottom of the well (Figure 4A); hence no measurements of spheroid size were acquired since mainly cell aggregates remained in the bottom of the wells of the ULA plates. As shown in Figure 4B, the experiment was repeated but instead CCT2 was depleted at the start of spheroid culture. When we induced CCT2 depletion on day 0, this prevented cells from forming tight spheroid structures and were loosely aggregated (Figure 4B). In both experiments, the resulting aggregates formed after CCT2 depletion were easily dispersed by pipetting, indicating that the tight cell-to-cell interactions needed to form spheroids were lost. These findings support that CCT2 promotes spheroid formation.




Figure 4 | CCT2 depletion impairs breast cancer spheroid formation. (A) Brightfield images for E0771 cells at 24, 48, 72 hours after CCT2 depletion using 0.5 μg/ml doxycycline to induce CCT2 or control shRNA expression are shown. Cells were grown in round bottom 96-well ULA plates to form single spheroid in each well. Images were acquired using Cytation 5 Cell Imaging Multi-Mode Reader (BioTek) (n=5). Magnification was 2.5X. CCT2 depletion was induced at day 3 spheroid of spheroid growth. (B) CCT2 depletion in E0771 cells was induced at day 0 (start of spheroid cultures) and imaged at 48 hours and 72 hours after doxycycline was used to induce expression of CCT2 or control shRNA (n=5). Circles delineate morphology of dense cell aggregates, while arrows indicate the formation of loose cell aggregates.





CCT2 Overexpression Supports the Transition of Cells From 3D Spheroid to 2D Monolayer Cultures

CCT2-FLAG overexpressing cells growing in 3D culture mimic aspects of in vivo tumors. We next wanted to determine whether these cells could undergo a reversal of 3D growth, re-attaching and expanding in a 2D monolayer. This model could mimic metastasis by retaining the malignant characteristics (e.g., invasiveness, stemness) of spheroid cells when these transition to 2D culture (51). Spheroids from day 8 cultures of T47D and MCF7 cells, lentiviral control and CCT2-FLAG expressing, were collected and transferred to standard tissue culture plates and allowed to re-attach for 3 hours. Cells were washed to remove unattached cells and then imaged and quantitated. More CCT2-FLAG expressing cells were able to re-attach as compared to lentiviral controls, suggesting that these cells preserved features that enabled re-establishment of growth in adherent cultures (Figure 5A). This was most apparent with T47D CCT2-FLAG expressing cells, since these retained cell-to-cell attachments, while also anchoring to a surface. Since actin is an obligate substrate of the CCT complex and has a role in spheroid formation by supporting cell-to-cell and cell-to-substrate interactions along with other cytoskeleton components (52), we microscopically examined the intracellular distribution of F-actin. T47D cells were chosen for F-actin visualization, since CCT2-FLAG overexpressing cells from this cell line displayed reversal of spheroid growth and increased re-attachment in monolayer culture (Figure 5A). We assessed F-actin levels by confocal microscopy using fluorescent phalloidin, which binds F-actin. CCT2-FLAG overexpression in T47D spheroid cells increased F-actin levels as compared to lentiviral control cells (Figure 5B). Interestingly, these cells also had more filopodial-like cellular protrusions compared to lentiviral control (Figure 5B). While MCF7 CCT2-FLAG overexpressing cells also underwent spheroid growth reversal (Figure 5A), in contrast to T47D cells, these cells did not attach strongly to coated coverslips and only a few cells could be imaged for F-actin by microscopy (data not shown). Collectively, these results show that CCT2 overexpression supports spheroid growth reversal and increased F-actin.




Figure 5 | CCT2 overexpression promotes adherence of breast cancer cells in post-3D spheroid cultures and increases intracellular actin. (A) Brightfield and GFP overlay images of day 8 spheroids from T47D and MCF7 cells, CCT2-FLAG overexpressing and lentiviral control, transferred onto standard tissue culture plates are shown. After transfer, non-adherent cells were washed off and images were taken of remaining adherent cells. Adherent cells were then dissociated and counted by flow cytometry. Images were acquired using the Cytation 5 Cell Imaging Multi-Mode Reader (BioTek) (n=10). Magnification was 2.5X. (B) Confocal microscopy images of F-actin (stained with rhodamine phalloidin), DAPI, and overlays are shown for T47D, CCT2-FLAG overexpressing and lentiviral control, cells. Magnification was 40X. Inset shows a magnified view of cellular protrusions. To quantitate, integrated density was measured using ImageJ to calculate Corrected Total Cell Fluorescence (CTCF) as described in Methods. Values are mean with SD. *p-value <0.05, ****p-value <0.00005.



To further investigate the effect of CCT2-FLAG expression on spheroid growth reversal, we examined spheroids from T47D cells, CCT2-FLAG overexpressing and lentiviral control, under two experimental conditions for re-growth in 2D monolayers. First, we chemically disassociated day 8 spheroids and placed them in standard tissue culture plates for three weeks. Under these conditions, CCT2-FLAG overexpressing cells gained anchorage-independent growth as compared to lentiviral controls whose monolayer growth was limited by the dimensions of the well. As shown in Figure 6A, CCT2-FLAG overexpressing cells, in 2D culture conditions, grew independent of contact to the plate surface, forming a 3D spheroid-like structure that attached to the well. In a supplemental figure, we show additional images that demonstrate the transition of dissociated cells to spheroid-like structures in standard tissue culture plates (Figure S4). In the second approach, we transferred intact day 8 spheroids (not dissociated) from T47D and MCF7, CCT2-FLAG overexpressing and lentiviral control, cells to a standard tissue culture plate and imaged at different time points. CCT2-FLAG overexpression enhanced the transition of spheroids from 3D to 2D culture; by day 2 after the transfer, spheroids from CCT2-FLAG overexpressing cells were attached and growing faster than the lentiviral controls, especially the T47D cells (Figure 6B). These cells maintained CCT2-FLAG protein levels (Figures S3, S5) and higher total CCT2 mRNA (especially T47D cells) (Figure 6C). Based on these observations, we concluded that CCT2 overexpression confers to tumor cells enhanced growth potential and adaptability, even as these cells transition between suspension and adherent culture conditions, suggestive of the potential for invasive and metastatic-like behavior.




Figure 6 | CCT2 supports transition of breast cancer cells from 3D to 2D monolayer culture. (A) Brightfield microscopic images are shown of 2D monolayer cultures transferred from spheroid derived T47D cells, CCT2-FLAG overexpressing and lentiviral control. Spheroids were chemically dissociated using Accumax and then plated into standard tissue culture flasks. Images were acquired 3 weeks post transfer (n=3). Magnification was 20X. (B) Brightfield and GFP microscopic images show results of spheroid transfer to standard tissue culture plates at days 2 and 5 post-transfer (n=5). Magnification was 2.5X. (C) Total CCT2 and CCT2-FLAG mRNA expression was evaluated from T47D and MCF7 cells, CCT2-FLAG overexpressing and lentiviral control, grown in 2D post-3D monolayer cultures (n=3) by RT-qPCR. The equation used was 2-ΔΔ Ct and GAPDH was the reference gene as previously described. Values are mean with SD. *p-value <0.05, **p-value <0.005.





CCT2 Overexpression Increases Cell Cycling in 3D and Post-3D Cultures

Having shown that overexpression of CCT2-FLAG resulted in larger spheroids and promoted spheroid growth reversal, we examined the proliferation of cells in 2D and 3D culture conditions using a dilution dye, ViaFluor® 405. Cells in spheroid cultures (growing on ULA plates) were treated with the dye on day 3 and collected for analysis on day 5 of spheroid culture. The percent of cells divided during this period was significantly higher for the T47D and MCF7 cells overexpressing CCT2-FLAG as compared to lentiviral control. For T47D cells, 60% of CCT2-FLAG overexpressing cells divided over time compared with 40% of lentiviral control cells (Figure 7A). For MCF7 cells, about 80% of CCT2-FLAG overexpressing cells divided compared to about 40% of lentiviral control cells (Figure 7B). The viability of these cells was assessed on days 3, 5 and 8 using PI exclusion. Spheroids formed with CCT2-FLAG overexpressing cells had lower viability in later culture days compared to lentiviral control in both cell lines, which was most evident for MCF7 CCT2-FLAG overexpressing cells at days 5 and 8 of spheroid growth (Figures 7C, D; gating shown in Figure S6). Loss of viability in the T47D CCT2-FLAG overexpressing cells at day 8 could be explained by a bigger necrotic core in these larger spheroids (Figure 3C). Viability loss in MCF7 CCT2-FLAG overexpressing cells could be due to increased proliferation of cells that failed to thrive in spheroid cultures. In total, these findings provide additional support for CCT2 in promoting the proliferation of cancer cells and growth of spheroids.




Figure 7 | CCT2 overexpression increases cell division of breast cancer cells in 3D cultures. (A, B) The ViaFluor® dye was used to assess cell division over time for T47D cells (A) and MCF7 cells (B), CCT2-FLAG overexpressing and lentiviral controls, from days 3-5 of spheroid 3D cultures are shown. Cells were stained at day 3 and incubated for 48 hours before assessing cell division by flow cytometry. Generation time (histograms) and percent cells divided (graph) was determined (n=3). (C, D) PI exclusion assay was used to assess the viability of cells from spheroid cultures at days 3, 5, and 8 of 3D growth for T47D cells (C) and MCF7 cells (D) (n=3). Data was acquired using a CytoFlex S flow cytometer and analyzed using FCS Express software. Values are mean with SD. *p-value <0.05, **p- value <0.005, ***p-value <0.0005, ****p-value < 0.00005.



Based on our data mining showing the co-occurrence of CCT2 with cell cycle genes (Table 2) and our previous finding that overexpression of CCT2-FLAG promoted cell division in 2D monolayer cultures (40), we tested whether CCT2-FLAG overexpression could enhance cell cycle entry and progression. Cultures of T47D and MCF7, CCT2 overexpressing and lentiviral control, cells were synchronized for growth. After 24 hours of serum deprivation, cell cycle analysis using PI to stain the DNA confirmed that a majority of cells (~70%) were in G1 phase arrest (Figures S7A–D). Serum-containing media was introduced to the culture to synchronize growth, and cell cycling was assessed at 24- and 48-hours post-serum addition. Results showed that overexpression of CCT2-FLAG in T47D cells promoted the transition of cells from G1 to S and G2 phases of cell cycle. T47D cells overexpressing CCT2-FLAG had more cells in S and G2 phases at 24- and 48-hours post-serum addition compared to lentiviral control cells (Figures 8A, S8A). MCF7 CCT2-FLAG overexpressing and lentiviral control cells had about the same cell cycle distribution post-serum addition (Figures 8B, S8B).




Figure 8 | CCT2 overexpression promotes progression of breast cancer cells through the G1/S transition. Proliferation of T47D and MCF7 cells, CCT2-FLAG overexpressing and lentiviral control, in 2D cultures was synchronized after serum deprivation for 24 hours and cell cycle distribution was analyzed by PI intracellular staining of cells from 2D monolayer cultures (A, B) and 2D post 3D cultures (C, D) after 24 and 48 hours of serum introduction (n=3). Note that ~70% of the cells were synchronized in G1 after serum deprivation (Figure S7). Data was acquired using the CytoFlex S flow cytometer and analyzed with FCS Express software.



We also established 2D monolayer cultures from the 3D cultures that underwent spheroid growth reversal – referred to as 2D post 3D. Using these cells, we tested whether CCT2-FLAG overexpression impacted cell cycle progression. The 2D post-3D cells derived from T47D and MCF7 spheroids were synchronized by serum deprivation and analyzed for the effect of CCT2-FLAG overexpression on the cell cycle. Using PI staining for DNA analysis, we confirmed that about 70% of cells were in G1 after 24-hours of serum deprivation (Figures S7A–D). T47D CCT2 overexpressing cells had more cells in S and G2 phases after 24- and 48-hours post-serum addition compared to lentiviral control cells (Figures 8C, S8C). MCF7 CCT2 overexpressing and lentiviral control cells had comparable cell cycle distribution after serum addition, however these cells were inherently more proliferative (Figures 8D, S8D). Collectively, we found that CCT2 promotes breast cancer cell cycle progression through G1/S, in 2D, spheroid and 2D post 3D cultures; however, this effect could be cell type dependent and may involve different mechanisms depending on the cell’s genetic make-up.



CCT2 Upregulates Expression of MYC and Cell Cycle Genes Under Different Culture Conditions

To further investigate how CCT2 promotes cell cycling, we determined whether increased levels of CCT2 correlated with changes in gene expression of key cell cycle regulators. The expression of MYC and others was assessed by RT-qPCR. GAPDH was used as a reference gene. Gene expression is presented as -ΔΔ Ct relative to the MCF7 lentiviral control reference sample, since these cells had the lowest CCT2 expression. MCF7 and T47D cell lines had inherent differences in expression of the tested genes (Table 4; Figure 9A). Collectively, T47D spheroids displayed statistically significant higher levels of MYC, CDK2, CDK4, and CCNE1 compared to MCF7 spheroids (Table 4). As spheroid cultures grew, expression for selected genes was downregulated, which is consistent with a general decrease in cellular processes observed with spheroid growth (53–55). Peaks of gene expression most commonly occurred on day 3 of spheroid culture, which correlated with peak levels of CCT2 (Figure 9A). Importantly, CCT2-FLAG overexpression significantly upregulated the expression of the cell cycle regulators, MYC (Figure 9A) and CCND1/cyclin D1 in T47D cells relative to the lentiviral control cells (Figure 9B, Table 4).


Table 4 | Summary of multiple mixed effect linear regression analysis on expression of each gene in response to cell line (T47D vs MCF-7), treatment [lentiviral control (control) vs CCT2-FLAG overexpression (over-CCT2)] and day.






Figure 9 | CCT2 upregulates expression of MYC and cell cycle genes in breast cancer cells. (A) Graphs show results of RT-qPCR for relative gene expression measured as (-ΔΔCt) for each gene in response to CCT2-FLAG overexpression in T47D and MCF7 cells at days 0 (pre-spheroid), 3, 5, and 8 of 3D spheroid cultures (n=3-5). The MCF7 lentiviral control was used as a reference sample. This data was used for the multiple linear mixed effect model shown in Table 4. (B) Cyclin D1 expression was evaluated in reference to T47D lentiviral control and statistical analysis shown in Table 4. (C) Comparison of gene expression is shown, measured as -ΔΔCt for each gene, in response to CCT-FLAG overexpression in T47D and MCF7 cells grown in 2D (pre-spheroid) (n=5) and 2D post 3D/spheroid (n=6) cultures. This data was used to perform the multiple factor ANOVA analysis shown in Table 5.



Next, two different populations of cells grown in 2D monolayer cultures were evaluated, the more heterogeneous cells that were adapted to 2D adherent growth conditions and the 2D post 3D cells, that underwent spheroid growth reversal. CCT2-FLAG overexpression upregulated the expression of MYC, CCND1, CDK2, and CDKN1A (Table 5). Especially significant was the increased expression of MYC and CCND1 in T47D CCT2-FLAG overexpressing cells as compared to lentiviral controls (Figure 9C, Table 5). In summary, we found that in CCT2 overexpressing cells (especially T47D cells) gene expression of key regulators of cell proliferation, such as MYC and CCND1, was increased and potentially contributed to the proliferative expansion induced by CCT2 detected across 2D, 3D and 2D post-3D culture conditions.


Table 5 | Summary of multi-factor ANOVA analysis showing effect of individual factors on the expression of each gene in response to effects of cell line (T47D vs MCF-7), treatment [lentiviral control (control) vs CCT2-FLAG overexpression (over-CCT2)] and 2D (before spheroid culture) vs 2D post 3D (after spheroid growth reversal).





CCT2 as a Possible Oncogene

The highest gene expression for MYC in the CCT2-FLAG overexpressing T47D cell line was observed on day 3 of spheroid culture (Figure 9A) and is consistent with total CCT2 mRNA expression (Figure 9A). These results led us to determine whether there was a statistically significant correlation between CCT2, MYC, and CCND1 in the breast cancer cell lines studied. Gene expression of CCT2, MYC and CCND1 was assessed from the same batch of 2D and day 3 spheroid cultures of T47D and MCF7 cells, CCT2-FLAG and lentiviral control. Combining the datasets to increase statistical power, we performed a gene correlation analysis and found that total CCT2 expression significantly correlated with the increased expression of MYC and CCND1, with Spearman correlations of 0.864 and 0.824, respectively, and p< 0.05 (Figure 10A). To determine if the correlation between CCT2, MYC, and CCND1 was clinically relevant, we analyzed TCGA data for CCT2 mRNA co-expression with these genes. Using combined pan-cancer studies, moderately positive correlations of CCT2 mRNA were found with MYC, CDK2, CDK4, CCNE1 but not CCND1 (slight negative correlation) (Figure 10B). However, a different correlation test using the UCSC Xena database (study: TCGA BRCA) did find a weak but significant correlation between CCT2 and CCND1 (Pearson’s correlation 0.095, p-value < 0.001). These findings suggest that CCT2 could be a possible node for the interaction of key cell cycle regulators in the uncontrolled growth of cancer cells. The scope of the proliferative factors interacting with CCT2 is shown in an analysis of the network resulting from compiling data of potential CCT2 interactors (evidence from both physical and genetic interactions, BioGRID). MYC, CDK2, and cyclin D1 (highlighted by red circles) as part of the CCT2 interactome are shown, supporting that CCT2 could be a central point or node for regulation of cancer proliferation pathways mediated by these factors (Figure 10C). The full list of interactors is shown in Supplementary Data (Excel sheet).




Figure 10 | CCT2 as a possible oncogene. (A) Spearman correlation coefficients were determined to demonstrate gene interactions among MYC, CCND1 (Cyclin D1), and total CCT2 in MCF7 and T47D cells, CCT2 overexpressing and lentiviral controls. Results from the combined dataset are shown (n=3). Gene expression was measured as -ΔΔCt using the MCF7 lentiviral control as reference. The red colored squares indicate that correlations were significant with p-values <0.05. P-values were adjusted based on the Holm multiple test adjustment. (B) The TCGA PanCancer dataset was analyzed for co-expression of CCT2 mRNA with MYC, CCND1, CCNE1, CDK2, and CDK4 mRNA. Spearman and Pearson correlation p-values are shown. (C) The CCT2 interaction network with physical and genetic integrators is shown (data from BioGRID). The positions of MYC, CCND1,and CDK2 in the CCT2 interactome are highlighted in red circles. Greater node size represents increased connectivity and thicker edge sizes represent increased evidence supporting the association. The list of CCT2 interactors is included in Supplementary Data (see Excel sheet).



CCT2 is located on chromosome 12q15 along with other identified oncogenes MDM2, FRS2, YEATS4 and others. CDK4 (12q13) also spans the chromosomal region 12q13-15. Hence CCT2 is part of an amplicon that is associated with cancer development. The highest percent of samples/patients with CCT2 gene amplification or increased gene expression is observed in soft tissue cancers like sarcoma (19% of sarcoma samples/patients have gene alterations in CCT2, TCGA) (Figure S9A). CCT2 is also genetically altered in invasive breast cancer along with other 12q15 oncogenes, the percent of which varies depending on the study and availability of samples (Figures S9B, C). Along with its role in the CCT protein folding complex promoting the folding of substrates like actin, we showed that CCT2 supports the proliferation of cancer cells in 2D and 3D conditions, correlates with the expression of oncogenes like MYC, and thus may fulfill the basic requirements for an oncogene as it undergoes genomic amplification during the mutational processes that drive tumorigenesis (56, 57).




Discussion

The CCT complex assists in the folding, stability, maturation, or assembly of many proteins essential for cancer cells. However, being a large complex composed of eight subunits, the therapeutic targeting of CCT is challenging. To address this, we show that overexpressing one subunit, CCT2, is sufficient to promote the proliferation of cancer cells and enhance the potential for metastasis, suggesting that this subunit could be targeted to inhibit the carcinogenic activity of the complex. We chose two luminal A breast cancer cell lines that had different genetic backgrounds and low endogenous levels of CCT2 (40, 42) to study the function of CCT2. T47D cells, which are also PR high (58), manifested the greatest changes upon CCT2 overexpression, with increased spheroid size and numbers and enhanced proliferation. T47D cells also sustained higher levels of CCT2-FLAG expression, displayed spheroid growth reversal, and anchorage-independent growth. Importantly, increases in the gene expression of MYC and CCND1 correlated with CCT2 in T47D cells, suggestive of a possible mechanism driving the increased cell cycling. The data from T47D cells show that overexpressing CCT2 can result in the uncontrolled proliferation and the metastatic-like behavior of aggressive, invasive cancer cells and is linked to increased expression of cell cycle regulators. In contrast, MCF7 cells, which have higher CCT2 copy number compared to T47D cells, inherently do not express more CCT2 but rather have high endogenous levels of MYC and CCND1. While CCT2-FLAG overexpression was achieved in these cells, high levels of total CCT2 were not sustained. As a result, we did not observe significant increases in spheroid growth or spheroid growth reversal over that of MCF7 control cells. Taken together, the data from these cell lines support that CCT2 is a novel regulator of cell proliferation that could be a node for the interaction of growth pathways involving cell cycle regulators like MYC and CCND1.

The pro-growth activity of CCT2 can be in part explained through the protein-folding activity of the chaperonin complex. Increasing CCT2 could in turn increase the folding and availability of functional forms of proteins involved in cell cycling like cyclin E (37) and cdc20 (35) that are substrates of the chaperonin. In support, one study showed that CCT2 is essential for the allosteric cooperativity of the chaperonin, increasing complex functionality (59). The CCT2 interactome is not fully known, but information from databases like BioGrid indicates that CCT2 may have physical and genetic interactions with more than 500 proteins, many of which like MYC and CCND1 drive cell cycling and promote carcinogenesis. Our data also suggests that additional mechanisms beyond protein-folding and biogenesis may directly influence the gene expression of key cell cycle regulators like CCND1 and CDK2 and growth promoters like MYC. One way could be by acting as an RNA binding protein (RBP), since CCT2 was shown to interact with MYC mRNA and could govern the biology of this mRNA (60). How CCT2 increases the expression of CCND1 or CDK2 remains unknown but could be an indirect result of increasing MYC or other transcription factors.

MYC is a major proto-oncogene in breast cancer, especially for HER2 and BRCA-1 associated cancers that have poor prognoses (19, 61, 62). Likewise, CCND1 (cyclin D1) is amplified or overexpressed in cancer and may cooperate with MYC to promote transformation (63). Herein, we showed that CCT2 expression can upregulate MYC and CCND1 gene expression and promote metastatic-like behavior in luminal A breast cancer cells that are typically less aggressive than the basal-like/TNBC subtypes usually associated with MYC amplification. Others reported that overexpression or suppression of CCT3 in basal-like TNBC cells altered cell proliferation and changed the expression of MYC (64, 65). One pathway of interest is WNT/β-catenin signaling that regulates cell growth and could drive proliferation in breast cancer cells through MYC and CCND1 (66, 67). Overexpression of CCT3 increased β-catenin in MDA-MB-231 and T47D breast cancer cells, which could be modulated by microRNA (miRNA) 223. This miRNA was shown to bind to the 3′UTR of both CCT3 and β-catenin (65). The conclusion drawn from this study was that CCT3 mediates breast cancer growth by binding to and competitively inhibiting miRNA 223. However, a prediction analysis for miRNA targets in CCT2 did not reveal similar findings (http://www.targetscan.org/cgi-bin/targetscan/vert_72/view_gene.cgi?rs=ENST00000299300.6&taxid=9606&members=&showcnc=0&shownc=0&showncf1=&showncf2=&subset=1). Moreover, we noted that CCT3 mRNA and protein in our study did not vary substantially between the lentiviral control and CCT2-FLAG overexpressing breast cancer cells. While we cannot definitively rule out the contribution of miRNAs and other CCT subunits in the effects of CCT2 overexpression upon MYC, cyclin D1 and subsequent proliferation and spheroid growth, the mechanisms driving this interaction remain to be elucidated. One possible avenue for further exploration is the relationship between CCT2, MYC and p53. In a study of mutant TP53 in head and neck cancers, CCT2 was identified as a MYC and mutant TP53 target gene. Depletion of mutant p53 reduced the interaction of MYC with the CCT2 promoter (68). Since T47D cells have a missense TP53 mutation with potential gain of function (MCF7 have wild type p53), it is interesting to speculate that the mutant TP53-MYC axis may be involved in the responsiveness of this cell line to CCT2 overexpression.

Using 3D cultures to model breast tumor growth we observed increased spheroid formation upon CCT2 over expression, as evidenced by multiple and larger spheroids, and loss of tight cell contacts that support spheroid structure when CCT2 was depleted. In support, we also found that actin was upregulated in CCT2 overexpressing cells, especially as cells transitioned from 3D to monolayer cultures. One group showed that cells undergoing 3D to 2D culture transitions retained signatures typical of metastatic cells, such as the expression of cancer stem-cell markers and the development of chemoresistance (51). Our data suggest that CCT2 could enhance the potential of spheroids to not only grow but to transition to 2D culture, which is suggestive of a more aggressive phenotype, and such a phenotype that could be responsible for promoting drug resistance. For example, spheroids from MDA-MB-231 cells, which we previously reported had high endogenous levels of CCT2 (42), developed increased resistance to treatment with carboplatin or doxorubicin (69).

The gene for CCT2 is located in the 12q15 amplicon, which also contains the oncogenes MDM2, YEATS4, FRS2 among others. High level amplification of this amplicon may be an early event in precursor cells that give rise to sarcomas (70) and other cancers like gliomas and melanomas (71). Genomic imbalances in this region are also found in other cancers such as follicular lymphomas (72). Given this, therapeutically targeting CCT is complicated by the fact that this is a multi-subunit complex, which challenges the development of small molecule inhibitors. Others identified a small molecule that interferes with the CCT2-β−tubulin interaction that could have application in the treatment of resistance to tubulin-binding agents (73). However, given the genetic heterogeneity of cancer, a CCT inhibitor that works independently of substrate identification is needed. To this end, our lab previously identified a small amphipathic peptide, called CT20p, as being cytotoxic in cancer cells that highly express CCT (42, 43). Using polymeric nanoparticles to systemically deliver CT20p, we achieved regression of breast and prostate tumors in mice (74–76) and demonstrated that CT20p directly binds to the CCT2 subunit (42). CT20p thus demonstrates that CCT2 and the chaperonin complex can be therapeutically targeted and have biological outcomes such decreasing tumor growth. Herein we show the value of CCT2 as a druggable target by demonstrating its role as a cell cycle regulator that intersects with key proliferative factors like MYC and CCND1. Future studies on establishing the function of CCT2 as an oncogene and elucidating its relationship with MYC could undercover a novel mechanism underlying cancer growth and dissemination and reveal uses for CCT inhibitors in the treatment of drug resistant cancers and in the prevention of cancer relapse and metastasis. 
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Supplementary Figure 1 | CCT3 expression in breast cancer CCT2-FLAG overexpressing cells. (A) Representative immunoblots of CCT3 protein expression in T47D and MCF7, CCT2-FLAG overexpressing and lentiviral control, cells are shown. Graph summarizes data from blots that was normalized to total protein. (B) CCT3 relative mRNA expression was assessed using RT-qPCR. GAPDH was used as the reference gene.

Supplementary Figure 2 | CCT2 protein levels in spheroid cultures of breast cancer cells. Graphs show total CCT2 protein, CCT2-FLAG protein (anti-FLAG) and endogenous CCT2 protein normalized to total protein in T47D (A) and MCF7 (B), CCT2-FLAG overexpressing and lentiviral control, cells. Data was determined from immunoblots shown in Figure S3.

Supplementary Figure 3 | Representative immunoblots for CCT2 total protein expression in T47D (A) and MCF7 (B), CCT2-FLAG (anti-FLAG) and endogenous CCT2 in T47D (C) and MCF7 (D) at day 0 (2D cultures, pre-spheroid), spheroid cultures on days 3, 5, and 8, and 2D post 3D cultures are shown. Total protein stain is showed below each panel.

Supplementary Figure 4 | CCT2 supports anchorage independent growth in culture. Dissociated spheroids from T47D lentiviral control (A) and CCT2-FLAG expressing cells (B) were grown in standard tissue culture flasks. Representative brightfield images at 20X magnification from various stages of growth were acquired after 3 weeks post transfer from spheroid culture. CCT2-FLAG overexpressing cells formed 3D spheroid like structure in monolayer culture conditions (B), while lentiviral control cells grew in 2D cell sheets confined by the well (A). 

Supplementary Figure 5 | CCT2 protein levels in spheroid reversal cultures (2D post 3D) of breast cancer cells. Graphs show (A) CCT2-FLAG (anti-FLAG), (B) total CCT2 protein, and (C) endogenous CCT2 protein expression normalized to total protein in T47D and MCF7, CCT2-FLAG overexpressing and lentiviral control, cells. Cells were grown in 3D spheroid cultures and then transferred to standard tissue culture plates for 2D growth (2D post 3D). Data was determined from immunoblots shown in Figure S3. 

Supplementary Figure 6 | Viability gating of breast cancer cells in spheroid culture. T47D and MCF7, CCT2-FLAG overexpressing and lentiviral control, cells were cultured on ULA plates and cells recovered for PI exclusion staining. Live cell gating on PI negative cells on days 3, 5, 8 of spheroid growth is shown for T47D (A) and MCF7 (B) cells. 

Supplementary Figure 7 | Serum deprivation causes cell cycle arrest of breast cancer cells. T47D and MCF7, CCT2-FLAG overexpressing and lentiviral control, cells were deprived of sera for 24 hours, and cells were collected for analysis of cell cycle distribution using PI staining. (A–D) Cell cycle distribution of T47D and MCF7 cells in standard 2D culture (A, B) and of cells transitioning from 3D to 2D culture (2D post 3D culture) (C, D) is shown. 

Supplementary Figure 8 | Cell Cycle distribution of growth synchronized cultures of breast cancer cells. Growth arrested T47D and MCF7, CCT2-FLAG overexpressing and lentiviral control, cells were cultured in sera-containing media for 24 to 48 hours, and cells were collected for analysis of cell cycle distribution using PI staining. (A–D) Cell cycle distribution of T47D and MCF7 cells in standard 2D culture (A, B) and of cells transitioning from 3D to 2D culture (2D post 3D culture) (C, D) is shown. 

Supplementary Figure 9 | CCT2 is located in an amplicon associated with cancer progression. CCT2 is found in 12q13-15 chromosomal region that is subject to recurrent amplification in cancer. (A–C) CCT2, MDM2, FRS2, YEATS4, CDK4 genetic alteration and heatmap for mRNA expression is shown from TCGA cases PanCancer combined and sarcoma (A) and invasive breast carcinoma (B). Co-amplification of genes in the CCT2 altered group compared to unaltered group in invasive breast carcinoma (TCGA PanCancer studies) is shown (C).
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Glioblastoma multiform (GBM) is the most common and malignant primary brain cancer in adults, and thus, novel potential therapeutic targets for diagnosis and treatment are urgently needed. Circular RNAs (circRNAs) are a class of widespread and diverse endogenous RNAs that have been suggested as potential critical mediators during progression of various tumors. In this study, we investigated the involvement of circHECTD1 in GBM progression. CircHECTD1 Lentivirus, miR-320-5p mimic, and SLC2A1 Lentivirus were transduced into cancer cells independently or together. circHECTD1, miR-320-5p, and SLC2A1 level were detected by qRT-PCR. Western blot and qRT-PCR were applied to measure the expression of SLC2A1, CyclinD1, CDK2, and PCNA. Flow cytometry, EdU, colony formation, Transwell and wound-healing assays were conducted to assess cell proliferation and migration. Luciferase reporter assays were performed to determine the effect of miR-320-5p on circHECTD1 or SLC2A1. Xenograft experiments were implemented to evaluate tumor growth in vivo. CircHECTD1 expression led to the promotion of proliferation and migration of GBM cells. In addition, circHECTD1 acted as a ceRNA to interact with miR-320-5p, which targeted the solute carrier family 2 member 1 (SLC2A1). In vivo experiments also revealed that circHECTD1 promoted tumor growth. Collectively, our findings showed that the circHECTD1-miR-320-5p-SLC2A1 regulatory pathway promoted the progression of GBM, suggesting that circHECTD1 may be a therapeutic target for GBM.
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Introduction

Glioblastoma multiform (GBM) is a malignant and aggressive primary brain tumor, characterized by rapid growth and invasion of the surrounding tissue (1). The existing treatments for glioblastoma are surgery, radiotherapy, and chemotherapy as an adjunct, which have limited success in increasing the overall survival of patients (2). In recent years, targeted agents have shown promise as novel therapies or as sensitizers to improve responses to traditional chemotherapy and radiation (3). Thus, identifying and understanding the key molecules associated with the malignant phenotype of GBM will yield new potential therapeutic targets.

Circular RNAs (circRNAs), one type of endogenous noncoding RNAs (ncRNAs), form a covalently closed continuous loop of single-stranded RNAs, which are ubiquitously present in mammalian cells (4). Previous studies have reported that circRNAs can act as competing endogenous RNAs (ceRNAs) by sharing common miRNA response elements to miRNA-targeted gene expression (5). It has been reported by many investigators that circRNAs interact with miRNA and transcription factors to regulate gene expression, which play essential roles in tumorigenesis and development (6). For example, circRNA-5692 inhibited the proliferation and migration of hepatocellular carcinoma by sponging oncogenic miR-328-5p, to enhance tumor suppressor DAB2IP expression (7). circPLEKHM3 was found to act as a ceRNA for miR-9, to upregulate BRCA1, DNAJB6 and KLF4, which subsequently activated the epithelial-mesenchymal transition, AKT1, and canonical Wnt/β-catenin signaling pathways (8). Song et al. (9) revealed a novel mechanism that hsa_circRNA_101996-miR-8075-TPX2 network contributed to cervical cancer proliferation, migration, and invasion.

In this study, we found that circHECTD1 effectively enhanced the proliferation and migration of GBM cells. Furthermore, we characterized the molecular mechanism of circHECTD1 and found that circHECTD1 acted as a ceRNA to sponge miR-320-5p to promote SLC2A1 expression and enhance the malignant behaviors of GBM. Overall, this study showed the effect of the circHECTD1-miR-320-5p-SLC2A1 axis in GBM, which highlighted potential novel targets for GBM treatment.



Materials and Methods


Animals and the Xenograft Tumor Model

Twenty-four four-week-old female athymic Balb/c nude mice were used. All animal experiments were carried out according to Institutional Animal Care Guidelines and were ethically approved by the Administration Committee of Experimental Animals, with the approval of Nantong University, Jiangsu, China. Approximately 1 × 107 C6 cells were injected subcutaneously into each mouse. Six mice were used in each group. Mice were sacrificed and their tumor weights were measured after 3 weeks.



Cell Culture

C6, U87 and HEK-293T cells lines were cultured in Dulbecco Modified Eagle Medium and Ham F-12 nutrient mixture (1:1, DMEM/F-12, Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Sangon Biotech, Shanghai, China). All cells were incubated in a humidified atmosphere of 5% CO2 in air at 37°C.



Transfection and Lentiviral Transduction

The transfection was performed when they were 60~80% confluent. The cells were transfected with the miR-320-5p/NC mimic or miR-320-5p/NC inhibitor (Ribobio, Guangzhou, China) using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The circHECTD1 or SLC2A1 was subcloned into the lentivirus vector ((polyA-MCS-UBI)RV-SV40-EGFP-IRES-puromycin) to construct LV- circHECTD1 vector, while LV-NC was used as the negative control, and (hU6-MCS-Ubiquitin-EGFP-IRES-puromycin) to construct sh-circHECTD1 or sh-SLC2A1 vector, while sh-NC was used as the negative control. All lentiviruses were constructed by Genechem (Shanghai, China). After the lentiviruses were cultured for 48 h, the lentiviruses were removed and replaced with fresh medium. The cells were then screened by culturing in the presence of 2 μg/mL puromycin after transfection.



RNA Isolation and RT-qPCR

The nuclear and cytoplasmic fractions were extracted using a Nucleoprotein Extraction kit (Invitrogen). Total RNA from cells and tissues were isolated using TRIzol Reagent (Vazyme Biotech, Nanjing, China) according to the manufacturer’s instructions. For mRNA expression analysis, 1 µg of RNA was used to synthesize cDNA using the HiScript Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme Biotech, Nanjing, China), and the SYBR green method (Roche, Basel, Switzerland) was performed using the StepOnePlus™ real-time PCR system (Invitrogen). Primers for RT-qPCR analysis of circHECTD1, and linear mRNA are listed in Table S1.

For miRNA expression analysis, a miRcute Plus miRNA First-Strand cDNA Synthesis Kit (Tiangen Biotech, Beijing, China) and miRcute miRNA qPCR Detection Kit (Tiagen Biotech) were used. A total of 1 μg of total RNA was used according to the manufacturer’s protocol. Forward primers of miRNAs were obtained from Ribobio (Guangzhou, China), and the reverse primer was commercial, as supplied in a miRcute miRNA qPCR Detection Kit. The relative gene expression was calculated by comparing the cycle times for each target PCR. The target PCR Ct values were normalized by subtracting the internal control Ct value.



Actinomycin D and RNase R Treatment

To block transcription, actinomycin D (1 μg/mL; APEXBIO Technology, Houston, TX, USA) or dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO, USA) as a negative control was added to the cell culture medium. For RNase R treatment, 1 μg of total RNA was incubated for 30 min at 37°C with or without 2 units/μg of RNase R and purified using the RNeasy MinElute cleaning Kit (Qiagen, Hilden, Germany).



Fluorescence In Situ Hybridization (FISH)

FISH was performed in C6 cells, using a FISH kit purchased from RiboBio following the manufacturer’s protocol. After washing with PBS, the cells were fixed in 4% paraformaldehyde and then incubated in PBS with 0.3% Triton X-100. Before hybridization overnight at 4°C, the cells were incubated in the prehybridization solution for 30 min at 37°C. The next day, the cells were stained with Hoechst 33342 after washing with 4× saline sodium citrate (SSC) twice, 2× SSC once, 1× SSC once, and PBS once at 42°C. The images were then captured with a confocal fluorescent microscope (Olympus, Tokyo, Japan) and processed with identical settings for all images.



Western Blotting

Total proteins were homogenized with RIPA lysis buffer containing 1 mM phenylmethylsulfonyl fluoride (Solarbio, Beijing, China). After determining the protein concentration, proteins in the supernatant were separated by 10% SDS-PAGE, transferred to polyvinylidene difluoride membranes and then blocked with 5% skim milk for 2 h. After incubating with primary antibodies overnight at 4°C, the membranes were incubated with goat anti-rabbit or anti-mouse horseradish peroxidase-linked secondary antibodies for 2 h. Bands on the membranes were visualized by enhanced chemiluminescence reagents (ECL; Bio-Rad, Hercules, CA, USA). Primary antibodies included anti-PCNA (1:1,000, Abcam, Cambridge, UK), anti-CyclinD1 (1:1,000, Abcam), anti-CDK2 (1:1,000, Abcam), anti-SLC2A1 (1:1,000, Abcam), and anti-β-actin (1:1,000, Abcam), anti-histone H3 (1:1,000, Abcam) and anti-β-tubulin (1:1,000, Abcam).



Flow Cytometry for the Cell Cycle Assay

Cells in a culture dish were collected after 24 h, washed twice in ice-cold PBS, and fixed in 75% ice-cold ethanol in PBS. The cells were washed twice in PBS, then stained with BD Pharmingen™ PI/RNase Staining Buffer (BD Biosciences, San Diego, CA, USA) for 30 min at 4°C. The cell suspension was subjected to flow cytometry (BD Biosciences).



Proliferation Assay

For the EdU assay, cells were seeded in plates and incubated with 50 mM of EdU using a Cell-Light EdU Apollo567 In Vitro Kit (Ribobio) for 2 h, and the cells were then stained for EdU as described in the manufacturer’s protocol. For the growth ability assay, 100 cells were trypsinized and plated into 100 mm dishes. After 10 days, the colonies were stained with 1.0% crystal violet for 30 min after fixation with 4% PFA for 15 min.



Cell Migration Assay

The migration ability was measured in 24-well plates using Corning Transwell chambers with 8 μm filter membranes (Corning, Acton, MA, USA). The starved cells were plated in the upper chamber with serum-free medium and the serum medium was placed in the lower chamber. The remaining cells on the upper surface were wiped with a cotton swab after 24 h. Afterwards, the cells on the lower surface of the filter were fixed with 4% paraformaldehyde and stained with 1% crystal violet for 30 min. For the wound-healing assay, the cells were cultured in 6-well plates until they were a single confluent layer. The cell monolayer was scraped in three straight lines with a 1,000 μl pipette tip to create “scratches”. Cell debris was removed by PBS washing, and fresh medium was added.



Luciferase Reporter Assay

The luciferase reporter vectors were constructed by Genechem. The circHECTD1 and SLC2A13’-UTR, which included miR-320-5p seed binding sites, was cloned into the pGL3-promotor vector to construct the wide type (WT) vector, and the predicted seed zones with miR-320-5p were replaced by nonsense sequences in mutation type (MuT) vector. In the luciferase reporter assay, HEK-293 cells plated in a 24-well plate were co-transfected with 100 ng plasmid and 100 ng luciferase construct. Luciferase and Renilla signals were measured 72 h after transfection using the Dual Luciferase Reporter Assay Kit (Promega, Madison, WI, USA) according to a protocol provided by the manufacturer.



Immunohistochemistry

Coronal sections were blocked in PBS containing 0.3% Triton X-100 and 10% goat serum for 2 h, and then incubated with rabbit anti-SLC2A1 (1:1,000, Abcam) overnight at 4°C. After rinsing in PBS, the sections underwent color development with 3, 3′-diaminobenzidine (BD Pharmingen, NY, NY, USA) and hematoxylin (Vector Laboratories, Burlingame, CA, USA) counterstaining.



Statistical Analysis

The quantitative results were presented as the mean ± SEM based on at least three independent experiments. All data were analyzed by Prism software, version 6.00 (GraphPad Software, La Jolla, CA, USA). Experiments with two experimental groups were evaluated using an unpaired Student’s two-tailed t-test. In experiments with more than two experimental groups, one-way analysis of variance was used. The results were considered statistically significant when *P < 0.05; **P < 0.01; or ***P < 0.001.




Results


Characteristics of the circHECTD1 Circular RNA

To validate the existence of circHECTD1 in C6 cells, junction primers were designed to confirm the size and sequence of an amplified PCR product, followed by Sanger sequencing (Figure 1A). Furthermore, to investigate the stability of circHECTD1 in cells, we extracted the total RNA treated with actinomycin D, an RNA synthesis inhibitor. The results showed that the half-life of circHECTD1 was approximately 12 h, whereas the linear HECTD1 mRNA exhibited a half-life that was less than 4 h (Figure 1B). The expression of circHECTD1 was resistant to digestion with RNase R exonuclease, suggesting that the studied RNA species was likely circular in form (Figure 1C). In addition, nucleoplasmic separation and the FISH assay showed that circHECTD1 was predominantly localized in the cytoplasm (Figures 1E, F). Fraction purity was confirmed by western blot using antibodies against nuclear (histone H3) and cytoplasmic (β-tubulin) marker proteins (Figure 1D).




Figure 1 | Characteristics of circHECTD1. (A) The presence of circHECTD1 was validated by RT-qPCR followed by Sanger sequencing. (B) RT-qPCR analysis of the abundance of circHECTD1 and HECTD1 mRNA treated with actinomycin D at the indicated time points. (C) RT-qPCR analysis of the abundance of circHECTD1 and HECTD1 mRNA treated with RNase R (RNase R) or without RNase R (Mock). (D) Western blot analysis of cytoplasmic (β-tubulin) and nuclear (histone H3) marker protein expression. (E) RT-qPCR data indicating the abundance of circHECTD1 and HECTD1 mRNA in either the cytoplasm or nucleus. (F) Fluorescence in situ hybridization assay showing the location of circHECTD1. The nuclei were stained with Hoechst dye. Bar = 200μm. Each bar represents the mean of three independent experiments. ***P < 0.001.





CircHECTD1 Regulated the Proliferation and Migration of GBM Cells

To determine the functional association of circHECTD1 in GBM cell lines, lentivirus was transduced into cells, and expression of circHECTD1 was confirmed by RT-qPCR (Figure 2A). We found that circHECTD1 knockdown significantly decreased the expression of proliferation-related markers, including CyclinD1, CDK2, and PCNA at both the mRNA and protein levels (Figures 2B, C). Flow cytometry assays showed that circHECTD1 knockdown significantly decreased the percentage of cells in S phase (Figure 2D). Similarly, using an EdU incorporation assay, we found that circHECTD1 knockdown repressed the mitotic activity (Figure 2E). Consistent with the abovementioned results, we found that circHECTD1 suppression decreased the colony numbers (Figure 2F). We further examined the effect of circHECTD1 on cell migration using the Transwell and wound-healing assays. The results showed that the migration of cells was significantly decreased after circHECTD1 knockdown (Figures 2G, H). Taken together, these results verified the oncogenic roles of circHECTD1 in GBM.




Figure 2 | CircHECTD1 regulated the cell proliferation and migration. (A) RT-qPCR analysis of circHECTD1 expression. (B, C) The expression of proliferation marker genes, CyclinD1, CDK2, and PCNA, were measured by RT-qPCR and western blot. (D) Flow cytometric analysis of the indicated cells transfected with the normal control or circHECTD1. (E) Representative micrographs and quantification of EdU incorporating-cells. Nuclei were stained with Hoechst dye. Bar = 200μm. (F) Representative micrographs and quantification of crystal violet-stained cell colonies. (G) The cells migrating to the lower surface of the membrane were photographed and counted. Bar = 200μm. (H) Photographs were taken when the wound was created at 0 h, 24 h, 48 h, and 72 h in C6 cells, and the percentages of cells migrating into the wound were counted. Bar = 400μm. (I) RT-qPCR analysis depicts the expression of miR-320-5p in the control and circHECTD1 group. (J) Luciferase activity of LUC-circHECTD1 wild-type and mutant in C6 cells transfected with the miR-320-5p mimic and negative control mimic. The data represent the mean ± SEM of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.





CircHECTD1 Directly Bound to miR-320-5p and Suppressed miR-320-5p Activity

We used the online bioinformatics database (RNAhybrid) (10) to predict the interacting miRNAs of circHECTD1. Among the candidate miRNAs, miR-320-5p was of particular interest. miR-320 has been described as a tumor suppressor in tumor pathogenesis and progression (11–13). Overexpression of circHECTD1 significantly resulted in a significant decrease of miR-320-5p, whereas circHECTD1 knockdown significantly increased the relative abundance of miR-320-5p (Figure 2I). The luciferase assay showed that overexpression of miR-320-5p remarkably repressed luciferase activity in wild-type circHECTD1, but not in the mutant form (Figure 2J). Collectively, these results demonstrated that miR-320-5p was an actual target of circHECTD1.



The circHECTD1-miR-320-5p Axis Was Crucial for Cell Proliferation and Migration in GBM

To investigate whether the circHECTD1-miR-320-5p interaction regulated the function of GBM cell lines, we treated cells with miR-320-5p or circHECTD1, and the expression was verified by RT-PCR (Figure 3A). To investigate the functional role of circHECTD1-miR-320-5p in the proliferation of cells, we performed RT-PCR analysis, western blotting, the EdU assay, flow cytometry, and the colony formation assay. We detected the expression of CyclinD1, CDK2, and PCNA and found that miR-320-5p decreased the expression levels of these genes, but when co-transfected with circHECTD1, the expression of these genes increased (Figures 3B, C). Compared with the control, transfection using miR-320-5p significantly decreased the number of cells, whereas circHECTD1 significantly rescued cell phenotypes by increasing cell proliferation (Figure 3D). The results of flow cytometry were similar (Figures 3E). Consistently, colony formation assays revealed that miR-320-5p decreased the growth rate of cells, and circHECTD1 had the opposite effect on cell proliferation (Figure 3F). To investigate whether the circHECTD1-miR-320-5p axis regulated the migration of cancer cells, we transfected cells with miR-320-5p mimic after overexpression of circHECTD1. Compared with the control, the results showed that transfection with miR-320-5p significantly decreased cell migration, whereas circHECTD1 significantly promoted the migration of cells (Figures 3G, H). Together, these results suggested that circHECTD1 may play an oncogenic role in GBM cells by suppressing miR-320-5p activity.




Figure 3 | The effect of miR-320-5p on cell proliferation and migration. (A) RT-qPCR analysis of miR-320-5p expression. (B, C) The mRNA and protein levels of proliferation marker genes were measured by RT-qPCR and western blotting. (D) After 24 h, cell proliferation was detected by the EdU assay. The nuclei were stained with Hoechst dye. Bar = 200μm. (E) Flow cytometric analysis of the cell cycle distribution. (F) Representative micrographs and quantification of crystal violet-stained cell colonies. (G) Transwell assay results of the migration abilities were photographed and counted. Bar = 200μm. (H) After transfection, photographs were taken when the wound was created at 0 h, 24 h, 48h, and 72 h in C6 cells, and the percentages of migrated cells were calculated. Bar = 400μm. The data represent the mean ± SEM of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 compared with the control.





The miR-320-5p Directly Targeted SLC2A1

To identify miR-320-5p-mediated downstream regulators in GBM cells, we identified and screened potential targets of miR-320-5p by three target prediction algorithms (miRWalk, TargetScan, and miRDB) (14, 15) (Figure 4A). The 180 picks from the algorithms were further analyzed according to the PANTHER classification system, in which 20 genes were clustered in the cell cycle control (Figure 4B). According to GEPIA (https://gepia.cancer-pku.cn/) (16), we found that SLC2A1 was highly expressed in GBM compared with normal samples (Figure 4C). The miR-320-5p in GBM cells resulted in a significant decrease of SLC2A1, but circHECTD1 somewhat relieved this effect (Figures 4D, E). As shown in Figure 4F, overexpressing miR-320-5p efficiently reduced the expression of the luciferase reporter in the wild-type group but did not have the same effect in the mutant (mut) group. Collectively, these results showed that SLC2A1 was the direct target of miR-320-5p, which could suppress SLC2A1 function in GBM cells.




Figure 4 | SLC2A1 was a direct target of miR-320-5p. (A) The predicted target genes of miR-320-5p were collected from three target prediction algorithms (miRWalk, TargetScan, and miRDB). (B) The predicted target genes of miR-320-5p were analyzed according to the PANTHER classification system. (C) The expression of SLC2A1 in glioblastoma multiform clinical samples. (D, E) RT-qPCR assays and western blot analyses were used to determine changes in SLC2A1 expression levels for the control, miR-320-5p, and (or) circHECTD1-treated sets. (F) The luciferase reporter assay of the indicated cells co-transfected with the luciferase-SLC2A1 3′-UTR fusion and miR-320-5p or vector, 72 h post-transfection. Data are presented as the mean ± SEM of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.





CircHECTD1 Promoted the Proliferation and Migration by Sponging miR-320-5p to Regulate SLC2A1

To characterize the roles of SLC2A1 in the proliferation and migration of GBM cells, we knockdown SLC2A1 (Figures 5A, B). We performed proliferation and migration assays using cells transfected with SLC2A1, together with miR-320-5p or circHECTD1. As shown in Figures 5C–I, the results demonstrated that SLC2A1 knockdown remarkably suppressed cell proliferation and migration, whereas downregulation of miR-320-5p significantly increased cell proliferation and migration. In addition, transfection with SLC2A1 after knockdown of circHECTD1 showed further alleviated cell proliferation and migration. Overall, these results demonstrated that the circHECTD1-miR-320-5p-SLC2A1 axis was an important regulator in the progression of GBM.




Figure 5 | CircHECTD1 controlled cell proliferation and migration by binding miR-320-5p to regulate SLC2A1 expression. (A, B) RT-qPCR analysis and western blot of the relative abundance of SLC2A1 expression. (C, D) RT-qPCR and western blot analyses of the proliferation marker genes. (E) Representative micrographs and quantification of the EdU assay. Nuclei were stained with Hoechst dye. Bar = 200μm. (F) Flow cytometric measurement of the cell cycle distribution. (G) Representative micrographs and quantification of crystal violet-stained cell colonies. (H) The cellular migration was determined by the Transwell assay. Bar = 200μm. (I) After transfection, photographs were taken when the wound was created at 0 h, 24 h, 48 h, and 72 h in C6 cells, and the percentages of migrated cells were calculated. Bar = 400 μm. The data represent the mean ± SEM of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 compared with the control.





The Therapeutic Potential of circHECTD1 In Vivo

To further confirm the role of circHECTD1 in vivo, we established a nude mice xenograft model by subcutaneous inoculation of C6 cells stably transfected with circHECTD1 or sh-circHECTD1. We observed that tumor volumes and weights were significantly smaller in the sh-circHECTD1 group than those in the control group, whereas they were significantly larger in the group stably expressing circHECTD1 (Figures 6A, B). Immunofluorescence staining showed that circHECTD1 knockdown significantly decreased the number of Ki67 positive cells, whereas it was significantly increased after circHECTD1 overexpression (Figure 6C). Analysis by RT-qPCR and western blotting showed that the expression levels of SLC2A1 were significantly decreased in tumor tissues after circHECTD1 knockdown. Conversely, upregulation of circHECTD1 significantly increased the expression levels of SLC2A1 (Figures 6D, E). The results of the immunohistochemical analyses were similar (Figure 6F). Together, these results further validated our findings that circHECTD1 aggravated the tumorigenicity in vivo.




Figure 6 | CircHECTD1 enhanced gliobastoma multiform growth in vivo. (A) Representative images in immunodeficient mice. (B) The tumor weights of immunodeficient mice injected with C6 cells. (C) Representative micrographs and quantification of Ki67 positive cells after transfection with circHECTD1 or the normal control. The nuclei were stained with Hoechst dye. Bar = 200μm. (D, E) The expression of SLC2A1 were detected by RT-qPCR and Western blot analyses. (F) Representative images and quantification of immunohistochemical staining for SLC2A1. The values are the mean ± SEM for three biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001.






Discussion

Circular RNAs (circRNAs) are a recently discovered large group of RNAs, which are deregulated in pathological phenotypes from cancer to degenerative conditions (17, 18). For example, Song et al. (19) reported that circHMCU promoted proliferation and metastasis of breast cancer by sponging the let-7 family, and can be used as a novel biomarker in diagnosis and prognosis. Chen et al. (20) showed that circRNA_100290 enhanced cell cycle progression by increasing CDK6 expression through sponging miR-29b family members. Sang et al. (21) revealed that hsa_circ_0025202 could suppress tumor growth and enhance tamoxifen efficacy via the miR-182-5p/FOXO3a axis. These reports illustrate the key role of circRNAs as regulators of critical signaling pathways, as well as their clinical value as novel biomarkers.

CircHECTD1 is derived from the HECTD1 gene, and HECTD1 is widely expressed in a range of human and murine primary cells and cell lines, including macrophages, neuronal cells, and insulin secreting β-cells (22). Intervention of circHECTD1 significantly inhibits astrocyte activation with amelioration of cerebral infarction, indicating that circHECTD1 can be regarded as a novel biomarker for stroke (23). Cai et al. (24) reported that circHECTD1 was the most significantly upregulated circRNAs in gastric cancer, and upregulated circHECTD1 facilitates glutaminolysis by modulating the miR-1256/USP5 axis, thereby promoting gastric cancer progression. Jiang et al. (25) revealed that circHECTD1 facilitated hepatocellular carcinoma progression by sponging miR-485-5p to up-regulate of the mucin 1 level. In the present study, we showed that circHECTD1 facilitated the proliferation and migration in vitro and in vivo, suggesting that circHECTD1 may serve as an oncogene in GBM.

Recent studies have revealed that circRNAs play important roles in regulating gene expression at transcriptional or posttranscriptional levels, by acting as a miRNA sponge, transcription regulator, and protein decoy (26). Given that circHECTD1 is located predominantly in the cytoplasm, we speculated that circHECTD1 might directly target certain miRNAs. Our results indicated that miR-320-5p directly bound to circHECTD1, and the luciferase assay further showed that circHECTD1 and miR-320-5p physically bound to each other. Numerous studies have identified miR-320 was a tumor suppressor in tumor pathogenesis and progression. For example, Li et al. (27) found that miR-320 supressed cell proliferation, cycle and invasion through targeting TWIST1 in ovarian cancer. Zhang et al. (28) revealed that miR-320 was a tumor suppressor in breast cancer, and that the miR-320/ELF3 axis regulated tumor progression via the PI3K/AKT signaling pathway. Pan et al. (29) reported miR-320 suppressed C6 cell proliferation and induced cell cycle arrest and apoptosis through the PBX3/Raf-1/MAPK axis. In our study, overexpression of miR-320-5p suppressed cell proliferation and migration, whereas circHECTD1 significantly rescued cell phenotypes. Collectively, these results suggested that circHECTD1 bound directly to miR-320-5p and suppressed miR-320-5p activity.

To further elucidate the mechanisms underlying circHECTD1/miR-320-5p-mediated GBM progression, we explored the downstream effectors. According to the PANTHER classification system, we found that 20 genes are clustered in cell cycle control, of which SLC2A1 was highly expressed in GBM compared with normal samples. High SLC2A1 expression correlates with poor prognosis in patients with surgically resected lung adenocarcinoma (LUAD), which suggests that SLC2A1 is a promising biomarker for LUAD (30). Song et al. (31) found that HNF4A increased the expression of hexokinase 2 and SLC2A1, resulting in transactivation of CTCF and transcriptional alteration of HNF4A and other genes associated with tumor progression. Ding et al. (32) discovered that miR-148b inhibited glycolysis in gastric cancer through targeting SLC2A1. Based on these reports, we focused on SLC2A1, and indicated that circHECTD1 positively regulated the expression of SLC2A1 via sponging miR-320-5p during the malignant behavior of GBM cells.



Conclusions

Our results revealed that circHECTD1 acted as an oncogene that promoted cell proliferation and migration. Mechanistically, circHECTD1 bound to miR-320-5p to regulate the endogenous expression of SLC2A1. Our study therefore provides a solid basis to develop a better understanding of GBM, as well as to identify potential targets for anti-cancer therapy in GBM.
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Thyroid cancer is the most common endocrine malignancy, and its incidence has increased in the past decades. Selenium has been shown to have therapeutic effects against several tumors. However, its role in thyroid cancer and its underlying molecular mechanism remains to be explored. In the present study, we demonstrated that sodium selenite significantly decreased cell viability and induced G0/G1 cell cycle arrest and apoptosis in thyroid cancer cells in a dose-dependent manner. Transcriptomics revealed that sodium selenite induced intracellular reactive oxygen species (ROS) by promoting oxidative phosphorylation. Increased intracellular ROS levels inhibited the AKT/mTOR signaling pathway and upregulated EIF4EBP3. Intracellular ROS inhibition by N-acetylcysteine (NAC) ameliorated the cellular effects of sodium selenite. The in vitro findings were reproduced in xenograft thyroid tumor models. Our data demonstrated that sodium selenite exhibits strong anticancer effects against thyroid cancer cells, which involved ROS-mediated inhibition of the AKT/mTOR pathway. This suggests that sodium selenite may serve as a therapeutic option for advanced thyroid cancer.
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Introduction

The increase in the worldwide incidence of thyroid cancer over the past decade has been one of the fastest among cancers (1). According to the latest data, thyroid cancer is the most common malignancy of the endocrine system and is the ninth most common malignancy in the world (2). Differentiated thyroid cancer accounts for the majority of thyroid cancers, and approximately 10% of these cases cannot be cured using conventional treatments and can develop into metastatic disease (3). Anaplastic thyroid cancer is the most aggressive subtype of thyroid cancer, with a median overall survival of <10 months (4). Therefore, novel treatment strategies are urgently needed for the management of advanced thyroid cancer patients.

The cell cycle is a highly conserved cellular process consisting of four consecutive stages: G1, S, G2, and M. The normal progression of the cell cycle is regulated by various cyclin-dependent kinases (CDKs) and their partner cyclins. Continuous cell proliferation caused by uncontrolled cell division is one of the most important pathological manifestations involved in cancer progression. Among the complex cell cycle regulatory mechanisms, reactive oxygen species (ROS) have been shown to have an important impact on DNA synthesis, DNA stability, and cell cycle progression (5, 6). It is well established that cancer cells exhibit consistently high levels of ROS due to genetic and metabolic changes (7). The continuing ROS production forces cancer cells to develop effective ROS detoxification mechanisms, and the dependence on the antioxidant system increases cancer cells’ vulnerability to oxidative stress (8). By increasing oxidant production above the toxicity threshold, tumor cells can be killed via cell cycle arrest and apoptosis, while normal cells would be preserved. Thus, strategies aimed at inhibiting abnormal cell proliferation by altering the redox state in tumor cells open new avenues in cancer treatment (9).

Selenium (Se) is an essential trace mineral for humans. Its dysregulation has been linked to cancer and other complex diseases (10). Studies have shown that malignant cells are more sensitive to selenium than normal cells (11, 12). Importantly, selenium supplementation has been shown to be inversely associated with cancer risk and it improved the efficacy of anticancer drugs and the overall clinical outcomes of cancer patients (13). As the most commonly used selenium compound, sodium selenite (SS) has been reported to inhibit the growth of liver, breast, and peritoneal cancers by regulating redox homeostasis (14–16). Interestingly, decreased serum selenium concentration was associated with an increased incidence of thyroid cancer (17), and a significantly decreased selenium concentration was found in thyroid cancer tissues (18, 19). Herein, we tested the hypothesis that SS may have an anti-thyroid cancer effect by performing a series of in vitro and in vivo experiments.



Materials and Methods


Cell Lines

The thyroid cancer cell lines KTC-1, BCPAP, 8505C, and KHM-5M cells were obtained from the Cell Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The sources of the TPC-1 (a thyroid cancer cell line) and Nthy-ori 3-1 cells (an immortalized thyroid epithelial cell line) were as previously described (20). The KTC-1, BCPAP, and KHM-5M cells were cultured in Roswell Park Memorial Institute (RPMI)-1640 (Gibco) with 10% fetal bovine serum (FBS; Gibco). The 8505C, TPC-1, and Nthy-ori 3-1 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco) with 10% FBS. The cells were routinely cultured at 37°C in an atmosphere containing 5% CO2.



Drugs

SS was purchased from Sigma (Cat#: S9133). It was dissolved in sterile water in a biosafety cabinet to a concentration of 50 mg/mL for storage at -20°C. A working solution was prepared using sterile water before use. N-acetylcysteine (NAC) was also purchased from Sigma (Cat#: A7250). The NAC ampoule was fully dissolved in sterile water in a 37°C water bath (to accelerate the dissolution) and then stored at -20°C. The working concentration of NAC used for cell culture was 2 mM, and the pH was adjusted to 7.0 before use.



Cell Viability Assay

Cells were seeded in 96-well flat-bottom plates at a density of 1000 cells per well. After 24 h, the cells were exposed to different concentrations of SS with or without NAC. Cell viability was evaluated using Cell Counting Kit-8 (CCK8) assays (Dojindo Laboratories). After incubation with a medium containing CCK8 solution for 2 h, the absorbance was assessed using a Multimode Microplate Reader (Thermo Fisher Scientific). Half maximal inhibitory concentration (IC50) values were calculated using GraphPad 5.0.



Colony Formation Assay

Cells were seeded in 6-well plates and treated with different concentrations of SS for 2 weeks. Colonies were then fixed with 4% paraformaldehyde for 15 min and stained with 5% crystal violet for 15 min. Photos of the colonies were taken after washing with double-distilled water.



Cell Cycle Analysis

Cells were seeded in 6-well plates and treated with different concentrations of SS for 24 h. The cells were then harvested and fixed in 70% ethanol at -20°C overnight. Thereafter, they were incubated with RNase A and stained with propidium iodide (PI) at 37°C for 1 h. The cells were evaluated using a flow cytometer (Thermo Fisher Scientific). The distribution of cells according to the cell cycle phases was then analyzed using FlowJo 10.6.2.



Apoptosis Analysis

Cells were seeded in 6-well plates and treated with different concentrations of SS for 24 h. Cells in the medium and adherent cells were all collected and stained using an Annexin V- fluorescein isothiocyanate (FITC)/PI Apoptosis Detection Kit (AD10; Dojindo Laboratories) according to the manufacturer’s protocol. Apoptotic cells were then analyzed using flow cytometry.



Detection of Caspase-3/7 Activity and Hoechst Staining

Cells were seeded in 96-well plates (black plates, clear bottom with lid) and treated with different concentrations of SS for 24 h. The cells were then stained with Caspase-3/7 Green ReadyProbes Reagent (R37111; Thermo Fisher Scientific) and Hoechst-33342 (Beyotime Institute of Biotechnology) for 30 min, and the fluorescent signals were detected using FITC and 4’,6-diamidino-2-phenylindole (DAPI) filters.



Western Blotting

Cells were harvested and lysed using lysis buffer for 15 min at 4°C. The protein concentration was assessed using a bicinchoninic acid (BCA) assay. Western blotting was carried out as described previously (21). The primary antibodies were as follows: phospho-AKT S437 (4060T; Cell Signaling Technology), total AKT (4691T; Cell Signaling Technology), phospho-mTOR S2448 (ab109268; Abcam), total mTOR (ab32028; Abcam), phospho-ERK1/2 T202/Y204 (#4370; Cell Signaling Technology), total ERK1/2 (#4695; Cell Signaling Technology), and β-actin (ab8226; Abcam).



Detection of ROS

Cells were seeded in 96-well clear-bottom black plates and treated with 10 µM SS or phosphate-buffered saline (PBS). For some cells, NAC (2 mM) was added to eliminate the cellular ROS. After 6 h of treatment, the cells were incubated for 1 h in a medium containing 10 µM dichlorofluorescin diacetate (DCFH-DA) at 37°C. The cells were then washed twice and re-suspended in a growth medium for detection. The fluorescent signals were detected by microscope.



qRT-PCR

After treating thyroid cancer cells with SS or PBS (control), total RNA extraction, cDNA synthesis, and qRT-PCR were performed as described previously (21). The expression of β-actin was used as the reference. The sequences of the primers are presented in Supplementary Table 1.



RNA-Seq

Total RNA was extracted using TRIzol reagent and purified using oligo(dT)-attached magnetic beads. The purified RNA was fragmented into small pieces, and the first-strand cDNA was generated using random priming, followed by second-strand cDNA synthesis. After end repair, the cDNA was amplified by PCR, and the products were validated using an Agilent Technologies instrument. The final library was generated after heat denaturation and circularization of the PCR products. Thereafter, single-end 50-base reads were generated on a BGIseq500 platform (BGI-Shenzhen, China). The sequencing data were filtered using SOAPnuke, stored in FASTQ format, and mapped to HISAT2 (v2.0.4). Expression levels were calculated using RSEM (v1.2.12). The heatmap was constructed using pheatmap (v1.0.8). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was performed using Phyper. There were two biological replicates for each experiment. A q value ≤0.05 based on the Bonferroni correction was considered statistically significant.



siRNA Transfection

EIF4EBP3-targeting siRNA and negative control siRNA were purchased from YouBio (Changsha, China). Thyroid cancer cells were seeded in 6-well plates, cultured for 24 h until they reached 40–50% confluence, and then transfected with EIF4EBP3-targeting siRNA or negative control siRNA using a Lipo3000 Transfection Kit (Invitrogen) according to the manufacturer’s instructions. After 48 h of transfection, the cells were harvested and used for further experiments. The sequence of the negative control siRNA was: 5’- UUCUCCGAACGUGUCACGUTT-3’. The sequence of the EIF4EBP3-targeting siRNA was: 5’- CGCACAAUUUGAAAUGGAC-3’.



Animal Studies

Animal studies were carried out according to the Guidelines of the Animal Investigation Committee and approved by the Ethical Committee of The First Affiliated Hospital of Sun Yat-sen University. KHM-5M cells (5×106) or BCPAP cells (5×106) were injected subcutaneously into the right flank of 4-week-old BALB/c nude mice. The mice with xenografts were then given 2, 4, or 8 mg/kg/day SS (200 µL/day; Cat#: S5261; Sigma) or saline through oral administration. For the SS+NAC group, pH-corrected NAC (30 mM) was added to the drinking water. Bodyweight and tumor size (using digital calipers) were assessed every 3 days, and the tumor volumes were calculated according to the formula: length × width2 × 0.5. All mice were sacrificed at the end of treatment. Tumor tissues and major organs were collected for immunohistochemical and hematoxylin and eosin (HE) staining.



Immunohistochemical and HE Staining

Tumor tissues and major organs were fixed with 4% paraformaldehyde, dehydrated, embedded in paraffin, and cut into 5-µm-thick sections. The tissue sections were dewaxed (by heating at 60°C for 2 h), washed in xylene, and then rehydrated using a graded ethanol series. After antigen retrieval using microwave heating and blocking with 20% goat serum, the tissue sections were incubated with primary antibody (anti-Ki67 antibody; ab15580; Abcam) overnight at 4°C. Subsequently, immunodetection was carried out using a 3,3’-diaminobenzidine (DAB) peroxidase substrate kit (K5007; Dako) according to the manufacturer’s protocol. For HE staining, the slides were stained with hematoxylin and eosin sequentially after dewaxing and rehydration.



Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

Tissue sections were dewaxed and rehydrated as mentioned above, and then incubated with proteinase K for 30 min at 37°C. After washing with PBS, the tissue sections were incubated with TUNEL reaction solution for 60 min at 37°C in the dark and then dyed with DAPI and fixed in fluorescent mounting media.



Statistical Analysis

Student’s t-test and one-way ANOVA analysis were used to determine statistical significance. Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). A p-value of <0.05 was considered statistically significant.




Results


SS Inhibits the Viability of Thyroid Cancer Cells

To investigate the effect of SS on thyroid cancer, we first evaluated the cell viability by treating six thyroid cell lines with SS. As shown in Figure 1A, the viability of the five thyroid cancer cell lines treated with SS were all significantly reduced compared to the control group in a time- and dose-dependent manner. However, selenite had no significant inhibitory effect on the viability of the immortalized thyroid epithelial cell line Nthy-ori 3-1. The IC50 of selenite was higher in the thyroid cancer cells than in the Nthy-ori 3-1 cells (Figure 1B). The selenite dose-dependent inhibition of thyroid cancer cells was also demonstrated by the colony formation assays (Figures 1C and S1A). Notably, there was no significant difference in the anticancer effect of selenite between the BRAF wildtype (WT) tumor cells (TPC-1, KTC-1, and KHM-5M) and the BRAFV600E-positive tumor cells (BCPAP and 8505c). Taken together, these data showed that thyroid cancer cells were more sensitive to SS compared to human thyroid epithelial cells.




Figure 1 | Cytotoxicity of SS in thyroid cancer cells. (A) Five thyroid cancer cell lines and one thyroid epithelial cell line were treated with different concentrations of SS for the indicated times. Cell viabilities were determined by CCK8 assays. (B) Half maximal inhibitory concentration (IC50) values were calculated using the Reed–Muench method. (C) Effect of SS on cell growth based on colony formation assays. SS, sodium selenite. ***P < 0.001.





SS Induces G0/G1 Cell Cycle Arrest and Apoptosis in Thyroid Cancer Cells

To investigate whether the modulation of the cell cycle contributes to the anti-proliferation effect of SS, we analyzed the cell cycle distribution in thyroid cancer cells by flow cytometry. Compared to the control group, the percentage of cells at the G0/G1 phase was increased in the SS group, while cells in other phases were decreased (Figure 2A). These results implied that SS effectively induced cell cycle arrest at the G0/G1 phase in a dose-dependent manner.




Figure 2 | SS induces G0/G1 cell cycle arrest and apoptosis in thyroid cancer cells. (A) Cell cycle analysis was performed in KHM-5M and BCPAP cells after SS incubation for 24 h. (B) Apoptosis was evaluated by flow cytometry after treatment with the indicated concentrations of SS for 24 h. (C) Caspase-3/7 activity after SS treatment for 24 h. SS, sodium selenite. *P < 0.05; **P < 0.01; ***P < 0.001.



Typical morphological features of apoptosis were observed in thyroid cancer cells during prolonged selenite treatment (Figure S1B), suggesting that SS also induced apoptosis of thyroid cancer cells. Next, we performed Annexin V-FITC/PI staining assays followed by flow cytometry, and caspase activity detection, to confirm this. As shown in Figures 2B, C, the proportion of Annexin V-positive cells and the activity of caspase 3/7 were significantly increased after SS treatment. Moreover, the anti-apoptotic protein Bcl-2 was decreased after SS treatment (Figure S1C). Taken together, the results show that SS was capable of impeding cell cycle progression and triggering apoptosis in thyroid cancer cells.



SS Induces ROS by Promoting the Oxidative Phosphorylation Pathway

We next conducted a comprehensive RNA-seq analysis of early transcriptomic changes in KHM-5M cells to identify the underlying mechanism of SS. The principal component analysis clearly separated the SS-treated cells from the control cells. SS affected the expression of 4564 genes, of which 176 were altered by ≥2 fold (Figure 3A). We performed a KEGG pathway enrichment analysis of the differentially expressed genes to determine the critical pathways underlying the anticancer effect of SS. The top 10 enriched pathways, including the oxidative phosphorylation and mTOR signaling pathways, are shown in Figures 3B, C. Specifically, 105 genes were enriched in the oxidative phosphorylation pathway (Figure 3D). The expression of the top 10 enriched genes was validated by qRT-PCR in KHM-5M and three other thyroid cancer cells (Figures 3E and S2A). Among the genes enriched in the oxidative phosphorylation pathway, most encode components of the mitochondrial electron transport chain (mETC) complex, which is an important source of ROS. These results suggest that SS upregulated intracellular ROS levels by promoting mitochondrial oxidative phosphorylation.




Figure 3 | Gene expression analysis in thyroid cancer cells treated with SS. (A) Heatmap of differentially expressed genes between the SS and control groups. (B) Pathway enrichment analysis showing the top 10 changed pathways after SS treatment. (C) Single-sample gene set enrichment analysis (ssGSEA) was used to obtain the enrichment score of the oxidative phosphorylation pathway. (D) Volcano plot of genes enriched in the oxidative phosphorylation pathway (OXPHOS). (E) Relative RNA expression of the top 10 genes enriched in OXPHOS was validated by qRT-PCR in KHM-5M cells. SS, sodium selenite. *P < 0.05; **P < 0.01.





SS Inhibits Thyroid Cancer Cell Growth via ROS Induction

As the transcriptomic analysis suggested that oxidative phosphorylation is involved in the effects of SS, we detected the intracellular ROS levels in thyroid cancer cells using DCFH-DA. As shown in Figure 4A, SS treatment for 6 h significantly increased the cellular ROS levels, which were restored by the ROS inhibitor NAC (2 mM) (Figure 4A). Moreover, the SS-induced reduction in cell viability was restored by NAC (Figure 4B), while the SS-induced cell cycle arrest and apoptosis were also reversed by NAC (Figures 4C, D).




Figure 4 | SS induced ROS in thyroid cancer cells. (A) Intracellular ROS levels detected by the ROS-sensitive fluorescent dye dichlorofluorescein diacetate (DCFH-DA) after incubation with SS or SS+NAC (2 mM) for 6 h. (B) Cell viability based on CCK8 assays, (C) cell cycle distribution based on flow cytometry, (D) apoptosis based on flow cytometry were detected after incubation with SS, PBS (control), or SS+NAC (2 mM) for 24 h. Data are expressed as mean ± SD. **P < 0.01; ***P < 0.001 vs control; #P < 0.05; ##P <0.01; ###P < 0.001 vs SS+NAC group. SS, sodium selenite; NAC, N-acetylcysteine.



To confirm that the role of ROS regarding the effects of SS, we also performed RNA-seq in SS+NAC treated cells. There was distinct segregation between the control and SS groups but not between the control and SS+NAC groups (Figure S2B). The differentially expressed genes between the SS and SS+NAC groups were enriched in the oxidative phosphorylation pathway (Figure S2C). These results strongly indicated that ROS induction played a key role in mediating the effect of SS in thyroid cancer cells.



AKT/mTOR/4E-BP3 Axis Contributes to the Anticancer Effect of SS

The AKT/mTOR and MAPK pathways are major pathways in the development of thyroid cancer. Therefore, we investigated the effect of SS on these two pathways in thyroid cancer cells. As shown in Figure 5A, SS treatment significantly decreased the levels of phosphorylated and total AKT in a dose-dependent manner, and the phosphorylation levels of mTOR were correspondingly reduced. In contrast, there were no changes in the protein levels of key molecules in the MAPK/ERK pathway, including phosphorylated and total ERK. Importantly, the inhibitory effect of SS on the AKT/mTOR pathway was reversed by NAC treatment (Figure 5B).




Figure 5 | SS inhibits the AKT/mTOR/4E-BP3 axis in a ROS-dependent manner. (A) Thyroid cancer cells were treated with vehicle control or different concentrations of SS for 6 h, and the protein levels of p-AKT, total AKT, p-mTOR, total mTOR, p-ERK, and total ERK were detected by western blotting. The expression of β-actin was used as a reference. (B) NAC treatment reversed the inhibitory effect of SS on the AKT/mTOR pathway. (C) 4E-BP3 mRNA expression in SS treatment and control groups. (D) The proliferation of WT and 4E-BP3-knockdown cells under normal conditions. (E) Morphological changes, cell viability, and (G) percentage of G0/G1 phase cells in WT and 4E-BP3-knockdown groups after incubation with SS for 24 h. (F) Colony formation capacity of WT and 4E-BP3-knockdown cells after SS treatment. SS, sodium selenite; NAC, N-acetylcysteine. **P < 0.01; ***P < 0.001.



4E-BP3, encoded by the EIF4EBP3 gene, is an important molecule that mediates the effects of mTOR inhibitors (22). Our RNA-seq results showed that SS significantly upregulated EIF4EBP3 mRNA in KHM-5M cells, which was confirmed by qRT-PCR in KHM-5M and BCPAP cells (Figure 5C). Based on these results, we speculate that 4E-BP3 may be involved in the anticancer effects of SS. To confirm our hypothesis, we transiently knocked down 4E-BP3 using siRNA and assessed the cell behaviors. Although there was no significant difference in cell proliferation between WT and 4E-BP3-knockdown cells under normal conditions (Figure 5D), the latter cells had higher viability and clonogenicity after SS treatment (Figures 5E, F), and a significantly lower proportion of G0/G1 cells after SS treatment (Figure 5G). Taken together, our findings indicate that the effects of SS on thyroid cancer cells were mediated by the AKT/mTOR/4E-BP3 axis in a ROS-dependent manner.



SS Inhibits the Growth of Thyroid Cancer In Vivo

To investigate the anticancer effect of SS in vivo, thyroid cancer cells (KHM-5M or BCPAP) were injected into the right flank of BALB/c nude mice. Mice with xenografts were treated with 2, 4, or 8 mg/kg SS or saline (control) daily via oral administration. As shown in Figure 6A, xenograft tumors treated with SS exhibited slower growth than tumors in the control group, and the effect was dose-dependent. NAC treatment reduced the inhibitory effect of SS on the xenograft tumors (Figures 6B, C). Next, we evaluated the effect of SS on cell proliferation and apoptosis in the xenograft tumors using Ki67 staining and TUNEL assays. The results showed that the proportion of Ki67-positive cells in tumor tissues was significantly lower in the SS group than the control group, while the percentage of TUNEL-positive cells was significantly higher. The effects of SS on cell proliferation and apoptosis in xenograft tumors were reversed by NAC (Figures 6D, E). There were no significant differences in body weight between the experimental and control groups (Figure S3A). The toxicity of SS on the major organs of mice was evaluated by HE staining, with no obvious damage being observed between the SS and control groups (Figures S3B, C). These findings indicated that SS treatment inhibited thyroid cancer via ROS induction in vivo.




Figure 6 | The therapeutic effect of SS in xenograft mouse models. (A) Tumor-bearing mice were treated with 0–8 mg/kg SS or SS+NAC for 14 days, and tumor volumes were measured using digital calipers. (B) Tumor tissues were removed and photographed after treatment. (C) Box-whisker plot of tumor weights. (D) Ki-67 staining and (E) TUNEL assay were used to evaluate the proliferation and apoptosis in dissected tumors from different groups. Data are expressed as mean ± SD. SS, sodium selenite; NAC, N-acetylcysteine. *P < 0.05; **P < 0.01; ***P < 0.001.






Discussion

This is the first study to show that sodium selenite induces cell cycle arrest and apoptosis in thyroid cancer. By performing transcriptome sequencing, we revealed that sodium selenite stimulated the accumulation of intracellular ROS by upregulating mETC components and suppressing the AKT/mTOR pathway. An mTOR signaling repressor gene, EIF4EBP3, was found to be involved in the anticancer effect of selenite in thyroid cancer. Furthermore, the ROS inhibitor NAC abrogated the cytotoxicity of ROS and, thus, the anticancer effect of sodium selenite in thyroid cancer cells.

The cell cycle and apoptosis are two important determinants of the cell proliferation rate. The cell cycle checkpoint is a crucial mechanism to ensure high-fidelity cell division. Apoptosis is a form of programmed cell death, and the organelles and other proteins from apoptotic cells can be recycled by other cells. We showed that SS can effectively impede the cell cycle and induce apoptosis in thyroid cancer cells. Previous analyses of gene expression profiles in several cancer cells also showed that selenium specifically downregulated CYCLIN A, CYCLIN D, CDC25A, CDK4, and other cell cycle-related genes to induce cell cycle arrest (10, 23). Experiments in H22 hepatocarcinoma cells found that selenium nanoparticles exerted a more pronounced blocking effect on the G0/G1 phase than cisplatin (24). Therefore, the specific regulation of the tumor cell cycle and apoptosis by selenium makes it a potential tumor treatment option.

Among the diverse anticancer mechanisms of selenite (10, 25), the major one is its regulation of redox homeostasis, which is fundamental for maintaining cellular function and cell survival. Cancer cells are characterized by increased aerobic glycolysis, which is needed to fuel their uncontrolled growth (26). Because of the accumulation of ROS, upregulated antioxidant systems are vital for the survival of cancer cells (27), and these cells exhibit vulnerability to increased oxidative stress (7). Here we showed that SS treatment sharply decreased thyroid cancer cell viability by increasing ROS, which is consistent with previous findings. In prostate cancer cells, ROS production was indispensable for SS-induced decreased ATP levels and cell death (28). Treatment of liver cancer cells with pharmacological doses of SS under normoxic conditions caused intracellular oxidative stress while, under hypoxic conditions, the SS-induced accumulation of hydrogen selenide (H2Se) led to reducing stress (14). Through transcriptomic sequencing, we found that SS upregulated genes encoding the mitochondrial complex I and IV subunits in thyroid cancer cells. The mETC is a major source of intracellular ROS production (29), and the ubiquinone reduction site of complex I has the largest ROS production capacity among the four complexes in the mETC. Thus, the increased ROS caused by mitochondrial oxidative phosphorylation may be the main mechanism underlying the effect of SS against thyroid cancer.

ROS accumulation activates multiple pathways and affects cell survival. As a classic oncogenic pathway in the development of thyroid cancer, the AKT/mTOR pathway is also closely related to metabolic stress and cellular nutritional status (30, 31). Our study showed that increased ROS levels inhibited the AKT/mTOR pathway, which in turn led to apoptosis. Eliminating ROS using NAC reversed the inhibitory effect of SS on the AKT/mTOR pathway. Furthermore, as an important therapeutic target in various types of cancer, including thyroid cancer (32), mTOR exerts various impacts on multiple genes related to cell proliferation, among which 4E-BP3 is an important effector molecule. Here, we found a significant upregulation of EIF4EBP3 in cells treated with SS, and further functional experiments revealed that knocking down EIF4EBP3 mitigated the effect of SS in thyroid cancer. Consistent with our findings, a previous study reported that inhibition of mTOR by rapamycin upregulated EIF4EBP3 and induced cancer cell death (22).

Analyses of xenograft mice further validated the anticancer effect of SS on thyroid cancer, which was mitigated by NAC treatment. The reversal effect of NAC was not as powerful as in the in vitro experiments, which might be caused by its low bioavailability in vivo. While our study and studies in other cancer types have demonstrated the therapeutic effects of sodium selenite (13, 33, 34), its clinical feasibility remains to be evaluated in clinical trials.

In conclusion, this study provides evidence that sodium selenite effectively suppresses thyroid cancer growth. We also revealed a novel mechanism involving upregulation of mETC components, increased intracellular ROS, and inhibition of the AKT/mTOR pathway. The results provide a basis for the management of aggressive thyroid cancer by sodium selenite supplementation.
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Hepatocellular carcinoma (HCC) is a malignant cancer with rapid proliferation and high metastasis ability. To explore the crucial genes that maintain the aggressive behaviors of cancer cells is very important for clinical gene therapy of HCC. LpCat1 was reported to be highly expressed and exert pro-tumorigenic effect in a variety of cancers, including HCC. However, its detailed molecular mechanism remained unclear. In this study, we confirmed that LpCat1 was up-regulated in HCC tissues and cancer cell lines. The overexpressed LpCat1 promoted the proliferation, migration and invasion of HCC cells, and accelerated cell cycle progression, while knocking down LpCat1 significantly inhibited cell proliferation, migration and invasion in vitro and in vivo, and arrested HCC cells at G0/G1 phase. Moreover, we proved for the first time that LpCat1 directly interacted with STAT1 which was generally recognized as a tumor suppressor in HCC. High levels of LpCat1 in HCC could inhibit STAT1 expression, up-regulate CyclinD1, CyclinE, CDK4 and MMP-9, and decrease p27kip1 to promote cancer progression. Conversely, down-regulation of LpCat1 would cause the opposite changes to repress the viability and motility of HCC cells. Consequently, we concluded that LpCat1 was a contributor to progression and metastasis of HCC by interacting with STAT1.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors. Many factors, such as activation of oncogenes and inactivation of tumor suppressor genes, could cause unrestricted growth of HCC cells. Among them, hundreds of cancer-associated genes are closely related to the occurrence and development of HCC. With the development of a variety of “omics” technologies such as genomics, proteomics and transcriptomics, accumulating molecular markers related to malignant transformation of HCC cells have been discovered. Therefore, further study of HCC-related genes and identifying novel treatment targets have become an urgent task.

LpCat1 (lysophosphatidylcholine acyltransferase 1) is a key enzyme in phospholipid metabolism, which is responsible for promoting the synthesis and remodeling of phosphatidylcholine (PC) (1, 2). As the main component of cell membranes, PC plays an important role in maintaining cell structure and biological functions (3, 4). Previous studies have been reported that PC was involved in the malignant progression of many cancers (5). The expression of LpCat1 was obviously increased in various tumors including prostate cancer, gastric cancer and breast cancer (6–8). Its high expression is positively correlated with the development of malignant tumors. Emerging evidence showed that up-regulation of LpCat1 promotes cancer cell proliferation and metastasis, while knocking down LpCat1 could inhibit growth of cancer cells by inducing cell cycle arrest at G0/G1 phase, which may serve as a novel target of aggressive progression in oral squamous cell carcinoma (OSCC), renal clear cell carcinoma and lung adenocarcinoma (9–11). In HCC cells, LpCat1 overexpression enriched PCs and promoted cell proliferation, migration, and invasion (12). However, the detailed molecular mechanism remains poorly understood.

In the present study, we firstly confirmed that LpCat1 was overexpressed in the tissues and cells of HCC. Furthermore, we investigated the functional effect of up- or down-regulation of LpCat1 on the proliferation, metastasis and cell cycle of HCC cells. Based on identification of LpCat1 interactors by mass spectrometry, we confirmed that LpCat1 could directly interact with STAT1. As we known, STAT1 is generally recognized as a tumor suppressor gene in cancer cells (13–15). Our data suggested that LpCat1 might promote the progression and metastasis of HCC by directly interacting with STAT1.



Materials and Methods


Human HCC Tissue Samples and Cell Lines

The clinical tissue samples were collected from HCC patients who underwent radical resection in our hospital. Informed consents have been signed for all the patients. Tissue microarray including 90 pairs of HCC tissue samples (including paired tumorous tissues and adjacent liver tissues) was detected by immunohistochemistry. Human HCC cell lines Huh7, Hep3B, HepG2, HCCLM3 and immortalized normal liver cell L02 were purchased from Chinese Academy of Sciences Cell Bank (Shanghai, China). The cells were cultured in DMEM medium with 10% FBS (Gibco, USA), 100 units/mL penicillin, 100 μg/mL streptomycin (Invitrogen, USA) and incubated in a CO2 incubator at 37°C.



Establishment of Stable LpCat1 Overexpressing and Knockdown HCC Cell Sublines

LpCat1 was stably overexpressed and knocked down in the human HCC cell lines Hep3B and Huh7 by means of lentiviral approach. Briefly, lentiviral-mediated LpCat1 overexpression vector (LpCat1 OV) and the null control vector (O Control) were constructed by inserting the coding sequence of LpCat1 (Gene ID: 79888) or nonsense sequence into lentivirus vector. The shRNA1, shRNA2, shRNA3 of LpCat1 and scramble shRNA were designed and constructed into lentivirus shRNA knockdown vectors. The sequences of three shRNAs were shown in Supplementary Table 1. According to knockdown effect of LpCat1 confirmed by western blot and qRT-PCR, shRNA1 of LpCat1 (LpCat1 KD) was chose for subsequent experiments. The scramble shRNA (K Control) was used as control. All lentivirus vectors carried U6 promoter, EGFP gene and puromycin resistance gene, cellular immunofluorescence was used to observe EGFP positive HCC cells at 72 h after infection (Supplementary Figure 1). The stably transfected cells selected by puromycin were used for all the in vitro and in vivo experiments.



RNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)

Total RNA from HCC tissues (n=40) and cell lines were extracted by using TRIzol reagent. Complementary DNA (cDNA) was synthesized from 1 μg total RNA using Eastep RT Master Mix Kit (Promega, shanghai, China), and PCR was performed using Eastep qPCR Master Mix Kit (Promega, shanghai, China). PCR was run on the StepOne Plus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA), and the transcript amounts for the target genes were estimated from the respective standard curves and normalized to the glyceraldehyde-3-phospate dehydrogenase (GAPDH). The primer sequences involved in this study were shown in Supplementary Table 2.



Western Blotting and Immunohistochemistry (IHC)

For western blotting, HCC cells were lysed with RIPA lysis buffer (1% PMSF, 1% phosphatase inhibitor and 1% protease inhibitor were added). The antibody information was shown in Supplementary Table 3.

For IHC, the tissue sections were incubated with the anti-LpCat1 antibody (Abcam) at 4°C overnight. Negative controls were performed by replacing the primary antibody with PBS. Then the sections were incubated with the horseradish peroxidase (HRP)-conjugated secondary antibody (Maixin-Bio, Fuzhou, China) at room temperature for 1 h, and the immunoreactivity was detected utilizing diaminobenzidine (DAB) substrate (Maixin-Bio). Counter-staining of the nucleus was performed using hematoxylin. The assessment of the staining was conducted by two investigators independently.

A quick scoring system that is the product of the intensity and percentage of the positive signal was used to calculate the LpCat1 IHC scores. Briefly, a signal of 0 indicated no staining, 1 indicated weak staining, 2 indicated intermediate staining and 3 indicated strong staining. Percentage scores were assigned as follows: 0 corresponded to 0%, 1 to 1-25%, 2 to 26-50%, 3 to 51-75%, and 4 to > 75%. The product of two terms rangs from 0 to 12, and the median value of total staining scores was identified as the optimal cut-off value. If the evaluated score was lower than the median, the indicator expression of in those HCC samples was classified as low; otherwise, it was classified as high (16).



Cell Proliferation and Clone  Formation Assays

CCK8 assay was carried out to detect the proliferation ability of different experimental groups in vitro. Clone formation assay was used to evaluate the clone formation ability in vitro. The specific experimental procedures were carried out as previously described (17). All experiments were repeated at least three times.



Migration and Invasion Assay

In vitro cell migration and invasive abilities were measured by transwell assay. In brief, totally 3 × 104 cells were added onto the upper chamber, uncoated for migration assay, or coated with a thin layer of BD Matrigel Matrix (BD Biocsciences, MD) for invasion assay. After culture for 48 h, the migrated and invaded cells were fixed with 4% formaldehyde and subsequently stained with 0.1% crystal for assessment. For each experimental group, five random fields of stained cells were photographed and counted. All experiments were repeated at least three times.



Wound-Healing Assay

In vitro cell mobility was evaluated by wound-healing assay. In brief, cells were seeded in 6-well plate. The scratches were observed and images were captured with a microscope at 0 and 72 h pro-injury. Image-J software was used to determine the average area.



Cell Cycle

For cell cycle analysis, cells (1×106 cells per well) were seeded into 6-well plates, cultured for 48 h, washed twice with cold PBS, stained with propidium iodide (PI) and Annexin V, then examined cell cycle by flow cytometer (FACS420, BD Biosciences, San Jose, CA) within 2 h.



Immunoprecipitation Tandem Mass Spectrometry (IP-MS) and Co-IP Assay

To define the proteins which interacted with LpCat1, we performed IP-MS assay. Proteins of Huh7 cells stably transfected with LpCat1 overexpressed and null control vectors were collected. Immunoprecipitations was done by incubating the cell lysate (1 mg) with the anti-LpCat1 antibody (1μg) overnight at 4°C. Protein A/G Sepharose beads (Santa Cruz Biotechnology) were added to the lysate antibody solution for 2 h of incubation. Then, beads were washed and boiled in 5× SDS sample buffer. IPs for mass spectrometry were separated by SDS-PAGE and coomassie blue stained, the bands were retrieved and analyzed by MS. Liquid chromatography/mass spectrometry (LC/MS) was performed on a Thermo ScientificTM Q Exactive Plus coupled to an ultra-high performance liquid chromatography unit (Thermo Scientific Dionex Ultimate 3000) via a Nanospray Flex Ion Source (Thermo Fisher Scientific).

Co-IP assay was performed to verify the interaction between LpCat1 and STAT1. HCC cells with LpCat1 overexpressed and negative control vector were lysed in IP lysis buffer (#P0013, Beyotime Biotechnology). Then the lysates were incubated with the anti-LpCat1 and anti-STAT1 antibodies separately overnight at 4°C. Protein A/G-agarose beads were added for 2 h. The beads were collected and washed with lysis buffer for three times. The precipitated proteins were eluted and denatured in 5 × SDS loading buffer and analyzed by western blotting.



The Xenograft Assay and Metastasis Assay In Vivo

The xenograft model and metastasis model were established by implantation of stably-transfected Hep3B cell lines. Mice were handled and housed according to protocols approved by the Animal Ethics Committee of Navy Military Medical University (Shanghai, China).

For in vivo metastasis assay, 1 × 106 Hep3B cells stably transfected with different constructs were suspended in 100 μL of serum-free DMEM per male BALB/c-nu/nu mice, and injected into nude mice through the tail vein (6 mice per group). After four weeks, mice were sacrificed, and their lungs were dissected. Lung metastasis was diagnosed visual inspection and confirmed by histological staining.

For the xenograft model, 1 × 107 Hep3B cells of different groups were subcutaneously injected into left flank of 4-week-old male mice, respectively. Two month later, the subcutaneous tumor was removed and cut into pieces of the same size as 1 mm3. Twenty-four male BALB/C nude mice at 4-week-old (Shanghai SLAC Laboratory Animal Center of Chinese Academy of Sciences, Shanghai, China) were randomly divided into four groups (n = 6 per group) and the tumor pieces were implanted into the livers of each group to mimic the primary HCC. Six weeks later, mice were sacrificed and the tumors were harvested. Tumor weight was weighed, and tumor volume was calculated using the formula ‘‘a×b2×0.5’’, in which a and b represent the maximal and minimal diameters. The tumor specimens were fixed with phosphate-buffered neutral formalin, and prepared for examining the expression of LpCat1, STAT1, CyclinD1, ki67 and MMP-9 by immunohistochemical analysis.



Statistical Analysis

The results were presented as mean ± standard deviation (SD). Statistical evaluation of the data was performed with one-way ANOVA. Comparisons between two groups were made by using the paired t test. The P value less than 0.05 was considered statistically significant. All the statistical analyses were analyzed with SPSS version 19.0 software.




Results


LpCat1 Was Frequently Up-Regulated In Human HCC Tissues and HCC Cell Lines

We examined 90 pairs of clinical HCC tissues by IHC, and found the expression of LpCat1 was dramatically elevated in HCC tissues, comparing with the para-cancerous tissues (Figure 1A). Correspondingly, LpCat1 was proved to be also up-regulated in HCC tissues by qRT-PCR and western blotting assay (Figure 1B, Supplementary Figure 2). After statistical analysis, the LpCat1 IHC scores in HCC tissues were obviously higher than those in normal liver tissues. 63 of 90 (70%) HCC samples were considered as LpCat1-high expression group. We then analyzed the correlation between LpCat1 protein expression and the clinicopathological characteristics of the patients with HCC (Supplementary Table 4). Among the clinical classifications, high expression level of LpCat1 in HCC tissues were significantly correlated with vascular invasion (p = 0.002) and TNM stage (p = 0.015). The results indicated that abnormal expression level of LpCat1 may be associated with the progression and metastasis of HCC.




Figure 1 | LpCat1 was frequently up-regulated in human HCC tissues and HCC cell lines. (A) The expression level of LpCat1 was detected by immunohistochemical (IHC) analysis in HCC microarray. The representative images of LpCat1 expression in HCC tissues and corresponding normal live tissues by IHC were taken (scale bar = 50 µm). (B) Western blot analysis was used to evaluate the expression of LpCat1 in 6 paired human HCC tissues and adjacent normal tissues. N and C represented adjacent normal parenchyma and cancer tissue, respectively. GAPDH was used as an internal standard. (C, D) The expression of LpCat1 in HCC cell lines was detected by qRT-PCR and western blotting. Data were expressed as mean±SD, *p < 0.05, **p < 0.001. (E, F) qRT-PCR and western blot analysis of LpCat1 levels in Hep3B and Huh7 cells stably transfected with LpCat1-experessed or three shLpCat1 lentivirus vectors. Data were expressed as mean±SD, *p < 0.05, **p < 0.001.



In addition, we detected the mRNA and protein expression levels of LpCat1 in four HCC cell lines and normal liver cell line L02. Similarly, compared to normal liver cells, LpCat1 is generally highly expressed in HCC cell lines (Figures 1C, D). Hep3B and Huh7 cell lines were chose for subsequent experiments. In order to artificially change the expression status of LpCat1, we designed the overexpression and knockdown vectors for LpCat1 and packaged them into lentivirus. Through multiple screening in the in vitro experiments, Hep3B and Huh7 cells with LpCat1 overexpression and knockdown stable transgenic cell sublines were successfully constructed. Efficient depletion or over-expression was evaluated by qRT-PCR and western blot (Figures 1E, F). We chose HCC cells transduced with lentivirus bearing LpCat1 to over-expression and shRNA1 to knockdown LpCat1 expression for subsequent studies.



LpCat1 Promoted The Proliferation, Migration and Invasion of HCC Cells

To confirm the effect of LpCat1 expression on the proliferation of HCC cell lines, we used HCC stably transgenic cell sublines with LpCat1 overexpression or knockdown to perform CCK8 and clone formation assays. The data indicated that the up-regulation of LpCat1 obviously promoted the proliferation of HCC cells compared to the control cells. The proliferation rate was significantly inhibited at 72 h and 96 h in HCC cells with LpCat1 knockdown (Figure 2A). The clone formation assay showed that the number and size of clones of HCC cells were increased in the LpCat1 over-expression group and decreased after knocking down LpCat1 (Figures 2B, C). In summary, LpCat1 plays a key role in maintaining the unlimited proliferation of HCC cells.




Figure 2 | LpCat1 promoted the proliferation, migration and invasion of HCC cells. (A) The proliferative ability of Hep3B and Huh7 cells after stably transfection was evaluated by CCK8 assay. (B, C) Neoplastic capacity of Hep3B and Huh7 cells transfected with over-expression or knockdown vectors of LpCat1 was assessed by plate colony formation assay. Cell colonies were counted and analyzed, then showed in histogram. (D, E) Representative images and quantification of transwell assays indicated the migration and invasive capability of HCC cells stably transfected with LpCat1 over-expression or knockdown vectors. The penetrated cells were counted and analyzed, and showed in histogram. (F, G) Wound-healing assays were performed to assess HCC cells migration ability. Wound closure was determined 72 h after the scratch. Data were presented as mean±SD, *p < 0.05, **p < 0.001.



Transwell and wound-healing assays were carried out to explore the effect of LpCat1 expression on the migration and invasion of HCC cells. In the LpCat1 over-expression group, the number of penetrating cells were markedly elevated compared with the control cells (Figures 2D, E), and the wound closed faster than the control cells at 72 h after scratching (Figures 2F, G). Inversely, the number of penetrating shLpCat1-transfected HCC cells was decreased compared with the shMock-transfected cells. The wounds in the shLpCat1-transfected cells closed later than the shMock-transfected cells. Moreover, the expression level of MMP-9 was detected in HCC cell lines with different levels of LpCat1 (Figure 3C). Consistent with the above experimental results, the expression of MMP-9 was positively correlated with LpCat1. Over-expression of LpCat1 enhanced HCC cell mobility accompanied by elevated expression of MMP-9, and vice versa. Therefore, the high expression of LpCat1 contributes to the increased migration and invasion ability of HCC cells.




Figure 3 | LpCat1 interacted with STAT1 and facilitates cell cycle progression. (A, B) Flow cytometry analysis of cell cycle in the LpCat1 over-expression and knockdown HCC cells. Data of cell cycle were shown in histograms. Data were presented as mean±SD, *p < 0.05, **p < 0.001. (C, D) The expression of cell cycle related proteins was detected by western blotting in HCC cell lines with LpCat1 stably over-expression or knockdown. GAPDH was used as loading control, and bands were semi-quantitatively analyzed by using Image J software, normalized to GAPDH density. Data were presented as mean±SD, *p < 0.05, **p < 0.001. (E) IP-MS analysis of LpCat1-binding proteins. The proteins of LpCat1 OE and OC groups in Huh7 cells were obtained and performed IPs with anti-LpCat1 antibody. The differential proteins identified by MS analysis between two groups were counted, and the number of genes corresponding to differential proteins was showed in histogram. (F) All these 286 genes were subject to GO term analysis. (G) Enriched KEGG pathway analysis of 286 genes by DAVID. (H) Analyses of identified proteins precipitated with the LpCat1 antibody (Fold change >10). (I) Co-IP analysis indicated the endogenous interaction between LpCat1 and STAT1 proteins in HCC cell lines. (J, K) Western blotting analysis of STAT1 protein in HCC cell lines with LpCat1 stably over-expression or knockdown. GAPDH was used as internal control. Data were presented as mean±SD, *p < 0.05, **p < 0.001.





LpCat1 Facilitated Cell Cycle Progression via Up-Regulation of Cell Cycle Related Proteins

In order to evaluate the influence of LpCat1 expression on the cell cycle of HCC cells, we detected the cell cycle distribution of LpCat1 over-expressed or knocked-down cells by flow cytometry (Figures 3A, B). The results showed that comparing with the knockdown control group, the percentages of G0/G1 phase were increased by 10.66% and 11.18% in the LpCat1 knockdown groups of Hep3B and Huh7 cells, respectively. In the LpCat1 overexpression groups, the percentages of G0/G1-phase were significantly reduced by 6.26% and 11.03%, with the number of cells entering the S phase and G2-M phase increased. These results suggested that the high level of LpCat1 contributed cell cycle progression, inhibition of LpCat1 expression arrested cell cycle at G0/G1 phase.

Taken together, LpCat1 regulates the proliferation and cell cycle of HCC cells, but the accurate molecular mechanism is still unclear. We examined the effect of LpCat1 on cell cycle regulators in HCC cells (Figures 3C, D). Western blotting results indicated that the over-expression of LpCat1 up-regulated the expression of CyclinD1, CyclinE and CDK4, and their expression was dramatically decreased in the HCC cells with LpCat1 knockdown. p27kip1 was reported to be a cell cycle inhibitor in HCC (18). Moreover, we found the expression of p27kip1 is negatively correlated with LpCat1. Thus, induction of LpCat1 overexpression up-regulated CyclinD1, CyclinE and CDK4, but down-regulated p27kip1 in HCC cells. In contrast, the expression of CyclinD1, CyclinE and CDK4 was decreased and p27kip1 was activated in HCC cells with LpCat1 depletion. Accordingly, LpCat1 influences cell cycle to promote HCC proliferation by activating cell cycle-related genes.



LpCat1 Restrained STAT1 Expression by Directly Interacting With STAT1

To explore the proteins interacting with LpCat1, we used the LpCat1 antibody to perform immunoprecipitation (IP) assay and identified targets by mass spectrometry (MS) technology. Totally 286 proteins with abnormal expression were screened out in the LpCat1-overexpressed HCC cells, comparing with the control group of Huh7 cells. Among them, 205 proteins were up-regulated, and 81 proteins were down-regulated (Figure 3E). Then, we analyzed the functions of these 286 dys-regulated genes by using DAVID (The Database for Annotation, Visualization and Integrated Discovery). The top 10 GO terms related to “biological processes”, “molecular functions” and “biological cellular components” are shown in Figure 3F. The predominantly enriched biological process was “single-organism cellular process”. In terms of cellular components, the “membrane-bounded organelle and cytoplasm” biological processes were the most-enriched subcategories. These genes were also enriched in molecular functions included “protein binding”. KEGG pathway analysis showed “cell cycle” was the most enriched subcategories (Figure 3G). Proteins precipitated with the LpCat1 antibody more than 10-fold up-regulation in the LpCat1-overexpressed Huh7 cells were listed in Figure 3H. Among them, STAT1 has been reported to be closely related to the growth and cell cycle of HCC cells. Combining the data of KEGG pathway analysis and cell cycle detection, we speculated that LpCat1 accelerated HCC progression by interaction with STAT1. The direct interaction between LpCat1 and STAT1 was proved by co-IP and western blotting assays in Hep3B and Huh7 cells (Figure 3I).

Based on the interplay of LpCat1 and STAT1, we found the expression of LpCat1 in HCC cells and tissues is significantly negatively correlated with STAT1 (Figures 3J, K, Supplementary Figure 3). As a tumor suppressor gene, STAT1 could inhibit the growth of HCC and induce cell arrest at G0/G1 phase (19). The generally high level of LpCat1 would inhibit the tumor suppressor STAT1, thereby accelerating cell cycle and proliferation of HCC cells.



LpCat1 Promoted Tumorigenesis and Metastasis of HCC In Vivo

In order to examine the effect of LpCat1 on tumor metastasis in vivo, we established metastasis model by implantation of lentivirus-mediated stably transfected Hep3B cells with up- or down-regulation of LpCat1 expression by tail vein injection. Four weeks after injection, the number of lung nodules in the mice of LpCat1 overexpression group was significantly greater than the control group. In the LpCat1 knockdown group of mice, the number of lung nodules was markedly reduced or even absent, which implicated down-regulation of LpCat1 expression could effectively inhibit metastasis of HCC cells in vivo (Figures 4A–C).




Figure 4 | LpCat1 promoted tumorigenesis and metastasis in vivo. (A) Hep3B cells stably transfected with different constructs were separately injected into the tail vein of nude mice to form metastasis model. The photo of lungs in each group (n = 6 mice per group) was taken. (B) HE staining showed the pulmonary metastatic nodules of nude mice (scale bar = 50 µm). (C) The numbers of metastatic nodules in the lungs of each mouse were counted and analyzed. The data were expressed as the mean ± SD, *P < 0.05, **P < 0.001. (D) Effect of LpCat1 on liver orthotopic xenograft tumor growth in nude mice. After the observation, mice were sacrificed and the tumors were harvested. (E, F) Tumor volume was calculated and tumor weight was weighed. The data were expressed as the mean ± SD, *P < 0.05. (G) Immunohistochemical examination of the indicated factor expression in the xenograft tumors (scale bar = 50 µm).



In addition, the xenograft model was established to evaluate the effect of LpCat1 on tumor growth. Consistent with the in vitro experimental data, LpCat1 enhanced tumorigenicity of HCC cells in vivo (Figure 4D). Compared with the control group, the tumor volume and weight of the LpCat1 overexpression group significantly increased. The tumor growth was substantially inhibited in the LpCat1 depletion group, as shown by smaller tumor size and lighter tumor weight (Figures 4E, F). Moreover, we detected the expression of LpCat1, STAT1, CyclinD1, ki67 and MMP-9 in the tumor tissues by immunohistochemistry (Figure 4G). In the LpCat1 up-regulated group, the expression of STAT1 was reduced, and the expression of ki67, MMP-9 and CyclinD1 was positively increased, compared with the control group. Conversely, down-regulation of LpCat1 promoted the expression of STAT1, and suppressed the expression of ki67, MMP-9 and CyclinD1. These results suggested that LpCat1 could promote the tumorigenesis and metastasis of HCC in vivo.




Discussion

The development of HCC was a complex process involving multiple genes. Identifying the key genes maintaining the malignant phenotype would be of great significant for molecular targeted therapy of HCC. Abnormally active of lipid synthesis was observed in HCC pathophysiology (20). However, it was still unclear how these lipid synthesis enzymes contribute to the progression of HCC. Importantly, LpCat1 is an important enzyme responsible for lipid synthesis, which mainly catalyzes the conversion of lysophosphatidylcholine (LPC) into phosphatidylcholine (PC) (21, 22). The molecular lipidomic study of clinical HCC specimens reported that PC species increased in HCC tissues with reduction of LPC, which indicated LpCat1 is closely related to the development of HCC (12). Genomic analysis of LpCat1 copy number in TCGA database revealed LpCat1 gene amplification exists in various tumors, especially lung adenocarcinoma (18%, 40/230), lung squamous cell carcinoma (19%, 94/501), ovarian serous cystadenocarcinoma (14%, 79/579), esophageal carcinoma (13%, 23/184) and so on (23–25). LpCat1 was generally recognized as an oncogene due to its up-regulation in a variety of tumor tissues including HCC. In our study, we firstly confirmed that LpCat1 was overexpressed in HCC tissues and HCC cells lines. LpCat1 protein expression level in HCC patients was significantly correlated with the vascular invasion and the TNM stage. Our experimental results showed that the high expression of LpCAT1 could be accompanied by an increase in the expression of matrix metalloproteinase (MMP-9). Accumulating studies confirmed that MMP-9 could facilitate the migration of tumor cells and cross-vascular invasion by dissolving extracellular matrix, thereby ultimately forming in situ and remote metastasis (26). It can also explain that HCC patients with an elevated expression of LpCAT1 were related to vascular invasion and advanced tumor staging. Moreover, Zhou et al. found that the expression of LpCat1 was positively correlated with the progression of prostate cancer (27). Another study showed that LpCat1 was expressed at least in normal breast tissues, relatively elevated in fibrocystic breast tissues, and most expressed in primary breast cancer tissues (8). Collectively, high level of LpCat1 promoted tumor progression, which might be a potential therapeutic target for HCC.

To understand the role of LpCat1 in the development of HCC, we evaluated the impact of altered levels of LpCat1 on the proliferation and metastasis of HCC in vitro and in vivo. Our data showed that the overexpression of LpCat1 enhanced viability and motility of HCC cells, while the down-regulation of LpCat1 inhibited cell proliferation, migration and invasion potential. Of note, with the knockdown of LpCat1, the number of lung nodules was decreased or even absent in metastasis model of mice, and the liver tumors of mice were smaller and lighter in xenograft model. These results indicated that down-regulation of LpCat1 effectively inhibited the growth and metastasis of HCC. Similarly, knockdown of LpCat1 showed not only cellular proliferation but also invasiveness and migration were both repressed in oral squamous cell carcinoma (9). Reduction of LpCat1 level in lung adenocarcinoma obviously restrained tumor growth and brain metastases in vivo (11). In clear cell renal cell carcinoma cells, depletion of LpCat1 decreased PCs, inhibited biological phenotype of cancer cells, and induced cell cycle arrest at G0/G1 phase (10). Furthermore, we investigated the effect of LpCat1 on cell cycle of HCC cells. LpCat1 accelerated cell cycle progression and knockdown of LpCat1 arrested cell cycle at G0/G1 phase in HCC cells, which was in consistent with the previous reported results.

To explore the underlying molecular mechanism of LpCat1 in HCC, we detected a series of cancer-related genes. The expression of cell cycle-related genes including CyclinD1, CyclinE and CDK4 were positively correlated with LpCat1 level in HCC cells. Moreover, LpCat1 could reduce the level of p27kip1, which was commonly recognized as a cell cycle inhibitor (28, 29). These results indicated that LpCat1 could accelerate cell cycle to maintain the aggressive proliferation of HCC cells by regulating the cell cycle-related genes expression. MMP-9, one of the cell metastatic markers (30), was found obviously increased in the LpCat1 over-expressed HCC cells and tissues. IHC analysis showed LpCat1 up-regulation increased ki67 expression in xenograft tumors. These findings suggested that LpCat1 promoted HCC cell proliferation, migration, invasion and cell cycle progression through activating several cancer-related genes. To clarify how LpCat1 affects these factors, we explored the proteins binding to LpCat1 in HCC cells. Based on IP-tandem LC/MS technology, we identified a variety of proteins, which were suspected to interact with LpCat1. Analyzing the results, STAT1 was predicted to be the interacting target with LpCat1, and we proved the direct interaction between STAT1 and LpCat1 in HCC cells by co-IP. As an important signal transduction factor, STAT1 was usually considered as a tumor suppressor in multiple cancers including HCC (31–34). Chen et al. reported STAT1 induced G0/G1 cell cycle arrest through reduction of cell cycle regulators including CyclinA, CyclinD1, CyclinE and CDK2 in HCC cells (35). In addition, researchers have also shown that the enhanced STAT1 expression in fibrosarcoma cells could restrain tumor formation and metastasis in mice by down-regulation of MMP-2 and MMP-9 (36). Consistent with our previous speculation, the present results demonstrated that up-regulation of STAT1 caused by LpCat1 knockdown inhibited cell proliferation, migration and invasion, arrested cell cycle at G0/G1 phase, accompanying by promotion of CyclinD1, CyclinE, CDK4 and MMP-9 levels, but a reduction of p27kip1 expression. In addition, we detected the expression of the phosphorylation state of STAT1 in Hep3B and Huh7 cells by western blotting, but got the negative results. STAT1 was predominantly present in unphosphorylated state in HCC cells, which had been confirmed by previous studies (37). Therefore, LpCat1 contributed to the development of HCC by directly interacting with STAT1.

In conclusion, we identified LpCat1 was significantly over-expressed in HCC tissues and cancer cells. Our study demonstrated that LpCat1 could directly interact with STAT1 and negatively regulate its expression level. High levels of LpCat1 not only promoted the expression of CyclinD1, CyclinE and CDK4, reduced the level of p27kip1 to accelerate the cell cycle process and cell proliferation, but also enhanced the cell migration and invasion by up-regulation of MMP-9. Conversely, STAT1 was released and increased in HCC cells with LpCat1 knockdown, contributing to cell cycle arrest at G0/G1 phase and inhibition of cell metastasis. Furthermore, what are the regulatory factors upstream of LpCat1? How to regulate? No relevant reports have been revealed so far, and we need to conduct in-depth research in the future. Overall, LpCat1 contributed to progressive HCC cell growth and metastasis. Knockdown of LpCat1 showed a strong inhibitory effect on the growth and metastasis of HCC in vivo and in vitro. In conclusion, LpCat1 might be a novel potential target for diagnosis and treatment of HCC.
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Supplementary Figure 1 | Cellular immunofluorescence was used to observe EGFP positive HCC cells at 72 h after infection with lentiviral vectors mediating LpCat1 overexpression or knockdown.

Supplementary Figure 2 | qRT-PCR analysis of LpCat1 expression in HCC tissues and corresponding normal tissues (n=40).

Supplementary Figure 3 | The expression level of STAT1 was detected by tissue microarray-based immunohistochemical analysis in HCC tissues. The representative images of STAT1 expression in HCC tissues and corresponding normal live tissues by IHC were taken, scale bar = 50 µm.
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Background

Lung adenocarcinoma (LUAD) is a leading malignancy and has a poor prognosis over the decades. LUAD is characterized by dysregulation of cell cycle. Immunotherapy has emerged as an ideal option for treating LUAD. Nevertheless, optimal biomarkers to predict outcomes of immunotherapy is still ill-defined and little is known about the interaction of cell cycle-related genes (CCRGs) and immunity-related genes (IRGs).



Methods

We downloaded gene expression and clinical data from TCGA and GEO database. LASSO regression and Cox regression were used to construct a differentially expressed CCRGs and IRGs signature. We used Kaplan-Meier analysis to compare survival of LUAD patients. We constructed a nomogram to predict the survival and calibration curves were used to evaluate the accuracy.



Results

A total of 61 differentially expressed CCRGs and IRGs were screened out. We constructed a new risk model based on 8 genes, including ACVR1B, BIRC5, NR2E1, INSR, TGFA, BMP7, CD28, NUDT6. Subgroup analysis revealed the risk model accurately predicted the overall survival in LUAD patients with different clinical features and was correlated with immune cells infiltration. A nomogram based on the risk model exhibited excellent performance in survival prediction of LUAD.



Conclusions

The 8 gene survival signature and nomogram in our study are effective and have potential clinical application to predict prognosis of LUAD.





Keywords: lung adenocarcinoma, cell cycle, immune infiltration, prognostic signature, bioinformatics



Introduction

Lung cancer is a leading cause of cancer-related death over the world (1). It is reported that 2,206,771 lung cancer new cases and 1,796,144 deaths occurred in 2020 worldwide (2). Non-small cell lung cancer (NSCLC) is the most common histological type of lung malignancies, accounting for over 80% of all cases, and near half of NSCLC are lung adenocarcinoma (LUAD) (3, 4). The prognosis of LUAD has been disappointing over the past two decades, with a five-year survival rate below 20% (5). Mortality from LUAD has decreased substantially in recent years, coinciding with the advances in immunotherapy. Immune checkpoint inhibitors (ICIs), especially inhibitors of the programmed cell death 1 (PD-1) axis have altered the therapeutic landscape of LUAD (6, 7). The pacific clinical trial reported that PD-1 inhibitor pembrolizumab improves three-year overall survival of NSCLC from 43.5% to 57.0% (8). However, only a subset of patients achieves an impressive and durable response to immunotherapy (9).

A major molecular characteristic of human cancer is that key cell cycle proteins are frequently dysregulated. Dysfunction of the cell cycle regulators forces tumor cells enter uncontrolled cell division (10, 11). The mitotic stress and chromosomal instability result in replication errors and increased mutation load (12). Tumor mutation load and tumor-infiltrating lymphocytes (TILs) have been widely investigated as prognostic and predictive biomarkers in multiple tumor types, including lung cancer (13, 14). In addition, cell cycle-targeted therapy such as cyclin-dependent kinase (CDK) 4 or CDK6 inhibitors induce tumor cell novel-antigen and recruit TILs, indicating a possible option for immunotherapy combination. Previous studies have suggested that the cell cycle regulator RB might also be required for tumor cells’ expression of MHC Class II molecules, which can be recognized by TILs and mediate cytotoxic killing of tumor cells. Additionally, the increased tumor neoantigen observed after CDK4/6 blockade increases the efficacy of ICB. One report has reported that CDK4/6 inhibition potentiates the expression of PD-L1 in tumor cell together with a decrease of T cell function in the tumor microenvironment (15–18). Given the critical association of cell cycle regulation and tumor immunotherapy, it is highly desirable and urgent to exploit cell cycle regulators and TILs in LUAD. However, the comprehensive analysis of cell cycle-related genes (CCRGs) and immune-related genes (IRGs) or the interactions between them are still not known. In the current research, we comprehensively analyzed the CCRGs and IRGs in LUAD. In addition, we established a predictive signature based on them and further depicted the potential regulatory network between IRGs and specific CCRGs in LUAD. This work provided novel insights into predicting the prognosis and efficacy of immunotherapy in LUAD patients, which brings up a new prospect for enhancing the personalized medication for the treatment of LUAD.



Methods


Data Extraction and Processing

The RNA-seq profiles and related clinical characteristics of LUAD patients were extracted from TCGA and GSE68465. The IRGs for further immunological analysis were based on the ImmPort database (https://www.immport.org/home) (19). The reference CCRGs set were retrieved from MSigDB2. “GO_CELL_CYCLE” was also picked from “all GO gene sets as Gene Symbols” in “c5: Ontology gene sets. The | log2 fold change | > 0.5, p value < 0.05 and false discovery rate (FDR) <0.05 were defined as the cut-off vales to screen out the differentially expressed genes (DEGs) of LUAD. Differentially expressed CCRGs and IRGs were defined as the intersection of DEGs, CCRGs and IRGs. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were used to identify the enriched function of these genes by using Enrichr database (http://amp.pharm.mssm.edu/Enrichr/) (20–22).



Identification of Interaction Network of DEGs

The STRING database (https://string-db.org/) was obtained to investigate protein-protein interactions (PPIs) based on the intersection of DEGs, CCRGs and IRGs (23). In the present study, an PPI-score greater than 0.9 was set as the threshold. The Cytoscape software was used to distinguish the hub genes and visualize the PPI results (24).



Construction and Verification of the CCRGs and IRGs Prognostic Signature

The data of LUAD cases were downloaded from GEO (GSE68465, n=439) and TCGA (n=504). The GEO database was used as a train set and the TCGA database were used as a test set. LASSO Cox regression and multivariate Cox analysis were used to identify hub genes to construct the predictive signature. First, we used univariate Cox proportional hazard regression to identify prognosis-related genes with the cut-off value of p < 0.05. To eliminate the overfit gene of the model, these prognosis-related genes from univariate Cox analysis were further included in LASSO penalized Cox proportional hazards regression via R package “glmnet”. Next, the optimal model based on the remained genes from LASSO analysis was constructed by multivariate Cox regression analysis backward stepwise regression. The formula for risk score is: , represents optimal gene numbers, expression levels of gene, and regression coefficients, respectively. Meanwhile, patients were separated into low- and high-risk groups according to the average value. We employed Kaplan-Meier analysis to weigh the differences between survival of each group, and ROC curve of 1-year, 3-year and 5-year survival was performed to assess the efficacy. In addition, we did univariate and multivariate Cox regression to analyze the risk score of prognostic models and several clinicopathological characteristics for LUAD. The risk model based on train group was validated in the test group and entire group. We used the R packages “rms” to construct a nomogram to predict prognosis of LUAD patients. A calibration map was generated by comparing the nomogram predictive efficacy for the 1-year, 3-year and 5-year OS rates (25).



Infiltrating Immune Cells Signature Analysis

The data of infiltrating immune cells in the tumor microenvironment of LUAD patients were downloaded from the TIMER database (https://cistrome.shinyapps.io/timer) (26). We employed Spearman’s test to evaluate correlations between genes and the infiltrating immune cells. A two-tailed p value lower than 0.05 was set as the cut-off value for statistical significance.



Tumor Mutation Burden Analysis

The tumor mutation profile of LUAD patients were obtained from the TCGA database. The somatic mutations of LUAD were analyzed from mutation annotation format. We used the formula: tumor mutation burden  to determine tumor mutation TMB for each LUAD case.




Results


Identification of Differentially Expressed Cell Cycle-Related and Immunity-Related Genes

The gene expression levels of LUAD (439 samples) and normal lung tissues (19 samples) in GEO database (GSE68465) were analyzed. The results demonstrated 3,910 DEGs, 1,889 of which are upregulated and 2,021 are downregulated (Figure 1A). Then, the intersection with two sets of CCRGs and IRGs revealed 33 upregulated and 28 downregulated DEGs that are involved in regulation of cell cycle and immunity (Figure 1B). GO analysis demonstrated that the differentially expressed CCRGs and IRGs are mainly enriched in Figure 1C. The significant KEGG pathways were enriched in Figure 1D. To further explore the interactions among the 61 differentially expressed CCRGs and IRGs, we established the PPI network (Figure 2A). Ten hub genes (EGF, EGFR, STAT3, IGF1, TNF, IL10, SRC, JUN, MAPK1, MAP2K1) were identified using the Cytoscape software (Figure 2B).




Figure 1 | Comparison of gene expression profile with CCRGs and IRGs of LUAD. (A) Heatmap of differentially expressed genes in LUAD. (B) Venn diagram of up- and down-regulated differentially expressed genes based on CCRGs and IRGs. (C) GO analysis. (D) KEGG analysis.






Figure 2 | Identification of PPI network of the DEGs. (A) Visualization of the PPI network using STRING database and Cytoscape software. (B) Interactions of the top ten hub genes.





Identification and Evaluation of the CCRGs and IRGs Prognostic Signature

Cox regression and LASSO regression were performed in the train set to establish a CCRGs and IRGs predictive signature based on the 61 DEGs to evaluate the survival of LUAD patients. First, we used univariate Cox proportional hazard regression to identify prognosis-related genes from 61 DEGs. With the cut-off value of p < 0.05, the 12 prognosis-related genes were identified (ACVR1B, BIRC5, NR2E1, PTPN11, STAT3, INSR, MAP2K1, PRKCB, TGFA, BMP7, CD28 and NUDT6). To eliminate the overfit gene of the model, these 12 prognosis-related genes from univariate Cox analysis were further included in LASSO penalized Cox proportional hazards regression via R package “glmnet” (Figures 3A, B). Next, the optimal model based on the remained genes from LASSO analysis (ACVR1B, BIRC5, NR2E1, PTPN11, STAT3, INSR, MAP2K1, PRKCB, TGFA, BMP7, CD28 and NUDT6) was constructed by multivariate Cox regression analysis backward stepwise regression. Consequently, eight genes (ACVR1B, BIRC5, NR2E1, INSR, TGFA, BMP7, CD28, NUDT6) were identified for the risk model (Figure 3C). The risk score is = (-0.1831 × ACVR1B expression) + (0.1300 × BIRC5 expression) + (0.1798 × NR2E1 expression) + (-0.2200 × INSR expression) + (0.1697 × TGFA expression) + (0.1577 × BMP7 expression) + (-0.2649 × CD28 expression) + (0.2473 × NUDT6 expression). Patients were separated into high- and low-risk groups based on the average risk score. The survival of each group was shown in Figures 4A, B. The Kaplan-Meier survival analysis and the log-rank test demonstrated that patients in the low-risk group had significantly longer survival time (p<0.05, Figure 4C). In addition, the 1-, 3-, and 5-year ROC curves were plotted as Figure 4D. The test set proved the risk model based on the train set.




Figure 3 | Construction of prognostic models based on CCRGs and IRGs. (A, B) LASSO Cox regression analysis based on OS. (C) Forest plots presenting the multivariate Cox proportional hazards regression analysis of prognostic CCRGs and IRGs in OS.






Figure 4 | Identification of prognostic model in train set and test set based on OS of LUAD in GEO and TCGA cohorts. (A) The survival status and survival time of patients with LUAD ranked by risk score. (B) Rank of risk score and distribution of groups. Patients with LUAD were divided into high- and low-risk groups based on the median value of the risk score calculated. (C) Kaplan-Meier analysis and (D) time-dependent ROC curve of risk score.





Subgroup Analysis of the Prognostic Signature

We next did subgroup survival analysis based on different clinical features using the signature. These subgroups included age (≤65 or >65), gender, T stage (T1-2 or T3-4), and N stage (N0 or N1-2). As shown in Figure 5, the 5-year survival of the high-risk group stratified by the subgroups mentioned above were significantly shorter than that of the low-risk group. However, due to the small number of samples in the T3-4 group (n=36), the survival between two groups did not show significant differences.




Figure 5 | Subgroup survival analysis based on different clinicopathological features of LUAD. (A) Age. (B) Gender. (C) T stage. (D) N stage.





Construction and Evaluation of the Prognostic Nomogram

We further performed univariate and multivariate Cox analysis to investigate whether signature is an independent risk factor for the survival in LUAD. Univariate Cox analysis indicated that age, T stage, N stage and the signature were meaningful for predicting OS (p<0.001). Multivariate Cox analysis identified that the signature was an independent risk factor for predicting survival of LUAD (Figure 6A). As shown in Figure 6B, we used the clinicopathological features and risk score to generate a nomogram to predict the survival of LUAD patients. The worse prognosis is associated with higher sample scores. A calibration curve was used to evaluate the efficacy of the predictive model. It demonstrated that the signature in our study is better in predicting the 1-year, 3-year, and 5-year survival (Figure 6C).




Figure 6 | IRGs and CCRGs combined with other clinical factors to predict prognosis of LUAD patients based on OS model. (A) Univariate and multivariate Cox regression revealed significant survival-related clinicopathological parameters in forest plots diagram. (B) Nomogram and (C) calibration curve was constructed to verify the accuracy of predicting 1-, 3-, and 5-year survival rates.





The Infiltrating Immune Cells Signature and Tumor Mutation Burden Profile

We assessed the correlation between risk score and infiltrating immune cells in the tumor microenvironment using TIMER database. We found that patients with high-risk score was negatively correlated with infiltrating neutrophils, macrophages, dendritic cells, B lymphocytes, CD4+ T lymphocytes and CD8+ T lymphocytes in the tumor microenvironment (p<0.05), indicating a universal decrease of infiltrating immune cells (Figures 7A–F). Next, we further investigated the TMB of differentially expressed CCRGs and IRGs based on the risk signature. Immune checkpoint inhibitors have demonstrated significant overall survival benefit in LUAD. Nevertheless, a remarkable interpatient heterogeneity characterizes immunotherapy efficacy. TMB is an essential factor related to outcomes of immunotherapy of lung cancer. Since LUAD mostly occurs in non-smokers, the TMB of LUAD is relatively lower than that of lung squamous cell carcinoma, highlighting the necessity to explore factors related to TMB. We demonstrated that TMB and somatic mutation count was remarkably higher in the high-risk group (Figure 8A). TMB of genes in both groups are listed in Figure 8B. TP53, MUC16, TTN, RYR2, and CSMD3 ranked the top five TMB genes in both groups, and the TMB of them was drastically higher in high-risk group. Then, the correlations between TMB of genes were assessed. As shown in Figure 8C, TP53 and KRAS showed the most positive correlation, and RYR2 exhibited negative correlation with MUC16.




Figure 7 | Correlation between risk score and infiltrating immune cells in the LUAD tumor microenvironment. (A) Neutrophil. (B) Macrophage. (C) Dendritic cell. (D) B lymphocyte. (E) CD4+ T lymphocyte. (F) CD8+ T lymphocyte.






Figure 8 | Tumor mutation in the high- and low-risk groups. (A) Patients in high-risk group showed significantly higher tumor mutation burden and somatic mutation count. (B) TP53, MUC16, TTN, RYR2, and CSMD3 ranked the top five TMB genes in both groups, and the TMB of them was drastically higher in high-risk group. (C) Correlations between mutated genes in both groups.






Discussion

Lung cancer is characterized as one cancer type which has high morbidity and mortality. Almost 85% of lung cancer subtypes are NSCLC, of which LUAD and lung squamous cell carcinoma are the most common subtypes (3). LUAD is the most common histological subtype in never-smokers. With the progress of anti-smoking campaign, the incidence of LUAD is rapidly climbing. Despite advances in cancer treatment, the prognosis of NSCLC has been disappointing over the past decades: the 5-year survival rate for patients with metastatic LUAD was less than 5% (27). Immunotherapy has changed the landscape for treating advanced NSCLC. The application of ICBs such as antibodies against PD-1 or PD-L1 have pointed a new direction for LUAD care. Nevertheless, the response to ICBs varies among LUAD patients. Novel biomarkers to predict the outcomes of immunotherapy is urgently needed. Cell cycle dysfunction is tightly associated with tumorigenesis in lung cancer. Loss of RB protein is found in approximately 15%-20% of all NSCLC (28). The dysregulation of cell cycle drives cancer cells into uncontrolled proliferation. The rapid division and genome instability of tumor cells result in mutation of DNA mutation. TMB is reported to be a promising immunotherapy biomarker to predict survival across multiple cancer types. In addition, cell cycle-targeting drugs CDK4/6 inhibitor may enhance the expression of PD-L1 on tumor cells, indicating the significance of combining ICBs. However, the interactions between cell cycle and immune regulators are still ill-defined.

In this study, we analyzed the differentially expressed CCRGs and IRGs in LUAD of GEO and TCGA cohorts. We identified 28 upregulated and 33 downregulated differentially expressed CCRGs and IRGs. GO and KEGG functional enrichment analyses revealed potential mechanism of them in LUAD. MAPK signaling pathway is mostly involved in these DEGs. Stutvoet et al. reported that MAPK pathway plays a significant role in PD-L1 expression of LUAD and may become a target to improve the outcomes of immunotherapy (29). We subsequently did a PPI network analysis among the 61 differentially expressed CCRGs and IRGs and 10 hub genes stand out (EGF, EGFR, STAT3, IGF1, TNF, IL10, SRC, JUN, MAPK1, MAP2K1). EGF and EGFR are the most important mutations in NSCLC, especially LUAD. Target therapy against EGFR mutation have greatly improved LUAD survival (30). STAT3 can induce epithelial mesenchymal transition and participate in PD-1 signaling pathway (31).

We then generated a risk model based on 61 differentially expressed CCRGs and IRGs based on GEO cohorts, and TCGA cohorts were obtained to verify the survival predictive value of the risk model. The train set revealed eight key genes (ACVR1B, BIRC5, NR2E1, INSR, TGFA, BMP7, CD28, NUDT6). ACVR1B, also known as ALK4, encodes an activin receptor related in TGF-β superfamily or structural related signaling proteins. Mutations in this gene are associated in with progressive pancreatic cancer in mutant KRAS-induced patients (32). Similarly, a SNP variant was found in never-smoking lung cancer patients, indicating the potential driving role of ACVR1B in NSCLC (33). BIRC5, also known as survivin, is a member of the inhibitor of apoptosis gene family that prevents apoptosis and has functions in both cell survival and mitosis. BIRC5 is normally absent in mature cells but is distinctly overexpressed in tumor cells. A small-molecule inhibitor of BIRC5, YM155, was shown to have favorable safety/tolerability in NSCLC patients (34). In addition, YM-155 had radio-sensitizing effect in NSCLC cell lines (35). NR2E1 and INSR are both proliferation regulators involved in aggressive behaviors (36, 37). TGFA is a ligand for EGFR. Dopeso reported that EMT-induced upregulation of TGFA can stimulate EGFR, activate SMAD pathway and induce EMT, which forces a positive feedback loop to enhance EMT and metastasis of lung cancer (38). BMP7 encodes a ligand of TGF-beta superfamily and activate SMAD signaling pathway. CD28 is a famous protein required for T cell proliferation and mature, cytokine secretion and Th2 cell differentiation. Kamphorst showed that CD28 pathway is significant for effective PD-1 therapy. They reported that CD28 is required for the proliferation of CD8+ T cells and the increased T cells after PD-1 blockade therapy are mainly CD28 positive (39). NUDT6 is an antisense gene of fibroblast growth factor 2 (FGF2). It is reported that NUDT6 is abundantly expressed in esophageal adenocarcinoma and is associated with poor disease-free survival (40). Taken together, the eight key genes are mainly involved in TGF-β pathway. The TME is characteristically enriched by TGF-β that are secreted by cancer cells, fibroblasts, macrophages and platelets. TGF-β can inhibit the differentiation of Th1 cells and cytotoxic CD8+ T cells and block T cell proliferation. Thus, it functions as a critical suppressor in the immune system and promotes immune evasion during cancer development. However, TGF-β has a contrary role as a tumor suppressor by inducing cell cycle arrest in early cancer cells (41, 42). The complexed role of TGF-β makes it significant to clarify its function in the future.

We next did a Kaplan-Meier analysis and it indicated that the survival of patients in low-risk group is remarkably longer than that in high-risk group. Additionally, the ROC curve and AUC verified accuracy of the risk model in survival prediction. We next constructed subgroup analysis based on the eight-gene signature. The high-risk group was also related to disappointing prognosis of LUAD patients with different age, gender, T stage and N stage. In addition, the model was proved to be an independent factor for OS. However, due to the small number of enrolled patients among T3-4 stage subgroup in the dataset (n=36), we did not find any significant difference, but the signature still worked for T1-2 subgroup LUAD patients. We further established a nomogram to determine a score for predicting survival of LUAD. The calibration curve implied the signature based on the risk model achieved a promising fit and greater effectiveness in clinical applications. In addition, we obtained TIMER database to study the correlation between the signature and infiltrating immune cells. We found that the infiltrating immune cells in the tumor microenvironment of LUAD is negatively associated with the risk score. To further explore the efficacy of our signature in immunotherapy, we performed a tumor mutation analysis. We found that LUAD patients in the high-risk group exhibited significantly higher TMB and more somatic mutation count. Since the infiltrating immune cells are main effectors in cancer immunotherapy and TMB is currently considered as an effective outcome index for immunotherapy, the signature in the current research might be useful in predicting the outcomes of LUAD patients receiving ICB medication.

Although the signature seemed to be stable and practical in our study, there are some limitations. The samples in our study were collected from TCGA databases and were internally verified. Further external verifications are needed to evaluate the accuracy in other databases. And the mechanisms and interactions of the eight key genes for constructing the risk models are needed to be elucidated by future experiments.

To conclude, we constructed a signature based on eight differentially expressed CCRGs and IRGs to predict the survival of LUAD. The risk models in our study show better clinical practicability for predicting the outcomes of LUAD patients. This signature might bring about changes in personalized LUAD treatment.
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Background

Scavenger Receptor Class A Member 5 (SCARA5), also known as TESR, is expressed in various tissues and organs and participates in host defense. Recent studies have found SCARA5 to produce an anti-tumor effect for multiple tumors, although the mechanistic basis for the effect is unknown.



Methods

Bioinformatics, methylation-specific polymerase chain reaction (MSP), quantitative real-time PCR, and immunohistochemistry were used to assess promoter methylation and expression of SCARA5 in lung cancer tissues and cell lines. The biological effect of SCARA5 on lung cancer cells was confirmed by the CCK8 assay, colony formation assay, and flow cytometry. GSEA, Western blot, RNA sequencing, and luciferase-based gene reporter assay were used to explore the mechanistic basis for the anti-tumor effect of SCARA5. Chemosensitivity assays were used to evaluate the anti-tumor effect of SCARA5 in conjunction with chemotherapeutic drugs.



Results

We found SCARA5 to be downregulated in lung cancer cell lines and tissues with SCARA5 levels negatively related to promoter methylation. Ectopic expression of SCARA5 suppressed proliferation of lung cancer both in vitro and in vivo through upregulation of HSPA5 expression, which inhibited FOXM1 expression resulting in G2/M arrest of the A549 cell line. SCARA5 also improved susceptibility of A549 cells to chemotherapeutic drugs that damage DNA.



Conclusion

SCARA5 was silenced in NSCLC due to promoter methylation and could be a potential tumor marker in NSCLC.





Keywords: tumor marker, SCARA5, CpG methylation, FOXM1, non-small cell lung cancer



Introduction

Lung cancer is one of the most malignant tumors. Based on statistics released by the American Cancer Society’s Epidemiology Research Program in 2019, lung cancer incidence was ranked second among all malignant tumors with the mortality rate for lung cancer ranked first (1). Most early lung cancer patients choose surgical resection, which has 5-year survival rates ranging from 80% for stage IA to 50% for stage IIB (2). Unresectable advanced lung cancer patients receive a combination of radiotherapy and chemotherapy with a survival rate of 15% (3). Hence, intensive investigations are ongoing to mechanistically understand lung cancer development and as well to identify new and more effective treatments for the disease.

Scavenger receptors, a subclass of pattern recognition receptors (4), participates in pathogen clearance (5), lipid degradation (6), transmembrane transport (7), and a variety of other biological processes of the human body. At present, there are at least eight types of scavenger receptors (A–H) (8). SCARA5 is a class A scavenger receptor and encoded on chromosome 8 (9). SCARA5 expression is limited to testicular, airway, and thymic epithelial cells and is essential to host defense (10). SCARA5 has been shown to mediate iron delivery by transporting ferritin into renal epithelial cells (11). Recent studies have reported SCARA5 methylation levels to be elevated and expression levels to be decreased in liver cancer and breast cancer (12, 13). SCARA5 expression inhibits proliferation and migration of tumor cells and is considered a tumor suppressor gene (14–16). However, a role SCARA5 in lung cancer is not established.

FOXM1 (Forkhead Box M1) is a common transcription factor (17) that has four mRNA splice variant isoforms involved in mammalian cells proliferation (18). FOXM1a is inhibitory whereas FOXM1b and FOXM1c promote transcription (19). FOXM1d is located in the cytoplasm where it promotes colon cancer metastasis and invasion by accelerating cytoskeleton rearrangement and endothelial to mesenchymal transition (EMT) (20). Among the isoforms, FOXM1b is highly expressed in a variety of tumor cells (21–23) and functions as an oncogene, and regulates downstream target genes that determine multiple events within cancer cells (24, 25). Heat shock protein 70 (HSP70) binds FOXM1, which inhibits mRNA and protein expression, and as such acts as a cancer suppressor gene (26). Heat shock proteins are a class of molecules that regulate protein folding and prevent misfolding during stress. HSP70 is distributed within the nucleus and endoplasmic reticulum, where it maintains cell homeostasis (27–29) and protects against apoptosis (30). The role of HSP70 in tumor cells is complex and requires further definition.

In this study, for the first time, we found that methylation of the SCARA5 promoter silenced lung cancer gene expression. The ectopic expression of SCARA5 inhibited the proliferation of lung cancer cells in vitro and the growth of xenograft tumors in vivo. Further analysis showed that SCARA5 inhibits FOXM1 expression. RNA-sequence analysis demonstrated SCARA5 to upregulate HSP70 family member proteins and to enhance the sensitivity of A549 cell line to chemotherapy drugs. Thus, for non-small cell lung cancer (NSCLC), SCARA5 acts as a tumor suppressor that may serve as a marker for cancer prognosis and for clinical guidance during chemotherapy.



Material and Methods


Cells and Tissue Samples

All cell lines (A549, H1299) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and supported with RPMI 1640 medium (Gibco-BRL, Karlsruhe, Germany) containing 1% penicillin and 10% fetal bovine serum (FBS) at 37°C/5% CO2, as recommended by ATCC. All tissue samples were obtained from the First Affiliated Hospital of Chongqing Medical University. This study was authorized by the Institutional Ethics Committees of the First Affiliated Hospital of Chongqing Medical University (Approval notice: # 2016-75) and abided by the Declaration of Helsinki.



5-Aza-2′-Deoxycytidine Treatment

Cell lines were treated with final concentration of 10 μM of 5-aza-2′-deoxycytidine (Aza, Sigma-Aldrich, Steinheim, Germany), which is a DNA methyltransferase inhibitor. After 3 days, RNA was collected for detection.



MSP

Extracted the DNA of tissue and cell, then diluted the sample DNA (up to 1 μg) to 50 μl water in 1.5 ml microcentrifuge tube; added 5.5 μl 2 mol/L NaOH, 37°C, incubating for 10 min; add 10 mmol/L hydroquinone in 3 μ fresh configuration and 3 mol/L sodium bisulfite in 520 μl fresh configuration; mix and add enough mineral oil (about 50 μl) to cover the water phase, incubate at 50°C for 16 h. Remove the oil, add 1 ml DNA wizard reagent, and add the mixture to the miniprep column with the kit. Vacuum treatment, wash with 2 ml 80% isopropanol; add 55 ul 3 mol/L NaOH to each tube, incubate at room temperature for 5 min; add 1 μl 10 mg/ml glycoside with glycosyl group, and then add 17 μl 10 mol/L amine acetate and three volumes of 100% frozen ethanol. At 20°C, precipitate the DNA for several hours or overnight, centrifugate it for 20 mm, remove the supernatant, wash it with 70% frozen ethanol, add 20–30 μl of water to dissolve it; prepare the main reaction mixture of methylation and non-methylation PCR reaction (50 ul), take 3.8 ul of the main reaction mixture to the labeled PCR tube. Add 2 μl sodium bisulfite modified DNA template to each tube; dilute 1.25 μ Taq DNA polymerase to 10 μl sterile distilled water for each sample; add it into 40 ul mixture through oil layer, blow gently, and carry out PCR amplification. The MSP Primer of SCARA5 was shown in Additional file 1: Table 1.



RNA Extraction, Reverse Transcription (RT)-PCR and Real-Time PCR

Total RNA in cell lines and tissues was extracted with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) following the standard manufacturer’s procedure, Reverse transcription PCR was performed on a total of 1 µg RNA into 20 µl cDNA with RT Reagent (Promega, Madison, WI, USA). Real time PCR was performed using 2× SYBR Green qPCR Master Mix (Bimake) following the Touch Down Protocol: 95°C for 3 min, followed by three cycles (95°C for 20 s, 60°C for 10 s, 3°C reduction per cycle) and 35 cycles (95°C for 20 s, 55°C for 10 s, 72°C for 1 s) by CFX manager v2.1 (BioRad). The p value of each group was calculated by t-test. All the primers used for Real-time PCR were listed in Additional file 1: Table 1.



Preparation of Vector- and SCARA5-Expressing Stable Cell Lines

SCARA5-expressing and Vector (pReceiver-M35) plasmid were purchased from GeneCopoeia. Vector and SCARA5-containing plasmid (4 μg) were transfected with 5 μl Lipofectamine 2000 (Invitrogen, Carlsbad, USA) into H1299 and A549 cell lines incubating with RPMI 1640 medium without serum or penicillin for 6 h. After 48 h, G418 (Amresco, Solon, OH, USA) was used to screen cells. The screening process sustained 2 weeks. Ectopic expression of SCARA5 was verified with western blot and Real Time-PCR.



Cell Proliferation and Colony Formation Assays

H1299 and A549 cells with vector or SCARA5 stably transfected were transplanted in 96-well plates and each well contained 2,000 cells. Cell vitality was measured at 0, 24, 48, and 72 h with Cell Counting Kit-8 (CCK-8; Beyotime, Shanghai, China) by microplate reader and absorbance was set on 450 nm. In addition, the colony formation assay (CFA) was applied to measure cell proliferation. Vector and SCARA5-expressing cells were cultured in six-well plates at three densities (100, 200, and 400 cells/well) for 10 days. The cells were fixed with 4% paraformaldehyde for 15 min, washed with PBS for 5 min, and stained with crystal violet for 15 min.



Flow Cytometry (FCM)

Vector and SCARA5-expressing Cells were fixed with 70% alcohol overnight before evaluating cell cycle. All the cells were stained with propidium iodide (PI) for 30 min. To assess apoptosis,we applied PI. A CellQuest kit (BD Biosciences, CA, USA) and annexin V-flurescein isothiocyanate to stain cells. Cell cycle and apoptosis were analyzed with flow cytometry (FCM). All experiments were repeated for three times.



Chemosensitivity Assay

The effect of SCARA5 on the cytotoxicity of Gemcitabine, 5-fluorouracil (5-FU), and cisplatin was assayed using CCK-8. Briefly, SCARA5-expressing and vector stable A549 cells were plated at 4,000/well in 96-well plates. After 4 h, removed previous medium and added containing different concentrations of drugs. Cell vitality was assessed after 48 or 72 h with CCK-8 (Dojindo, Shanghai, China) following the standard procedures. Absorbance was set on 450 nm with a microplate reader. The half inhibitory concentration (IC50) of each drug was calculated with GraphPad Prism7.0. All experiments were repeated for three times.



Luciferase-Based Gene Reporter Assay

pGL3-CCNB1, pGL3-CHK1, pGL3-CDC25C, and pcDNA3.1-FOXM1 were used for the reporter assays. Renilla plasmid as control. After transfecting for 48 h, Added the lysis buffer (100 µl/well), shaken vigorously for 15 min, and collected the cell lysate. Then 20 µl sample was detected with Dual-luciferase reporter assay kit (Promega, Madison, WI, USA). After adding 50 µl start, shake it slightly and test immediately, following with 50 µl stop solution and evaluate it again. The fluorescence value was quantified by Infinite M200 PRO luminometer (Tecan, Austria).



Western Blot

We applied 10 and 12% concentration of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to separate protein lysates and transferred them onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). Then, membranes were incubated with primary antibodies specific for SCARA5 (#ab118894, Abcam), FOXM1 (#ab207298), CyclinB1 (Sc245), CHK1 (A5004, Bimake), CDC25C (A5133, Bimake), CDC25C (Ser216) (#4901, CST), CDK1 (SC54), Phospho-HistoneH2AX (Ser139) (#80312, CST), HSPA5 (#3177, CST). Protein bands were exposured with Western Chemiluminescent HRP Substrate kit (Millipore Corporation, Billerica, MA, USA).



Tumor Xenograft Model in Nude Mice

Six 4-weeks old Immunocompromised female nude mice were purchased from The Animal Center of Chongqing Medical University and using for xenograft studies. Stable SCARA5-expressing or vector A549 was digested to obtain single cell suspension. Each mouse was subcutaneously injected with 100 μl PBS containing 5 million cells. The tumor size was measured every two days after 7 days of injection. The raising condition was supported with national standards (Laboratory Animal-Requirements of Environment and Housing Facilities; GB14925-2010). The care and operation of experimental animals were in accordance with the Chongqing Management Approach of Laboratory Animals (Chongqing government order No. 195). All the mice were sacrificed after 19 days. Tumor volume (mm3) was calculated as follows: volume = length × width2 × 0.52. All the transplanted tumor was placed in 4% paraformaldehyde and then embedded with paraffin.



Immunohistochemistry Staining

Expression of SCARA5 in paraffin embedded lung cancer, adjacent paracancerous tissues, and xenograft tumor tissues in mice was detected by immunohistochemistry staining. The tissue was cut into 4 μm thick slices, transferred onto glass, and incubated at 65°C for at least 6 h. All the required reagents except antibody came from an Immunohistochemistry Kit (ZSGB-BIO, Beijing, China) and operation was performed according to the standard procedures. Slides were incubated at 4°C for 16–20 h with Ki67 (#16667, Abcam) and SCARA5 (#ab118894, Abcam) antibodies. Then tissues were stained with DAB substrate (K176810E, ZSGB-BIO, China) for 40–50 s. The nuclei were stained with hematoxylin for 5 s and covered with neutral resin. The image of IHC was observed by microscope. IHC scoring criteria: 0: The positive rate was less than 10%; 1: Positive rate was between 10 and 30%; 2: Positive rate was between 30 and 50%; 3: Positive rate was more than 50% added a description of Additional file 2: Table 2.



ER-Tracker and Immunofluorescence Staining

ER-Tracker Red kit (C1042S) was purchased from Beyotime. Cells were cultured in 24-well plate containing glass coverslips. After 48 h of transfection of SCARA5 plasmid, diluted ER tracker was added and incubated for half an hour in 37°C. Washed cells for 5 min, and fixed with 4% paraformaldehyde for 30 min, permeabilized for 5 min in 0.5% Triton X-100,and blocked with 5% BSA for 1 h at 25°C. Samples were incubated overnight with primary antibody of SCARA5 (#ab118894, abcam) at 4°C. The next day, washed the cells with PBS for three times (5 min once) and incubated with Alexa 488-conjugated goat anti-rabbit secondary antibody for 1 h (Avoid light). Nuclei were stained with DAPI (Roche, Palo Alto, CA, USA). Picked out the coverslip, added 4 μl anti-quenching agent, and covered the slide onto a glass observed with Laser scanning confocal microscope.



RNA Sequencing

Vector and SCARA5-expressing A549 cells were cultured in 6 cm dishes. When the cell density reached 80%,RNA was collected and sent to the company for sequencing. The Novogene Co. Ltd company performed the actual sequencing work. The initial RNA was total RNA, and the total amount was more than 1 μg. Illumina NEBNext® UltraTM RNA Library Prep Kit was used in the construction of the library. After the construction of the library, Qubit2.0 fluorometer and Agilent 2100 Bioanalyzer were used to detect the library to ensure the quality of the library. The image data measured by high-throughput sequencer was converted into reads by Casava base recognition, and the file was saved in fastq format. Then the annotation files of reference genome and gene model was downloaded from genome website, constructing the index of reference genome using hisat2 v2.0.5, and selected hisat2 as the comparison tool.



Differential Expression Analysis

The expression differences between the two groups were analyzed by using deseq2r software (1.16.1). Benjamin and Hochberg were used to adjust the p value to control the error detection rate. Genes with adjusted P < 0.05 were assigned as differentially expressed genes by deseq2 (edge was used for those without biological duplication). Before differential gene expression analysis, for each sequencing library, the read count was adjusted by edge package through a scale normalization factor. Edge software package (3.18.1) was used for differential expression analysis of the two conditions. Benjamin & Hochberg method was used to adjust p value. The corrected p value and |log2foldchange | were used as the threshold of significant differential expression.



Enrichment Analysis of Differential Genes

Go enrichment analysis of differentially expressed genes was realized by clusterProfiler R software, in which the gene length deviation was corrected. GO terms with a corrected p value of less than 0.05 were considered to be significantly enriched by differentially expressed genes. We used clusterProfiler R software to analyze the statistical enrichment of differentially expressed genes in KEGG pathway.



Bioinformatics

GSEA was performed with GSEA software 4.0.3 as previously described (31). The gene expression dataset GSE12667 was downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/), which contained 71 LC cases. Samples were divided into two groups based on the median SCARA5 (229839_at) in lung cancer through Oncomine database (https://www.oncomine.org/resource/login.html). The SCARA5-high group contained 27 samples while SCARA5-low groups contained 47 samples. The gene set “c2.cp.reactome.v7.2.symbols” was used for the enrichment analysis. The number of permutations per gene set was set at 1,000 to obtain the normalized enrichment score (NES). A normal p-value <0.05 with false discovery rate <0.25 were considered significantly enriched. DEG of GSE12667 was used GEO2R. Venn diagram is made by using jvenn web (http://jvenn.toulouse.inra.fr/app/example.html).



Statistical Analyses

Statistical analyses were performed with GraphPad Prism 7.0 and SPSS (version 22.0, SPSS, Chicago, IL, USA). Student test and Mann-Whitney U test were used to define p value. The data were considered significant when p < 0.05.




Results


SCARA5 Expression Is Downregulated in Lung Cancer and Related to Prognosis

In order to understand the role of SCARA5 in lung cancer, we conducted a series of bioinformatics analyses. First, we analyzed SCARA5 expression in 409 lung cancer tissues (including 50 paired normal lung tissues) using The Cancer Genome Atlas (TCGA) database. SCARA5 expression was significantly downregulated in tumor tissues compared to normal lung tissues within the MethHC database (p < 0.001; Figure 1A). Since promoter methylation is one of the common mechanisms for gene silencing, we analyzed the methylation of the SCARA5 promoter in 435 lung squamous cell carcinoma tissues (including 29 normal lung tissues) and 361 lung adenocarcinoma tissues (including 41 normal lung tissues). Hypermethylation of the SCARA5 promoter in these types of lung cancer was significantly related to decreased expression of SCARA5 (Figures 1B–D). SCARA5 gene expression was low in A549 and H1299 cell lines and was upregulated after treatment with 5-Aza-2’-deoxycytidine (Figure 1E). Kaplan-Meier survival curve analysis demonstrated that patients with low levels of SCARA5 expression had poorer overall survival than patients with high levels of SCARA5 expression (Figure 1J).




Figure 1 | SCARA5 expression was downregulated in lung cancer and related to prognosis. (A) SCARA5 mRNA expression in lung cancer and paired non-tumor tissues from TCGA database (p < 0.0001). (B, C) Methylation of SCARA5 promoter in Lung adenocarcinoma (Lung squamous cell carcinoma) and paired paracancerous tissues in MethHC database (p < 0.0001). (D) Relation between methylation of promoter and fold change of SCARA5 expression (R = 0.3121, p = 0.0012). (E) SCARA5 Expression of lung cancer cells after treating with 5-aza for 72 h, (***p < 0.001). (F) mRNA expression of SCARA5 in 11 cases of clinical lung cancer and paired non-tumor tissues (p < 0.001). (G) Immunohistochemical staining of SCARA5 in cancer tissue, Left was cancer tissue with a IHC score of 0; Middle score was 1; Right score was 2. (H) Immunohistochemical staining of SCARA5 in paracancerous tissue was positive with a score of 3. (I) Statistical chart of SCARA5 immunohistochemical score of tumor and paracancerous tissues (p < 0.01). (J) Overall survival of lung cancer patients with high or low expression of SCARA5 from KM plotter database (p < 0.001).



We extracted mRNA from 12 paired clinical lung cancer and paracancerous tissues. Quantitative reverse transcription polymerase chain reaction (RT-PCR) revealed that SCARA5 expression in tumor tissue was significantly lower than in adjacent non-tumor tissue (Figure 1F). SCARA5 protein was also detected by immunohistochemistry (IHC). Compared to normal tissue, SCARA5 immuno-reactivity was significantly lower in lung cancer (Figures 1G–I). SCARA5 methylation status of 64 lung tumor tissues and 16 normal tissues was assessed by methylation specific PCR (MSP). Promoter hypermethylation was found in 57/64 (89%) of primary tumor tissues and 0/25 normal lung tissues, which is consistent with the database (Figure 2). Collectively, these data suggest that SCARA5 is downregulated in lung cancer due to promoter methylation and that SCARA5 downregulation is positively related to prognosis.




Figure 2 | SCARA5 promoter was hypermethylated in lung cancer. Methylation status of 64 lung cancer tissue and 25 normal tissue sample was detected by Methylation specific PCR (MSP), 57/64 (89%) primary tumor tissues detected hyper- methylation of promoter, but none of normal lung tissues was detected hypermethylation.





SCARA5 Suppresses Lung Cancer Growth In Vitro and In Vivo

To investigate the function of SCARA5 in lung cancer, H1299 (p53 null) and A549 cells (p53 wild type) were transfected with a plasmid that overexpressed SCARA5. Control was simply transfection with vector. The efficiency of overexpression was verified by RT-PCR and western blot (Figures 3A, B). Results demonstrated SCARA5 to significantly inhibit the proliferation of both A549 and H1299 cells (Figures 3C–E).




Figure 3 | SCARA5 suppressed lung cancer cell proliferation in vitro and in vivo. (A, B) Overexpression of SCARA5 in A549 and H1299 were confirmed by quantitative PCR and western blot. (C) Inhibitory effect of SCARA5 on A549 and H1299 was measured by CCK8. (D, E) Images and statistical chart of the colony formation assay in vector and SCARA5-expressed A549 and H1299 cells. Data was presented as mean ± SD, **p < 0.01, ***p < 0.001. (F, G) Vector and SCARA5-expressed A549 were Subcutaneously injected into 4-week female nude mice. Tumor size was measured every 2 days. All the mice were sacrificed at 19 days. (H) The tumor weight was measured (p < 0.001). (I) HE staining, Immunohistochemical staining of SCARA5 and ki67 in vector and SCARA5-expressed xenografts was presented, respectively.



The inhibitory effect of SCARA5 on lung cancer in vivo was assessed. Cells over expressing SCARA5 or control A549 cells were injected subcutaneously into nude mice. Compared to the control group, xenografts of cells over expressing SCARA5 had smaller mean volumes and reduced tumor weights (Figures 3F–H). SCARA5 overexpression in the xenografts was assessed by IHC. Ki67 staining of tumors demonstrated significantly reduced proliferative activity. Hematoxylin and eosin (HE) staining demonstrated a significantly increased quantity of smaller cells with darker, more irregular nuclei (Figure 3I). Taken together, these data suggest that SCARA5 has an Inhibitory effect on lung cancer cells both in vitro and in vivo.



SCARA5 Induced Cell Cycle Arrest and Apoptosis in Lung Cancer Cells

In order to explore the mechanistic basis for the effect of SCARA5 on lung cancer, we divided the samples of GEO datasets GSE12667 and GSE2109 into two categories according to the median expression of SCARA5 (Figure 4A), and Gene Set Enrichment Analysis (GSEA) was performed with the GEO datasets GSE12667 and GSE2109. Results with both datasets demonstrated SCARA5 function to be related to G2/M cell cycle arrest (Figure 4B). Flow cytometry showed SCARA5 to promote apoptosis of A549 and H1299 cells when compared to control (Figures 4C, D). The proportion of cells in the G2/M phase was increased in A549 cells overexpressing SCARA5 when compared to vector control. However, the same phenomenon was not observed for H1299 cells, wherein SCARA5 induced S phase cell cycle arrest (Figures 4E, F). These data suggest that SCARA5 can inhibit cell proliferation by inducing apoptosis and by blocking cell cycle progression in lung cancer cell lines.




Figure 4 | SCARA5 induced cell cycle arrest and apoptosis in lung cancer. (A) The SCARA5 expression of 71 lung cancer samples in GSEA12667 was arranged by log2 median intensity. (B) Gene enrichment plots showed that the gene set G2M_CHECKPOINT was enriched in SCARA5-Low subgroup. (C, D) The effects of SCARA5 on apoptosis in A549 and H1299 cells were detected by flow cytometry analysis too. Representative flow cytometry plots and histogram statistics of apoptosis changes. (E, F) The effects of SCARA5 on cell cycle in A549 and H1299 cells were detected by flow cytometry analysis. Representative flow cytometry plots and histogram statistics. Data was presented as mean ± SD, *p < 0.05, ***p < 0.001.





SCARA5 Induces G2/M Cell Cycle Arrest in A549 Cells by Inhibition of FOXM1

CDK1 functions as an important kinase during the G2 phase (32). It is known that CDK1 becomes activated after binding to CyclinA2 or CyclinB1 (33). The activity of CDK1 is regulated by three phosphorylation sites; Thr14, Tyr15, and Thr16. Thr14 and Tyr15 inhibit the activity of CDK1, which requires dephosphorylation during the G2/M phase (34). CDC25C promotes the dephosphorylation of Thr14 and Tyr15, thus enabling CDK1 to become active and to promote G2/M cell cycle progression. Whereas, Wee1 and MyT1 inhibit dephosphorylation and induce G2/M arrest (35). CDC25C is phosphorylated and inactivated by checkpoint kinase1 (CHK1, also known as CHEK1) (36). To investigate the mechanism of G2/M cell cycle arrest induced by SCARA5, we examined the mRNA and protein levels of CDK1, CDC25C, and CyclinB1 in the SCARA5 overexpressing cell line. We found that mRNA and protein levels of these three indicators were downregulated (Figures 5A, B). Furthermore, we assessed the expression of CHK1 and found that both mRNA and protein levels were significantly down regulated when the DNA damage marker γ-H2AX (37) was increased (Figure 5C). To understand the downregulation of CHK1, we analyzed the common transcription factors for CDC25C, CHK1, and CyclinB1. These were compared to the differential genes of GSE12667 and in this manner two genes FOXM1 and FOS1 were identified (Figure 5D). FOXM1 was downregulated in SCARA5-overexpressing A549 cells (Figure 5E), but no change in FOS1 expression was detected (data are not shown). A luciferase reporter assay confirmed binding of FOXM1 to the promoters of CDC25C and CyclinB1 (Figure 5G). Next, we transfected FOXM1 plasmid into SCARA5 overexpressing A549 cells and the inhibitory effect of SCARA5 on CDC25C, Cyclin B1, and CHK1 was alleviated (Figure 5F). Taken together these data demonstrate SCARA5 to inhibit FOXM1, a transcription factor for CDC25C and CyclinB1, resulting in G2/M cell cycle arrest of A549 cells.




Figure 5 | SCARA5 induced G2/M cell cycle arrest by inhibiting FOXM1. (A, B) The inhibitory effect of SCARA5 on cycle related markers was verified by q-PCRand WB. (C) After overexpression of SCARA5, the DNA damage repair marker phosphorylated histone H2AX and checkpoint protein was detected by q-PCR and WB. (D) The common transcription factors of CyclinB1, CDC25C, CHK1, and DEGs of GSE12667 was shown in Venn diagram. (E) The mRNA expression of FOXM1 was downregulated in SCARA5-expressed A549 cells. (F) Ectopic expression of FOXM1 attenuated the inhibitory effect of SCARA5 on CDC25C, Cyclin B1, and CHK1. (G) FOXM1 protein could combine with the promoters of CyclinB1 and CDC25C. *p < 0.05, **p < 0.01, ***p < 0.001.





SCARA5 Is Associated With Endoplasmic Reticulum Function and the Upregulation of HSP70 Family Member Proteins

The means by which SCARA5 regulates FOXM1 was explored by RNA sequencing of SCARA5- and vector-transfected A549 cells. As shown by volcano maps and thermograms, 506 genes were upregulated and 310 genes were downregulated in A549 cells after overexpression of SCARA5 (Figure 6A). Go analysis showed that differential expressed genes (DEGs) were related to the unfolded protein reaction, while KEGG showed that the DEGs were mainly related to endoplasmic reticulum protein function (Figures 6B, C). The DEGs related to UPR were mainly HSP70 protein family members including; HSPA1A, HSPA1B, HSPA5, and HSPA6 (Figure 6D). mRNA and protein levels for HSP70 and HSPA5 were verified by qRT-PCR and western blot analysis, respectively (Figures 6E, F). Furthermore, we found that SCARA5 protein was localized in the endoplasmic reticulum (Figure 6G). These data indicate that SCARA5 is associated with UPR and induces HSP70.




Figure 6 | SCARA5 was associated with endoplasmic reticulum function and induced HSP70 family proteins upregulated. (A) Volcano map of DEGs in vector- and SCARA5-expressed A549 cells. (B, C) Go and KEGG analysis showed SCARA5 related to endoplasmic reticulum and unfold protein reaction. (D) DEGs related to UPR were mainly Heat shock protein family proteins. (E, F) Upregulation of HSP70 in SCARA5-expressed A549 cells was confirmed by q-PCR and WB. (G) Confocal microscopy showed subcellular localization of SCARA5 was similar to ER. *p < 0.05, **p < 0.01, ***p < 0.001.





In A549 Cells, SCARA5 Induces Sensitivity to Drugs That Damage DNA

In that CHK1 is the essential gene for DNA damage repair during cell cycle progression, CHK1 inhibitors have been developed. Many investigations have demonstrated CHK1 inhibitors to effectively enhance the sensitivity of various cancer cells to chemotherapeutic drugs (38, 39). In this study, we found that SCARA5 inhibited CHK1 expression, so three types of chemotherapeutic drugs that induce DNA damage were used to treat A549 cells overexpressing-SCARA5. As expected, SCARA5 significantly increased the chemosensitivity of tumor cells to 5-fluorouracil, Cisplatin, and Gemcitabine (Figure 7A). After treatment with 5-fluorouracil for 48 h and as judged by flow cytometry, a greater proportion of apoptosis was found in SCARA5 overexpressing A549 cells than in vector-A549 cells (Figure 7B). The same phenomenon was observed in A549 cells treated with Cisplatin and Gemcitabine (data are not shown). These data suggest that SCAR5 enhances sensitivity of A549 cell lines to chemotherapeutic drugs that cause DNA damage.




Figure 7 | SCARA5 induced sensitivity of A549 to DNA damage drugs. (A) Inhibition curves and IC50 of A549 cells under different concentrations of 5FU (Left), Cisplatin (Middle), Gemcitabine (Right). (B) After treating 48 h with 5FU, apoptotic cells were detected by flow cytometry analysis. Representative flow cytometry plots (Left) and histogram statistics (Right). ***p < 0.001.






Discussion

In recent years, liquid biopsy has become more and more common place. As a part of liquid biopsy, detection of DNA methylation plays an important role in guiding clinical treatment. In breast and liver cancer, promoter hypermethylation of SCARA5 results in low gene expression (12, 13), which promotes the process of tumor malignancy. By use of the TCGA database, we found SCARA5 expression to be low in lung cancer and high in paracancerous tissues and this observation was related to hypermethylation of the SCARA5 promoter (Figures 1A, B). By detection of methylation and gene expression levels in lung cancer tissues, we found the promoter of SCARA5 to be hypermethylated (Figure 2) and SCARA5 protein levels to be decreased (Figure 1I), which is consistent with the database results. After demethylation, the expression of SCARA5 in lung cancer cells was upregulated (Figure 1E), which indicates that SCARA5 hypermethylation results in low SCARA5 gene expression. Taken together these data suggest that promoter methylation of the SCARA5 gene results in SCARA5 gene silencing in lung cancer.

In this study, we found that re-expression of SCARA5 can inhibit cell proliferation, reduce lung cancer xenograft tumor growth, and arrest A549 cells in the G2/M phase of the cell cycle. As well, bioinformatics analysis found SCARA5 to be related to G2/M cell cycle arrest. However, in H1299 cells SCARA5 induced S phase arrest, which was unlike results with A549 cells. In general, when DNA is damaged, the ATM-CHK1 signal pathway is activated and CHK1 phosphorylates and inactivates CDC25C. Thus, phosphorylated CDC25C cannot dephosphorylate Thr14 and Tyr15 of CDK1, which are the inhibitory phosphorylation sites, resulting in cell cycle arrest in G2/M. SCARA5 was found to inhibit expression of CyclinB1 and CDC25c, and as well to induce G2/M cell cycle arrest and also unexpectedly to suppress CHK1. FOXM (a common transcription factor for CyclinB1, CDC25C, and CHK1) was found to be differentially expressed in the GEO dataset GSE12667. R sequence showed SCARA5 to induce HSP70 family member proteins, and to be distributed in the endoplasmic reticulum (HSPA5, known as GRB78) and in the nucleus (HSP70). These proteins participate in the unfolded protein reaction during stress conditions and are considered anti-apoptotic in cancer cells. SCARA5 induced apoptosis in A549 and H1299 cells, leading to upregulation of HSP70. It has been reported that HSP70 binds to FOXM1, suppressing its transcription (26). Since HSP70 is the target gene of TP53 (40) and since TP53 is absent in the H1299 cell line, we speculate that this absence may be the reason for inconsistent results between the two cell lines. We transferred TP53 and SCARA5 plasmids into H1299 cells. SCARA5 inhibited FOXM1 expression in the presence of p53 in H1299 cells. However, SCARA5 had no effect on G2/M cycle marker proteins with or without TP53 in H1299 cells. Thus, we conclude that SCARA5 induces apoptosis and cell cycle arrest in lung cancer cells. SCARA5 upregulated HSP70 family member proteins, which inhibited transcription factor FOXM1 expression, resulting in G2/M cell cycle arrest in A549 cells (Figure 8). Cisplatin, Gemcitabine, and 5-fluorouracil are first-line chemotherapy drugs for lung cancer. However, drug resistance limits their curative effect (41, 42). SCARA5 overexpression increased sensitivity of A549 to these drugs by downregulation of CHK1, which is reported to be related to chemotherapy resistance.




Figure 8 | Proposed mechanism of how SCARA5 affects HSP70/FOXM1/CCNB1 in A549. SCARA5 is expressed on the cell membrane and enters into the cytoplasm through endocytosis and locates in the endoplasmic reticulum, causing UPR, leading to the upregulation of HSP70 family protein. HSP70 inhibits the expression of FOXM1, which leads to the downregulation of CyclinB1 and CDC25C, the downstream genes of FOXM1, causing G2/M arrest and inhibits the proliferation of lung cancer cells.



In summary, SCARA5 was silenced in non-small cell lung cancer by promoter methylation, which related to prognosis, apoptosis, and cell cycle arrest in lung cancer cells. Although we only clarified the mechanism in A549 cell line, these results suggest that SCARA5 is a cancer suppressive factor which may be a potential tumor marker for NSCLC. By analysis of the methylation levels of SCARA5, we may be better able to evaluate patient prognosis and as well provide improved clinical chemotherapy.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by the Institutional Ethics Committee of the First Affiliated Hospital of Chongqing Medical University (#2016-61). The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Institutional Ethics Committee of the First Affiliated Hospital of Chongqing Medical University.



Author Contributions

LZ and TX: conception and design. QP, YL, and XK: performed majority of experiments. JX and TX: performed experiments and analyzed data. LYe and LYa: collected samples. QP, LZ, and TX: drafted the manuscript. LZ, TX, and SG: reviewed data and finalized the manuscript. All authors contributed to the article and approved the submitted version.



Funding 

This study was supported by National Natural Science Foundation of China (#81872380, #81572769), Natural Science Foundation of Chongqing (CYB19161), and open fund of Key Laboratory of Molecular Oncology and Epigenetics (2019-07).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.666589/full#supplementary-material



Abbreviations

LUAD, Lung adenocarcinoma; LUSC, Squamous cell carcinoma of lung; 5-FU, 5-Fluorouracil; CCK8, Cell Counting Kit-8; FOXM1, Forkhead Box M1; Aza, 5-Aza-2-deoxycytidine; SCARA5, Scavenger Receptor Class A Member 5; CDC25C,Cell division control protein 25C; CHK1, Checkpoint kinase1; RT-PCR, Reverse transcription Polymerase Chain Reaction; PVDF, Polyvinylidene fluoride; IC50, half maximal inhibitory concentration; SDS-PAGE, Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; MSP, Methylation-Specific PCR.



References

1. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2019. CA Cancer J Clin (2019) 69(1):7–34. doi: 10.3322/caac.21551

2. Hirsch, FR, Scagliotti, GV, Mulshine, JL, Kwon, R, Curran, WJ Jr, Wu, YL, et al. Lung Cancer: Current Therapies and New Targeted Treatments. Lancet (2017) 389(10066):299–311. doi: 10.1016/S0140-6736(16)30958-8

3. Curran, WJ Jr, Paulus, R, Langer, CJ, Komaki, R, Lee, JS, Hauser, S, et al. Sequential vs. Concurrent Chemoradiation for Stage III Non-Small Cell Lung Cancer: Randomized Phase III Trial RTOG 9410. J Natl Cancer Inst (2011) 103(19):1452–60. doi: 10.1093/jnci/djr325

4. Krieger, M. The Other Side of Scavenger Receptors: Pattern Recognition for Host Defense. Curr Opin Lipidol (1997) 8(5):275–80. doi: 10.1097/00041433-199710000-00006

5. Gordon, S. Pattern Recognition Receptors: Doubling Up for The Innate Immune Response. Cell (2002) 111(7):927–30. doi: 10.1016/S0092-8674(02)01201-1

6. Kodama, T, Freeman, M, Rohrer, L, Zabrecky, J, Matsudaira, P, and Krieger, M. Type I Macrophage Scavenger Receptor Contains Alpha-Helical and Collagen-Like Coiled Coils. Nature (1990) 343(6258):531–5. doi: 10.1038/343531a0

7. Acton, S, Rigotti, A, Landschulz, KT, Xu, S, Hobbs, HH, and Krieger, M. Identification of Scavenger Receptor SR-BI as a High Density Lipoprotein Receptor. Science (1996) 271(5248):518–20. doi: 10.1126/science.271.5248.518

8. PrabhuDas, MR, Baldwin, CL, Bollyky, PL, Bowdish, DME, Drickamer, K, Febbraio, M, et al. A Consensus Definitive Classification of Scavenger Receptors and Their Roles in Health and Disease. J Immunol (2017) 198(10):3775–89. doi: 10.4049/jimmunol.1700373

9. Zani, IA, Stephen, SL, Mughal, NA, Russell, D, Homer-Vanniasinkam, S, Wheatcroft, SB, et al. Scavenger Receptor Structure and Function in Health and Disease. Cells (2015) 4(2):178–201. doi: 10.3390/cells4020178

10. Jiang, Y, Oliver, P, Davies, KE, and Platt, N. Identification and Characterization of Murine SCARA5, a Novel Class A Scavenger Receptor That Is Expressed by Populations of Epithelial Cells. J Biol Chem (2006) 281(17):11834–45. doi: 10.1074/jbc.M507599200

11. Li, JY, Paragas, N, Ned, RM, Qiu, A, Viltard, M, Leete, T, et al. SCARA5 Is a Ferritin Receptor Mediating Non-Transferrin Iron Delivery. Dev Cell (2009) 16(1):35–46. doi: 10.1016/j.devcel.2008.12.002

12. Ulker, D, Ersoy, YE, Gucin, Z, Muslumanoglu, M, and Buyru, N. Downregulation of SCARA5 May Contribute to Breast Cancer via Promoter Hypermethylation. Gene (2018) 673:102–6. doi: 10.1016/j.gene.2018.06.036

13. Sun, G, Zhang, C, Feng, M, Liu, W, Xie, H, Qin, Q, et al. Methylation Analysis of p16, SLIT2, SCARA5, and Runx3 Genes In Hepatocellular Carcinoma. Med (Baltimore) (2017) 96(41):e8279. doi: 10.1097/MD.0000000000008279

14. You, K, Su, F, Liu, L, Lv, X, Zhang, J, Zhang, Y, et al. SCARA5 Plays a Critical Role in The Progression and Metastasis of Breast Cancer by Inactivating The ERK1/2, STAT3, and AKT Signaling Pathways. Mol Cell Biochem (2017) 435(1-2):47–58. doi: 10.1007/s11010-017-3055-4

15. Zhao, J, Jian, L, Zhang, L, Ding, T, Li, X, Cheng, D, et al. Knockdown of SCARA5 Inhibits PDGF-BB-induced Vascular Smooth Muscle Cell Proliferation and Migration Through Suppression of the PDGF Signaling Pathway. Mol Med Rep (2016) 13(5):4455–60. doi: 10.3892/mmr.2016.5074

16. Wen, X, Wang, N, Zhang, F, and Dong, C. Overexpression of SCARA5 Inhibits Tumor Proliferation And Invasion In Osteosarcoma Via Suppression of the FAK Signaling Pathway. Mol Med Rep (2016) 13(3):2885–91. doi: 10.3892/mmr.2016.4857

17. Gartel, AL. FOXM1 in Cancer: Interactions and Vulnerabilities. Cancer Res (2017) 77(12):3135–9. doi: 10.1158/0008-5472.CAN-16-3566

18. Laoukili, J, Stahl, M, and Medema, RH. FoxM1: at the Crossroads Of Ageing And Cancer. Biochim Biophys Acta (2007) 1775(1):92–102. doi: 10.1016/j.bbcan.2006.08.006

19. Ye, H, Kelly, TF, Samadani, U, Lim, L, Rubio, S, Overdier, DG, et al. Hepatocyte Nuclear Factor 3/Fork Head Homolog 11 Is Expressed in Proliferating Epithelial and Mesenchymal Cells of Embryonic and Adult Tissues. Mol Cell Biol (1997) 17(3):1626–41. doi: 10.1128/MCB.17.3.1626

20. Zhang, X, Zhang, L, Du, Y, Zheng, H, Zhang, P, Sun, Y, et al. A Novel FOXM1 Isoform, FOXM1D, Promotes Epithelial-Mesenchymal Transition And Metastasis Through ROCKs Activation In Colorectal Cancer. Oncogene (2017) 36(6):807–19. doi: 10.1038/onc.2016.249

21. Zhang, Y, Zhang, N, Dai, B, Liu, M, Sawaya, R, Xie, K, et al. FoxM1B Transcriptionally Regulates Vascular Endothelial Growth Factor Expression and Promotes the Angiogenesis and Growth of Glioma Cells. Cancer Res (2008) 68(21):8733–42. doi: 10.1158/0008-5472.CAN-08-1968

22. Kim, IM, Ackerson, T, Ramakrishna, S, Tretiakova, M, Wang, IC, Kalin, TV, et al. The Forkhead Box m1 Transcription Factor Stimulates the Proliferation of Tumor Cells During Development of Lung Cancer. Cancer Res (2006) 66(4):2153–61. doi: 10.1158/0008-5472.CAN-05-3003

23. Kalinichenko, VV, Major, ML, Wang, X, Petrovic, V, Kuechle, J, Yoder, HM, et al. Foxm1b Transcription Factor Is Essential for Development of Hepatocellular Carcinomas and Is Negatively Regulated by the p19ARF Tumor Suppressor. Genes Dev (2004) 18(7):830–50. doi: 10.1101/gad.1200704

24. Joshi, K, Banasavadi-Siddegowda, Y, Mo, X, Kim, SH, Mao, P, Kig, C, et al. MELK-Dependent FOXM1 Phosphorylation Is Essential for Proliferation of Glioma Stem Cells. Stem Cells (2013) 31(6):1051–63. doi: 10.1002/stem.1358

25. Bhat, UG, Jagadeeswaran, R, Halasi, M, and Gartel, AL. Nucleophosmin Interacts With FOXM1 and Modulates the Level and Localization of FOXM1 In Human Cancer Cells. J Biol Chem (2011) 286(48):41425–33. doi: 10.1074/jbc.M111.270843

26. Halasi, M, Váraljai, R, Benevolenskaya, E, and Gartel, AL. A Novel Function of Molecular Chaperone HSP70: Suppression of Oncogenic FOXM1 After Proteotoxic Stress. J Biol Chem (2016) 291(1):142–8. doi: 10.1074/jbc.M115.678227

27. Pobre, K, Poet, GJ, and Hendershot, LM. The Endoplasmic Reticulum (ER) Chaperone BiP Is a Master Regulator of ER Functions: Getting by With a Little Help From ERdj Friends. J Biol Chem (2019) 294(6):2098–108. doi: 10.1074/jbc.REV118.002804

28. Haßdenteufel, S, Johnson, N, Paton, AW, Paton, JC, High, S, and Zimmermann, R. Chaperone-Mediated Sec61 Channel Gating during ER Import of Small Precursor Proteins Overcomes Sec61 Inhibitor-Reinforced Energy Barrier. Cell Rep (2018) 23(5):1373–86. doi: 10.1016/j.celrep.2018.03.122

29. Welch, WJ. Heat Shock Proteins Functioning as Molecular Chaperones: Their Roles in Normal and Stressed Cells. Philos Trans R Soc Lond B Biol Sci (1993) 339(1289):327–33. doi: 10.1098/rstb.1993.0031

30. Aghdassi, A, Phillips, P, Dudeja, V, Dhaulakhandi, D, Sharif, R, Dawra, R, et al. Heat Shock Protein 70 Increases Tumorigenicity and Inhibits Apoptosis in Pancreatic Adenocarcinoma. Cancer Res (2007) 67(2):616–25. doi: 10.1158/0008-5472.CAN-06-1567

31. Li, Y, Huang, J, Zeng, B, Yang, D, Sun, J, Yin, X, et al. PSMD2 Regulates Breast Cancer Cell Proliferation and Cell Cycle Progression by Modulating p21 and p27 Proteasomal Degradation. Cancer Lett (2018) 430:109–22. doi: 10.1016/j.canlet.2018.05.018

32. Santamaria, D, Barrière, C, Cerqueira, A, Hunt, S, Tardy, C, Newton, K, Cáceres, JF, et al. Cdk1 is Sufficient to Drive The Mammalian Cell Cycle. Nature (2007) 448(7155):811–5. doi: 10.1038/nature06046

33. Gavet, O, and Pines, J. Progressive Activation of CyclinB1-Cdk1 Coordinates Entry to Mitosis. Dev Cell (2010) 18(4):533–43. doi: 10.1016/j.devcel.2010.02.013

34. Mueller, PR, Coleman, TR, Kumagai, A, and Dunphy, WG. Myt1: a Membrane-Associated Inhibitory Kinase That Phosphorylates Cdc2 on Both Threonine-14 and Tyrosine-15. Science (1995) 270(5233):86–90. doi: 10.1126/science.270.5233.86

35. Parker, LL, and Piwnica-Worms, H. Inactivation of the p34cdc2-Cyclin B Complex by the Human WEE1 Tyrosine Kinase. Science (1992) 257(5078):1955–7. doi: 10.1126/science.1384126

36. Peng, CY, Graves, PR, Thomas, RS, Wu, Z, Shaw, AS, and Piwnica-Worms, H. Mitotic and G2 Checkpoint Control: Regulation of 14-3-3 Protein Binding By Phosphorylation of Cdc25C on serine-216. Science (1997) 277(5331):1501–5. doi: 10.1126/science.277.5331.1501

37. Sharma, A, Singh, K, and Almasan, A. Histone H2AX Phosphorylation: a Marker For DNA Damage. Methods Mol Biol (2012) 920:613–26. doi: 10.1007/978-1-61779-998-3_40

38. Rundle, S, Bradbury, A, Drew, Y, and Curtin, NJ. Targeting the ATR-CHK1 Axis in Cancer Therapy. Cancers (Basel) (2017) 9(5):41. doi: 10.3390/cancers9050041

39. Ma, CX, Janetka, JW, and Piwnica-Worms, H. Death by Releasing the Breaks: CHK1 Inhibitors as Cancer Therapeutics. Trends Mol Med (2011) 17(2):88–96. doi: 10.1016/j.molmed.2010.10.009

40. Agoff, SN, Hou, J, Linzer, DI, and Wu, B. Regulation of the Human hsp70 Promoter by p53. Science (1993) 259(5091):84–7. doi: 10.1126/science.8418500

41. Jang, J, Kim, HK, Cho, BC, Lee, KH, Yun, HJ, Woo, IS, et al. Randomized Phase II Study Comparing Weekly Docetaxel-Cisplatin vs. Gemcitabine-Cisplatin in Elderly or Poor Performance Status Patients With Advanced Non-Small Cell Lung Cancer. Cancer Chemother Pharmacol (2017) 79(5):873–80. doi: 10.1007/s00280-017-3289-6

42. Mitsudomi, T, Morita, S, Yatabe, Y, Negoro, S, Okamoto, I, Tsurutani, J, et al. Gefitinib Versus Cisplatin Plus Docetaxel in Patients With Non-Small-Cell Lung Cancer Harbouring Mutations of the Epidermal Growth Factor Receptor (WJTOG3405): An Open Label, Randomised Phase 3 Trial. Lancet Oncol (2010) 11(2):121–8. doi: 10.1016/S1470-2045(09)70364-X



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 Peng, Liu, Kong, Xian, Ye, Yang, Guo, Zhang, Zhou and Xiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 14 June 2021
doi: 10.3389/fcell.2021.653528





[image: image]

Comprehensive Analysis Reveals the Potential Regulatory Mechanism Between Ub–Proteasome System and Cell Cycle in Colorectal Cancer

Zhiyuan Zhang†, Jingwen Chen†, Wentao Tang†, Qingyang Feng*, Jianmin Xu* and Li Ren*

Department of General Surgery, Zhongshan Hospital, Fudan University, Shanghai, China

Edited by:
Mingyan Zhu, Affiliated Hospital of Nantong University, China

Reviewed by:
Hao Qian, Shanghai Jiao Tong University, China
Yuhua Shi, Yancheng Third People’s Hospital, China

*Correspondence: Qingyang Feng, fqy198921@163.com; Jianmin Xu, xujmin@aliyun.com; Li Ren, ren.li@zs-hospital.sh.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Cell and Developmental Biology

Received: 14 January 2021
Accepted: 18 March 2021
Published: 14 June 2021

Citation: Zhang Z, Chen J, Tang W, Feng Q, Xu J and Ren L (2021) Comprehensive Analysis Reveals the Potential Regulatory Mechanism Between Ub–Proteasome System and Cell Cycle in Colorectal Cancer. Front. Cell Dev. Biol. 9:653528. doi: 10.3389/fcell.2021.653528

The ubiquitin (Ub)–proteasome system (UPS) is an important regulatory component in colorectal cancer (CRC), and the cell cycle is also characterized to play a significant role in CRC. In this present study, we firstly identified UPS-associated differentially expressed genes and all the differentially expressed protein-coding genes in CRC through three differential analyses. UPS-associated genes were also further analyzed via survival analysis. A weighted gene co-expression network analysis (WGCNA) was used to identify the cell cycle-associated genes. We used protein–protein interaction (PPI) network to comprehensively mine the potential mechanism of the UPS–cell cycle regulatory axis. Moreover, we constructed a signature based on UPS-associated genes to predict the overall survival of CRC patients. Our research provides a novel insight view of the UPS and cell cycle system in CRC.
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INTRODUCTION

The ubiquitin (Ub)–proteasome system (UPS) is identified to regulate the cellular protein by ubiquitination modification. Ub is an important component in the UPS. It consists of a 76-amino-acid protein and is usually highly conserved in eukaryotes (Zheng and Shabek, 2017). Among the UPS, three significant enzymes function as enzyme cascade to transmit the Ub to the substrate. The three vital enzymes are identified as the Ub-activating enzyme (E1), the Ub-conjugating enzyme (E2), and the Ub-protein ligase (E3) (Pickart, 2001). The UPS process can be summarized as follows: at first, E1 activates Ub and transmits it to E2 by an adenosine triphosphate-dependent way. Then, E3 mediates the last step by interacting with E2 that is carried with the Ub and recognizing a specific substrate. E3 are usually identified as the most crucial component among the three-enzyme cascade because the interaction between E3 and the substrate is highly specific, and the ubiquitination of the substrate mainly depends on the E3.

The UPS, especially E3, is also proved to contribute a lot in the process of cancers. Dysregulated E3 were widely reported to occur in diverse cancers. For example, HERC3 was reported to mediate the ubiquitination and the degradation of SMAD7 in glioblastoma (Li et al., 2019). RNF6 was indicated to induce the progression of colorectal cancer (CRC) through mediating ubiquitination of TLE3 (Liu et al., 2018). Moreover, E3 can regulate the downstream substrate including many oncogenes and tumor suppressors. P53 was reported to be degraded by the E3 ligase RING1 (Shen et al., 2018). Cancer is featured as an uncontrolled cell proliferation that is also regulated by many cell cycle-related regulators (Williams and Stoeber, 2012; Otto and Sicinski, 2017). These regulators can also be ubiquitination modified and degraded by E3. Thus, the UPS especially E3 may be the key regulators in the proliferation of cancer cells and may also become the therapeutic targets to address the uncontrolled proliferation of cells (Nakayama and Nakayama, 2006).

Colorectal cancer was ranked the top in the aspect of mortality and morbidity among diverse cancer types (Siegel et al., 2020). Given the crucial role of E3 in cancers, it is urgent and necessary to research the UPS in CRC. However, the integrated analysis of UPS or the interaction between UPS and cell cycle-related regulators in CRC is still blank. In this present study, we integrated and analyzed the UPS, especially the E3 ligase in CRC; moreover, we constructed a prognostic signature based on UPS-associated regulators and further depicted the potential interactions between UPS and specific cell cycle-related genes in CRC. We provide a novel insight into the UPS and the latent interaction between cell cycle-associated genes and the UPS in the field of CRC.



MATERIALS AND METHODS


Acquisition and Processing of the Raw Data

The raw microarray data and relevant clinical information of CRC patients that were based on TCGA (The Cancer Genome Atlas) database and the raw microarray data of normal colon samples that were based on the GTEx (Genotype-Tissue Expression) database were downloaded from XENA1. Then, the data from TCGA and data from GTEx were normalized and combined based on the description of the website. The UPS-associated genes were obtained from an article published by Ge et al. (2018). The detailed information of these UPS-associated genes are provided in Supplementary Table 1.



Identification of Differentially Expressed Genes

An analysis differentially expressed genes was conducted three times according to the diverse grouping of samples. The three comparative groups were set as follows: GTEx normal colon samples VS. TCGA CRC-adjacent normal colon samples; TCGA CRC-adjacent normal colon samples VS. TCGA CRC samples; and GTEx normal colon samples combined with TCGA CRC-adjacent normal colon samples VS. TCGA CRC samples. Wilcoxon test was utilized to perform the differential analysis. The selection criterion was set as FDR < 0.05.



Survival Analysis

Survival analysis was performed on the UPS-associated genes based on the expression pattern and clinical information [overall survival (OS) information] from TCGA. The Kaplan–Meier plot was used to visualize the results and the median expression of the relevant gene was set as the cutoff. The log-rank test was used to analyze the results, and a P-value < 0.05 was identified as statistically significant.



Gene Set Enrichment Analysis and Single-Sample Gene Set Enrichment Analysis

A gene set enrichment analysis (GSEA) was used to identify the biological pathways that might play significant roles in the process of CRC. The input reference gene sets were all the protein-coding genes from the intersection of the three differential analyses. A single-sample gene set enrichment analysis (ssGSEA) was conducted to calculate the score for individual samples based on a specific reference.



Weighted Gene Co-Expression Network Analysis

A weighted gene co-expression network analysis (WGCNA) was performed through the R package WGCNA in R based on the relevant instructions (Langfelder and Horvath, 2008). Parameters used in the WGCNA process were set as default. Several cell cycle-related pathways that were statistically significant in GSEA were set as references to calculate the correlation between genes and those pathways. A P-value < 0.05 and a correlation value >0.7 were identified as statistically significant. Before WGCNA, we screened out the differentially expressed and OS-related genes. Firstly, 3 times differential analysis same as previously performed was carried out based on the whole genes, the criterion was set as FDR < 0.05. Then the results were subjected to COX analysis. The criterion was set as P < 0.05 and HR < 1.2 or HR < 0.05.



Construction of Protein–Protein Interaction Network

The protein–protein interaction (PPI) network was drawn based on the STRING2. The input genes were differentially expressed UPS-associated genes obtained from the three differential analyses and the cell cycle-related genes that were obtained from the WGCNA. The PPI network was divided into four parts, each module representing E2 and E3 (E3 adaptor and E3 activity, respectively) and the potential cell cycle-associated substrates. The PPI network was visualized by Cytoscape (3.8.2).



Construction and Internal Validation of a Prognostic Signature Based on Differentially Expressed UPS-Associated Genes

The TCGA patients were randomly divided into two parts at a ratio of 7:3. The 70% of the patients were identified as the internal training set and the 30% of the patients were identified as the internal validation set. A least absolute shrinkage and selection operator (LASSO) analysis was conducted to screen out the variates for further analysis. A multivariate Cox regression analysis was performed to construct the signature. The accuracy of the signature was validated in the internal validation set through the receiver operating characteristic (ROC) curve, risk score analysis, and Kaplan–Meier survival analysis. A P-value < 0.05 was identified as statistically significant.



RESULTS


Differentially Expressed UPS-Associated Genes in CRC

The entire flow of the research is presented in Figure 1. We first identified differentially expressed UPS-associated genes through three differential analyses according to the diverse grouping of the entire patients. We first compared the normal colon samples from GTEx with CRC-adjacent normal samples in TCGA. We then compared the CRC-adjacent normal samples with CRC samples in TCGA. Finally, we combined normal colon samples from GTEx with CRC-adjacent normal samples from TCGA and identified the differentially expressed genes between those samples and CRC samples in TCGA. A heatmap is depicted in Figure 2A. Afterward, we intersected the upregulated genes and the downregulated genes from the three differential analyses, respectively. We got 30 upregulated and 30 downregulated UPS-associated genes, respectively (Figure 2B). The expression landscape of these 60 dysregulated UPS-associated genes in three diverse groups is shown in Figure 2B. The results of the differential analysis when comparing normal colon samples in GTEx plus CRC-adjacent normal samples with CRC samples in TCGA are demonstrated in Table 1. Among these 60 UPS-associated genes, 24 genes were identified as E3. We also used violin plots to depict the expression pattern of 24 E3 in Figure 3. The detailed information of the three differential analyses of the 24 E3 is presented in Supplementary Table 2.


TABLE 1. The results of the differential analysis when comparing normal colon samples in GTEx plus CRC-adjacent normal samples with CRC samples in TCGA.
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FIGURE 1. Flow chart of the entire work.
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FIGURE 2. Differentially expressed ubiquitin (Ub)–proteasome system (UPS)-associated genes in colorectal cancer (CRC). (A) Heatmaps depicting the expression landscape of differentially expressed UPS-associated genes in three comparative groups. (B) Numbers of intersected differentially expressed UPS-associated genes in three comparative groups (left panel) and the expression pattern of 60 differentially expressed UPS-associated genes in three subgroups of datasets (right panel).



[image: image]

FIGURE 3. The expression pattern of 24 differentially expressed E3 genes in three subgroups of datasets.




Identification of 12 OS-Related Genes From 60 Dysregulated UPS-Associated Genes

Based on the clinical information (OS) in TCGA, we conducted a survival analysis through Kaplan–Meier plots, and the log-rank test was utilized as the analytical method. We identified 12 genes from the 60 dysregulated UPS-associated genes as OS-related genes (statistically significant) (Figure 4). They were BCL6, CCNF, CHAF1B, CORO6, DLG4, HERC3, PAK1IP1, PHF1, POC1A, RNF113A, TRIM2, and UBE2E2.
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FIGURE 4. Kaplan–Meier plots of 12 overall survival-related differentially expressed UPS-associated genes.




Identification of Potential Significant Biological Pathways in the Process of CRC

We identified dysregulated protein-coding genes through three differential analyses. The comparative groups were also set as described in the “Materials and Methods” section. We also intersected the upregulated genes and downregulated genes, respectively. Finally, we obtained 3,332 upregulated genes and 3,635 downregulated genes (Figure 5A). GSEA was performed based on these genes. The result of GSEA indicated that cell cycle might be the significant process during the progression of CRC because MYC_TARGETS, E2F_TARGETS, G2M_CHECKPOINT, and P53_PATHWAY were important regulator during the process of cell cycle (Figure 5B). ssGSEA was also conducted, and the cell cycle-related biological pathways obtained from the GSEA were set as reference.
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FIGURE 5. Identification of latent biological pathways that might mainly be involved in the process of CRC and identification of cell cycle-associated genes. (A) The number of intersected differentially expressed genes among diverse comparative groups. (B) A gene set enrichment analysis (GSEA) of intersected differentially expressed genes among diverse comparative groups. (C) Confirmation of suitable soft-thresholding power to construct a scale-free network. (D) Identification of co-expression models and assignments of the corresponding color. (E) Correlation analysis between modules and relevant parameters.




Identification of Potential Cell Cycle-Associated Substrates

Before WGCNA, we screened out the differentially expressed and OS-related genes as described before. We performed WGCNA as mentioned in MATERIALS AND METHODS. As depicted in Figure 5C, the suitable soft threshold (power) was set as eight. Through the WGCNA process, we identified six modules, and the cell cycle-related biological pathways obtained from the GSEA based on the all dysregulated protein-coding genes were set as reference. Then, MEbrown was identified as the most correlated module with cell cycle-related pathways. There are a total of 97 genes in MEbrown and they were identified as potential cell cycle-associated substrates (Figures 5D,E).



Identification of the PPI Network

Based on the dysregulated 60 UPS-associated and the potential cell cycle-associated substrates obtained from WGCNA, we conducted the construction of the PPI network. The entire network is shown in Figure 6, and the details of the network are demonstrated in Supplementary Table 3. We divided the entire network into four modules as dysregulated E2, dysregulated E3 adaptor, dysregulated E3 activity, and potential cell cycle-associated substrates. Detailed information of genes involved in the PPI is shown in Supplementary Table 4.
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FIGURE 6. Protein–protein interaction network of UPS and potential cell cycle-associated substrates.




Construction of the Prognostic Signature Based on 60 Dysregulated UPS-Associated Genes

We randomly divided the entire TCGA CRC patients into two parts at a ratio of 7:3; moreover, LASSO and multivariate cox regression analyses were performed to construct the signature based on the 70% of patients. The results of the univariate Cox analysis based on 60 differentially expressed UPS-associated genes are presented in Table 2. The efficiency was evaluated through a risk score analysis, Kaplan–Meier survival analysis, and ROC. The efficiency was also validated in the 30% of the patients through equivalent methods (Figures 7A–C). The formula was risk score = exp of CCNF × (−0.545) + exp of ZBTB18 × (−0.502) + exp of RNF113A × 0.687 + exp of CHD3 × 0.347 + exp of PHF1 × 0.401 + exp of BCL6 × 0.368 + exp of ZBTB16 × (−1.216) + exp of SKP1 × (−0.588). Then, the cutoff between high risk and low risk was 1.282. The areas under the curve (AUC) of ROC at 1, 3, and 5 years in the internal training set were 0.715, 0.71, and 0.805, respectively. The AUC of ROC at 1, 3, and 5 years in the internal test set were 0.715, 0.621, and 0.655, respectively. In the entire TCGA dataset, the AUC of ROC at 1, 3, and 5 years were 0.713, 0.677, and 0.757, respectively.


TABLE 2. The results of univariate Cox analysis based on 60 differentially expressed UPS-associated genes.
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FIGURE 7. Construction of the overall survival prognostic signature based on 60 differentially expressed UPS-associated genes in CRC. (A) Results of the least absolute shrinkage and selection operator (LASSO) analysis. (B) Risk score analysis of the signature in the internal training dataset. (C) Kaplan–Meier plots and area under the curve (AUC) of receiver operating characteristic (ROC) curve in the internal training, internal test, and entire dataset.




DISCUSSION

Colorectal cancer is identified as one digestive system cancer type that has high morbidity and mortality (Siegel et al., 2020). Although the treatment of CRC progresses a lot during recent years, the potential regulatory mechanism of CRC is not clearly elucidated yet. The cell cycle is a crucial component in biological development. The cell cycle can be summarized into four phases: in the S phase, DNA replication is frequent; in the M phase, a single cell can divide into two daughter cells. There are also two gap phases between S and M, which can be characterized as G1 and G2. It is widely recognized that G1 is a phase in which a cell can be sensitive to stimulation of growth. G2 is the phase after S and specific for cell entering mitosis. Moreover, cancer is characterized as uncontrolled cell proliferation (Kastan and Bartek, 2004; Massagué, 2004). Uncontrolled cancer cell proliferation is also commonly observed in CRC. Zhang Z. et al. (2018) found that miR-1258 could regulate the CRC cell proliferation via regulating the cell cycle. Moreover, there was also a prognostic signature based on cell cycle specific in colon cancer (Zhang et al., 2020a). These studies implied that the cell cycle also has a significant function in the process of CRC. However, the detailed mechanism of the regulation of the cell cycle in CRC is not clear until now, and according to the vital role of the cell cycle in CRC, it is urgent to demonstrate the potential regulatory mechanism of the cell cycle in CRC.

The Ub–UPS is proved to be involved in the regulation of the process of many cancers. It can be summarized into many regulatory mechanisms. Firstly, the proteins that are involved in the UPS can be oncogenes or tumor suppressors. For instance, HERC3 was reported to be a tumor suppressor via regulating SMAD7 in glioblastoma (Li et al., 2019). RNF6 was reported to induce the progression of CRC through mediating ubiquitination of TLE3 (Liu et al., 2018). Secondly, many oncogenes or tumor suppressors can be regulated by E3, and P53 was indicated to be degraded by the E3 ligase RING1 (Shen et al., 2018). Given the important role of UPS in cancer, it is also urgent to comprehensively analyze the regulatory mechanism of UPS in CRC.

Given the important role of cell cycle and UPS in CRC, we comprehensively analyzed differentially expressed UPS-associated genes in CRC through three differential analyses. Moreover, we discovered that the cell cycle is one of the most important biological processes in the progression of CRC. We also used WGCNA to identify some cell cycle-associated genes that are specific in CRC. Furthermore, we used the differentially expressed UPS-associated genes and cell cycle-associated genes to construct the PPI network. Afterward, we used UPS-associated genes to construct the OS prognostic signature in CRC with relative considerable AUC.

Among the UPS, E3 ligase is undoubtedly the most important component because the interaction between E3 and the substrate is highly specific, and the ubiquitination of the substrate mainly depends on the E3. In this research, we found a total of 60 differentially expressed UPS-associated genes, among them, 24 genes were identified as E3 ligases. Among these 24 differentially expressed E3 ligases, many were proved to have relevant regulatory roles in the process of CRC. For example, AURKA was upregulated by ARID3 in CRC (Tang et al., 2020). CBX4 was reported to involve in the process of long non-coding RNA RAMS11 regulating the metastasis of CRC (Silva-Fisher et al., 2020). ASB8 was reported to be controlled by miR-452 in CRC cells (Mo and Chae, 2021). FBXO45 could be regulated by RP11 through the Siah1-Fbxo45/Zeb1 axis (Wu et al., 2019). TRIM27 was also reported to be an oncogene in CRC (Zhang Y. et al., 2018). Previous researches also confirmed that our analysis was reliable. Combing the results of survival analysis and the results of differential analysis, we found that HERC3 is an E3 ligase that owns the same trend of survival analysis and differential analysis, indicating the potential research value of HERC3 in CRC.

Through three differential analyses, we identified 3,323 upregulated genes and 3,635 downregulated genes in CRC. GSEA indicated that the cell cycle is an important component in CRC. Via WGCNA, we also identified cell cycle-associated genes specific in CRC. Moreover, the PPI network based on UPS-associated genes and cell cycle-associated genes provided many latent research orientations for the mechanism of uncontrolled cell proliferation in CRC.

Finally, we constructed an OS-associated signature based on the 60 differentially expressed UPS-associated genes. However, the signature still lacks enough validation, and this limitation is also a novel research direction for us. Compared with other signatures in CRC, our signature can predict the prognosis in colon cancer and rectal cancer with a considerate AUC; other signatures mainly focus on one cancer type only (colon cancer or rectal cancer) (Zhang et al., 2020a,b,c,d, 2021). Among these genes involved in the signature, some of them were previously reported to perform latent jobs in the progression of cancer. ZBTB18 was reported to be upregulated by circTP63 and further promote hepatocellular carcinoma progression (Wang and Che, 2021). RNF113A was revealed to promote the proliferation, migration, and invasion in esophageal squamous cell carcinoma (Wang et al., 2018). SKP1 was demonstrated to be involved in an axis to promote bladder cancer proliferation and is controlled by circGLIS3 (Wu et al., 2021).

In conclusion, we used bioinformatic analysis to reveal the potential regulatory mechanism between UPS-associated genes and potential cell cycle-related substrates specific in CRC. Besides, we constructed a prognostic signature based on the UPS-associated genes. Our research provides a novel insight of the UPS and cell cycle system in CRC.
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Patients diagnosed with prostate cancer often have a poor prognosis and limited treatment options, as the specific pathogenesis remains to be elucidated. Circular RNA (circRNA) is a type of non-coding RNA that interacts with microRNA (miRNA/miR) and transcription factors to regulate gene expression. However, little is known about specific circRNAs that serve roles in the pathogenesis of prostate cancer. Findings of the present study confirmed that circRNA G protein subunit γ 4 (circGNG4) was upregulated in prostate cancer tissues and cell lines. Knockdown of circGNG4 inhibited the malignant behavior of prostate cancer cells. Furthermore, bioinformatics were used to predict targeting interactions between circGNG4 or miR-223 and EYA transcriptional coactivator and phosphatase 3 (EYA3)/c-Myc mRNA. miR-223 inhibited the malignant behavior of prostate cancer cells, while EYA3/c-Myc had the opposite effect. circGNG4 enhanced the expression of EYA3/c-Myc by sponging miR-223 to promote the growth of prostate cancer tumors in vivo. In conclusion, the circGNG4/miR-223/EYA3/c-Myc regulatory pathway promoted the malignant progression of prostate cancer. The results of the present study may provide potential new targets for the diagnosis or treatment of prostate cancer.
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INTRODUCTION

Prostate cancer is one of the most prevalent forms of cancer affecting males, with a high degree of malignancy and poor prognosis (Logothetis et al., 2013). Prostate cancer is considered a malignant tumor requiring multidisciplinary treatment, as conventional therapy options often have limited success (Chang et al., 2014; Ge et al., 2020). Thus, further understanding of the specific pathogenesis of prostate cancer is required, which may lead to the development of novel therapeutic strategies.

Circular (circ)RNAs, microRNAs (miRNAs/miRs) and long non-coding (lnc)RNAs are all classed as non-coding RNAs (Wu et al., 2019). circRNAs are abnormally expressed in a variety of malignant tumors and are associated with the occurrence, proliferation, invasion and prognosis of tumors, including prostate cancer (Salzman, 2016; Chen et al., 2019; Hua et al., 2019; Vo et al., 2019). In prostate cancer, circ0005276 accelerates the progression of tumor cells by interacting with FUS RNA binding protein to transcriptionally activate X-linked inhibitor of apoptosis (Feng et al., 2019). p53-RNA binding motif protein 25-induced circRNA angiomotin like 1 promotes the development of prostate cancer via sponging miR-193a-5p (Yang et al., 2019). circRNA FOXO3 can promote the proliferation, migration and invasion of prostate cancer and increases chemoresistance to docetaxel (Shen et al., 2020).

The RNA-induced silencing complex (RISC) uses miRNAs as a template for the pairing of complementary mRNA bases of target genes to degrade the mRNA or inhibit its translation. circRNA can bind miRNAs, which in turn affects the specific binding to target genes, indirectly upregulating these target genes, thus affecting the occurrence and development of disease. Hence, circRNAs act as a sponge for the absorption of miRNA (Krol et al., 2010; Hayes et al., 2014; Jonas and Izaurralde, 2015; Rupaimoole and Slack, 2017). The circRNA/miRNA/mRNA axis has been demonstrated to be a regulator of multiple tumor-related pathways, with the ability to induce or inhibit tumorigenesis (Tay et al., 2014; Thomson and Dinger, 2016).

The eyes absent homolog 3 (EYA3) protein has demonstrated diverse roles in a range of biological processes, including cell development and tumorigenesis (Cancer, 2018). EYA3 is highly expressed in embryos and these expression levels decrease with maturation. The C-terminal of EYA3 is a highly conserved domain containing tyrosine, and the N-terminal domain is a poorly conserved domain containing silk/threonine phosphorylation sites (Wang et al., 2019). EYA3 is closely associated with tumor progression and low levels of treatment success (Vartuli et al., 2018), and interacts with cellular inhibitor of PP2A (PP2A) to increase the stability of c-Myc, thus promoting tumor development (Zhang et al., 2018). The level of EYA3 in breast cancers is elevated when compared with non-cancerous tissues, thereby promoting cell migration and invasion of breast cancer cells (Krueger et al., 2014).

In the present study, the existence and location of circRNA G protein subunit γ 4 (circGNG4) was identified in prostate cancer cells, and its upregulated expression was confirmed. Loss and gain of function studies determined that circGNG4 acted as an oncogene in prostate cancer. In addition, potential miRNA targets of circGNG4 were explored, and circGNG4 was found to inhibit miR-223. Inhibition of miR-223 led to the elevated expression of tumor-promoting factor EYA3 and c-Myc, thus enhancing the malignant behavior of prostate cancer. The findings of the present study extend the current understanding of the role and mechanism underlying circRNAs in prostate cancer progression.



RESULTS


CircGNG4 Is Highly Expressed in Prostate Cancer


CircGNG4 Is Highly Expressed in Prostate Cancer

An increasing number of studies have focused on the role of circRNAs in human cancers. In a previous study (Xia et al., 2018), microarray results demonstrated that hsa_circ_0017076 (circGNG4) was upregulated in prostate cancer; however, the existence and dysregulated expression of circGNG4 required further confirmation. In the present study, bioinformatics analysis was conducted and circGNG4 was found to be spliced by exon 2–3 of the GNG4 transcript. Sanger sequencing results confirmed this cyclization mechanism (Figure 1A). Subsequently, the expression of linear and circRNA was determined following RNase R treatment to establish the stability of circGNG4. Experimental results demonstrated that the circular form of GNG4 was stable in both PC-3 and LNCaP cells (Figure 1B). In addition, following treatment with actinomycin, the half-life of linear and circular circGNG4 was investigated, and circGNG4 had a longer half-life and high stability compared with that of linear GNG4 (Figure 1C). Thereafter, convergent and divergent primers were designed, and PCR was performed using cDNA and genomic (g)DNA as the respective templates. The findings of the present study demonstrated that circGNG4 could be found in cDNA but not gDNA (Figure 1D). Furthermore, the location of circRNAs may highlight their involvement in regulatory mechanisms of other circRNAs. Quantitative (q)PCR and fluorescence in situ hybridization (FISH) experiments were used to identify the location of circGNG4, and the results demonstrated that circGNG4 was mostly located in the cytoplasm (Figures 1E,F). The expression of circGNG4 in prostate cancer was detected, and results demonstrated that circGNG4 was significantly increased in prostate cancer when compared with the control group (Figure 1G). Further verification was performed at the cellular level, using normal prostatic epithelial cells RWPE-1 and prostate cancer cells. circGNG4 was highly expressed in prostate cancer cells (Figure 1H).
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FIGURE 1. Study on circGNG4 cyclization mechanism. (A) The circRNA cyclization mechanism was spliced by exons 2 and 3, and the sequence was verified by sanger sequencing. (B) After RNase R treatment, linear and circRNA expression was detected to demonstrate stability. (C) After actinomycin treatment, the half-life of linear and circular GNG4 was detected. (D) Convergent and divergent primers were designed, and PCR was performed using cDNA and genomic DNA as the template for verification. (E) The nucleus and cytoplasm of cells was separated and quantitative PCR was used to detect the expression of circGNG4 in the nucleus and cytoplasm. (F) Fluorescence in situ hybridization was performed to detect the intracellular localization of circGNG4. (H) Expression of circGNG4 was detected in tumor tissues. (G) circGNG4 expression was detected in cell lines. **p < 0.01 vs. mock, linear GNG4, normal or RWPE-1 group. circRNA/circ, circular RNA; GNG4, G protein subunit γ 4.




CircGNG4 Promotes Prostate Cancer Progression in vitro

Following the confirmation of the upregulation of circGNG4 in prostate cancer, the biological functions of circGNG4 in the development of prostate cancer were explored using cell proliferation, cell migration and clone formation experiments. The detection results of circGNG4 expression demonstrated that the short hairpin RNA (shRNA/sh) plasmid effectively reduced the expression of circGNG4 (Figure 2A). Cell Counting Kit-8 (CCK-8) assay results demonstrated that circGNG4 knockdown inhibited prostate cancer cell proliferation (Figures 2B,C). In addition, knockdown of circGNG4 inhibited the clonal formation ability of prostate cancer cells (Figure 2D). Transwell and wound healing results showed that circGNG4 knockdown could inhibit the invasion and migration of prostate cells (Figures 2E–H).
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FIGURE 2. CircGNG4 promoted the progression of prostate cancer in vitro. (A) circGNG4 expression level was detected and the results showed that plasmid knockout could significantly reduce circGNG4 expression. (B,C) Detection of cell proliferation after circGNG4 knockout was determined using a Cell Counting Kit-8 assay. (D) Experimental detection of cell clone formation after circGNG4 knockout. (E–G) Cell migration and invasion were investigated using Transwell assays. (H) Cell migration was investigated using a wound healing assay. **p < 0.01 vs. sh-NC group. circRNA/circ, circular RNA; GNG4, G protein subunit γ 4; sh, short hairpin RNA; NC, negative control.




CircGNG4 Spongesmir-223 in Prostate Cancer Cell

The specific molecular mechanism underlying circRNAs remains to be fully elucidated. It has previously been established that circRNAs can sponge miRNAs to block their regulation of target genes (Shang et al., 2019). In the present study, the interactions of potential miRNAs with circGNG4 were predicted using bioinformatics analysis, and miR-223 and miR-646 were selected for further experimental analysis. The luciferase assay results indicated that miR-223 and miR-646 overexpression inhibited the luciferase activity of vectors carrying the sequence of circGNG4 (Figure 3A). As miR-223 has been reported to have an anti-cancer effect in prostate cancer (Kurozumi et al., 2016), it was selected for further research. The predicted binding site of miR-233 to circGNG4 was demonstrated in Figure 3B. A luciferase reporter assay was performed using the reporter plasmid cloned with either the wild-type (WT) or mutant type (mut) binding sequence. miR-223 notably inhibited the luciferase activity of the reporter vector carrying the WT version of the binding sequence, but this was not observed in the mut version. This result indicated the positive interaction between circGNG4 and miR-223 (Figure 3C). It was also demonstrated that overexpression of circGNG4 inhibited the expression of miR-223, while inhibition of circGNG4 promoted miR-223 expression (Figure 3D). Ago2 is the main component of the RISC, and the RNA immunoprecipitation (RIP) assay, using an antibody to target Ago2, confirmed that circGNG4 and miR-223 both interacted with Ago2 (Figure 3E). RNA pull-down using a biotin-labeled miR-223 probe demonstrated that miR-223 could bind to circGNG4 (Figure 3F). FISH analysis was carried out to detect the location of circGNG4 and miR-223, and these results indicated an interaction between circGNG4 and miR-223 in the cell cytoplasm (Figure 3G). Furthermore, miR-223 expression was also lower in prostate cancer tissues and cell lines (Figures 3H,I).
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FIGURE 3. CircGNG4 spongesmiR-223in prostate cancer cells. (A) Candidate miRNAs bound to circGNG4 were screened using a dual luciferase reporter assay. (B) The binding site between circGNG4 and miR-223 was predicted using bioinformatics analysis. (C) Dual luciferase reporter assay confirmed the binding between circGNG4 and miR-223. (D) After circGNG4 knockdown or overexpression, miR-223 expression level was detected by quantitative PCR. (E) RNA immunoprecipitation assay using Ago-2 antibody was performed to detect the interaction between circGNG4 and miR-223 with Ago-2 protein. (F) RNA pull-down using a biotin-labeled miR-223 probe was carried out to detect the interaction between circGNG4 and miR-223. (G) Fluorescence in situ hybridization was performed to detect the co-localization between circGNG4 and miR-223. (H) Expression of miR-223 in prostate cancer tissues was detected. (I) Expression of miR-223 in prostate cancer cell lines was detected. **p < 0.01 vs. mimic NC, anti-IgG and RWPE-1 group. circRNA/circ, circular RNA; GNG4, G protein subunit γ 4; sh, short hairpin RNA; NC, negative control; miR/miRNA, microRNA.




miR-223 Targets EYA3 in Prostate Cancer Cell

To investigate the downstream target genes of miR-223, the binding target genes were determined using TargetScan 7.2, miRDB and DIANA bioinformatics tools. A total of 228 genes were obtained following Venn analysis (Figure 4A). Gene Ontology (GO) enrichment was performed by Metascape software1 (Figure 4B), and EYA3 was selected for further study. The binding site between miR-223 and EYA3 was revealed (Figure 4C). Results of the luciferase assay indicated that miR-223 binds directly to EYA3 (Figure 4D). Western blot analysis indicated that miR-223 inhibited the expression of EYA3, while miR-223 inhibition could promote that (Figures 4E,F). The RNA pull-down results revealed that biotin-labeled miR-223 could directly target EYA3 (Figure 4G). Furthermore, EYA3 was highly expressed in prostate cancer tissues, which was demonstrated by qPCR and immunohistochemistry (IHC) detection (Figures 4H,I), and EYA3 was also highly expressed in prostate cancer cell lines (Figure 4J).


[image: image]

FIGURE 4. Targeted binding of miR-223 to EYA3. (A) TargetScan, miRDB and DIANA databases were used to predict the target of miR-223 and the target genes were intersected. (B) Functional enrichment analysis of target genes. (C) The binding sites and mutations of miR-223 and EYA3 are shown. (D) Dual luciferase reporter assay confirmed the binding between miR-223 and EYA3. (E,F) Western blot was performed to detect the expression of EYA3 after the overexpression or knockdown of miR-223. (G) RNA pull-down assay verified the binding between miR-223and EYA3. (H,I) Analysis of EYA3 expression in prostate cancer tissues using qPCR and immunohistochemistry. (J) Expression of EYA3 in prostate cancer lines was detected by qPCR. **p < 0.01 vs. mimic NC and RWPE-1 group. miR, microRNA; EYA3, eyes absent homolog 3; qPCR, quantitative PCR; NC, negative control.




Overexpression of miR-223 and Knockdown of EYA3 Both Could Reverse the Oncogenic Effect of circGNG4

Mechanistic studies have indicated the binding between miR-223 and circGNG4, and the binding between miR-223 and EYA3. To further confirm these interactions, rescue experiments were performed. The prostate cancer cells were transfected with circGNG4 overexpressing vector, miR-223 mimics or sh-EYA3 vectors. qPCR analysis initially confirmed that circGNG4 increased the expression level of EYA3. miR-223 mimic reversed this elevation and sh-EYA3 significantly decreased the expression level of EYA3 (Figure 5A). Malignant behavior analysis of prostate cancer cells was further evaluated by CCK-8, colony formation, transwell and wound healing assay. The results indicated that miR-223 overexpression or EYA3 knockdown both can reverse the function of circGNG4 on the prostate cancer cell proliferation, migration and invasion (Figures 5B–F).
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FIGURE 5. Overexpression of miR-223 and knockdown of EYA3 reversed the oncogenic effect of circGNG4. (A) EYA3 expression levels were detected by quantitative PCR analysis (B) Detection of cell proliferation after circGNG4 knockout was determined using a Cell Counting Kit-8 assay. (C). Experimental detection of cell clone formation after circGNG4 knockout. (D,E). Cell migration and invasion were investigated using Transwell assays. (F) Cell migration was investigated using a wound healing assay. **p < 0.01. circRNA/circ, circular RNA; GNG4, G protein subunit γ 4; miR, microRNA.




CircGNG4 Promotes the Growth of Prostate Cancer in vivo

We further investigated the carcinogenic effects of circGNG4 at the animal level. The results of animal experiments showed that knockdown of circGNG4 could inhibit tumor growth and decrease the tumor weight (Figures 6A–C). We detected the expression level of circGNG4 and miR-223 to verify if we have successfully knockdown circGNG4. The qPCR analysis determined that the expression of circGNG4 in the sh-circGNG4 group was notably lower than that in the shNC group while miR-223 level in sh-circGNG4 group was higher than that in shNC group (Figure 6D). IHC was further performed and indicated that circGNG4 knockdown inhibited the ki67 and EYA3 expression in the tumor tissues (Figure 6E).
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FIGURE 6. CircGNG4 promotes tumor growth in vivo. (A) Gene Expression Profiling Interactive Analysis (http://gepia.cancer-pku.cn/) database was used to determine genes associated with EYA3. (B) Western blot was used to detect the expression of c-Myc after EYA3 knockdown or overexpression. (C) The half-life of c-Myc mRNA was detected by quantitative PCR. (D,E) Western blot detected the expression of EYA3, c-Myc and cyclin proteins. **p < 0.01 vs. shNC group.




The CircGNG4/miR-223/EYA3 Axis Regulates the Prostate Cancer Cell Cycle by Regulating c-Myc

A previous study reported that EYA3 interacts with PP2A to regulate the stability of c-Myc mRNA in breast cancer. However, the interaction between EYA3 and c-Myc in prostate cancer remains to be elucidated. The Gene Expression Profiling Interactive Analysis database2 was searched in order to distinguish a correlation between EYA3 and c-Myc. Interestingly, EYA3 was positively correlated with c-Myc (Figure 7A). Western blot analysis was used to confirm this interaction. It was found that EYA3 silencing inhibited c-Myc expression, while overexpression of EYA3 promoted c-Myc expression (Figure 7B). As EYA3 was revealed to regulate the stability of c-Myc, it was hypothesized that circGNG4 may also affect the stability of c-Myc. As demonstrated in Figure 7C, circGNG4 overexpression promoted the stability of c-Myc mRNA. Moreover, western blot analysis further confirmed that circGNG4 promoted the protein expression of c-Myc (Figure 7D). Further detection of cell cycle-related proteins revealed that the overexpression of circGNG4 upregulated the expression of cyclin CDK2/CDK4 and inhibited the expression of p21 and p27, while knockdown of EYA3 reversed the promotion of circGNG4 (Figure 7E). The findings indicated in Figure 7F demonstrated novel functions of circRNA and builds upon the potential role of the circGNG4/miR-223/EYA3/c-Myc signaling pathway in prostate cancer.
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FIGURE 7. CircGNG4/miR-223/EYA3/c-myc axis mechanism. (A) GEPIA (http://gepia.cancer-pku.cn/) database was used to find the related gene of EYA3. (B) Western blot was used to detect the expression of c-myc after EYA3 knockdown or overexpression. (C) The half-life of c-myc mRNA was detected by qPCR. (D,E) Western blot detected the expression of EYA3, c-myc and cyclin protein expressions. (F) The diagram was established as showed.




DISCUSSION

Results of the present study confirmed the existence and elevated expression of a novel circRNA (circGNG4) in prostate cancer. Both loss and gain of function studies determined the oncogenic role of circGNG4 in prostate cancer. In previous studies, a number of circRNAs have been found to play critical roles in prostate cancer progression. For instance, circRNA nucleolar and coiled-body phosphoprotein 1, circRNA formin 1, circ-0016068, circ_0088233 and circ0005276 are all upregulated in prostate cancer and promote the development of prostate cancer (Feng et al., 2019; Chen et al., 2020; Deng et al., 2020; Li et al., 2020; Shan et al., 2020). The findings of the present study extend the current understanding of the function of circRNAs in prostate cancer.

A number of circRNA molecules contain miRNA response elements and act as competitive endogenous RNAs to sponge and inhibit the function of miRNA (Sardina et al., 2017). miRNAs are involved in regulating the signaling pathways associated with tumor growth. Studies have found that the abnormal expression of multiple miRNAs in prostate cancer tissues is closely associated with the occurrence and development of prostate cancer (Fabris et al., 2016). miR-409-3p/-5p promotes the growth and metastasis of human prostate cancer (Josson et al., 2014). miR-141 attenuates the proliferation of prostate cancer stem cells and metastasis by binding with several metastasis related genes (Liu et al., 2017). miR-424 affects the ubiquitination and activation of STAT3 to promote prostate cancer development (Dallavalle et al., 2016). In the present study, miR-233 was predicted to bind with circGNG4, and miR-223 has been determined to inhibit prostate cancer progression by targeting ETS transcription factor ERG (ERG) and integrin subunit α 3 (ITGA3)/integrin subunit β 1 (ITGB1) signaling (Kurozumi et al., 2016; Wei et al., 2020). It is therefore hypothesized that circGNG4 exerts its oncogenic role via sponging miR-223, which blocks the anti-cancer effect of miR-233. Further experimental research confirmed this hypothesis. However, in addition to ERG and ITGA3/ITGB1 signaling, alternative target genes of miR-233 remain to be elucidated in prostate cancer. In the present study, bioinformatics analysis was carried out using three online tools, including TargetScan 7.2, miRDB and DIANA followed by GO enrichment analysis. EYA3 was selected, which has recently been found to regulate the stability of oncogene c-Myc (Zhang et al., 2018).

EYA3 demonstrated dynamic changes in higher biological development and tumorigenesis (Miller et al., 2010). The C-terminal of EYA3 is highly conserved, while the N-terminal is poorly conserved, which is closely related to tumor progression and treatment tolerance. EYA3 promotes chemotherapy resistance of osteosarcoma by regulating miR-708. EWS RNA binding protein 1/Fli-1 proto-oncogene, ETS transcription factor regulates EYA3 in Ewing sarcoma via modulation of miR-708, resulting in increased cell survival and chemoresistance.

As previously mentioned, EYA3 can modulate the stability of c-Myc in breast cancer. In the present study, EYA3 was confirmed to promote the stability of c-Myc in prostate cancer cells (Vartuli et al., 2018). c-Myc is well established as a key oncogene, which encodes proteins that are phosphorylated in the nucleus (Dang, 2012). c-Myc plays an important role in maintaining normal cell function, and is involved in cell proliferation, differentiation and apoptosis, including in prostate cancer cells (Ellwood-Yen et al., 2003). c-Myc is closely associated with human tumors, and the abnormal expression of the proto-oncogene c-Myc and its corresponding protein products can be detected in many tumor tissues. Moreover, c-Myc can mediate the effect of prostate transmembrane protein, androgen induced 1 and inhibit the expression of p21 (Liu et al., 2011). c-Myc inhibits FOXO3a-mediated activation of the p27 promoter in multiple cell lines (Chandramohan et al., 2008). In the present study, the circGNG4/miR-223/EYA3 axis was demonstrated to regulate the expression of CDK2/CDK4 and p21/p27 through c-Myc, which is consistent with the findings of previous studies.

The present study has certain limitations. Although circGNG4 modulates the migration or invasion of prostate cancer cells, this has not been verified in animal models, and a precise mechanism underlying the effect of circGNG4 remains to be established. Regulation of the epithelial-mesenchymal transition process and critical metastasis-related genes will be studied in following experiments.

In conclusion, circGNG4 was revealed to be upregulated and played an oncogenic role in prostate cancer. Mechanistically, circGNG4 sponged miR-223 to promote EYA3 expression, which led to the modulation of c-Myc. The circGNG4/miR-223/EYA3/c-Myc signaling axis may therefore be crucial for the development of prostate cancer, and may act as a potential therapeutic target for prostate cancer.



MATERIALS AND METHODS


Specimen Collection

Cancer and adjacent normal tissues were collected from 40 prostate cancer patients admitted to The Second Hospital of Tianjin Medical University. The tissues were stored in liquid nitrogen immediately after resection. The study was approved by the Ethics Committee of The Second Hospital of Tianjin Medical University. Written informed consent was obtained from each patient.



Cell Culture

Prostate cancer cell lines, PC-3, LNCaP, VCaP, and DUL145, and the human normal prostatic epithelial cell line, RWPE-1, were purchased from the American Type Culture Collection. Cells were recovered from liquid nitrogen and maintained in DMEM (Invitrogen; Thermo Fisher Scientific, Inc., United States) containing 10% FBS supplemented with 100 units/ml penicillin and 100 g/ml streptomycin (Beyotime Institute of Biotechnology, Shanghai, China), and incubated at 37°C with 5% CO2.



Cell Transfection

miR-223 mimic, mimic negative control (NC), miR-223 inhibitor and inhibitor NC were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). The pSilencer vector carrying sh-circGNG4 and sh-EYA3, and the pcD-ciR vector overexpressing circGNG4 were established. Cells were transfected with the corresponding plasmids using a Lipofectamine® 3000 kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer’s instructions. After 24 h of culture, cell culture medium was replaced with DMEM containing 10% FBS.



Quantitative Polymerase Chain Reaction (qPCR)

TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc., United States) was used for RNA extraction, according to the manufacturer’s protocol. The RNA was reverse-transcribed into cDNA using a reverse transcription kit (Takara Bio, Inc., Japan). The expression of genes was detected with a fluorescence quantitative PCR kit (Nanjing Jiancheng Bioengineering Institute, China) on a FAST7500 flow cytometry system (BD Biosciences, United States). U6 and GAPDH were used as internal controls for miRNAs and mRNAs, respectively. The experiment was repeated at least three times. The primers used are as follows: RT primer for miR-223: 5′GTCGTATCCAG TGCAGGGTCCGAGGTGCACTGGATACGACACGUACU 3′; miR-223 forward: 5′TGCGGUGUCUUGCAGGCCGUCAG3′; miR-223 reverse: 5′CCAGTGAGGGTCCGAGGT3′; U6 forward: 5′CTCG CTT CGGCAG CACA3′; U6 reverse: 5′AAC GCTTCACGAATTTGCGT3′; circGNG4 forward: 5′AACATG CTGCTGGATAAATCTGG3′; circGNG4 reverse: 5′TGTATCA CATCGTACCATGCCT3′; EYA3 forward: 5′AACATGCTGCT GGATAAATCTGG3′; EYA3 reverse: 5′TGTATCACATCGTA CCATGCCT3′; GAPDH forward: 5′TGGCAAGACAACGTG AAAGA3′; GAPDH reverse: 5′AACTGGGAAAATGCATCT GG3′.



Western Blot

Proteins were extracted using RIPA buffer (Beyotime Institute of Biotechnology, Shanghai, China) supplemented with a protease inhibitor. The BCA method (Pierce; Thermo Fisher Scientific, Inc., Rockford, United States) was used to detect the amount of protein. Proteins were separated by gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (MilliporeSigma, United States). Following blocking in 5% skimmed milk powder, the PVDF membrane was incubated with the following primary antibodies: EYA3 (Abcam, United States), c-Myc (ProteinTech Group, Inc., China), CDK2 (ProteinTech Group, Inc., China), CDK4 (ProteinTech Group, Inc., China), p21 (Abcam, United States), p27 (Abcam, United States) and GAPDH (ProteinTech Group, Inc., China) at 4°C overnight. The relative expression levels of specific proteins in cells were detected with a horseradish peroxidase-labeled secondary antibody, which was incubated with the membrane at room temperature for 2 h. An enhanced chemiluminescence kit was used for imaging according to the manufacturer’s instructions.



CCK-8 Assay

Following transfection, the logarithmic cells were collected and seeded into a 96-well plate and cultured at 37°C in 5% CO2 for 72 h. The CCK-8 assay was performed at 0, 24, 48, and 72 h. At each time point, the medium was replaced and 10 μl CCK-8 was added to each well. Following incubation at 37°C for 4 h, the optical density was measured at 490 nm. The experiment was repeated at least three times.



Clone Formation Assay

Following transfection, cells of each experimental group were digested with trypsin while in the logarithmic growth phase, and the cell suspension was prepared. Subsequently, cells were seeded into six-well plates at 500–1,000 cells/well and cultured for 2 weeks in an incubator at 37°C with 5% CO2. After 2 weeks of incubation, cells were fixed with 5 ml of 4% paraformaldehyde for 15 min, and stained with GIMSA for 20 min. The colonies were counted.



Transwell Assay

Following transfection, cells were washed twice with PBS and resuspended in serum-free medium. A total of 100–200 μl of cell suspension was added to the upper chamber of the Transwell insert containing Matrigel for invasion analysis. Cell suspension was added to the upper chamber without Matrigel for migration analysis. A total of 600 μl complete medium supplemented with 10% serum was added to the Transwell chamber. Following 24 h of culture, cells in the upper chamber were removed with cotton swabs, fixed with formaldehyde, and stained with crystal violet (Sigma-Aldrich; Merck KGaA). Cells were photographed using a microscope (Olympus Corporation, Japan).



Dual Luciferase Assay

The dual luciferase reporter assay was performed using the psiCHECK reporter system (Thermo Fisher Scientific, Inc., United States). WT or mut sequences of circGNG4 and EYA3 were cloned into a psiCHECK2 plasmid. Prostate cancer cells (2 × 104 cells/well) were cultured overnight in 24-well plates. Cells were transfected with the WT or mut reporter vector, along with the miR-223 mimic or mimic NC using Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific, Inc., United States). PRL-TK (TK-driven Renilla luciferase expression vector) was co-transfected as an internal control. Cells were harvested and the luciferase activity was detected using a Dual-Luciferase Detection kit (Promega Corporation, WI, United States) following 48 h of transfection.



RNA-Fluorescence in situ Hybridization

Hybridization of circGNG4 was carried out using a Cy2-labeled probe, and the miR-223 was carried out using a Cy5-labeled probe according to the manufacturer’s protocol (Shanghai GenePharma Co., Ltd., Shanghai, China). DAPI was added to stain the cell nucleus. The subcellular distribution of circGNG4 and miR-223 in prostate cancer cells was observed using a confocal laser scanning microscope (FV1000; Olympus Corporation, Japan).



RNA Pull Down

Biotin-labeled miR-223 and corresponding NC probes were obtained from Shanghai GenePharma Co., Ltd. (Shanghai, China). The biotin-labeled miR-223 probe was incubated with streptavidin-coated beads at room temperature for 3 h to obtain the probe-coated beads. PC-3 and LCNaP cells were lysed, and the lysate was incubated with biotin-miR-223 probe at 4°C for 12 h. Following elution from the beads, the complex was purified by TRIzol and the amount of circGNG4 and EYA3 was evaluated using qPCR.



Immunohistochemical (IHC)

Paraffin-embedded sections were rinsed in distilled water and soaked in PBS for 5 min for dewaxing. The sections were incubated with 3% H2O2 at room temperature for 10 min to eliminate endogenous peroxidase activity, and subsequently washed with PBS three times. Thereafter, sections were blocked in 5% normal goat serum and incubated at room temperature for 10 min. Sections were incubated with the following primary antibodies: Ki67 (1:800; ProteinTech Group, Inc., China) and EYA3 (1:500; Abcam, United States) overnight at 4°C. Following the primary incubation, HRP-conjugated secondary antibodies were added and sections were incubated for 1 h at room temperature. A DAB kit (Beyotime Institute of Biotechnology, Shanghai, China) was used to visualize the positive staining, and slides were observed and imaged under a microscope (Olympus Corporation, Japan).



Xenograft Model

The PC-3 cells in the logarithmic growth phase were digested, centrifuged, dumped out of the old medium, and resuspended in PBS. Then the cell concentration was adjusted to 1 × 106/mL, and 0.1 mL was injected subcutaneously in BALB/c nude mice (n = 6). The blank group was inoculated with 0.1 mL PBS. After planting, the tumor size was measured once every week after the obvious tumor nodules appeared at the inoculation site. The tumor size was measured with a vernier caliper, the longest diameter of the tumor (a) and the largest vertical transverse diameter (b) were measured, and the tumor volume was calculated according to the formula V (mm3) = ab2/2. At the end of the experiments, the mice were euthanized with intraperitoneal injection of 3% pentobarbital sodium (160 mg/kg). The tumors were removed, pictured and weighted.



Statistical Analysis

The results were repeated at least three times. In terms of mean ± standard deviation. The Student’s t-test was used for the inter-group comparison, and one-way ANOVA was used to evaluate its significance. P < 0.05 was considered statistically significant.
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Cyclin-dependent kinases (CDKs) are key regulators of cell cycle progression in malignant tumor cells and play an important role through complex molecular interactions. Dysregulation of CDK dependent pathways is often found in non-small cell lung cancer, which indicates its vulnerability and can be used in clinical benefit. CDK4/6 inhibitors can prevent tumor cells from entering the G approved 1 and S phases, which have been studied in a series of explorations and brought great clinical effect to patients and encouragement to both physicians and researchers, thereby showing potential as a new therapeutic agent. A series of preclinical and clinical studies have been carried out on CDK4/6 inhibitors in NSCLC, and have been achieved some results, which may become a new potential treatment in the future. This review focuses on the research progress on CDK4/6 inhibitors in NSCLC, particularly the mechanisms of action, drugs, clinical research progress, and future application.
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Introduction

Lung cancer is one of the frequently diagnosed cancer and is among the main causes of cancer death. Non-small cell cancer (NSCLC) accounts for approximately 85% of lung malignancies. Most of newly diagnosed patients are considered incurable because of the presence of metastases at the time of initial presentation (1). Despite a growing number of treatment methods for advanced NSCLC, the overall benefit is limited. Novel therapeutic targets for NSCLC have attracted considerable interest.

In normal and malignant cells, cyclin dependent kinases (CDKs) are the key regulators, which play roles in multiple points in the cell cycle to drive cellular proliferation through most complex molecular interactions (2). The expression and activation of cell cycle mediators is deranged, especially within the CDK–cyclin–RB pathways, and is involved in malignant transformation and tumor progression in lung cancer (3). In over 90% of lung cancers, the cell cycle occurs as dysregulation, which makes the derangements of cell cycle mediators in the expression and/or activation, especially within the CDK–cyclin–RB pathways, and is integrally involved in malignant transformation and tumor progression, destroying the cell proliferation mechanism controlling the growth of advanced NSCLC (3–5). Cyclin-dependent kinases 4 and 6 (CDK4 and CDK6) form a complex with D-type cyclins, which promote the cell cycle through the G1 restriction point through phosphorylation of the Rb tumor suppressor protein (6). Inhibition of CDK4 and CDK6 can prevent cell cycle progression, prevent tumor growth and promote senescence. Through aberrant retinoblastoma protein (RB) expression and the mutations of cyclin D CDK4 (INK4) proteins (p16INK4A) (7) and K-RAS, these cyclins promote uncontrolled cellular proliferation and drive cell cycle progression in lung carcinogenesis (8). According to the analysis of UALCAN cancer database, the CDK6 gene was moderately expressed in LUAD, and the overall survival rate of patients was negatively correlated with it. Figure 1 shows frequencies of aberrations in the Cyclin D-CDK4/6-Rb pathway related genes in NSCLC from the publicly available cBioportal webpage: Pan-Lung Cancer (TCGA, Nat Genet 2016). Therefore, CDK4/6 has been a key target for the clinical development for cancer therapy (9, 10).




Figure 1 | Frequencies of aberrations in the Cyclin D-CDK4/6-Rb pathway related genes in NSCLC.



CDK4/6 inhibition has been tested in several clinical trials as a plausible treatment option for lung cancer (11–14). CDK4/6 inhibitors, designed to inhibit uncontrolled cellular proliferation, made tumor types with better efficacy and few adverse effects in which CDK4/6 plays a key role in G1-to-S-phase cell-cycle transition to be targeted (9). It can inhibit tumor growth by decreasing phosphorylation of retinoblastoma (RB) protein and inducing cell cycle arrest at the G1/S phase transition, inducing irreversible growth arrest or cell death when used alone or in combination with other therapies (15, 16) (Figure 2) and also promote anti-tumor immunity (17). Some drugs have been approved by the Food and Drug Administration (FDA) as treatment agents to be combined with letrozole in the treatment of hormone receptor (HR)-positive advanced-stage breast cancer (18, 19). Some clinical trials of CDK4/6 inhibitors in other tumors have achieved initial impressive results (20). CDK4/6 inhibitors are still in the early stage of other cancers, mainly confined to basic experiments and stage I or II clinical trials, such as liposarcoma, lymphoma and many other advanced cancers (21–23). A study indicated that CDK4/6 inhibitors in patients with head and neck squamous cell carcinoma have the objective response rate of 39% (n = 62) (24). Some cell cycle inhibitors also have been used in human clinical trials and achieved success in lung cancer (25, 26). Therefore, this article reviews the mechanisms of CDK4/6 inhibitors in NSCLC, monotherapy using CDK4/6 inhibitors, and the effects of combining them with other drugs in the context of NSCLC treatment.




Figure 2 | The role of CDK4/6 inhibitors in the cell cycle.





Monotherapy of CDK4/6 Inhibitors in NSCLC

With the recent development of highly specific CDK4/6 inhibitors (Palbociclib, Ribociclib, and Abemaciclib) and the approval of their use by the FDA for advanced metastatic breast cancer, designing multiple clinical trials using these agents for lung cancer have attracted great interest (9). However, effective strategies for formulating appropriate trial designs have not been determined. Thus, proper experiments in suitable animal models and clinical trials are needed. Palbociclib was approved in 2016 in terms of structure, and ribociclib and palbociclib are extremely similar. An in vitro study showed that the inhibitory effects of ribociclib and abemaciclib on CDK4 are stronger than the inhibitory effect of CDK6 and palbociclib is similar (27). Current clinical studies on NSCLC mainly focus on the phases I and II clinical studies of palbociclib and abemaciclib (Table 1).


Table 1 | Clinical trials of CDK4/6 inhibitors in NSCLC (Has results).



That NSCLC tumor actively targets the CDKN2a/p16 locus rather than the observed mutational enrichment in this locus due to a selection process during lung carcinogenesis and tumor progression. Hence, several clinical studies have been conducted.


Palbociclib

Palbociclib is a unique selective and promising inhibitor of CDK4 and CDK6 and a cell permeable pyridopyrimidine with oral bioavailability (20, 28). Although CDK4/6 can bind with cyclin D1, resulting in Rb hyperphosphorylation, palbociclib can block Rb phosphorylation and prevent E2F1 release by separating CDK4/6–cyclin D1 complexes, resulting in G1 phase arrest and inhibit tumor growth (29). A phase II clinical study of palbociclib included 19 patients with advanced NSCLC previously treated with p16-null staining and immunohistochemistry, and tumor progression was documented (30). There were 16 evaluable patients who had no objective response, and eight (50%) patients were stable for 4.0–10.5 months. The median progression-free survival (PFS)was 3.2 months, and median overall survival (OS) was 7.7 months. The results showed that palbociclib alone was mainly used as a cell inhibitor inducing aging, but not apoptosis, and the median PFS was equivalent to other available second-line chemotherapeutic drugs (31) and PD-1 inhibitors (32, 33). In addition, the reduction rate of grade 3/4 cytopenia with palbociclib in the treatment of NSCLC was 16%, which was better than that of many effective chemotherapeutic drugs for second- or third-line therapy. A Lung-MAP trial (SWOG S1400) demonstrated the amplification of CDK4 or CCND1/2/3 in patients with squamous NSCLC and tumor. Of the 32 patients included in this study, only two (6%) had a partial response and 38% were stable. The median PFS was 1.7 months, and the median OS was 7.1 months. Unfortunately, in these genomically selected patients, palbociclib did not demonstrate any antitumor activity (12). A phase II pragmatic basket trial demonstrated antitumor activity of palbociclib in patients with NSCLC with CDKN2A alterations. Of the 29 patients who were enrolled, one patient had partial response and six patients with SD were observed, for a disease control rate of 31%. The median PFS was 8.1 weeks, and the median OS was 21.6 weeks. There were 11 patients who had at least one grade 3 or 4 adverse event (AE) or serious AE (SAE) possibly related to palbociclib (most common, cytopenias) (34).



Abemeciclib

As an effective and selective small-molecule inhibitor of CDK4 and CDK6, abemaciclib has a wide range of antitumor activity in preclinical models and acceptable toxicity profile in animals such as mice. Preclinical data showed that the sensitivity of KRAS-mutant NSCLC xenograft models to abemaciclib was higher than that of wild-type KRAS gene expression model (13). Moreover, a JPBA phase I study showed that a single-agent abemaciclib has acceptable tolerability or safety and presented evidence of clinical activity in patients with heavily pretreated metastatic NSCLC (35). In addition, they demonstrated that the combined use of ramucirumab and abemaciclib is consistent with the safety profile of single-agent abemaciclib, with lower hematologic toxicity. The total incidence of neutropenia was 23%, and the incidence of grades 3–4 neutropenia was 10%. A phase III JUNIPER clinical trial was designed according to the result of these studies. In this trial, 453 patients who had stage IV NSCLC with KRAS mutations (codon 12 or 13) and disease progression after two lines of therapy were randomized in a ratio of 3:2 into abemaciclib and erlotinib groups (including a platinum-based regimen). The median OS was similar in both groups (7.4 vs. 7.8 months; HR, 0.97; 95% CI, 0.77–1.22; p = 0.77), and the median PFS was significantly better in the abemaciclib group (3.6 vs. 1.9 months; HR, 0.58; 95% CI, 0.47–0.72; p <0.001). The response rate (8.9% vs. 2.7%; p = 0.01) and disease control rate (54% vs. 32%; p <0.001) were significantly better in the abemaciclib group. In this study, compared with erlotinib, the OS in stage IV NSCLC patients harboring KRAS mutations did not improve. However, the additional studies of abemaciclib in other NSCLC subpopulations or in combination with other drugs are required to increases in response rates and PFS (13).




Combination of CDK4/6 Inhibitors and Other Anti-Lung Cancer Therapies

The disappointing results of palbociclib and abemaciclib in NSCLC clinical trials have prompted studies on the effect of combination of CDK4/6 inhibitions and other therapies. Owing to the unsatisfactory results of single-drug treatments, in-depth study of the pathogenesis of NSCLC, and increasing treatment methods for NSCLC, combinations of CDK4/6 inhibitors have been extensively studied.


Combination of CDK4/6 Inhibitors and Chemotherapy

CDK4/6 inhibitors and chemotherapeutic drugs may have antagonistic effects. For example, CDK4/6 inhibitors in combination with gemcitabine improved antitumor activity without G1 cell cycle arrest in calu-6 xenografts tumor-bearing mice (36). However, another study demonstrated combinations of palbociclib and taxanes at clinically available doses in multiple SqCLC models enhanced antitumor effects by destroying the pRB-E2F signaling pathway (37). Based on preclinical data, a phase Ib clinical study tested abemaciclib in combination with pemetrexed, gemcitabine, or ramucirumab in patients with metastatic NSCLC and confirmed the safety and tolerability of these combinations in previously treated unselected patients with advanced/metastatic NSCLC (38). In these patients, the all-cause high grade (3/4) fatigue occurred in 17–25%.High-grade diarrhea can be well controlled by antidiarrheal treatments and/or dose adjustments.



Combination of CDK4/6 Inhibitors and Immune Checkpoint Inhibitors

The emerge as the times require of immune checkpoint blockade immediately led to the studies of the possible interactions of these therapies with CDK4/6 inhibitors. CDK4/6-targeted therapies have a complex network of immunomodulatory effects on tumor cells and their tumor microenvironment (39). The addition of CDK4/6 inhibitor to chemotherapy/ICI regimens in murine syngeneic tumor models enhanced antitumor response and overall survival compared with chemotherapy, and ICI combinations alone and transient exposure of CDK4/6 inhibition in patients with SCLC during chemotherapy treatment enhanced immune system function by preserving peripheral lymphocyte counts and enhancing T-cell activation (17). These results showed the synergistic antitumor effect of CDK4/6 and immune checkpoint-related inhibitors. The mechanism of CDK4/6 inhibitors combined with immunotherapy may be as follows: First, CDK4/6 inhibitors decrease promoter hypomethylation and inhibit E2F release by inhibiting the proliferation of regulatory T (Treg) cells and the expression of DNA methyltransferase in Treg cells (17). Furthermore, CDK4/6 inhibitors promote tumor cell clearance by enhancing cytotoxic T cells (CTLs) to kill tumor cells (40). Finally, the cyclin D1–CDK4 complex directly phosphorylates speckle-type POZ protein (SPOP), and CDK4/6 inhibitors can enhance the immune escape of tumors by reducing the ubiquitination of SPOP and the degradation of PD-L1 (41). Preclinical research showed that CDK4/6 inhibitors in combination with anti-PDL1 antibodies promote tumor regressions and the effect is accompanied by enhanced antigen presentation, T cell inflamed phenotype, and cytotoxic T cell-mediated clearance of lung cancer cells; moreover, this combination improves the overall survival rates in mouse tumor models (17, 40, 42). All of these mechanisms provide a theoretical basis for the combination therapy of CDK4/6 inhibitors and immune checkpoint inhibitors in NSCLC in the future and related clinical trials (NCT03601598) are ongoing at present (43).



CDK4/6 Inhibitors as Radiosensitizers

Multiple preclinical and small sample clinical studies showed that CDK4/6 inhibitors exhibit a collaborative effect during radiotherapy in vitro and in vivo and show well-tolerated toxicity and promising efficacy in patients (44–47). The potential mechanisms of clinical radiosensitization effects might be apoptosis enhancement, cell cycle progression blockage, and induction of cellular senescence and antitumor immunity (48). A preclinical study showed that abemaciclib and ionizing radiation (IR) had a good radiosensitization effect on tumor cells in proliferative and plateau-phase and tumor xenografts, but had little radiosensitization effect on normal cells, and improve the radiation sensitivity of NSCLC in vitro and in vivo. Abemaciclib inhibited IR-induced DNA damage repair and caused RB-dependent cell cycle arrest; furthermore, the study identified possible predictive biomarkers (p53, RB, and SDF-1) to guide the efficacy and efficacy of the combination therapy, emphasized that CDK4/6 axis is a potential radiation target for NSCLC and warranting the value of abemaciclib as a radiation modifier in clinical trials (49). Therefore, CDK4/6 inhibitors may have different radiosensitization effects in NSCLC, and its mechanisms need to be further assessed. However, most clinical trials of combination therapies are still in the recruitment stage and further work is needed to find the best combination of radiotherapy drugs.



Combination of CDK4/6 Inhibitors and Other Anti-Lung Cancer Drugs

Combinations of CDK4/6 inhibitors and other targeted drugs have broad prospects. PI3K-AKT-mTOR and RASRAF-MEK-ERK pathway inhibitors showed synergistic tumor inhibition in many preclinical vitro and vivo models in NSCLC with CDK4/6 inhibitors (50–52). Palbociclib sensitizes lung cancer cells to EGFR-TKI and gefitinib (25). In addition, the combination of MEK inhibitor (trametinib) and palbociclib has significant anti-CDKN2A-mutant and anti-KRAS-mutant NSCLC activities in preclinical models (53). Moreover, in view of the key role of mTOR in cell growth and proliferation, mTOR inhibitors are considered as good candidates for synergism action with CDK4/6 inhibitors. Combinations of CDK4/6 inhibitors and mTOR inhibitors can enhance growth inhibition and induction of apoptotic cell death in p16-null NSCLC cells (30). A recent study also demonstrated that combined treatment with the CDK4/6 inhibitor and a novel distinctive structure PI3Kα inhibitor through arrest enhancing G1-phase and enhancing inhibition of Rb phosphorylation to against KRAS-mutated NSCLC (54). In addition, several on-going clinical trials are studying advanced NSCLC associated with the combination of CDK4/6 inhibitors with ERK, MEK, or mTOR inhibitors (NCT03170206, NCT02065063, NCT02857270, and NCT03454035) based on these and other promising preclinical data (3).




Prospects and Future Application

CDK4/6 inhibitors may exert an essential role in the treatment of NSCLC. Although some phase I/II clinical trials of CDK4/6 inhibitors in patients with advanced/metastatic lung cancer have not yet achieved positive results, which may be related to the small sample size of clinical trials and the lack of effective biomarkers. Given the preclinical benefits of CDK4/6 inhibitors in molecularly selected subsets, CDK4/6 inhibitors may have another role in the treatment of NSCLC in selected populations based on reasonable biomarkers, combined with radiotherapy and other agents, including growth factor pathway inhibitors and immune checkpoint inhibitors. Besides, the mechanism of CDK4/6 inhibitor resistance and the identification of sensitive predictive markers have also been reported, including acquired RB1 mutations, loss of RB1, loss of function mutations of FAT-1, CCNE1 overexpression, CDK6 overexpression, CCNE1/RB1 ratio, interferon β expression (55), CDK4 phosphorylation and tumor cloning kinetics (2, 56, 57). Therefore, the clinical efficacy of CDK4/6 inhibitors in NSCLC depend on the development of predictive biomarkers and biologically rational combination therapy, which might include the addition of growth factor pathway inhibitors in patients with signal transduction pathway mutations or the addition of immune checkpoint inhibitors in patients with immunostimulatory tumor phenotypes. Based on these, more basic and clinical studies are needed explore the precise beneficiaries of CDK4/6 inhibitors in NSCLC treatment in the future.
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CircCDYL Acts as a Tumor Suppressor in Wilms’ Tumor by Targeting miR-145-5p
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Circular RNAs (circRNA) have been reported to exert evident functions in many human carcinomas. However, the possible mechanisms concerning the circRNA in various tumors are still elusive. In this research, we analyzed the expression profile and biological functions of circular RNA CDYL (circCDYL, circBase ID: hsa_circ_0008285) in Wilms’ tumor. Here, miRNA and gene expression were examined by real-time PCR in Wilms’ tumor tissues and cell lines. The functions of circCDYL and its potential targets to influence cell proliferation, migration, and invasion in Wilms’ tumor cells were determined by biological functional experiments in vitro and in vivo. We predicted and analyzed potential miRNA targets through online bioinformatic tools. To validate the interactions between circCDYL and its targets, we performed RNA fluorescence in situ hybridization, biotin-coupled miRNA capture assay, and biotin-coupled probe pull-down assay. Tight junction protein l (TJP1) was proved to be the target gene of the predicted miRNA by dual-luciferase reporter assay. The expression level of TJP1 in Wilms’ tumor cells was identified via Western blot. We showed that circCDYL was downregulated in WT tissue compared with adjacent non-tumor tissue. Upregulation of circCDYL could reduce cell proliferation, migration, and invasion. Mechanically, circCDYL, functioning as a miRNA sponge, decreased the expression level of miR-145-5p and TJP1 3′UTR was validated as the target of miR-145-5p, facilitating the circCDYL/miR-145-5p/TJP1 axis. In conclusion, our study suggested circCDYL as a novel biomarker and therapeutic target for WT treatment.

Keywords: microRNA, tight junction protein 1, Wilms’ tumor, circular RNA, mir-145-5p, biomarker


INTRODUCTION

Wilms’ tumor (WT, nephroblastoma) accounts for about 6% of childhood tumors and for 95% of pediatric kidney tumors, ranking the fifth in childhood malignancy. Most WT develop before the age of 3 years (Wang et al., 2012). The recrudescence rate of WT is up to 15%, and the long-term survival rate for patients with relapsed WT is only 50%. Although in recent years, with the improvement of comprehensive therapy combining surgery, chemotherapy, and radiotherapy, nearly 85% of WT children were cured, a few children still died because of recurrence, metastasis, resistance to chemotherapy, and other complicated factors. Due to continuous research of WT in recent years, people have gained a better understanding of the pathogenesis of WT, but there are still many issues that deserve further discussion.

Circular RNA (circRNA) is a novel subtype of non-coding RNA with covalently closed loop containing the joint point of its 3′ end and 5′ end (Panda et al., 2017). Although circRNAs was firstly discovered more than 40 years ago, they drew researchers’ attention recently. Over 30,000 circRNAs have been identified through the high-throughput sequencing method. Due to the loop structure, exonuclease could hardly destroy circRNA. But their parental linear RNAs are sensitive to exonuclease. Thus, circRNAs are found abundant in mammalian cells due to their stability. CircRNAs were reported to be disease-specific and stage-specific in various pathologic environments (Salzman et al., 2013), which indicates that circRNAs can be potential novel diagnostic and therapeutic biomarkers (Fu et al., 2018). CircRNAs have been identified to be closely relevant with tumorigenesis. Increasing numbers of circRNAs have been identified to play a crucial part in the epithelial mesenchymal transition, indicating that they may influence the proliferation, migration, and invasion of tumor (Conn et al., 2015). Serman et al. (2014) reported that circITCH is upregulated in lung carcinoma tissues and acts as a sponge of miR-214; it then downregulated the activation of the Wnt/β-catenin signaling pathway. Yuan et al. (2019) reported that Cdr1as functions as miR-1270 sponge, upregulates APAF1 expression, and decreases cisplatin resistance in bladder cancer.

In this study, through deep sequencing in WT tissues, we identified has_circ_0008285, also called circCDYL, which was downregulated in WT tissues. CircCDYL, a circular RNA derived from the fourth exon of CDYL gene, is mainly located in cytoplasm and had no intronic sequence, IREs and ORFA (Liang et al., 2020). Previous research showed that circCDYL inhibits the oncogene C-MYC, and it restrains cell proliferation and migration in bladder cancer (Sun et al., 2019). Herein, we revealed that circCDYL was downregulated in WT and that the overexpression of circCDYL suppresses proliferation, migration, and invasion in WT both in vitro and in vivo.



MATERIALS AND METHODS


Cell Culture

The WT cell line SK-NEP-1 and G401 was obtained from American Type Culture Collection (Manassas, VA, United States) and was cultured using McCoy’s 5A modified medium (30-2007) containing 15% FBS.



Clinical Specimens

A total of 25 paired WT tissues and matched adjacent tissues were obtained from patients who were diagnosed as WT by histopathological examination in the Guangzhou Women and Children’s Medical Center, Guangzhou Medical University, between April 2017 and May 2019. Samples obtained were classified in accordance with the WHO criteria for WT. All the patients received neoadjuvant chemotherapy with a VA plan (Vincristine 1.5 mg m–2, once a week, for 4 weeks; Actinomycin D 15 g kg–1 D–1, once daily, for the first 5 days) performed before surgery. No patients received radiotherapy or targeted therapy before the operation. Guangzhou Women and Children’s Medical Center Ethics Committee approved this study (grant no. 43600). All patients’ legal guardians provided written informed consent prior to enrollment in the study. Resected tumors were frozen in liquid nitrogen immediately and stored at −80°C condition.



RNA Extraction, Reverse Transcription (RT), Sanger Sequencing, and RT-qPCR

The nuclear and cytoplasmic RNAs were isolated according to the manufacturer’s instructions (Rio et al., 2010). Both qRT-PCR and microRNA (miRNA) RT-PCR methods referred to previous published paper (Yuan et al., 2019). The primer sequences were listed in Supplementary Table 1. All primers were purchased from RiboBio Co. Ltd. (Guangzhou, China). The relative RNA abundance was determined using the 2–ΔΔCt method.



RNase R Digestion

RNase R (4 U per 2 mg RNA) was used to treat RNA samples for 20 min at 37°C (Epicentre Biotechnologies, United States). RNA abundance was tested by RT- qPCR.



Transfection

CircCDYL-overexpressing adenovirus was designed by Hanbio (Shanghai, China). MiR-145-5p mimics/inhibitors and small-interfering (si) tight junction protein 1 (TJP1) were designed and synthesized by GenePharma (Suzhou, China). According to the manufacturer’s instructions, Lipofectamine 3000 (Invitrogen, United States) was used during transfection.



CCK-8 Assay and Cloning Formation Assay

After cells were supplemented using Cell Counting Kit-8 (CCK-8) (Dojindo, Kumamoto, Japan) for 120 min, wavelength of 450 nm was selected to detect the absorbency of cells.

In colony formation assay, the procedures were utilized in accordance with the publication (Li et al., 2018).



Ethynyl-2-Deoxyuridine (EdU) Assay

Briefly, 100 μl of 50 μM EdU (RiboBio Co. Ltd., Guangzhou, China) was added into individual wells containing transfected cells, and they were incubated at 37°C for 2 h. Fluorescence microscopy was utilized to detect the proliferation.



Wound Healing Assay

After infected cells grew to 100% confluence in six-well plates, the monolayer was scratched by a sterile pipette tip. Then, PBS was utilized to wash the wells for three times and serum-free medium was added into the wells. At 0 and 24 h, the width of the wound was photographed using DM2500 bright field microscope (LEICA, Wetzlar, Germany). The ImageJ software was utilized to quantify the cell migration capacity.



Transwell Assays

The lower chambers were precoated with 100 μl of Matrigel (BD Bioscience, San Jose, CA, United States) for 30 min before the addition of medium to the chambers. Transfected cells (2 × 105) were placed with serum-free McCoy’s 5A modified medium to the upper wells (8 μm membrane). Full culture medium (500 μl) was added into the bottom well. After incubation at 37°C for 24 h, cells in the upper surface were removed. Methanol was utilized to fix the cells stuck to the lower surface. Crystal violet (0.1%) was used to stain the cells. Then, cells were photographed using a microscope at 100 × magnification (Olympus, Japan).



Flow Cytometry Analysis for Cell Cycle

The transfected cells were stained by Cell Cycle and Apoptosis Analysis Kit (Beyotime Biotechnology, Shanghai, China) and detected by flow cytometry. After that, the cell cycle was analyzed using a FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, United States).



Xenografts in Mice

The animal studies were approved by the Animal Management Committee of Guangzhou Medical University. G401 cells were transfected with the circCDYL adenovirus and GFP vector. Athymic BALB/c nude mice (4 weeks old, n = 8) were used. The mice were subcutaneously injected with 107 G401 cells infected with circCDYL overexpressing adenovirus or control. Tumor volumes were tested 10, 15, 20, 25, and 30 days after injection.



Prediction of miRNA Binding Sites of circCDYL

Databases, including miRanda,1 MicroTar,2 and RNAhybrid,3 were utilized to predict miRNAs that may be the downstream regulatory molecule of circCDYL.



Dual-Luciferase Reporter Assay

The procedures were performed as before described (Yuan et al., 2019). GenePharma (Shanghai, China) synthesized the sequences corresponding to the 3′-UTR of TJP1 mRNA and containing the wild-type or mutated miR-145-5p binding sequence.



RNA Binding Protein Immunoprecipitation Assay

The Magna RIP Kit (Millipore, Danvers, MA, United States) and Ago2 antibody (Cell Signaling Technology) were utilized to conduct the assay, and the procedures were performed as described before (Yuan et al., 2019).



Biotin-Coupled Probe Pull-Down Assay

GenePharma (Shanghai, China) designed and synthesized the specific biotinylated probes to bind circCDYL’s junction area, and an oligo probe was synthesized as control. The sequences were as follows: circCDYL: 5′-CAATCCTTTCAACCTTTCCCGTTAAC-3′-Biotin, miR-145-5p: 5′- AGGGATTCCTGGGAAAACTGGAC-3′-Biotin, and Oligo: 5′-TGTCTGCAATATCCAGGGTTTCCGATGGCACC-3′-Biotin. The procedures were performed as described before (Yuan et al., 2019).



Fluorescence in situ Hybridization (FISH)

GenePharma (Shanghai, China) designed and synthesized the DNA oligo probes for circCDYL (5′-CAATCCTTTCAACCTTTCCCGTTAAC-3′-Cy5) and for miR-145-5p (5′-AGGGATTCCTGGGAAAACTGGAC-3′-FAM). All procedures were performed as described before (Yuan et al., 2019).



Immunohistochemistry

TJP1 antibody (1:500, ab221547, Abcam) was used to measure the expression of TJP1 in WT tissues. The procedures were performed as described previously (Yuan et al., 2019).



Western Blot

The procedures were performed as described previously (Yuan et al., 2019). The primary antibody information is listed below: TJP1 (ab221547, Abcam) and β-actin (ab6276, Abcam).



Statistical Analysis

The data were presented as mean ± standard deviation. The experiments were performed thrice independently. Statistical significances were determined using chi-square test, Student’s t-test, and two-way ANOVA. SPSS and GraphPad Prism analyzed the data, and p value < 0.05 was set as significance threshold.




RESULTS


CircCDYL Is Downregulated in WT Tissue

The circCDYL expression was significantly downregulated in five WT samples compared with adjacent non-tumor tissues from the results of circRNAs deep sequencing (Figure 1A). RT-qPCR was utilized to determine the circCDYL expression in 25 WT tissues and their adjacent normal tissues from patients after radical nephrectomy. The results showed that circCDYL, but not CDYL mRNA (Supplementary Figure 1A), was significantly downregulated in WT tissues (Figure 1B). CDYL mRNA was found to be downregulated in SK-NEP-1 cells after RNA R treatment, but circCDYL was not downregulated (Figure 1C). By using the separation of nuclear and cytoplasmic RNA isolation, we demonstrated that circCDYL predominately localized in the cytoplasm in both SK-NEP-1 and G401 cell lines (Figures 1D,E). Data in Table 1 indicated that the increased circCDYL expression in WT had correlation with smaller tumor size and lower clinicopathologic stage, suggesting that circCDYL is associated with WT growth and metastasis.
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FIGURE 1. CircCDYL is downregulated in WT tissue. (A) Volcano plot of differential circular RNA expression in WT tissue. The abscissa indicated logFC, and the ordinate indicated the differential log10 P-value. The gene was represented as a dot. The green dot indicated the upregulated gene, while the red dot indicated the downregulated gene. (B) The relative expression of circCDYL in WT tissue and adjacent normal tissue. (C) The relative expressions of circCDYL, mRNA CDYL, and GAPDH after treatment with RNase R. (D,E) circCDYL was mainly localized in the cytoplasm in both SK-NEP-1 and G401 cell lines. GAPDH and U1 were used as negative control, respectively. Student’s t-test with two biologically dependent or independent replicates was used to determine statistical significance; ***P < 0.001, **P < 0.01, *P < 0.05.



TABLE 1. Correlation between circCDYL expression and clinicopathological characteristics of WT patients.
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Overexpression of circCDYL Suppresses Proliferation, Migration, and Invasion in WT Cells

To reveal the role of circCDYL in WT, we transfected the WT cell lines SK-NEP-1 and G401 with the adenovirus carrying circCDYL to increase circCDYL expression (Figure 2A). CDYL mRNA expression level was not influenced (Supplementary Figure 1B). Overexpressed circCDYL decreased the cell proliferation ability by CCK-8 assay (Figures 2B,C). As shown in Figure 2D, the rates of EdU positive cells were higher in control groups. CircCDYL significantly repressed the cell proliferation through EdU assay. Representative photographs of colony assay similarly showed that the upregulated circCDYL restrained cell growth compared to control group (Figure 2E). Furthermore, the in vivo assay was carried out to explore the function of circCDYL in tumor formation. The result showed that downregulation of circCDYL reduced tumor formation in G401 cells (Figures 2F–H). Flow cytometry showed that circCDYL overexpression could lead to S phase reduction (Supplementary Figures 2A–C). In addition, wound healing assays and transwell assays were performed to examine cell migration and invasion. CircCDYL overexpressing cells showed decreased ability in cell migration and invasion (Figures 2I,J).
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FIGURE 2. Overexpression of circCDYL suppresses proliferation, migration, and invasion in WT cells. (A) The expression levels of circCDYL were assessed using qRT-PCR in SK-NEP-1 and G401 cells after transfection with adenovirus carrying circCDYL. (B,C) The proliferation of SK-NEP-1 and G401 cells by the CCK-8 method. (D,E) The proliferation of G401 cells by EdU and colony formation assays. (F,G) Xenograft tumors in a mouse model of Wilms’ tumor. (H) Tumor volumes of the circCDYL overexpression and control treatment groups. (I,J) The migration and invasion of G401 cells by wound healing assays and transwell assays. Student’s t-test with two biologically dependent or independent replicates was used to determine statistical significance; ***P < 0.001, **P < 0.01, *P < 0.05.




CircCDYL Acts as a Molecular Sponge for miR-145-5p

We found that miR-145-5p could bind to circCDYL, and the sites are shown in Figure 3A. AGO2 RNA immunoprecipitation (RIP) assay showed that AGO2 adsorbed more circCDYL than IgG (ninefold) in circCDYL overexpression cells (Figure 3B). The miR-145-5p levels pulled down by Ago2 in circCDYL OE cells were fivefold more than that in circCDYL CTL-transfected cells (Figure 3C). In circCDYL OE cells, more miR-145-5p was observed in the Ago2 pulldown pellet than in the IG pull-down products (Figure 3D). The biotin-coupled probe pull-down assay was later conducted to confirm the interaction furtherly. Compared with the Oligo group, specific enrichment of circCDYL and miR-145-5p was detected in the circCDYL pulled down eluents (Figures 3E,F). The phenomenon indicated that circCDYL could directly sponge miR-145-5p. To confirm the sponge functions of circCDYL, we performed biotin-coupled miRNA capture and fluorescence in situ hybridization (FISH). Biotin-coupled miR-145-5p analogously captured more circCDYL than biotin-coupled NC. This result indicated that miR-145-5p could attach itself to circCDYL (Figure 3G). CircCDYL (red) and miR-145-5p (green) could be photographed as colocalization in G401 cells by FISH assay (Figure 3H). The evidence above suggest that circCDYL could function as a sponge for miR-145-5p in WT.
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FIGURE 3. CircCDYL acts as a molecular sponge for miR-145-5p. (A) Possible binding sites between circCDYL and miR-145-5p. (B) The amount of circCDYL in circCDYL OE or circCDYL CTL groups was detected by an Ago2 RIP assay. (C) The relative enrichment level of miR-145-5p immunoprecipitated by Ago2 in circCDYL OE or CTL groups. (D) The relative enrichment level of miR-145-5p in the circCDYL OE group immunoprecipitated by Ago2 or IgG. (E) The relative enrichment level of miR-145-5p pulled down by biotinylated circCDYL probes or Oligo probes in the circCDYL OE group. (F) The relative enrichment level of circCDYL pulled down by biotinylated circCDYL probes or Oligo probes in the circCDYL OE or circCDYL CTL groups, respectively. (G) The relative enrichment level of circCDYL pulled down by biotinylated miR-145-5p mimics or non-sense control (NC) mimics in the circCDYL OE group. (H) circCDYL and miR-145-5p in G401 cells were colocalized by FISH. circCDYL was stained red, miR-145-5p was stained green, and the nuclei were stained blue (DAPI). Data represent the mean ± SD from three independent experiments. Student’s t-test with two biologically dependent or independent replicates was used to determine statistical significance; ***P < 0.001, **P < 0.01, *P < 0.05.




MiR-145-5p Enhances Proliferation, Migration, and Invasion in WT Cells

We examined the miR-145-5p expression in 25 pairs of the tumor tissues via qRT-PCR. As illustrated in Figure 4A, the abundance of miR-145-5p in WT tissues was significantly upregulated. Correlation analysis showed that circCDYL expression level was of a negative correlation with miR-145-5p (R = −0.6297, P < 0.01, Figure 4B). MiR-145-5p overexpression in WT cell lines increased the proliferation rate (Figures 4C,D,G,I) and migration and invasion ability (Figures 4K,M) compared with cells in the NC mimics group. MiR-145-5p inhibited cells showed decreased proliferation rate (Figures 4E,F,H,J) and migration and invasion ability (Figures 4L,N) compared with cells in the NC inhibitor group.


[image: image]

FIGURE 4. MiR-145-5p enhances proliferation, migration, and invasion in WT cells. (A) The relative expression of miR-145-5p in tumor and adjacent non-tumor tissue by RT-qPCR. (B) The relative expression of miR-145-5p had a negative correlation with circCDYL in the WT tissue. (C–F) The proliferation of SK-NEP-1 and G401 cells transfected by miR-145-5p mimics, miR-145-5p inhibitor, and their controls by the CCK-8 method. (G–J) The proliferation of G401 cells transfecting miR-145-5p mimics, miR-145-5p inhibitor, and their controls by EdU and colony formation assays. (K–N) The migration and invasion ability of G401 cells transfecting miR-145-5p mimics, miR-145-5p inhibitor, and their controls by wound healing assays and transwell assays. Data represent the mean ± SD from three independent experiments. Student’s t-test with two biologically dependent or independent replicates was used to determine statistical significance; ***P < 0.001, **P < 0.01, *P < 0.05.




TJP1 Is a Direct-Target Gene of miR-145-5p, Which Could Reduce Proliferation, Migration, and Invasion in WT Cells

To further investigate the potential targets of miR-145-5p, we searched the online databases (starBase, miRWalk, miRDB, and TargetScan). TJP1 was one of the potential targets. The possible binding sites between TJP1 and miR-145-5p are shown in Figure 5A. Correlation analysis revealed that the expression of TJP1 mRNA showed a negative correlation with miR-145-5p (R = −0.7167, P < 0.01, Figure 5B). TJP1 mRNA level was downregulated in WT tissue compared with adjacent normal tissue by RT-qPCR (Figure 5C). Immunohistochemistry assay showed lower TJP1 protein expression in poor differentiation WT tissue (Figure 5D). TJP1 mRNA and protein were found to be downregulated in cells overexpressing miR-145-5p mimics on RT-qPCR and Western blot (Figures 5E,F). We performed the dual-luciferase reporter assay, and it revealed that co-transfection of miR-145-5p mimics and reporter plasmids significantly reduced the luciferase activity. On the contrary, we observed no obvious effect on the luciferase activity after co-transfecting mutated vectors and miR-145-5p mimics (Figures 5A,G). Consequently, the results proved that TJP1 is a direct target gene of miR-145-5p.
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FIGURE 5. TJP1 is a direct-target gene of miR-145-5p, which could reduce proliferation, migration, and invasion in WT cells. (A) Possible binding sites between TJP1 mRNA and miR-145-5p. (B) The relative expression of TJP1 mRNA had a negative correlation with miR-145-5p in the WT tissue by RT-qPCR. (C) The relative expression of TJP1 mRNA in tumor and adjacent non-tumor tissue by RT-qPCR. (D) TJP1 expression in WT tissue by immunochemistry. (E) The expression of TJP1 mRNA determined by RT-qPCR in SK-NEP-1 and G401 cells overexpressing miR-145-5p. (F) TJP1 was the direct target of miR-145-5p through dual-luciferase reporter assays. (G) The expression of TJP1 protein by Western blot in SK-NEP-1 and G401 cells overexpressing miR-145-5p. (H) The expression of TJP1 protein by Western blot in SK-NEP-1 and G401 cells transfected by si-TJP1 or si-NC. (I,J) The proliferation of SK-NEP-1 and G401 transfected by si-TJP1 or si-NC cells by the CCK-8 method. (K,L) The proliferation of G401 cells transfected by si-TJP1 or si-NC by EdU and colony formation assays. (M,N) The migration and invasion of G401 cells transfected by si-TJP1 or si-NC by wound healing assays and transwell assays. Data represent the mean ± SD from three independent experiments. Student’s t-test with two biologically dependent or independent replicates was used to determine statistical significance; ***P < 0.001, **P < 0.01, *P < 0.05.


To investigate the effects of TJP1 on WT cells, we transfected si-TJP1 or si-CTL into SK-NEP-1 and G401 cells and the protein level of TJP1 was subsequently detected by Western blot. The results revealed reduced TJP1 expression (Figure 5H). Cells transfected with si-TJP1 showed increased cell proliferation rate (Figures 5I–L) and migration and invasion ability (Figures 5M,N), compared with cells in the si-CTL group. The same phenomena were observed in miR-145-5p overexpressing WT cells, which proved that miR-145-5p regulates cell proliferation, migration, and invasion in WT by targeting TJP1.



MiR-145-5p Can Partially Reverse the Effect of circCDYL on Proliferation, Migration, and Invasion in WT Cells

To investigate whether circCDYL exerts anti-oncogenic effects by regulating TJP1 expression level, we co-transfected SK-NEP-1 and G401 cells with circCDYL adenovirus and miR-145-5p mimics. In the co-transfected cells, increased TJP1 proteins induced by overexpressing circCDYL were partially reversed (Figure 6A). Moreover, co-transfection of circCDYL and miR-145-5p partially reversed the effect of circCDYL on proliferation (Figures 6B–E) and migration and invasion (Figures 6F,G). Overall, these data showed that circCDYL plays a regulatory role through the circCDYL/miR-145-5p/TJP1 axis.
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FIGURE 6. MiR-145-5p can partially reverse the effect of circCDYL on proliferation, migration, and invasion in WT cells. (A) Co-transfection of miR-145-5p mimics and circCDYL to detect the protein levels of TJP1 in WT cell lines by Western blot. (B–G) Co-transfection of miR-145-5p mimics and circCDYL to investigate malignant transformation of cells by CCK-8 (B,C), EdU (D), colony formation (E), wound healing (F), and transwell (G) assays in the WT cell lines. Data represent the mean ± SD from three independent experiments. Student’s t-test with two biologically dependent or independent replicates was used to determine statistical significance; ***P < 0.001, **P < 0.01, *P < 0.05.





DISCUSSION

WT is a common urinary system carcinoma, and its worldwide morbidity and mortality remain considerable. In this research, we firstly reported that the circular RNA circCDYL was downregulated in WT and that the overexpression of circCDYL suppresses proliferation, migration, and invasion in WT cells.

In recent years, accumulating studies have substantiated that abnormal expression of circRNAs is connected with the generation and progression of various diseases, and can be used as therapeutic targets and biomarkers (Lei et al., 2019). It was previously revealed that circCDYL was upregulated and promoted tumorigenesis in hepatocellular carcinoma (Wei et al., 2020), breast cancer (Liang et al., 2020), multiple myeloma (Chen F. et al., 2020), and mantle cell lymphoma (Mei et al., 2019). In contrast, circCDYL was downregulated in colon cancer (Cui et al., 2019; Wang et al., 2020) and bladder cancer (Sun et al., 2019). Our functional assays revealed that overexpression of circCDYL suppresses proliferation, migration, and invasion in WT cells in vitro and in vivo, suggesting that circCDYL exerts an anti-oncogenic effect in WT. CircRNAs are identified to be tissue-specific or cell type-specific (Xia et al., 2017), which may explain the expression quantity differences of circCDYL in WT and other tumors.

Previous studies demonstrated that circRNAs can exert as a ceRNA of binding to the specific miRNAs, due to their specific miRNA response elements, and to ulteriorly regulate the target genes (Xiong et al., 2018). MiRNA is a type of single-stranded non-coding RNA and is about 22 nucleotides in length. Accumulating studies have validated that miRNAs play important roles in tumors by directly binding to the 3′UTRs of mRNA and causing their post-transcriptional degradation (Pedroza-Torres et al., 2019). In this study, we demonstrated that circCDYL could sponge miR-145-5p.

miR-145-5p was reported to have antioncogenic properties in several tumors. Previously, the levels of miR-145-5p were reported to be lower in colorectal cancer and decreased miR-145-5p expression promoted the migration, invasion, and epithelial–mesenchymal transition (Chen Q. et al., 2020). Additionally, elevated microRNA-145-5p suppressed the proliferation and migration and facilitated apoptosis of hepatocellular carcinoma cells in vitro (Wang et al., 2019). It was demonstrated that ectopic expression of miR-145-5p led to sensitization of breast cancer cells to cisplatin therapy (García-García et al., 2019). Our research proved that miR-145-5p could reduce the expression level of TJP1 in WT. TJP1 was identified as a member of the membrane-associated guanylate kinase homolog family. It maintains epithelial tight junction integrity by interacting with transmembrane proteins and connecting tight junction elements to the cortical actin cytoskeleton (Anderson, 1996; Gottardi et al., 1996). It was reported that TJP1 could promote gastric cancer cell proliferation and motility (Xia et al., 2020). Targeting TJP1 could attenuate cell–cell aggregation and enhance chemosensitivity to doxorubicin in leiomyosarcoma (Lee et al., 2020). In our study, TJP1 was found to exsert anti-oncogenic role in WT.

In conclusion, our research demonstrated that circCDYL can sponge miR-145-5p to upregulate TJP1 expression level, enabling it to restrain cell proliferation, migration, and invasion. These findings indicate that circCDYL/miR-145-5p/TJP1 may be a novel therapeutic target for WT.
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Supplementary Figure 1 | (A) No significant difference of the expression level of CDYL mRNA was detected in WT tumor tissues and their adjacent tissues. (B) CircCDYL overexpression did not alter the expression level of CDYL mRNA in SK-NEP-1 and G401 cells. Data represent the mean ± SD from three independent experiments. Student’s t-test with two biologically dependent or independent replicates was used to determine statistical significance; ***P < 0.001, **P < 0.01, *P < 0.05.

Supplementary Figure 2 | circCDYL overexpression could lead to S phase reduction (A) in SK-NEP-1 (B) and G401 (C) cells. Data represent the mean ± SD from three independent experiments. Student’s t-test with two biologically dependent or independent replicates was used to determine statistical significance; ***P < 0.001, **P < 0.01, *P < 0.05.
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aChi-square test was used for comparing groups between low and high SCRIB
expression. *P < 0.05.
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CDK4/6 Inhibitor ~ Trial ID Design Status Phase Condition or Disease Genetic Alternation Criteria ~ Median PFSm  Median 0S*/m
Palbocicib NCTO1201017  P* Completed I stageVNSCLC CDKN2a (p16) 32 77
protein absent
NCT02154490  P* vs Docetaxel Active, not recruiting n recurrent or stage IV squamous NSCLC  positive for CDK4, 1.7 vs UK 71 vs UK
COND1,COND2,
and COND3
Abemaciciib NCT02152631 A" vs Erlotinib Active, notrecruiing Il stage IV NSCLG (KRAS mutatior) Kras 12 or 13 mutations 36vs1.9 T4vs78
NCT02411591 A"+ Necitumumab  Completed b advanced NSCLC N 214 693
NCT02450539  A* + Docetaxel Completed I NSCLC stage IV N 25 7
A" + Pemetrexed #5.6 (A +PH)
A+ Gemcitabine
NCT02079636 ~ A* + Ramuciumab  Completed NSCLC W 16(A+G) 4.8 (A+R) W

PFS* progression free survivak 0S* overall survivel

A"+ LY3023414
A* +Pembrolizumab

Palbociclib, A*, Abemacicli

#, pemetrexed: G, gemcitabine; R, ramucirumab; \\, not mentioned.
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miR-185-3p F
miR-185-3p R
miR-185-3p mimic
miR-185-3p mimio-NC
miR-185-3p inhibitor
miR-185-3p inhbitorNG
MECP2 F

MECP2 R

GAPDH F
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Sequence (5 > 3)

GTGAMMTCTGGCTACTCGTCCS
CTGACTITTGOCACAGACTCCTG
GATCACACTCTTGTGGTAGTIGS
CTCTTCCTIGCTCGTIGTIGGTAT
AGGGGCUGGCUULCCUCUGGUC
UUCUCOGAACGUGUCACGUTT
GACCAGAGGAANGCCAGCOCCU
‘CAGUACUUUUGUGUAGUACAA
GOCGAGAGCTATGGACAGCA
CCAACCTCAGACAGGTTTCCAG
GTCAACGGATTTGGTCTGTATT
AGTCTTCTGGGTGGCAGTGAT
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>4 12 24 25 11
T stage
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Lymph node metastasis
No 17 14 0.4912 13 18 0.2511
Yes 23 26 27 22

P < 0.01.
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Clinical ATF3 expression X2 P-value?

characteristic
Up-regulation Down-regulation
(n = 46) (n=47)

Gender

Male 18 32

Female 28 15 6.7189  <0.001***
Age

<60 40 21

>60 6 26 16.584  <0.001**
Laterality

Left 23 32

Right 23 15 2.4426 0.118
Tumor size

<4 cm if 26

>4 cm 39 21 14.626  <0.001***
Fuhrman grade

G1-2 42 29

G3-4 4 18 9.7 <0.001**
Tstage

T1-2 36 20

T3-4 10 27 10.927  <0.001**
Metastasis

No 30 19

Yes 16 28 4.78 0.028*

ap-value from Chi-square test.
*0 < 0.05, ™p < 0.001 statistically significant.
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4.60E-139
3.16E-139
1.87E-141
6.12E-142

Gene

DTL
WDR43
ENCT
RNF150
PDZRN3
TRIM2
UBR4
RNF128
DTX3L
CHD3
DTX3
PDZRN4
PHF1
CHFR
RNF113A
RABGEF1
TRIM3
HERC1
PDLIM2
RNF43
PRPF19
DCUN1D5
UHRF1
HERC3
AURKA
CBX4
RFWD3
UBE2E2
UBE2T
UBE2C

Category

E3 adaptor
E3 adaptor
E3 adaptor
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity

E2

E2

E2

LogFC

2.10
1.97
3.31
-1.72
—2.29
1.65
—2.13
3.07
1.68
—1.568
—2.84
—2.40
—1.84
—1.88
1.62
—-1.92
—1.89
-1.99
-3.11
3.66
1.78
1.51
2.09
—1.95
2.92
1.98
1.83
—1.60
2.87
4.27

P-value

1.51E-144
2.88E-148
2.16E-151
4.11E-106
3.46E-109
2.24E-110
4.27E-113
7.13E-116
4.04E-116
2.23E-116
4.37E-121
1.60E-121
8.76E-123
1.61E-124
4.41E-127
7.08E-128
5.51E-128
5.24E-128
1.10E-135
1.07E-136
4.73E-138
2.59E-143
7.16E-144
9.94E-145
2.37E-146
1.54E-146
1.45E-149
1.99E-89
5.37E-144
1.28E-148

FDR

1.20E-142
6.27E-146
1.87E-148
2.00E-105
1.84E-108
1.26E-109
2.64E-112
4.89E-115
2.82E-115
1.68E-115
3.59E-120
1.33E-120
7.70E-122
1.61E-123
5.42E-126
8.94E-127
7.05E-127
6.81E-127
2.29E-134
2.44E-135
1.47E-136
1.50E-141
4.80E-142
8.66E-143
2.58E-144
2.23E-144
6.32E-147
6.14E-89
3.90E-142
3.73E-146
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