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Editorial on the Research Topic 


The Role of ncRNAs in Solid Tumors Prognosis: From Laboratory to Clinical Utility



Editorial

Today we know that non-coding RNAs (ncRNAs) represent most of the transcribed human genome and participate in relevant cellular processes. NcRNAs regulate from RNA transcription to protein translation, have important epigenetic roles or facilitate protein–protein interactions among other functions. In consequence, their dysregulation has been associated with tumor development and progression. Recently, their expression has also been detected in body fluids, opening the use of circulating ncRNAs for diagnosis and for evaluation and monitoring cancer prognosis.

The present Research Topic titled “The Role of ncRNAs in Solid Tumors’ Prognosis: From Laboratory to Clinical Utility” features 48 scientific studies (originals, meta-analysis and reviews) that display different functions that ncRNAs can make in the carcinogenesis process and how they can affect cancer treatment response and therefore, be of utility as cancer biomarkers in solid tumors. This topic includes two groups of papers: 1) articles describing mechanisms by which ncRNAs regulate cancer development and progression; and 2) articles that use both publicly available data (TCGA or GEO) or own researchers’ collected datasets to identify and validate ncRNA prognostic signatures for several cancers.

NcRNAs can be classified in two major groups according to their size; small ncRNAs and long ncRNAs (lncRNAs); the last include a very heterogeneous group that have in common that they are longer than 200 nucleotides. From the small ncRNA group, the best studied class is microRNAs (miRNAs). miRNAs are short single-stranded RNAs, transcribed as long precursors finally processed to an 18–22 nucleotide product. Although a lot of different functions have been described for miRNAs, the most relevant one is the participation in the translation process, where they inhibit in a sequence-dependent manner the mRNA translation to protein of their target mRNAs. Furthermore, their utility as cancer biomarkers in solid tumors has been extensively studied in both tumor and liquid biopsy. Several authors have addressed this issue in this Research Topic. In the next paragraphs we are summarizing the main achieved results.

Prof. Zhao and colleagues reviewed the contribution of miR-27a to solid tumor diagnosis and prognosis and discussed the possibilities to use this miRNA for therapy and drug design (Zhang J. et al.). Another review article by Xiang et al. commented on the double function (tumor suppressor or oncogene) of miR-186. They explained that while in most of the tumors miR-186 is a tumor suppressor miRNA, in endometrial and cutaneous squamous cell carcinomas it acts as an oncogene. It was discussed in the review article that a dose dependent-effect on both miRNA and its target abundance may explicate the opposing role of miR-186 depending on the tumor type. In an original study, Liu C. et al. used a different bioinformatic approach integrating miRNA targets and phenotypes to identify part of the miR-622 targetome. In silico data was used to study in breast cancer in vitro models (viability, migration, etc.) the role of miR-622. In another study, Di et al., using TCGA and GEO, identified a 9-miRNA signature including miR-29c, -92a, -101, -148a, -200a, -210, -338, -424 and -492, with diagnostic and prognostic utility for patients with colorectal cancer (CRC). They validated the signature and specifically studied the involvement in the metastatic process of miR-200a-3p using different in vitro experiments.

In relation to miRNAs involved in treatment response, Cheng and Shen identified miR-335 (downregulated) as a factor involved in radiotherapy resistance in melanoma through regulation of ROCK1. Lin et al. observed that miR-199b-5p was involved in angiogenesis regulation (antiangiogenic factor) in breast cancer by targeting ALK1 and suggested that this miRNA could be used as antiangiogenic treatment response biomarker. Gao et al.’s results indicated that by regulation of TRIM27 and related PI3K/Akt pathway, this miRNA modulates in vitro aggressiveness of hepatocellular carcinoma (HCC). Prof. Fan, using in vivo and in vitro experiments, found that miR-24-3p was involved in pancreatic ductal adenocarcinoma (PDAC) progression through LAMB3 downregulation (Huang et al.). Similarly, but in breast cancer, Prof. Wei revealed that miR-15b-5p regulating heparanase-2 (HPSE2) could be also a progression biomarker (Wu B. et al.). Prof. Lu led a research that associated serum miR-222-3p with pathological complete response, survival, and cardiotoxicity in HER2-positive breast cancer patients receiving trastuzumab-based neoadjuvant treatment (Zhang S. et al.). Prof. Edwards and his team, combining profiling and functional studies, identified key miRNAs for prostate cancer metastasis (Rao et al.). All these studies reinforced the significance and clinical utility of miRNAs in cancer.

The other articles sent to our Research Topic, specifically 29 articles, focused on the study of lncRNAs. LncRNAs are a heterogeneous class of ncRNAs since they included all ncRNAs longer than 200 nt (Gong and Jang). We have summarized the principal results by tumor type in the following lines.

Several authors have studied lncRNAs in non-small cell lung cancer (NSCLC), and different lncRNAs have been identified. TGFβ-induced lncRNA TBULC enhanced migration and invasion in vitro, and its higher levels were associated with shorter overall survival (OS) in patient samples (Zheng S. et al.). LincRNA00494 repressed proliferation by regulation of the miR-150-3p/SRCIN1 axis (Dong J. et al.).

In CRC, a combination of AP003555.2, AP006284.1, and LINC01602 was identified and validated for predicting OS (Liu Y. et al.). MIR4435-2HG was also related to OS and in vitro studies showed that the oncogenic role of this lncRNA was performed trough miR-206 sponging and, therefore by modulation of YAP1 protein levels (Dong et al.). Another lincRNA with oncogenic potential in CRC was linc00662 which performed a ceRNA function on miR-497-5p/AVL9 axis (Wang H. et al.). In a similar way, MIR570MG, by controlling miR-145 levels and consequently modulating the SMAD3 pathway, plays a role in regorafenib treatment resistance (Wei et al.). In contrast to the previous ones, MEG3 lncRNA was acting as tumor suppressor in CRC where its low levels were associated with shorter OS. MEG3 lncRNA expression was affected by vitamin D and their function was related to glycolysis in CRC (Zuo et al.).

In breast cancer, LINC00993 was identified by in vitro and in vivo studies as a tumor suppressor gene in which low levels were related to shorter OS in tri-negative breast cancer patients (Guo et al.). In contrast, MRPS30-DT lncRNA acted as oncogene by regulating Jab1/Cops5, and its high levels were associated with worse outcome (Wu B. et al.). Another oncogenic lncRNA was Linc00668 which promoted a more malignant phenotype in breast cancer cells through regulation of SND1. Moreover, their higher levels were related with treatment resistance in cell lines and with shorter disease-free survival in patient samples (Qian et al.). Lastly, DCST1-AS1 enhanced epithelial–mesenchymal transition by ANXA1 regulation and promoted in vitro treatment resistance in metastatic breast cancer cells (Tang et al.). Also in breast cancer, but in the context of the study of the antitumorigenic role of Huaier, a traditional Chinese medicine (see NCI drug dictionary for more detailed information, https://www.cancer.gov/publications/dictionaries/cancer-drug/def/huaier-extract-granule), Wang W. et al. identified a Huaier-related lncRNA, linc00339, which acting through the miR-4656/CSNK2B axis, participates in the antiproliferative effect of this drug in breast cancer cells.

In a more diverse set of tumor types, several authors identified interesting lncRNAs with potential use as diagnostic or prognostic markers. PICSAR, LINC00319, THOR, AK144841, MALAT1, LINC10148, and HOTAIR were found upregulated, while TINCR, LINC00520, and GAS5 were downregulated in cutaneous squamous cell carcinoma and correlated with several histological subtypes (Wang Y. et al.). In esophageal squamous cell carcinoma a 6-lncRNA signature associated with metabolic syndrome including AC005091.1, SNHG6, AC091544.4, DNAJB5-DT, HTT-AS, and ANKRD10-IT1, impacted prognosis in these patients (Liu Y. et al.). Another prognostic signature was identified also for HCC by Li W. et al., who performed in vitro studies with one of the lncRNAs of the signature, GACAT3, to partially validate the functional relevance of the identified signature. In PDAC, Zhou C. et al. identified and validated in two cohorts a signature of five lncRNAs: RP11-159F24.5, RP11-744N12.2, RP11-388M20.1, RP11-356C4.5, and CTC-459F4.9 as independent prognostic markers for OS. In nephroblastoma, Wang J. et al. identified lncRNAs with prognostic significance by the use of multiomic integration data, and in a similar way, but in gastric cancer Pan H. et al. identified networks of lncRNAs/miRNAs/mRNAs involved in the tumorigenesis process and focused in the in vitro validation of the ADAMTS9-AS2/miR-372/CADM2 axis.

Interestingly, most of the previously commented lcnRNA studies are related to the ceRNA function of lncRNAs, and they took advantage of public available databases, such as TCGA or GEO, to connect the experimental findings with the clinical utility of the potential lncRNA biomarkers identified.

Several authors have implemented review or meta-analysis studies to emphasize the relevant role of lncRNA in cancer. Lu et al. focused on the revision of lncRNA involved in metabolic cancer-related processes. Zhou Y. et al. described the most relevant lncRNAs associated with cancer-immunology, specifically PD-1/PD-L1 and CTLA-4 pathways, and their relevance for immunotherapy resistance. In the same context, Luo et al. emphasized the role of lncRNAs in the modulation of the immunosuppressive microenvironment and discussed the potential clinical applications of these lncRNAs in cancer treatment by immunotherapy. Peng et al. emphasized the most relevant lncRNAs related to thyroid cancer and their potential interactions with mRNAs and miRNAs. Finally, three papers performed a meta-analysis and a review to highlight the relevance of three lncRNAs in cancer patients’ survival; one focused on SOX2-OT lncRNA (Li Y. et al.), another on PANDAR lncRNA (Han et al.), and the last one focused on DANCR lncRNA (Jin et al.). The three studies highlighted that the overexpression of the three individual lncRNAs was related to advanced disease and worst patient outcome in several cancers.

Four articles focused on small nucleolar RNA (snRNA) host genes (SNHGs), a class of lncRNAs derived from the non-processing of the RNA sequences of the genes coding for snRNAs. On one hand, one article from Zimta et al. reviewed the oncogenic potential of this gene family in various cancers and highlighted their potential as viable biomarkers. On the other hand, three articles focused on the study of the oncogenic role of specific SNHGs: 1) SNHG17 was linked to carcinogenesis in prostate cancer through sponging miR-144, which regulates CD51 (Bai et al.); 2) SNHG12 modulated MDM4 and p53 pathways by acting on miR-129-5p in renal cell carcinoma (Wu Z. et al.); and 3) SNHG18 in gliomas was linked to ENO1 (Zheng R. et al.). In summary, we can state that the four studies confirmed the relevance of SNHGs, which knockdown might be considered as a new cancer therapeutic option that deserves further investigation.

A more atypical group of lncRNAs are circular RNAs (circRNAs), which are characterized by the formation of a functional circular structure, generally as a result of a backsplicing process, without the 5′ cap or 3′ poly A tail (Liu J. et al.). Their implication in the tumorigenesis process has been recently confirmed, and their potential as cancer biomarkers has been understudied to date. Some articles included in this Research Topic have been dedicated to the study of circRNAs in different tumors. Wan et al. emphasized the role of circRNAs in osteosarcoma. Wang X. et al. identified and validated in HCC, hsa_circ_0000517 as a prognostic marker by bioinformatics, qRT-PCR, and Sanger sequencing. In CRC, comparing the exosomal cargo pre- and post-surgery, Pan B. et al. observed that hsa-circ-0004771 levels become downregulated after surgery, indicating a potential role for this exosomal circRNA on diagnosis and on disease follow-up. In another study, Yu et al. performed a profile of circRNAs in pheochromocytomas and paragangliomas and observed that the ceRNA function performed by the identified circRNAs was related with the pathogenesis process by regulation of the epigenetics processes mediated by histone methylation. Finally, in neuroblastoma, the in vitro and in vivo study of Yang et al. identified the circDGKB as an oncogene involved in disease progression by regulation of miR-873 and its target GLI1.

Despite the sharp increase in lncRNA-related publications (Dai et al.), including the ones from the present Research Topic, deeper functional and structural studies are still needed to understand the principles of the emerging role of lncRNAs, which is a heterogeneous group with a great potential in cancer prognosis and therapeutics. Therefore, we still need to investigate more and more novel ncRNAs as biomarkers or targets for cancer treatment and control. Let’s go ahead with translational researches of ncRNAs for cancer!
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MicroRNAs (miRNAs) are a family of highly conserved, non-coding single-stranded RNAs transcribed as ~70 nucleotide precursors to an 18–22 nucleotide product (1). miRNAs can silence their homologous target genes at the post-transcriptional level, and these genes have been revealed to play an important role in tumorigenesis, invasion and metastasis (2). MicroRNA-27a (miR-27a), transcripted by miR-27a gene, has proved to implicate with many kinds of solid tumors, showing potential as a useful biomarker or drug target for clinical application. However, even though miR-27a has been reported in many cancers, the mechanism and signal pathways of miR-27 in oncogenesis, invasion, and metastasis are still obscure. Moreover, recent studies show that miR-27a pays an important role in epithelial-mesenchymal-transition, regulating tumor immune response, and chemoresistance. In this review, we summarize the current literature, demonstrate the established link between miR-27a and tumorigenesis, and focus on recently identified mechanisms. The review also aims to demonstrate the potential of miR-27a as a diagnostic and/or prognostic biomarker in solid tumors and to discuss the possibilities of targeted therapy and drug design.
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INTRODUCTION

Since microRNAs (miRNAs) were discovered in Caenorhabditis elegans as important non-coding (18–22 nucleotides, nt) RNA molecules, they have attracted the attention of many researchers for their multifaceted roles in controlling cancer development by regulating target genes (3–5). miRNAs show variable distribution and expression features in different kinds of solid cancer cells, showing diverse regulatory mechanisms for deep research (6). After decades of progress, hundreds of miRNAs, beginning with line-4 miRNA to let-7 miRNA to the miRNA family, were discovered, and their functions in tumor cells have been partially explained. MicroRNA-27a, transcribed by the miR-27a gene on chromosome 19p13.13, is an important member of the miRNA family. The mature miR-27a is 22 nt long and forms one strand of the RNA duplex. With the cooperation of the RNA-induced silencing complex (RISC), miR-27a can exert different regulatory functions in different kinds of cancer. miR-27a was first implicated in breast cancer, in which high miR-27a expression increased the percentage of cells in G2/M stage, resulting in an oncogenic function (7). miR-27a was also found to be upregulated in ovarian cancer cells and prostate cancer cells and showed good potential for therapeutic applications (8, 9). In recent years, because of the heterogeneity and variability of genetic expression features of many specific oncogenes or tumor suppressors in gastrointestinal cancer, miR-27a has also been studied in gastrointestinal cancer, opening a broad area for research. For example, miR-27a is upregulated in gastric adenocarcinoma, while the suppression of miR-27a can reestablish the sensitivity of tumor cells to chemotherapeutic drugs (10, 11). It has been concluded that miR-27a plays an important role in oncogenesis, cell proliferation, tumor cell metabolism, and chemotherapy resistance. In recent years, with the further recognition of tumor biogenesis, miR-27a shows novel functions in regulating the tumor immune response and epithelial-mesenchymal transition (EMT) (12, 13). With further research on miRNA exosomes, miR-27a showed good potential use in the clinical therapeutic or prognostic areas (14). However, although miR-27a has been shown to have important research value, we found that studies on miR-27a in various tumors are diverse, and studies on the mechanisms and signaling pathways of miR-27a are inadequate. Clinical studies on the use of miR-27a as a diagnostic or prognostic biomarker are also needed. In this review, we summarize the recent developments in miR-27a research, analyze the biogenesis and functional features of miR-27a, focus on the key signaling pathways affected by miR-27a in cancer cells, summarize recent clinical research on miR-27a as a biomarker or therapeutic target, and provide directions for further studies.



BIOGENESIS OF miR-27a IN SOLID TUMORS

The canonical biogenesis of a miRNA has been defined and explained by previous research (3, 15). In cancer cells, the well-regulated miRNA biogenesis pathways are dysregulated since there is a shift in gene expression and dysregulation of the key enzymes, leading to the up/downregulation of different miRNAs in cancer cells. These pathways and key enzymes, such as Drosha, exportin 5, DICER and Argonaute 2 (AGO2), are briefly described in Figure 1 (3, 15, 17–19). Studies on miR-27 have indicated that the miR-27 family is a large family and that miR-27a is one of the products of the gene loci. There are several isomiRNAs of miR-27 formed in the mature progress derived from alternative and imprecise Drosha and DICER cleavage that have different expression levels and functions. In liver cancer, miR-27a-3p has a high expression level of isomiR in normal cells, while isomiR expression is decreased significantly in tumor cells. However, this differentiation is not observed at the homologous miR-27b-3p site, indicating that isomiR-27a may have a more complicated background in tumor cells (20). As a 22-nt long mimic, it is easy for miR-27a to cooperate with other miRs. It has been revealed that miR-27 operates together with miR-23 and miR-24 in a cooperative cluster since these miRNA gene clusters are located on chromosome 19(–) (21). Therefore, some studies have focused on the function and clinical use of the miR-23a-27a-24-2 cluster instead of miR-27a, which requires further discussion. In addition, it has been proven that herpesvirus saimiri expresses several non-coding RNAs that significantly reduce the level of miR-27 in a host cell, indicating an interruption of miRNA biogenesis (22). In gastrointestinal tumors, with the variable expression level of different key enzymes, miR-27a has been discussed in specific kinds of tumors, while miR-27a has shown different expression features in gastrointestinal tumors. In esophageal tumors, DROSHA/DGCR8 is upregulated, corresponding with the upregulation of miR-27a in tumor cells (23). In gastric cancer, DROSHA and DICER are upregulated, indicating a high level of miR-27a in the cytoplasm (24). It was also reported that DGCR8 and DICER were upregulated in colorectal carcinoma (25, 26). These studies indicate that miR-27a is highly expressed in gastrointestinal tumors. However, in hepatic cancer cells, a researcher found the downregulation of DICER, which indicates a lower level of miR-27a (27). The molecular and cellular pathways controlling miRNA biogenesis remain to be further studied. In 2019, one novel study showed that melanoma differentiation-associated gene-7/interleukin-24 (mda-7/IL-24), a multifunctional cytokine, displayed broad-spectrum anticancer activity by regulating the function of DICER. This study provides a new anticancer method in which key miRNA enzymes, such as DICER, are targeted to disrupt miRNA synthesis in cancer cells (28).
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FIGURE 1. Overview of microRNA-27a biogenesis, highlighting key enzymes in miRNA biogenesis. miRNAs are produced in a tightly regulated pathway which is conserved across species. As a canonical biogenesis progress, the biogenesis of miR-27a begins with their transcription by RNA polymerase II (Pol II). Following RNA Pol II-mediated transcription, the first of two enzymatic cleavages produce pre-miRNAs. Drosha, a type III RNase, along with the cofactor DGCR8, binds to the primary miRNA (pri-miRNA) transcript. Two RNase domains that are present in Drosha mediate the cleavage of the 3′ and 5′ strands of pri-miRNAs to generate pre-miRNA (16). Next, the exportin 5–RAN•GTP complex (XPO 5) mediates the movement of pre-miRNAs from the nucleus into the cytosol. There, the RNase III Dicer combinding with TAR RNA binding protein (TRBP) binds to the pre-miRNAs and cleaves the terminal loop, producing a miRNA duplex. Then, incorporated into the RNA-induced silencing complex (RISC), miRNA duplex is processed by the argonaute (AGO) family of proteins to get the matured single-strand miRNA. For the function of miR-27a, on the one hand, the main function of the miRNA is that binding to selected mRNA to form a slienced mRNA duplex. On the other hand, miR-27a can form exosomes to release in to bloodstream. It is reported that miR-27a can regulate the immune system by affecting dentritic cells and macrophages. It is also reported that the exosomal miR-27a can regulate the EMT of cancer cells. Furthermore, the exosomal miR-27a in the bloodstream gives us new method of early diagnosis of cancers.



In recent years, the distribution of miRNAs in the serum or intracellular space, including exosomes, has attracted great attention from researchers as an important feature of miRNA biogenesis because miRNAs can be used as predictive or prognostic biomarkers. Regarding miR-27a, there have been several studies on the relationship between the serum level of miR-27a and patient prognosis. miR-27a has been proven to be a predictive or prognostic biomarker in gastrointestinal tumors in recent years since miR-27a can be secreted by exosomes from cells into serum circulation in gastric cancer. It has also been reported that circulating exosomal miR-27a can be used as a novel diagnostic and prognostic biomarker in colorectal cancer and hepatitis C virus-associated hepatocellular carcinoma (HCC) (29–33). In pancreatic cancer, although there was no specific finding on exosomal miR-27a, there was an increase in miR-23 exosomes, which can be used as a biomarker (14, 34, 35). Considering the miR-23-27-242 cluster, the miR-27a exosome might be a possible research direction in pancreatic adenocarcinoma. Further functions of exosomal miR-27a, such as the regulation of cancer-associated fibroblasts, will be reviewed in the following chapter.



ROLES OF miR-27a IN REGULATING SIGNALING PATHWAYS


miR-27a in Regulating AKT Signaling Pathways

microRNA-27a is involved in mechanisms related to proliferation and growth signaling pathways (18). miR-27a promotes cancer cell proliferation by repressing the expression of prohibitin, which can block E2F to interrupt the AKT or tyrosine signaling pathways (10, 11, 36). Furthermore, it has been reported that the pleckstrin homology (PH) domain and leucine-rich repeat protein phosphatase 2 (PHLPP2) are new targets of miR-27a. The miR-27a could induce suppression of PHLPP2, leading to stimulation of the AKT/GSK3β pathway (37). FOXO1 is an important transcription factor downregulated by AKT directly, while adipose tissue-secreted miR-27a promotes liver cancer by downregulating FOXO1 (38). PI3K is a novel target of miR-27a. By activating the PI3K/AKT signaling pathway, the phosphorylated survival protein AKT is strongly expressed. The upregulation of miR-27a targets PI3K, initiating apoptosis (39). Bcl-2, a key target in the PI3K/AKT and JNK pathways, is a direct target of miR-27a, and overexpression of Bcl-2 attenuates the promotion of cell damage by miR-27a (40). In addition, down-regulation of miR-27a significantly reduced the expression of cyclin D1 transcriptional activity and up-regulated the expression of p21 downstream of GSK3β (11). This evidence indicates that miR-27a regulates proliferation and growth by interacting with the AKT pathway.



miR-27a Regulates the Wnt/β-catenin Signaling Pathway

Recent studies have shown that miR-27a can directly target secreted frizzled-related protein (SFRP), a regulator of tumor suppressor proteins and Wnt signaling pathway. miR-27a is overexpressed in cancer cell lines (MGC803, BT-20, MCF-7, T-47D, and MDA-MB-231). When miR-27a is downregulated, SFRP1 is upregulated, and β-catenin, Wnt, pβ-catenin, and p-Wnt are significantly downregulated at the same time. In contrast, when transfected with miR-27a mimics, the proliferation, migration, and invasion of gastric cancer cells are remarkably increased, accompanied by a decrease in SFRP1 protein, indicating the inhibition of SFRPs and continuous activation of the Wnt/β-catenin signaling pathway (16, 41). Up-regulation of obesity-related miR-27a can also promote HCC metastasis by inhibiting SFRP1 (42). In another study, the authors found that miR-27a negatively regulates the expression of SFRP1 mRNA. HCT-116 cells transfected with miR-27a mimics show increased proliferation and invasion of colon cancer cells, while the expression of pβ-catenin is remarkably downregulated (43). In addition to the SFRP family, RARalpha-mediated transcriptional inactivation of miR-27a activates the inhibition of GSR-3β by miR-27a, which leads to cancer differentiation via the Wnt/β-catenin pathway involved in GSK-3β (44). RXRalpha is a target gene of miR-27a-3p (45). Transmembrane protein 170B (TMEM170B) is also revealed as a novel functional target of miR-27a, which promotes cytoplasmic β-catenin phosphorylation, leading to inhibition of β-catenin stabilization (46). miR-27a upregulation and the activation of PPARgamma/β-catenin signaling were verified by recent research (47). Moreover, miR-27a promotes EMT through Wnt/β-catenin signaling (12, 48). Thus, the Wnt/β-catenin signaling pathway is an important target pathway for miR-27a.



miR-27a in Regulating the Ras/MEK/ERK Signaling Pathway

Another study found that two isoforms of mature miR-27a, miR-27a-5p, and miR-27-3p, have different expression levels in gastric cancer: miR-27-3p expression is significantly higher than that of miR-27a-5p. By inhibiting B cell translocation gene 2 (BTG2), miR-27-3p can upregulate the Ras/MEK/ERK pathway and c-myc levels, promoting cancer cell proliferation (49). Novel research has shown that miR-27a promotes ERK phosphorylation by downregulation of the ERK inhibitor sprouty2 (50). It has also been proven that miR-27a regulates the p38/mitogen-activated protein kinase (MAPK) signaling pathway (51). Furthermore, miR-27a directly silences the FBXW7 gene by binding to its 3′ untranslated region (UTR), thereby reducing the expression of FBXW7 in cancer cell. Silencing of FBXW7 in turn further increases the expression of KLF5 and miR-27a, leading to the dysfunction of c-myc (52, 53). Under the regulation of c-myc gene, the expression of mature miR-23a, miR-24-2 and miR-27a is promoted, thereby subsequently decreasing the expression of SPRY2 and activating p44/42 MAPK to promote cancer cell invasion (54). Taken together, these results suggest that miR-27a also has an effect on the MAPK or RAS/MEK/ERK pathway by regulating several genes.



miR-27a in Regulating the TGF-β Signaling Pathway

miR-27a promotes tumor proliferation and invasion by inhibiting TGF-β-induced cell cycle arrest. Overexpression of miR-27a can reduce SMAD2 and SMAD4 at mRNA and protein levels, which has important tumor suppressive effects in TGF-β signaling pathway (55, 56). miR-27a can also directly target the 3′-UTR of transforming growth factor β receptor I (TGF-βRI) and downregulate TGF-β signaling (57). By repressing PPARgamma, miR-27a activates TGF-β/Smad3 signaling and contributes to the changes in the expression of connective tissue growth factor (CTGF) (58). miR-27a acts as an oncogene by silencing MAP2K4, which is an important tumor suppressor inhibiting cell proliferation and migration via the JNK/p38 signaling pathway downstream of the TGF-β/TAK1 pathway (59).

We summarize four important signaling pathways that are affected by miR-27a directly or indirectly (Figure 2). Although there is overlap between the signaling pathways, we can conclude that miR-27a has extensive effects on the mainstream signaling pathways, which brings us more confidence in understanding the function of miR-27a in tumorigenesis and converting basic medical research into clinical use.
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FIGURE 2. A brief conclusion of miR-27a in regulating cell signal pathways Panel gray, miR-27a can regulate Ras/MAPK/ERK pathway to active key gene such as c-myc. JNK and P38, which pay important role as a downstream of TGF-13 signal pathway, are also involved in Ras/MAPK cascade pathway. c-myc is also plays an important role in this progress. Panel green, miR-27a can regulate AKT pathway to keep the activation of survival signal of tumor cells. Several key enzymes in AKT pathway such as PI3K, GSK3J3, and FOXO1 are reported as a direct target of miR-27a. Panel yellow, miR-27a can decrease SMAD2 and SMAD4 mRNA and protein levels to regulate TGF-I3 signal pathway. Panel blue, by depressing TMEM170B and SFRP1, miR-27a leads to aberrant activation of Wnt/J3-catenin pathway to promote the proliferation and survival of cancer cells.






miR-27a IN PROMOTING TUMORIGENESIS


miR-27a Has Different Functions in the EMT of Different Solid Tumors

EMT is an important aspect of metastasis that enables cells to migrate and populate secondary sites, and microRNAs play an important role in the EMT of tumors (60, 61). In solid tumors, such as breast cancer, gastrointestinal cancer, and ovarian cancer, transformed cells that undergo EMT lose epithelial features and acquire mesenchymal features for invasion and migration (62). EMT is performed by the so-called EMT-activated transcription factor (EMT-TF), mainly the SNAIL1, TWIST, and ZEB families (63). A recent study showed that EMT-TF can be dynamically degraded by the atypical ubiquitin E3 ligase complex Skp1-Pam-Fbxo45 (SPFFbxo45) via the ubiquitin-proteasome system (UPS). Fbxo45 recognizes EMT-TF by Zeb2 through its SPRY domain is a key step in this process, while miR-27a can directly down-regulate the expression of Fbxo45, preventing EMT-TF degradation and ensuring EMT (64). Several key signaling pathways that are highly regulated by miR-27a as mentioned before, such as the Wnt/β-catenin pathway and GSK3β, have been proven to participate in the regulation of EMT (43, 45, 48, 65). In a novel study, the mRNA expression level of miR-27a, which activates the Wnt/β-catenin signaling pathway through the inhibition of FOXO1, was significantly higher in ovarian cancer tissues and in in vitro ovarian cancer cell lines (12).

Moreover, another novel study found that AP-2β, an important transcription factor and a tumor suppressor, is inhibited by miR-27a in HCC. AP-2β modulates the levels of EMT markers through Slug and Snail. miR-27a reverses the tumor suppressive role of AP-2β by binding to the AP-2β 3′-UTR (66). Thus, a miR-27a/AP-2β/Slug/EMT regulatory axis may be a potential target for evaluating treatment and prognosis (66). miR-27a also shows heterogenic functions in different types of cells. In HCC, miR-27a-3p downregulation contributes to a higher level of Twist-1 and Bcl-2 expression, causing vasculogenic mimicry and metastasis by downregulating VE-cadherin expression, indicating the inhibition of EMT and early metastasis (67–69). miR-27a-3p may also have an antitumor function in the development of HCC by targeting dual specificity phosphatase 16 (DUSP16) to decrease the viability and migration of tumor cells (70). F-box and WD repeat domain containing 7 (FBXW7), which notably suppresses EMT and migratory activity, is a downstream target gene of miR-27a. miR-27a can inhibit FBXW7, leading to the dysregulation of downstream genes and the activation of EMT (71).



miR-27a Plays an Important Role in Regulating Cancer Stem Cells (CSCs) and the Tumor Microenvironment (TME)

In recent years, the functions and regulatory mechanisms of CSCs have attracted considerable attention. There is some evidence that CSCs are dynamic in many cancer types, while EMT-TFs, such as TWIST1 and ZEB1, play an important role in regulating CSC properties (72–74). The interconversion of CSCs and non-CSCs was also considered as a relatively common phenomenon (75). Recent studies have shown that, suggesting that the tumor endothelium may be derived from CSC (76). In breast cancer stem-like cells (BCSLCs), up-regulation of miR-27a and promotion of angiogenesis were observed after treatment of BCSLC with vascular endothelial growth factor (VEGF) (77). In a non-small cell lung cancer (NSCLC) stem-like cell line (H1650 CD133(+) CD34(–) cells), researchers have found that miR-27a has higher expression in H1650 CSCs and regulates cancer development in H1650 cells (78). In contrast, another study showed that the downregulation of miR-27a enhances the stem-like properties of small cell lung cancer (SCLC) cells in vitro (79).

The TME is described as a combination of the stroma, extracellular matrix elements, and immune cells that have an important role in cancer invasion, migration, and metastasis (80, 81). Carcinoma-associated fibroblasts (CAFs) are a highly enriched cell population in the TME that plays an important role in cancer invasion (82). A novel study showed that exosomal miR-27a in gastric cancer can induce the transformation of fibroblasts into CAFs. Moreover, CAFs overexpressing miR-27a could increase the malignant behavior of gastric cancer cells (29). Several studies have shown that miR-27a is overexpressed in liver stellate cells, influencing fat accumulation and cell proliferation, leading to hepatic fibrosis (83). It was also proven that miR-27a can induce liver fibrosis and be used as a diagnostic biomarker in advanced liver fibrosis and cirrhosis with hepatitis viruses B and C (84).

miR-27a also regulates the immune system to avoid the immune destruction of cancer cells. First, miR-27a can regulate T cell immunity. By accumulating TGF-β, miR-27a is upregulated and then activates the downstream NF-kappaB and MAPK pathways that influence the production of proinflammatory cytokines, leading to the decreased dendritic cell-mediated differentiation of Th1 and Th17 cells, which are important in the tumor immune response (13). Likewise, TGF-β upregulates the expression of the cluster in CD8(+) T cells (85). Second, miR-27a regulates macrophages to promote cancer progression. For example, the miR-23a/27a/24-2 cluster is significantly decreased in the tumor-associated macrophages (TAMs) of breast cancer patients while macrophages overexpressing the miR-23a/27a/24-2 cluster inhibit tumor growth (86). miR-27a also regulates the inflammatory response of macrophages by targeting IL-10 (87). In addition, the miR-23a/27a/24-2 microRNA cluster inhibits B cell development, which indicates a suppression in B cell immunity (88). Taken together, these and other studies suggest that miR-27 plays an important role in regulating CSCs, activating CAFs, and suppressing the immune system to avoid the immune destruction of cancer cells.



miR-27a and Therapy Resistance

Chemoresistance is frequently observed in most cancers, such as lung cancer and gastric cancer (89, 90). miR-27a has been reported to be associated with chemotherapy resistance in several cancers, while the mechanism of miR-27a in chemoresistance, despite several years of research, remains unclear (91). Multidrug resistance gene-1 (MDR1) is a well-studied gene in chemoresistance. The expression levels of MDR1 mRNA and P-glycoprotein (P-GP) and homeodomain-interacting protein kinase-2 (HIPK2) proteins are upregulated after upregulating the miR-27a level in cancer cells, while the sensitivity to paclitaxel is decreased in cancer cells transfected with miR-27a mimics (8, 92). It was also confirmed that the increase in FZD7 by miR-27a promotes the expression of MDR1/P-GP and β-catenin, leading to chemotherapy resistance (93). In gastric cancer, the downregulation of miR-27a concomitant with higher levels of MDR1, HIF1A, and HIPK2 genes indicates chemoresistance (94). In addition, researchers found increased expression of miR-27a in tumor tissues sampled from lung adenocarcinoma patients treated with cisplatin-based chemotherapy, which correlates with low RKIP expression, leading to resistance to cisplatin and a poor prognosis (95). miR-27a also weakens the effect of cisplatin by targeting RKIP in liver cancer cells (96).

One recent study found that a high level of microRNA-27a induces resistance to TNF-related apoptosis-inducing ligand (TRAIL), while the knockdown of microRNA-27a resensitizes colorectal CSCs to TRAIL-induced cell death (97). miR-27a also induces chemoresistance to tamoxifen in human breast cancer cell lines (98). A novel study found that cells show decreased expression of ERalpha and miR-27a. The overexpression of miR-27a increases the level of ERalpha, increasing the sensitivity of tamoxifen-resistant cancer cells to selective estrogen receptor modulator treatments and resensitizing the cells to tamoxifen (99).

In addition to targeting CDC-27, miR-27a and its downregulation also confer increased radioresistance in triple-negative breast cancer (TNBC) cells (100). As mentioned before, the miR-27a-induced transformation of cancer-associated fibroblasts will decrease drug transportation and efficacy by the TME (101).




miR-27a IN CLINICAL APPLICATIONS


miR-27a as a Biomarker

Since miR-27a is closely related to oncogenesis, many studies have been eager to translate it into clinical applications as a biomarker to help with diagnosis and treatment. miR-27a, specifically exosome miR-27a, has been used as a biomarker for diagnostic and prognostic applications in several solid tumors such as gastric cancer, colorectal cancer, and breast cancer (Table 1).



Table 1. Diagnostic or prognostic value of miR-27a in different cancers.
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miR-27a as a Biomarker in the Diagnosis and Prognosis of Gastric Cancer

In gastric cancer, there are several studies showing that miR-27a can be a good candidate as a biomarker for diagnosis and prognosis (30, 103, 105, 110, 111). From 164 gastric cancer patients and 127 normal people, miR-27a was identified to have a markedly higher confidence interval (0.879) than those of carcinoembryonic antigen (CEA) (0.503) and carbohydrate antigen 19-9 (CA19-9) (0.600), indicating that miR-27a can serve as a biomarker for gastric cancer diagnosis (102). In a recent study, the miR-27a expression levels were found to be significantly higher in patients with gastric cancer compared to the validation plasma cohort (30). Moreover, the serum miR-27a level could be a predictive marker for lymph node metastasis in gastric cancer (103). miR-27a can also be a prognostic biomarker in gastric cancer, and the significantly upregulated expression of miR-27a highly correlates with a poor prognosis in gastric cancer patients (112). Exosomal miR-27a can be a predictor of the tumor response to treatment or chemotherapy resistance. In a novel study, the serum level of exosomal miR-27a was detected in 74 gastric cancer patients who received neoadjuvant chemotherapy by qRT-PCR, and the expression of miR-27a in the serum of gastric cancer patients decreased significantly after neoadjuvant chemotherapy. Gastric cancer patients who had a higher level of miR-27a tended to have tumor invasion and migration, indicating poor efficacy and prognosis after neoadjuvant chemotherapy (110). In another study, patients with upregulated miR-27a expression had significantly worse overall survival (OS) than patients with lower miR-27a expression (P = 0.024), while a higher miR-27a expression level indicated resistance to fluoropyrimidine-based chemotherapy (105).

miR-27a as a Biomarker in the Diagnosis and Prognosis of Colorectal Cancer

In colorectal cancer, recent studies have shown good potential for miR-27a as a biomarker for diagnosis and prognosis. Serum samples from 427 colon cancer patients and 276 healthy donors were included in a recent study. The results showed that miR-27a-3p has a sensitivity of 89% and a specificity of 81% in distinguishing colon cancer patients from healthy donors, indicating circulating microRNAs as a highly sensitive, non-invasive early detection method for colorectal cancer (106). Another study in 2018, which included 369 peripheral blood samples, also showed that exosomal miR-27a in the plasma may act as a non-invasive biomarker for early diagnosis. More importantly, this research provided the first evidence that patients with colorectal cancer with high circulating exosomal miR-27a expression had a poor prognosis, which made up for the previous research gap (32).

miR-27a as a Biomarker in Other Solid Cancers

Similar to gastric cancer and colorectal cancer, miR-27 shows wide potential for clinical applications in many solid cancers. miR-27a has been well studied in breast cancer as a biomarker for diagnosis and prognosis for breast cancer or TNBC (107, 113–115). The role of miRNAs in resistance to treatment for breast cancer is also one of the core issues discussed at present (116). miR-27a also shows potential in the diagnosis/prognosis of prostate cancer and the identification of metastasis after radical prostatectomy (108, 117). In HCC, compared to that of a single AFP marker, the combination of miR-125b/miR-27a/AFP had a higher sensitivity and specificity for the diagnosis of early-stage HCC (109). Several studies have suggested the potential use of serum miR-27a as a biomarker for HCC diagnosis; however, further studies are needed (33, 118). In conclusion, miR-27a has broad prospects in clinical applications as a biomarker for early diagnosis, prognosis, tumor stage, and the evaluation of chemotherapy efficacy or metastasis.



miR-27a as a Potential Target for Drug Design

Although many basic studies have revealed that miR-27a may be a promising drug design target, few drugs that target miR-27 have been developed and examined in clinical trials. In 2011, one study found that ethyl 2-((2,3-bis(nitrooxy)propyl) disulfanyl)benzoate, known as GT-094, a nitric oxide-releasing non-steroidal anti-inflammatory drug (NO-NSAID), decreased Sp1, Sp3, and Sp4 expression in colon cancer cells by downregulating miR-27a and inducing ZBTB10, revealing an anticancer function of this compound (119). Moreover, by downregulating miR-27a expression, curcumin and boswellic acid can induce chemoprevention in colon cancer, which provides new ideas for cancer prevention (120). Arsenic trioxide, a widely used anticancer drug in leukemia, was found to suppress cell growth and migration via the inhibition of miR-27a in breast cancer cells, providing a novel antitumor mechanism in miR-27a for the treatment of breast cancer (121). In addition, one novel study showed that liraglutide inhibited the proliferation and promoted the apoptosis of MCF-7 breast cancer cell lines through the downregulation of microRNA-27a expression (122). These studies provide a new method of drug design and a novel use of traditional drugs.




DISCUSSION

With an in-depth understanding of cancer, several studies on the mechanism of tumorigenesis have been revealed. miRNAs, as important components that regulate the progression, invasion, and metastasis of cancer cells, should not be disregarded for their remarkable applications in the diagnosis and prognosis of cancer. We conclude that miR-27a plays an important role in oncogenesis, cell proliferation, tumor cell metabolism, and chemotherapy resistance. miR-27a also shows novel functions in regulating the tumor immune response, CAFs, and EMT. Previous studies on these basic medical mechanisms of miR-27 have been reviewed (123, 124). In this review, especially, we analyzed the recent application of miR-27a in several solid tumors, such as gastric cancer, breast cancer, and colorectal cancer, as a biomarker for diagnostic and prognostic applications. However, there is still much work to do in the future on the other solid tumors such as lung cancer and pancreatic cancer, which have insufficient evidence in clinical diagnostic and prognostic applications of miR-27a. We found that there's little research of miR-27a in clinical study on pancreatic cancer or lung cancer while there's a possibility of linkage cause miR-27a has a profound influence in signaling pathways of these cancers. Further research directions could be toward these areas. What's more, though increasing the effectiveness of diagnosis and/or prognosis, the shortcoming of miR-27a still exists. Limited by the popularity of instrumentation and experimental technology, we failed to find the current clinical trials based on miR-27a as a biomarker compared to traditional biomarkers such as carbohydrate antigen. MicroRNA also has a significant heterogeneity of expression level, leading to more obstacle in clinical using, for example, hypoxia can infect the expression level of microRNA in different parts of the tumor, leading to a different examine result, which may bring difficulties in diagnosis (18, 125, 126). In reality, biopsy samples tend to probe one specific area and do not provide more details into the dynamics of miRNA expression in solid tumors, which brings further problems in the application. Nevertheless, using microRNAs as a therapeutic or diagnostic method has progressed from bench to bedside, with some successful phase I and/or phase II trials in cancer (NCT01829971, NCT02369198). Furthermore, more economical and effective methods of microRNA capture give us precise identification of the miRNA targetsome such as miR-CLIP seq. The mature database of microRNA brings us convenience in researching the potential pathways. We are looking forward to more clinical trials of miR-27a put into practice. We are also expecting further research on drug design based on miR-27a since there are emerging molecular closing related to miR-27a expression come out.
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Alterations and personal variations of RNA interactions have been mechanistically coupled with disease etiology and phenotypical variations. RNA biomarkers, RNA mimics, and RNA antagonists have been developed for diagnostic, prognostic, and therapeutic uses. Long non-coding RNAs (lncRNAs) and microRNAs (miRNAs) are two major types of RNA molecules with regulatory roles, deregulation of which has been implicated in the initiation and progression of many human malignancies. Accumulating evidence indicated the clinical roles of regulatory RNAs in cancer control, stimulating a surge in exploring the functionalities of regulatory RNAs for improved understanding on disease pathogenesis and management. In this review, we highlight the critical roles of lncRNAs and miRNAs played in tumorigenesis, scrutinize their potential functionalities as diagnostic/prognostic biomarkers and/or therapeutic targets in clinics, outline opportunities that ncRNAs may bring to complement current clinical practice for improved cancer management and identify challenges faced by translating frontier knowledge on non-coding RNAs (ncRNAs) to bedside clinics as well as possible solutions.
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INTRODUCTION

Non-coding RNAs (ncRNAs) are RNA molecules with no protein translation potential. The conception that ncRNAs are “junk RNAs” of the transcriptome has been subverted by the fact that an essential part of the genome is transcribed into RNAs without protein products, with the rapid development of high-throughput technologies (1, 2). NcRNAs can be classified as housekeeping ncRNAs for the maintenance of normal cell functionalities, and regulatory ncRNAs. House keeping ncRNAs include, e.g., snoRNAs (small nucleolar RNAs), snRNAs (small nuclear RNAs), gRNA (guide RNAs), RNaseP RNAs that take part in processing transcriptional products, and tRNAs (transfer RNAs), rRNAs (ribosome RNAs), and tmRNAs (transfer messenger RNAs) that are involved in protein translation, as well as telomere related RNAs and SRP RNAs (signal recognition particle RNAs). A diverse reservoir of ncRNAs with regulatory roles on gene expression or cellular events has been revealed including, e.g., long ncRNAs (lncRNAs), microRNAs (miRNAs), piwi interaction RNAs (piRNAs), and circular RNAs (circRNAs). This review focuses on regulatory ncRNAs, whose indispensible roles on maintaining the special-temporal architecture of transcriptional and translational programs under healthy and malignant states have been gaining incremental attentions.

NcRNAs modulate gene expression through various mechanistic programs. NcRNA-mediated gene silencing constitutes one important type of epigenetic alterations and has been implicated in several human carcinogenesis (3). An increasing number of studies have uncovered associations between ncRNAs and cancer predisposition or status during the past decade (4), opening a new paradigm for cancer control taking advantages of regulatory RNAs. Among the ever-increasing types of ncRNAs being deciphered, lncRNAs and miRNAs are the most intensively studied (5). In particular, lncRNAs, frequently found deregulated in various types of cancers, represent a novel goldmine for biomarker discovery as well as therapeutic applications (6–9); miRNAs have been subsequently identified dysregulated in almost all types of cancers and proposed for diagnosis and therapeutics ever since the discovery of the loss-of-function phenotypes conveyed by the miRNA let-7 (10). For instance, lncRNA LINC00261 was reported to suppress cell proliferation and invasion in human choriocarcinoma (11), and miR-21 was implicated as an oncogenic factor regulating cancer cell proliferation, migration and apoptosis in many diseases including cancers (12, 13).

This review will critically assess the features and functionalities of ncRNAs with a focus on lncRNAs and miRNAs, identify their current applications and potential in cancer management including diagnostics, prognosis and therapeutics, proposes opportunities that ncRNAs may bring to complement the current diagnostic/therapeutic modalities for improved cancer control, and discuss challenges faced by bringing ncRNAs from academic frontier to the bedside in clinics as well as the potential solutions (Figure 1).
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FIGURE 1. Conceptual scheme illustrating the features and functionalities of regulatory ncRNAs as well as opportunities and challenges they bring to clinics. (A) Functionalities of ncRNAs enable them with clinical potential and bring novel opportunities to clinics. Regulatory ncRNAs can function in chromatin remodeling, post-transcriptional regulation and transcriptional regulation. Based on these functionalities, experimental tools such as the CRISPR technique has been established to avail both research and clinics; besides, ncRNAs can capture dynamic subtle cellular changes pathological stimuli that are difficult to be precisely monitored using DNAs or proteins, and targeting miRNAs can effectively regulate many downstream target genes which is difficult to achieve using conventional strategies. (B) Several features of ncRNAs make clinical translation of ncRNAs challenging. NcRNAs are featured by promoting disease in one tissue but being protective in another, therefore, enabling tissue-specific drug delivery is of crucial importance when targeting ncRNAs in clinics. NcRNAs may be subjected to chronic loss-of-function adaptation, leading to inconsistencies observed between short-term inhibition and genetic deletion in some cases, and how to prevent drug efficacy decline with time imposes another big challenge. LncRNAs take advantages of both sequence matching and secondary and/or tertiary structures to take actions, and miRNAs can regulate multiple targets simultaneously, rendering it more important and complicated to prevent off-target effect. Oligonucleotide sequence may be toxic, which makes the safety issue more significant on drug delivery.





LONG NON-CODING RNAS


Features of lncRNAs

LncRNAs are, in general, >200 nts, and vary from 1,000 to 10,000 nts, some of which are upto 1,00,000 nts in length (14, 15). LncRNAs were firstly recognized in mice when people were attempting to sequence the full-length cDNAs (16). Ever since 2007 when HOTAIR, a 2.2 kilobase functional lncRNA, was identified to participate in several processes of epigenetic regulations (17), the mystery on the existence and prevalence of lncRNA that constitute genome redundancy was revealed, and a new regime of exploring the regulatory roles of lncRNAs was opened. With the development of transcriptomics, lots of lncRNAs were identified in the past decade as important functional products of the genome (15).

LncRNAs are highly diverse, with little shared feature regarding the localization, structure, mechanistics or mode of action across the entire mammalian lncRNA regime. However, lncRNAs are featured by low GC content, lack of introns and start codons (18). While some lncRNAs perfectly match Watson-Crick base-pairing, some employ imperfect pairing, and Watson-Crick and non-Watson-Crick base pairs are interspersed (14). These sequence traits enable them with some biological features such as nucleus positioning and low transcription activity (19). The secondary and tertiary structures of lncRNA play vital roles for them to take on any action modes such as protein recognition, catalysis and metabolite sensing (14, 20), where UV crosslinking and computational modeling have been used to characterize their functionalities in the 3D space (21–23).

Diverse approaches have been established to classify lncRNAs according to different features. LncRNAs can be categorized into 5 classes, i.e., sense lncRNA, antisense lncRNA, intronic lncRNA, intergenic lncRNA, and bidirectional lncRNA, based on their genomic locations and relative positions to protein-coding genes. Sense and antisense lncRNAs are, by their names, transcribed from the sense and antisense strand, respectively; while intronic lncRNAs are lncRNAs entirely transcribed from the introns of protein-coding genes, intergenic lncRNAs are transcribed within genomic intervals of neighboring protein-coding genes; lncRNAs are considered bidirectional if they were transcribed concomitantly with an adjacent protein-coding gene on the same strand (24). Based on the functionalities of lncRNAs exerted on DNA sequences, they can be categorized into cis- and trans-lncRNAs. While cis-lncRNAs regulate the expression of neighboring genes, trans-lncRNAs modulate those of the remote genes (25). Headway will be made toward more comprehensive understandings on the functionalities and mechanisms of lncRNAs with the advancement of high-throughput technologies that, ultimately, lead to more reasonable classifications of lncRNAs.



Functionalities of lncRNAs

Large number of lncRNAs have been recognized with the rapid advancement of experimental and computational technologies, with a small fraction of them being functionally annotated and even fewer been proved with in vivo functionalities. Through forming a RNA:DNA:DNA triplex, RNA:DNA hybrid (R-loop), RNA:RNA hybrid with a nascent transcript, or binding to a sequence-specific DNA binding protein, lncRNAs can function as decoys, scaffolds, and guides to interfere with and participate in various transcriptional and post-transcriptional programs (15, 26–28) (Figure 2). Functioning as decoys that block the access of other regulatory RNAs or proteins to the targeted DNA is the firstly identified mechanism of lncRNAs. For example, lncRNA AK015322 functions as a decoy for miR-19b-3p to promote the proliferation of spermatogonial stem cells C18-4 (29); and lncRNA Gas releases the glucocorticoid receptor from DNA as a decoy to prevent transcription of metabolic genes under starvation conditions (30) (Table 1). LncRNAs can also serve as scaffolds to bring regulatory elements including proteins and RNAs together for collaborative functionalities including gene expression enhancement. For instance, lncRNA GClnc1 rewires the histone modification pattern that ultimately contributes to gastric carcinogenesis through performing as a modular scaffold of the WDR5/KAT2A complex (58); the lncRNA KHPS1 re-activates a poised enhancer of the proto-oncogene SPHK1 via RNA-DNA-DNA triplex-dependent recruitment of epigenomic regulators E2F1 and p300 (59); and the lncRNA Evf2 spatially organizes distant genes and functions as an enhancer in the developing forebrain (60) (Table 1). Last but not least is the “guide” role played by lncRNAs, with a classical example being HOTAIR that guides PRC2 in regulating the expression of a plethora of developmental and cancer-related genes (36), and another example being lncRNA-21 that reroutes the nuclear factor hnRNP-K to specific promoters (61) (Table 1).


[image: image]

FIGURE 2. Models of lncRNA mechanisms of action. (A) Decoy. LncRNA can act as decoys that titrate away DNA-binding proteins such as transcription factors or regulatory RNAs such as miRNAs. (B) Scaffold. LncRNAs may act as scaffolds to bring two or more proteins into a complex or spatial proximity which, if through chromosome looping, can function as an enhancer. (C) Guide. LncRNAs may act as guides to recruit proteins such as chromatin modification enzymes to DNA.





Table 1. Functionalities and mechanisms of example lncRNAs and miRNAs as biomarkers or therapeutic cancer targets.
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Transcriptional Regulation

LncRNAs can regulate gene transcription via chromatin remodeling (Figure 3) through confining chromatin remodeling complexes to particular genomic regions via interactions between lncRNAs and histone methyltransferase PRC2 (polycomb repressive complex 2) (15, 26, 70). For example, the lncRNA HOTAIR induces H3K27me3 through direct interactions with EZH2 (the catalytic subunit of PRC2) that, ultimately, suppresses HOXD expression (71, 72). Another example is how lncRNA Xist regulates X chromosome dosage compensation in mammals, where Xist expressed from one X chromosome localizes PRC2 and H3K27me3 to the inactive X chromosome in female cells through physically interacting with PRC2 via RepA; and this results in altered chromatin structure of the entire inactive X chromosome and restored expression of genes located on this chromosome that were previously transcriptionally silenced (46). Besides, lncRNAs can utilize DNA methyltransferases to modify chromatin conformation (73–75). For instance, antisense lncRNAs such as PTENpg1 was shown to interact with a 5′UTR-containing promoter-spanning transcript followed by recruitment of DNA methylatransferase 3A (DNMT3a) to epigenetically control the transcription of the PTEN pseudogene (42) (Table 1).
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FIGURE 3. Conceptual scheme illustrating the primary functionalities of lncRNAs. (A) LncRNA-mediated transcriptional regulation can function through chromatin remodeling (via interaction with histone methyltransferase or DNA methyltransferase) and transcription interfering (via being transcribed within adjacent gene promoters or distal enhancers). Examples are given as below. During interactions with histone methyltransferases, lncRNA H19 binds to the methyl-CpG-binding protein MBD1 to control gene expression by recruiting a histone lysine methyltransferase (KMT) (62); lncRNA HOTAIR interacts with the histone methyltransferase Ezh2, a key component of the PRC2 complex, to mediate chromatin-dependent gene regulation, and also interacts with Jarid2, a PRC2-associated factor, to promote the targeting of PRC2 to chromatin (63). During interactions with DNA methyltransferase, lncRNA ecCEBPA interacts with the DNA methyltransferase DNMT1 to block DNA methylation and control gene expression (64). When being transcribed within adjacent gene promoters, lncRNAs affect the expression of neighboring genes directly via local effect or indirectly via downstream effect (65). When being transcribed within distal enhancers, lncRNA SRA interacts with transcription factor CTCF and its associated DEAD-box RNA helicase p68 to form a complex that is essential for insulator function (66); lncRNA THRIL binds to hnRNPL, a component of hnRNP complexes, and the THRIL-hnRNPL complex regulates transcription by binding to target gene promoters (67). (B) LncRNAs can regulate post-transcription via regulating miRNAs or mRNAs. LncRNAs can modulate mRNA splicing, mRNA turnover and mRNA translation at the post-transcriptional level. LncRNA MALAT1 competes for binding for splicing regulatory proteins SR to assist in pre-mRNA splicing (40); lncRNA Bace1-AS forms a hybrid with Bace1 mRNA to prevent its decay (68), and lncRNAs such as BC058830, AF075069, BC009800 promotes the decay of Alu-containing mRNAs (31); lincRNA-p21 interacts with partially complementary mRNAs of Junb and Ctnnb and suppress their translation via recruiting translation repressors Rck and Fmrp (39), and Uchl1-AS interacts with Uchl1 mRNA via a SINEB2 sequence and a segment fully complementary with the 5′ end of the mRNA to recruit ribosomes and activate Uchl1 mRNA translation (45). LncRNAs can function as a sponge or reservoir of mRNAs during post-transcriptional modulation. LncRNA CCAT1 could function as a molecular sponge of let-7 and to reduce its suppression on the endogenous targets Hmga2 and c-Myc in hepatocellular carcinoma (69); increased lncRNA H19 is associated with decreased Igf1R mRNA expression, as miR-675 that targets Igf1R is embedded in the first exon of H19 (37).



LncRNAs can regulate gene expression by interfering with the transcription of regulatory elements such as enhancers and promoters (76, 77) (Figure 3). Some lncRNAs are transcribed within adjacent gene promoters, and thus capable of modifying relevant gene expression through interfering the binding of transcription factors. For instance, the lncRNA SRG1 is transcribed across SER3 promoter, and SER3 expression is considerably reduced on SRG1 transcription (44) (Table 1). LncRNA can be transcribed within distal enhancers that can modulate the expression of neighboring genes through recruiting transcription factors to these loci (78, 79). Transcription factors are sensitive regulators of gene expression, deregulation of which at either transcriptional or translational levels may lead to life-threatening diseases including cancers. LncRNAs are spatially associated with TFs in the genome, and can regulate gene expression by interacting with TFs, with a recent example on the identified regulatory loop between FOXA2 (a transcription factor) and Falcor (a lncRNA) being reported. Specifically, the lncRNA Falcor represses the expression of TF FOXA2 through binding to its promoter that, in turn, regulates Falcor expression; and disruption of this Falcor-FOXA2 regulatory loop may lead to altered cell adhesion and migration that, ultimately, results in goblet cell metaplasia (34) (Table 1).

Post-transcriptional Regulation

LncRNAs can modulate multiple processes in the post-transcriptional modification of messenger RNAs (mRNAs), including pre-mRNA splicing, mRNA turnover and mRNA translation, through recognizing the complementary sequences (Figure 3). For instance, lncRNA MALAT1 competes for the binding with splicing regulatory proteins SR to assist in pre-mRNA splicing (40); lncRNA Bace1-AS forms a hybrid with Bace1 mRNA to prevent its decay (32), and lncRNAs such as BC058830, AF075069, BC009800 promote the decay of Alu-containing mRNAs (31); lincRNA-p21 interacts with partially complementary mRNAs of Junb and Ctnnb and suppresses their translation via recruiting translation repressors Rck and Fmrp (39), and Uchl1-AS recruits ribosomes and activates Uchl1 mRNA translation through short interspersed nuclear element B2 (SINEB2)-mediated interactions with Uchl1 mRNA (45) (Table 1).

Some lncRNAs act as competing endogenous RNAs (ceRNAs) capable of sponging miRNAs to reduce their suppressive effects on targeted genes (80), which is common in tumorigenesis (Figure 3). For instance, the lncRNA CCAT1 could elevate the expression of target genes Hmga2 and c-Myc in hepatocellular carcinoma via sponging their negative regulator let-7 (33); the lncRNA NEAT1 represses glioma progression and reduces its malignancy through sponging miR-107 and inhibiting CDK14 (41); the lncRNA SPRY4-IT1 promotes EMT of cervical cancer by sponging miR-101-3p (43); and the lncRNA FER1L4 functions as a sponge of miR-372 that targets E2F1 to regulate cell cycle progression in glioma cells (35) (Table 1). Also, lncRNAs can act as the reservoir of miRNAs that ultimately leads to gene repression via giving rise to miRNAs (Figure 3). For example, increased lncRNA H19 is associated with decreased Igf1R mRNA expression, as miR-675 that targets Igf1R is embedded in the first exon of H19 (37) (Table 1).




MICRO RNAS


Features of miRNAs

MiRNAs are a group of petite ncRNA molecules ranging from 16 to 27 nt in length that are efficient to adjust gene expression transcriptionally and/or translationally. MiRNAs straightly interact with partial complementary target spots positioned in the 3′ untranslated region (UTR) of the targeted gene to repress its expression. Above 60% mRNAs have miRNA binding sites in their 3′UTR regions according to computational predictions, suggesting the critical roles of miRNAs in maintaining cellular homeostasis at both healthy and diseased states. Many miRNAs regulate up to hundreds of mRNAs, implicating complicated regulatory roles of miRNA on the topology of mRNA modulation network. The expression of miRNAs is tissue-specific (81), and tightly regulated temporally and spatially (82).

Generally, mammalian miRNAs are encoded in the genome and transcribed as initial miRNA transcripts (pri-miRNAs) through RNA Polymerase II, get processed to the precursor miRNAs (pre-miRNA) that harbor a stem-loop structure through the DROSHA-DGCR8 complex, and located to the cytosol through exportin5 (XPO-5); there, pre-miRNAs are processed further into dsRNAs that are nearly 21 nt in length by RNase III enzyme DICER1 coupled with PACT or TRBP in cytoplasm; short dsRNAs are merged into RNA-induced silencing complex (RISC) through binding with an Argonaute family member; while one strand of the dsRNA is preserved in RISC, the other stand undergoes fast degradation (83). The miRNA functions through binding to the 3′ UTR of the target messenger RNA (mRNA) via sequence complementarity (84). While perfect base pair match leads to mRNA degradation, imperfect pairing results in mRNA sequestration and translation inhibition (85).

MiRNAs undergo complicated post-transcriptional alterations such as miRNA accumulation, editing, processing and re-cycling inside P-bodies during maturation (86). This complex yet well-orchestrated miRNA maturation process renders it difficult to evaluate, in real time, the spatio-temporal pattern of miRNA expression and results in a gap between the expression and function of miRNAs. Therefore, understanding the functionalities of miRNAs under physiological and pathological conditions imposes a great challenge in the field of miRNA biology. Traditional miRNA profiling approaches such as microarray, real-time PCR, Northern blot, deep sequencing and in situ hybridization, though adding to our knowledge on miRNA biology, can rarely throw light on the spatiotemporal configurations and roles played by miRNAs in situ. Increasing attention has been paid to non-invasive molecular imaging methods which may potentially resolve these aforementioned issues (87).



Functionalities of miRNAs

MiRNAs can regulate gene regulation at the post-transcriptional level via degrading targeted mRNAs or repressing protein translation, and at the transcriptional level via targeting regulatory RNAs such as lncRNAs.

Transcriptional Regulation

MiRNAs can target regulatory molecules such as lncRNAs that may affect gene expression via functioning as decoys, scaffolds, or guides; and quite often a regulatory axis involving miRNA, lncRNA and mRNA is implicated in the regulatory mechanism that drives the observed pathological consequence. For instance, miR-221/222 can inhibit tumor apoptosis in breast cancers via targeting the lncRNA GAS5 (51) (Table 1). The miR-663a targets ZBTB7A that transcriptionally suppresses lncRNA GAS5 under ER stress (56), and lncRNA GAS5 suppresses tumor cell proliferation and EMT in oral squamous cell carcinoma via regulating the miR-21/Pten axis (88) (Table 1).

Post-transcriptional Regulation

Degrading target mRNAs at the post-transcriptional level is the common mechanism adopted by miRNA in gene regulation. The functional roles of miRNA in both physiological and pathological processes by adjusting their target gene expression have been demonstrated through vast number of evidences (89–91), with recent attentions attracted to the roles played by miRNAs in cancer initiation, progression, angiogenesis, metastasis and chemoresistance (92). For example, conditional knockout of miR-31 was shown to promote the development of colitis-associated cancers (52); miR-193b exhibited a tumor suppressive role in human esophageal squamous cell cancers via targeting KRAS (48); miR-200c-3p suppressed the proliferative and invasive abilities of nephroblastoma cells via targeting FRS2 (49); miR-4286 and miR-513b each promoted cell proliferation and migration via targeting Pten and HMGB3, respectively, in non-small cell lung cancer (53, 54) (Table 1).

MiRNA can also inhibit protein translation. For instance, miR-603 promoted tumor proliferation by inhibiting the translation of BRCC2 protein in osteosarcoma (55); miR-21 repressed the translation of the tumor suppressor PDCD4 (50); and miR-92b restored the sensitivity of hepatocellular carcinoma to ionizing radiation-based radiotherapy through inhibiting the protein expression of p57kip2 (57) (Table 1).




CLINICAL IMPLICATIONS OF NON-CODING RNAS

Variations in non-coding genomic regions have been associated with cancer susceptibility (93), and a plethora of cancer risk loci were documented to be transcribed into ncRNAs that play vital roles in tumorigenesis and progression.


Diagnosis and Prognosis

LncRNAs can serve as diagnostic and prognostic biomarkers if they were highly correlated with particular cancer states. For example, the expression of lncRNA PRNCR1 was elevated in the urine samples of prostate cancer patients, rendering it a fine non-invasive indicator of prostate cancers (94). Many other lncRNAs have been associated with various malignancies such as MALAT1 in non-small-cell lung cancer and hepatoblastoma, HOTAIR in pancreatic and colorectal malignancies (95), FOXD2-AS1 in colorectal cancer (96), LSINCT5 in breast and ovarian cancers (97), PTCSC3 in papillary thyroid cancer (98), TUG1 in bladder urothelial cancer (99), and UCA1 in squamous carcinoma (38, 100, 101), suggesting their diagnostic potential. However, we are still unclear on what alterations in the primary sequence of lncRNAs mean for their functionalities, and how to predict the activities of lncRNAs through their secondary structures and the properties of its interacting disease-associated proteins (102), answers to which may advance our understandings on the working mechanisms of lncRNAs that drive their prognostic roles.

Tumors ubiquitously exhibit dysregulated miRNA expression and such profiles convey useful information for tumor classification and prognosis. MiRNAs are present in numerous body fluids including saliva, plasma, serum, and amniotic fluid (103). Thus, extracellular miRNAs are potential biomarkers for disease diagnosis. Serum miRNAs have been associated with the incidence of both solid tumors and hematologic cancers, and proposed for early detection of various malignancies (104, 105). As miRNAs are featured by having multiple targets, they are typically used in panels for cancer diagnosis/therapeutics. A serum miRNA classifier consisting of 7 miRNAs (miR-29a, miR-29c, miR-133a, miR-143, miR-145, miR-192, miR-505) has been used for hepatocellular cancer early detection in a retrospective, longitudinal, multicenter biomarker identification study (106). The miRNA7™ panel was approved by CFDA for liver cancer diagnosis in August 2017, which becomes the first ncRNA panel translated into clinics and released on the market in the world. It outweighs the traditional alpha-fetoprotein (AFP) kit in being capable of identifying AFP-negative liver cancers from just 0.2 ml blood plasma with 84% sensitivity and 88% specificity. Another classifier consisting of 6 miRNAs, i.e., miR-20a-5p, miR-21-5p, miR-103a-3p, miR-106b-5p, miR-143-5p, and miR-215, was established to classify stage II colon carcinomas into patients having high and low risks regarding disease progression, and was demonstrated as a reliable prognostic tool for disease recurrence prediction (107). A microRNA-based signature (MiROvaR) comprised of 35 miRNAs was developed to predict disease progression or early relapse of epithelial ovarian cancers from a cohort study (108). Fourteen circulating miRNAs were identified associated with docetaxel chemotherapy response among prostate cancers from a phase I discovery study (that included 97 patients) (109), out of which six (miR-132, miR-200a, miR-200b, miR-200c, miR-375, miR-429) were verified with prognostic values from the following phase II validation study (that consisted of 89 patients) (110). Besides, circulating miRNAs have been correlated with diverse cardiovascular disorders (111). It is worth noting that the origin and functions of extracellular miRNAs, though being actively investigated, are not fully characterized. Whether circulating miRNAs in mammals exhibit hormone-like actions or achieve sufficient concentrations in certain tissues to repress distal targets remains unanswered. This, once addressed, can provide useful insights to avail clinical translation of miRNAs.



Therapeutics
 
LncRNAs in Therapeutics

LncRNAs can be targeted to combat against disease progression and enrich current treatment modalities in the control cancer patient who developed resistant to traditional therapies. For example, lncRNA aHIF is an antisense RNA (aRNA) overexpressed in human renal cancer with drugging potential; LINK-A overexpression was observed in breast and lung cancer patients that had developed resistance to AKT inhibitors, providing the rational for targeting LINK-A, either alone or in combination with AKT inhibitors, in the treatment of such cancers (112).

A well-characterized function of lncRNAs is its modulatory roles on chromatin states (113). Thus, we can target aRNAs to achieve locus-specific up-regulation of a protein and its natural variants, e.g., by targeting BDNF-AS, the natural antisense transcript of BDNF, 2- to 7-folds up-regulation on BDNF expression with no visible effect on the neighboring genes was observed both in vitro and in vivo (114). To achieve this, single-stranded oligonucleotides, namely antagoNATs, can be fabricated to degrade these antisense transcripts and/or block their interactions with sense mRNAs (114) which, however, needs in vivo adaptations such as chemical modifications toward improved metabolic stabilities and minimized length for enhanced cellular uptake. The locked nucleic acids (LNA)-modified antisense oligonucleotides strategy was established accordingly. Brown et al. combined the carbamate DNA backbone analogs with the LNA (LNA-CBM) to confer enzymatic resistance and thermodynamic stability, and oligonucleotides modified with LNA-CBM exhibited increased stability in the presence of fetal bovine serum and snake venom (115).

LncRNAs can also be targeted, at least in vitro, using siRNAs if the targeted region in the antisense transcript did not directly overlap with the sense transcript. For example, through a loss-of-function RNA interference screen targeting 797 aRNAs, the functionalities of aRNAs against CCPG1 and RAPGEF3 in disrupting signalings orchestrating cell viability were revealed (116). It is worth mentioning that some aRNAs such as BACE-AS has high basal expression level and, can mask miRNA binding sites through forming duplexes with mRNAs; and siRNAs targeting these antisense transcripts will down- rather than up-regulate the targeted transcripts (117).

MiRNAs in Therapeutics

Dysregulation of miRNAs can be well-tolerated in normal tissues yet can profoundly alter cell behavior in response to pathologic stress. Thus, miRNA offers a potential tool to perturb a disease progress without creating unexpected adverse effects in normal cells. The antagoNAT that is modified with LNA through a covalent bridge connecting the 2'-oxygen and 4' carbon of the ribose moiety of the nucleotide can form strong duplexes with its target miRNAs, sequester these targeted miRNAs but do not promote their degradation. Tiny LNAs were later created to inhibit miRNA families sharing homology by targeting their seed regions (118). AntagoNATs modified with LNA can be systemically delivered by injection with little or no toxicity, with sufficient uptake and desirable therapeutic efficacy being reported in, e.g., immune, vascular and heart systems in rodents. An LNA-modified antagoNAT against miR-122 (namely SPC3649) was developed to fight against hepatitis C virus infection, where a dose-dependent prolonged viral reduction was observed after 4 weeks of treatment without observable toxicity from a human Phase II study (119). TargomiRs are minicells carrying miR-16-based mimic miRNAs targeting EGFR, which counteract recessed expression of miR-15 and miR-16 family miRNAs in malignant pleural mesothelioma by design; and a phase I, open-label, dose-escalation study assessing the safety and activity of TargomiRs was conducted in patients carrying malignant pleural mesothelioma, with positive results being reported (120) (Table 2, Supplementary Table 1).



Table 2. Example clinical trials involving miRNAs as cancer biomarkers.
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As many miRNAs appear to be beneficial rather than pathologic, the development of miRNA mimics represents another important therapeutic regime. Through encapsulating or conjugating synthetic miRNA duplexes inside/to nanoparticles such as liposome or using adeno-associated virus as the delivery vehicle, successes (recessed tumor growth without obvious toxicity to normal cells) in miRNA mimicry-based therapeutics have been achieved in many tumor animal models (121, 122). However, the use of injectable, naked miRNA mimics, unlike miRNA inhibitors, remains problematic, as the complementary strand needs to be modified to facilitate stability and cellular uptake but has the potential to act as an anti-miRNA.




OPPORTUNITIES BROUGHT BY NCRNAS TO CANCER CONTROL

The regulatory roles of RNAs, in particular ncRNAs, on gene expression has led to the establishment of experimental tools such as RNA interference and CRISPR/Cas9 for gene modulation. The functions of ncRNAs in transducing signals of multiple core cancer pathways such as Hedgehog, JAK/STAT, WNT, HIF, NFkB, PI3K/PTEN, result in their translational applications in both diagnosis and therapeutics. As prognostic biomarkers, ncRNAs may capture dynamic subtle alterations due to pathological stimuli that are difficult to be precisely monitored using DNAs or proteins. Therapeutically, targeting ncRNAs offers us a direct tool to inhibit protein function or down-regulate gene expression and represents a promising strategy to up-regulate endogenous genes in a locus-specific manner. That is, inhibiting miRNAs using antagoNATs can effectively up-regulate many downstream target genes, which is difficult to achieve using conventional strategies. This is therapeutically advantageous as it is easier to inhibit rather than up-regulate a drug target where the latter typically requires the identification of appropriate agents; and conventional strategies that restore reduced gene expression or recessed protein functionalities possess various limitations including, e.g., a need of lifespan intake of therapeutic proteins that may be associated with adverse immune response by themselves, and difficulty in producing synthetic proteins that can fully mimic the plethora of endogenous counterparts of targeted proteins.



CHALLENGES FACED BY NCRNAS IN CANCER CONTROL

Many challenges must be overcome to fully convey the promise of ncRNA-based therapeutics. First, targeted and efficient delivery of oligonucleotide-based therapies, particularly anti-miRNA, miRNA mimics, siRNA, and shRNA, into tissues and cells remains a crucial hurdle. This is worthy of special attention as ncRNAs especially miRNAs may accelerate disease in one tissue and be tumor suppressive in another, e.g., miR-26a promotes gliomagenesis (123) but shows double-sided roles in the carcinogenesis of hepatocellular cancers (124, 125). Second, safety imposes an important challenge before drugging ncRNAs can be clinically applicable. Oligonucleotide sequence has been reported to have adverse effects due to, mostly, protein binding. For instance, phosphorothioate-containing oligonucleotides show pro-inflammatory properties. More preclinical and clinical studies are needed to decipher such correlations between sequence motifs and such liabilities. Off-target is another source of unanticipated events, which warrants our consideration from multiple aspects in the design of oligonucleotide-based drugs including, e.g., RNA structure, its association with various proteins, mismatch in the cleavage site etc. Third, the effects of ncRNAs may vary among cancer types, e.g., lncRNA Xist is tumor suppressive in osteosarcoma (126), cervical cancer (8), and breast tumor (127), but is oncogenic in pancreatic cancer (47), gastric cancer (128), thyroid cancer (129), colon cancer (130), hepatocellular carcinoma (131), non-small-cell lung cancer (132), bladder cancer (133), glioblastoma (134), and nasopharyngeal carcinoma (135). Fourth, there exists an inconsistency between short-term chemical inhibition and genetic deletion, complicating our understanding toward the functionalities of ncRNAs in relation to disease control. For instance, despite the pathological associations they demonstrate, germ-line depletion of miR-21 does not affect cardiovascular pathology, H19-knockout mice does not show a disease phenotype (136), HOTAIR-deletion does not abolish PRC2 targeting (137), and MALAT1 and NEAT1 removal yields normal and viable mice (138, 139). This indicates that chronic loss-of-function of ncRNA may lead to adaptive responses to compensate for its absence, which makes our last concern, i.e., whether therapeutic efficacy of drugs targeting ncRNAs will decline with time due to the compensation of the target network for diminished ncRNA activity, challenging.

It is also important to address the differences between targeting lncRNAs and miRNAs. First, aRNAs, a type of lncRNAs, are primarily chromatin modulators suppressing transcription in the nucleus, whereas miRNAs are post-transcriptional repressors affecting mRNA stability in the cytoplasm. Second, antagoNATs can be used to target aRNA through cleaving or blocking a RNA or protein target, whereas steric blockade is typically used to inhibit miRNA. Third, there are much more yet less-studied lncRNA species than miRNAs. Fourth, cis-acting aRNAs are gene-locus specific, whereas miRNAs can affect the stability of many mRNAs. As several problems faced by drugging miRNAs naturally vanish when targeting lncRNAs, lncRNAs deliver more clinical promises than miRNAs despite the fact that they are less-well studied for clinic translation. For example, it is difficult to establish a precise correlation between miRNA target engagement and therapeutic efficacy as miRNAs can moderately modulate myriad targets to evoke their effects and oligonucleotides may be sequestered in various cellular compartments to create further uncertainties; such a problem does not exist in the case of lncRNAs given their working mechanisms.



PERSPECTIVES

LncRNAs and miRNAs each represent a big class of ncRNAs with profound clinical implications, but differ greatly in terms of the nuclear acid biology, cellular behaviors and working mechanisms. Though both functioning through perfect or imperfect base-pairing with DNAs, RNAs and proteins, lncRNAs can take on more diversified action modes such as decoy, scaffold and guide which are all derived from their long length and the tertiary structure they can form. While lncRNAs can regulate gene expression in both directions, miRNAs, on the other hand, represent a class of sole negative gene expression regulators either through degrading target mRNAs or halting the translation of target genes; however, the regulatory flexibility of miRNAs can be largely extended by targeting lncRNAs, forming regulatory miRNA-lncRNA axes orchestrating the spatial and temporal cellular behavior under both normal and pathological conditions (140–145).

The identified mechanisms are not mutually exclusive and one ncRNA may have multiple working mechanisms under different circumstances. For example, the lncRNA H19 can function as a miRNA reservoir of miR-675 that suppresses cell growth (37) and as a miRNA sponge of let-7a that up-regulates cyclin D1 expression (146); the lncRNA XIST interacts with histone methyltransferase at the transcriptional level in regulating chromosome dosage compensation (46), and sponges miR-34a to promote colon cancer progression at the post-translational level (130).

Other types of ncRNAs may also function as disease indicators or therapeutic targets. For instance, deficiency in SNORD50A/B snoRNAs can augment the functionalities of K-Ras that ultimately leads to hyperactivated MAPK/ERK signaling and carcinogenesis; and SNORD50A/B deletion occurs at a frequency of >10% in each of 12 common cancers. Therefore, exploring the varieties of ncRNAs, and functionalities and clinical use of novel types of ncRNAs represent another promising research domain for improved cancer management.

NcRNAs have offered a plethora of opportunities toward delicate gene modulations and precision medicine. Challenges faced by bringing ncRNAs to the bed-side could be well-resolved only if multi-domain knowledges and techniques were intelligently brought together. Nanomaterials such as gold nanoparticles (AuNPs), carbon-based nano-composites, and liposome could help to achieve targeted and efficient delivery of ncRNAs given their flexibility in surface modification, size and hydrophobicity control, as well as other physiochemical features that can, e.g., protect cargoes from fast degradation. For instance, by encapsulating a miRNA antagoNAT against miRNA-122 harboring 2′-OMe and phosphorothioate modifications (namely, AMO122) inside YSK05-MEND that is a multifunctional nano-vehicle (MEND) containing a pH-sensitive lipid YSK05, more liver deposition and drug efficacy were observed for YSK05 carried by MEND than free YSK05 that ultimately led to enhanced liver cancer treatment efficacy in vivo (147). Computational approaches and high-throughput technologies could be utilized to resolve issues related to seemingly unpredictable effects of ncRNAs in different tissues by drawing a comprehensive picture on the spatio-temporal regulatory properties of a given ncRNA.

As being consistent with many biological networks, the experimentally derived RNA interactome is scale-free (148). A scale-free network is biologically plausible given its robustness to extra- or intra- cellular perturbations and evolutionary economy in pertaining functionalities. In such networks, the number of nodes is negatively correlated with that of interactions involved, formulating a hierarchical structure. A failure is more likely to hit a node with fewer degrees rather than a hub. In addition, a scale-free network is organized such that low-degree nodes are condensed in sub-networks that are connected by a few promiscuous nodes; thus, a given functionality can be easily reached by convolving small number of players through multiple paths. On the contrary, promiscuous nodes are prevalent in a flat network, and have been reported in many pathological events such as gene fusions (149, 150). Thus, a scale-free network may represent an ordered and homostatic state, and a flat network may be indicative of a chaotic and diseased state. Toward this end, alterations in a network's structure may suggest a switch between ergodic sets and the associated cell states, and we may consider selecting nodes or connections capable of toggling a network's structure as candidates for subsequent clinical translations.



CONCLUSIONS

With the rapid development of various bioinformatics technologies, a plethora of ncRNAs and their roles in tumorigenesis have been uncovered. Abnormally expressed ncRNAs might be adopted as diagnostic/prognostic biomarkers, and therapeutic targets for cancer management. More studies investigating novel mechanisms of ncRNAs in mediating cancer initiation and progression are needed for comprehensive understandings on their roles in carcinogenesis, and solutions to challenges faced by translating ncRNAs into clinics are imperatively needed to embrace the new paradigm shift from protein coding to non-coding RNA regime. Toward these goals, integrative efforts from multiple domains such as nanomaterials, computational system biology, molecular biology, and clinical medicine should be intelligently brought together.
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Background: Increasing studies has found that long non-coding RNAs (lncRNAs) play critical roles in carcinogenesis, but the underlying mechanisms remain unclear. The aim of this study is to construct a competitive endogenous RNA (ceRNA) network and to identify potential regulatory axis in gastric cancer (GC).

Methods: Differentially expressed (DE) mRNAs, miRNAs, and lncRNAs were obtained by analyzing the RNA expression profiles of stomach adenocarcinoma (STAD) retrieved from The Cancer Genome Atlas (TCGA) database. The lncRNA-miRNA-mRNA regulatory networks of GC were constructed by comprehensive bioinformatics methods including functional annotation, RNA-RNA interactomes prediction, correlation analysis, and survival analysis. The interactions and correlations among ceRNAs were validated by experiments on cancer tissues and cell lines.

Results: A total of 41 lncRNAs, 9 miRNAs, and 10 mRNAs were identified and selected to establish the ceRNA regulatory network of GC. Several ceRNA regulatory axes, which consist of 18 lncRNAs, 4 miRNAs, and 6 mRNAs, were obtained from the network. A potential ADAMTS9-AS2/miR-372/CADM2 axis which perfectly conformed to the ceRNA theory was further analyzed. qRT-PCR showed that ADAMTS9-AS2 knockdown remarkably increased miR-372 expression but reduced CADM2 expression, whereas ADAMTS9-AS2 overexpression had the opposite effects. Dual luciferase reporter assay indicated that miR-372 could bound to the ADAMTS9-AS2 and the 3′UTR of CADM2.

Conclusion: The constructed novel ceRNA network and the potential regulatory axes might provide a novel approach of the exploring the potential mechanisms of development in GC. The ADAMTS9-AS2/miR-372/CADM2 could act as a promising target for GC treatment.

Keywords: gastric cancer, bioinformatics analysis, competitive endogenous RNA, prognostic biomarker, experimental validation


INTRODUCTION

Long non-coding RNAs defined as non–protein-coding RNAs longer than 200 nucleotides (1). lncRNAs are abundant in mammalian cells, associated with regulation of gene expression in carcinogenesis. Recently, a great many of reports have shown that lncRNAs serve as therapeutic targets and prognostic indicators (2–4).The ceRNA hypothesis has been proposed that lncRNAs may regulate other RNA transcripts by competing for shared microRNAs (5), which play a critical role in the progression of cancers (6, 7).

Recently, high throughput sequencing technologies has provided oncologists with a powerful tool to identify potential biomarkers for diagnosis and treatment of cancer. The comprehensive bioinformatics methods have been applied for oncology studies, which greatly facilitate the exploration of a great amount of important biological data. According to the hypothesis of ceRNA, lncRNA-miRNA-mRNA networks have been constructed in several types of cancer (8–15). Nevertheless, these studies failed to verify the reliability of their findings, and the algorithms were ambiguous and unreasonable.

In the present study, we analyzed the aberrantly expressed lncRNA, miRNA, and mRNA in GC samples from TCGA database. In order to provide a comprehensive view of regulatory mechanism of GC, the aberrant lncRNA-miRNA-mRNA network was constructed by comprehensive bioinformatics approaches. To validate the results obtained from bioinformatics analysis, the expression of key RNAs in GC cell lines and clinical samples were detected by quantitative real-time PCR (qRT-PCR) and dual luciferase reporter assay.



MATERIALS AND METHODS


TCGA Data Retrieval

Expression profiling data of 443 GC patients were retrieved from TCGA-STAD database. The GDC Data Transfer Tool was used to download the level 3 mRNASeq gene expression profiles (including 375 GC tissues and 32 adjacent normal gastric tissues), miRNAseq data (including 446 GC tissues and 45 adjacent normal gastric tissues), and corresponding clinical data was also obtained from TCGA-STAD dataset (up to June 13, 2018). The Ensembl database (16) was used to annotate the lncRNAs and mRNAs, RNAs which were not included in the annotation list were then discarded. The RNA expression profiling data is already normalized in TCGA database, therefore secondary normalization was unnecessary. This part of our study was performed according to the publication guidelines of TCGA, and no approval was required from the local Ethics Committee.



Identification of DERNAs

To identify the DE lncRNAs, miRNAs, and mRNAs in GC in comparison with normal tissue, the expression profiles were analyzed using the edgeR package (17), which is based on R language. A false discovery rate (FDR) was applied for identifying differentially expressed RNAs. FDR <0.01 and fold changes (log2 absolute) ≥2 were considered statistically significant. Volcano plots and Heatmaps were generated by the “ggplot2” and “pheatmap” packages in R software to demonstrate differentially expressed RNAs.



Functional Annotation

To illustrate functional annotations implicated with the DEmRNAs, gene ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were carried out by “clusterProfiler” package in R software (18). The top 5 significant biological processes or pathways were visualized by Circos plots created by “ggplot2” package.



Construction of a ceRNA Network

The flow chart for the ceRNA network construction was showed in Figure 1. First, the file of putative interactomes of lncRNA-miRNA were downloaded from miRcode (19). By retrieving the names of differentially expressed lncRNAs (DElncRNAs) in the miRcode database, we can predict the lncRNA-miRNA interactomes. The target miRNAs were then intersected with DEmiRNAs. Next, miRTarBase (20), miRDB (21), and TargetScan (22) were utilized to predict miRNA-mRNA interactomes and retrieve experimentally validated data. The target mRNAs were further intersected with DEmRNAs. The ceRNA network was subsequently generated by combining the lncRNA-miRNA interactomes and miRNA-mRNA interactomes. The Cytoscape software (v3.6.1) (23) was used to visualize the ceRNA networks, and the hub gene and sub-network was identified by “cytoHubba” plugin. According to ceRNA hypothesis, miRNA expression was negatively correlated with lncRNA or mRNA. Thus, for identification of potential ceRNA regulatory axes, the positively correlated lncRNA-miRNA pairs and miRNA-mRNA pairs in the ceRNA network were discarded. R package “ggalluvial” was used to demonstrate the ceRNA axes.
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FIGURE 1. Flow chart of the construction of ceRNA network and regulatory axes in gastric cancer.





Clinical Samples

Fifty-four GC and paired normal gastric tissues were collected from biobank of Beijing Hospital. Written informed consent was obtained from all patients. This study was performed with the approval of the Ethics Committee of the Beijing Hospital.



Cell Culture and Transfection

Human gastric epithelial cell line (GES-1) and GC cell lines (MKN-45 and HGC-27) were purchased from Health Science Research Resources Bank. Cell were cultured in DMEM (Gibco, Rockford, MD, USA) supplemented with 10% FBS at 37°C in an atmosphere of 5% CO2. ADAMTS9-AS2 siRNA, pcDNA3.1 vector and miRNA mimics (GenePharma, Shanghai, China) were transfected by Lipofectamine 3000 (Invitrogen, USA).



Quantitative Real-Time PCR (qRT-PCR)

TRIzol reagent (Thermo Fisher Scientific, Carlsbad, CA, USA) was used to extracted the total RNA from GC cells, tissues, and normal tissues according to the manufacturer's protocol. Reverse transcription was performed using a Prime Script RT reagent kit (Takara Biotechnology, China). Applied Biosystems 7900 Real-time PCR Systems (Thermo Fisher Scientific) was used to perform the qRT-PCR assay. GAPDH was used to normalize lncRNA and mRNA expression and small RNA RNU6 (U6) was used for miRNA. Primers used for amplification of targets were shown in Table S1.



Western Blotting Analysis

Protein was extracted from GC cells with RIPA lysis buffer (Thermo Scientific, USA). Identical quantities of proteins were electrophoresed by SDS-PAGE (Life Technology, USA), and transferred onto PVDF membranes (Millipore, USA). After that, total proteins were incubated with primary antibodies at 4°C overnight. The target protein was detected with a polyclonal antibody (Abcam, USA). Then, the membrane was washed with PBS three times and incubated with secondary antibody. GAPDH (CST, USA) was used as standard loading control.



Fluorescence in situ Hybridization (FISH)

Cell nuclei were counterstained with DAPI. To determine the co-localization of ADAMTS9-AS2 and miR-372 in GC cells, Cy5-labeled ADAMTS9-AS2 probes and Cy3-labeled miR-372 probes were used for a double FISH assay. A Fluorescent in situ Hybridization Kit (Gene-Pharma, China) was used following the manufacturer's protocols.



Dual Luciferase Reporter Assay

The 3′-UTR sequences of CADM2 or ADAMTS9-AS2 that including wild-type or mutant miR-372 binding sites were synthesized. MKN-45 cells were co-transfected with ADAMTS9-AS2/CADM2 3′UTR reporter plasmids (wt or mut) luciferase plasmids and miR-372 mimics or miR-NC. After 48 h of transfection, luciferase activities were detected with a Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA). Firefly luciferase was normalized to Renilla luciferase for individual well.



Survival and Statistical Analysis

After downloading the clinical data from TCGA, the “survival” package in R software was used for survival analysis. A “survminer” package in R software to determine the best cut-off of the expression value for survival analysis. Correlations between the expression of RNAs were analyzed by Pearson correlation analysis. The two-tailed Student's t-test was used to compare the differences of expression level between groups. The correlations between expression level and clinicopathologic parameters were determined using chi-square test. A p < 0.05 was considered statistically significant.




RESULTS


Differentially Expressed RNAs (DERNAs) in GC

One thousand and twenty-two DElncRNAs, 104 DEmiRNAs and 1,632 DEmRNAs were identified from TCGA-STAD database. Of these, 805 (78.8%) lncRNAs, 87 (81.3%) miRNAs, and 855 (52.4%) mRNAs were upregulated, and 217 (21.2%) lncRNAs, 17 (18.7%) miRNAs, and 777 (47.6%) mRNAs were downregulated in GC compared with normal tissue. The distributions of differentially expressed RNAs were demonstrated through volcano plots (Figure 2A).
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FIGURE 2. Identification of differentially expressed RNAs and functional annotation of DEmRNA. (A) Volcano map of differentially expressed lncRNA (left), miRNA (middle), and mRNA (right). Red and green spots represent significant up- and down-regulated RNAs, respectively. (B) The top 5 significantly enriched GO biological process and relevant genes. (C) The top 5 significantly enriched KEGG pathways and relevant genes.





GO and KEGG Pathway Analysis of DEmRNAs

To investigate the potential functional implication of the 1,632 DEmRNAs, we performed GO and KEGG annotation of for DEmRNAs (Figures 2B,C). The DEmRNAs were primarily enriched in biological processes (BP) that associated with carcinogenesis, for instance, “cell cycle checkpoint,” “DNA replication,” “ERK1 and ERK2 cascade,” “negative regulation of growth,” and “SMAD protein signal transduction” (Figure 2B). In addition, KEGG mapping revealed that the remarkably enriched pathways are the “Cytokine-cytokine receptor interaction,” “cAMP signaling pathway,” “Chemical carcinogenesis,” “Cell cycle,” and “Gastric acid secretion,” which are related to the progression of GC (Figure 2C).



Construction of a ceRNA Network in GC

The lncRNA-miRNA-mRNA network of GC was constructed by integrated analysis of the above results. The regulatory network was comprised 115 edges among 41 lncRNAs, 9 miRNAs, and 10 mRNAs (Figure 3A). We noted that the 6 DEmRNAs, namely SERPINE1 (24), COL1A1 (25), MEST (26), CADM2 (27), TMEM100 (28), and FAM129A (29), have been reported to be cancer-related genes. Moreover, the lncRNA ADAMTS9-AS2 may act as a hub gene for that it directly interacted with 6 miRNAs (hsa-mir-122, hsa-mir-143, hsa-mir-145, hsa-mir-184, hsa-mir-205, and hsa-mir-372) and then indirectly interacted with 8 miRNA-targeted mRNAs (SERPINE1, COL1A1, MEST, ESRRG, LEFTY1, TMEM100, ATAD2, and CADM2) in this ceRNA network (Figure 3B). We selected the negative interactomes from the ceRNA network to construct regulatory axes, which including 18 lncRNAs, 4 miRNAs, and 6 mRNAs (Figure 3C).
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FIGURE 3. (A) Overview of the ceRNA network in gastric cancer. Up-regulation was represented by ed nodes, while down-regulation was represented by the blue nodes. round rectangle, ellipse, and diamonds represent lncRNAs, miRNAs, and mRNA, respectively. (B) lncRNA ADAMTS9-AS2 is a hub gene that directly interacted with 6 miRNAs, and indirectly interacted with 8 mRNAs. (C) lncRNA-miRNA-mRNA regulatory axes extracted from the ceRNA network.





Prognostic Significance of RNAs in the ceRNA Network

The correlation between DERNAs and the survival outcomes of patients with GC was analyzed to discover the prognostic factors. The results show that 7 lncRNAs (ADAMTS9-AS2, ARHGEF26-AS1, HOTAIR, HOTTIP, LINC00052, NKX2-1-AS1, and VCAN-AS1), and 5 mRNAs (CADM2, COL1A1, FAM129A, SERPINE1, and TMEM100) were significantly correlated with overall survival (Figure 4).
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FIGURE 4. Kaplan–Meier curve of lncRNAs (A–G) and mRNA (H–L) that significantly correlated with overall survival.





Correlation Between lncRNA and mRNA From the ceRNA Network

On the basis of the hypothesis of ceRNA, lncRNA indirectly regulate mRNAs expression with a positive correlation. We analyzed the correlation between the lncRNA and mRNA in the constructed network. The results revealed that the expression of ADAMTS9-AS2 was strongly correlated with those of CADM2 (r = 0.73, p < 0.01), TMEM100 (r = 0.79, p < 0.01) and FAM129A (r = 0.78, p < 0.01) (Figure 5A).
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FIGURE 5. (A) Correlation between lncRNA ADAMTS9-AS2 and four mRNA (TMEM100, CADM2, FAM129A, and SERPINE1). (B) The ADAMTS9-AS2/ miR-372/ CADM2 regulatory axis which perfectly conformed to the ceRNA hypothesis.





Identification of a Potential Regulatory Axis

ADAMTS9-AS2/miR-372/CADM2 was identified as a potential regulatory axis from the ceRNA network for the following reasons: First, ADAMTS9-AS2 and CADM2 were significantly downregulated, while miR-372 was significantly upregulated in GC compared with normal tissue. Second, our survival analysis showed that low expression levels of both ADAMTS9-AS2 and CADM2 were significantly associated with poor overall survival. Additionally, the interaction between ADAMTS9-AS2 and miR-372 was predicted by a highly reliable genomic database (miRcode); likewise, the interaction between miR-372 and CADM2 was confirmed by experimentally validated evidence (miRTarBase, miRDB, and TargetScan). Finally, correlation analysis revealed that the expression level of ADAMTS9-AS2 positively associated with that of CADM2. The above findings perfectly accorded with the “ceRNA hypothesis.” Therefore, we consider the ADAMTS9-AS2/miR-372/CADM2 to be a potential regulatory axis from the ceRNA network, which may exert a critical role in GC progression (Figure 5B).



Experimental Validation

The expression levels of ADAMTS9-AS2 were investigated in GC cell lines as well as in 54 paired GC and adjacent normal tissue samples. The expression of ADAMTS9-AS2 was down-regulated in 81.5% (44/54) of GC compared with those in normal tissues (Figures 6A,B). Additionally, low ADAMTS9-AS2 expression was associated with poor histologic differentiation (p = 0.004) and advanced TNM stage (p = 0.014) (Table 1). Next, we discovered that ADAMTS9-AS2 was underexpressed in two GC cell lines (MKN-45 and HGC-27), as compared to the normal gastric cell line (GES-1) (Figure 6C). The efficacy of knockdown and overexpression of ADAMTS9-AS2 in MKN-45 and HGC-27 were detected by qRT-PCR (Figures 6D,E).
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FIGURE 6. Experimental validation of ADAMTS9-AS2/miR-372/ CADM2 axis. (A,B) ADAMTS9-AS2 was downregulated in GC in comparison with normal tissues (n = 54). (C) ADAMTS9-AS2 was downregulated in MKN-45 and HGC-27 cells compared with gastric epithelial GES-1 cells. (D,E) ADAMTS9-AS2 was knockdown in MKN-45 cells and overexpressed in HGC-27 cells, the effects of knockdown and overexpression was measured by qRT-PCT. (F,G) miR-372 was upregulated and CADM2 was downregulated in GC compared with normal tissues (n = 54). (H,I) After knockdown or overexpression of ADAMTS9-AS2, the expression levels of miR-372 and CADM2 were measured in MKN-45 or HGC-27 cells. (J) The protein expression of CADM2 was determined after ADAMTS9-AS2 knockdown or overexpression by western blotting. (K) Schematic representation of the potential binding sites of miR-372 with ADAMTS9-AS2 and the 3′UTR of CADM2. (L,M) The luciferase activities after wild-type or mutant ADAMTS9-AS2 (L) or CADM2 3′UTR (M) luciferase reporter vector was co-transfected with miR-372 mimics into MKN-45 and HGC-27 cells. (N) FISH assay showed the co-localization of ADAMTS9-AS2 and miR-372. (O) The expression levels of ADAMTS9-AS2 and CADM2 after transfection of miR-372 mimic were measured by qRT-PCR. All experiments were performed in triplicate. Scale bar = 20 μm. *p < 0.05, **p < 0.01, ***p < 0.001, NS, non-significant.





Table 1. Correlation between ADAMTS-AS2 expression levels and the clinicopathological parameters of 54 GC patients.
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Further, we evaluated the expression levels of miR-372 and CADM2 in GC and normal tissues, and the differential expressions were in accordance with those of TCGA (Figures 6F,G). The miR-372 expression level remarkably augmented after ADAMTS9-AS2 knockdown in MKN-45 cells and attenuated after ADAMTS9-AS2 overexpression in HGC-27 cells (Figure 6H). However, the CADM2 level was down-regulated in ADAMTS9-AS2 knockdown MKN-45 cells, and up-regulated in ADAMTS9-AS2 overexpressing HGC-27 cells as determined by qRT-PCR and western blotting (Figures 6I,J).

The miR-372 binding sites in ADAMTS9-AS2 and CADM2 3′UTR were predicted by miRcode and TargetScan (Figure 6K). Dual-Luciferase reporter assay revealed that miR-372 mimic significantly inhibited the relative luciferase activity of ADAMTS9-AS2-Wt, but the ADAMTS9-AS2-Mut was unaffected (Figure 6L). Meanwhile, luciferase reporter assay was performed for CADM2 in HGC-27 cells with ADAMTS9-AS2 overexpressing and MKN-45 cells with ADAMTS9-AS2 knockdown (Figure 6M). The results showed that the luciferase activity of wild-type CADM2 3′ UTR plasmid reduced remarkably in response to miR-372 mimic, but co-transfection of miR-372 mimic and the mutated CADM2 3′ UTR plasmid had no effect on luciferase activity. A FISH analysis was conducted in MKN-45 cells to determine the localization of ADAMTS9-AS2 and miR-372. The result showed that miR-372 co-localized with ADAMTS9-AS2 in the cytoplasm (Figure 6N). Moreover, we determine the expression levels of ADAMTS9-AS2 and CADM2 with qPCR after transfection of miR-372 mimic. As expected, the CADM2 expression significantly decreased after miR-372 overexpression. Interestingly, the expression level of ADAMTS9-AS2 was not affected (Figure 6O).




DISCUSSION

Thanks to high-throughput sequencing technology and the rapid development of bioinformatics, we are able to discover the various aberrant expression of RNAs in cancer cells. Unlike classic molecular or cellular biology studies that focus on a specific molecular interaction, the ceRNA network is constructed to provides a more comprehensive view of the RNA regulatory mechanism during GC carcinogenesis.

As compared to other databases that contain only the expression profile of a certain type of RNA, TCGA has the apparent advantage that it contains a series of sequencing information of lncRNA, miRNA, and mRNA of the same batch of clinical samples. This enables researchers to discover changes between different kinds of RNA and to uncover the regulatory mechanisms between the ceRNAs.

The construction of a ceRNA network depends on the expression profile characteristics of TCGA data on one hand, and the algorithm of the predictive databases on the other hand. It is unfeasible for a current database to include all RNA-RNA interaction information. Hence, some of the potential interactomes may not be included in our network, and some important regulatory information might be lost. Furthermore, some predictive databases predict RNA-RNA interactomes by simply comparing base complementary sequences of miRNA response element (MRE) and are therefore not highly reliable. In order to verify the application value of our established ceRNA network, we specially selected one of the regulatory axes for verification. Based on the results of differential expression analysis, correlation analysis, survival analysis, and RNA-RNA interaction prediction, a potential ADAMTS9-AS2/miR-372/CADM2 regulatory axis which well befitted the ceRNA pattern, was proposed.

Next, we conducted in vitro experiments to verify whether the actual interaction was consistent with the prediction of bioinformatics analysis. Dual luciferase reporter assay indicated that miR-372 could bind to both ADAMTS9-AS2 and 3′UTR of CADM2. The FISH assay showed that ADAMTS9-AS2 co-localized with miR-372 in the cytoplasm of GC cells. Knockdown or overexpression of ADAMTS9-AS2 could cause the corresponding expression changes of miR-372 and CADM2. These direct evidences confirm our bioinformatics predictions.

Seven of 41 lncRNAs in the ceRNA axes were significantly correlated with survival, and could serve as prognostic markers for GC. Among them, ADAMTS9-AS2 may serve as key regulators and prognostic markers in GC. The lncRNA ADAMTS9-AS2 is the antisense transcript of tumor suppressor ADAMTS9, and it is considered as a novel tumor suppressor. Previous studies have showed that expression of ADAMTS9-AS2 was downregulated in various cancers (30–34). Additionally, ADAMTS9-AS2 expression was associated with the poor survival outcomes of these cancers. Cao et al. indicated that ADAMTS9-AS2 may inhibit GC development by activating the PI3K/Akt pathway (32). A recent study suggested that upregulated ADAMTS9-AS2 inhibits lung cancer progression and promotion of TGFBR3 via suppression of miR-223-3p (33). Yao et al. found that ADAMTS9-AS2 inhibited glioma migration (34). In our research, ADAMTS9-AS2 expression was underexpressed in GC tissue. In concord with the results of previous studies, our analysis found that low expression of ADAMTS9-AS2 was implicated with poor survival outcomes. Therefore, ADAMTS9-AS2 can also serve as a significant biomarker for GC.

Several studies have been carried out on the construction of ceRNA networks for gastric cancer which majorly focused on certain lncRNAs, and were not experimentally validated (8, 11, 13, 14). Our study emphasizes the establishment of a regulatory network rather than analyzing individual genes. We selected one of the axes for in-depth research and confirmed it through experiments on clinical tissues and cell lines. Moreover, we believe that there are likely to be other important regulatory pathways in the ceRNA network we built, and detailed studies are warranted to discover these underlying mechanisms in the future.

In summary, a ceRNA regulatory network and axes were constructed to provide a comprehensive view of underlying mechanism for the progression of GC. We proposed a potential regulatory axis that ADAMTS9-AS2 might regulate the expression of CADM2 by sponging miR-372. The hypothesis was experimentally validated in both cell lines and clinical samples. We suppose that the ADAMTS9-AS2/miR-372/CADM2 axis may exert a critical role in the pathogenesis of GC.
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Although huge progress has been made in therapeutics against hepatocellular carcinoma (HCC) over the decades, the prognosis of this lethal disease remains poor. To find out risk factors for HCC-related outcome and better predict the prognosis, there is an unmet need to identify novel biomarkers of HCC. Accumulating evidence suggests that circRNAs play pivotal roles in carcinogenesis of several malignancies. In this study, we analyzed two datasets (GSE 94508 and GSE 97332) to examine differentially expressed circRNAs markedly related to HCC pathogenesis. Using Limma package in R and WGCNA analysis, hsa_circ_0000517 was significantly up-regulated in HCC (adjusted P < 0.01). Thereafter, a hsa_circ_0000517-related regulatory network was built based on application of databases including CSCD, TargetScan, miRDB, and miRTarBase. We uncovered the potential function of hsa_circ_0000517 through bioinformatics approaches, such as PPI network, GO, and KEGG pathway analyses. Specifically, functional analysis unveiled that hsa_circ_0000517 was likely to regulate the MAPK and Ras pathway through sponging several miRNAs and having an impact on the expression of TP53, MYC, and AKT1. To verify our initial finding, the expression of hsa_circ_0000517 in 60 HCC patients was detected by qRT-PCR and the expression in cancer tissues was higher compared with the paracarcinoma tissues. Survival analysis suggests high hsa_circ_0000517 expression was associated with adverse prognosis in HCC patients. Furthermore, this circRNA was significantly up-regulated in worse TNM stage, consistent with the progressive-stage-specific characteristic of circRNAs. A prognostic nomogram built on AFP and has_circ_0000517 showed significant diagnostic value. In all, we concluded that hsa_circ_0000517, a promising molecular in underlying mechanism of HCC, is a potent valuable biomarker for prognosis prediction.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most fatal carcinomas with relatively high mortality (1). Although there has been exciting development in curative remedies such as liver transplantation and surgical resection (2), the overall prognosis of HCC remains unsatisfactory, as numerous HCC patients are diagnosed with an advanced stage (3). Therefore, there is an unmet need to develop effective biomarkers for diagnosis and prognosis of HCC.

In recent studies, circular RNAs (circRNAs), characterized by stable circular structure and sponge function in most cells, have been identified as one kind of novel and important regulatory non-coding RNAs (ncRNA). Given that circRNA expression shows high heterogeneity among different cells, tissues, and even the stages of disease, this kind of ncRNA has been considered as a latent diagnostic and prognostic biomarker and promising target for developing new therapeutic options against human malignant cancers (4). Prior studies have demonstrated that circRNAs are correlated with cancers, including gastric cancer, colorectal cancer, ovarian cancer, and HCC (5–7). And circRNAs have been reported to function as miRNA sponges with the competence of regulating miRNA via miRNA-targeted mRNAs repression since they were first studied (8). A single circRNA may contain multiple binding sites for various miRNAs, raising the possibility of involving in the regulation of several miRNA-targeted genes. However, the underlying function of most circRNAs and their mechanism in diseases are not completely known (9, 10).

In the current study, we analyzed GSE 97332 and GSE 94508 from the Gene Expression Omnibus (GEO) database to mine differentially expressed circRNA expression data. We selected differentially expressed circRNAs in HCC tissues compared with adjacent normal specimens. Then, we concentrated on the comprehensive analysis of hsa_circ_0000517, the overlapping and up-regulated circRNA between two datasets. Furthermore, in an attempt to better figure out the relationship between hsa_circ_0000517 and prognosis of HCC, quantitative real time-polymerase chain reaction (qRT-PCR) was performed in 60 HCC patients from our center and corresponding clinicopathological characteristics were analyzed by various statistical analyses, involving cox regression analyses and a Least Absolute Shrinkage and Selector Operation (Lasso) regression algorithm.



MATERIALS AND METHODS


GEO Data

GEO (http://www.ncbi.nlm.nih.gov/geo/) is a public database providing functional genomic information from high-throughout gene expression, chips, and microarray data (11). A micro-array search of circular RNA in HCC was conducted in the GEO database with the following keywords: (“circRNA” and “liver cancer”), we could simply find out two datasets: GSE 94508 and GSE 97332. We had no restrictions on language of related studies. Two HCC-related datasets were analyzed in the present study, namely GSE 97332 (12) (data from a total of seven paired malignancies and paracancerous tissues) and GSE 94508 (13) (data from five primary liver tumors and five matched normal tissues). Limma package (version: 3.40.2) of R software was used to study the differential expression of circRNAs (14). The adjusted P-value was analyzed to correct for false positive results in GSE 94508 and GSE 97332. “Adjusted P < 0.05 and Log (Fold Change) >1 or Log (Fold Change)< −1” were defined as the thresholds for the screening of differential expression of circRNAs. Probe sets without corresponding circbase ID (http://www.circbase.org) were discarded. The circos plot was used to present the chromosomes, hosting genes, average circRNA expression, and the circRNA name (15).



Venn Plot

Cancer-specific circRNA database (CSCD, http://gb.whu.edu.cn/CSCD) is a database of available RNA sequencing datasets from 87 cancer cell line samples, and 272,152 cancer-specific circRNAs are deposited in the CSCD database, including the corresponding number and position of MRE (microRNA response element), RBP (RNA binding protein), and ORF (open reading frame) elements located in cancer-specific circRNAs (16). In view of the data from CSCD, we identified one overlapping circRNA, hsa_circ_0000517, as a sponge of 73 miRNAs (Table S1). Three online tools, TargetScan (http://www.targetscan.org/vert_72/), miRDB (http://www.mirdb.org/), miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/php/index.php), were then used to predict the potential targets of the miRNAs. With an aim to acquire more trustworthy targets, the Venn plot was performed to collect the consensus genes from the three online databases.



WGCNA Analysis

We integrated and batched the data from both GSE 97332 and GSE 94508 to perform Weighted Gene Co-expression Network Analysis (WGCNA). The R package “WGCNA” was applied to explore traits-related modules (17). The data matrix, including more than 15 samples, was transformed into topological overlap matrix (TOM). According to TOM-based dissimilarity measure, all circRNAs were divided into different circRNA modules. In present work, we set soft-thresholding power as 18, scale free R2 as >0.80 and minimal module size as 30 to figure out key modules. The modules were then applied to analyze their correlation with HCC using Pearson's correlation test and adjusted P < 0.05 was considered significant.



Construction and Analysis of PPI Networks

A total of 742 potential targets of the miRNAs were imported to the public database STRING (A Search Tool for Known and Predicted Protein-Protein Interactions, version 11.0, https://string-db.org) and a protein network was created. The network edges indicated confidence: the thicker the lines, the more reliabilities they are. Network edges stand for confidence and the custom value of minimum required interaction score was 0.910. Next, a TP53-related network was extracted from the whole PPI network using Cytoscape 3.7.1 (18). Finally, a bar plot was used to elucidate the specific degree of the PPI network.



Functional Analysis

To further confirm the underlying function of potential targets, the data were analyzed by functional enrichment. Gene Ontology (GO) is a widely-used tool for annotating genes with functions, especially molecular function (MF), biological pathways (BP), and cellular components (CC) (19). Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment Analysis is a practical resource for analytical study of gene functions and associated high-level genome functional information (20). To better understand the carcinogenesis of has_circ_0000517, ClusterProfiler package (version: 3.12.0) in R was employed to analyze the GO function of potential targets and enrich the KEGG pathway (21). “P < 0.05” was set as the inclusion criterion.



Clinical Specimen and Cell Line Acquisition

Specimens of tumor and adjacent normal tissues were obtained from 60 HCC patients undergoing surgery at Department of Hepatobiliary Surgery, Sun Yat-sen Memorial Hospital of Sun Yat-Sen University (Guangzhou, China). The patients did not undergo any radiotherapy or chemotherapy before surgical operation. The normal and tumor tissues of 60 HCC patients were frozen immediately in liquid nitrogen and then stored at −80°C for RNA extraction. Detailed HCC patient information is listed in Table S1. The Ethics Committee of Sun Yat-sen Memorial Hospital approved this study. All patients provided written informed consent for all treatments performed and to have their data utilized for research purposes. The human HCC cell line SNU-387 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The SNU-387 cell line was cultured in Dulbecco's Modified Eagle Medium (Gibco BRL, Grand Island, NY, USA), supplemented with 10% fetal bovine serum (Gibco BRL) and incubated with 5% CO2 at 37°C.



qRT-PCR and Sanger Sequence

Total RNA from tissues was extracted with Trizol reagent based on the manufacturer's instructions (Takara, Shiga, Japan). The mRNA was reverse transcribed using a Prime-Script RT reagent Kit (Takara); cDNA or circRNA were amplified and quantified on CFX96 system (Bio-Rad, Hercules, CA, USA). Briefly, qRT-PCR was performed in a final volume of 10 μL, and the thermal conditions were 95°C for 30 s, and 45 cycles of 95°C for 5 s and 60°C for 20 s. U6 and GAPDH was used as endogenous controls. Expression of hsa_circ_0000517 was calculated using the 2−ΔΔCT method. The primers were as follows: U6, forward CTCGCTTCGGCAGCACA, reverse AACGCTTCACGAATTTGCGT; GAPDH, forward ACAACTTTGGTATCGTGGAAGG, reverse GCCATCACGCCACAGTTTC; hsa_circ_0000517, forward GGGAGGTGAGTTCCCAGAGA, reverse TGGCCCTAGTCTCAGACCTC.



Statistical Analysis

Data are presented as means ± standard deviation with three independent replications. Statistical analysis was performed using GraphPad Prism (version: 8.0.0) and R software (http://www.R-project.org). In our present study, P < 0.05 was considered statistically significant. The Uni-variate cox regression analysis, Lasso regression analysis (22), Multi-variate cox regression analysis and Receiver Operating Characteristic curve (ROC) analysis were conducted in R to evaluate the prognostic potential of the risk factors in HCC patients in our center.




RESULTS


Significantly Up-Regulated circRNAs in GSE 97332 and GSE 94508

To assess variation in circRNA expression between tumor and normal liver tissues, hierarchical clustering analysis and volcano plots were used. The heat maps of GSE 94508 and GSE 97332 are shown in Figures 1A,D, respectively. To better visualize the differentially expressed circRNAs, volcano plots were performed and various top circrRNAs were labeled in the plot (Figures 1B,E). Notably, there are 235 down-regulated circRNAs and only 12 up-regulated circRNAs in GSE 94508 (detailed information in Table S2). As for GSE 97332, 824 circRNAs displayed significantly differential expression in HCC, including 422 up-regulated circRNAs and 402 down-regulated circRNAs (detailed information in Table S3). Circos diagrams were plotted to exhibit the chromosomal characteristics of the differentially expressed circRNAs in both GSE 97332 and GSE 94508. As shown in Figures 1C,F, these circRNAs and corresponding parental genes were widely apportioned in all chromosomes, including chromosomes X and Y.


[image: Figure 1]
FIGURE 1. Differential expression of circRNAs in GSE 97332 and GSE 94508. (A,D) Hierarchical clustering analysis of circRNAs, which were differentially expressed between tumor and normal tissues; GSE 97332 included seven tumor tissues and seven matched non-tumor tissues, while GSE 94508 included 10 paired samples (>2-fold difference in expression; adjusted P < 0.01). Expression values are exhibited in different colors, indicating expression levels above and below the median expression level. (B,E) Volcano plots were constructed using fold-change values and adjusted P. The red point in the plot represents the over-expressed circRNAs and the green point indicates the down-expressed circRNAs with statistical significance. (C,F) Circos plots representing the chromosomal distributions of the differentially expressed circRNAs and their host genes, including the heatmap circle of averaged circRNA expression.




WGCNA Analysis Revealed That has_circ_0000517 Was Closely Relative to HCC

CircRNAs are known to be evolutionally conserved and relatively stable, accounting for the potential as prognostic biomarkers and possible treating targets for precise personalized medicine (23). In our current work, we aimed at exploring specifically up-regulated prognostic biomarkers for HCC patients, which would be much more practical for clinical detection and shed light on future pharmacological therapy. Therefore, in order to figure out the reliable circRNAs for further study, we overlapped the up-regulated circRNAs in GSE 97332 and GSE 94508 using Venn diagram. As shown in Figure 2A, with strict inclusion criteria (adjusted P < 0.01), only one circRNA, hsa_circ_0000517, was significantly upregulated in both GSE 94508 and GSE 97332. According to the molecular character of has_circ_0000517 from CSCD database, has_circ_0000517 has numerous microRNA response elements (MRE) and RNA binding protein (RBP) sites (Figure 2B). To further investigate the relationship between has_circ_0000517 and HCC, WGCNA analysis were utilized. Since the sample sizes of each datasets were too small to perform WGCNA analysis, we combined two datasets using batch normalization in R (version: 3.6.0). According to Figures 2C,D, data matrix of 24 samples was used in WGCNA analysis. The data was eligible and the best soft threshold (power) was 18. After analyzing and classifying all circRNAs, eight modules were identified. In view of the heatmap of module–trait relationships (Figure 2E), we could find that turquoise module was positively correlation with tumor tissues (P = 6e-06, correlation coefficient = 0.78). The turquoise module contained a total of 701 circRNAs, including has_circ_0000517 (Figure 2F). As presented in Table S4, has_circ_0000517 was closely associated with turquoise module (P = 2.43E-09 and the correlation coefficient = 0.90), highlighting the pivotal role of has_circ_0000517 in HCC.


[image: Figure 2]
FIGURE 2. Identification of hub modules correlated with HCC in the datasets via WGCNA. (A) Comparison of differentially over-expressed circRNAs in both GSE 94508 and GSE 97332. Only hsa_circ_0000517 was overlapped. (B) The structure of hsa_circ_0000517 retrieved from CSCD database (http://gb.whu.edu.cn/CSCD/). (C) Analyses of the Scale-Free Topology Model Fit and the Mean Connectivity for different soft threshold powers. (D) Clustering dendrograms of circRNAs. The clustering was based on the combined data from GSE 97332 and GSE 94508. (E) The correlation between various modules and tumor tissues. The correlation coefficient and P-value were presented in the heatmap. (F) Scatter plot of module membership (circRNAs) in the turquoise module.




Sponge Function Exploration of has_circ_0000517 and Its Potential miRNAs and Targets in HCC

Hsa_circ_0000517, as one of the 27 circRNAs derived from Ribonuclease P RNA component H1 (RPPH1), embodies only one exon and is lack of an open reading frame (ORF). However, it consists of several microRNA response elements (MRE) (Figure 2B), indicating the potential miRNA-sponged function of has_circ_0000517. To date, the CSCD database, an open and online database, has identified 9 100 345 MREs in common circRNAs via scanning the junction region for miRNA seeds (7mer-m8, 7mer-1a, and 8mer). Therefore, to predict the sponged miRNAs of hsa_circ_0000517, the CSCD database was in use and 73 miRNAs were acquired from CSCD (Table S5). To develop a reliable prediction of the targets for these miRNAs, we utilized three miRNA-prediction databases, namely TargetScan, miRTarBase, and miRDB. As a result, we figured out that 1327 miRNA-target network edges. Discarding the redundancy, 742 genes were more likely to be targeted by these 60 miRNAs as a result of our study (Table S6).



Functional Analysis of miRNA-Targeted Genes

So far, studies have demonstrated that circRNAs mainly exert their function by regulating the targeted miRNAs and genes. Therefore, figuring out the biological function of potential circRNA-related genes could predict the corresponding potential function of circRNAs (24). In the setting of the aforementioned String database, the 742 targets were used to construct a protein-protein network (Figure 3A). This interaction network had 742 nodes and 492 edges. The PPI enrichment P-value was smaller than 1.0e-16, and the analysis proved that the network had significantly more interactions than expected. As presented in Figure 3B, the top 20 interactive and important nodes of 742 potential targets were ranked. TP53, as the most interactive genes in top 20 and a member of MAPK pathway, has 30 interactive nodes with other genes. To better visualize the interaction of TP53 and its related genes, we imported the corresponding interactive data downloaded from String database into Cytoscape 3.7.1, and a TP53-related network was constructed (Figure 3C). We concluded that AKT1, CDK1, and MYC, also ranking top 20 interactive targets, were involved in TP53-related network, indicating the possibility that the regulatory relationship of these potential targets might occupy a commanding position in the hepatocarcinogenesis of hsa_circ_0000517.


[image: Figure 3]
FIGURE 3. Function annotation of potential targeted genes. (A) The analysis results of Protein-Protein Network (PPI) from String Database (https://string-db.org). The disconnected nodes were hided. The line thickness indicated the strength of data support, including experiments, text-mining, databases, co-expression, neighborhood, gene fusion, and co-occurrence. (B) The top 20 interactive genes were exhibited, indicating the correlation degree with other genes. (C) The TP53-related network extracted from (A) using the MCODE plugin in Cytoscape (version: 3.7.1). The wider the edge and circle size, the larger the co-expression, and MCODE-scores are; the brighter the color, the lower the MCODE-score, and combined-score are.




Enrichment Analyses to Predict the Probable Functions of Related Targets

Given that a better comprehension of has_circ_0000517-related genes might shed light on specific molecular function characterized by has_circ_0000517. The GO enrichment analysis revealed that several targets were involved in “histone deacetylase binding,” “AT DNA binding,” “core promoter binding,” “ubiquitin conjugating enzyme activity,” “actin filament binding,” and “ubiquitin-like protein conjugating enzyme activity” (Figure 4A and Table S7). Importantly, lots of enriched terms were correlated with proximal promoter sequence-specific DNA, consistent with the special formation and structure of circRNAs (25). Therefore, has_circ_0000517 might take part in the carcinogenesis and progression of HCC by modulating transcription and oncogene expression. With respect to their close interactions with miRNAs, circRNAs exert great effect on modulating progression of malignancies and takes part in different signaling pathways in cancers like mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) intracellular pathway and Wnt/β-catenin pathway (26). In our study, with the help of clusterProfiler package in R software, eight signaling pathways of target genes were identified as followed: “MAPK signaling pathway,” “Ras signaling pathway,” “Rap1 signaling pathway,” “Cellular senescence,” “Tight junction,” “AMPK signaling pathway,” “Neurotrophin signaling pathway,” and “insulin resistance” (Figure 4B). Notably, The MAPK pathway included 26 key potential genes, such as TP53, MYC, and AKT1, while Ras signaling pathway included 22 key targets, such as BCL2L1, AKT1, and AKT3. These molecules mentioned above were also identified as top 20 interactive proteins in Figure 3B and those mostly involved in TP53-related network were revealed in Figure 3C. In all, has_circ_0000517 might indirectly regulate these 8-key signaling pathways, especially MAPK pathway. On the other hand, to elucidate the relationship among the upregulated hsa_circ_0000517, key miRNAs, hub genes, and enriched signaling pathways, a network diagram was created (Figure 4C). In this circRNA-miRNA-target-pathway network, we concluded that has_circ_0000517 might be capable of sponging at least one of these 34 miRNAs. Additionally, eight hub signaling pathways contained 78 hub genes that might be regulated by has_circ_0000517.


[image: Figure 4]
FIGURE 4. GO and KEGG functional analyses. (A) Gene ontology (GO) analysis of potential targets of miRNAs. The biological process (BP), cellular component (CC), and molecular function (MF) of potential targets were clustered based on ClusterProfiler package in R software (version: 3.12.0). The abscissa strands for gene counts and the ordinate means the enriched pathways. (B) The enriched KEGG signaling pathways were selected to demonstrate the primary biological actions of major potential targets. The abscissa indicates gene ratio and the enriched pathways were presented in the ordinate. (C) The has_circ_0000517 regulatory Network. The pathways, hub genes, miRNAs were presented in outer circle, middle circle and inner circle, respectively.




Validation of the Differential Expression and Potential Prognostic Value of hsa_circ_0000517 by qRT-PCR

Given that has_circ_0000517 has been upregulated in both GSE 97332 and GSE 94508, qRT-PCR experiments were carried out to verify the differential hsa_circ_0000517 expression in 60 tumor and paired non-tumor tissues. First of all, by conducting Electrophoresis and Sanger sequencing of qRT-PCR products, we validated and confirmed the specificity and accuracy of the primers of has_circ_0000517 (Figures 5A,B). Then, as shown in Figure 5C, has_circ_0000517 was significantly up-regulated in tumor tissues compared with paired normal tissues (P = 0.0278). Moreover, referring to the criteria [P < 0.05, Fold Change (FC) > 1.5 or < 0.67], we separated 60 patients into three groups: High-expression group, No-change group, and Low-expression group. Among 60 HCC patients in our center, 41 (68.33%) patients exhibited high hsa_circ_0000517 expression in tumor tissues compared with non-tumor tissues (Figures 5D,E). The low-expression group accounted for only 26.67% HCC patients and the no-change group was responsible for 5% HCC patients. On the other hand, we could find that high expression of hsa_circ_0000517 resulted in poor prognosis of HCC patients, considering both overall survival (OS, P = 0.0305) as well as disease-free survival duration (DFS, P = 0.0251) (Figures 5F,G). As shown in Table 1, the patients with high expression of hsa_circ_0000517 were prone to be in a significantly higher TNM stage, another indicator of prognosis prediction. In all, the results demonstrated that hsa_circ_0000517 might be closely associated with the progression of HCC.
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FIGURE 5. The prognostic value of hsa_circ_0000517 in 60 HCC patients. (A) Sanger sequencing was performed following PCR to validate the head-to-tail splicing of has_circ_0000517 in SNU-387 cells. (B) The validation of RPPH1 circular exon 1, has_circ_0000517. Divergent and convergent primers were used to perform PCR in both cDNA and gDNA. GAPDH was used as a control. (C) The differences in the expression of has_circ_0000517 in 60 tumor and paired normal tissues. *P < 0.05. (D) The Fold Changes (FC) of hsa_circ_0000517 expression in 60 HCC patients (tumor vs. matched non-tumor tissue). Data are represented as the mean ± SD of three independent experiments. Different colors stand for three different groups, including “FC > 1.5,” “FC < 0.67,” and “0.67 < FC < 1.5.” (E) Distribution of three groups in 60 HCC patients. (F) Overall Survival Curve (OS) of has_circ_0000517. (G) Disease-free survival (DFS) curve of has_circ_0000517.



Table 1. Correlation between hsa_circ_0000517 expression and clinicopathological characteristics of 60 HCC patients.

[image: Table 1]



Confirming the Potential Prognostic Value of hsa_circ_0000517 via Cox Regression Analyses

A good prognostic biomarker is able to construct a signature or nomogram with other risk factors (27). To further study the underlying power of has_circ_0000517 in HCC, we used Uni-variate analysis, Lasso analysis and Multi-variate analysis to testify and verify the risk factors in HCC patients. As depicted in Figure 6A, only alpha-fetoprotein (AFP), TNM stage and has_circ_0000517 were regarded as significant risk factors in 60 HCC patients. With the purpose of obtaining a more precise result, Lasso analysis were performed in three risk factors while none of them were filtered or discarded (Figures 6B,C). Thereafter, we conducted Multi-variate analysis with the three risk factors and as a result, only two were selected to establish a prognostic nomogram: Risk Score = 1.56*AFP + 0.39*has_circ_0000517. The C-index was 0.76 (Figure 6D). Based on the prognostic nomogram, 60 HCC patients were classified into two groups as high-risk group and low-risk group. According to Figure 6E, we could figure out that HCC patients with high-risk worsen the survival status (P = 2.794e-02). Moreover, the ROC curve of the prognostic nomogram was plotted in Figure 6F. The AUC of the nomogram was 0.783, indicating the acceptable prognostic value of the nomogram built on has_circ_0000517 and AFP (Figure 6F).


[image: Figure 6]
FIGURE 6. Cox regression analyses in 60 HCC patients. (A) Uni-variate analysis of 10 risk factors in HCC patients. “P < 0.05” was selected for further study. (B,C) Lasso regression analysis of three risk factors. (D) Multi-variated analysis of three risk factors and only two was considered significant and used to construct a prognostic model. The formula was as followed: Risk Score = 1.56*AFP + 0.39*has_circ_0000517. The C-index was 0.76. (E) Survival curve of high-risk group and low-risk group in 60 HCC patients based on Risk Score model. (F) The ROC curve of the Risk Score model.





DISCUSSION

Recent studies have reported that circRNAs could be transcribed and involved in several diseases as the expression of circRNAs varied in neither histologic types nor disease stages (4, 28). In this work, we first thoroughly explored the hsa_circ_0000517-related network of miRNAs, mRNAs, and signaling pathways in HCC. Functional analysis revealed the promising role of hsa_circ_0000517 in hepatocarcinogenesis and development in silico. Furthermore, the qRT-PCR result confirmed its differential expression in cancerous and para cancerous tissues. Finally, we validated the prognostic value of has_circ_0000517, via cox and Lasso regression analyses, in HCC patients.

Much attention has been paid to investigate the relation between circRNAs and HCC (29). Qin et al. (30) demonstrated that hsa_circ_0001649 is significantly down-regulated in HCC compared to para cancerous samples. Similarly, Wei et al. (31) revealed that circ-CDYL takes a specific part in the early HCC. Another study reported that circ_0005075 resists mir-335 and enhances HCC progression (32). Furthermore, three isoforms of exosomal circ-PTGR1 were found to induce HCC metastasis through the miR449a–MET pathway (33). Xiong et al. (34) used GSE78520, GSE 94508, and GSE 97332 to unearth new circRNAs in HCC with the RobustRankAggreg method and concluded three differentially expressed circRNAs, namely hsa_circRNA_102166, hsa_circRNA_100291 and hsa_circRNA_104515. Additionally, a more recent study has also revealed that hsa_circ_0000517 was significantly up-regulated in these three datasets while it cannot show significant difference in 50 HCC patients from their center (35). However, we analyzed the data of GSE 97332 and GSE 94508 with a much stricter criteria (adjusted P < 0.01) and just intersected up-regulated circRNAs between the datasets. Due to the heterogeneity of HCC patients, we figured out that hsa_circ_0000517 was the single significantly up-regulated molecular, further confirmed by WGCNA analysis. Moreover, a consistent result of 60 HCC patients from our center was validated. Given the samples across studies above were small and bias might be unavoidable, future hsa_circ_0000517-related researches urge to enroll participants with a large scale, and gain stronger evidence in the comparison of tumor and non-tumor HCC tissues.

In this study, we constructed a quadruple network of hsa_circ_0000517 based on bioinformatics analysis. The hsa_circ_0000517 regulatory network was composed of 34 miRNAs, 78 mRNAs, and eight signaling pathways (Figure 5B), and this network vividly exhibited the connection between four parts, indicating the underlying regulatory mechanisms of hsa_circ_0000517. Specifically, pathway analysis revealed that the MAPK, Ras, Rap1, and AMPK signaling pathways, previously associated with the development of HCC, were significantly enriched (36–39). Additionally, the enriched GO terms for the miRNA targets were highly related to carcinogenesis like regulation of transcription and DNA binding. The results of PPI network also highlighted several famous targets, including TP53, MYC, AKT, RAC1, and CDK1, consistent with the eight enriched signaling pathways where MAPK signaling pathway and Ras signaling pathway were the most significant.

Hsa_circ_0000517 might have undiscovered functions due to its several MREs and RBPs. To further verify the changes in hsa_circ_0000517 expression level and its clinical efficacy in patients with HCC, 60 pairs of tumor and adjacent tissues were collected to examine the expression of hsa_circ_0000517 using qRT-PCR assay. Results showed that hsa_circ_0000517 was up-regulated in 41 (68.3%) HCC patients in our center. Moreover, the OS and DFS curves illustrated that hsa_circ_0000517 could account for the poor diagnosis and play a carcinogenic role in the development of HCC (Figures 6B,C). In addition, high hsa_circ_0000517 expression was also related to higher TNM stage among our patients (Table 1), indicating that has_circ_0000517 was characterized by HCC-stage-specific expression. Uni-variate, Lasso and Multi-variate analyses indicated that has_circ_0000517 could be a prognostic indicator for HCC patients. Moreover, we even tested the expression of serum has_circ_0000517 in 5 normal blood samples and 10 HCC blood samples. The result revealed that higher hsa_circ_0000517 expression in the serum of HCC patients than that in normal controls (P = 0.0312), indicating the potential prognostic role of the serum hsa_circ_0000517 (Figure S1). However, the precise oncogenic and prognostic mechanism of hsa_circ_0000517 still requires particular investigation in vitro and in vivo experiments.

On the other hand, RPPH1, as the host gene of has_circ_0000517, is the RNA component of the RNase P ribonucleoprotein (40) and considered as a long non-coding RNA. Previous studies reported that RPPH1 was up-regulated in gastric cancer specimens (41). And lncRNA RPPH1 can promote breast cancer cell proliferation and tumorigenesis via down-regulating miR-122 expression (42). But the regulatory mechanisms of RPPH1 in other malignancies remain largely obscure. has_circ_0000517, derived from RPPH1, might be accountable for the carcinogenesis of RPPH1 owing to the close relationship between circRNAs and host genes. Further validated studies will be taken in our future work.

In summary, hsa_circ_0000517 was highly expressed in HCC, verified in silico and in 60 HCC patients of our center. Bioinformatics analysis also suggested that sponging several miRNAs, hsa_circ_0000517 might regulate the expression of TP53, MYC, and AKT1 via MAPK pathway and Ras pathway. Our findings indicated that hsa_circ_0000517 might not only be an undeveloped prognostic biomarker of HCC, but also accountable for hepatocarcinogenesis.
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Breast cancer is the leading cause of cancer-associated deaths among females. In recent decades, microRNAs (miRNAs), a type of short non-coding RNA that regulates gene expression at the post-transcription level, have been reported to participate in the regulation of many hub genes associated with tumorigenesis, tumor progression, and metastasis. However, the precise mechanism by which miRNAs regulate breast cancer metastasis remains poorly discussed, which limits the opportunity for the development of novel, effective therapeutic targets. Here, we aimed to determine the miR-622-related principal regulatory mechanism in cancer. First, we found that miR-622 was significantly related to a poor prognosis in various cancers. By utilizing an integrated miRNA prediction process, we identified 77 promising targets and constructed a protein-protein interaction network. Furthermore, enrichment analyses, including GO and KEGG pathway analyses, were performed to determine the potential function of miR-622, which revealed regulation networks and potential functions of miR-622. Then, we identified a key cluster comprised of six hub genes in the protein-protein interaction network. These genes were further chosen for pan-cancer expression, prognostic and predictive marker analyses based on the TCGA and GEO datasets to mine the potential clinical values of these hub genes. To further validate our bioinformatic results, the regulatory axis of miR-622 and RNF8, one of the hub genes recently reported to promote breast cancer cell EMT process and breast cancer metastasis, was selected as in vitro proof of concept. In vitro, we demonstrated the direct regulation of RNF8 by miR-622 and found that the predicted miR-622-RNF8 axis could regulate RNF8-induced epithelial-mesenchymal transition, cell migration, and cell viability. These results were further demonstrated with rescue experiments. We established a closed-loop miRNA-target-phenotype research model that integrated the bioinformatic analysis of the miRNA target genes and experimental validation of the identified key miRNA-target-phenotype axis. We not only identified the hub target genes of miR-622 in silico but also revealed the regulatory mechanism of miR-622 in breast cancer cell EMT process, viability, and migration in vitro for the first time.
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INTRODUCTION

Breast cancer (BC) is the common form of malignant cancer and the primary cause of cancer-associated deaths among females (1–3). In 2018, it was estimated that ~40 thousand people died of breast cancer, accounting for 14% of cancer-associated deaths in America (3). Although great progress has been made in diagnosis and therapeutic methods, the high incidence and mortality rate of breast cancer indicate the necessity for developing novel therapeutic strategies (4). To address this issue, it is essential to elucidate the molecular mechanisms underlying the pivotal processes of breast cancer, such as tumorigenesis and metastasis (5, 6). Epithelial-mesenchymal transition (EMT) have been shown to play a role in these tumorigenic processes (7). During the EMT process, epithelial cells lose their cell-to-cell junctions and are converted into non-polarized and motile mesenchymal cells, acquiring the abilities to resist apoptosis, disseminate and invade into the blood and lymphatic vessels, which ultimately form small metastases and lead patients to multiple organ failure and death (8–11). Some molecular signatures with significantly altered expression in the EMT process are regarded as hallmarks of EMT, including the downregulation of epithelial markers, including E-cadherin and ZO-1, and the upregulation of mesenchymal markers, including Snail, N-cadherin, and fibronectin (12–15). In light of the importance of EMT in tumorigenesis and metastasis, there is a clear need to improve our understanding of the molecular mechanism underlying this essential biological process (15, 16).

Mi(cro)RNAs are a class of small RNAs originally transcribed from non-coding regions, ~19 to 24 nucleotides in length (16–19). Since their discovery in 1993, miRNAs have been demonstrated to play critical roles in the posttranscriptional regulation of gene expression (17, 18). By base-pairing to miRNA recognition elements (MERs) located in the 3'-untranslated regions (3' UTRs) of target mRNAs, mature miRNAs induce posttranslational repression or mRNA degradation of the target gene (20). It has been estimated that over 30% of all protein-coding genes in humans are regulated by miRNAs, indicating that miRNA regulation might be the most abundant mode of posttranscriptional regulation (21–24). Recently, a large body of work has demonstrated the important roles of miR-622 in regulating cancer pathogenesis. Studies have demonstrated that the expression of miR-622 is downregulated in gastric cancer, and the overexpression of miR-622 can inhibit cell invasion and tumor metastasis by targeting ING1 (inhibitor of growth family, member 1) (25). Subsequently, the downregulation of miR-622, which regulates cancer progression by targeting corresponding target genes, was validated in a series of cancers, such as bronchogenic carcinoma (26), lung cancer (27), and liver cancer (26, 28). Interestingly, it has been found that the elevated expression of miR-622 is positively correlated with a poor prognosis in cancer patients during anticancer treatment. In ovarian cancer, it has also been reported that the overexpression of miR-622 leads to platinum chemotherapy resistance (29). miR-622 can also directly target transcription factor 2 (ATF2), which acts as both an oncogene and a tumor suppressor in tumorigenesis. These studies provide a specific explanation by which miR-622 regulates a specific phenotype via a single target. However, in a larger landscape, how miR-622 regulates interaction networks in cells and how miR-622 target axes regulate phenotype are poorly discussed. The identification of miR-622-targeting hub genes would provide deeper insight into the mechanism underlying miR-622-induced downstream phenotype alterations.

In this study, we aimed to determine the main molecular mechanism and functions of miR-622. We designed a workflow to explore the function of miR-622-target axes by integrating in silico analyses and in vitro validation (Figure 1). We first explored the potential prognostic value of miR-622 in various cancers by Kaplan-Meier survival analysis in different databases, including the GEO and the TCGA. To understand the principal regulatory pattern of miR-622, we predicted the targets of miR-622 by an integrated targeting prediction. In total, 77 overlapping genes were chosen, and Gene Ontology (GO) and pathway enrichment analyses were further performed with these overlapping targets. Using the STRING database, we constructed a protein-protein interaction network with 25 nodes to reveal a potential regulatory model among these overlapping genes. Pan-cancer expression and survival analyses were performed on these 25 genes, and we found that 17 genes could be used as potential prognostic markers of breast cancer. With the MCODE module in Cytoscape software, a key cluster with six genes was further chosen as hub genes. The predictive values of the hub genes were further explored to evaluate their prognostic and predictive potential. Our results showed that HIST2H2BE, DYRK2, MBD2, and RB1 could be used as predictive markers for breast cancer.


[image: Figure 1]
FIGURE 1. Graphical representation of the workflow in the present study.


Through a review of miR-622-related reports, we found that some of our predicted hub target genes were already experimentally validated as targets of miR-622, indicating the value and correctness of our work. To further support our hypotheses in vitro, we chose breast cancer, in which the role of miR-622 has never been studied previously, and RNF8, one of six hub genes identified previously, as proof of the concept of our bioinformatic analysis. We designed complete in vitro experiments and validated the regulatory pattern of miR-622-RNF8 in breast cancer EMT process because the relationship between RNF8 and breast cancer metastasis (including EMT) has been demonstrated recently (12). We first verified the direct binding and regulation of RNF8 by miR-622. Subsequently, we demonstrated that miR-622 can regulate the EMT process, cell migration, and cell viability in breast cancer by directly regulating RNF8 expression. Through in vitro experiments, we found that the downregulation of miR-622 by an antagomir promoted breast cancer cell migration, while the upregulation of miR-622 inhibited cell migration. Rescue experiments further demonstrated that miR-622-induced phenotypes, such as in vitro migration and EMT marker changes, were reversed by the overexpression of RNF8 in the same tumor cells, highlighting the regulatory function of the miR-622-RNF8 axis on breast cancer cells and further proving the identified hub targets of miR-622.



METHODS


Evaluation of the Prognostic Value of miR-622


Pan-Cancer Survival Analysis of miR-622 in GEO and TCGA Dataset

Pan-cancer overall survival analysis based on pan-cancer TCGA miRNA database were analyzed by Kaplan-Meier Plotter (http://kmplot.com/analysis/) with 21 kinds of cancers. In breast cancer, especially, we downloaded the survival data of breast cancer tissue METABRIC (n = 1262), TCGA (n = 1077, BRCA). The R package “survival” and “survminer” was used for survival analysis and visualization.




Prediction of miR-622 Target Genes


Integrated Target Prediction of miR-622

MiRWalk 3.0 (http:// http://mirwalk.umm.uni-heidelberg.de/), an easily accessible database including predicted data obtained with a machine learning algorithm, its focus lies on accuracy, simplicity, user-friendly design, and mostly up to date information (30). We analyzed the potential miR-622 target genes with this database and four other highly recognizable and promising miRNA-target prediction tools (miRanda: http://www.microrna.org/microrna/getMirnaForm.do, miRDB: http://mirdb.org/, RNA22: https://cm.jefferson.edu/rna22/ and Targetscan7.2: http://www.targetscan.org/vert_72/). The miR-622 target genes predicted by both five prediction programs were identified for further analysis. The relationships between these targets' sets were analyzed and visualized by bioinformatic software TBtools and R package “UpSetR” (31, 32).




Prediction of miR-622 Target Genes


Functional Enrichment Analysis

The selected 77 overlapping genes were then deposited to the Metascape (metascape.org/gp/index.html) for further GO annotation and KEGG pathway enrichment analysis. Metascape database offers an online tool for gene annotation and analysis resource that assists biologists to make sense of one or multiple gene lists (33). In the present study, the Metascape database was applied to investigate GO annotation and KEGG pathways of overlapping genes. P < 0.05 was considered as significant. Furthermore, Reactome (P < 0.01), KEGG disease (P < 0.05), NGHRI_GWAS_Catalog (P < 0.05), and PATHER pathway (P < 0.01) enrichment analysis were also performed by KOBAS database. R language were used to visualized the results of GO annotation and KEGG pathway enrichment analysis. The predicted targets of miRWalks 3.0 (with score>0.95 and binding sites 3'UTR) were also submit to its own GO annotation and KEGG pathway enrichment analysis to avoid the key information missing after only considering the intersection of predicted targets.



Protein-Protein Interaction Analysis

Protein-protein interaction (PPI) network of overlapping genes was construct by the Search Tool for the Retrieval of Interacting Genes (STRING, https://string-db.org/). STRING database is an online and user-friendly database resource with integrated information of interactions of proteins from prediction or experiments. In present study, medium confidence (minimum required interaction score>0.400) was the selection criterion to construct the PPI network, disconnected nodes were excluded from the network. The list of PPI pairs was downloaded for further analysis and visualized by Cytoscape software (version 3.7.1). Molecular Complex Detection (MCODE) plugin in Cytoscape was utilized to find potential cluster in the PPI network based on topology, which may help identify the most likely key target genes for miR-622. The degree cut-off value to 2 and the node score cut-off to 0.2 were set in the MCODE process.




Prediction of miR-622 Target Genes


Pan-Cancer Expression of Overlapping Genes

In order to explore the expression pattern of overlapping genes in cancer, we utilized the Gene Expression Profiling Interactive Analysis (GEPIA) tool (http://gepia.cancer-pku.cn/) to compare the expression of overlapping genes in cancers and their corresponding normal tissue. GEPIA integrated mRNA sequencing data from TCGA and the Genotype-Tissue Expression (GTEx) project, providing customizable functionalities for differential expression analysis, profiling plotting, patient survival analysis, and so on (34, 35). The pan-cancer expression of overlapping genes was shown as heatmap using R package “pheatmap.”



Pan-Cancer Prognostic Value of Overlapping Genes

In order to explore the prognostic of overlapping genes in breast cancer, we firstly analyzed the overall survival rate of these genes in breast cancer using Kaplan-Meier Plotter (http://kmplot.com/analysis/) microarray dataset (1,402 samples), JetSet best probe set was used to represent each gene with gene expression auto best cut-off (36, 37). To further assess the prognostic value of these genes, GEPIA tool (http://gepia.cancer-pku.cn/), including integrated TCGA mRNA sequencing data and the GTEx, were also used (with FDR P-value adjustment, 0.05 significance level and Median group cut-off) to calculate patient OS (34, 35). The results were shown in form of heatmap with colors of cells showing log10(HR) and the frame meaning significance.



Predictive Value of Hub Genes

Six genes, clustered by MCODE, were selected as hub target genes of miR-622. The ROC plotter, the first online transcriptome-level validation tool for predictive biomarkers, was utilized to assess the predictive potential of these six hub genes (38). JetSet best probe set was used to represent each gene with gene expression auto best cut-off (37). Data were downloaded from ROC plotter and analyzed by Graphpad Prism 8.0. each gene was compared between non-responding or responding group to any kind of chemotherapy including Taxane, Anthracycline, lxabepilone, CMF, FAC, and FEC p < 0.05 was considered as significance. Receiver operator characteristic curve (ROC) were used to assess the predictive roles of hub genes.




Experimental Validation of miR-622/RNF8 Regulation Axis


Cell Culture

Breast cancer cell lines MDA-MB-231, MCF7, and human embryonic kidney cell line 293T were purchased from American Type Culture Collection (ATCC, Manassas, VA), and cultured in RPMI 1640 Medium (Hyclone) supplemented with 10% fetal bovine serum (FBS; GIBCO, Gaithersburg, MD, USA) and 100 U/ml penicillin and streptomycin (P/S; Hyclone). Cells were contained in a 5% CO2 incubator at 37°C.



Overexpression or Knockdown of miRNA and RNF8

MiR-622 overexpression and knockdown were performed by liposome-mediated miRNA Agomir and Antagomir transfection. Chemically modified Hsa-miR-622 mimics (miR-622 Agomir, Ago, 5'-ACAGCAGGCACAGACAGGCAGU-3') and hsa-miR-622 inhibitor (miR-622 Antagomir, Anti, 5'-ACUGCCUGUCUGUGCCUGCUGU-3'), with their negative control Stable N.C (Sta.N.C, 5'-UUCUCCGAACGUGUCACGUTT-3'), and inhibitor N.C (Inh.N.C, 5'-CAGUACUUUUGUGUAGUACAA-3'), respectively, were purchased from GenePharma. RNF8 siRNA (si-RNF8-1, 5'-GGACAAUUAUGGACAACAA-3') was purchased from GenePharma. MDA-MB-231, MCF7, and HEK293T cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's directions with the working concentration of Antagomir/Agomir 20 nM, siRNA 30 nM.



RNA Extraction and Quantitative Real-Time PCR

Total RNAs were extracted using the TRIzol agent (Ambion) according to the instruction of the manufacturer. Reverse transcription of RNA and quantitative real-time PCR was performed using the Hairpin-itTM miRNAs qPCR Quantitation Assay Kit (GenePharma) according to the manufacturer's instructions. Quantitative RT-PCR was performed in a Roche 480 real-time PCR system. The 2−ΔΔCt method was used to evaluate the miR-622 gene expression after normalization for expression of the endogenous controls U6 (U6 non-coding small nuclear RNA). All primers for miR-622 and the U6 genes were synthesized and approved by GenePharma. Each experiment was repeated at least three times.



Western Blotting

Total proteins were extracted with RIPA lysis buffer (Beyotime) with Protease Inhibitor Cocktail (Roche) and Phosphatase Inhibitor Cocktail (Roche). Protein samples were separated in sodium dodecyl sulfate (SDS)-PAGE and transferred to polyvinylidene fluoride (PVDF) filter membranes (Millipore, USA). After blocking in phosphate buffered saline (PBS) containing 0.05% Tween-20 and 5% non-fat milk powder, the membranes were incubated with the following primary antibodies: RNF8 (Santa Cruz Biotech, 1:500), EMT kit (Cell Signaling Technology, 1:2000), beta-actin (Santa Cruz Biotech, 1:4000), Secondary antibodies were Horseradish peroxidase (HRP)-conjugated anti-mouse IgG (ZB-2305, ZSGB-Bio, 1:4000) or anti-Rabbit IgG(Fc) (ZB-2301, ZSGB-Bio, 1:4000). Subsequent visualization was detected by Digit imaging system (Thermo, Japan), the gray level of the bands was quantitated by ImageJ software.



In vitro Cell Viability Assays

To perform cell viability assays, cells were counted and plated in the well of 96-well plate (1,500 cells per well) 24 h after transfection of chemically modified oligonucleotides or siRNA. the cell viability ability was determined using the Cell Counting Kit-8(CCK8) Assay Kit (Dojindo Corp, Japan) according to the manufacturer's protocol: After the 0/24/48/72 h proliferation of cells, the kit reagent dissolved with RPIM1640 Medium to prepare a 10% working reagent. The original medium was removed and 110 ul working reagent was added to each well. After 2 h incubation in the 37°C incubator. The absorbance was measured at 450 nm to calculate the number of cells, the cell viability assays were performed three independent times.



In vitro Transwell Migration Assays

Cell migration assays were performed using a 24-well plate with 8-μm Transwell Chambers (Costar). Twenty-four hours after transfection of synthesized miRNA oligonucleotide or siRNA, cells were digested by 0.25% Trypsin (Hyclone) and resuspended with non-serum culture medium (DMEM). After cell counting, 5 × 104 cells were suspended in 300 μL DMEM and seeded into the upper well of Transwell Chamber. The well below the Transwell Chamber, 600 μL of DMEM supplemented with 10% fetal bovine serum was added to stimulate the migration of cells. After incubation for 24 h at 37°C and 5% CO2, the Transwell chambers were removed from the 24-well plate, and non-migrated cells were removed from the upper surface of the membrane by cotton swabs. Cells that moved to the bottom surface of the chamber were fixed with 5% paraformaldehyde (Sinopharm Chemical Reagent Co., Ltd) for 10 min and stained with Hematoxylin-Eosin (HE) staining method. Then, the membrane with cells was imaged and counted in at least five random fields. The assay was performed three independent times.



Statistical Analysis

Statistical analysis was conducted using the SPSS statistical software program (Version 13.0; SPSS Inc.). All results were presented as the mean ± standard error of the mean (SEM). Student t-test and One-way ANOVA was performed to compare the differences between treated groups relative to their paired controls. p-values are indicated in the text and figures above the two groups compared and p < 0.05 (denoted by asterisks) was considered as statistically significant.





RESULTS


In silico Exploration of miR-622 Targets and Their Prognostic Values

To evaluate the prognostic values of miR-622 in various cancers, we performed a pan-cancer survival analysis based on the pan-cancer TCGA miRNA database (39). The results showed that the patient survival rate was negatively correlated with high levels of miR-622 in breast cancer (BC, p = 2 × 10−6), cervical squamous cell carcinoma (CISCC, p = 0.0195), head and neck squamous cell carcinoma (HNSC, p = 0.0011), ovarian cancer (OV, p = 1.3 × 10−5), pancreatic ductal adenocarcinoma (PDAC, p = 0.0018), and uterine corpus endometrial carcinoma (UCEC, p = 4.5 × 10−4) (Supplementary Figure 1). However, esophageal adenocarcinoma (EA), esophageal squamous cell carcinoma (ESCC), kidney renal papillary cell carcinoma (KIRP), lung adenocarcinoma (LUAD), pheochromocytoma and paraganglioma (PCPG), rectum adenocarcinoma (READ), sarcoma (SARC), testicular germ cell tumor (TGCT), and thymoma (THYM) were not correlated with miR-622 abundance (data not shown). Interestingly, high miR-622 abundance was positively correlated with the overall patient survival rate in bladder carcinoma (BCa, p = 0.017), kidney renal clear cell carcinoma (KIRC, p = 7.3 × 10−11), liver hepatocellular carcinoma (LIHC, p = 2.3 × 10−10), lung squamous cell carcinoma (LUSC, p = 0.0035), stomach adenocarcinoma (STAD, p = 0.018), and thyroid carcinoma (THCA, p = 0.0037), which indicated that miR-622 might play distinct roles in different cancers. These pan-cancer survival results also demonstrated that miR-622 could be a prognostic marker for many cancers, especially BC, OV, UCEC, KIRC, and LIHC (Supplementary Figure 1).

In breast cancer, we also analyzed the miR-622 survival rate in the METABRIC database (1,262 breast cancer samples). We found that high miR-622 abundance was significantly correlated with a poor prognosis in the METABRIC (Figure 2A) and TCGA (Figure 2B) datasets. In summary, these analyses indicated that miR-622 might be a potential marker for the prognosis of breast cancer patients.
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FIGURE 2. Survival analysis of miR-622. Overall survival (OS) of miR-622 based on METABRIC (1,262 breast cancer samples, A) and TCGA (1,077 breast cancer samples, B).


To understand how miR-622 participates in different biological processes, based on the regulatory patterns of miRNAs, the potential targets of miR-622 were identified with miRWalk 3.0 and 4 other highly recognizable and promising miRNA target prediction tools. Each prediction tool gives a set of predicted target genes. The results of the intersection of these five predicted target gene sets were integrated and visualized with TBtools software and the R package UpSetR (Figure 3) (31, 32). Finally, 77 overlapping genes, including YPEL2, RNF8, and RB1, were both predicted by the five tools (Figure 3 and Supplementary Table 1), indicating that these genes could be promising targets of miR-622. On the other hand, these genes might be involved in miR-622-regulated biological processes.


[image: Figure 3]
FIGURE 3. Potential targets predicted by multiple tools. Five promising miRNA-targets prediction tools including miRanda, TargetScan7.2, RNA22 v2.0, miRWalks v3.0, and miRDB were used to find the targets of miR-622. The intersection of five tool's results was marked in red. miR-622-targets interaction network was visualized using Cytoscape 3.7.1.




Bioinformatics Analysis of the Predicted Target Genes


GO Annotation and KEGG Enrichment Analyses

To obtain a better understanding of the function and regulatory pattern of miR-622 at the cellular level, analyses including GO annotation and KEGG pathway enrichment of the 77 overlapping target genes of miR-622 were performed using the web-based functional enrichment tool Metascape (33) and KOBAS (40, 41). Terms with P-values <0.05 (KEGG and HALLMARK) or P values <0.01 (GO) were visualized with R language as a bubble plot. As shown in the results, terms such as ubiquitin-like protein binding and RNA polymerase core enzyme binding were enriched in GO molecular functions (MFs) (Figure 4A). Regarding GO biological processes (BPs), these 77 targets were mainly enriched in chromatin organization, remodeling, the glucan metabolic process, the protein-DNA complex subunit and so on (Figure 4B). Regarding cellular components (CCs), the target genes were commonly enriched in the centrosome, microtubule organizing center, transferase complex, and site of DNA damage (Figure 4C). Furthermore, the Jak-STAT signaling pathway and its hallmarks were both enriched by KEGG pathway enrichment and HALLMARK enrichment. KEGG enrichment and HALLMARK enrichment, as well as viral carcinogenesis and HEME metabolism, were also significantly enriched (Figure 4D). To further explore the correlation between miR-622 and disease, KEGG DISEASE, and GWAS Catalog were also examined with KOBAS using the 77 overlapping genes, and the results showed that cancers such as breast cancer, glioma, and bladder cancer were enriched (Supplementary Figure 2). Interestingly, breast size was also included in the GWAS catalog. These results indicate that there might be a potential relationship between breast cancer and miR-622.
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FIGURE 4. Gene ontology and KEGG pathway enrichment analysis of predicted targets of miR-622. Gene ontology (GO) annotation analysis and KEGG pathway enrichment analysis results. Each bubble represents a term, and its size represent the counts of involved genes. Lighter colors indicate smaller P-values. (A) Enriched terms of GO molecular functions (MFs, p < 0.01). (B) Enriched terms of GO biological process (BPs, p < 0.01). (C) Enriched terms of GO cellular compounds (CCs, p < 0.01). (D) Enriched terms of Reactome, KEGG pathway, and HELLMARK (p < 0.05).


In addition, to avoid the lack of key information that results from merely taking the intersection of the predicted targets into consideration, a functional enrichment analysis was also performed on all predicted target genes with the newest version of miRWalk, which contains the newest version of the search module of the pathway gene sets (30); 3,039 target genes with a miRWalk score >0.95 were all used as input for the functional enrichment analysis. The results showed that compared with the enrichment results of the 77 genes, the MF, CC, and BP GO terms were somewhat different. Regarding MFs, ubiquitin-related terms such as ubiquitin protein ligase binding, activity, ubiquitin-conjugating enzyme binding and K63-linked polyubiquitin binding were significantly enriched (Supplementary Figure 3B), indicating a close association between miR-622 and the ubiquitination process. Regarding GO BPs, DNA repair-related and ubiquitin-related terms were enriched (Supplementary Figure 3C). Regarding GO CCs, the ciliary tip, base, neuronal cell body membrane and synaptic vesicle membrane were significantly enriched (Supplementary Figure 3D). In the KEGG pathway enrichment analysis, terms such as pathway in cancer and MAPK signaling pathway were enriched, indicating that miR-622 might be involved in carcinogenesis and MAPK1-related cell proliferation.



Construction and Clustering of the PPI Network

A protein-protein interaction network based on 77 overlapping genes was constructed by the STRING database (Supplementary Figure 4) and can be visualized in Figure 5A. The results showed that, with the exception of disconnected nodes, 25 genes were connected to another, with 11 genes in one network. These 25 genes were selected as hub genes, which might play important roles in the miR-622-related regulation of cellular processes. By comparing these 25 genes with those that were differentially expressed in invasive breast cancer (BRCA), we found that three genes, HIST2H2BE, RGS4, and RAB10, were included in the intersection (Supplementary Figure 5); therefore, the miRNA-target axis formed by miR-622 and these genes might be involved in BRCA. To find the potential interconnected regions in this network, MCODE was utilized. A smaller network with 6 nodes (RNF8, RB1, DYRK2, HIST2H2BE, TRDMT1, and MBD2) and 8 edges were clustered (Figure 5B). These genes might be pivotal genes involved in miR-622-regulated biological processes, which could be further selected for experimental validation.
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FIGURE 5. The protein-protein interaction network of overlapping genes. (A) Network was constructed by STRING database for overlapping 77 genes predicted by five promising miRNA-targets prediction tools with a medium confidence (interaction score >0.400). disconnected nodes were also removed. The network was visualized by Cytoscape 3.7.1 software. (B) Built-in app MCODE was utilized to find clusters in whole network.




Pan-Cancer Expression Analysis of the Hub Genes

To understand the roles of these 25 hub genes in various cancers, we analyzed the expression patterns of these hub genes in cancer and normal tissues in the TCGA database. The result is shown in Supplementary Figure 6, which shows an expression matrix heatmap based on the given list of hub genes. The heatmap showed that these hub genes exhibited distinct expression patterns in different cancers. A specific gene with highly differential expression, such as RNF8 in THYM, YPEL2 in LAML, and E2F6 in DLBC, indicates a strong correlation between this gene and the corresponding cancer.



Prognostic Potential of the Hub Genes

The prognostic values of the 25 hub genes selected by the PPI network in breast cancer were determined by Kaplan-Meier plotter (http://kmplot.com/analysis/) and GEPIA, to acquire a promising judgement of whether these hub genes can be used as prognostic markers. During the analysis, Jetset probes were used as the proper probe for the promising expression of specific genes (37). The results showed that in BRCA, the high expression of RGS4, DYRK2, PHP20L1, NFYA, RB1, RNF8 (Figure 6) was negatively correlated with patient survival, while YPEL2, TLK2, PRKAR2A, IL6ST, CSF2RB, SLAMF1, SLAMF6, TRDMT1, RTF1, WIPF1, CYFIP2, and TBL1XR1 (Figure 6) exhibited the opposite correlation: the high expression of these hub genes indicates a better prognosis. These genes can be used as potential prognostic markers for breast cancer. Furthermore, the survival rate heatmap including OS (Supplementary Figure 7A) and RFS (Supplementary Figure 7B) was also plotted based on the TCGA BRCA dataset, which might also be a reference for prognostic markers' selection in various cancers.
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FIGURE 6. The survival analysis of 25 hub targets in breast cancer and pan-cancer survival heatmap. The overall survival (OS) rate of 25 hub targets by Kaplan-Meier survival analysis based on 1,402 samples downloaded from Kaplan-Meier plotter tool.




Predicted Values of the Hub Genes

A predictive marker predicts the benefits from a specific treatment and can help select a particular treatment over another. To explore the predictive potentials of these hub genes in breast cancer, ROC plotter, the first online transcriptome-level validation tool for predictive biomarkers, was utilized to find the potential predicted values of these genes (37, 38). The results showed that HIST2B, DYRK2, and RB1 might be used as predictive markers for breast cancer (Supplementary Figure 8).




Validation of the miR-622-RNF8 Axis


miR-622 Inhibits RNF8 Expression via Direct Targeting of the RNF8 3'-UTR

In the bioinformatic target prediction of miR-622, 77 genes were identified in the intersection of the predicted target sets from five tools showing relatively high credibility for experimental validation (Figure 7A). Through a literature investigation, we found that RNF8, a predicted target hub gene that was also selected in the PPI network, was recently proven to promote EMT process and therefore facilitate breast cancer metastasis (12–14). In addition, reverse miRNA prediction using the RNF8 3'-UTR showed that miR-622 is one of 7 miRNAs predicted by all five tools used previously (Supplementary Figure 9), further suggesting that miR-622 might regulate RNF8.


[image: Figure 7]
FIGURE 7. miR-622 inhibits RNF8 expression. (A) The prediction of miR-622-targeting mRNAs by five online tools. There are 77 genes in the intersection of five algorithms' results set. (B) Sequences of the predicted miR-622 binding sites of the RNF8 mRNA 3'UTR, with binding areas marked in red or pink (if two sites share the same sequence). (C) Structure of dual-luciferase plasmid inserted with RNF8 3'UTR. (D) Forty 8 h after the liposome-mediated transient transfection of miR-622 agomir/stable NC/antagomir/inhibitor NC and dual-luciferase plasmid, cells were lysed and dual-luciferase assay was performed to detect the fluorescence of firefly luciferase and renilla luciferase. Relative Light unit (RLU) was obtained by the ratio of Firefly fluorescence and Renilla fluorescence. (E) Real-time PCR was performed to detect the abundance of miR-622 in MDA-MB-231 cells treated with agomir/antagomir (F–H). Western blot assay was performed to measure the expression of RNF8 in treated cells, results was obtained by gray level analysis of the band of western blot. miR-622 RNA levels are expressed as the mean ± SEM of four different experiments normalized to U6 abundance. The RNF8 protein levels are expressed as the mean ± SEM of three different experiments normalized to β-actin levels. **p < 0.01, ***p < 0.001 vs. control.


In the functional enrichment analysis, miR-622 was mainly involved in ubiquitin-related compounds and pathways, such as K63-linked polyubiquitin binding, ubiquitin protein ligase activity, and ubiquitin-like protein binding (Figure 4A and Supplementary Figures 3B–D), and DNA damage repair-related compounds and pathways, such as sites of double-strand breaks, sites of DNA damage, and the positive regulation of DNA repair (Figure 4C and Supplementary Figures 3A,C). Interestingly, to our knowledge, these are both functions of RNF8. RNF8 is an E3 ubiquitin protein ligase, and its common biological function is to catalyze the ubiquitination of target proteins, inducing the degradation of proteins or participating in the DNA damage response (DDR). In summary, these results, combined with our prediction and functional enrichment analyses of miR-622, suggesting that RNF8 and miR-622 could be functionally connected, and that might result from the regulation of miR-622 on RNF8.

Two recent articles reported that RNF8 could induce the K63-linked ubiquitination of the transcription factor Twist and promote EMT in breast cancer cells, which leads to breast cancer metastasis (12, 13). These results revealed that RNF8 was a pivotal molecule in breast cancer cell EMT process. Since RNF8 might be a crucial target for miR-622, we hypothesized that miR-622 might regulate the EMT process via the direct regulation of RNF8. Additionally, the relationship between miR-622 and breast cancer has not yet been studied, but we found a potential correlation between miR-622 and breast cancer (Supplementary Figures 2B,D). We therefore chose the miR-622-RNF8 axis in breast cancer as the in vitro proof of concept for our bioinformatic target analysis of miR-622.

To validate the regulation of RNF8 by miR-622 in vitro, the potential binding sites of miR-622 and the RNF8 3'-UTR were screened and are shown in Figure 7B. Then, the full-length 3'-UTR sequence of RNF8 was cloned and linked behind the 3' end of the coding sequence of a luciferase to simulate the natural transcriptional inhibition of miR-622 on RNF8. A dual-luciferase system was also introduced to avoid the difference in liposome-mediated transfection (Figure 7C). Forty-eight hours after cotransfection of the dual-luciferase plasmid (pmirGLO-RNF8) and miR-622 mimics (agomir), the expression of luciferase was decreased significantly compared to that of the control group (Figure 7D). This result demonstrated that miR-622 can directly target the RNF8 3'-UTR and regulate upstream luciferase expression. To further support our hypothesis that miR-622 inhibited the expression of RNF8 in vitro, MDA-MB-231 breast cancer cells (a cell line with high expression of RNF8) (12) were transfected with the miR-622 agomir and antagomir, respectively. The results showed that miR-622 abundance in MDA-MB-231 cells was vastly upregulated (5.8-fold, Figure 7E p < 0.001), and the RNF8 protein level was significantly downregulated accordingly (Figures 7F,G, p < 0.01). In contrast, when endogenous miR-622 was downregulated by transient transfection of the chemically modified miR-622 antagomir (downmodulated ~0.5-fold, p < 0.001, compared with the inhibitor (NC), Figure 7E, right), the RNF8 protein level was significantly increased (~1.6-fold compared to the inhibitor N.C., Figure 7H, p < 0.01). Combined with the results of the dual-luciferase assay showing that miR-622 could bind to RNF8 at its 3'-UTR to induce posttranscriptional silencing, we conclude that miR-622 can directly regulate RNF8 in breast cancer cells, verifying the miR-622-RNF8 axis.



miR-622 Inhibits the Epithelial-Mesenchymal Transition of Breast Cancer Cells and Affects the Cell Viability and Migration Capacity of Breast Cancer Cells

Because RNF8 can induce the EMT process in breast cancer and miR-622 can directly regulate RNF8 expression, we hypothesized that miR-622 can regulate the EMT process via the regulation of RNF8. Epithelial-mesenchymal transition can be characterized via molecular level alterations in EMT-related signatures, including epithelial hallmarks such as E-cadherin, ZO-1, and Claudin-1, and mesenchymal hallmarks, such as Vimentin, N-cadherin, and Snail. To explore whether miR-622 can regulate EMT via RNF8, we upregulated miR-622 in MDA-MB-231 cells and downregulated miR-622 in MCF7 cells and then collected the cells for the western blot detection of EMT-related hallmarks. The results showed that the overexpression of miR-622 could downregulate the expression of RNF8 and Snail, a mesenchymal hallmark, indicating that miR-622 inhibited the EMT process in breast cancer cells. In addition, the cells were transfected with the miR-622 antagomir and the inhibitor N.C. in the breast cancer cell line MCF7 for Western blot detection. The results showed that the knockdown of miR-622 could upregulate the expression of RNF8 as well as the expression of the mesenchymal status marker Snail (by 0.65-fold, Figure 8A), while the epithelial status markers E-cadherin, ZO-1, and Claudin-1 were significantly decreased (by 0.65-fold, Figure 8A).
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FIGURE 8. miR-622 inhibits breast cancer cell EMT, cell viability and migration via RNF8. (A) MDA-MB231 and MCF7 cell was transfected with miR-622 agomir and antagomir respectively. Thirty-six hours after transfection, cells were harvested and lysed to extract total proteins, then western blot assay was performed to detect changes in EMT-related hallmarks (Epithelial status hallmarks: E-cadherin, ZO-1; Mesenchymal status hallmarks: Snail). (B,C) a CCK8 cell vitality assay was performed to detect cell viability capacity of miR-622-overexpressing MDA-MB-231 cell (B) and miR-622-knockd MCF7 cell (C). (D,E) Representative microscopic images and cell counts of migratory cells from the miR-622-mimic (agomir)-transfected MDA-MB-231 breast cancer cell group (D) and the miR-622-inhibitor (antagomir)-transfected MCF7 breast cancer cell group (E) in a Transwell assay; (F,G) Representative microscopic images and a relative distance of wound healing assay in miR-622 overexpressing MDA-MB-231 cells (E) and miR-622 knockdown MCF7 cells (F). Data from the CCK8 cell viability assay, Transwell migration assay and wound healing assay represent the mean ± SEM of three independently prepared samples. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control.


In the functional enrichment analysis, miR-622 was found to be involved in cell proliferation-related signaling pathways, such as the Jak-STAT pathway, the Ras pathway, and the MAPK1 pathway (Figure 4A and Supplementary Figures 3A,B). We therefore believe that miR-622 might be involved in the regulation of cell viability. In addition, after proving the regulation of RNF8 expression by miR-622, we believe it is reasonable to assume that the RNF8-induced increase in breast cancer cell migration capacity might be directly regulated by miR-622.

To explore the effect of miR-622 on the migration and viability potential of breast cancer cells, we overexpressed miR-622 in MDA-MB-231 cells via transfection of the miR-622 agomir and stable N.C. Thirty-six hours after transfection, RNF8 protein level alterations were first verified by western blot. Then, the CCK8 cell viability (Figures 8B,C), Transwell (Figures 8D,E), and wound healing assays (Figures 8F,G) were performed. The results showed that the number of migrated cells was decreased significantly in the miR-622 overexpression group compared with the control group transfected with stable N.C (Figure 8C, p < 0.001), indicating that the upregulation of miR-622 inhibits the migration capacity of breast cancer cells. The results were further supported by wound healing assays (Figure 8E, p < 0.001), which showed that upregulated miR-622 inhibited cell mobility. To further support our hypothesis, MCF7 cells were transfected with the designed antagomir to reduce the level of miR-622. Cell viability and migration assays were then performed. The results showed that decreased miR-622 promoted the viability (Figure 8B, p < 0.001) and migration (Figures 8D,F, p < 0.001 and p < 0.01, respectively) capacities of breast cancer cells. In summary, these results showed that miR-622 inhibited breast cancer cell migration and viability in vitro.



Rescue Experiments in Breast Cancer Cell MCF7 Showed That miR-622-Mediated Migration and EMT Depend on RNF8

We verified the direct regulation of RNF8 by miR-622 and the relationship between miR-622 and the EMT process. To further test whether the miR-622-induced EMT process and EMT-related phenotype changes (for example, migration) of breast cancer cells are directly dependent on RNF8, an siRNA designed against RNF8 (siRNF8) and a miR-622-inhibitor (antagomir) were cotransfected to knock down the expression of RNF8 and miR-622 in breast cancer cell MCF7, respectively (Figure 9A). The expression changes in EMT-associated markers (Snail, a hallmark of the mesenchyme status; ZO-1, a hallmark of the epithelial status) and migration capacity were subsequently examined to determine whether the phenotypes caused by miR-622 downregulation could be reversed by its target's (RNF8) inhibition. The results showed that the protein levels of RNF8 and Snail were significantly increased in the miR-622 antagomir-treated group (Figure 9B), while cell migration was largely increased, as determined by the Transwell assay. By further cotransfecting the cells with both the miR-622 antagomir and the RNF8-targeting siRNA, the results showed that following the siRNA-mediated downregulation of RNF8, the expression of Snail was partially reversed (Figure 9B). A similar result was also observed in the Transwell assay, which showed partially rescued migration capacity (Figures 9C,D). Taken together, these results demonstrate that miR-622 could regulate EMT and EMT-related functional phenotypes by directly regulating RNF8 expression.
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FIGURE 9. Rescue experiments demonstrating that RNF8 is a direct functional target of miR-622 in EMT and breast cancer cell migration. (A) Schematics of rescue experiment. MCF7 breast cancer cells were treated with the combination of miR-622 antagomir (Anti), its control inhibitor NC (Inh N.C), RNF8 siRNA (si-RNF8), and its control si-Control (si-C). (B) Western blot was then performed to detect the expression of RNF8 and the EMT hallmark protein Snail. (C,D) Transwell assays were performed to detect the migration capacity of treated cells. (C) Representative examples and (D) quantification of the Transwell assays. Data in Transwell migration assays represent the mean ± SEM of three independently prepared samples, each measured five times. ***p < 0.001 vs. control.






DISCUSSION

Unraveling the molecular mechanisms underlying the initiation, development and metastasis of breast cancer would promote diagnosis, treatment, and prognosis evaluations. High-throughput platforms, such as microarrays and RNA sequencing, have been developing rapidly in disease progression, which not only provides the basis for the discovery of new targets for the diagnosis, therapy, and prognosis of cancers (42) but also gives us an overall view of molecular alterations.

In the present study, we focused on miR-622, a non-coding microRNA located in the q31.3 arm of human chromosome 13 NC_000013.11 that is involved in the formation and progression of many common cancers, such as gastric cancer (25), lung cancer (27), liver cancer (28, 43), glioblastoma (44), colorectal cancer (43), and acute myeloid leukemia (AML), by acting as a tumor suppressor by targeting ING1, HIF-1α, MAP4K4, YAP1, and RB1. However, some studies have shown that miR-622 may act as a protooncogene in colorectal cancer by targeting DYRK2 and inhibiting the migration and invasion of colorectal cancer cells (45). Thus, whether miR-622 is oncogenic or anti-cancer cannot be generalized due to different tumor environments. Based on miRNA-related studies, it is clear that the promotion or suppression of cancer may depend on its key target genes in the cells owing to the transcriptional regulatory pattern of the miRNA on its target genes. Therefore, identifying pivotal target genes of a miRNA might indicate how this miRNA regulates various cell signaling pathways and cancer processes in a larger picture, such as at the transcriptome level.

In the present study, we utilized five promising miRNA target prediction tools, miRWalk 3.0 (30), RNA22 2.0 (46), miRanda (47, 48), miRDB (49), and TargetScan 7.2 (50), to explore the potential target genes of miR-622. We found 77 genes at the intersection of the prediction of the five tools, showing that they might be promising targets of miR-622. Interestingly, among the 77 overlapping genes, DYRK2, YAP1, and RB1 have been proven to be direct target genes of miR-622 by Wang et al. (45), Xu et al. (51), and Ma et al. (52), respectively, further proving our predictions. Then, we used these 77 overlapping genes to perform GO annotation and KEGG pathway analyses, which might show us the crucial regulatory pattern of miR-622. The results showed that GO annotation items such as chromatin organization, remodeling, the protein-DNA complex subunit, and sites of DNA damage were enriched. KEGG pathway enrichment analysis revealed that the Jak-STAT signaling pathway and viral carcinogenesis were the most significant pathways. To unearth more functions of miR-622 and avoid the bias caused by taking only 77 overlapping genes into account, KEGG DISEASE and GWAS Catalog were also examined with KOBAS (Supplementary Figure 2). In addition, all targets with good scores predicted by miRWalk were subjected to GO annotation and KEGG pathway enrichment analyses (Supplementary Figure 3). These results indicate the potential correlation between miR-622 and breast cancer.

Through construction of the PPI network with the STRING database, we identified 25 hub genes that had high degrees of confidence, indicating that all of them might play pivotal roles in miR-622-regulated pathways and phenotypes. Therefore, we performed a pan-cancer expression analysis to examine the differential expression of these genes. The results showed that these hub genes exhibited distinct expression patterns in different cancers, such as RNF8 in THYM, YPEL2 in LAML and E2F6 in DLBC, which indicated the potential relation of these genes with the corresponding cancer. A pan-cancer survival rate analysis was also performed to assess the prognostic values of these genes, and the results showed that these overlapping genes might be signatures in various cancers, such as RNF8 in KIRC, RB1 in OV and E2F6 in LIHC. In breast cancer, 17 genes, including RNF8, DYRK2, RB1, and TRDMT1, could be used as prognostic biomarkers of breast cancer, indicating that these genes, including RNF8, might have a strong relationship with breast cancer.

MCODE was utilized to further identify the potential interconnected clusters in the PPI network. Finally, six genes, including RNF8, RB1, DYRK2, TRDMT1, and MBD2, were identified and regarded as hub target genes. Then, the predictive values of these genes were assessed with ROC plotter, a database containing a sufficiently large breast cancer cohort with transcriptomic and clinical response data from the GEO. The results showed that the high expression of DYRK2 and RB1 and the low expression of HIST2H2BE might be potential biomarkers for a good chemotherapy response. Interestingly, the regulation of RB1 and DYRK2 by miR-622 was already demonstrated in vitro by Ma et al. (52) and Wang et al. (45), which supported our prediction. However, the roles of miR-622 and RNF8, MBD2, TRDMT1, and HIST2H2BE have still not been discussed, requiring further exploration.

In the functional analysis of miR-622 targets, we found that miR-622 is mainly involved in ubiquitin-related compounds and pathways (Figure 4A and Supplementary Figures 1C, 3B,D) and DNA damage repair-related compounds and pathways (Figure 4C and Supplementary Figures 3A,C). Interestingly, these are both classic functions of RNF8. The common function of RNF8, an E3 ubiquitin protein ligase and one of six predicted hub target genes selected by STRING and MCODE (53, 54), is to catalyze the ubiquitination of target proteins, inducing the degradation of proteins or participating in the DNA damage response (DDR). These studies, combined with our prediction that RNF8 is a promising target of miR-622, corroborated the pivotal roles of RNF8 in miR-622-related biological processes (Figure 3 and Supplementary Table 1). Recently, Kuang et al. (12) and Lee et al. (13) reported that RNF8 could promote EMT in breast cancer cells, leading to breast cancer metastasis (12, 13). These studies demonstrate that RNF8 is a crucial regulator in breast cancer EMT process. Since our results indicated that RNF8 might be a crucial target for miR-622, we also found that some functions of miR-622 targets are associated with breast cancer (Supplementary Figures 2B,D). We reasonably assume that miR-622 might regulate the EMT process of breast cancer cells via the direct regulation of RNF8. In addition, to our knowledge, the relationship between miR-622 and breast cancer has not yet been studied. We therefore chose the miR-622-RNF8 axis in breast cancer as the in vitro proof of concept for our bioinformatic target analysis of miR-622.

First, by two-way miRNA target prediction using miR-622 and RNF8, the results showed that miR-622 could target RNF8 by binding its 3'-UTR and vice versa (Figure 7A and Supplementary Figure 9). Thus, we hypothesize that miR-622 might regulate breast cancer cell EMT process and migration as a tumor suppressor gene via the downregulation of RNF8. To support our hypothesis, we cloned the full-length sequence of the RNF8 3'-UTR into a dual luciferase system and thus showed the binding of miR-622 and the RNF8 3'-UTR in vitro. Furthermore, we found that the overexpression of miR-622 in breast cancer cells can downregulate the expression of RNF8, while miR-622 knockdown by the antagomir could increase the protein level of RNF8, which verified the regulation of RNF8 by miR-622. Then, by detecting EMT-related molecular signatures, we found that miR-622 could regulate RNF8-induced EMT by regulating RNF8. However, it is surprising that the relationship between miR-622 targets and EMT were not enriched in any enrichment analyses, this might because that miR-622 may not regulated EMT-related genes (such as E-cadherin) directly.

In addition, rescue experiments showed that the downregulation of EMT markers (Snail, Figure 9B) and enhanced migratory ability (Figures 9C,D) by the miR-622 antagomir were significantly reversed by siRNF8. Notably, the RNF8 protein levels in the “reverse” group were still slightly lower than those in the control group. The main cause of these results may be the fact that the “reverse” efficiency might be influenced by multiple factors, such as the efficiency of the miR-622 antagomir and the RNF8 siRNA and/or the transcriptional inhibition efficiency of miR-622 on RNF8 mRNA. Additionally, based on the miRNA regulation patterns, miR-622 is not the only regulatory miRNA of RNF8, because one gene can be regulated by multiple miRNAs and vice versa. In summary, these results experimentally identified RNF8 as a new target of miR-622 in breast cancer, revealing a new role for miR-622 in breast cancer tumorigenesis and verified our targets and functional analysis of miR-622. Also, we suppose that breast cancer metastasis might be regulated by miR-622 via the regulation of RNF8, which requires further supports via in vivo experiments.

To conclude, we utilized an integrated miRNA-target-phenotype research model that started from the bioinformatic identification and analysis of the miRNA-target axis, followed by mining and functional enrichment validation of the identified key miRNA-target axis, and end with performing miRNA-target-phenotype validation in vitro as proof of concept. Our experiments revealed not only the hub target genes of miR-622 in silico, demonstrating the potential functions of miR-622, but also the key regulatory mechanism of miR-622 in breast cancer viability and migration in vitro for the first time.
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Background: Exosomal circular RNAs (circRNAs) in peripheral blood are considered as emerging diagnostic biomarkers of cancers. Owing to the lack of sensitive and specific biomarkers, a large number of colorectal cancer (CRC) patients were diagnosed in advanced stages leading to high mortality. This study aimed to identify circulating exosomal circRNAs as novel diagnostic biomarkers of CRC.

Materials and Methods: Candidate circRNA was selected by integrating analysis of Gene Expression Omnibus (GEO) database with online program GEO2R. A total of 170 patients and 45 healthy controls were enrolled to assess the diagnostic value of circRNAs for CRC. Exosomes isolated from the serum of participants and cell cultured media were confirmed by transmission electron microscope (TEM), Nanoparticle Tracking Analysis and western blot. The expression and the diagnostic utility of circRNA were tested by qRT-PCR and receiver operating characteristic (ROC) analysis, respectively.

Results: The circulating exosomal hsa-circ-0004771 with most abundant among the top ten differentially expressed circRNAs (fold change ≥1.5) was selected for further study based on the results of GEO dataset analysis. The up-regulated exosomal hsa-circ-0004771 was verified in serum of CRC patients compared to healthy controls (HCs) and patients with benign intestinal diseases (BIDs) by qRT-PCR. The area under the ROC curves (AUCs) of circulating exosomal hsa-circ-0004771 were 0.59 (95%CI, 0.457–0.725), 0.86 (95%CI, 0.785–0.933) and 0.88 (95%CI, 0.815–0.940) to differentiate BIDs, stage I/II CRC patients and CRC patients from HCs, respectively. The AUC was 0.816 (95%CI, 0.728–0.9) to differentiate stage I/II CRC patients from patients with BIDs. In addition, the elevated expression of exosomal hsa-circ-0004771 in the serum of CRC patients was tumor-derived. It was found that the expression of exosomal hsa-circ-0004771 was down-regulated expression of in the serum of postoperative CRC patients as well as cultured media of CRC cells treated with GW4869.

Conclusions: Circulating exosomal hsa-circ-0004771 was significantly up-regulated in CRC patients and served as a novel potential diagnostic biomarker of CRC.

Keywords: hsa-circ-0004771, circular RNA, exosome, colorectal cancer, diagnosis, biomarker



Introduction

Colorectal cancer (CRC) is the third most common cancer and the second leading cause of death globally (Bray et al., 2018). Clinical screenings for CRC include fecal occult blood test, colonoscopy screening and conventional tumor biomarkers (Levin et al., 2003; Cho, 2011). However, almost 90% of deaths might be preventable if CRC patients were diagnosed at an early stage (Smith et al., 2001). Therefore, sensitive diagnostic biomarkers for early detection of CRC are urgently needed.

Exosomes are extracellular vesicles, which contain multiple proteins, lipids, DNA and different RNA species (Pan and Johnstone, 1983). Increasing findings have indicated that exosome-delivered RNAs involve in the occurrence and progress of cancers, which also involved in epithelial–mesenchymal transition (Wang et al., 2014), angiogenesis (Umezu et al., 2014), premetastatic niche (Grange et al., 2011), immune response and therapeutic resistance (Xie et al., 2019). Furthermore, isolation of exosomes from accessible bodily fluids (blood, urine, saliva, etc.) made it possible to apply exosomes in clinical diagnosis (Skog et al., 2008; Oeyen et al., 2018; Usman et al., 2018; Vo et al., 2019). Some exosome-delivered circRNAs, such as circPTGR1, have been reported that it is stably present in exosomes and play an essential role in hepatocellular carcinoma development (Wang et al., 2019; Zhang et al., 2019a).

Circular RNAs (circRNAs) are a kind of single-stranded covalently closed RNAs (Chen et al., 2019a), which were initially identified as splicing-associated noise in the early 1990s and formed by backsplicing process of pre-mRNA (Capel et al., 1993; Conn et al., 2015). Recently, a number of studies reported that circRNAs were closely associated with the initiation and development of cancers, including CRC (Li et al., 2018; de Fraipont et al., 2019; Jin et al., 2019). In fact, circRNAs are more stable than linear RNAs due to their special loop structure which lack of 5’-3’ polarity and polyadenylate tail. This could prevent from RNase R degradation or RNA exonuclease digestion (Suzuki and Tsukahara, 2014). Hence, stable circRNAs are rich in peripheral blood and has potential as biomarkers of diseases (Chen et al., 2017; Wang et al., 2019).

In this study, we screened exosomal hsa-circ-0004771 as a candidate for potential diagnostic biomarker of CRC by database analysis, and explored its expression in exosome of sera, CRC tissues and cells. Our results revealed that exosomal hsa-circ-0004771 was significantly up-regulated in sera of CRC patients with significant diagnostic efficacy, it could offer new opportunities for potential diagnosis targeting colorectal cancer.




Materials and Methods



Study Population

A total of 135 CRC patients, 35 patients with benign intestinal diseases (BIDs) and 45 healthy controls (HCs) were enrolled from Nanjing First Hospital affiliated to Nanjing Medical University. CRC patients were confirmed by histopathological analysis of the surgical resection tissues. All pre-operation serum samples were collected from patients with treatment naïve. The HCs were recruited from disease-free healthy volunteers and subjects for body check. Written informed consents were obtained from each participant, and the study protocol was approved by the Research and Ethical Committee of Nanjing First Hospital. The information about clinicopathological characteristics of all participants was retrieved from medical records and questionnaires, which was summarized in Table 1.




Table 1 | Clinical characteristics of the participants.
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Study Design

As shown in Figure 1, our study was conducted in three phases, discovery phase, validation phase, and exploration phase. In the discovery phase, we selected exosomal hsa-circ-0004771 as a target gene of CRC based on the integrated analysis of two Gene Expression Omnibus (GEO) datasets and verification in the age-matched HCs and BC patients by using qRT-PCR. In the validation phase, the diagnostic value of exosomal hsa-circ-0004771 was assessed by its relative expressions among 180 subjects, including 70 stage I/II CRC patients, 40 stage III/IV CRC patients, 35 patients with BIDs, and 35 HCs). Finally, in the exploration phase, the origin of exosomal hsa-circ-0004771 in serum of CRC patients was explored in tumor tissue and CRC cell lines.
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Figure 1 | Flow chart of the study design. ROC, receiver operating characteristic; qRT-PCR, quantitative real-time polymerase chain reaction; HC, healthy control; BID, benign intestinal diseases; CRC, colorectal cancer; ANT, adjacent normal tissue.







Cell Culture

Human colorectal mucosal epithelial cell (FHC) and CRC cell lines (HCT-116 and SW-480) were obtained from American Type Culture Collection. FHC, HCT-8 and HCT-116 cells were cultured in RPMI-1640 with 10% fetal bovine serum (FBS) and other cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM). All of the cell lines are bathed with 10% FBS and 1% penicillin/streptomycin (P/S) solution and incubated in an incubator containing 5% CO2 at 37°C.




Isolation of Exosomes

Exosomes were isolated from serum and medium samples using Invitrogen™ Total Exosome Isolation Kits (4478359 and 4478360) (Invitrogen, NYC, USA) according to the manufacturer’s protocol. For serum samples, serum was collected from venous blood after centrifugation at 2,000 × g for 20 min and subsequently mixed with the exosome isolation reagent. The mixture was centrifuged at 15,000 × g, 4°C for 2 min after standing for 30 min, then the supernatant was removed to obtain exosome precipitation. For cell lines, the culture media were collected for exosome isolation from culture plates with cells being cultivated for 24 h or 48 h, and then the exosomes were isolated according to the manufacturer’s protocol.




Extraction of RNAs and qRT-PCR

Total RNA was extracted from exosomes, cells and tissues respectively, by using TRIzol reagent (Invitrogen, NYC, USA). Thereafter, 1 ug total RNA was added to a final volume of 20 μl mixed reagent for reverse transcription. Then different expression of hsa-circ-0004771 from exosomes, cells and tissues real-time PCR (qRT-PCR) was conducted in triplicate with specific primers of hsa-circRNAs, which were chemically synthesized and validated in RiboBio Company (RiboBio, Guangdong, China). The sequence of circ-00047771: former primer, AGTTGCTCCAATGACAGAGTTACC; reverse primer,CCTCCTTCAGTCAAGTGTGCATC.

The PCR was conducted on ABI 7500 real-time PCR system (Applied Biosystems, CA, USA) used SYBR Green (Takara, China) The relative expression levels of circRNAs were calculated by the 2^–∆∆Ct method.




Transmission Electron Microscopy Analysis

Isolated exosomes were re-suspended in 100 μl phosphate-buffered saline (pH 7.4) and fixed in 50 μl glutaraldehyde. Subsequently, fixed exosomes were dropped onto a formvar-carbon coated grid, left to dry at room temperature for 5 min, excess liquid was removed and then stained with phosphotungstic acidoxalate for 1 min. Then, the grid was further dried at room temperature for 10 min and visualized on Tecnai G2 F20 transmission electron microscope (TEM) (FEI, United States) at 185 kV.




Western Blot

To test the expression of exosome specific protein CD63 and TSG101, the whole proteins were extracted from serum of subjects, and culture media of cell lines by using the Whole protein extraction kit (KGP2100). The protein concentration was measured by bicinchoninic acid (BCA) kit (KGPBCA) (KeyGEN BioTECH, China). After immunoblotting, the proteins attached to polyvinylidene fluoride (PVDF) membrane were incubated overnight at 4°C with specific antibodies, and subsequently incubated with HPR-labeled secondary antibodies. Finally, the membrane was exposed with chemiluminescent agents.




Bioinformatics Analysis

We searched the GEO database with the following keywords restricting, namely (“circRNA” OR “circRNAs” OR “Circular RNAs”), (“colorectal carcinoma” OR “colorectal cancer” OR “colorectal neoplasm” OR “colorectal tumor” OR “CRC”) and (“exosome” OR “exosomes”). The differentially expressed circRNAs in GEO datasets were analyzed by using online tool GEO2R.




Statistical Analyses

Chi-square test was used to compare the clinicopathological features of each group and the Student’s t test was conducted to examine differences in expression of circRNAs. Receiver operating characteristic (ROC) curve and the area under the ROC curve (AUC) were constructed to assess the diagnostic performance of hsa-circ-0004771, and the corresponding cutoff points of the ROC curve were determined by the Youden’s Index. The sensitivity, specificity and 95% confidence intervals (CIs) were calculated using the binary regression model (Deville et al., 2002). All of the data were analyzed by IBM SPSS version 19.0 (IBM Corp, NYC, USA) and the graphs were generated by GraphPad Prism 8 software (GraphPad Software, CA, USA) and R language. The P value < 0.05 is considered statistically significant.





Results



Exosomal hsa-circ-0004771 Was Significantly Up-Regulated in Sera of CRC Patients With Remarkable Diagnostic Value

After analysis of difference and abundance expression of circRNAs in GSE100206 (n = 32) and GSE100063 (n = 12) datasets, 59 circulating exosomal circRNAs with fold change ≥1.5 and P value <0.05 were identified as differentially expressed circRNAs (DEcircRNAs) (Figure 2A). We selected hsa-circ-0004771 for the study as the expression of hsa-circ-0004771 was the most abundant among top 10 up-regulated ones (Figure 2B, Supplement Table 1). ROC analysis showed that the diagnostic value of circulating exosomal hsa-circ-0004771 to differentiate CRC patients from HCs was remarkably high (AUC = 0.90) (Figure 2C). To further confirm the results, we enrolled 10 CRC patients and 10 healthy controls, and the isolated exosomes from clinical serum samples were verified through TEM (Figure 2D), western blot (Figure 2E) and nanosight particle tracking analysis (Figure 2F). GAPDH was used as an internal reference of exosomal circRNAs in peripheral blood because the expression of exosomal GAPDH in serum had no difference between CRC patients and HCs and did not obviously change during the incubation time (4, 8, 24 h) at room temperatures (Figure 2G). Up-regulated expression was consistently observed in serum of CRC patients compared to HCs by qRT-PCR (Figure 2H). ROC analysis showed that the AUC of circulating exosomal hsa-circ-0004771 was 0.92 to differentiate CRC patients from HCs (Figure 2I).
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Figure 2 | Identification and validation of up-regulated exosomal hsa-circ-0004771 in peripheral blood of CRC patients.(A) Heat maps of DEcircRNAs of analysis of GSE100206 and GSE100063. (B) Expression of DEcircRNAs in GEO datasets. (C) ROC analysis of hsa-circ-0004771 in GEO datasets (P < 0.001). (D–F) TEM, western blot analysis and nanosight particle tracking of peripheral blood exosomes. (G) The expression value of exosomal GAPDH in serum of CRC patients and HCs at different standing times. (H) qRT-PCR analysis of hsa-circ-0004771 expressions in peripheral blood exosomes of CRC patients (n = 10) and HCs (n = 10). (I) ROC analysis of circulating exosomal hsa-circ-0004771 to differentiate CRC patients from HCs (P < 0.001). DEcircRNAs, differentially expressed circRNAs; ROC, receiver operating characteristic; TEM, transmission electron microscope; qRT-PCR, quantitative real-time polymerase chain reaction; CRC, colorectal cancer; HC, healthy control.






Validating the Expression and Diagnostic Value of Circulating Exosomal hsa-circ-0004771 in an Independent Cohort

To validate the dysregulated expression of circulating exosomal hsa-circ-0004771, serum samples of 110 CRC patients, 35 patients with BID, and 35 HCs, were tested. First, we observed that there was no significant difference in the expression of serum exosomal circ-0004771 between HCs and CRC patients, and the corresponding AUC was 0.59 with the sensitivity of 54.29% and specificity of 68.57% (P = 0.190) (Figure 3A). Then, we compared the expression circulating exosomal hsa-circ-0004771 between stage I/II CRC patients and HCs. As shown in Figure 3B, exosomal hsa-circ-0004771 was also significantly elevated in the serum of stage I/II CRC patients. The AUC was 0.86 (95%CI, 0.785–0.933) to discriminate stage I/II CRC patients from HCs with the sensitivity of 81.43% and specificity of 80% (P < 0.001). When compared with HCs, the expression of exosomal hsa-circ-0004771 in serum was significantly up-regulated in CRC patients with all TNM stages. The AUC of circulating exosomal hsa-circ-0004771 to differentiate CRC patients with all stages from HCs was 0.88 (95%CI, 0.815–0.940) with the sensitivity of 80.91% and specificity of 82.86% (P < 0.001) (Figure 3C). Subsequently, we found that the expressions of exosomal hsa-circ-0004771 in serum were significantly up-regulated in stage I/II CRC patients to differentiate patients with BIDs from stage I/II CRC patients was 0.81 (95%CI, 0.728–0.900) with the sensitivity of 81.43% and specificity of 74.29% (P < 0.001) (Figure 3D). Finally, the Chi-square test revealed that expression of circulating exosomal hsa-circ-0004771 was significantly correlated with TNM stage (P = 0.017) and distant metastasis (P = 0.004) (Table 2).
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Figure 3 | Dysregulated circulating exosomal hsa-circ-0004771 serves as a promising diagnostic biomarker for CRC. (A–C) qRT-PCR and AUC analysis of hsa-circ-0004771 expression in patients with BID (n = 35), stage I/II CRC patients (n = 70) and CRC patients (all stage) (n = 110) compared with HCs (n = 35), respectively. (D) qRT-PCR and AUC analysis of hsa-circ-0004771 expression in patients with BID (n = 35) compared with stage I/II CRC patients (P < 0.001). qRT-PCR, quantitative real-time polymerase chain reaction; CRC, colorectal cancer; HC, healthy control; BID, benign intestinal diseases; ROC, receiver operating characteristic.










	
Table 2 | Correlations between hsa-circ-0004771 expression and clinicopathological features of CRC patients in serum exosomes.





	
Characteristics


	
Number

of Cases


	
Expression of hsa-circ-0004771


	
P valuea





	
Low (n = 55)


	
High (n = 55)





	
Age, years


	
110


	
	
	



	
 < 50


	
36


	
20


	
16


	
0.416





	
≥50


	
74


	
35


	
39


	



	
Gender


	
	
	
	



	
 Male


	
72


	
38


	
34


	
0.423





	
 Female


	
38


	
17


	
21


	



	
TNM stage


	
	
	
	



	
 I–II


	
70


	
41


	
29


	
0.017





	
 III–IV


	
40


	
14


	
26


	



	
Lymphatic Metastasis


	
	
	
	



	
 N0


	
87


	
46


	
41


	
0.241





	
 N1 + N2


	
23


	
9


	
14


	



	
Distant Metastasis


	
	
	
	



	
M0


	
88


	
50


	
38


	
0.004





	
M1


	
22


	
5


	
17


	



	
aStatistical significant results (in bold) (P < 0.05).
















Elevated Circulating Exosomal hsa-circ-0004771 in CRC Patients was Tumor-Derived

Several studies reported cancer cells may release circRNAs in the cargo of exosomes into the peripheral blood (Dou et al., 2016; Imaoka et al., 2016; Lasda and Parker, 2016). To explore the source of up-regulated exosomal hsa-circ-0004771, we firstly examined the results of high-throughput sequencing using three paired CRC tissues and adjacent normal tissues (ANTs). Unexpectedly, we found that hsa-circ-0004771 was significantly down-regulated in CRC tissues (Figure 4A), and qRT-PCR verified hsa-circ-0004771 was significantly down-regulated in CRC tissues and cells (Figures 4B–C). To explore the origin of circulating exosomal hsa-circ-0004771, we firstly examined ten pairs of serum specimens collected from CRC patients before and after surgery operation. The result shown that the expression of circulating exosomal hsa-circ-0004771 was significantly decreased after operation (Figure 4D), suggesting increased expression of exosomal hsa-circ-0004771 may be tumor-derived. Meanwhile, the results of relative expression of exosomal hsa-circ-0004771, which were also verified by TEM, nanosight particle tracking analysis and western blot (Figures 4E–G). In cultured media of CRC cells (HCT-116 and SW-480) revealed that the increased exosomal hsa-circ-0004771 expression was depended on the cell numbers and culture time (Figures 4H–I). In addition, we applied GW4869, a known blocker for exosomes, to inhibit the exosomes secretion. We found that the expression of exosomal hsa-circ-0004771 was significantly down-regulated in cultured media, but not significantly changed in the CRC cells (Figures 4J–K).
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Figure 4 | Elevated expression of circulating exosomal hsa-circ-0004771 was tumor-derived. (A) Heat map of differentially expressed circRNAs in CRC tissues and ANTs by high-throughput sequencing. Red in the two plots denotes up-regulation; blue denotes down-regulation. (B) qRT-PCR analysis of hsa-circ-0004771 expression in five pairs of CRC tissues and ANTs. (C) qRT-PCR analysis of hsa-circ-0004771 expression in colorectal mucosal epithelial cell (FHC) and CRC cells. (D) qRT-PCR analysis of hsa-circ-0004771 expression in 10 pairs of preoperative serum samples and corresponding postoperative samples. (E–G) TEM, and western blot analysis nanosight particle tracking of exosomes in cell cultured media (HCT-116 and SW-480). (H and I) qRT-PCR analysis of hsa-circ-0004771 expression in cultured media with different time points and cell numbers. (J and K) qRT-PCR analysis of hsa-circ-0004771 expression in CRC cells and corresponding cultured media after treated with GW4869. CRC, colorectal cancer; ANT, adjacent normal tissue; qRT-PCR, quantitative real-time polymerase chain reaction; TEM, transmission electron microscope.








Discussion

In this study, we first sought to determine circulating exosomal hsa-circ-0004771 was significantly up-regulated in the sera of CRC patients and showed a high diagnostic value for CRC patients. Subsequently, elevated exosomal hsa-circ-0004771 in serum of CRC patients was demonstrated to be tumor-derived.

With the advent of bioinformatics analysis and high-throughput sequencing technology, functional circRNAs have been extensively elucidated. CircRNAs are stable and abundant in cells due to their special covalently closed cyclic structure. They also being reported as key regulators in biological progression of cancers (Beermann et al., 2016). Up to now, rising evidence reveals that circRNAs are closely associated with angiogenesis, tumor microenvironment and metastasis of various cancers (Zhong et al., 2017; Chen et al., 2019b; Karedath et al., 2019). For example, Bahn et al. reported that in human saliva, 422 circRNAs might participate in inflammatory and chemotaxis responses and regulate microenvironment of cancer (Bahn et al., 2015). In CRC, circCCDC66 sponged miRNA-33b and miR-93 to protect the MYC mRNA so that tumor proliferation, migration, and metastasis were activated in both in vitro and in vivo (Hsiao et al., 2017). However, the role of hsa-circ-0004771 (circNRIP1) and its diagnostic value in cancer remain poorly characterized. So far, hsa-circ-0004771 was only shown as an oncogene in gastric cancer (GC), knockdown of hsa-circ-0004771 blocked malignant tumor phenotype of GC cells (Zhang et al., 2019b). Our study revealed that exosomal hsa-circ-0004771 was significantly up-regulated in sera of CRC patients and the increased expression of exosomal hsa-circ-0004771 may be tumor-derived. However, the biological role of hsa-circ-0004771 in CRC still needed further investigation.

In recent years, exosome have been widely studied as an important regulatory node for the intercellular interaction of cells (Chan et al., 2019; Hu and Li, 2019), and the exosomes derived from tumor cells could package circRNAs and be released into the circulation system (Bach et al., 2019). Moreover, circulating circRNAs in exosome as biomarkers of diseases has aroused great attention (Fang et al., 2018; Ma et al., 2019). We discovered exosomal hsa-circ-0004771 was significantly up-regulated in the sera of CRC patients and identified as a novel potential biomarker for the early diagnosis of CRC patients based on the public data uploaded into the GEO database. Interestingly, we found hsa-circ-0004771 was down-regulated in exosome of CRC cells and CRC tissues, which may be consistent with the idea of Lasda et al. who supposed that the active transport of circRNAs to exosomes may be a mechanism for circRNAs clearance (Lasda and Parker, 2016). CircRNAs, which are enriched and stable in cells, may be bound to RNA binding proteins and transported to exosomes (Dou et al., 2016; Zang et al., 2018), but the actual sorting mechanism of circRNAs into exosomes needed to be further investigated.

In conclusion, we demonstrated that the exosomal hsa-circ-0004771 was significantly up-regulated in CRC patients’ sera. Circulating exosomal hsa-circ-0004771 could serve as a novel potential biomarker for early diagnosis of CRC.
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Longnoncoding RNAs (lncRNAs) are significantly correlated with cancer pathogenesis, development, and metastasis. Microarray analysis showed that lncRNA MRPS30-DT is overexpressed in breast carcinoma; however, the function of MRPS30-DT in breast cancer tumorigenesis remains unclear. In situ hybridization and immunohistochemical analysis were used to evaluate the expression levels of MRPS30-DT and Jab1 in clinical samples of breast carcinoma and their relation to survival outcome. qRT-PCR was used to measure MRPS30-DT and Jab1 mRNA expressions. Protein levels were detected using Western blot. Cell proliferation and invasion ability were evaluated via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), colony formation, and transwell assays. MRPS30-DT was knocked down in breast cancer cells to investigate its potential functional roles in cell growth and metastasis in vitro and in vivo. We found that MRPS30-DT was upregulated in breast cancer specimens and was accompanied by high Jab1 expression compared with that of paired para-carcinoma tissues. Knocking down MRPS30-DT significantly inhibited cancer cell proliferation and invasion and induced apoptosis in breast cancer cells. Similarly, knocking down MRPS30-DT in MDA-MB-231 cells significantly suppressed tumor growth. Furthermore, knocking down MRPS30-DT markedly reduced Jab1 expression in breast cancer cells and murine carcinoma. Statistical analyses suggested that high MRPS30-DT or Jab1 levels in breast cancer patients were positively correlated with poor prognoses. These data indicate the possible mechanisms of MRPS30-DT and Jab1 in breast cancer; thus, MRPS30-DT and Jab1 may be novel prognostic biomarkers and potential therapeutic targets for breast cancer treatment.

Keywords: breast cancer, lncRNA, MRPS30-DT, Jab1, biomarker


INTRODUCTION

Breast cancer is one of the most common malignant tumors in women and is the leading cause of cancer-related death in women (1, 2). Epidemiological investigations have shown that genetic susceptibility and environmental factors and reproductive factors are closely related to breast cancer (3). The main treatments for breast cancer include surgery, chemotherapy, radiotherapy, targeted therapy, endocrine therapy, and comprehensive therapy (4). Despite advances in adjuvant therapy in recent years, the 5-year survival rate for patients with advanced breast cancer is only around 22% (5). Patients who die of metastatic breast cancer account for 90% of these deaths (5). Precision therapy suggests that different breast cancer subtypes may have different molecular phenotypes and thus require different treatment strategies (4). For example, HER2-positive patients have more prolonged survival after targeted anti-HER2 therapy (6). These features confer different predictive and reactive therapies for breast cancer patients. Hence, novel therapeutic targets for breast carcinoma are urgently needed.

Jab1 was initially identified as a c-Jun coactivator (also called COPS5or CSN5) and plays an essential role in DNA response, DNA repair, the cell cycle, apoptosis, proliferation, and signal transduction (7, 8). Jab1 is reported to be highly expressed in various tumors and is significantly negatively correlated with tumor survival (9, 10). Conversely, knocking down Jab1 can significantly reduce tumor cell proliferation and invasion ability (11). Long noncoding RNA (lncRNA) TBILA is reported to promote non-small-cell lung cancer by activating the S100A7/Jab1 signaling pathway (10). Our previous research demonstrated that Jab1 contributes to breast cancer progression (8, 12). However, few studies have reported on whether lncRNA can regulate Jab1 expression in breast cancer.

Noncoding RNAs do not encode proteins (13–15). LncRNAs are noncoding RNAs that are more than 200 nucleotides long (13). The major functions of lncRNA include regulating chromatin modification, gene transcription, protein translation, and ceRNA function (13). LncRNA can adjust gene expressions at the transcriptional, posttranscriptional, and epigenetic levels; thus, lncRNA is involved in cancer occurrence and progression (16). Increasing evidence has shown that lncRNA plays an essential regulatory role in various tumors (16) and is abundant in mammals. Although lncRNA cannot be translated into proteins, it can regulate gene expression levels through various pathways (17). Previous research has shown that lncRNAs play a role in regulating proliferation, invasion, metastasis, and apoptosis. Thus, the underlying mechanisms that lncRNAs use to regulate breast cancer should be investigated.

Data were collected using a high-throughput microarray to analyze the lncRNA and mRNA expression profiles in breast cancer and para-carcinoma tissues. MRPS30-DT and Jab1 expression profiles in breast tumor tissues were markedly higher than those in the adjacent mucosa, and higher expression levels of MRPS30-DT or Jab1 correlated with worse prognoses in breast cancer patients. Functional studies showed that MRPS30-DT significantly promoted tumor cell proliferation, induced tumor cell invasion and metastasis, and inhibited tumor cell apoptosis. Knocking down of MRPS30-DT significantly reduced Jab1 expression in breast cancer cell lines. Overall, these results indicated that MRPS30-DT plays an oncogenic role in breast cancer and may regulate breast cancer development by targeting Jab1. Our study characterized a novel lncRNA-mediated mechanism of regulating Jab1 and may provide a novel diagnostic marker and therapeutic target for treating breast cancer patients.



MATERIALS AND METHODS


Microarray Analysis

Six pathological tissues (three pairs) obtained from breast cancer patients were included in the human microarray analysis using the Agilent Array platform (Agilent Technology) per the manufacturer's protocol. Differentially expressed lncRNAs were identified in breast cancer and para-carcinoma tissues via fold-change filtering, and a heatmap was used to plot the expression profiles. All three enrolled patients had pathologically confirmed invasive ductal carcinoma.



Chemicals and Reagents

RPMI-1640 cell basal culture medium was purchased from Invitrogen (Carlsbad, CA, USA), and fetal bovine serum (FBS) was purchased from Gibco (Grand Island, NY, USA). The total RNA extraction kit and Lipofectamine 2000 transfection reagent were also purshased from Invitrogen (Carlsbad, CA, USA). Si-MRPS30-DT and the negative control (si-NC) were purchased from GenePharma (Shanghai, China). The anti-Jab1 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and anti-GAPDH was purchased from Proteintech (Wuhan, China).



Cell Lines and Cell Cultures

The human breast cancer cell lines (MDA-MB-231 and MCF-7) were provided by the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were sustained in RPMI-1640 medium containing 10% FBS and 1% penicillin-streptomycin sulfate (Invitrogen). All cells were cultivated at 37°C in a 5% CO2 atmosphere.



Tissue Microarray and Immunohistochemical Analyses

The tissue microarray was obtained from Outdo Biotech Co., Ltd. (Shanghai, China). Immunohistochemical studies of Jab1 and in situ hybridization analyses of MRPS30-DT were performed on the breast cancer samples via tissue microarray. The paraffin-embedded tissues were sliced at 4-μm thick. After dewaxing and rehydration, the tissue sections were incubated with 3% H2O2 for 30 min to block the endogenous peroxidase activity. The antigen was recovered through repeated cooling and heating, and nonspecific binding was blocked with 5% bovine serum albumin. The sections were incubated with primary antibodies overnight at 4°C. Anti-Ki67 (ab833) was purchased from Abcam (Cambridge, MA, USA). Anti-Ki67 was diluted at 1:200; anti-Jab1 was diluted at 1:50. The sections were washed three times with phosphate-buffered saline (PBS) for 5 min, then treated with biotinylated secondary antibody (Abcam) for 1 h and with streptavidin-horseradish peroxidase (HRP) for 20 min. Ki67- and Jab1-positive cells were stained using diaminobenzidine (DAB) substrate and observed under a microscope (Olympus BX51, Olympus Optical, Tokyo, Japan).

A digoxigenin (DIG)-labeled MRPS30-DT probe (Exiqon) was used to perform ISH staining on TMA. Histologic sections were hybridized with a dual probe-labeled RNA probe for 2 h, then detected with an anti-DIG antibody. Cancer cells were MRPS30-DT-positive when the cytoplasm or nucleus was stained.



Cell Transfection and Transduction

The siRNA transfected using Lipofectamine 2000 (Thermo Fisher Scientific, Rockford, IL, USA) per the manufacturer's protocol. siRNA oligomers were synthesized by GenePharma (Shanghai, China). The MRPS30-DT_siRNA (#1) sequences were 5′-CUUCUCUGUAGUGUAUGCUTT-3′ and siRNA (#2) 5′-GGGUCUAUGGGUGUAUUTT-3′, and the control si-NC sequence was 5′-UUCUCCGAACGUGUCACGUTT-3′. MCF-7 or MDA-MB-231 cells were seeded into six-well plates (150,000 cells/well) overnight, then transfected with siRNA (#1), siRNA (#2), or si-NC. Cells were used for further tests 24–48 h after transfection. Lentivirus transfection techniques were used to establish stable cell lines. Briefly, a short hairpin RNA (shRNA) targeting MRPS30-DT was constructed into a lentivirus vector (shMRPS30-DT-#1, shMRPS30-DT-#2). A lentivirus vector carrying a nonspecific sequence was used as a negative control. The viruses were packaged in 293T cells, and the virus particles were harvested and filtered 72 h after transfection. Target cells were cultured in serum-containing medium with virus particles with 1.2 μg/ml polybrene. Stably transfected cells were selected by culturing in medium containing 0.8 μg/ml puromycin (Sigma-Aldrich, St. Louis, MO, USA).



RNA Extraction and Real-Time PCR

Total RNA from MCF-7 and MDA-MB-231 cells was isolated with Trizol reagent (Invitrogen and Thermo Fisher Scientific) per the manufacturer's protocol. The purity and concentration of the total RNA were measured using a NanoDrop ND-2000 spectrometer (NanoDrop Technologies, Wilmington, DE, USA). Total RNA (500 ng) was reverse transcribed using a Reverse Transcription Kit (Takara, Dalian, China). qRT-PCR was performed using an Applied Biosystems 7500 system (Applied Biosystems, Foster City, CA, USA). As specified by the PrimeScriptTM RT Master Mix (Perfect Real-Time) kit, cDNA was compounded and used for real-time fluorescence qPCR. The qRT-PCR reaction system (10 μl) comprised 5 μl SYBR qPCR Mix, 0.5 μl (10 μmol/L) upstream primer, 0.5 μl (10 μmol/L) downstream primer, and 2 μl cDNA product; RNase-free water was added to 10 μl. The thermocycling conditions were denaturation at 95°C for 10 min, 95°C for 10 s, annealing at 60°C for 40 s, and extension at 72°C for 30 s for 40 cycles. The primer sequences were as follows: MRPS30-DT, forward 5′-ATT CCA GCC ACT CCA TTT CTA-3′ and reverse 5′- GAC CCT ATA CGG CAA CCT CCT-3′; Jab1, forward 5′-CGG TAT GGC CCA GAA AAC CT-3′ and reverse 5′- CTT CCA AGT TGC CTC CCG AT-3′; and GAPDH, forward 5′-GAA GGT GAA GGT CGG AG TC-3′ and reverse 5′-GAA GAT GGT GAT GGG ATT TC-3′. GAPDH served as an endogenous control to normalize MRPS30-DT and Jab1 expression. The relative quantities of MRPS30-DT and Jab1 were counted using the 2−ΔΔCq method.



Western Blotting

For the Western blot, the appropriate volume of cell lysis buffer was added to the treated cells or samples for lysis on ice and supernatant was collected after centrifugation. The protein concentration was measured using a bicinchoninic acid (BCA) protein assay kit (Thermos, Waltham, MA, USA). Fifteen micrograms of proteins were separated using 12% SDS-PAGE, then the gels were subsequently transferred onto 0.22-μm PVDF membranes (Millipore Corp., MA, USA), and the membranes were blocked with 5% skim milk for 1 h at room temperature. The blot was then probed with mouse monoclonal antibodies against anti-Jab1 (1:750, Santa Cruz). As primary antibodies, anti-GAPDH was used as the internal positive control for the immunoblots and was incubated at 4°C overnight. Subsequently, the membranes were washed three times for 10 min and incubated with HRP-conjugated goat anti-mouse IgG (1:5,000; Sigma) as secondary antibodies for 1 h at room temperature. Specific protein bands were detected using a Western Chemiluminescent Imaging System (Tanon5200, Wuhan, China).



Cell Proliferation Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to assess the cell's ability to proliferate. Briefly, 48 h after transfection, the cells were seeded at 1 × 103 cells/well in 96-well plates. Twenty microliters of MTT solution (0.5 mg/ml) was added to each well at 1, 2, 3, 4, 5, and 6 days after transfection. The cells were incubated at 37°C for 4 h, then 150 μl dimethyl sulfoxide (DMSO) was added to each well. The absorbance was read at 570 nm using a multifunctional enzyme-linked immunosorbent assay microplate reader (SpectraMax M2, CA, USA). The experiments were repeated at least three times.



Colony-Formation Assay

For the colony-formation assay, the transfected cells were seeded in six-well plates at 200 cells/well. The culture medium was changed twice weekly. The breast cancer cells were cultured for 10–14 days at 37°C, then fixed and stained with 0.1% crystal violet. The colonies (one colony consisted of 50 or more cells) were scored by counting with an inverted microscope. Cell viability was calculated as the number of colonies in the treatment group/the number of colonies in the control group × 100%.



Migration and Invasion Assay

A wound-healing assay was used to assess the migration capacity of the breast cancer cells. Briefly, the transfected cells were seeded and cultured in six-well plates (5 × 105 cells per well), and when the cell density was near 90%, the confluent cell monolayer was scratched in a straight line using a 200-μl plastic pipette tips and washed with sterile PBS. Cells were further cultured with medium containing 1% FBS for 48 h. Scratch closures were photographed at 0, 12, 24, and 36 h under a light microscope (Olympus IX50, Tokyo, Japan). Image-Pro Plus software (Version 5.1, Media Cybernetics, Inc., Maryland, USA) was used to calculate the cellular migration ability in each group.

Invasion assays were performed in 24-well plates precoated with Matrigel (BD, Franklin Lakes, NJ, USA). After transfection, MCF-7 or MDA-MB-231 cells (at 5 × 103 cells/well in 100 μl of serum-free media) were seeded in the upper chamber, and 600 μl of medium containing 10% FBS was placed in the lower chamber. The cells were incubated for 24 h at 37°C. Cells in the upper chambers were removed with a swab, and the invaded cells were fixed with methanol for 15 min, then stained with 0.1% crystal violet and scored by counting with an inverted-contrast microscope using at least five random fields of view. The experiments were repeated at least three times.



Flow Cytometry Analysis of Apoptosis

Cell apoptosis was evaluated using the Annexin V-FITC/PI Apoptosis Detection Kit (Kaiji, Nanjing, China). Treated cells were harvested by low-speed centrifugation (900 r/min) and washed twice with ice-cold PBS. Next, 500 μl of binding buffer was added to the suspended cells, and cells were stained with 5 μl propidium iodide (PI) and 5 μl Annexin V-FITC at room temperature for 15 min in the dark. Flow cytometry (Becton Dickinson, CA, USA) was used to test apoptosis. Finally, the results were interpreted using FlowJo software, version 10.0 (Flow Jo, Ashland, OR, USA).



Animal Experiments

Five-week-old female BALB/C nude mice (n = 12) were obtained from Beijing HFK Bioscience (Beijing, China) and raised in a specific pathogen-free, climate-controlled facility (Wuhan, China). The mice were randomly distributed into three groups (four mice per group). MDA-MB-231 cells treated with sh-MRPS30-DT or sh-NC were subcutaneously injected into the right or left flank, respectively (200 μl, 5 × 106 cells per mouse). The mouse weights and tumor volumes were measured twice weekly. Tumor volume was calculated per the formula: Tumor volume (mm3) = Tumor length (mm) × Tumor width (mm)2/2. Five weeks later, the mice were humanely killed, and the tumors were extracted and weighed. The appropriate amount of tumor tissue was taken for paraffin embedding and immunohistochemical analysis. The experiments were implemented under the protocol approved by the institutional and national guidelines for the care and use of laboratory animals.



Statistical Analysis

Statistical analysis between two groups was performed using Student's t-test. One-way ANOVA was used for between-group comparisons. Kaplan-Meier analysis was used to evaluate the association between MRPS30-DT and Jab1 expression and survival. Differences between groups were considered statistically significant at P < 0.05. All computations were performed using GraphPad 7.0 and SPSS22.0 software.




RESULTS


Microarray Expression Profiles

Microarray analysis revealed 52 significantly dysregulated lncRNAs (fold-change ≥ 1.5, P < 0.001) in the profiles. Thirty-three upregulated and 19 downregulated lncRNAs showed significantly different expressions between the breast cancer tissues and adjacent normal tissues (Figure 1A). Figure 1B summarizes the top 10 upregulated and downregulated genes. MRPS30-DT was most significantly upregulated in the tumor tissue; thus, we chose it for further studies.


[image: Figure 1]
FIGURE 1. LncRNAs expression profiling in three paired breast cancer and adjacent normal tissues. (A) The heatmap reveals clusters of differential expressed lncRNAs. The green color indicates downregulated lncRNAs, and the red color indicates upregulated genes. (B) Top 10 lncRNAs significantly upregulated or downregulated in tumor tissue.




MRPS30-DT and Jab1 Expression in Breast Cancer Tissue

We used in situ hybridization and immunohistochemical analysis to evaluate the differential expressions of MRPS30-DT and Jab1 in the breast cancer and matched adjacent tissues. The in situ hybridization results showed that MRPS30-DT was positively expressed in 63% of breast cancer samples. This ratio was significantly higher than that of the paired adjacent noncancerous breast tissue specimens (P < 0.0001; Figure 2A). Likewise, immunohistochemical analysis showed higher Jab1 expression levels in breast cancer tissues (42%) than in those of the adjacent noncancerous tissues (24%; P < 0.001; Figure 2B). We used seven pairs of tumor tissues and matched adjacent tissues, and the results showed significantly higher Jab1 expression in tumor tissues than in the adjacent tissues (Figure 2C).


[image: Figure 2]
FIGURE 2. Expression correlation analysis of lncRNA MRPS30-DT and Jab1 in breast cancer tissues and matched adjacent noncancerous tissues. (A) In situ hybridization (ISH) demonstrating MRPS30-DT in breast cancer tissues was higher than that in noncancerous tissues (n = 30, p < 0.0001). (B) Jab1 immunoreactivity in breast cancer tissues was higher than that in noncancerous tissues. The percentage of Jab1 expression in breast cancer or noncancerous tissues are shown in the figure (n = 30, p < 0.001). The patient population represented were from Outdo Biotech Co., Ltd. (Shanghai, China). (C) Jab1 proteins have higher expression in breast cancer tissues. The expression levels of Jab1 proteins in human breast cancer and paired adjacent noncancerous tissues from seven random clinicallydiagnosed breast cancer patients were measured by Western blot analysis. GAPDH was used as a loading control. N, paired adjacent normal tissues; T, tumor tissues. Patient information is placed in Supplementary Materials.




MRPS30-DT Knockdown Inhibited Cell Proliferation and Induced Cell Apoptosis

MCF-7 and MDA-MB-231 cells were transfected with si-NC RNAs and MRPS30-DT siRNAs for 48 h, respectively. MTT assays showed that MRPS30-DT knockdown markedly inhibited the proliferative ability of breast cancer cells compared with that of the control group (Figure 3A), and the colony-formation experiment results were consistent with the MTT assay results (Figure 3B). Furthermore, flow cytometry revealed that knocking down MRPS30-DT promoted cell apoptosis (Figure 3C). Thus, MRPS30-DT knockdown inhibited proliferation and accelerated apoptosis in breast cancer cells.


[image: Figure 3]
FIGURE 3. MRPS30-DT knockdown inhibits cell proliferation and promotes apoptosis of breast cancer (BC) cells. (A) Breast cancer cell lines (MCF-7 and MDA-MB-231) were transfected with negative control (NC) or si-MRPS30-DT-#1 or si-MRPS30-DT-#2 for 48 h, and cell growth was determined via MTT assay. The quantitative values of cell viability were shown by the mean OD value ± SD. (B) Downregulation of MRPS30-DT suppressed BC cells proliferation via colony formation assay. The quantitative values of cell clonality were shown by the mean percent of means ± SD. (C) Apoptotic cell death was detected by flow cytometric analysis with Annexin V-FITC and PI staining in MCF-7 and MDA-MB-231 cells transfected with MRPS30-DT NC or siRNA for 48 h. The experiment was repeated three times (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).




Knocking Down MRPS30-DT Suppresses Cell Migration and Invasion

We used wound healing and transwell assays to investigate how MRPS30-DT influenced breast cancer cell migration and invasion. The wound-healing assay showed that knocking down MRPS30-DT significantly decreased the cell migration distance in MCF-7 and MDA-MB-231 cells (Figures 4A,B). Transwell assays indicated that MRPS30-DT positively regulated cell invasion.Figures 4C,D show that inhibiting MRPS30-DT significantly suppressed cell invasion in MCF-7 and MDA-MB-231 cells. These data illustrate that MRPS30-DT facilitated breast cancer cell migration and invasion.


[image: Figure 4]
FIGURE 4. Inhibition of MRPS30-DT decreased cell migration and invasion. (A,B) Cell migration was measured by scratch-wound assay. Representative images are shown (20×). The results of three independent experiments are summarized; (C,D) Cell invasion was determined by transwell assay. Representative images are shown (100×). The results of three independent experiments are shown (***P < 0.001, ****P < 0.0001).




MRPS30-DT Positively Regulated Jab1/Cops5 in Breast Cancer

The TMA data revealed that MRPS30-DT expression was correlated with Jab1 in breast cancer patients (R2 = 0.401, P < 0.0001; Figure 5A). To further understand the effects of MRPS30-DT on breast cancer cells, siRNA was used to downregulate the MRPS30-DT expression in the MCF-7 and MDA-MB-231 cells. Transfection of MRPS30-DT siRNA decreased the Jab1 expression in MCF-7 and MDA-MB-231 cells (Figures 5B–D). These data indicated that Jab1/COPS5 were strongly positively correlated with MRPS30-DT in breast carcinomas. Thus, Jab1 may be a target of MRPS30-DT.


[image: Figure 5]
FIGURE 5. MRPS30-DT targets Jab1. (A) The expression of MRPS30-DT was correlated with Jab1 expression in breast cancer from the TMA data (n = 140), the patient population represented were from Outdo Biotech Co., Ltd. (Shanghai, China). The R2 and P-values were from Pearson Correlation. (B) Western blot results of Jab1 protein level by transfecting with si-NC or si-MRPS30-DT. GAPDH was used as an internal control. (C,D) qRT-PCR analysis of MRPS30-DT expression and Jab1 expression after si-NC or si-MRPS30-DT were transfected for 24 or 48 h (*P < 0.05; **P < 0.01; ***P < 0.001).




Knocking Down MRPS30-DT Inhibited Tumorigenesis in vivo

To validate the findings in vivo, MDA-MB-231 cells were infected with lentivirus carrying shRNA-MRPS30-DT or negative control shRNA, then the cells were subcutaneously injected into BALB/C nude mice to establish xenograft models. After 5 weeks, the tumor volume in the shRNA-MRPS-DT group was dramatically reduced, and the tumor weights were less than those of the control group (Figures 6A–C). Immunohistochemical analysis of Jab1 and Ki67 expression was detected in the xenograft tumors, and the positive rates of Jab1 and Ki67 were remarkably lower compared with the those of control group (Figure 6D). Thus, knocking down lncRNA MRPS30-DT inhibited MDA-MB231 cell growth in vivo.


[image: Figure 6]
FIGURE 6. Knockdown of MRPS30-DT significantly suppressed tumorigenesis in vivo. (A,B) After stable transfection of sh-NC or sh-MRPS30-DT in MDA-MB-231 cells, cells are harvested and subcutaneously injected into the right or left flank of female nude mice (n = 4), 5 weeks later, nude mice were executed humanely. Tumors are taken for photographing. (C) Tumor masses are weighed after being dissected. The indicated tumor volumes and tumor weights represent the mean ± SD. (D) Representative photomicrograph of Jab1 and Ki67 immunostaining in MDA-MB-231 xenograft tumor (*P < 0.05; **P < 0.01; ***P < 0.001).




Correlation of MRPS30-DT/Jab1 Expression With Clinical Outcomes

Breast cancer patients with high MRPS30-DT expression had a significantly shorter median survival (113 months) than did those with low MRPS30-DT expression (125 months). Likewise, the mean survival time of patients with highly positive Jab1/COPS5 tumors (116 months) was shorter than that of patients with weakly positive Jab1/COPS5 tumors (122 months).

Kaplan-Meier survival analysis showed that MRPS30-DT expression was significantly negatively correlated with overall survival (OS) of breast cancer patients (P = 0.009; Figure 7A). Likewise, increased Jab1 expression was associated with shorter OS (P = 0.037; Figure 7B). The Oncomine gene expression tool (https://www.oncomine.com) similarly showed that higher Jab1 expression was correlated with shorter OS of breast cancer patients (Figures 7C–F). These results indicated that MRPS30-DT and Jab1 were overexpressed in breast cancer and may be potential prognostic biomarkers in breast cancer.


[image: Figure 7]
FIGURE 7. MRPS30-DT and Jab1 predict survival in breast cancer. (A) Kaplan-Meier analysis of the association between MRPS30-DT expression and overall survival. (B) Kaplan-Meier analysis of the association between Jab1 expression and overall survival. The patient population represented in (A,B) were from Outdo Biotech Co., Ltd. (Shanghai, China). (C–F) Jab1 expression in breast cancer (BC) in different clinical research centers using the Oncomine gene expression tool (https://www.oncomine.com). The clinical data were downloaded from Oncomine Data Portal; Kaplan-Meier analyses of the association between Jab1 expression and overall survival in Boersma breast (C) and the association between Jab1 expression and survival in Esserman breast (D). Jab1 gene expression in Boersma breast (E) and Esserman breast (F) between alive and dead.





DISCUSSION

Breast cancer is one of the most common malignancies in women worldwide and poses severe threats to public health (5, 18). Despite remarkable progress in diagnosing and treating breast cancer, the long-term outcomes and OS remain very poor (19, 20). One of the leading causes of death in breast cancer patients is tumor cell metastasis mainly because of the lack of early biomarkers (21–23). Therefore, molecular markers that can diagnose and monitor metastasis early are urgently needed.

Noncoding RNAs account for more than 90% of the total human gene transcripts and participate in nearly all epigenetic regulation, which is of great significance in the life activities of advanced eukaryotes (17, 24). Rapidly developing second-generation sequencing technology has yielded much evidence suggesting that lncRNA dysregulation is involved in cancer progression. Some studies have reported that various lncRNAs act as oncogenes or tumor suppressor genes in breast cancer. For example, Xing et al. reported that lncRNA YIYA promotes cell proliferation and growth by regulating breast cancer cell glycolysis (25). Gupta et al. demonstrated that the lncRNA HOTAIR promotes breast cancer progression and metastasis by recruiting PRC2 complex to specific targets genes genome-wide, leading to H3K27 trimethylation and epigenetic silencing of metastasis suppressor genes (26). Meng et al. used bioinformatics to show that four lncRNAs are highly expressed in breast cancer and were significantly positively correlated with OS and metastasis (27). Peng et al. discovered that lncRNA NEAT1 is upregulated in breast cancer and promotes cancer progression via the NEAT1/miR-124/STAT3 axis (28). Increasing evidences have testified that lncRNAs can regulate the expression of their adjacent genes in cis or modulate gene transcription in trans through epigenetic, transcriptional, and posttranscriptional mechanisms (29). By base pairing, lncRNAs can directly interact with DNAs or RNAs and form a strong duplex or a triplex (30). Highly structured lncRNAs can provide protein binding sites as well, forming ribonucleic-protein complexes with chromatin regulatory factors (30, 31).

MRPS30, also called programmed cell death protein 9 (PDCD9), encodes a mitochondrial ribosomal protein involved in apoptosis (32). MRPS30 is not expressed in normal breast luminal epithelial cells but is upregulated in infiltrating ductal carcinomas (33, 34). MRPS30 can affect ATP production to stimulate tumor growth (35). MRPS30-DT on chromosome 5p12, also called breast cancer-associated transcript 54 (BRCA54), is broadly expressed in the brain, thyroid and other tissues. Until now, no data have been found on the association between MRPS30-DT and breast cancer. The present study is the first report the role of MRPS30-DT in breast cancer.

Here, we found that MRPS30-DT expression levels were significantly higher in breast cancer tissues than in matched adjacent normal tissues and were positively correlated with a poor prognosis for breast cancer patients. Thus, MRPS30-DT may be highly expressed in breast cancer as an oncogene and may be a target for diagnosing or treating breast cancer. To further study this protein's effect on breast cancer cell proliferation, apoptosis, migration, and invasion ability, we downregulated MRPS30-DT in two selected breast cancer cell lines (MCF-7 and MDA-MB-231). Knocking down MRPS30-DT suppressed cell proliferation, migration, and invasion in these breast cancer cells while inducing apoptosis. In addition, we used lentivirus transfection technology to stably screen inhibitory strains for tumor formation in nude mice and found that inhibiting MRPS30-DT in MDA-MB-231 cells significantly inhibited tumor formation. These data further confirmed MRPS30-DT as an oncogene in breast cancer occurrence and development.

Jab1/COPS5 is highly expressed in various tumors, including nasopharyngeal carcinoma, non-small-cell lung cancer, liver cancer, colon cancer, and breast cancer (7, 36). Jab1/COPS5 expression is closely related to tumor progression and prognosis in many cancer patients and plays a vital role in cell proliferation, apoptosis, the cell cycle, DNA repair, and regulation of genomic stability (7, 8, 37). Jab1/COPS5 knockdown significantly inhibits proliferation and induces apoptosis in hepatocellular carcinoma cells (38). Our previous research explored the expression levels and mechanisms of action of Jab1 in various tumors. Jab1 regulates tumor progression by interacting with proteins or binding to miRNAs (11, 39). Our previous studies showed that Jab1/COPS5 was highly expressed in breast cancer and played an essential role in the breast cancer pathogenesis, and that Jab1 knockdown significantly inhibited breast cancer cell proliferation and metastasis (12). Here, the expression level of MRPS30-DT in breast cancer patients was positively correlated with Jab1.

Various mechanisms have been implicated in the lncRNA-mediated gene regulation, which can be attributed to their ability to interact with DNAs, RNAs, or proteins (40). For example, lncRNA may serve as signals to promote transcription, or as decoys to repress transcription, or as epigenetic regulators, or as scaffolds to interact with various protein partners to form ribonucleoprotein complexes (41–43). In our study, MRPS30-DT-mediated Jab1 expression took place at transcriptional and/or posttranscriptional levels; however, the detailed mechanism needs to be further studied.

In conclusion, this study demonstrated that MRPS30-DT was upregulated in breast cancer and was positively correlated with a poor prognosis in breast cancer patients. Knockdown of MRPS30-DT suppressed cell growth in vitro and in vivo and decreased cell migration and invasion abilities. Our study is the first evidence that MRPS30-DT plays an oncogenic role in breast cancer cell lines by targeting Jab1. Therefore, the carcinogenic effect of MRPS30-DT on breast cell tumorigenesis observed in this study could be partially attributed to its modulation of Jab1. This study aimed to explore the possible molecular mechanisms underlying the role of MRPS30-DT in the progression of breast carcinoma to provide new strategies to treat these tumors. Thus, MRPS30-DT may be a potential diagnostic and prognostic marker of breast cancer and a potential valuable therapeutic target in treating breast cancer.
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Huaier Suppresses Breast Cancer Progression via linc00339/miR-4656/CSNK2B Signaling Pathway

Wei Wang1,2, Xiaolong Wang1, Chen Li1, Tong Chen1, Ning Zhang1, Yiran Liang1, Yaming Li1, Hanwen Zhang1, Ying Liu1, Xiaojin Song1, Wenjing Zhao3, Bing Chen3, Lijuan Wang3 and Qifeng Yang1,3*


1Department of Breast Surgery, Qilu Hospital, Shandong University, Jinan, China

2Department of Thyroid and Breast Surgery, Jining No. 1 People's Hospital, Jining, China

3Department of Pathology Tissue Bank, Qilu Hospital, Shandong University, Jinan, China

Edited by:
Zhaohui Huang, Affiliated Hospital of Jiangnan University, China

Reviewed by:
Xiaofeng Dai, Jiangnan University, China
 Xin Hu, Fudan University Shanghai Cancer Center, China

*Correspondence: Qifeng Yang, qifengy_sdu@163.com

Specialty section: This article was submitted to Cancer Molecular Targets and Therapeutics, a section of the journal Frontiers in Oncology

Received: 11 July 2019
 Accepted: 22 October 2019
 Published: 08 November 2019

Citation: Wang W, Wang X, Li C, Chen T, Zhang N, Liang Y, Li Y, Zhang H, Liu Y, Song X, Zhao W, Chen B, Wang L and Yang Q (2019) Huaier Suppresses Breast Cancer Progression via linc00339/miR-4656/CSNK2B Signaling Pathway. Front. Oncol. 9:1195. doi: 10.3389/fonc.2019.01195



Huaier, as known as Trametes robiniophila Murr, is a traditional Chinese medicine. Various studies have demonstrated that Huaier could inhibit cancer progression and improve the prognosis of patients. In the present study, we comprehensively screened the expression profiles of lncRNAs, miRNAs, and mRNAs in Huaier-treated breast cancer cells. Using bioinformatic analysis, hub genes were identified and functionally annotated. Weighted gene coexpression network analysis was applied to construct the molecular network influenced by Huaier. Linc00339 was then found to play a critical role in Huaier-mediated cancer suppression. To validate the effects of linc00339 and identify the downstream targets, we performed in vitro and in vivo experiments. Finally, we identified that Huaier could inhibit the proliferation of breast cancer cells through modulating linc00339/miR-4656/CSNK2B signaling pathway.
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INTRODUCTION

Huaier, also known as Trametes robiniophila Murr, is a sandy beige mushroom. It has been applied as a traditional Chinese medicine (TCM) for more than 1,600 years. Huaier aqueous extract and Huaier granule, whose commercial name is Jinke, are the most common types used in clinical treatments. According to the HPLC (high performance liquid chromatography) and SDS-PAGE (polyacrylamide gel electrophoresis) analysis, the most effective ingredient of Huaier is identified as proteoglycan, which includes 41.53% polysaccharides, 12.93% amino acids and 8.72% water (1). Polysaccharide was identified as a possible key ingredient in Huaier (2–4). Previous studies showed that Huaier exerted therapeutic effects on psoriasis (5), inflammation (6), and tuberous sclerosis (7). In dextran sulfate sodium-induced experimental colitis, Huaier suppressed the secretion of interleukin 1β (IL-1β) and the activation of caspase-1 via inhibiting NLRP3 inflammasome (8). In the anti-Thy-1 mesangial proliferative glomerulonephritis (MsPGN), Huaier could inhibit the urinary protein excretion and reduce hyperplasia (9).

Increasing evidence demonstrated that Huaier presents potent anti-neoplastic activities in various tumors, such as colon cancer (10), fibrosarcoma (11), and cervical cancer (12). In a multicenter, randomized clinical trial, Huaier granule could significantly improve the recurrence-free survival and reduce extrahepatic recurrence in hepatocellular carcinoma (HCC) patients who received radical surgical resection (13). In lung cancer, Huaier suppressed the proliferation and metastasis of cancer cells through inducing apoptosis and cell cycle arrest. MTDH, JAK2/STATS, and MAPK signaling pathways were involved in the inhibitory effects of Huaier (14). Additionally, Huaier could regulate the activation of PI3K/AKT signaling pathway, and modulate the expression of cyclin B1 in gastric cancer cells (15).

Our previous study demonstrated that Huaier granule could improve the disease-free survival of breast cancer patients from 91.43 to 112.61 months with higher KPS scores and less emotional symptoms (16). To further determine the molecular mechanisms, we screened the expression profiles of triple-negative breast cancer cells after Huaier treatment, and multi-target effects of Huaier have been identified (17). We also found that Huaier aqueous extract could induce apoptosis and cause cell cycle arrest at G0/G1 phase (1). In which the death-receptor pathway and the mitochondrial pathway contributed to the anti-cancer effects of Huaier (1). In the ER-positive breast cancer cells, Huaier significantly disturbed the estrogen receptor α signaling pathway (18) and inhibited the self-renewal activity of breast cancer stem cells through inactivation of hedgehog pathway (19). Furthermore, Huaier could inhibit angiogenesis without obvious toxicity to mice in vivo (20) and induce autophagy via suppressing mTOR/S6K pathway (21).

Non-coding RNAs played critical roles in the cancer progression. According to our data, lncRNA-H19/miR-675-5P/CBL axis was involved in the inhibitory effects of Huaier extract (22). However, the competing endogenous RNA (ceRNA) network caused by Huaier in breast cancer cells has not been studied. Here, we analyzed the expression profiles of lncRNAs, miRNAs, and mRNAs in Huaier-treated breast cancer cells. Through bioinformatic analysis, linc00339 was identified as the hub gene in the function of Huaier extract. Using public databases, the clinical significances of linc00339 and its downstream targets were discovered. Finally, in vitro and in vivo experiments confirmed that linc00339/miR-4656/CSNK2B signaling pathway played a critical role in the anti-cancer effects of Huaier extract.



MATERIALS AND METHODS


Cell Lines and Reagents

The human breast cancer cell lines MDA-MB-231 and MCF7 were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA), and routinely maintained in DMEM/high glucose medium (Gibco-BRL, Rockville, IN, USA) supplemented with 10% fetal bovine serum (Haoyang Biological Manufacture, Tianjin, China), 100 U/ml penicillin and 100 μg/ml streptomycin in 5% CO2 at 37°C. Huaier was kindly provided by Gaitianli Medicine Co., Ltd. (Jiangsu, China) and was prepared as previously described (20). MicroRNA mimics and siRNAs were obtained from GenePharma (Shanghai, China). In order to inhibit linc00339, the following siRNA sequences were targeted: linc00339 siRNA 1: 5′-GCCAGAAGUUGUCCUACUATT-3′; linc00339 siRNA 2: 5′-GGGAUGUCCUCAGGCAUCTTT-3′.



Profiling of lncRNA, miRNA, and mRNA Expression

Affymetrix GeneChip Human Transcriptome Array 2.0 was used to profile the expression of lncRNAs, miRNAs, and mRNAs, which was performed by GMINIX BioTech (Shanghai, China). Sample labeling, microarray hybridization and washing were performed according to the manufacturer's standard protocol (23). In brief, RNA samples from breast cancer cells (MDA-MB-231 and MCF7) with or without Huaier treatment were extracted using TRIzol Reagent and synthesized to biotinylated cDNA. Then cDNA was synthesized and hybridized to the microarray. After hybridization and washing, the arrays were scanned by Affymetrix Microarray Scanner. Raw data of Affymetrix GeneChip Human Transcriptome Array 2.0 were extracted and normalized by Affymetrix Transcriptome Analysis Console Software (Version 4.0, Affymetrix). Expression Console (Version 1.3.1, Affymetrix) software performed RMA (Robust Multichip Analysis) normalization for gene analysis. Fold change was used to identify deregulated genes.



Identification of Differentially Expressed Genes

R package “limma” was applied to identify the differentially expressed genes (24). We searched for the differentially expressed genes using the following criteria. Fold change > 1.5 (criteria for mRNA) or > 1.3 (criteria for lncRNA and miRNA) was applied to find the upregulated and downregulated genes. P-value <0.05 were considered as significant changes. The corresponding heatmaps were drawn by R package “pheatmap” (25).



GO and KEGG Analyses

Gene Ontology (GO) analysis was performed to annotate the biological importance of the differentially expressed genes, including cellular component, biological process, and molecular function. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis was used to identify crucial pathways based on the deregulated genes. The important GO and KEGG terms were identified by Fisher's exact test, and FDR was applied to correct the P-values.



Construction of the Coexpression Molecular Network

The construction of the coexpression molecular network was based on the weighted correlation network analysis (WGCNA), a comprehensive collection of R functions for performing various aspects of weighted correlation network analysis (26). The functions of WGCNA included network construction, module detection, gene selection, calculations of topological properties, data simulation, and visualization. Through using soft threshold, WGCNA could provide more extensive edges between different transcripts. The power of soft threshold was set to 18. And the genes in Module yellow (0.74) were selected. Nodes and edges in Module yellow were imported into Cytoscape, and the coexpression molecular network was finally built.



Gene Set Enrichment Analysis (GSEA)

To evaluate the effect of linc00339 on different biological function gene sets in breast cancer cells, the mRNAs coexpressed with linc00339 were analyzed by GSEA. The reference gene sets were based on the Molecular Signatures Database (MSigDB), including H (hallmark gene sets), C1 (positional gene sets), C2 (curated gene sets), C3 (motif gene sets), C4 (computational gene sets), C5 (GO gene sets), C6 (oncogenic signatures), and C7 (immunologic signatures). The number of permutations was set at 1000. P < 0.05 and FDR < 0.25 were considered significant difference.



Quantitative Real-Time PCR (qPCR) Analysis

Total RNA was isolated from breast cancer cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer' instructions. mRNAs were reverse-transcribed into cDNAs using PrimeScript reverse transcriptase reagent kit (TaKaRa, Shiga, Japan). miRNAs were synthesized through using the Mir-XTM miRNA first-strand Synthesis Kit (TaKaRa, Shiga, Japan). The specific primers were as follows: linc00339 forward 5′-TTTGTGGGAGTTAGGGTCTTATC-3′, linc00339 reverse 5′-CTCGTGGAATCTGGACCTGG-3′.



MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5–diphenyl-2H-tetrazolium Bromide) Assay

Cell proliferation assay was performed using MTT (Sigma, St. Louis, MO, USA) according to the instructions. Cells were plated into 96-well cell culture plates with at least three replicate wells for each group. After treatment for indicated time, 20 μl of MTT was added into each well and incubated for another 4–6 h. Absorbance values were measured by a Microplate Reader (Bio-Rad) at 490 and 570 nm.



Dual Luciferase Assay

The regions of Linc003339 or 3′UTR locus of CSNK2B, containing miR-4656-binding sites was amplified and cloned into pmirGLO luciferase miRNA Target Expression vector (Promega, Madison, WI, USA). The mutant reporter plasmids were constructed as described previously (27). The wide type plasmids (WT) or mutant type plasmids (Mut) were co-transfected with miR-4656 or NC into breast cancer cells. Firefly and Renilla luciferase activities were measured with the dual-luciferase reporter assay kit (Promega, Madison, WI, USA) 2 days after transfection. The relative luciferase activity was measured as the ratio of firefly luciferase activity to renilla luciferase activity. All experiments were performed in triplicate.



In vivo Xenograft Tumorigenicity Assay

The animal experiments were performed in strict accordance with the Guidelines for the Care and Use of Laboratory Animals of Shandong University. The study was approved by the Ethics Committee on Scientific Research of Shandong University, Qilu Hospital. MDA-MB-231 cells transfected with empty vector or Linc00339 were injected subcutaneously into the right flank of 4–5 weeks old BALB/c nu/nu female mice. After 2 days, the mice were randomly divided into vehicle group and Huaier group. The Huaier group was given a 100 μL solution containing 50 mg Huaier, while the vehicle group was given 100 μL water. Drugs were administered by gavage daily. The volumes of tumors were recorded every 4 days. And the tumor volume was calculated as: volume = width2 × length ÷ 2. After 26 days, the mice were sacrificed and the xenografts were removed for further study.



Statistical Analysis

The software SPSS (version 18.0) was used for statistical analysis. A student's t-test and one-way ANOVA were performed to determine significance. All error bars represented the standard errors of three experiments and differences with P < 0.05 were considered significant.




RESULTS


Screening of Differentially Expressed lncRNAs, miRNAs, and mRNAs in Huaier-Treated Breast Cancer Cells

As shown in Figure 1, after treatment with 8mg/ml Huaier for 72h, breast cancer cells were collected and analyzed with Affymetric GeneChip Human Transcriptome Array 2.0. Heatmaps were used to show the expression levels of all the probes. In total, 26695 mRNAs (Figure 2A), 1243 miRNAs (Figure 2B), and 39610 lncRNAs (Figure 2C) were detected. To investigate the differentially expressed genes, we set the thresholds as fold change ≥ 1.3-fold and P < 0.05. Volcano plots were used to show the deregulated genes after Huaier treatment. Among them, 487 mRNAs had differential expressions in Huaier-treated breast cancer cells, consisting of 316 downregulated mRNAs and 171 upregulated mRNAs. Of the 24 deregulated miRNAs, 8 were downregulated and 16 were upregulated. Of the 313 deregulated lncRNAs, 143 lncRNAs were upregulated and 170 lncRNAs were downregulated. Hierarchical clustering analysis presented systematic variations between Huaier-treated group and control group. These results suggested that Huaier induced significant changes of mRNA, miRNA, and lncRNA levels in breast cancer cells.


[image: Figure 1]
FIGURE 1. Study flowchart.
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FIGURE 2. Heatmap and volcano plots were used to show the expression profiles of mRNAs (A), miRNAs (B), and lncRNAs (C). Left panels, expression values of all the transcripts. Middle panels, differentially expressed transcripts and unchanged transcripts labeled by different colors. Right panels, differentially expressed transcripts shown in the heatmap.




Functional Analysis of Differentially Expressed Genes

These deregulated mRNAs, miRNAs, and lncRNAs were widely distributed in all chromosomes (Figure 3A). Through analyzing differentially expressed mRNAs, we could indicate the roles of Huaier in breast cancer cells. The GO (gene ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analyses could show the molecular processes after Huaier treatment. We first used the upregulated and downregulated mRNAs for biological pathway analysis. The pathway networks were constructed using the most enriched pathways to illustrate the critical genes in the process of Huaier treated breast cancer cells (Figures 3B,C). As shown in Figure 3D, the most enriched terms of cellular component mediated by upregulated mRNAs were cytoplasm, nucleus, and autophagic vacuole. In terms of molecular function, upregulated mRNAs were mostly enriched in storage protein, catalytic activity, and enzyme activator activity. In terms of biological process, the upregulated mRNAs were mainly associated with the regulation of enzyme activity, protein targeting and regulation of metabolism. In addition, the upregulated mRNAs were enriched in three KEGG pathways, which contained signaling events mediated by hepatocyte growth factor receptor (c-Met), syndecan-1-mediated signaling events and alpha9 beta1 integrin signaling events.


[image: Figure 3]
FIGURE 3. Location and functional annotation of differentially expressed transcripts. (A) Circos plot showing deregulated mRNAs, miRNAs and lncRNAs on human chromosome. (B) Interaction between significant pathways and upregulated mRNAs. (C) Interaction between significant pathways and downregulated mRNAs. (D) GO and KEGG pathway annotations of upregulated mRNAs. (E) GO and KEGG pathway annotations of downregulated mRNAs.


Through analyzing downregulated mRNAs (Figure 3E), the most enriched terms of cellular component were nucleoplasm, nucleus, and nucleosome. In terms of molecular function, downregulated mRNAs were mostly enriched in DNA binding, ribonuclease activity and kinase binding. In terms of biological process, downregulated mRNAs were strongly associated with regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism, regulation of cell cycle and DNA repair. The most enriched KEGG pathway of downregulated mRNAs were cell cycle, mitotic, DNA strand elongation, and DNA replication.

To further explore the functions of deregulated mRNAs and identify hub genes, we used STRING for the construction of biological network and visual exploration (Figure 4A). A biological software, cytoscape, was adopted to calculate the k-score and assess the importance of genes (28). The 14 highest k-score genes were identified (Figure 4B). Using GO analysis, the networks were enriched in the DNA replication and cell cycle (Figure 4C).


[image: Figure 4]
FIGURE 4. Protein-protein interaction (PPI) networks construction. (A) Interactions between differentially expressed mRNAs were analyzed by STRING. (B) Top k-score genes were shown in the histogram. (C) Deregulated mRNAs were involved in the two GO items, chromosome organization and cell cycle process.




LncRNA/miRNA/mRNA Coexpression Network in Huaier-Treated Breast Cancer Cells

The effects of Huaier involved multiple transcriptomes and the interactions between transcriptomes formed a huge network. We used weighted gene coexpression network analysis (WGCNA), an R package for weighted correlation network analysis, to identify candidate therapeutic targets based on RNA sequencing (26). As shown in Figure 5A, the coexpression network contained 19884 edges and 208 nodes. In addition, several prominent subnetworks were constructed. The most stable subnetwork was formed by the hub transcripts regulated by Huaier treatment. The crucial subnetwork comprised of several lncRNAs and mRNAs (Figure 5B), in which linc00339 was located in the core of the subnetwork. Through GO analysis, the functions of the subnetwork were predicted (Figure 5C).


[image: Figure 5]
FIGURE 5. Coexpression network was constructed by WGCNA. (A) The whole coexpression network. Different sizes and colors represented the corresponding RNA types and expression levels. (B) The highest k-score subnetwork was identified. (C) Functional annotation of the subnetwork.




Prediction of the Targets and Functions of linc00339

lncRNA could regulate the expression of miRNA and mRNA through multiple mechanisms (29–31). The miRNAs and mRNAs coexpressed with linc00339 were shown in Figure 6A, and the distances were based on the weights. Then the mRNAs coexpressed with linc00339 were annotated by gene set enrichment analysis (GSEA). The most enriched GSEA terms were reactome cell cycle, marson bound by E2F4 unstimulated, gobert oligodendrocyte differentiation up and shedden lung cancer poor survival A6 (Figure 6B).


[image: Figure 6]
FIGURE 6. Exploration of the functions and associated genes of linc00339. (A) Transcripts coexpressed with linc00339. Colors were based on the Pearson's correlation. (B) GSEA for the mRNAs coexpressed with linc00339. (C) Pearson's correlation of linc00339 with 8 mRNAs. (D) Kaplan-Meier survival curves of 8 mRNAs predicted the overall survival of breast cancer patients in the TCGA database.


Growing evidence indicated that lncRNAs could function as ceRNAs through sponging specific miRNAs and inhibiting the translation of downstream mRNAs (32). To further identify the downstream targets of linc00339, we used starBase to calculate the Spearman's correlation of linc00339 with its coexpressed mRNAs (33). As shown in Figure 6C, eight mRNAs were identified to be positively correlated with linc00339, including CCND3, CSNK2B, GRPEL1, HDAC3, QARS, SH3GRL3, SRM, and UBE2D4. The overall survival (OS) was analyzed using Kaplan-Meier plotter. According to the median value of candidate mRNAs expression, 3951 breast cancer patients were divided into high expression and low expression groups for each mRNA. As shown in Figure 6D, high expression of CSNK2B (p = 0.0041, HR = 1.37), GRPEL1 (p = 0.0200, HR = 1.29) and QARS (p = 0.0350, HR = 1.26) were corelated with worse prognosis in breast cancer patients, whereas CCND3, HDAC3, SH3BGRL3, SRM, and UBE2D4 were not correlated with OS.

Furthermore, we evaluated the influences of CSNK2B, GRPEL1, and QARS on recurrence free survival (RFS). High expressions of all the three genes could lead to shorter RFS time (Figure 7A). Through comparison of mRNA levels between adjacent normal tissues and breast cancer tissues (Figure 7B), we found that CSNK2B (p = 5.78e-33) and GRPEL1 (p = 4.19e-07) were significantly upregulated in tumor tissues. However, higher level of QARS was detected in adjacent normal tissues (p = 2.24e-07). Therefore, CSNK2B and GRPEL1 could be the potential downstream targets of linc00339.


[image: Figure 7]
FIGURE 7. Identification of the downstream targets of linc00339. (A) Kaplan-Meier survival curves of CSNK2B, GRPEL1, and QARS predicted the disease free survival of breast cancer patients in the TCGA database. (B) Expressions of CSNK2B, GRPEL1, and QARS in samples from adjacent normal tissues and breast cancer tissues.




Validation of the Molecular Mechanism Underlying the Inhibitory Effects of Huaier

To validate the mechanism underlying the effect of Huaier, we first examined the levels of linc00339 in Huaier treated breast cancer cell lines. As shown in Figure 8A, Huaier could suppress the levels of linc00339 in MDA-MB-231, MDA-MB-468, and MCF7 in a dose-dependent manner. Overexpression of linc00339 could inhibit the cytotoxic effects of Huaier (Figures 8B,C). As shown in Figure 8D, linc00339 could improve the chemoresistance of breast cancer to Huaier in vivo. After overexpression of linc00339, the tumor weights of breast cancer xenografts were increased (Figure 8E). The same effects were also observed in the growth curves (Figure 8F). Furthermore, linc00339 could reverse the inhibitory effects of Huaier on cell migration (Figure 8G).


[image: Figure 8]
FIGURE 8. Linc00339 induced the chemoresistance of breast cancer cells to Huaier in vivo. (A) Huaier decreased the expression level of linc00339 in MDA-MB-468, MCF7 and MDA-MB-231. (B) Transfection efficacy of linc00339 overexpression in MDA-MB-231. (C) Overexpression of linc00339 inhibited the cytotoxicity of Huaier in MDA-MB-231. (D) In vivo assay indicated that linc00339 suppressed the effects of Huaier. (E) Tumor weights in the four groups. (F) Growth curves of tumor volumes in the four groups. (G) Transwell assay showed the migration of MDA-MB-231 cells. The experiments were performed in triplicate and data were presented as the mean ± SD of three separate experiments. *p < 0.05; **p < 0.01.


CSNK2B and GRPEL1 were the potential targets of linc00339. As shown in Figure 9A, Huaier could decrease the expressions of CSNK2B and GRPEL1 in MDA-MB-231. Overexpression of linc00339 led to higher expression of CSNK2B, but lower level of GRPEL1 (Figure 9B). Inhibition of linc00339 could only decrease the level of CSNK2B, but not GRPEL1 (Figure 9C). Overexpression of CSNK2B could reverse the anti-proliferation effect of Huaier (Figure 9D). Therefore, CSNK2B, but not GRPEL1, was the exact downstream target of linc00339.


[image: Figure 9]
FIGURE 9. CSNK2B was the downstream target of linc00339. (A) The effects of Huaier on the expression levels of CSNK2B and GRPEL1 in MDA-MB-231. Overexpression (B) or suppression (C) of linc00339 on the expression levels of CSNK2B and GRPEL1 in MDA-MB-231. (D) Overexpression of CSNK2B rescued the effects of Huaier on cell proliferation. The experiments were performed in triplicate and data were presented as the mean ± SD of three separate experiments. **p < 0.01.


To reveal the detailed mechanism underlying the regulation of linc00339 on CSNK2B, we performed in silico analysis. And miR-4656 was identified. We assumed that linc00339 could function as a ceRNA of miR-4656 and promote the function of CSNK2B. As shown in Figure 10A, Huaier could increase the level of miR-4656 in a dose-dependent manner. Overexpression of miR-4656 promoted the proliferation of breast cancer cells (Figure 10B). To confirm the direct effects of miR-4656 on CSNK2B, we cloned the predicted binding sites of miR-4656 into the pmirGLO vector. As shown in Figure 10C, cells co-transfected with miR-4656 and CSNK2B 3′UTR WT vector gained a significantly lower luciferase activity than those transfected with CSNK2B 3′UTR Mut vector. Same result was also observed in the binding between miR-4656 and linc00339 (Figure 10D). Additionally, overexpression of linc00339 could increase the levels of CSNK2B, and miR-4656 inhibited the expression of CSNK2B (Figure 10E). In conclusion, linc00339/miR-4656/CSNK2B signaling pathway played a critical role in the effect of Huaier (Figure 11).


[image: Figure 10]
FIGURE 10. miR-4656 mediated the interaction between linc00339 and CSNK2B. (A) Huaier increased the level of miR-4656 in MDA-MB-231. (B) The effects of miR-4656 on cell proliferations of MDA-MB-231. (C) Predicted targeting sequence of miR-4656 at nucleotides 14–30 of the CSNK2B 3′UTR. Luciferase assay revealed that miR-4656 directly targeted CSNK2B 3'UTR. (D) Predicted targeting sequence of miR-4656 at nucleotides 678–683 of linc00339. Luciferase assay revealed that miR-4656 directly targeted linc00339. (E) The effect of linc00339 and miR-4656 on the expression of CSNK2B. Data represent means ± SD of at least three independent experiments. **P < 0.01. NC, negative control. Wt: wild type; Mut: mutant type.



[image: Figure 11]
FIGURE 11. Huaier inhibited breast cancer progression through linc00339/miR-4656/CSNK2B signaling pathway. Huaier decreased the level of linc00339. Linc00339 sponged miR-4656, and enhanced the function of CSNK2B, thereby accelerating breast cancer progression.





DISCUSSION

Recently, the anti-cancer effects of Huaier have attracted increasing attentions (34). However, the molecular mechanisms underlying the functions of Huaier have not been extensively studied. Previously, through using microarray profiling, we identified the multi-target effects of Huaier (17). However, the roles of non-coding RNAs in Huaier-induced cell death have not been well-studied. To comprehensively understand the molecular pathways induced by Huaier, we performed microarray profiling including the data from lncRNA, miRNA, and mRNA. We identified several hub genes involved in the effects of Huaier, and used bioinformatic analysis to annotate their functions. To confirm our analysis, we performed in vitro and in vivo experiments to verify the role of linc00339/miR-4656/CSNK2B axis in the inhibitory effects of Huaier. Overall, our study established a molecular network affected by Huaier treatment, and uncovered a novel signaling pathway.

We explored the expression patterns of lncRNAs, miRNAs, and mRNAs between control group and Huaier treated group. Data from microarray profiles identified vast differentially expressed lncRNAs, miRNAs, and mRNAs. To handle the mass data, we first used GO and KEGG pathway analyses to divide the deregulated transcripts into various modules, suggesting that the effects of Huaier were involved in multiple aspects. Bioinformatic analyses, including WGCNA, were applied to build the coexpression networks and identify hub genes. Meanwhile, several subnetworks were constructed according to the k-score, and linc00339 was found to play a crucial role in the effect of Huaier. Then, to validate the accuracy of our analysis, we performed in silico, in vitro, and in vivo experiments to detect the effects of linc00339 on Huaier-induced cytotoxicity and explore the downstream targets. Public databases were applied to evaluate the clinical significance of the potential targets. Finally, linc00339/miR-4656/CSNK2B signaling pathway was identified and proved to mediate the inhibitory function of Huaier on breast cancer cells.

Emerging evidence indicated the important roles of non-coding RNAs in cancer development and progression (35, 36). Non-coding RNAs could be divided into two groups based on the number of nucleotides, including the miRNA group (nearly 22 bp) and the lncRNA group (>200 bp). Previous studies demonstrated that non-coding RNAs could act as breast cancer biomarkers and regulate chemoresistance in breast cancer cells (37, 38). We reported that lncRNA SNHG16 was upregulated in breast cancer tissues compared with the paired non-cancerous tissues (39). Overexpression of SNHG16 could promote the migration of breast cancer cells through modulating miR-98/E2F5 axis (39). Additionally, Huaier could inhibit the proliferation of breast cancer cell through regulating lncRNA-H19/miR675-5p pathway (22). Therefore, we supposed that non-coding RNAs played a critical role in Huaier-induced anti-tumor effect. In the present study, we revealed the molecular mechanisms of Huaier, through lncRNAs, miRNAs, and mRNAs. By extensively analyzing the coexpression network, linc00339 was identified as the core effector. As shown in our data, overexpression of linc00339 could reduce the inhibitory effect of Huaier. Inhibition of linc00339 promoted the chemosensitivity of breast cancer cells to Huaier. These data confirmed the rationality of our bioinformatic analysis.

LncRNA could regulate the progression of cancer through diverse mechanisms (40, 41). An important mechanism of lncRNAs was their activity as miRNA sponges (42, 43). Linc00339, also known as HSPC157, was located at 1p36. Previous studies showed that linc00339 was involved in the development of endometriosis and progression of cancers (44, 45). According to our study, linc00339 was increased in breast cancer cell lines compared with the normal epithelial cell, and linc00339 could promote triple-negative breast cancer progression through regulating miR-377-3p (46). In the present study, we further examined the mechanisms underlying the effects of linc00339 on Huaier-induced cytotoxicity. From the coexpression molecular network, multiple mRNAs were shown to be correlated with linc00339. According to the weight, we evaluated the impacts of candidate mRNAs on clinical prognosis. CSNK2B and GRPEL1 were identified. Overexpression of linc00339 induced the increased level of CSNK2B and decreased level of GRPEL1. Through searching the public database and luciferase assay, the linc00339/miR-4656/CSNK2B signaling pathway was found and gain-of-function experiments demonstrated that linc00339/miR-4656/CSNK2B axis played a critical role in regulating the function of Huaier.

In the present study, we used bioinformatic analysis and identified the core signaling pathway mediated the function of Huaier. Through using in vitro and in vivo experiments, the biological function of linc00339/miR-4656/CSNK2B axis was confirmed. Therefore, our study provided a reference for the analysis of high-throughput screening data and a novel signaling pathway in the treatment of breast cancer. Further investigations were needed to identify the responsible ingredient in Huaier and explore the possible molecular mechanisms.
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Background: Pancreatic ductal adenocarcinoma (PDAC) remains one of the most aggressive solid malignant tumors worldwide. Increasing investigations demonstrate that long non-coding RNAs (lncRNAs) expression is abnormally dysregulated in cancers. It is crucial to identify and predict the prognosis of patients for the selection of further therapeutic treatment.

Methods: PDAC lncRNAs abundance profiles were used to establish a signature that could better predict the prognosis of PDAC patients. The least absolute shrinkage and selection operator (LASSO) Cox regression model was applied to establish a multi-lncRNA signature in the TCGA training cohort (N = 107). The signature was then validated in a TCGA validation cohort (N = 70) and another independent Fudan cohort (N = 46).

Results: A five-lncRNA signature was constructed and it was significantly related to the overall survival (OS), either in the training or validation cohorts. Through the subgroup and Cox regression analyses, the signature was proven to be independent of other clinic-pathologic parameters. Receiver operating characteristic curve (ROC) analysis also indicated that our signature had a better predictive capacity of PDAC prognosis. Furthermore, ClueGO and CluePedia analyses showed that a number of cancer-related and drug response pathways were enriched in high risk groups.

Conclusions: Identifying the five-lncRNA signature (RP11-159F24.5, RP11-744N12.2, RP11-388M20.1, RP11-356C4.5, CTC-459F4.9) may provide insight into personalized prognosis prediction and new therapies for PDAC patients.

Keywords: pancreatic ductal adenocarcinoma, lncRNA, signature, prognosis, overall survival


INTRODUCTION

As reported in Cancer Statistics (2019), pancreatic cancer (PC), one of the most aggressive solid malignant tumors, is the fourth cause of cancer related deaths in the USA and it is estimated that 56,770 PC cases occurred and 45,750 patients died from PC in 2019. Additionally, PC incidence rate and death rate continues to increase, and a 5-year relative survival rate for it is the lowest (9%) compared with other cancers (1). Furthermore, pancreatic ductal adenocarcinoma (PDAC) accounts for the most part of PC (2). Due to atypical symptoms of PDAC and ineffective diagnosis methods, the majority of PDAC patients were diagnosed at an advanced stage, leading to patients not having the chance to be resected (1–4). Given current medical capabilities, surgical resection for resectable PDAC patients offers the only chance of a cure, but the survival of patients has not improved and commonly recurs within 12 months (5, 6). As for PDAC patients being diagnosed at an advanced stage, chemotherapy such as nab-paclitaxel plus gemcitabine and other methods including radiotherapy, molecular targeted therapy (MTT), and immunotherapy have only yielded modest improvements in survival (7, 8). Therefore, further exploration concerning the molecular mechanism underling PDAC occurrence and progression are essential to improve the early diagnostic biomarkers and therapeutic targets.

Long non-coding RNAs (lncRNAs) are defined as transcripts with a length of over 200 nucleotides, and lack protein-coding potential (9, 10). Studies have demonstrated that lncRNAs play important roles in a variety of biological processes, including epigenetic regulation, alternative splicing, imprinting, cell cycle control, cell differentiation, drug resistance, and tumorigenesis (11–14). Furthermore, emerging investigations have indicated that lncRNAs expression is abnormally dysregulated in numerous cancers and many lncRNAs are correlated with cancer recurrence, metastasis, and poor prognosis (15–17). For instance, the dysregulation of lncRNAs, including Linc01060, AGAP2-AS1, LINC00958, participate in the incidence, metastasis and progression of PDAC (18–20). Carbohydrate antigen 19-9 (CA19-9) is currently confirmed as the prognostic biomarkers for PDAC, but its low specificity urges us to discover and identify more potential and valuable molecular biomarkers for patients with PDAC (21). Increasing evidence suggests that lncRNA could serve as a good choice in predicting the prognosis of cancer (22–24). Meanwhile, a lot of gene expression signatures were successfully established to predict the clinical outcome of many different types of cancer (25, 26).

There are many lncRNAs which have reportedly been associated with PDAC prognosis (27, 28). However, they are seldomly used in clinical practice considering that their signature has not been validated in an independent cohort, or they do not adopt the appropriate statistical approach to generate the model. Here, we aim to identify the potential minimum number of robust lncRNAs as a signature to predict the prognosis of PDAC patients. Therefore, we mined the lncRNA data from The Cancer Genome Atlas (TCGA) database using the least absolute shrinkage and selection operator method (LASSO) algorithm, which can effectively analyze the high-dimensional sequencing data (29). We then validated this 5-lncRNA signature in our own PDAC patients from Fudan University using qRT-PCR technology and evaluated the accuracy of this signature and predictive capacity in the entire TCGA cohort.



METHODS


PDAC Datasets Preparation

The level three RNA sequencing data and relevant clinical information of 177 PDAC patients were downloaded from the TCGA database (http://cancergenome.nih.gov/) and enrolled in our study. Additionally, 46 fresh frozen primary PDAC samples from the Fudan validation cohort were collected consecutively at Huashan Hospital from October 2010 to February 2014. All enrolled patients met the inclusion and exclusion criteria as follows: (1) pathologic diagnosis of PDAC without other types of pancreatic cancer; (2) no cases with other malignant cancers. Conventional clinicopathologic variables like age, gender, AJCC Tumor Node Metastasis (TNM) stage, histologic grade, and microsatellite instability (MSI) status were analyzed in our study. Written informed consent was obtained from all patients. The study was conducted in accordance with the Declaration of Helsinki, and the Ethical Committee of Huashan Hospital, Fudan University approved the study.



RNA-seq Data Processing and lncRNA Profile Mining

To obtain the lncRNA expression profile, we mapped the probes of the TCGA RNA-seq data to lncRNA annotation files in the GENCODE database (http://www.gencodegenes.org). The annotation data (antisense, lincRNA, and sense_intronic) of probes was recognized as lncRNA. Fifteen thousand eight hundred and ninety-nine lncRNA probes were acquired in the RNA-seq data of PDAC. After removing lncRNAs whose expression was zero in more than 20% of the samples, 6,010 annotated lncRNA probes were generated for further study.



RNA Extraction and Quantitative Reverse Transcription PCR (qRT-PCR)

TRIzol reagent (Invitrogen, USA) was used to extract total RNA from 46 PDAC samples (Fudan validation cohort) following the manufacture's protocol. Reverse-transcription was then carried out using a PrimeScript RT reagent kit (Takara, Japan). An ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) was used to carry out the qRT-PCR using SYBR® Premix ExTaq™ (Takara, Japan). ACTB (β-actin) was utilized as an internal control to normalize the expression of lncRNAs. The –ΔCT method (ΔCT = CT lncRNA – CT ACTB RNA) was applied to calculate each lncRNA expression level. The primers of related lncRNAs are shown in Table S1.



Identification and Validation of the Prognostic lncRNA Signature

First, all the TCGA PDAC patients were randomly divided into two cohorts: the first 107 patients (60%) were termed the training cohort, and the remaining 70 (40%) the validation cohort. A univariate Cox regression model was applied to the training cohort to detect the prognostic lncRNAs. A set of lncRNAs whose P-value was < 0.05 were identified. These lncRNAs were then analyzed in a training cohort utilizing R software (version 3.6.0) and the “glmnet” package (R Foundation for Statistical Computing, Vienna, Austria) to carry out the LASSO Cox regression model analysis. Ten-times cross-validations were used to find the best penalty parameter lambda (29, 30). A list of prognostic lncRNAs with related coefficients were obtained from the lncRNA expression profile and the patient's overall survival (OS) according to the best lambda value. Furthermore, the risk score of every patient was calculated according to the expression level of each prognostic lncRNA and its corresponding coefficient. PDAC patients were assigned to a high-risk or low-risk group using the median risk score as the cut-off point. In the end, the OS differences between the two groups were evaluated by the Kaplan–Meier survival curves. Meanwhile, the prognostic lncRNA signature was validated in the TCGA and Fudan validation cohort. Based on the median risk score, the validation cohort was also split into a high-risk or low-risk group, and OS differences were analyzed as described earlier.



Statistical Analysis

All statistical analyses were performed using R software (version 3.6.0) and Bioconductor (31). For further analysis, the lncRNA expression profile was log2-transformed. Univariable, multivariable Cox regression, and stratified analyses were performed to evaluate if the lncRNA signature was independent of age, gender, TNM stage, grade, and MSI status. Student's t or the Fisher's exact test was used to assess the relationship between lncRNA signature and other clinicopathologic variables. The method of Kaplan–Meier and the log-rank test were utilized to evaluate the OS differences between the high or low-risk groups. Receiver operating characteristic (ROC) analysis was further used to assess the prognostic value based on the multi-lncRNA risk score, histologic grade, TNM stage, and the combined model of risk score and other indexes. “pROC” package was applied to the ROC curve analysis, and “delong” methodology was adopted to study significant differences between the ROC curves. When a two-sided P-value was < 0.05, the statistical analyses were defined as statistically significant.



Functional Enrichment Analysis

Differentially expressed genes (DEGs) between the high and low-risk PDAC patients in the TCGA dataset were identified using the classical t-test. The top 1,000 up-regulated and down-regulated DEGs were included in the functional enrichment analysis (Tables S2, S3). The Database for Annotation, Visualization and Integrated Discovery (DAVID, https://david.ncifcrf.gov/) and Cytoscape plug-in ClueGO and CluePedia were used to perform the enrichment analysis (32–34). The threshold for the analyses was set as a P < 0.05. By using Cytoscape software, the significant functional enrichment results were visualized in our study.




RESULTS


Clinical Characteristics of PDAC Patients

The flowchart of this study is shown in Figure 1. A total of 223 PDAC patients were enrolled in our study. The detailed clinical characteristics of these patients are summarized in Table 1. The 177 TCGA PDAC patients were randomly assigned to a TCGA training cohort (N = 107) and TCGA validation cohort (N = 70). Additionally, 46 PDAC patients from Huashan Hospital, Fudan University were recruited as another independent validation cohort. As shown in Table 1, the vast majority of patients (65.47%) were aged over 60 years, and about 54.71% of PDAC patients were male. One-hundred-and-forty TCGA patients (79.10%) has a microsatellite stable (MSS) status. Moreover, most tumors were diagnosed in well-differentiated groups (histologic grade 1&2; 71.43%) and in early stage groups (TNM I&II; 90.37%).


[image: Figure 1]
FIGURE 1. Flow chart of the study. The study was carried out in TCGA and Fudan lncRNA dataset of PDAC patients. The TCGA training cohort was used to identify prognostic lncRNAs. The LASSO regression model was used to establish a prognostic signature based on the prognostic lncRNAs. The prognosis analysis was validated in the TCGA and Fudan validation cohort, respectively.



Table 1. Clinical characteristics of 223 pancreatic adenocarcinoma patients involved in the study.
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Generate Prognostic lncRNAs From TCGA Training Cohort

Using the univariate Cox regression analysis method, a set of 2,208 prognostic lncRNAs were identified in the TCGA training cohort (P < 0.05). A LASSO Cox regression model was further applied to those 2,208 lncRNAs to generate a prognostic signature in the training cohort. As a result, we recognized the five-lncRNA signature that was highly associated with OS in PDAC patients. A list of lncRNAs with their acquired coefficients, gene symbol, ensembel ID, gene type, P-values, and hazard ratio are demonstrated in Table 2. Among those lncRNAs, lower lncRNA expression levels were revealed by negative coefficients. Interestingly, the five lncRNAs identified, had completely negative coefficients - RP11-159F24.5, RP11-744N12.2, RP11-388M20.1, RP11-356C4.5, and CTC-459F4.9, which meant they were correlated with better survival.


Table 2. lncRNAs significantly associated with the overall survival.
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The 5-lncRNA Signature and the Patients' Survival in the Training Cohort

Based on the expression of these five lncRNAs for OS prediction, we established a risk-score formula: Risk score = (−0.00507*expression level of RP11-159F24.5) + (−0.019766164* expression level of RP11-744N12.2) + (−0.003146176* expression level of RP11-388M20.1) + (−0.046208838* expression level of RP11-356C4.5) + (−0.037384417* expression level of CTC-459F4.9). Furthermore, we worked out the 5-lncRNA signature risk score for every patient in the TCGA training cohort. Using the median risk score as the cut-off point, the patients were categorized into a low risk group (N = 54) and high-risk group (N = 53). The Kaplan–Meier survival analysis indicated that patients in the high-risk group were associated with a tendency toward worse outcomes in the training cohort (HR = 2.03, 95% CI = 1.15–3.57, P = 0.012) (Figure 2A).
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FIGURE 2. Kaplan–Meier analyses of the overall survival (OS) based on the 5-lncRNA signature. (A) TCGA training cohort (N = 107); (B) TCGA validation cohort (N = 70); (C) Entire TCGA cohort (combined training and validation patients, N = 177); (D) Fudan validation cohort (N = 46). The tick marks on the Kaplan–Meier curves represent the censored subjects. The differences between the two curves were determined by the two-side log-rank test. The number of patients at risk is listed below the survival curves.




Validation of the 5-lncRNA Signature for Survival Prediction in the Validation Cohorts and Entire TCGA Cohort

In order to confirm the power of the 5-lncRNA signature in predicting the OS of PDAC patients, we validated our results in the internal validation cohort. By utilizing the same classification method, patients were classified into a high-risk group (N = 35) and a low risk group (N = 35). Consistent with previous findings, patients in the high-risk group revealed significantly worse OS compared to the other patients (HR = 6.77, 95% CI = 3.03–15.11, P < 0.0001) (Figure 2B). Moreover, in the entire TCGA cohort, which included the training and validation cohort, the 5-lncRNA signature also had similar results (HR = 3.13, 95% CI = 1.99–4.93, P < 0.0001) (Figure 2C). What is more, we validated the risk score-based classification in the independent cohort from Huashan hospital, Fudan university. The Fudan validation cohort verified the capacity of the signature in predicting OS. As shown in Figure 2D, our signature can also effectively discriminate the risk of OS (HR = 3.25, 95% CI = 1.33–7.94, P = 0.0062).



Association Between 5-lncRNA Signature and Clinic-Pathologic Characteristics in PDAC Patients

The patients of the TCGA cohort and the Fudan validation cohort were divided into two groups for the purpose of investigating the importance of the 5-lncRNA signature in PDAC clinic-pathologic sides. As depicted in Table S4, a high-risk score of the signature was associated with aggressive tumor clinic-pathologic parameters, including TNM stage (P = 0.024, TCGA cohort) and OS status (P < 0.001, TCGA cohort; P = 0.008, Fudan validation cohort). Although there was no statistical significance of the histologic grade in the TCGA cohort and TNM stage in the Fudan validation cohort, it still had the trend that patients in the high-risk group showed a poor differentiated grade and an advanced tumor stage.



Investigate the 5-lncRNA Signature Prognostic Capacities by Univariate and Multivariate Analyses

To confirm whether the prognostic capacity of our 5-lncRNA signature was independent from the clinic-pathologic characteristics, univariate and multivariate Cox analyses were carried out by analyzing the available co-variables like 5-lncRNA risk score, age, gender, TNM stage, histologic grade, and MSI status in the entire TCGA cohort and Fudan validation cohort. In the univariate Cox regression analyses, the 5-lncRNA signature was a powerful variable associated with prognosis in both the entire TCGA and Fudan validation cohort (HR = 3.10, 95% CI = 2.00–4.90, P < 0.0001; HR = 3.25, 95% CI = 1.33–7.93, P = 0.01, respectively) (Figures 3A,C). By using other clinical variables to adjust the multivariate analyses, the 5-lncRNA signature still proved to be a strong and independent variable in the above described cohorts (HR = 2.87, 95% CI = 1.82–4.51, P < 0.0001; HR = 2.85, 95% CI = 1.12–7.27, P = 0.028, respectively) (Figures 3B,D).
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FIGURE 3. Forest plot summary of analyses of overall survival (OS). Univariate and multivariate analyses based on the 5-lncRNA signature and clinical covariates in the entire TCGA cohort (A,B) and Fudan validation cohort (C,D). The blue solid squares represent the hazard ratio (HR), and the red transverse lines represent 95% confidence intervals (CI). All P-values were calculated using Cox regression hazards analysis.




Subgroup Analyses Based on the 5-lncRNA Signature According to TNM Stage, Histologic Grade, and MSI Status

For the purpose of testing whether our 5-lncRNA signature can play a role in different TNM stages, histologic grades and MSI status, subgroup analyses were carried out, respectively. Because the number of TNM stage III&IV and not MSS status patients was small, we performed our subgroup analysis in the early stage (TNM stage I&II) and MSS status of TCGA PDAC patients. Figure 4A shows that our 5-lncRNA signature could successfully predict the survival outcome in this subgroup (HR = 2.83, 95% CI = 1.79–4.46, P < 0.0001). Furthermore, TCGA PDAC patients were stratified into a well-differentiated group (histologic grade I&II) and poor-differentiated group (histologic grade III&IV). The subgroup analyses demonstrated that the 5-lncRNA signature could be beneficial to divide patients into low risk and high risk groups in every grade with a statistically significant difference for the well-differentiated group (HR = 2.74, 95% CI = 1.57–4.79, P = 0.00022; Figure 4B) and poor-differentiated group (HR = 4.1, 95% CI = 1.79–9.37, P = 0.00035; Figure 4C). Figure 4D indicates that patients with an MSS status in the high-risk group had importantly shorter median OS than the low risk patients (HR = 3.83, 95% CI = 2.24–6.56, P < 0.0001). These results revealed that the prognostic ability of the 5-lncRNA signature was independent of the TNM stage, histologic grade and MSI status.


[image: Figure 4]
FIGURE 4. Kaplan–Meier survival analysis to assess the independence of the 5-lncRNA signature from the TNM stage, histological grade, and MSS status. The patients from the entire TCGA were stratified into subgroups. The 5-lncRNA signature was applied to the TNM stage II and III patients (A), histological grade I&II patients (B), histological grade III&IV patients (C), MSS status patients (D), separately. The number of patients at risk is listed below the survival curves. The tick marks on the Kaplan–Meier curves represents the censored subjects. Two-sided log-rank test was adopted to determine the differences between the two curves.




Subgroup Analyses Based on the 5-lncRNA Signature According to Age and Gender

As we know, age is an important risk factor in the progress of carcinogenesis (35). We performed the subgroup analyses by separating these patients into ≤ 60-year-old and ≥60-year-old subgroups. Regardless of patients in the younger or older groups, our 5-lncRNA signature still had the capacity to identify patients with different prognoses (Figures S1A,B). We also studied whether our 5-lncRNA signature was independent of gender by adopting similar methods as described above. In the entire TCGA PDAC cohort, the high-risk score of our signature significantly associated with an advert OS either in female or male patients (P = 0.0039, P < 0.0001, respectively; Figures S1C,D). These results further demonstrates that our 5-lncRNA signature was definitely independent of age and gender.



ROC Analysis to Assess the Prognostic Value of the 5-lncRNA Signature

We conducted a ROC analysis to assess whether our 5-lncRNA signature could behave better than the present clinical parameters in predicting OS prognosis. As Figure 5A shows, the area under receiving operating curve (AUROC) of the 5-lncRNA risk score model was superior to those of TNM stage and histologic grade (0.68 vs. 0.53; 0.68 vs. 0.55). In addition, the AUROC of 5-lncRNA risk score combined with TNM stage and histologic grade showed significant differences when compared to the signature alone (0.73 vs. 0.68). This phenomenon was also confirmed in our Fudan validation cohort (Figure 5B). Because there was no data related to the histologic grade of our patients, ROC analysis was performed according to the 5-lncRNA risk score and TNM stage. The results were similar to those in the entire TCGA cohort. The 5-lncRNA risk score possessed a better performance than TNM stage (0.70 vs. 0.62). What is more, when combined with our signature TNM stage, the combined model had a strong power for OS prediction (AUROC = 0.76).
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FIGURE 5. Receiver operating characteristic (ROC) analysis of the sensitivity and specificity of the overall survival (OS) prediction by the 5-lncRNA risk score, histologic grade, TNM stage and all combined risk factors in the entire TCGA cohort (A; N = 177) and the Fudan validation cohort (B; N = 46). As shown, the 5-lncRNA risk score combined with other factors shows a better prediction of OS either in the TCGA cohort or Fudan validation cohort.




Enriched Functions and Pathways Associated With 5-lncRNA Signature

For the purpose of elucidating the 5-lncRNA related biological functions and pathways, we used cytoscape plug-in ClueGO and CluePedia to analyze the entire TCGA PDAC cohort according to the classification through our signature. Figure 6 shows a set of enriched functions and pathways of the top 1,000 significantly DEGs in high vs. low risk PDAC patients in the TCGA dataset. In the analyses of the top 1,000 up-regulated DEGs in high risk groups, we found that a group of cancer-related pathways like programmed cell death, regulation of cell population proliferation, epithelial cell differentiation, cell adhesion, and the secretion of the pancreas were involved (Figure 6A). Similarly, several drug response pathways, signal transmission pathways including gated channel, negative regulation of synaptic transmission, and the cAMP signaling pathway, as well as the secretin receptors related to the pancreas were also found to be changed in the pathways of the top 1,000 down-regulated DEGs in high risk groups (Figure 6B). Based on the above analyses, we propose that our 5-lncRNA signature could play a significant role in the carcinogenesis of PDAC.
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FIGURE 6. Enriched functions and pathways of the top 1,000 significantly differentially expressed genes (DEGs) in high vs. low risk PDAC patients in the TCGA dataset. The interaction network was generated with the Cytoscape plug-in ClueGO and CluePedia. Functions and pathways of up-regulated DEGs (A), down-regulated DEGs (B). The size of the nodes shows the term significance after Bonferroni correction. The significant term of each group is highlighted.





DISCUSSION

At present, with the emergence of many lncRNAs, researchers have altered their study attention from the traditional protein-coding genes to non-coding RNAs. Many publications nowadays have revealed that lncRNA plays an important role in the process of tumor development. Zhang et al. and Song et al. have reported, respectively, that they found the multi-lncRNA signatures that can predict the prognosis of pancreatic cancer. However, several limitations exist in their studies. For example, their signatures have not been validated in an independent validation cohort (27, 28). In addition, Zhang et al. only used the Cox proportional hazards regression method to generate the model. This method was reported to be inappropriate for high-dimensional sequencing data when the ratio between the parameters and sample size is too low (36).

In our study, we constructed the PDAC lncRNA prognosis signature by mining the lncRNA data from the TCGA database using a LASSO algorithm. By investigating the relationship between the clinical data and lncRNA expression profiles of PDAC patients in TCGA training cohort, we established a novel 5-lncRNA signature that was significantly related to the OS. By utilizing this signature to the patients in the TCGA PDAC training cohort, statistical significance was seen in the survival curve between the high and low risk groups. The prognostic capacity of this 5-lncRNA signature could be internally verified in the TCGA PDAC validation cohort and our independent Fudan validation cohort, revealing the wide application and efficacy of this signature in predicting PDAC prognosis.

Moreover, we performed univariate and multivariate analyses to verify that our 5-lncRNA signature can be an independent risk variable in predicting PDAC OS. Although those clinical parameters like age, gender, histologic grade, and TNM stage did not have statistical significance in the TCGA cohort and Fudan validation cohort by multivariate analyses, we applied the subgroup analyses to further confirm the independence of our 5-lncRNA signature. As we know, it is widely agreed that TNM stage can work as an influential factor in predicting the prognosis of PDAC. TNM stage I&II generally indicates the early stage of PDAC, while TNM stage III&IV indicates the late stage. We classified all the TCGA PDAC patients into early stage and late stage stratums to promote further analysis. The stratified patients were successfully separated into high and low risk subgroups based on the 5-lncRNA signature, and there was an obvious split in the overall survival curve of TNM I&II between them. The number of TNM III&IV patients was little, so we did not further analyze this subgroup. Additionally, tumor histologic grade has also been reported to be an effective prognostic factor in PDAC (37, 38). Our 5-lncRNA signature could also successfully discriminate the high or low risk of patients in both the well and poor differentiated subgroup. MSI status was reported to be a significant predictor for resectable pancreatic cancer patients, and the prognosis of MSI-H status patients was better than MSS status patients (39). Given the terrible survival of MSS status patients and because the number of MSI-indeterminate (MSI-I)/MSI-low (MSI-L) patients was not enough for analysis, we tested the independence of our signature in the MSS status group. Patients of MSS status in the high-risk group were found to have shorter median OS than low risk patients.

In addition, there are many theories on aging. Some researchers think that the accumulation of genomic and epigenomic instability promotes cancer, while some think that tissue overstimulation and the hyper-activation of the DNA damage response causes cancer (40). PDAC was reported to be an age-dependent cancer (35). Our 5-lncRNA risk model maintained its powerful prognostic capacity when stratified by age distribution. Furthermore, there are reports that males have higher susceptibility in cancer than females (41). By applying our risk model to the stratification analysis of gender, our 5-lncRNA signature also proved to be independent of gender.

To evaluate the predictive capacity of the 5-lncRNA signature, ROC analysis was carried out. In the diagnostic test, we can use AUROC to detect the accuracy and determine the predictive value of biomarkers (42). ROC analysis demonstrated that this 5-lncRNA signature was superior to the TNM stage in PDAC OS evaluation (in the entire TCGA and Fudan validation cohort), and histologic grade (in the entire TCGA cohort). Interestingly, when we combined the 5-lncRNA risk score with TNM stage and histologic grade (if available), the prognostic ability was better than any parameter alone in this model. The AUROC of the combined model reached 0.73 for the entire TCGA cohort, and 0.76 for the Fudan validation cohort, suggesting that it might enhance clinic-pathologic characteristics and strengthen the predictive accuracy of OS prognosis in PDAC.

Because the 5-lncRNA signature was able to separate high risk patients according to the risk score, we assumed that several biological functions and pathways related to this signature might affect the OS prognosis of PDAC. Nowadays, the main challenges for PDAC patients are metastatic problems and the lack of sensitive drugs for clinical treatment (1, 43), which seriously influence the prognosis of these patients. According to the analyses of cytoscape plug-in ClueGO and CluePedia, a number of cancer-related pathways were highlighted in the high-risk groups such as programmed cell death, regulation of cell population proliferation, epithelial cell differentiation, cell adhesion, and the secretion of pancreas pathway. Furthermore, several drug response pathways, signal transmission pathways, and the secretin receptors related to the pancreas were also found to be changed in the high-risk group. Therefore, these biological functions and pathways obtained from our 5-lncRNA signature might provide a strong backing for studying the molecular mechanisms and developing the potential targeted therapies.

The 5-lncRNA signature has been proven to be significantly connected with the overall survival of PDAC. However, the underlying function of these 5 lncRNAs have not been fully illuminated in this study. According to the negative coefficients and the downregulation of the five lncRNAs identified in high risk PDAC patients, we hypothesize that these lncRNAs are associated with better survival and may act as tumor suppressors in PDAC. RP11-159F24.5 was reported to be the antisense to nicotinamide nucleotide transhydrogenase (NNT) (44), and the deficiency of NNT will impede cell proliferation and tumorigenicity (45). RP11-744N12.2 is also named a smooth muscle and endothelial cell enriched migration/differentiation-associated long non-coding RNA (lncRNA SENCR) or FLI1-AS1 (46). Lyu et al. demonstrated that SENCR interacted with CKAP4 to stabilize vascular endothelial cell adherens junctions (47). RP11-388M20.1 is the antisense to PYCARD, and PYCRAFD is reported to play an important role in promoting cellular apoptosis (48). In addition, the expression of RP11-356C4.5 is found to be up-regulated in colorectal tumor samples compared to normal control tissues (49). There are extremely rare reports regarding CTC-459F4.9. More studies about this lncRNA are needed in the near future.

Several limitations in our study should be pointed out. First, our 5-lncRNA signature was generated from the retrospective data, and more prospective datasets are needed to prove the clinical utility of our model. Second, owing to the limited number of patients recruited in our study, some subgroup analyses cannot be implemented. Third, there was no experimental data about the expression and mechanisms of the lncRNAs in PDAC samples, so more efforts should be invested to illuminate the potential association between our signature and the prognosis in PDAC.



CONCLUSION

In summary, our study defined an innovative 5-lncRNA signature in PDAC. It is an integrated analysis of the available RNA-sequencing data and qPCR results from our own samples. The 5-lncRNA signature was proven to be independently associated with the OS of classical prognostic parameters and remains a good classifier in different subtypes of PDAC patients. This signature may provide insight into the prediction of PDAC prognosis. What is more, the obtained functions and pathways associated with our signature may facilitate the development of novel therapies for PDAC treatment.
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Glioma is a common malignancy with poor prognosis. Recent evidence suggests that the pathogenesis and progression of glioma involve long noncoding RNAs (lncRNAs). Previously, we showed that glioma cell radioresistance was enhanced by lncRNA SNHG18 in vitro and in vivo. In the present study, we showed that SNHG18 promoted the invasion and migration of glioma cells. SNHG18 was demonstrated to regulate the progression of epithelial-mesenchymal transition and cytoskeleton remodeling, thereby affecting cell motility. Furthermore, the promotion of invasion evoked by SNHG18 overexpression could be rescued by α-enolase (ENO1) deletion. Moreover, rather than altering ENO1 expression, SNHG18 suppressed its nucleocytoplasmic transport by directly combining with ENO1 in glioma cells. The results suggested that SNHG18 inhibited the nucleocytoplasmic transport of ENO1 to promote cell motility. The results reveal the mechanism by which this lncRNA affects tumorigenesis and metastasis, forming the basis for further research that will lead to novel strategies to treat glioma.
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Introduction

Glioma is the most common adult malignant brain tumor; however, the clinical prognosis of high-grade glioma is extremely poor, with a low 5-year survival rate (Jansen et al., 2010). High-grade glioma shows rapid progression and high invasiveness (Lefranc et al., 2005; Stupp et al., 2009). Current treatments are ineffective, partly because of the high invasiveness of brain tumor cells. In addition, tumor recurrence occurs as a result of the inevitable infiltration of the remaining tumor cells into the surrounding normal brain tissue (Rao, 2003). Local invasion is a major cause of mortality; therefore, improving our understanding of the molecular mechanisms involved in the invasiveness of glioma is vital.

Long noncoding RNAs (lncRNAs) are RNA molecules of greater than 200 nucleotides in length that do not encode proteins (Wang and Chang, 2011; Tay et al., 2014). Recent studies have shown that the development and progression of many cancers are regulated by certain lncRNAs (Yang et al., 2014). Growing evidence indicates that in the tumorigenesis of glioma, lncRNAs may have tumor suppressor or carcinogenic effects (Zhang et al., 2012). For example, lncRNA H19 expression is markedly induced in glioma and correlates positively with the glioma grade, and its expression is required for tumor invasion and progression (Jiang et al., 2016). LncRNA HOTAIR is negatively associated with glioma prognosis via its promotion of the invasion and growth of glioma cells (Zhang et al., 2013; Zhou et al., 2015). Thus, lncRNAs represent good candidate biomarkers and potential therapeutic targets in glioma.

The enzyme α-enolase (ENO1), which was originally identified as a vital catalysis-associated protein, is an isoform of enolase that is found in almost all adult mammalian tissues (Pancholi, 2001). Decades of research have shown that in addition to its normal glycolysis function, ENO1 is involved in several key biological processes in glioma and other cancers, including proliferation, migration, and invasion (Capello et al., 2011; Song et al., 2014; Chen et al., 2018). Depending on its location in the tumor, ENO1 can exert multiple functions (Diaz-Ramos et al., 2012). It acts as a cell surface receptor for plasminogen and as a cytoskeletal reorganization regulator in the cytoplasm, promoting the invasion of metastatic cancer (Capello et al., 2011; Ceruti et al., 2013; Song et al., 2014; Principe et al., 2017; Yu et al., 2018).

Previously, we observed upregulation of small nucleolar RNA host gene 18 (SNHG18; GenBank Accession no. NR_045196) in glioma tissues. In addition, SNHG18 expression showed an association with the clinical tumor grade and a negative correlation with mutation of isocitrate dehydrogenase 1 (IDH1). SNHG18 could promote the radioresistance of glioma cells (Zheng et al., 2016). However, our previous study did not clarify the other functions of SNHG18 in glioma in addition to radiosensitivity. In the present study, we further studied the biological functions associated with the migration and invasion of SNHG18 and its underlying mechanisms. We also described the relevance of ENO1 in SNHG18-mediated glioma migration and investigated the underlying mechanisms. These results will contribute to identify potential candidates for targeted therapeutic interventions in glioma.




Materials and Methods



Cell Culture

The M059J and M059K cell lines were purchased from the ATCC (Rockville, MD, USA). U87 glioma cells were obtained from the Shanghai Institute of Cell Biology, Chinese Academy of sciences. The cells were maintained as described previously (Zheng et al., 2016).




Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction

The TRIzol Reagent (Invitrogen) was used to isolate total RNA from freshly cultured cells, following the manufacturer's instructions. Complementary DNA (CDNA) was synthesized using a PrimeScript ® RT Reagent Kit (Takara, Dalian, China). PCR reactions were performed using a LightCycler 480 Real-Time PCR System (Roche, Stockholm, Sweden). The results were calculated as the ratio of the optical density (OD) value relative to that of ACTB (encoding β-actin). Primer sequences used for qRT-PCR were as follows: β-actin F: 5′-CCCTTTTTGTCCCCCAAC-3,′ R: 5′-CTGGTCTCAAGTCAGTGTACAGGT-3′; SNHG18 F: 5′-TGTGGCAGCCCACTCTATTG-3,′ R: 5′-TGGTGGACTTGAGTGGAAGC-3′; ENO1 F: 5′-GATCTCTTCACCTCAAAAGG-3,′ R: 5′-TTCCATCCATCTCGATCATC-3.′




Construction of Glioma Cells Stably Overexpressing or Deleted for SNHG18

Cell clones stably overexpressing and deleted SNHG18 were established as described previously (Zheng et al., 2016).




Western Blotting

Cytoplasmic and nuclear proteins were extracted with an NEPER Nuclear and Cytoplasmic Extract Kit (Pierce, Rockford, IL, USA) according to the manufacturer's instructions. Aliquots of cell lysates were separated using a 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel and then electroblotted onto nitrocellulose membranes (Bio-Rad), as previously described (Xie et al., 2014). The membranes were incubated with antibodies raised against ENO1 (#ab155102) and β-catenin (#ab32572) (both from Abcam, San Francisco, CA, USA), and those recognizing β-actin (#4970), N-cadherin (#13116), E-cadherin (#3195), snail family transcriptional repressor 2 (SLUG) (#9585), Vimentin (#5741), MMP-2 (#40994), MMP-9 (#13667), lamin A (#86846), and snail family transcriptional repressor (SNAIL) (#3879) (all from Cell Signaling Technology, Beverly, MA, USA) overnight, followed by the addition of horseradish peroxidase-linked anti-rabbit/mouse immunoglobulin G (IgG) (Abcam #ab205718/ab205719) and enhanced chemiluminescence visualization of the immunoreactive protein bands.




Ribonucleic Acid Interference

RNA interference was performed as described previously (Zheng et al., 2016). A short interfering RNA (siRNA) targeting ENO1 was obtained from GenePharma (Shanghai, China) and was transfected into cells using Lipofectamine 3000 (Invitrogen) following the manufacturer's instructions.




Invasion Assay

Invasion assays were carried out using a Matrigel Invasion Chambers (BD Bioscience, Bedford, MA, USA) following the manufacturer's instructions. The chamber has two compartments divided by a polycarbonate filter (8-mm pore size). Transfected cells (3 ×105 M059K and M059J cells, or 4 × 105 U87 cells per 200 µl) in serum-free medium were placed in the upper chamber precoated with Matrigel. Complete medium (500 µl) containing 10% fetal bovine serum as a chemoattractant was placed into the lower chamber. The Transwell chambers were incubated for 24 h at 37°C. Thereafter, the filters were removed and the cells on them were fixed and then stained using 0.1% (vol/wt) crystal violet. The number of invading cells was counted from at least seven fields on three separate membranes using a light microscope (Olympus, Japan) with a 10× objective.




Wound-Healing Assay

M059K, M059J, or U87 cells were grown in plates to form confluent monolayers, which were scratched using a pipette tip. The cell debris was removed and the width of the scratch was measured under an Olympus microscope (Tokyo, Japan) at 200× magnification. The cells were incubated in the serum-free medium for 24 h. Thereafter, healing was evaluated by measuring the width of the scratch under the microscope and comparing it with the original width.




Immunocytochemistry and Confocal Microscopy

Cells were grown on confocal dishes (Corning Inc. Corning, NY, USA), washed, and fixed with 4% paraformaldehyde. The cells were then incubated with tetramethyl rhodamine iso-thiocyanate-conjugated phalloidin (Sigma, St. Louis, MO, USA) or an anti-ENO1 monoclonal antibody (Abcam #ab155102), followed by fluorescein isothiocyanate-conjugated anti-rabbit IgG (Abcam #ab150077). Nuclei were stained using 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (Invitrogen) and viewed using a fluorescence confocal microscope (OLYMPUS FV10i). Olympus FV10-ASW software was used to capture the confocal images.




Ribonucleic Acid Pull-Down Assay

A TranscriptAid T7 High-Yield Transcription Kit was used to transcribe SNHG18 fragments, and antisense RNA from vector pcDNA3.1-6195. A Pierce™ magnetic RNA–protein pull-down kit was used for the RNA–protein pull-down experiments, which performed according to the manufacturer's protocols. The proteins retrieved were subjected to 12% SDS-polyacrylamide gel electrophoresis (PAGE) separation and a Pierce® Silver Stain Kit was used. The specific silver-stained bands were excised and subjected to mass spectrometry analysis using the Mascot software. The experiments described in this section used kits obtained from Thermo Fisher Scientific (Waltham, MA, USA).




Ribonucleic Acid Immunoprecipitation Assay

A Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Millipore, Danvers, MA, USA) was used to perform the RNA immunoprecipitation (RIP) assay according to the manufacturer's instructions. For the RIP assay, the anti-ENO1 antibody was provided by Abcam (# ab155102). Reverse transcription PCR was used to determine whether SNHG18 was present in the co-precipitated RNA.




Statistics

All experiments were conducted in triplicate, unless otherwise stated. SPSS software (IBM Corp., Armonk, NY, USA) was used to perform the statistical analyses. Student's t-test analyzed the data for statistical significance. The statistical evaluations are shown as the mean ± standard deviation; a p-value <0.05 indicated statistical significance.





Results



SNHG18 Expression Promotes Invasive and Migratory Ability in Glioma Cells

First, M059K cells stably silenced for SNHG18 and M059J cells stably overexpressing SNHG18 were constructed in our previous study (Zheng et al., 2016) (Figure 1A). Transwell invasion assays showed a significant decrease in invasion of the M059K-SNHG18 short hairpin RNA (shRNA) (SNHG18 silenced) cells compared with that in the control group (106.2 ± 15.4 cells and 238.8 ± 35.6 cells, Figure 1B, P < 0.05, upper panels). Compared with the control group (201.2 ± 22.4 cells), the M059J-SNHG18 (SNHG18 overexpressing) cells showed significantly increased migratory ability (429.1 ± 72.8 cells, Figure 1B, P < 0.05, bottom panels). The effect of SNHG18 on the glioma cell invasion was determined using a wound-healing assay. M059K cells transfected with the SNHG18 shRNA showed significantly reduced migration compared with cells transfected with the scrambled shRNA control (Figure 1C, P < 0.05). By contrast, M059J cells overexpressing SNHG18 displayed an increased migration ability, resulting in nearly complete closure of the wound after 24 h compared with that in the control group (Figure 1C, P < 0.05).
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Figure 1 | SNHG18 promotes migration and invasion of glioma cells (A) The expression of SNHG18 in M059K cells silenced for SNHG18, in M059J cells overexpressing SNHG18, and in their control groups was assessed using quantitative real-time reverse transcription polymerase chain reaction (mean ± SD, n = 3; *P < 0.05, Student's t-test). (B) Results from Transwell invasion assays of cells silenced for SNHG18, in M059J cells overexpressing SNHG18, and in their control groups, scale bar = 50 μm (mean ± SD, n = 3, *P < 0.05, Student's t-test). The results of wound-healing assays in M059K cells (C) silenced for SNHG18, in M059J cells (D) overexpressing SNHG18, and in their control groups. Scale bar = 200 μm (mean ± SD, n = 3, *P < 0.05, Student's t-test).






SNHG18 Suppresses Nucleocytoplasmic Transport of α-Enolase by Directly Combining With the A-Enolase Protein

Evidence shows that a lncRNA's regulatory mechanism correlates strongly with its location (Wang et al., 2011). We confirmed previously that SNHG18 is located predominantly in the nucleus (Zheng et al., 2016). To determine whether SNHG18's function involves interacting with a specific target, an RNA pull-down assay was performed, followed by mass spectrometry analysis to identify the proteins associated with SNHG18. The results indicated that ENO1 might be specifically associated with SNHG18 (Table 1), which was subsequently confirmed by western blotting analysis (Figure 2A). RNA immunoprecipitation assays in M059K cellular extracts were then performed to confirm the association between SNHG18 and ENO1. The RIP results showed a significantly higher enrichment of SNHG18 using the anti-ENO1 antibody than was obtained using IgG (Figure 2B). These results showed that SNHG18 could bind to ENO1 in vitro. Next we assessed the expression of ENO1 using qRT-PCR and western blotting (Figures 2C, D). ENO1 mRNA or protein levels did not change significantly after SNHG18 deletion or overexpression. However, the translocation of ENO1 from the nucleus to the cytoplasm was clearly affected when SNHG18 was silenced in M059K cells. The green fluorescence representing ENO1 protein in M059K cells was observed both in the nucleus and cytoplasm (Figure 2E, upper panel); however, in SNHG18 silenced cells, no green fluorescence was observed in the cytoplasm (Figure 2E, lower panel), which was subsequently confirmed by western blotting analysis. In U251 cells, overexpressed SNHG18 also did not change the expression of total cellular ENO1, but increased the content of ENO1 in the cytoplasm (Figure 3D). Thus, the interaction between SNHG18 and ENO1 probably regulates the nucleocytoplasmic transport of ENO1 in glioma cells.



Table 1 | Top 10 proteins identified using in mass spectrometry analysis among those proteins pulled down using SNHG18.
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Figure 2 | (A) The results of RNA pulldown using SNHG18, its antisense RNA, and a negative control RNA, as analyzed using western blotting for α-enolase (ENO1). The input was the total protein used for RNA pulldown (mean ± SD, n = 3, *P < 0.05, Student's t-test). (B) The results of RIP assays assessed using real-time reverse transcription polymerase chain reaction (RT-PCR) for SNHG18. Quantitative RT-PCR (mean ± SD, n = 3, *P < 0.05, Student's t-test) (C) and western blotting (D) analysis of ENO1 expression in M059K cells silenced for SNHG18, in M059J cells overexpressing SNHG18, and in their control groups (mean ± SD, n = 3; *P < 0.05, Student's t-test). (E) M059K cells silenced for SNHG18 stained for nuclei [2-(4-amidinophenyl)-1H-indole-6-carboxamidine, blue fluorescence], and ENO1 (anti-ENO1 monoclonal antibody followed by fluorescein isothiocyanate-conjugated anti-rabbit immunoglobulin G, green fluorescence) (scale bar = 10 μm). (F) ENO1 expression in nuclear or cytoplasm extracts by western blotting.
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Figure 3 | (A) Western blotting detection of the level of α-enolase (ENO1) in U251-SNHG18 cells transfected with an short interfering RNA (siRNA) targeting ENO1 (siENO1). (B) Quantitative analysis of Transwell invasion and wound-healing assays in SNHG18 overexpressed U251 cells treated with siENO1 and their control groups (mean ± SD, n = 3, *P < 0.05, Student's t-test). (C) Transwell invasion (Panel a-d) and wound-healing assays (Panel e-h), and immunofluorescence (Panel i-l) were performed in SNHG18 overexpressed U251 cells treated with siENO1 and their control groups. Panel i-l: Tetramethyl rhodamine iso-thiocyanate-conjugated phalloidin was used to detect the distribution of F-actin (red). The nuclei are stained blue with 2-(4-amidinophenyl)-1H-indole-6-carboxamidine. Arrows show clustering of F-actin signals (Panel a-h: scale bar = 200 μm, Panel i-l: scale bar = 10 μm). (D) Western blotting to detect the levels of β-catenin, SNAIL, Vimentin, N-cadherin, SLUG, E-cadherin, MMP-2, MMP-9, and ENO1-total and ENO1-cyto (ENO1 in total cellular or cytoplasm) in U251-SNHG18 cells transfected with the siRNA targeting ENO1 (siENO1).






Removal of α-Enolase Suppresses the Promotion of Invasion Induced by SNHG18 Overexpression

To determine whether SNHG18's glioma cell motility promotion ability involves ENO1, we utilized SNHG18 overexpressed glioma U251 cells with simultaneous suppression of ENO1 using a specific siRNA, siENO1. Effective knockdown of ENO1 expression in U251 cells was demonstrated using western blotting analysis (Figure 3A). Furthermore, SNHG18 overexpression in U251 cells resulted in similar upregulation of migration and invasion to that observed in M059J cells (Figures 3B, C-panels a/b/e/f, *P < 0.05). ENO1 expression inhibition using siENO1 rescued the SNHG18 overexpression-mediated reduction in migration and invasion; however, this phenomenon was not observed in the scrambled siRNA group (Figures 3B, C-panels c/d/g/h, *P < 0.05). Thus, SNHG18 overexpression's effects on glioma cells depended at least in part on ENO1.




SNHG18 Enhances Cell Motility by Regulating the Progression of Epithelial-Mesenchymal Transition and Cytoskeletal Remodeling Depends on α-Enolase's Subcellular Location

To further investigate the mechanism by which SNHG18 regulates glioma invasion, the protein levels of EMT-associated factors were examined in U251 cells stably overexpressing SNHG18. Enhanced endogenous SNHG18 expression resulted in increased levels of β-catenin, SNAIL, SLUG, Vimentin, N-cadherin, MMP-2, and MMP-9, whereas E-cadherin levels decreased (Figure 3D). These results were partially reversed by ENO1 suppression. ENO1 participates in remodeling of the cytoskeleton, which has a pivotal role in the regulation of cell motility (Principe et al., 2017) and cell migration. Therefore, we studied the effect of SNHG18 overexpression on the organization and morphology of the actin cytoskeleton. Phalloidin immunofluorescence staining of cell edges in untreated U251 glioma cells showed low numbers of lamellipodia, which are important structures involved in cell migration (Kozma et al., 1996) (Figure 3C-panel i). Remarkably, in U251 cells overexpressing SNHG18 lamellipodia were significant induced and we observed a further reduction in the formation of long protrusions (Figure 3C-panel j). Silencing of endogenous ENO1 expression using the siRNA abolished the disruption of actin-based lamellipodia, which persisted in the cells treated with the scrambled siRNA (Figure 3C-panels k and l). In summary, SNHG18 regulates the progression of EMT and the organization of the cytoskeleton into lamellipodia by repressing the nucleocytoplasmic transport of ENO1 in glioma cells.





Discussion

The main challenge presented by glioma is that the malignant cells can invade the adjacent normal brain tissue. Glial-origin tumors comprise a core mass and a penumbra of invasive cells, with decreasing numbers of cells towards the periphery; however, invasive cells can still be detected up to several centimeters distal to the core area (Burger et al., 1983). Local invasion eventually leads to tumor recurrence, mainly adjacent to the tumor bed. Local invasion does not improve significantly when treated by radiation or chemotherapy (Gaspar et al., 1992). Thus, the invasion of glioma occurs via independent mechanisms that encourage tumors to spread via various anatomical and molecular structures. Cell motility might be the common factor of this biological behavior. Genes associated with motility were observed to be upregulated in gene-expression profiling experiments, and functional studies suggested that the aggressive phenotype of malignant glioma is contributed by cell motility (Giese et al., 2003). Thus, it remains important to study the regulatory mechanisms leading to the invasive behavior in glioma.

Glioma usually exhibits large areas of hypoxia, which have more glycolytic activities than normal brain tissues, particularly in glioblastoma multiforme (Pfeiffer et al., 2001; Charles et al., 2011). Glioblastoma cells show strong migration abilities under glycolytic conditions (Beckner et al., 2005). The glycolytic enzyme ENO1 is essential for energy generation and anabolic processes in glioblastomas (Wise and Thompson, 2010). The expression of ENO1 is higher in glioma samples than in normal brain tissues, and is located mainly in the cytoplasm of glioma tissues, with weak expression in the cytoplasm in normal brain tissues. Increased levels of ENO1 protein were proven to be an important predictor of poor prognosis in patients with glioma (Song et al., 2014). Convincing evidence shows that lower ENO1 expression results in reduced cell growth, migration, and invasion (Song et al., 2014; Chen et al., 2018). ENO1 has a multifunctional role in promoting the invasion of metastatic cancer, depending on its localization in the cytoplasm (Capello et al., 2011; Ceruti et al., 2013; Song et al., 2014; Principe et al., 2017; Yu et al., 2018). These data strongly suggested that the role of ENO1 in the glioma tumor invasion depends on its subcellular localization.

LncRNAs regulate glioma tumorigenesis and metastasis in a variety of ways (Kiang et al., 2015). Our recent work revealed that the expression of lncRNA SNHG18 was related to the clinical tumor grade and showed a negative correlation with mutations of IDH1 in glioma. SNHG18 had the ability to promote radioresistance by inhibiting semaphorin 5A (Zheng et al., 2016). However, besides radiosensitivity, the other functions of SNHG18 in glioma remain unclear. The present study showed that SNHG18 promoted the invasive and migratory abilities of glioma cells. SNHG18 promoted cell motility by regulating EMT progression and remodeling the cytoskeleton.

Next, we investigated the detailed mechanisms of the invasive function of SNHG18. The localization of lncRNAs can have a profound influence on their molecular function and mechanisms. Especially, lncRNAs can induce significant cancer phenotypes by interacting with cellular macromolecules, including DNA, proteins, and RNA (Alexander, 1974). LncRNAs located primarily in the nucleus are more likely to recruit proteins to interaction with them (Quinodoz and Guttman, 2014). SNHG18 is located mainly in the nucleus; therefore, we speculated that it might promote invasive and migration via interactions with nuclear proteins. RNA pull-down followed by mass spectrometry showed that SNHG18 interacted with ENO1. Though ENO1 did not affect the radiosensitivity significantly (Supplementary Figure 1), knockdown of ENO1 expression using a small interfering RNA significantly suppressed the invasion-promoting action induced by SNHG18-overexpression in glioma cells. However, SNHG18 did not alter the ENO1 expression level, rather it suppressed the nucleocytoplasmic transport of ENO1 by directly combining with ENO1. The ability of SNHG18 to regulate EMT progression and remodel the cytoskeleton could be rescued by ENO1 deletion. These finding implied that SNHG18 might regulate cell motility by disrupting ENO1 nucleocytoplasmic transport.

Taken together, the results of the present study revealed that increased expression of lncRNA SNHG18 promoted the invasive and migratory ability of glioma cells by regulating EMT progression and cytoskeleton remodeling. The ability of SNHG18 to regulate glioma cell motility depends on disrupting ENO1 nucleocytoplasmic transport. The results will lead to the development of novel therapeutic strategies to prevent and treat glioblastoma. However, our study has limitations. For example, the binding sites of SNHG18 and ENO1 were not identified, and the upstream mechanism regulating SNHG18 expression in glioma is unclear.
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Long noncoding RNAs (lncRNAs) are emerging as important regulators of numerous biological processes, especially in cancer development. Aberrantly expressed and specifically located in tumor cells, they exert distinct functions in different cancers via regulating multiple downstream targets such as chromatins, RNAs, and proteins. Differentiation antagonizing non-protein coding RNA (DANCR) is a cytoplasmic lncRNA that generally works as a tumor promoter. Mechanically, DANCR promotes the functions of vital components in the oncogene network by sponging their corresponding microRNAs or by interacting with various regulating proteins. DANCR's distinct expression in tumor cells and collective involvement in pro-tumor pathways make it a promising therapeutic target for broad cancer treatment. Herein, we summarize the functions and molecular mechanism of DANCR in human cancers. Furthermore, we introduce the use of CRISPR/Cas9, antisense oligonucleotides and small interfering RNAs as well as viral, lipid, or exosomal vectors for onco-lncRNA targeted treatment. Conclusively, DANCR is a considerable promoter of cancers with a bright prospect in targeted therapy.
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INTRODUCTION

Approximately 75% of the human genome can be transcribed into RNAs, yet no more than 2% encodes proteins (1). Non-coding RNAs occupy a large part of the human transcriptome and long non-coding RNAs (lncRNAs) [transcripts over 200 nt in length and lack the potential of coding protein (2)] are the major components (Figure 1A) (3). Extensive research on lncRNAs has been conducted for several decades and considerable progress has been achieved in this field. H19 is the first recognized lncRNA that can be transcribed from both protein coding and non-coding DNA (4). Its deficit in open reading frame and inactive interaction with ribosomes distinguish it from normal protein-coding mRNAs and extend human understanding of RNA transcriptome (5). X-inactive specific transcript (Xist) is one of the most well-known lncRNAs which is associated with the silencing of X chromosome (6). With the technical improvement of gene sequencing technology (7), the past 30 years have led to the discovery of a wide spectrum of evolutionally conserved and tissue-specific lncRNAs. They are located in cell nucleus and cytoplasm and play an important role in pathophysiological processes (8). Their various functions (promote tumor proliferation, motility, viability, and angiogenesis) in cancer regulation becomes a research focus in recent years (9) (Figure 1B). Mechanically, by interacting with proteins and RNAs, lncRNAs can regulate the transcription and post-transcription of RNAs or mediate the modification of proteins to adjust the cellular signaling pathways. LncRNAs have also been involved in the clinical cancer treatment. For example, prostate cancer antigen 3 has been approved by the Food and Drug Administration (FDA) as a biomarker in urine for prostate cancer diagnosis; it displays a better diagnostic effect compared with traditional serum prostate-specific antigen testing (10). Some lncRNAs, such as lncRNA Hox Transcript Antisense Intergenic RNA (HOTAIR) in breast cancer, are proven to enhance cells' resistance to certain drugs, which can guide drug selection in cancer chemotherapy (11). Onco-lncRNA targeted therapy is a novel and promising therapeutic method with collective efficacy, high specificity and few side effects (12). Many synthetic therapeutic products have been constructed and pre-clinical experiments have been conducted to promote the clinical application of lncRNA-targeted therapy.


[image: Figure 1]
FIGURE 1. Functions and mechanisms of long non-coding RNAs (lncRNAs). The schematic illustrates lncRNAs and their functions and mechanisms in tumor cells. (A) Among the 75% actively transcribed sequences in the human genome, 98% are non-coding sequences where long non-coding sequences occupy the majority. The quantity of miRNAs, lncRNAs and miRNAs mapped on the schematic are obtained from the respective databases. (B) LncRNAs' functions on cancer development contain viability, motility, angiogenesis, proliferation promotion, and suppression. (C) LncRNAs have distinct working compartments. They can assemble with nucleus proteins and regulate transcription by interacting with the histone proteins or the promoter regions. They can also transmit to the cytoplasm and participate in signaling transmission by mediating the modification of components in cellular pathways. They can be contained in exosomes and delivered for intercellular communication. Mechanically, they can interact with protein/protein complex and form protein-RNA complex, serve as a scaffold and promote the assembling of proteins or complementary bind to RNAs to exert their functions.


Due to the overwhelming quantity of lncRNAs in the human genome and the lack of methods for predicting their functions, massive work is still needed to better understand the lncRNAs. LncRNA differentiation antagonizing non-protein coding RNA (DANCR) can serve as a paradigm for lncRNA investigation. DANCR is a typical oncogenic lncRNA which exerts multiple functions in cancer development. It has also demonstrated its value in cancer therapy as a promising target (12).

This article summarized the functional properties and mechanisms of DANCR in tumor progression. The general targeted therapies against onco-lncRNAs were introduced and the specific methods to target DANCR were discussed. This article can provide referential value for latter onco-lncRNA investigations and insights into the clinical treatment against cancers caused by aberrant expression and regulation of lncRNAs.



DANCR: A CRITICAL ONCO-LNCRNA

DANCR also named as Anti-Differentiation Non-coding RNA (ANCR), Small nucleolar RNA host gene protein 13(SNHG13), upregulating transcripts 2 (AGU2) is an oncogenic lncRNA located on chromosome 4 (13, 14). It was first identified as a transcript of unknown function whose expression is dramatically upregulated during adipogenesis of pluripotent human mesenchymal stem cells (hMSCs) (13). Later it was recognized as an anti-differentiation non-coding RNA as it promoted epidermal progenitor cell maintenance and prevented differentiation in osteoblasts (15, 16). Extensive data have shown that DANCR correlates with the prognosis of various human cancers, and exerts diverse oncogenic functions via multiple downstream targets. It will serve as a novel target for targeted therapy.


DANCR: A Biomarker of Tumor Progression and Prognosis

The discovery that DANCR over-expressed in colorectal cancer promoted tumor progression and predicted poor prognosis introduced the study of DANCR into the field of cancer (17). DANCR can serve as a novel biomarker of CRC progression, and its high expression is correlated with TNM stage, histologic grade, and lymph node metastasis (17). In addition, a recent meta-analysis and systemic review illustrated that DANCR expression is of significant prognostic value in various cancers (18). It is discovered that high lncRNA DANCR expression is associated with shorter overall survival and disease-free survival, predicting worse prognosis (18).

In the wake of the deepening of the research, DANCR was found to be aberrantly expressed in numerous cancers and exerted multiple regulating functions. The underlying mechanisms were also being constantly elucidated.



Multiple Functions of DANCR in Cancers

DANCR is a typical oncogenic lncRNA, overexpressed in various tumor cells. It can regulate the progression of numerous cancers by modulating the expression or activity of downstream targets and consequently promoting hallmarks of cancer including cell proliferation, cell motility, tumor angiogenesis, and cell viability.


Cell Proliferation

In hepatocellular carcinoma, it is observed that down-regulated DANCR expression can boost cell apoptosis and cell cycle block in G1 which underlies that DANCR can promote tumor cell proliferation by inhibiting cell apoptosis and facilitating growth inhibition evasion (19). DANCR overexpressed in endometrial carcinoma can alleviate the inhibitory effect of miR-214 on target mRNAs and inhibit cell apoptosis and promote proliferation (20). In MYC-induced lymphoma, DANCR limits the transcription of Cell-cycle inhibitor p21 (CDKN1A) which can cause cell cycle arrest by restricting the activity of cyclin-dependent kinases. Inhibition of CDKN1A leads to accelerated G1/S shift and promote the proliferation of lymphoma cells (21, 22).



Cell Motility

Cell motility refers to the metastasis and invasion properties of cells and malignant cells to vital organs and it is the major cause of cancer deaths (23). DANCR can promote tumor cell motility in various ways.

DANCR promotes the motility of nasopharyngeal carcinoma cells by stabilizing hypoxia inducible factor-1α, the subunit of Hypoxia inducible factor 1 (HIF-1) which are transcription factors that can activate several hypoxia-responsive genes in response to hypoxia microenvironment and promote the metastasis and invasion of cancer cells (24, 25). Matrix Metallopeptidase 16(MMP16) is one of the extracellular matrix (ECM) enzymes which can decompose the ECM physical barriers and promote the metastasis of cells (26). MMP16 can activate MMP2 for collagen degradation (27). DANCR can upregulate MMP16 protein and lead to enhanced motility of pancreatic cancer cells (28). Another promoting factor of carcinoma metastasis is Epithelial-mesenchymal transition (EMT), during which epithelial cells lose their epithelial characteristics and cell-cell contact, thus increasing their invasive potential and the migratory capacity and invasive potential of tumor cells (29). DANCR can modulate the EMT progression by upregulating Rho-associated coiled-coil containing protein kinase 1 (ROCK1) and promote metastasis in cervical cancer (30).



Tumor Angiogenesis

Tumor angiogenesis is one of the hallmarks of cancer which provide essential nutrients and oxygen to proliferating cancer cells (31). DANCR can increase vascular endothelial growth factor A (VEGF-A) expression, mediate vascular permeability as well as the multiplication and motion of endothelial cells and promote the neovascularization in ovarian cancer cell (32, 33).



Cell Viability

The innate or acquired chemo-resistance of tumor cells is a main problem in the clinical cancer therapy. DANCR promotes the docetaxel resistance in prostate cancer cells by mediating the upregulation of multidrug resistance associated protein (MDR) and p-glycoprotein (P-gp), which bump many chemotherapeutic drugs out of the cells and limit the intracellular drug dosage to sub-therapeutic levels (34, 35). DANCR can also reduce the sensitivity of glioma cells to cisplatin through PI3K/Akt signaling pathway activation and mediate the recruitment of NF-κB protein to drug resistance genes for their enhanced transcription (36).

Generally, DANCR exerts multiple regulatory functions on tumor progression of numerous cancers, revealing its role as an important pro-tumor regulator (Table 1). And notably, DANCR, an oncogenic lncRNA in most cases, suppresses proliferation and motility and promotes apoptosis in renal carcinoma cells (RCCs), its mechanism remains unclear (61).


Table 1. Functions of DANCR in human cancers.
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Common Downstream Targets of DANCR

LncRNAs perform their multiple regulatory functions on tumors by interacting with numerous downstream targets (Figure 1C). The downstream targets include proteins and RNAs. LncRNAs can bind with histone-regulating proteins [such as Enhancer of zeste homolog 2 (EZH2), histone deacetylase (HDAC)], which catalyze the histone protein in chromatins, and the promoter-binding proteins, which can bind to the promoters or enhancers of certain genes, and guide the silencing of certain genes (34, 62, 63). They can interact with cytoplasm proteins, mRNAs and miRNAs and thus modulate the cells via stabilizing, regulating and modifying the components within signaling pathways (64). LncRNAs can also bind with integrated proteins and mediate the transmission of the signaling received from the extracellular environment (64). DANCR, as a typical lncRNA, exerts its regulatory functions mainly via protein-DANCR and miRNA-DANCR interaction (Table 2). Herein, we review some common targets of DANCR which are discovered to interact with DANCR in multiple cancers and further discuss the role of DANCR in particular cancers to better understand the regulatory mechanism of DANCR.


Table 2. The putative molecular mechanisms of DANCR.
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EZH2 is a common target protein of DANCR. Mechanically, EZH2 enables the silencing of gene expression by catalyzing histone H3 trimethylation at lysine 27 (H3K27me3) in target gene promoters (73). DANCR can bind with EZH2, guide it to silence the specific gene and thus regulate the cells. EZH2-DANCR interaction was first discovered in human fetal osteoblastic cell where the lncRNA-protein complex inhibited Runt-related transcription factor-2 expression and pursuant osteoblast differentiation (16). EZH2-DANCR mechanism can also be found in many cancers: In non-small-cell lung cancer cells, it promotes cell proliferation, migration, and invasion by inhibiting p21 expression (22). In gastric cancer cells it enhances cell migration and invasion through suppression of lncRNA-LET (Low Expression in Tumor) (72). In prostate cancer cells it boosts cell invasion by epigenetically silencing expression of tissue inhibitors of metalloproteinase 2/3 (58). In cholangiocarcinoma it regulates proliferation and migration by epigenetically silencing fructose-1,6-bisphosphatase 1. By silencing the tumor inhibitory gene via EZH2 recruitment, DANCR manages to promote cancer progression (45).

MicroRNAs are small regulating RNAs (−22 nt in length) derived from the short hairpin regions of RNA transcripts and they induce cleavage and suppression of translation via complementary binding to target RNAs (74). DANCR can acts as competitive endogenous RNA (ceRNA) and competitively bind tumor suppressive miRNAs to restore the functions of target oncogenic mRNAs. miR-216a is a common tumor suppressive miRNA and downstream target of DANCR. In lung cancer, DANCR induces cell proliferation and colony formation via sequestering miR-216a-5p (75). In breast cancer, DANCR targets miR-216a-5p, increases Nanog, SOX2, and OCT4 and promotes cell proliferation and invasion (42). In glioma, DANCR can restore LGR5 (Leucine-rich repeat-containing G protein-coupled receptor 5), PI3K, AKT, and p-AKT accumulation reduced by miR-216a, facilitating proliferation, migration, invasion, and angiogenesis and inhibited apoptosis (65). The massive targets of miR-216a complicate the functions of DANCR in cancer cells. In some cases, a novel DANCR-mRNA-miRNA interacting pathway is observed. For instance, DANCR competitively sponges the 3′UTR of transforming growth factor beta receptor 1 (TGFBR1) mRNA in cervical cancer cells, which blocks miR-665 from binding to and degrading TGFBR1 and promotes the TGFBR1-mediated oncogenic ERK (extracellular regulated protein kinases)/SMAD pathway (48).



Detailed Roles and Molecular Mechanisms of DANCR in Different Cancers

In this section, the role of DANCR in particular cancers is discussed so as to clarify the molecular mechanisms of DANCR in a more specific way and instruct the therapy of DANCR aberrantly-expressed cancers (Figure 2).
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FIGURE 2. Functional properties and molecular mechanisms of DANCR in different cancers. The schematic illustrates the mechanisms of DANCR in different cancers.



Colorectal Cancer

DANCR acts as a miRNA sponge in colorectal cancer (CRC) cells, which is the most common role that DANCR plays in cancer development. Harboring the same miR-577 binding site, DANCR and heat shock protein 27 (HSP27) mRNA competitively bind to miR-577. The overexpression of DANCR in CRC cells alleviates the degradation impact of miR-577 on HSP27, which contributes to cell proliferation and metastasis (50).



Gastric Cancer

DANCR activated by SALL-4 (Sal-like protein 4) (53) mediates the EZH2-HDAC3 (histone deacetylase 3) complex to regulate the transcription of lncRNA-LET. It binds to the protein complex and directs it to the promoter of LET (Low Expression in Tumor), thereby silencing the tumor suppressive RNA and promoting tumor metastasis (72).



Nasopharyngeal Carcinoma

HIF-1α, generally known as the core regulator of the hypoxic response, has been validated as a critical positive regulator of nasopharyngeal carcinoma (NPC) cell metastasis. DANCR can combine the NF90 (nuclear factor 90)/NF45 (nuclear factor 45) complex with its AU-rich elements (AREs) in 3′ region, which stabilizes HIF-1α mRNA and upgrades the motility of NPC cells (25).



Triple Negative Breast Cancer

In triple-negative breast cancer (TNBC), DANCR functions by mediating protein assembly and modification. DANCR can bind with the phosphorylation site of RXRA, recurring glycogen synthase kinase 3 beta (GSK3β) to sponge RXRA and promote RXRA ser phosphorylation. The structural change in RXRA suppresses its interaction with the promoter of phosphatidylinositol-4,5-biophosphate 3-kinase catalytic subunit alpha (PIK3CA), thereby enhancing PIK3CA in both mRNA and protein levels. Consequently, protein PIK3CA activates the P13K/AKT pathway, leading to the proliferation and tumor growth of TNBC (71).



Bladder Cancer

Bladder cancer (BC) whose proper diagnosis and efficient treatment are current challenges in urology, is the most frequent malignancy of the urinary tract (76). The following two mechanisms of DANCR are discovered in BC cells: DANCR can combine with the miRNA-149 in BC cell cytoplasm, positively regulating the expression of Musashi RNA binding protein 2 (MSI2). Elevated MSI2 protein enhances the transcription and translation of the essential components in the oncogenic signaling pathways, such as NUMB/Notch, PTEN (Phosphatase and tensin homolog)/mTOR, TGF-β (transforming growth factor-β)/SMAD3, MYC, and cMET (77). DANCR can also direct a leucine-rich pentatricopeptide repeat containing (LRPPRC) to stabilize mRNA, thereby increasing cyclin D1 and PLAU (Plasminogen Activator, Urokinase) expression levels and activating IL-11 (Interleukin 11)-STAT3 (Signal Transducer and Activator of Transcription 3) signaling. Through the mechanisms above, DANCR facilitates the proliferation and invasion of BC cells (51).



Hepatocellular Carcinoma

Similar to CRC, oncogenic DANCR within hepatocellular carcinoma (HC) has also been found to have multiple regulating targets. KLF12 (Krueppel-like factor 12) can be positively regulated by DANCR through miR-216a-5p sponging, leading to malignant progression (19). DANCR can also competitively bind to the 3′UTR of Catenin beta-1 (CTNNB1) to block miRNA-mediated CTNNB1 suppression, leading to the initiation and progression of HC (78).

We can conclude that DANCR can regulate the signaling pathways by alleviating miRNA's inhibitory functions on target RNA, combining with proteins and guiding them to modulate the expression or the stability of RNAs or facilitating the integration and subsequent modifying of proteins. Moreover, DANCR can manipulate more than one target in cancer and join in multiple pathways. As we can see, due to the diverse mechanisms of DANCR and limited research on it, it is hard to foresee the unknown mechanisms and functions of DANCR in cancers. However, lncRNA's collective involvement in the pathways of numerous cancers does make it a promising target for cancer therapy.





POTENTIAL THERAPEUTIC APPROACHES TARGETING DANCR

The potency of lncRNA-based cancer therapy has been pointed out in previous years. Targeting lncRNAs for cancer treatment is a novel and promising therapy due to their collective therapeutic efficacy, high specificity, and few side effects (12). The possible molecular drugs against lncRNAs and nanoparticle vectors for their delivery are as follows (Figure 3).
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FIGURE 3. The therapeutic approaches targeting onco-lncRNA—DANCR. The schematic illustrates several targeting methods against onco-lncRNAs by using LNAs or siRNAs for lncRNA silencing and degradation. (A) Antisense oligonucleotides can be chemically modified to have strengthened affinity and stability. The figure shows four common modifications of ASOs. (B) SiRNAs are packaged in nanoparticle vectors for improved targeting. Lentiviral vectors can reverse and insert the siRNA sequence into the genome of target cells and achieve stable transfection. After transcription, siRNAs complementarily bind the target onco-lncRNAs and suppress their tumor promoter functions. Exosomal nanovectors can directly deliver the siRNAs to the target cell cytoplasm for onco-lncRNA inhibition through endocytosis.



CRISPR/Cas9

The CRISPR/Cas9 technology can be used to target the endogenous loci of lncRNAs and restrict their transcription (79). The CRISPR system discovered in many bacteria as an immune mechanism for invading nucleic acid elimination can produce CRISPR RNAs (crRNAs) with certain “protospacer” regions complementary to the foreign DNA site (80). The crRNAs together with transactivating CRISPR RNAs (tracrRNAs) form the RNA pairs which combine and direct Cas9 nuclease to cleave complementary target-DNA sequences and cause DNA double-stranded break (DSB) (80). The CRISPR/cas9 system can be applied for target DNA cut and gene knockout via a designed single-guide RNA (sgRNA) complementary to the target gene (81). Progress has been made in the field: Cas9 nickases can cut one strand rather than both strands of the target DNA site (82). Catalytically inactive Cas9 (dCas9) enables the transcription regulation of target genes which may partly relieve the safety concern about irreversible frameshift disruptions caused by DNA cut (83). The dCas9 protein can be recruited to the coding region of genes and sterically block their transcription (84). Moreover, dCas9 can be fused to protein domains capable of recruiting repressive chromatin-modifying complexes, and lead to the silencing of particular genes determined by the engineered sgRNA (84). Recently, by targeting Erb-B2 Receptor Tyrosine Kinase 2(HER2) gene, CRISPR-Cas9 has managed to inhibit cell proliferation and tumorigenicity in HER2-positive breast cancer cells, demonstrating its potency in clinical application (85). The CRISPR/Cas9 technology has also been experimented for targeting oncogenic lncRNAs and further improvement is in demand for better efficacy (86).



Antisense Oligonucleotides

Antisense oligonucleotides (ASOs) can be used in lncRNA-targeted therapy. They are synthetic and modified oligonucleotide single strands that can complementarily bind to certain sequences of their target RNAs. ASOs exert their inhibiting effect mainly by recruiting ribonuclease H (Rnase H) to degrade the targets. They comprise complementary DNA single strands to form DNA/RNA duplexes for Rnase H recognition and later cleavage (87). Vulnerable to various existing ribonucleases (88), ASOs are unstable in vivo. Combined with their relatively high charge and hydrophilicity (89), all these characteristics make crossing membranes of targeted cells difficult. Similar to other RNA therapeutic products, ASOs must be chemically modified to improve their pharmacological properties. Phosphorylation is the most commonly employed modification method (88) that involves substituting the phosphodiester backbones of the oligonucleotide strands for phosphonothioate (Ps) linkages (87). In this way, nucleotides become more hydrophobic and have higher adhesion to plasma proteins, enabling them to enter the targeted cells (68). Additionally, their resistance against nucleuses is advanced, making the products more stable (90). However, phosphorylation can reduce ASO's affinity to RNA and increase the likelihood of non-specific protein binding (90), which is harmful to regulation. In addition to phosphorylation, other widely used modifications include 2′ sugar modifications [such as 2′-O-methyl, 2′-fluoro (2′-F) and 2′- O-(2-methoxyethyl)(2′-MOE)],which all result in high affinity to RNA along with their diminished or disappeared ability to attract Rnase H (91). Uniformly modified ASOs are ASOs that completely lose their ability to recruit Rnase H for degradation, and they can sterically block certain domains to inhibit further interaction (92). Among all these synthetic products, locked nucleic acid (LNA), which is produced by changing the 20-hydroxy (20-OH) for 20,40-O-methylene bridge, exhibits the best affinity to RNAs (93). LNA can be used as the flank of GAPMER, which is a widely-used artificial complex for RNA targeting (88). The center of GAPMER is a DNA monomer which can enable Rnase H cleavage of the targeting mRNA, while LNA flanks increase its affinity to RNA and resistance to nuclease (69). Both miRNA affinity and nucleotide stability are achieved in this modification. Nusinersen, a splicing switching ASO, is a successful application of ASO in clinical treatment which was approved by the FDA in 2016 and became the first drug to treat spinal muscular atrophy (94). And to achieve better pharmaceutical effect, considerable work has to be done to achieve specific transportation (95).



Small Interfering RNAs

We can also use small interfering RNAs (siRNAs) to target lncRNAs. In 2018 patisiran became the first approved RNAi drug to remedy hereditary transthyretin amyloidosis (70). SiRNAs are usually chemically synthesized or evolved from DNA-based small hairpin RNA (shRNA) (96). And compared to chemically synthesized siRNAs, effective shRNA expression DNA sequence could retain gene silencing for a longer period (97). Mechanically, siRNAs induce gene silencing by complementing with the target RNA and forming an RNA-induced silencing complex to splice and degrade the target (98). SiRNAs can be chemically modified to improve stability and prevent nuclease degradation. For example, boranophosphate siRNAs were 10 times more nuclease resistant than unmodified siRNAs with advanced silencing efficacy (99). Incorporation of a modest number of LNA modifications significantly prolongs the half-life of serum siRNAs (100). SiRNAs can also be packaged in synthetic carriers to enter the cell membrane (101).



Lentiviral Vector

Viral vectors were one of the earliest engineered nanoscale delivery systems used for transporting RNA products to targeted tissues. Viral vectors are known for their efficient transfer of codes to the cell interior and capability for escaping immunosurveillance by infected cells (102). In tumor treatment, lentiviral vectors have an advantage over other viral vectors. As a retroviral vector, the lentiviral vector avoids the drawback of transient transgene expression in the case of AdVs (102); reagent RNAs can be reversely transcribed into DNA with the help of reverse transcriptase and inserted into the genes of the targeted cells, which enables the RNA reagent to exert continual therapeutic effects on the fast-growing cell lines. It is less likely to cause an intense inflammatory response and can be processed in a relatively simple way (103). Moreover, LVs, with a maximum capacity of 8 kb nucleic strands, boast a relatively high capacity compared to other viral vectors. Although problems such as possible insertional mutagenesis (104), comparatively high immunogenicity and difficult large-scale production persist (102), the utilization of siRNA packaged in modified LVs for the modulation of onco-lncRNAs and their molecular targets will be a promising treatment for cancers.



Liposome Carrier

Compared to viral vectors, non-viral vectors are of lower transfection efficiency (105). However, the low immunogenicity and advanced safety, relative convenient and inexpensive constructing process for large scale production make the latter one attractive in clinical therapy (102). Notably, owing to the hydrophobic nature of anchored lipids, lipid based vectors prevail over other non-lipid vectors for the extremely high transfection efficiency (106). Moreover, liposomes products comprise 70% of submissions to the FDA, which also proves the safety and effectiveness of liposomes (107). Generally, the liposome is composed of neutral or cationic amphiphilic lipid units. Neutral or positively charged polar group(s) makes up the hydrophilic “head” and a hydrophobic “tail” comprise fatty acid(s) (102). Compared to neutral ones, the cationic liposomes can integrate with negatively charged RNA molecules to form electrostatic lipoplexes, which can wrap and protect RNA from degradation by serum nucleases and promote endocytosis for cellular uptake (108). Better pharmacological properties can be achieved through liposome modulation. Conjugating a poly-(ethylene glycol) (PEG)-lipid within the lipid bilayer can extend circulating period and reduce the uptake by phagocytes (109, 110).Specific ligands and antibodies can be added to the lipid for enhanced delivery specificity (111). For example, the conjugation of transferrin to nanoparticles is demonstrated to be an efficient cancer targeted strategy due to extremely higher expression level of transferrin receptor on tumor cell surface (112).



Exosome

Notably, exosomes can also play a part in cancer treatment by working as a novel and practical biological vector. Exosomes are vesicles released by cells into serums containing proteins, lipids and nucleic acids (113). They are involved in extracellular communication and mediate tumor progression via the contents within. As a biological vector, exosomes are less likely to activate the immune response and are highly stable in vivo (114), thereby prolonging their circulation duration. Their small sizes (30–150 nm) also enable them to function inside dense tissues such as osteoblasts. The general construction progress comprises five steps (114): (a) find a suitable parental cell for exosome vector production. For example, immature dendritic cells can produce exosomes that are deficient in T-cell activating factors so that they can cause minimal immune reaction (115). HEK293T cells are credited for high transferring efficacy as they can produce exosomes in large quantities. The produced exosomes can easily diffuse with targeted cells and release the inner therapeutic contents (116); (b) transfect the parental cells with plasmid containing the gene code of ligand proteins which can bind the receptor on targeted cells. In this way, exosomes are engineered with the desired ligands on their surface and they can specifically target the recipient cells. In previous practice, HEK293T cells were transfected with pDisplay encoding GE11, a ligand matching the receptors on recipient breast cancer cells, for improved targeting efficacy (117); (c) isolate the exosomes by ultracentrifugation or use of commercial kit, etc.; (d) package the therapeutic reagents into exosome vectors via electroporation; (e) inject the exosome vector into human internal environment, and the exosome can circulate in vivo and find its way to the target cells.

Alvarez-Erviti et al. pioneered the practice of applying engineered exosomes to deliver siRNA. They build neuronal cell-targeted exosomes and use them to pass through the blood-brain barrier and treat Alzheimer's disease (118). A recent trial using exosome vector delivering siRNA was conducted in HER2 positive breast cancer cells and BC cells (119). Although methods of exosome separation and exosomal carrier construction need considerable improvement, all these successful practices remark a bright prospect for therapeutic exosome vector.

To date, researches on targeting DANCR for cancer therapy remains limited. A previous study presented that the relative enrichment of the enzymes responsible for RNA degradation vary between cellular compartments, so the location of lncRNA can impact the suppressing efficacy of the molecular drugs on it. Comparatively, ASO is more capable of clearing the nuclear lncRNAs while RNAi have a better suppressive effect on lncRNAs in cytoplasm (120). Referring to this, the RNAi therapy is more suitable for the cytoplasmic oncogenic lncRNA DANCR (120). Moreover, being effectively suppressed by all 28 RNAi regents tested in the experiment further demonstrated that DANCR can be an ideal therapeutic target (120). Researchers should work on the construction of superior vector of the RNAi regents for better targeting effect. Remarkable progress has been made by Vaidya et al. who successfully constructed a non-viral nanoparticle carrier containing siDANCR and proved its repressive effect on the invasion and proliferation of TNBC cells via null mice injection (12). Overall, DANCR targeted therapy is of great promise and must be investigated further.




CONCLUSIONS AND FURTHER DIRECTIONS

The review has shown the vital research value of DANCR. DANCR is also a critical oncogenic regulator which presents an increasingly important status in cancer study. It can regulate hallmarks of various cancers, indicate their progression and clinical outcomes and serve as a novel target for cancer targeted treatment. Researches on DANCR remain limited and there is an urgent need for further study on this critical onco-lncRNA.

The recent progress on RNA interaction identification method includes the refined variants of immunoprecipitation techniques (such as PAR-CLIP, HITS-CLIP Maps, iCLIP, hiCLIP, CLASH etc.) and new high-throughput RNA interactome analysis methods [such as Psoralen analysis of RNA interactions and structures (PARIS), sequencing of psoralen-crosslinked, ligated, and selected hybrids (SPLASH), ligation of interacting RNA followed by high-throughput sequencing (LIGR-seq), and MARIO] (121). Without any form of crosslinking, proximity proteomics is a novel method for RNA-protein interactions studies (122). Wide application of these techniques and further development of the new ones in the late future may bring forward a new impetus for the understanding of the diverse and complicated regulatory mechanisms of lncRNA in cancers. Also, advanced techniques are in demand for the lncRNA targeted therapy. Improved targeting methods and drug vectors are needed to reduce untoward effect and improve the efficacy and specificity of the therapy.
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Colorectal cancer (CRC) is one of the most common cancers worldwide, whose morbidity and mortality gradually increased. Here, we aimed to identify and access prognostic long non-coding RNAs (lncRNAs) associated with overall survival (OS) in CRC. Firstly, RNA expression profiles were obtained from The Cancer Genome Atlas (TCGA) database, and 439 CRC patients were enrolled as a training set. Univariate Cox analysis and the least absolute shrinkage and selection operator analysis (LASSO) were performed to identify the prognostic lncRNAs. Multivariable Cox regression analysis was used to establish a prognostic risk formula including three lncRNAs (AP003555.2, AP006284.1, and LINC01602). The low-risk group had a better OS than the high-risk group (P < 0.0001), and the areas under the receiver operating characteristic curve (AUCs) of 3- and 5-year OS were 0.712 and 0.674, respectively. Then, we evaluated the signature in a clinical validation set which were collected from the Affiliated Hospital of Jiangnan University. Compared with the low-risk group, patients' OS were found to be significantly worse in the high-risk group (P = 0.0057). The AUCs of 3- and 5-year OS were 0.701 and 0.694, respectively. Finally, we constructed an lncRNA–microRNA (miRNA)–messenger RNA (mRNA) competing endogenous RNA (ceRNA) network to explore the potential function of three differentially expressed lncRNAs (DElncRNAs). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis indicated that these DElncRNAs were involved with several cancer-related pathways. In summary, our data provide evidence that the three-lncRNA signature could serve as an independent biomarker to predict prognosis in CRC. This study will also suggest that these three lncRNAs potentially participate in the progression of CRC.

Keywords: long non-coding RNA, overall survival, prognosis, biomarkers, training set, clinical validation set


INTRODUCTION

Colorectal cancer (CRC) is a worldwide public health problem with the fourth highest incidence and second highest mortality in malignant tumors (1). The occurrence and progression of CRC were associated with multiple and complex factors, including lifestyle (2, 3), living surroundings (4), and genetic and epigenetic alterations (4, 5). Although therapeutic methods for CRC have largely improved in recent years, prognosis remains unsatisfactory due to individual differences (6). Thus, it is necessary to find sensitive and precise biomarkers to better predict survival and prognosis of CRC patients.

Many studies showed that genes are no longer a piece of DNA that encodes a protein but also transcripts RNA that is not translated into protein (7–9). With the development of sequencing technology, abundant novel non-coding RNAs have been found (10). Long non-coding RNAs (lncRNAs), a kind of non-coding RNAs with length greater than 200 nucleotides (11, 12), were initially considered as the “noise” of genome transcription, a by-product of RNA polymerase II transcription, and had no biological function. Nevertheless, accumulating researches manifested that lncRNA expression or dysfunction was associated with a variety of major human diseases, including cancers (13–17). Rigoutsos et al. found that lncRNA N-BLR could promote cell migration and facilitate CRC invasion (18). Our previous study identified SNHG6 as an oncogene and predicted poor prognosis in CRC (19); we also found that the lncRNA LINC00152 could promote CRC cell proliferation and metastasis (20). Another study from our group suggested that lncRNA-FEZF1-AS1 promoted CRC cell proliferation and metastasis (21). Ozawa et al. identified lncRNAs CCAT1 and CCAT2, regarded as prognostic biomarkers in CRC (22). However, the biological function of lncRNAs in CRC is still not well-known, and a systematic study incorporating multiple lncRNAs' expression is still needed for improving the predictive accuracy of CRC prognosis.

Since a competing endogenous RNA (ceRNA) hypothesis, microRNAs (miRNAs) and lncRNAs could interact with each other through miRNA response elements (MREs), was proposed in 2011 (23), more studies have suggested that an lncRNA–miRNA–messenger RNA (mRNA) network associated with the pathomechanism of multiple cancers (24–29). LncRNAs could act as sponges or ceRNAs of miRNAs to regulate tumorigenesis and metastasis of CRC (30–37). Many studies have suggested that ceRNAs participate in prognosis of different cancers. What's more, studies on the mechanism of ceRNAs have potential clinical diagnostic and prognostic value. They could be potential prognostic biomarkers or novel therapeutic targets.

In this study, we identified three potential prognostic lncRNAs in CRC and confirmed the integrated three-lncRNA signature as an independent prognostic biomarker in the clinical validation set. Furthermore, we constructed an lncRNA–miRNA–mRNA network to investigate possible biological functions of lncRNAs in CRC.



MATERIALS AND METHODS


Data Treating

The data of RNA expression profiles and clinical information for CRC were downloaded from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/repository), including 482 CRC tissues and 42 non-tumor tissues. LncRNAs were annotated by human gene annotation files (GRCh38.p12), which was downloaded from the Ensembl database (https://asia.ensembl.org/index.html). The expression data of lncRNAs were analyzed by the R/Bioconductor package edgeR. Differentially expressed lncRNAs (DElncRNAs) were distinguished according to a |log 2 fold change| >1.5 and a P-value < 0.05. Then hierarchical clustering analysis was performed by the R package pheatmap. A volcano plot was drawn using the R software.



Characterization of lncRNAs Associated With Overall Survival

We excluded CRC patients from TCGA dataset according to the following criteria: (1) patients without information of survival status and survival time; (2) patients without complete lncRNA expression data. Finally, 439 CRC patients were selected in our study. Among these patients' tissues, 42 CRC tissues and their paired adjacent non-cancerous tissues were used to identify DElncRNAs. And all the 439 patients were grouped into the training set.

Univariate Cox analysis was performed to assess the association between the expression levels of DElncRNAs and the overall survival (OS) of patients, and lncRNAs with a P-value < 0.05 were selected for further analysis. Then the least absolute shrinkage and selection operator (LASSO) model was used to find vital lncRNAs from the prognostic DElncRNAs. The LASSO method was utilized by the package “glmnet” in the R (version 3.5.1) software. Then Kaplan–Meier analysis was performed to single out lncRNAs significantly associated with the OS from DElncRNAs, which were selected by the LASSO method.



Establishment of Prognostic Risk Score Formula

In light of the expression level of lncRNAs and regression coefficients, a prognostic risk formula was established by multivariable Cox regression analysis. The random forest plot was performed using the R package survminer. The risk scores of each patient were calculated by the formula as mentioned above. Finally, all patients were divided into a high-risk group and a low-risk group by utilizing the median risk score as the cutoff value.



Assessing the Prognostic Risk Score Model

Next, a Kaplan–Meier survival curve was used to evaluate the prognosis between the low-risk group and high-risk group. And a time-dependent receiver operating characteristic (ROC) curve was performed to assess the diagnostic accuracy based on the risk score for 3- and 5-year OS probability. A P-value < 0.05 was recognized as statistically significant. A concordance index (C-index) was calculated to estimate the value of prognostic risk formula by the R package survcomp. The expression profiles of key lncRNAs in the high-risk and low-risk groups were plotted by risk heatmap. The above analyses were employed using R (version 3.5.1).



Clinical Samples and Quantitative RT-PCR Assay

In the clinical validation set, we chose CRC patients based on the following criteria: (1) patients treated in the Affiliated Hospital of Jiangnan University; (2) patients with complete follow-up information, including survival status and survival time; (3) patients who did not receive treatment before surgery. Eighty-five CRC patients were gained from the Affiliated Hospital of Jiangnan University as the clinical validation set. The clinical information of all patients was listed in Table 1. All patients signed the informed consent about using their tumor tissues, and this study was ratified by the clinical research ethics committees of the participating institutions.


Table 1. Clinicopathological characteristics of 85 patients with colorectal cancer (CRC) in the validation set.

[image: Table 1]

Total RNA of tumor tissues was isolated using RNAiso Plus (Takara, Japan). NanoDrop 2000 (Thermo, USA) was used to measure RNA concentrations. Total RNA was reverse transcribed to complementary DNA (cDNA) using the Prime-Script II 1st Strand Synthesis Kit (TaKaRa). The expression levels of lncRNAs were quantitated using the UltraSYBR Mixture (CWBIO, China) by the ViiA7 real-time PCR system. The lncRNA expression level was calculated as follows: ΔCT = CT (lncRNA) – CT (β-actin). The sequences of used primers are listed in Supplementary Table 1.



Construction of the CeRNA Network

The miRNAs which potentially interacted with three DElncRNAs were predicted using LncBOOK (http://bigd.big.ac.cn/lncbook), a curated information database of human lncRNAs. Finally, a total of 1,039 miRNAs were identified. Next, according to the score of interaction between lncRNAs and miRNAs, we selected the top 30 closely related miRNAs of each lncRNAs for further study. Then the target mRNAs of miRNA were predicted by utilizing miRDB (http://www.mirdb.org/), TargetScan (http://www.targetscan.org/), and miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/php/index.php). Finally, we established the lncRNA–miRNA–mRNA network by using the Cytoscape software (version 3.6.1).



Functional Prediction

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed to describe the potential function of differentially expressed mRNAs (DEmRNAs) by the package “clusterProfiler” (http://bioconductor.org/packages/clusterProfiler/) in the R (version 3.5.1) software.



Statistical Analysis

Both the expression profiles of RNAs and clinical information data were excavated from TCGA database by the Perl (version 5.24.3) software and R (version 3.5.1) software. All statistical analyses were carried out using SPSS23.0 (SPSS, Chicago, IL, United States) or R software. A P-value < 0.05 was regarded as statistically significant.




RESULTS


DElncRNAs in CRC

The overview of the screening strategy used in this study is displayed in Figure 1. In the 439 tissues of CRC patients, 42 CRC tissues and their paired adjacent non-cancerous tissues were utilized to screen DElncRNAs. Then 580 DElncRNAs, with a critical point of |logFC > 1.5| and P-value < 0.05, were gained by using the R/Bioconductor package edgeR. Among the DElncRNAs, 319 DElncRNAs are upregulated and 261 DElncRNAs are downregulated (Supplementary Table 2). The heatmap and volcano plot were shown respectively in Figures 2A,B.


[image: Figure 1]
FIGURE 1. The main flowchart of this study. CRC, colorectal cancer; DElncRNAs, differentially expressed long non-coding RNAs; LASSO, least absolute shrinkage and selection operator analysis.
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FIGURE 2. Identification of different expressions of lncRNAs associated with colorectal cancer (CRC). The heatmap and volcano plot of differentially expressed long non-coding RNAs (DElncRNAs) between 42 CRC tissues and their paired adjacent non-cancerous tissues (A,B). Least absolute shrinkage and selection operator analysis (LASSO) coefficient profiles of 46 DElncRNAs selected by univariate Cox regression analysis (C,D).




Recognition of Key lncRNAs Correlated With OS

All of 439 CRC patients collected from TCGA database were regarded as the training set. Next, we performed univariate Cox regression analysis to estimate the prognostic relationship between lncRNA expression profiles and patient OS. Among 580 DElncRNAs, 46 lncRNAs with a P-value < 0.05 were selected for the following study. Next, the LASSO method was performed, and the coefficients of 46 lncRNAs were shown in Figure 2C, and the minimize λ method screened out 17 lncRNAs (Figure 2D). We then used Kaplan-Meier survival curves to further analyze the relationship between the 17 lncRNAs and the OS of patients. Finally, we found that 10 lncRNAs were observably related with OS (Figure 3), and the other seven lncRNAs were not significant (Supplementary Figure 1). Using multivariable Cox regression analysis, three lncRNAs (AP003555.2, AP006284.1, and LINC01602) were identified as integrated prognostic biomarkers for CRC patients (Figure 4A). The results showed that all lncRNAs play as hazards with positive coefficients. The relative expression levels of the three lncRNAs between 42 CRC tissues and their paired adjacent non-cancerous tissues were displayed in Supplementary Figure 2.


[image: Figure 3]
FIGURE 3. The Kaplan–Meier curve of 10 prognostic lncRNAs in CRC patients collected from The Cancer Genome Atlas (TCGA) cohort. The Kaplan–Meier curve for (A) TMEM132D-AS1, (B) AC006206.2, (C) AC093895.1, (D) AL354993.2, (E) AP003555.2, (F) AP006284.1, (G) BX470102.1, (H) FOXD3-AS1, (I) LINC00513, and (J) LINC01602.
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FIGURE 4. Multivariable Cox regression analysis is performed to select key long non-coding RNAs (lncRNAs) and the distribution of risk score, survival status, and risk heatmap of three prognostic lncRNAs in the training set and clinical validation set, respectively. (A) Hazard ratio of selected key lncRNAs. In the training set, the risk score distribution of three lncRNAs (B); the overall survival status of 439 patients (C); and expression heatmap of three lncRNAs in the low-risk and high-risk groups (D). In the clinical validation set, the risk score distribution of three lncRNAs (E); the overall survival status of 85 patients (F); and expression heatmap of three lncRNAs in the low-risk and high-risk groups (G).




Establishment of Prognostic Risk Score Formula in the Training Set

We then established a prognostic risk score formula in the training set based on the expression profiles of three prognostic lncRNAs and their regression coefficients. The prognostic risk score formula was as follows: risk score = 0.2212 * (the expression level of AP003555.2) + 0.2081 * (the expression level of AP006284.1) + 0.1214 * (the expression level of LINC01602). The risk scores were calculated for all patients and split patients into a high-risk group (n = 219) and a low-risk group (n = 220) by using the median risk score as the cutoff value. The distribution of risk scores and survival status of the patients were shown in Figures 4B,C. The expression profiles of three lncRNAs were shown using a risk heatmap in 439 ordered patients (Figure 4D). These results suggested that patients with higher risk scores currently had worse OS than those with lower risk scores.



Prognostic Value of the Three lncRNAs Respectively in the Clinical Validation Set

We collected 85 CRC patients from the Affiliated Hospital of Jiangnan University as the clinical validation set. Next, we quantitated the relative expression levels of the three lncRNAs in each patient's cancer tissue by quantitative RT-PCR assay and used Kaplan-Meier analysis to evaluate the prognostic capacity. As a result, we found that the high-expression group had a worse OS than the low-expression group based on the median expression level as the cutoff value for each lncRNA (Figures 5A–C). The results were in accord with those of TCGA cohort (Figures 3E,F,J).


[image: Figure 5]
FIGURE 5. The Kaplan–Meier curve of three prognostic long non-coding RNAs (lncRNAs) respectively in the clinical validation set. In the validation set, the Kaplan–Meier curve for (A) AP003555.2, (B) LINC01602, and (C) AP006284.1.




Prognostic Value of the Three-lncRNA Signature in the Training and Clinical Validation Sets

Subsequently, we assessed the prognostic value of the above risk formula in the training set by using Kaplan-Meier analysis. We found that the low-risk group had a better OS than the high-risk group (P < 0.0001) (Figure 6A). Moreover, time-dependent ROC analysis was also utilized to evaluate the prognostic capacity of the risk formula. The areas under the ROC curve at 3 and 5 years were 0.712 and 0.674, respectively, which suggested that the integrated three-lncRNA signature had better utility than each single one (Figure 6B). The value of the C-index was 0.65 (95% CI: 0.59–0.72), showing a fine prognostic value on predicting patients' survival.
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FIGURE 6. The prognostic value of integrated three long non-coding RNAs (lncRNAs) in the training set and clinical validation set, respectively. In the training set, the Kaplan–Meier curve of the overall survival (OS) between the low-risk and high-risk groups split by median risk score (A) and time-dependent receiver operating characteristic (ROC) analysis for the 3- and 5-year OS probability (B). In the clinical validation set, the Kaplan–Meier curve of the OS between the low-risk and high-risk groups split by median risk score (C) and time-dependent ROC analysis for the 3- and 5-year OS probability (D).


In order to confirm the common prognostic value of the integrated three-lncRNA signature in different patient cohorts, our risk model was assessed in the clinical validation set. Eighty-five patients were divided into a high-risk group (n = 43) and a low-risk group (n = 42) by using the above three-lncRNA signature.

Compared with that in the low-risk group, patients' OS was found to be significantly worse in the high-risk group. The risk scores were calculated, and the distribution were shown in Figures 4E,F. A risk heatmap in 85 ordered patients was shown in Figure 4G. As expected, Kaplan-Meier analysis suggested that the low-risk group had a better OS than the high-risk group (P = 0.0057) (Figure 6C). Time-dependent ROC analysis indicated that the areas under the ROC curve at 3 and 5 years were 0.701 and 0.694, respectively (Figure 6D). These results were consistent with those of the training set.



Function of Three lncRNAs

To explore the potential roles of the three lncRNAs in CRC, we constructed an interactional network of lncRNA–miRNA–mRNA. Firstly, utilizing the LncBOOK online analysis tool, we predicted the target relationship among three lncRNAs and miRNAs. We then chose the top 30 target miRNAs of each lncRNA, according to the score of interaction, to predict the downstream target mRNAs by using miRDB, TargetScan, and miRTarBase. In the end, we constructed a ceRNA network including 3 lncRNAs, 90 miRNAs, and 1,791 mRNAs (Supplementary Figure 3A).

Next, we employed the KEGG pathway analysis to explore the potential mechanisms involved in the progression of CRC using the package ClusterProfiler in the R software based on the selected mRNAs. The top 15 KEGG pathways were shown in Supplementary Figure 3B. Some key cancer-related pathways were found, such as the PI3K-Akt pathway, TGF-β pathway, and CRC and P53 pathways.




DISCUSSION

Currently, a growing number of studies have demonstrated that dysregulated lncRNAs are involved in the progression of CRC and might be potential biomarkers for diagnosis, treatment, and prognostic judgment of the disease. Compared with single biomarkers, a system of multiple integrated biomarkers can improve predictive accuracy. In our present study, a novel three-lncRNA signature was constructed for predicting OS of CRC patients. Using multiple appropriate statistical methods, three lncRNAs (AP003555.2, AP006284.1, and LINC01602) were identified as independent prognostic indicators. Then, an integrated three-lncRNA signature was constructed based on their expression profiles and regression coefficients. The value of prognosis was confirmed by two independent patients' cohort. In TCGA training set, patients were divided into low-risk and high-risk groups based on the prognostic score calculated by the above lncRNA signature. Survival curves indicated significant differences in the patients' OS between the two groups. Time-dependent ROC analysis indicated that the lncRNA signature had high predictive accuracy in predicting OS. A clinical validation set was used to verify the universal applicability of the model.

All the three lncRNAs were already annotated by the Ensembl database. However, little was known about their roles in tumorigenesis and progression. Zhang et al. found that a decreased expression of LINC01602 was associated with worse survival in patients with rectal adenocarcinoma (38). No public reports were found for the other two lncRNAs (AP003555.2 and AP006284.1) according to a PubMed search. All three lncRNAs were upregulated in CRC tissues compared with normal tissues. Meanwhile, a high expression of each DElncRNA was significantly associated with poor prognosis in CRC. Importantly, multivariable Cox regression analysis confirmed their prognostic role for CRC. Our results suggest that the three DElncRNAs may play crucial roles in the pathomechanism of CRC and act as potential prognostic biomarkers.

In contrast with previous studies, the integrated three-lncRNA signature reported here was distinctly different. First of all, we used 42 CRC tissues and their paired adjacent non-cancerous tissues selected from TCGA database as self-control to analyze DElncRNAs. In this way, it is effective to enhance the balance between groups, control confounders, and improve the accuracy of research. The most important point was that we collected CRC patients from the Affiliated Hospital of Jiangnan University as the clinical validation set to assess the three-lncRNA signature. Previous studies usually constructed a prognostic model as follows (39–43): (1) using one GEO database to build a prognostic model and using another GEO database or TCGA database as a validation set to evaluate the constructed model; (2) using TCGA database to establish a training model and using a GEO database to validate; and (3) dividing TCGA database randomly into two data sets equally or unequally, one as a training set and the other as a validation set. Generally, most studies were based on the online data from publicly available databases without validating an additional clinical patient cohort. In other words, there was a lack of evidence that the results of bioinformatic analysis, such as RNA-Seq, were well-validated in external patients' cohort by quantitative RT-PCR assay. In our study, we used TCGA data as the training set to establish an lncRNA model associated with OS. We then collected 85 CRC patients as the clinical validation set to evaluate whether the model was also appropriate in clinical samples. Interestingly, the results showed that the model constructed from TCGA dataset had a common prognostic value in the clinical patients' cohort.

CeRNA hypothesis revealed that lncRNAs could competitively bind miRNAs, as a “sponge” of miRNAs, and then indirectly regulate the downstream target genes of miRNAs (23). The lncRNA SNHG6 could sponge miR-26a/b and miR-214 to regulate EZH2 expression and thus promote CRC cell growth, migration, and invasion (30). An oncogenic lncRNA, NEAT1, was a “sponge” in CRC to competitively bind miR-193a-3p and thus upregulate the expression of the downstream gene KRAS (31). Liu et al. found that linc01296 functions as a sponge of miR-26a to regulate the expression of its target gene MUC1 and regulate the activity of the PI3K/AKT signal pathway (35). In order to explore the potential biological function of the three lncRNAs, we constructed an lncRNA–miRNA–mRNA ceRNA network. We predicted the target miRNAs of each lncRNA and used the intersection of three databases (miRDB, TargetScan, and miRTarBase) to predict target mRNAs. KEGG pathway analysis indicated that the three lncRNAs' functions were potentially associated with several cancer-related pathways, such as the “PI3K-Akt signaling pathway,” “TGF-β signaling pathway,” “Colorectal cancer,” and “P53 signaling pathway.” Current studies have shown that the PI3K-Akt pathway is activated in many types of cancers. Many studies have indicated that the PI3K-Akt pathway plays a vital role in cell proliferation, migration, and invasion in CRC (35, 44, 45). Meanwhile, several studies have indicated that the TGF-β signaling pathway was also associated with lncRNAs; for example, the lncRNA SNHG6 could accelerate cell growth, invasion, and migration via activating the TGF-β signaling pathway in CRC (46). Here, we constructed an interactional network of lncRNA–miRNA–mRNA which may be involved in the progression of CRC, but the potential mechanisms still need to be investigated in future studies.

Although a three-lncRNA signature was constructed and appears to be a potential prognostic biomarker in clinical application, there are also some limitations. First, the sample size in our clinical validation set was not large enough. The second limitation was that the prognostic value of the three-lncRNA panel is not very satisfactory. Third, the binding affinities between lncRNAs and miRNAs, miRNAs, and mRNAs were predicted only by online databases and should be further experimentally investigated. Fourth, the biological functions of the three DElncRNAs were not assessed in this study.

In conclusion, we constructed an integrated three-lncRNA signature that was significantly associated with OS in CRC patients which could accurately identify patients with low prognostic risk from those with high prognostic risk. Furthermore, we evaluated the accuracy and reliability of the above signature in our own clinical validation set. These results suggested that the integrated three-lncRNA signature could potentially act as a prognostic model in CRC.
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Clear cell renal cell carcinoma (ccRCC), the most common histological subtype of kidney cancer, shows poor prognosis, and non-sensitivity to radiotherapy or chemotherapy. The lncRNA small nucleolar RNA host gene 12 (SNHG12) has been revealed to play a carcinogenic role in various neoplasms, but the underlying mechanism in ccRCC is still unclear. To explore the potential role of SNHG12 in ccRCC, the data downloaded from the Cancer Genome Atlas (TCGA) and International Cancer Genome Consortium (ICGC) Data Portal was used to compare the expression of SNHG12 in tumors and adjacent normal tissues. MRNA microarray and quantitative real-time PCR revealed that SNHG12 was overexpressed in the ccRCC tissues and cell lines. Functional inhibition of SNHG12 suppressed the viability and mobility of ccRCC cells. Mechanistically, dual luciferase assay and RNA immunoprecipitation (RIP) assay showed that miR-129-5p could bind to SNHG12 directly. There was a negative relationship between SNHG12 and miR-129-5p. What's more, we used bioinformatics-based prediction software to predict the target genes of miR-129-5p. Through data analysis and experimental verification, we found MDM4, a regulatory factor in p53 pathway, was involved in this ceRNA network. Our findings demonstrated that SNHG12 served as a sponge for miR-129-5p to regulate the expression of MDM4 and p53 pathway in the development of ccRCC.

Keywords: clear cell renal cell carcinoma, SNHG12, miR-129-5p, MDM4, ceRNA


INTRODUCTION

Renal cell carcinoma (RCC) arises from renal tubular epithelial cells, accounting for more than 90% of all renal malignancies (1, 2). Most of RCCs occur as clear cell renal cell carcinoma (ccRCC) (75–80%), then papillary RCC (10–15%) and chromophobe RCC (5–10%) (2). Surgical resection is the main treatment option for local ccRCC, but still challenged by a relapse rate up to 20% (3, 4). Without sensitivity to radiotherapy or chemotherapy, and effective early diagnostic methods, about 20–30% of ccRCC patients demonstrate distant metastasis at the initial diagnosis (5). Therefore, it is urgent to find a new effective diagnostic tool or therapeutic target of ccRCC.

lncRNAs are transcripts more than 200 nucleotides in length, and most of them do not have the ability to encode proteins (6, 7). Only 3% of the human genome are RNA-encoding proteins. LncRNAs, once considered as the functionless by-products of transcription, have been found irreplaceable in the occurrence and development of various diseases. Tumor epigenetics, signaling pathway regulation and their interactive regulation as guiding, decoy and signaling molecules are all associated with the abnormal expression of lncRNAs. Besides, cellular behaviors of tumor cells and different stages of tumor progression are closely correlated with abnormally expressed lncRNAs. For example, H19 promotes mucosal regeneration in inflamed intestinal tissues (8); CCR5AS regulates the outcome of HIV disease (9). LncRNAs also show outstanding effects in tumorigenesis (10–12). PXN-AS1-L can degrade mRNA by sponging related miRNA (13). HOTAIR may lead to epigenetic modification by binding to the methyltransferase (14).

SNHG12 located in 1p35.3 has been proven exert oncogenic (15–17), but its role in ccRCC is still unclear. In this paper, we validated the relationship between SNHG12 and ccRCC by using bioinformatics prediction model and experimental data. We found SNHG12 could inhibit the carcinogenicity of ccRCC cells by targeting miR-129-5p and regulate P53 pathway through MDM4.



MATERIALS AND METHODS


Data Collection and Analysis

Genome-wide expression profile of ccRCC patients was downloaded from the UCSC Xena platform (bioRxiv 326470; https://doi.org/10.1101/326470) on “atacseq.xenahubs.net” by choosing the option of “GDC TCGA Kidney Clear Cell Carcinoma (KIRC)”. Related data for SNHG12, miR-129-5p and MDM4 in 71 normal controls and 508 ccRCC tissues were all obtained from this website.

A total of 136 Sequence-based Gene Expression arrays of 91 renal cell carcinoma patients were downloaded from ICGC Data Portal (18) in RENAL CELL CANCER - EU/FR part (https://dcc.icgc.org/projects/RECA-EU).

LncBase Predicted v.2 (19) was used to screen out potential miRNAs binding to SNHG12. In the screening, we set the threshold to 0.9 and the tissue type to kidney, and 15 candidate miRNAs were screened out.

StarBase v2.0 (20), a bioinformatic tool based on various prediction database, was used to explore mRNAs interaction with miR-129-5p. We screened out 1,350 genes which may target miR-129-5p.



Cell Culture

RCC cell lines (786-O, CAKI-1, ACHN, and 769-P) and renal tubular epithelial cell line (HK2) were purchased from the American Type Culture Collection (ATCC, Manassas VA, USA). The cells were cultured in the medium (HK2 cells in DMEM/F12, 786-O and 769-P cells in RPMI 1640, CAKI-1 cells in McCoy's 5A and ACHN cells in DMEM) containing 10% FBS and 1% penicillin-streptomycin at 37°C in a humidified air with 5% carbon dioxide.



Cell Transfection

Small interfering RNAs targeting SNHG12 (si-SNHG12), si-NC (negative control), miR-129-5p mimics, and inhibitors were purchased from GenePharma (Shanghai, China). All of them were transfected using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA).



RNA Extraction and Quantitative Real-Time PCR (qRT-PCR) Detection

RNA was separated from collected cells using TRIzol. RNA concentration was measured using NanoDrop 2000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Reverse Transcription Kit (Takara, Tokyo, Japan) was used for reverse transcription of extracted RNA. QRT-PCR was then performed with SYBR Premix Ex Taq TM (Vazyme, China) on Light Cycler 480 (Roche, Switzerland). The expression levels of mRNA were quantified by the comparative cycle threshold (CT). The CT values of mRNA and miRNA were then used to analyze the fold changes of RNA by the 2−ΔΔCt methods (mRNA and miRNA were normalized by GAPDH and U6, respectively). All the PCR primers were listed in Table 1.


Table 1. Primers for real-time PCR.
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Cell Proliferation Assay

CCK8 (Dojindo, Japan) assay was performed. The cells were cultivated on a 96-well plate (5.0 × 103 cells per well) for 24 h after transfection. TECAN infinite M200 Multimode microplate reader (Tecan, Mechelen, Belgium) was then employed after an hour of incubation in CCK8 at the absorbance of 450 nm.

EdU proliferation assay (RiboBio, Nanjing, China) was conducted to detect the proliferation of the transfected cell. The cells were fixed by 4% paraformaldehyde for half an hour after being treated with 50 μM EdU for 2 h. Following Apollo staining and DAPI staining, a fluorescent microscope was adopted to observe the EdU positive cells.



Scratch Wound Assay

This essay aimed to assess the migration abilities of cells after transfection. The cells grown in 6-well plates at a density of 70% were transfected with siRNA. When the cells were dense in the field of microscopic view (usually 24 h after the transfection), three standardized wound scratches per well were made by a sterile 10 μL pipette tip. The cells were cultured with serum-free medium after scratching. A phase-contrast microscope was adopted to photograph the size of the wound at different time frames (0 and 24 h).



Cell Invasion Assay

Matrigel (200 mg/ml) was added into transwell chambers (Corning, NY, USA) 12 h before the experiment. The cell density was adjusted to 1.0 × 104 cells per chamber. The cells were cultured in a serum-free medium in the upper chambers for 24 h, and 600 μL of medium containing 10% FBS was put in the lower chambers. The cells on the upper surface were removed by cotton swabs. Those having invaded through the membranes were fixed with 4% paraformaldehyde for 20 min and stained with 0.1% crystal violet for 30 min. A phase-contrast microscope at 20× magnification was employed to count the number of stained cells (5 different views per well).



Flow Cytometry Analysis

The cells seeded in 6-well-plates for 60–70% confluence were firstly synchronized at the G1/S boundary by serum-free medium for 24 h before transfection. After being transfected for 24 h, the cells were suspended by trypsin without EDTA and washed by phosphate-buffered saline (PBS) twice. For the cell apoptosis, 5 μl of FITC Annexin V and 5 μl of propidium iodide (BD Biopharmingen, NJ, USA) were immediately added to the transfected cells suspending in 300 μl of binding buffer for 15 min in dark. In the cell cycle analysis, the transfected cells were allowed to stay in the 70% ethanol at 4°C for more than 24 h firstly, stained in dark for 15 min in 500 μl propidium oxide staining solution, and then detected by a flow cytometer (FACScan; BD Biosciences, USA) using Cell Quest software (BD Biosciences).



Dual-Luciferase Assay

The cells were cultured in a 24-well plate until showing 60–70% confluence. Plasmids (MUT type or WT type) and miRNAs (miR-129-5p mimic or negative control) were then co-transfected into the cells. The cells were collected after 48 h for luciferase detection with the dual-luciferase reporter gene assay system (Promega).



RNA Immunoprecipitation (RIP) Assay

RIP assay was performed using Magna RIP-Kit (Millipore, Bedford, MA, USA). The RNAs used for qRT-PCR analysis were extracted by human anti-Ago2 antibodies (Abcam, ab32381, Shanghai, China) or negative control IgG (Millipore, Billerica, MA, USA), respectively.



Western Blot Assay

Proteins were isolated from transfected cells by RIPA lysis buffer (Beyotime, Nantong, China) containing 0.5% PMSF. The total proteins (50 μg per protein) were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Millipore, Billerica, MA, USA). The membranes were incubated for 1 h in blocking solution (Beyotime) at room temperature and then immunoblotted overnight at 4°C with the following primary antibodies: anti-MDMX (1:1,000, Proteintech Group, Rosemont, IL, USA), anti-P53 (1:1,000, Proteintech Group, Rosemont, IL, USA), anti-P21 (1:1,000, Proteintech Group, Rosemont, IL, USA) and anti-GAPDH (1:1,000, Beyotime). And enhanced chemiluminescence reagent kit (Millipore, Billerica, MA, USA) was utilized for exposure after the blot incubated with secondary antibody (Beyotime) for 1 h.



Statistical Processing

SPSS 22.0 (SPSS Inc. Chicago, IL, USA) and Graphpad Prism 7 (GraphPad Software Inc., CA, USA) was used for data analysis. Experiments were carried out in triplicate and the data was displayed as mean ± SD. Univariate and multivariate Cox regression analyses were used to analyze correlations between variables and survival. Correlations between SNHG12 expression and clinicopathological variables of ccRCC patients were studied by Chi-square test. Pearson's correlation analysis was used to analyze the mutual correlations between SNHG12, miR-129-5p, and MDM4. Comparisons between groups were conducted using Student's t-test or one-way ANOVA. Statistical significance was considered when p < 0.05.




RESULTS


SNHG12 Was Overexpressed in ccRCC

To explore the role of SNHG12 in ccRCC, we firstly downloaded the RNA sequencing (RNA-seq) dataset of 508 ccRCC tissues and 71 normal tissues from the UCSC Xena platform in TCGA. The expression level of SNHG12 was significantly higher in ccRCC tissues than in normal tissues (Figure 1A). Besides, this level was upregulated in tumor tissues compared to that of adjacent normal tissues in 69 patients (Figure 1B). Meanwhile, we introduced the expression of SNHG12 of ccRCC patients in the ICGC database and obtained the same results (Figures 1C,D). The clinical data of 207 patients from TCGA (301 patients were excluded because of inadequate clinical information) were divided into two subgroups based on the median expression level of SNHG12. It seemed that patients with different levels of SNHG12 showed different clinical outcomes (Figure 1E). Furthermore, univariate and multivariate Cox regression analyses revealed that SNHG12 was an independent biomarker for ccRCC patients (Figures 1F,G). Besides, Chi-square test results suggested that there was a correlation between lymph node metastasis and the expression level of SNHG12 (Table 2, p <0.05). These findings illustrated that SNHG12 might function in ccRCC.


[image: Figure 1]
FIGURE 1. SNHG12 was upregulated in ccRCC tissues. (A) Relative expression of SNHG12 in ccRCC tissues compared with normal tissues was analyzed using TCGA data. (B) Relative expression of SNHG12 in 69 pairs matched ccRCC tissues and normal tissues in TCGA data. (C) Relative expression of SNHG12 in ccRCC tissues compared with normal tissues was analyzed using IGCA data. (D) Relative expression of SNHG12 in 45 pairs matched ccRCC tissues and normal tissues in TCGA data. (E) Kaplan-Meier survival curves according to SNHG12 expression levels in TCGA data.Univariate (F) and multivariate (G) Cox regression analysis of clinical parameters and SNHG12 in TCGA database of ccRCC patients. Clinical variables included gender (Female vs. Male), age (<60 vs. > = 60), grade (G1+G2 vs. G3+G4), pathologic_M (M0 vs. M1), pathologic_N (N0 vs. N1), pathologic_T (T1+T2 vs. T3+T4), cancer_status (Tumor free vs. With tumor) and SNHG12 (Low level vs. High level). Error bars stand for the mean ± SD of at least triplicate experiments. ***P < 0.001.



Table 2. Clinical characteristics of study population from TCGA.
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Downregulation of SNHG12 Inhibited the Viability and Mobility of ccRCC in vitro

To delve deeper into the function of SNHG12 in ccRCC, we detected the expression of SNHG12 in ccRCC cell lines (ACHN, 769-P, Caki-1, 786-O) and renal tubular epithelial cells (HK2) using qRT-PCR. Compared with HK2, the expression of SNHG12 was increased in 786-O, Caki-1 and 769-P, but did not change in ACHN (Figure 2A). 786-O and 769-P were then subjected to experiments in vitro. We reduced the level of SNHG12 in the cells by transfecting it with siRNA. CCK-8 and EdU assays were performed firstly after transfection. For one thing, the growth curve showed that the downregulation of SNHG12 visibly suppressed cell proliferation (Figure 2B). For another, EdU positive cells were decreased in si-SNHG12 group, compared with NC group (Figures 2C,D). And then, scratch wound assay detected that cell migration was decreased after being transfected si-SNHG12 (Figures 3A,B). Meanwhile, transwell assays suggested that cell invasion was largely reduced in the si-SNHG12 group (Figures 3C,D). Flow cytometric assay found that the cells in the group of si-SNHG12 exhibited higher apoptosis rate than those in the si-NC group (Figure 4A). More cells were arrested in the G1 phase and fewer cells in the G2 and S phases compared with those transfected with negative control (Figure 4B). Collectively, knockdown of SNHG12 inhibited the viability and mobility of ccRCC in vitro.
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FIGURE 2. Effects of SNHG12 on ccRCC cells' proliferation ability. (A) Relative expression of SNHG12 in renal tubular epithelial cells (HK2) and ccRCC cell lines. (B) CCK8 assays were performed to determine the proliferation ability of si-SNHG12-transfected cells. (C,D) Edu staining assays were performed to determine the proliferation ability of si-SNHG12-transfected cells. Error bars stand for the mean ± SD of at least triplicate experiments. **P < 0.01; ***P < 0.001.
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FIGURE 3. Effects of SNHG12 on ccRCC cells'mobility in vitro. (A,B) Scratch wound assays were conducted to detect the migration abilities of si-SNHG12-transfected cells. Scratch wound assays were photographed at a magnification of 10X. (C,D) Transwell assays were conducted to detect the invasion abilities of si-SNHG12-transfected cells. Transwell assays were photographed at a magnification of 20X. Error bars stand for the mean ± SD of at least triplicate experiments. *P < 0.05.
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FIGURE 4. Effects of SNHG12 on ccRCC cells apoptosis and cell cycle. (A) Flow cytometry was used to detect the apoptotic rates (LR + UR) of cells. LR, early apoptotic cells; UR, terminal apoptotic cells. (B) Flow cytometry assay was employed to analyze the cell cycle. Error bars stand for the mean ± SD of at least triplicate experiments. *P < 0.05; **P < 0.01; ***P < 0.001.




SNHG12 Served As a Sponge for miR-129-5p in ccRCC

It has been reported that SNHG12 was mainly located in the cytoplasm (21). Thus, we hypothesized that SNHG12 can form an RNA-induced silencing complex (RISC) with miRNAs in ccRCC. RIP assay was performed utilizing the antibody against Ago2. The RIP assay revealed that SNHG12 was significantly enriched in ccRCC cells (Figure 5A). DIANA-LncBase v2 screened out 15 candidate miRNAs binding to SNHG12 with a high predict score (>0.9). Among them, miR-129-5p was found significantly enriched in ccRCC cells by RIP assay (Figure 5B). Besides, miR-129-5p showed a low expression level in ccRCC cell lines compared with that of HK2 (Figure 5C). The expression of miR-129-5p also showed a decreasing trend in tumor tissues in TCGA (Figure 5D). Pearson correlation analysis presented a negative correlation between SNHG12 and miR-129-5p (Figure 5E). What's more, the cells transfected with si-SNHG12 showed an increase expression of miR-129-5p (Figure 5F). Finally, we demonstrated the bond between SNHG12 and miR-129-5p by luciferase reporter gene experiments (Figures 5G–I). Together, SNHG12 might function through regulating the expression of miR-129-5p, with. SNHG12 serving as a sponge.
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FIGURE 5. Regulation relationship between SNHG12 and miR-129-5p. (A) RNA immunoprecipitation (RIP) experiments for SNHG12 in 786-O and 769-P cell lines. (B) RIP experiments for miR-129-5p in 786-O and 769-P cell lines. (C) QRT-PCR analysis of miR-129-5p expression in different cell lines. (D) Relative expression of miR-129-5p in ccRCC tissues compared with normal tissues was analyzed using TCGA data. (E) Pearson correlation analysis between SNHG12 and miR-129-5p expression levels using data of ccRCC patients from TCGA. (F) QRT-PCR analysis of miR-129-5p expression in 786-O and 769-P cell linestransfected with si-NC and si-SNHG12. (G) Predicted binding site of miR-129-5p in SNHG12 using LncBase Predicted v.2. (H,I) Luciferase reporter plasmid containing wild-type (WT)786-O and 769-P cell lines or mutant (Mut) SNHG12 were co-transfected into cells with miR-129-5p in parallel with an empty plasmid vector.Values represent the mean ± SD of three independent experiments.*P < 0.05; **P < 0.01; ***P < 0.001.




MDM4 Was Targeted by miR-129-5p and Regulated by SNHG12

StarBase v2.0 was used to predict possible target genes in SNHG12-miR-129-5p axis. This bioinformatic tool showed 1,350 potential target genes of miR-129-5p. In ceRNA network, there is usually a positive correlation between lncRNAs and target genes. Thus, we calculated the Pearson correlation efficiency between SNHG12 and 1350 potential target genes base on TCGA datasets, and top 10 genes were selected as candidate genes (Figure 6A). According to the results of qRT-PCR, the expression level of MDM4 decreased when the cells were transfected with the mimics of miR-129-5p (Figure 6B). The dual-luciferase reporter gene assay was conducted to verify the bond between miR-129-5p and MDM4 (Figure 6C). Luciferase activity was significantly abated in the cells co-transfected with MDM4-WT and miR-129-5p mimics (Figures 6D,E). Besides, we measured MDM4 protein levels when miR-129-5p was overexpressed. The level of miR-129-5p increased, the protein level of MDM4 decreased, and p53 and p21 expression were up-regulated (Figure 6F, Figure S1). Furthermore, si-SNHG12 and miR-129-5p were co-transfected, and the other two groups were transfected with NC and si-SNHG12, respectively. The mRNA level of MDM4 in three groups were measured by qRT-PCR (Figure 6G). The results of western blot revealed that the protein level of MDM4 was down-regulated in the si-SNHG12 group and up-regulated in the co-transfection group, with p53 and p21 showing the reverse trend (Figure 6H, Figure S2). We confirmed that MDM4 was involved in the SNHG12-miR-129-5p regulatory axis. In short, SNHG12 regulated the expression of MDM4 through miR-129-5p.
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FIGURE 6. MDM4 is a target gene of miR-129-5p and is restrained by si-SNHG12. (A) Pearson correlation analysis between SNHG12 and top 10 candidate genes predicted by StarBase v2.0. (B) QRT-PCR result of MDM4 in cells transfected with NC or miR-129-5p mimics. (C) Schematic view of miR-129-5p putative targeting site in the WT and Mut 3' UTR of MDM4. (D,E) Luciferase activity assay in cells transfected with luciferase report plasmids containing MDM4 3' UTR (WT or Mut), and control miRNA or miR-129-5p. (F) The western blot of MDM4 in cells transfected with NC or miR-129-5p mimics. (G) and (H) MDM4 mRNA and protein level in cells after transfecting NC, si-SNHG12 individually or co-transfected with miR-129-5p inhibitors and si-SNHG12. Values represent the mean ± SD of three independent experiments. *P < 0.05; **P < 0.01.





DISCUSSION

Increasing evidence showed that lncRNAs exert crucial influence on the development of carcinomas. It is reported that SNHG12 accelerates the tumorigenesis of prostate cancer via sponging miR-133b (15) and promotes the progression of the cervical cancer via modulating miR-125b/STAT3 axis (22). In our research, SNHG12 was upregulated in ccRCC. Silencing SNHG12 inhibited the proliferation, migration and invasion of ccRCC cells.

MDM4 encodes a nuclear protein that inhibits p53 by binding to its transcriptional activation domain at the N-terminus. Therefore, MDM4 can suppress the transactivation and apoptosis-causing function of p53 (23). It has been reported that MDM4 is highly expressed in various kinds of cancers and is regulated by miRNAs (24–26). Therefore, MDM4 may act as an anticancer target (27, 28). In our research, MDM4 expression ascended in ccRCC and sharply decreased when transfected with si-SNHG12 or miR-129-5p mimics, followed by the up-regulated protein levels of p53 and its downstream gene p21. It has been reported that p53 and p21 could lead to cell cycle arrest in the G1 phase (29), which is also confirmed by our analysis. Thus, we concluded that p53 might initiate the inhibitory effect of si-SNHG12 on cell proliferation. Taken together, SNHG12 exerts its functions via regulating p53 signaling pathway through SNHG12/miR-129-5p/MDM4 axis.

Shortages are also seen in our research. Firstly, because of the limited number of ccRCC samples, we cannot confirm the universality our results that are only confined in TCGA datasets and ICGC Data Portal. Besides, we should remain cautious about the relationship between SNHG12 and patient survival before there is sufficient evidence. Secondly, our experiment can explain the effect of SNHG12 on cycle arrest and apoptosis, but not on the migration and invasion of ccRCC cells. Finally, it would be better if we could verify our findings in animal experiments.

In conclusion, SNHG12 is overexpressed in ccRCC and acts on the development of ccRCC via regulating p53 signaling pathway through SNHG12/miR-129-5p/MDM4 axis. Our finding provides new insights into the mechanism of ccRCC.
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Metabolism is a complex network of regulatory system. Cells often alter their metabolism in response to the changes in their environment. These adaptive changes are particularly pronounced in tumor cells, known as metabolic reprogramming. Metabolic reprogramming is considered to be one of the top 10 characteristics of tumor cells. Glucose and lipid metabolism are important components of metabolic reprogramming. A large number of experimental studies have shown that long non-coding RNAs (lncRNAs) play an important role in glucose and lipid metabolism. The current review briefly introduces the regulatory effect of lncRNAs on glucose and lipid metabolism of tumor cells, and the significance of lncRNA-mediated metabolism in tumor therapy, hoping to provide new strategies for clinical targeting tumor therapy.
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INTRODUCTION

Long non-coding RNAs (lncRNAs) are a class of RNA molecules <200 bp in length. LncRNAs are normally transcribed by RNA polymerase II and undergoes 5′ end capping, RNA splicing, and polyadenylation procedures (1, 2). LncRNAs do not code or have very low protein-coding capacity (3), and they have been regarded as “transcriptional noise” without any biological effects in the past (4). However, increasing evidence shows that lncRNAs are involved in gene regulation (5), cell cycle regulation (6), cell differentiation (7), immune response (8), tumor metabolism (9), and other processes (10, 11). LncRNAs often perform different functions in the cytoplasm and the nucleus (2). Interestingly, environmental transitions or infections can also induce changes of the lncRNA localization in the nucleus and the cytoplasm. For example, the nuclear export and mitochondrial localization of lncRNA RMRP is regulated by G-rich RNA sequence-binding factor 1 and human antigen R in the environments (12). In general, the molecular mechanisms of lncRNAs mainly include signals, decoys, guides, and scaffolds (13). As signal molecules, lncRNAs could mark the regulation of space, time, developmental stage, and gene expression. A signal molecule, linc-p21 as an example, is found to play an important role in apoptotic response after DNA damage, and this depends on the p53 pathway (14). In addition, lnc-c/EBPβ and lnc-chop are found to regulate the immunosuppressive function of myeloid-derived suppressor cells (MDSCs) in tumor and inflammatory environments, which as scaffolds bring together multiple proteins to form complexes (15, 16).

In the tumor microenvironment, lncRNAs may show oncogenic or tumor-suppressive functions due to the changes in its expression (17). The hypoxia, low pH, and energy stress of the tumor microenvironment are all factors that cause alteration in lncRNAs. It is reported that energy stress-induced lncRNA FILNC1 and lncRNA HAND2-AS1 could repress tumor development by regulating energy metabolism (18, 19). Hypoxia is also one of the microenvironmental cues responsible for lncRNAs changes, for example, the overexpression of lncRNA EIF3J-AS1 in atocellular carcinoma and lncRNA-HAL in breast cancer (20, 21). HIF-1α and c-Myc are often involved in the regulation of lncRNAs under hypoxia conditions. The potential mechanisms of dysregulation of lncRNAs will not be described in detail; here, we will focus on the regulatory effects of lncRNAs on glucose and lipid metabolism.

It is commonly believed that the balance of glucose, fatty acid, and protein metabolism plays an essential role in mammals. Once this metabolic balance is broken, it may cause various diseases, even tumor (22). Abundant evidence reveals that during the process of various diseases, especially cell carcinogenesis (23), the metabolic pattern changes significantly, involving glycolysis, mitochondrial oxidative phosphorylation, fatty acid oxidation, and other aspects. The researchers called this phenomenon the metabolic reprogramming of tumor cells (24–27). Glucose metabolism and lipid metabolism are the main energy metabolism modes of organisms, and they are closely related. Moon et al. reported that the products of glucose metabolism are substrates of lipid synthesis. Androgen can stimulate the conversion between metabolisms, and it increases the utilization of glucose by activating HK2 and PFKFB2 to provide a sufficient carbon source for fatty acid synthesis (28). Researchers also detected that the lactic acid from active TCA cycle is the primary raw material for fatty acid synthesis in glioblastoma cells by using 13C NMR spectroscopy (29). It has been reported that in the tumor microenvironment, the majority of tumor cells choose to increase glycolysis to meet their own energy and material needs, but some prefer to fatty acids as an energy source. In adipocytes and breast cancer cell co-culture models, breast cancer cells prefer to use β-oxidation of fatty acids (FAO) to supply the energies for proliferation and migration, which may be related to the tissue specificity of the breast (30). There are also some reports that suggest that under metabolic pressure, tumor cells ingest fatty acids in the surroundings and perform FAO to provide nutrients when glucose levels are low (31). Also, the amount of ATP produced by the full oxidation of each fatty acid molecule is more than twice that of glucose (32).

In conclusion, the metabolic mode of tumor cells is complex and changeable, and under pathological conditions, tumor cells will choose the optimal metabolic mode for their survival according to the different environments in which they are located. Recently, with the development of metabolic reprogramming of tumor cells, the roles of lncRNAs in glucose and lipid metabolism become a research hotspot, especially in glucose metabolism. Numerous evidence shows that lncRNAs can reprogram glucose and lipid metabolism in tumor cells, which influence tumor initiation, development, and progression, and may serve as a promising novel target for diagnosis and treatment of tumor.



LncRNAs PARTICIPATE IN GLUCOSE METABOLISM IN TUMOR CELLS

As the most important energy source of tumor cells, glucose metabolism mainly includes glucose uptake (primary entrance), entry into mitochondrial oxidative phosphorylation, and excretion of lactate (two primary exits) (33). Also, a little bit goes into pentose phosphate pathway (PPP). Glucose metabolic reprogramming is an important feature of tumor cells, providing sufficient ATP and NADPH for tumor cells to adapt to the changes in survival conditions and rapid proliferation. Under normal physiological conditions, mitochondrial oxidative phosphorylation is the main source of ATP, while tumor cells tend to have enhanced glycolysis even under sufficient oxygen conditions (34–36). Compared to oxidative phosphorylation, which produces 36 molecules of ATP, glycolysis only produces two molecules of ATP. However, ATP is formed faster than oxidative phosphorylation and it provides abundant macromolecular precursors to meet the demands for rapid growth and differentiation of tumor cells to the maximum extent. This is known as Warburg effect (37). In addition, the PPP is also an important process for the synthesis of biomacromolecules and reduction of equivalent (38). In the process of metabolic reprogramming, glucose transporters and many key enzymes determine the metabolic rate of glucose in most cases. The expression levels of these dominating enzymes usually markedly change during cell carcinogenesis (27). It is reported that lncRNAs regulate glucose metabolism primarily by regulating key enzymes in the glucose metabolism pathway.


LncRNAs Participate in Glucose Uptake

Glucose transporters (GLUTs) are a family of transmembrane protein that regulate the entry of extracellular glucose into cells during the processes of glucose metabolism (39). There are many subtypes of GLUTs, of which GLUT4, GLUT3, GLUT2, and GLUT1 are mostly relevant to the glucose metabolism. Insulin-regulated GLUT4 membrane transport is the most important glucose transporter in adipocytes and skeletal muscle cells (40). GLUT3 is a kind of glucose transporter mainly distributed in nerve tissue (41). GLUT2 is critical for the maintenance of hepatocytes' glucose balance and meanwhile plays a key role in the glucose perception of the nervous system (42). GLUT1 is a kind of glucose transporter that is widely distributed in many tissues and organs (43). It regulates basal glucose uptake during maintenance of normal physiological functions of most cells. This may be closely related to the rapid growth of tumor cells requiring a large amount of glucose. The expression and dysfunction of GLUTs are related to many diseases, especially in the metabolism of tumor cells (44). For example, the deficiency of lncRNA HAND2-AS1 is identified to up-regulate GLUT1 and GLUT3 in the process of promoting glucose uptake in osteosarcoma (19) (Figure 1 and Table 1).


[image: Figure 1]
FIGURE 1. LncRNAs modulate the molecules of glucose metabolism in tumor cells. LncRNAs modulate glucose uptake by GLUTs. LncRNAs influence glycolysis, oxidative phosphorylation, and pentose phosphate pathway by key enzymes.



Table 1. LncRNAs involve in glucose metabolism.
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In pathological conditions, impaired membrane transport or functions of certain GLUTs are an important cause of disorders of glucose levels in various tumor cells, such as hepatocellular carcinoma (HCC) cells (45, 48), renal tumor cells (64), osteosarcoma cells (65), and so on. The high expression of GLUTs satisfies the energy needs of tumor cells. In a recent study, a new lncRNA named lnc-p23154 was found to promote glucose uptake and glycolysis by GLUT1, and it affected oral squamous cell carcinoma metastasis and invasion. A further study demonstrated that lnc-p23154 inhibited the transcription of miR-378a-3p by interacting with the promoter of miR-378a-3p. MiR-378a-3p could then bind to the 3′UTR of GLUT1 directly and repressed GLUT1 expression both at the mRNA and at the protein level (46). In non-small-cell lung cancer (NSCLC), the lncRNA-NEF is down-regulated, comparing adjacent healthy tissues and tumor tissues in patients with NSCLC. The overexpression of lncRNA-NEF inhibits NSCLC cell proliferation and glucose uptake and down-regulated GLUT1 expression. In short, lncRNA-NEF targets GLUT1 to influence the proliferation of NSCLC cells (47). The relationship between glucose uptake and HOTAIR has also been revealed in HCC cells. HOTAIR mediates the expression of GLUT1 via activating mammalian target of rapamycin (mTOR) signaling, which may provide a therapeutic strategy for HCC (48) (Figure 1 and Table 1).

Besides influencing the expression of GLUT1, lncRNAs are also likely to affect the distribution of GLUT1 in tumor cells to regulate the uptake of glucose. In gastric cancer cells, the expression of GLUT1 surrounding the cell membrane is induced by MACC1-AS1, which is a lncRNA, that is highly expressed under metabolic pressure. This is an indication that MACC1-AS1 is likely to promote glucose uptake and then promote glycolysis by increasing the distribution of GLUT1 in the vicinity of the cell membrane. However, the specific relationship between the MACC1-AS1 and GLUT1 remains to be further studied (49). The above results indicate that the role of lncRNAs in glycolysis-mediated proliferation or metastasis of tumor cells depends on GLUTs (Figure 1 and Table 1).



LncRNAs Participate in Glycolysis and Oxidative Phosphorylation

As we all know, the cells absorb glucose in the cytoplasm and catalyze the formation of pyruvate through a series of key enzymes of glucose metabolism. The process by which pyruvate enters the mitochondria to produce large amounts of energy is called mitochondrial oxidative phosphorylation, while the process in which pyruvate is oxidized directly in the cytoplasm to produce lactic acid that does not enter the mitochondria is called glycolysis. Glycolysis and mitochondrial oxidative phosphorylation are inseparable. The process of glycolysis and mitochondrial oxidative phosphorylation involve a large number of enzymes, of which the major ones include hexokinases (HKs) (66), pyruvate kinase enzyme M (PKM) (67), lactate dehydrogenase (LDH) (68), citrate synthase (CS), and so on. Alterations of lncRNAs drive tumor cells to aerobic glycolysis and mitochondrial oxidative phosphorylation through regulation of metabolic enzymes involving these pathways. In HCC progression, lncRNA Ftx affects glucose metabolism reprogramming through the PPARγ pathway. On the one hand, it promotes glycolysis by promoting the expression and activity of phosphofructokinase (PFK) and LDH, and at the same time weakens the activity and expression of tricarboxylic acid cycle key enzymes CS, isocitrate dehydrogenase (IDH), and α-ketoglutarate dehydrogenase (OGDH) (45). The lncRNA SNHG3 is likely to play a similar role. Li et al. found that SNHG3 could up-regulate the expression of the metabolic enzymes PFK, PKM, CS, IDH, and OGDH to regulate the energy metabolism of ovarian cancer through mitochondrial proteomics analysis (50) (Figure 1 and Table 1).

HKs catalyzes the first and irreversible step of glycolysis (69). Hexokinase 1 (HK1) is one of the subtypes of HK. A cytoplasmic lncRNA LINC00470 involving fused in sarcoma (Fus), AKT, and HK1 pathway promotes glycolysis in glioblastoma cells by repressing HK1 ubiquitination (51). In addition to HK1, there are three other enzymes of HK identified, out of which hexokinase 2 (HK2) is the major enzyme that is closely involved in tumor cell glycolysis (70). For example, lncRNA taurine up-regulated gene 1 (TUG1) is disclosed to be related to HK2 involved in glycolytic metabolism and cell metastasis in HCC. The process involves a series of cascades, including TUG1/p21/miR-455-3p/AMPKβ2/HK2/Snail (52). TUG1 has also been associated with the HK2-mediating glycolysis regulating the viability ability of osteosarcoma cells, although the exact mechanism is unknown (53). In addition, one of the main functions of lncRNAs is to interact with microRNAs acting as a molecular sponge. It has been reported that lncRNA Pvt1, which is usually regarded as an oncogene, influences the expression of HK2, promoting glycolysis, and tumor progression in osteosarcoma and gallbladder cancer through acting as a competitive endogenous RNA to directly bind to miR-497 or miR-143, respectively (54, 55). Similarly, HOTAIR binding to miR-125 and miR-143 directly promotes the expression HK2 in esophageal squamous cell carcinoma cells (56). The above research findings fully show that HK2 is implicated in the regulation of tumor progression and metabolic programs involving lncRNAs (Figure 1 and Table 1).

PFKFB3 and PKM2 are also key enzymes regulating glycolysis and oxidative phosphorylation. LncRNA YIYA regulates the PFKFB3 phosphorylation in cyclin-dependent kinase 6-dependent pathway, promoting glycolysis in breast cancer cell (57). The overexpression of lncRNA FEZF1-AS1 in colorectal cancer cells reduced the ubiquitination degradation of PKM2. As a result, the expression of cytoplasmic and nuclear PKM2 protein in glucose metabolism process increased (58). Contrary to FEZF1-AS1, LINC01554 shows a suppressive function because of the acceleration in PKM2 ubiquitination degradation in HCC cells (59) (Figure 1 and Table 1).

LDHA catalyzes the last step of aerobic glycolysis, which is highly critical to the glycolysis phenotype of tumor cells (71). Overexpression of LDHA promotes tumor cell malignant transformation and growth, indicating the important role of LDHA in tumor initiation or maintenance (68). In lung cancer cell lines, it is reported that lncRNA CRYBG3 regulates glycolysis rather than oxidative phosphorylation to increase lung cancer cell proliferation through interacting with LDHA. Knockdown of lncRNA CRYBG3 reduces the expression and activity of LDHA and then decreases the consumption of glucose and pyruvate; however, there are no notable changes in the level of oxidative phosphorylation including all kinds of tricarboxylic acid cycle intermediates regardless of overexpression or knockdown lncRNA CRYBG3 (60). In bladder cancer, the lncRNA cancer susceptibility candidate 8 (CASC8) is reported to function as a tumor suppressor and reduces glycolysis via inhibiting fibroblast growth factor receptor 1-mediated LDHA phosphorylation at Tyr10 (61) (Figure 1 and Table 1).



LncRNAs Participate in the PPP

The PPP is another way of catabolizing glucose, which can produce large amounts of NADPH, providing a reducing agent for various synthesis reactions of tumor cells. The ribose-5-phosphate (R5P) produced by this pathway can also provide raw materials for the synthesis of many substances (72). Glucose-6-phosphate dehydrogenase (G6PD) is the first key enzyme in the oxidation phase of the PPP, which transfers glucose-6-phosphate to 6-phosphogluconate. G6PD is up-regulated in many tumor cells and tumor tissues and generally its level correlates with the overall survival of patients. The lncRNA protein disulfide isomerase family A member 3 pseudogene 1 (PDIA3P) is a 2099-bp lncRNA located at chromosome 1q21.1. It has been reported that PDIA3P regulates multiple myeloma growth and drug resistance through up-regulating G6PD in the PPP. Researchers further discovered that PDIA3P increased the G6PD expression and the PPP flux through enhancing c-MYC transactivation activity bound to the G6PD promoter (62). Similar to PDIA3P, the lncRNA prostate cancer gene expression marker 1 (PCGEM1) also affects pentose phosphate shunt to facilitate biosynthesis of nucleotide and generates NADPH for redox homeostasis as a coactivator for c-MYC and androgen receptor (63). Although the PPP is not the main pathway of glucose metabolism and there are not many studies on lncRNAs and PPP, it is reasonable to believe that PPP is also an important link in the regulation of lncRNAs during tumor progression (Figure 1 and Table 1).




LncRNAs PARTICIPATE IN LIPID METABOLISM IN TUMOR CELLS

The metabolism of tumor cells is completely different from that of normal cells; in addition to glucose metabolism, lipid metabolism may also undergo adaptive changes (73, 74). Such changes in the overall metabolic pattern constitute the metabolic reprogramming of tumor cells (27). Lipid biosynthesis is not surprising as a part of metabolic abnormalities in tumor cells, which require a large amount of lipid to synthesize biofilms, organelles, and important signaling molecules during rapid proliferation (32). As such, FAO also could provide ATP for tumor cells (31), and one molecule of fatty acid produces much more ATP than glucose. Numerous key enzymes related to lipid synthesis and lipolysis are highly expressed in tumor cells. LncRNAs can be involved in the regulation of multiple lipid metabolism-related genes in tumor cells. It is reported that lncRNA associated with lymph node metastasis in cervical cancer (LNMICC) facilitates fatty acid metabolism reprogramming to promote lymph node metastasis of cervical cancer cells by regulating fatty acid-binding protein 5 (FABP5), which is a carrier of fatty acid uptake and transport. Many key genes involved in fatty acid metabolism, including fatty acid synthase (FASN), carnitine palmitoyl transferase 1 A (CPT1A), acyl-CoA oxidase 1 (ACOX1), and acetyl-CoA carboxylase 1 (ACC1), are all altered by the gain- and loss-of-function strategies of LNMICC, and this regulation of LNMICC on lipid metabolism depends on FABP5 (75) (Figure 2 and Table 2).


[image: Figure 2]
FIGURE 2. LncRNAs regulate the molecules of lipid metabolism in tumor cells. LncRNAs regulate lipid synthesis and decomposition by different ways and molecules.



Table 2. LncRNAs involve in lipid metabolism.
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Lipid metabolism balance includes lipid uptake, synthesis, catabolism, and secretion. Currently, abundant lncRNAs have been confirmed to be involved in the regulation of lipid metabolism (83, 84). However, lncRNAs involved in lipid metabolism is mostly associated with cardiovascular disease or hepatic disease. There are few reports on the lipid metabolism functions of lncRNAs in tumor cells. The following headlines below principally discusses the role of lncRNAs in lipid synthesis and lipolysis.


LncRNAs Participate in Lipid Synthesis

Lipid synthesis is a landmark change in tumor cells. Synthesis of lipid can not only provide a large number of membrane phospholipids as raw materials for the continuous division and proliferation of tumor cells, but also synthesize a series of cancer-promoting lipid signaling molecules, such as phosphatidylinositol and sphingomyelin, etc.

FASN is a key rate-limiting enzyme catalyzing de novo fatty acid biogenesis (85). Since FASN was discovered, its role in tumor growth and intracellular signal transduction has been widely studied. HAGLR, also called HOXD-AS1, is generally elevated in NSCLC and it is regarded as a predictor of poor patient survival. The proliferation and invasion ability of NSCLC cells decreased after HAGLR knockdown and cells mainly remained in the G1 phase. Furthermore, the expression of FASN and the amount of free fatty acids significantly reduced with the decrease of HAGLR expression in the non-small cells (78). In human nasopharyngeal carcinoma cells, high expression of HOTAIR is positively correlated with FASN expression. Adenovirus encoded short hairpin RNA knockdown of HOTAIR causes the decrease of free fatty acid and FASN at transcriptional and post-transcriptional levels in nasopharyngeal carcinoma cells (79). Although the specific mechanism, of how lncRNAs regulate lipid synthesis involving FASN is unclear, they at least partly demonstrate that lncRNAs play an important role in tumor cells by FASN-mediated lipid synthesis. In osteosarcoma cells, lncRNA Pvt1 was found to act as a sponge molecule to adsorb miR-195. As a result, the expression of FASN, B-cell lymphoma 2 protein, and Cyclin D1 increased. At the same time, the study also showed that silencing Pvt1 reduced cell invasion, and FASN could reverse this effect (80). Sterol regulatory element binding protein 1 (SREBP1) is a major transcription factor involved in lipid accumulation and desaturation. Zhang et al. in their study indicated that the lncRNA LINC01138 increased the arginine methylation of SREBP1 at the post-transcriptional level to regulate lipid desaturation and cells growth of clear cell renal cell carcinoma by interacting with protein arginine methyltransferase 5 (77) (Figure 2 and Table 2).



LncRNAs Participate in Lipolysis

Fat mobilization is the first step in lipid catabolism, and adipose triglyceride lipase (ATGL) is a first key lipase that has been discovered in recent years to initiate fat mobilization (86, 87). It is vital to maintain the balance of lipid storage mobilization (88). In fact, ATGL has been reported to be reduced in leiomyosarcoma, non-small cell lung cancer as well as pancreatic adenocarcinoma, and the levels of ATGL are associated with patients survival (89). In the diet-induced murine HCC model of steatohepatitis and human HCC, the expression of ATGL is also found to be decreased by Di Leo (90). Although it is frequently reported that ATGL shows anti-neoplastic effect, some studies have proposed its tumor-promoting function (91). Interestingly, Liu et al. found that the expression of ATGL at transcriptional level and post-transcriptional level is higher in human HCC tissues and orthotopic HCC mouse model, which is exactly the opposite of Di Leo. It is showed that high expression of ATGL promoted the growth of HCC cells by catalyzing the production of diacylglycerol (DAG) and free fatty acids (FFA). This opposite phenomenon may be due to differences in the clinicopathological features of the patients and the mouse model. Simultaneously, the study also indicated that the lncRNA NEAT1 could regulate the expression of ATGL and affect the abnormal lipidosis of HCC cells through ATGL. Further research confirmed miR-124-3p/ATGL/DAG+FFA to participate in the regulation effect of NEAT1 on the lipid decomposition in HCC and thus promoted the progress of HCC (92) (Figure 2 and Table 2).

It is well-known that the most important form of fatty acid decomposition is β-oxidation of fatty acids (FAO), and studies have shown that lncRNAs are also extremely important in the oxidation of fatty acids. Acyl-CoA synthetase (ACS) is the rate-limiting enzyme in the first step of the fatty acid oxidation reaction. HULC is the first lncRNA identified to be specifically elevated in HCC compared with normal liver tissues (93). Cui et al. revealed that, in hepatoma carcinoma cells, HULC could modulate lipogenesis by the pathway involving miR-9, peroxisome proliferator-activated receptor alpha (PPARA), and ACS long-chain family members 1 (ACSL1), and interestingly, ACSL1 also seems to have a positive feedback effect on HULC expression during this process (81). In gastric cancer cells, transforming growth factor β1 secreted by mesenchymal stem cells could promote the high expression of lncRNA MACC1-AS1. The high expression of MACC1-AS1 relieved the inhibitory effect of miR-145-5p on FAO by inhibiting miR-145-5p, ultimately promoting the stemness and chemoresistance depending on FAO of gastric cancer cells (94). Taken together, lncRNAs participate in lipid decomposition in different ways to affect tumor progress (Figure 2 and Table 2).




LncRNAs PARTICIPATE IN THE ADJUVANT THERAPY OF TUMOR POSSIBLY

Tumor is the leading killer of human health. Luo et al. demonstrated that lncRNA MALAT1 was crucial in arsenite-induced hepatotoxicity. In the process of cell carcinogenesis induced by arsenic, there is also a phenomenon of enhanced glycolysis, which is mainly manifested by the accumulation of lactate, the acceleration of glucose consumption, and the increased expression of a series of glycolytic related genes, such as HK2, Eno1, and GLUT4. MALAT1 further stabilizes HIF-1α, enhancing the arsenite-induced glycolysis process by disrupting the VHL–HIF-1α interaction (76). It provides new insight into the mechanism of arsenic toxicity on the human body. For a long time, people have been committed to exploring and studying the mechanisms of tumor occurrence and development, trying to find a more effective therapy for tumors. LncRNAs are abnormally expressed in many tumors, and lncRNA-mediated metabolic reprogramming plays a key role in promoting and maintaining tumor formation and progression. These have shown the clinical potential as a therapeutic target of lncRNAs.

Radiotherapy is a common method of tumor treatment. Li et al. unveiled the role of UCA1 in the radiotherapy of cervical cancer from the perspective of glucose metabolism and proposed UCA1 as a potential target for improving the efficacy of radiotherapy for cervical cancer. The radiosensitivity of cervical cancer cells was enhanced after treating with glycolysis inhibitor 2-DG. Knockdown of UCA1 contributed to reduce glucose consumption and lactic acid production by down-regulation of HK2 expression rather than GLUTs or PKM. The discovery of the UCA1/HK2/glycolysis pathway in the radiotherapy of cervical cancer provides a new method to improve the radiotherapy effect (82). Abnormal energy metabolism is a characteristic of tumor cells, and biguanides are often used as potential tumor therapy drugs because of their role in inhibiting the mitochondrial respiratory chain (95). Phenformin is a type of biguanides used in the treatment of tumor. In this treatment with phenformin, lncRNA NBR2 has been discovered to have a potential role in the adaptive response of tumor cells. Elevated NBR2 expression reduced the apoptosis of tumor cells induced by phenformin. As a result, the number of tumor cells increased (96). Thus, the role of lncRNA-mediated metabolic reprogramming in tumor therapy cannot be ignored. They can, therefore, be used as an adjunct to other therapies to treat tumors.



SUMMARY AND PROSPECT

In recent years, the studies of lncRNAs on tumor cells' metabolic reprogramming have developed rapidly. Numerous reports have been published on the different lncRNAs that affect the proliferation, migration, invasion, and other pathological processes of tumor cells by regulating the energy metabolism. As an important part of tumor microenvironments, similar to tumor cells, there is also a phenomenon of metabolic reprogramming in immune cells (97). Immune cells of different states and different stages of differentiation show different metabolic phenotypes (98, 99). For example, naive T cells are primarily dependent on FAO and oxidative phosphorylation to maintain their quiescence (100), while activated T cells and effector T cells, including Th1, Th2, and Th17, have a similar metabolic pattern to tumor cells and mainly obtain energy by aerobic glycolysis (98). A recent study found that the expression of lncRNA Malat1 was significantly different in macrophages treated with LPS and IL-4, respectively. Knockdown of Malat1 promoted the M2 macrophage polarization induced by IL-4. After the use of mitochondrial pyruvate carriers inhibitor UK-5099 or mitochondrial oxidative phosphorylation complex 1 inhibitor, the oxidative phosphorylation of macrophages was prevented, and the effect of Malat1 knockdown on M2 macrophage polarization was also eliminated (101), thus suggesting that Malat1-mediated alternative activation of macrophages is dependent on the elevated mitochondrial oxidative phosphorylation.

Notwithstanding, the regulation of lncRNAs on immune cell metabolism has rarely been reported, but the regulation of lncRNAs on immune cells has been extensively studied. MDSCs are a group of heterogeneous cells with significant immunosuppressive activity derived from bone marrow. It abnormally expands during inflammation, infection, and tumor microenvironments (102). Previous experiments in our laboratory showed that lncRNA RUNXOR accelerates MDSC-mediated immunosuppression via targeting RUNX1 in lung cancer (103). Pvt1 regulates the immunosuppression activity of granulocytic myeloid-derived suppressor cells (G-MDSCs), which is a subgroup of MDSCs, and Pvt1 is up-regulated by HIF-1α under hypoxia conditions in tumor-bearing mice (104). In turn, different living environments and metabolic state will also affect the phenotype and functions of immune cells, making immune cells more suitable for their functional needs (105–107). Also, Hossain et al. revealed that the oxidation of fatty acids could induce the immunosuppressive function of MDSCs and ultimately promoted the progression of the tumor (108). In nasopharyngeal carcinoma cells, the promotion of latent membrane proteins 1 on MDSC expansion also depends on GLUT1-mediated glycolysis (109).

Therefore, it is reasonable to believe that lncRNAs is also likely to regulate the function of immune cells by regulating the metabolic reprogramming. Of course, this conclusion remains to be confirmed by more studies. In-depth discussion of the effect of lncRNAs on the metabolic function of tumor cells and immune cells will help to further understand the mechanism of tumor occurrence, development, and the function of immune cells in tumor microenvironments, and could provide new ideas and strategies for clinical diagnosis and anti-tumor therapy.
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T-cell-based immunotherapies, particularly immune checkpoint inhibitors, are promising treatments for various cancers. However, a large subset of patients develop primary or secondary resistance upon treatment. Although the detailed mechanisms remain unclear, immune escape via alterations in both cancer and tumor microenvironment has been identified as critical causes of immune resistance. Moreover, some long non-coding RNAs (lncRNAs), named as immune-related lncRNAs, have been recognized as regulators of immune cell-specific gene expression that mediate immune processes. These immune-related lncRNAs may play a vital role in immunotherapy resistance. Herein, we summarize current immune-related lncRNAs and their underlying roles in immune resistance to provide strategies for future research and therapeutic alternatives to overcome immunotherapy resistance.
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INTRODUCTION

Immunotherapies, particularly immune checkpoint inhibitors (ICIs), have gained attention worldwide because of their potential in disease treatment (1). The most representative ICIs, including programmed death (PD)-1, PD ligand (PD-L)1, and cytotoxic T lymphocyte-associated antigen (CTLA)-4, have been approved for treating various cancers (2, 3). Despite the unprecedented durable response rates of immunotherapies, these responses only occur in a subset of patients at a relatively low rate, ranging from 15 to 40% depending on the cancer type (4, 5). Most patients do not respond to these inhibitors because of primary or acquired resistance. Both primary resistance and acquired resistance result from complex and constantly evolving interactions between cancer and the immune system (6). Many mechanisms of immunotherapy resistance have been shown to be associated with immune evasion, showing (1) abrogated expression of cancer antigens; (2) decreased antigen presentation secondary to major histocompatibility complex (MHC), β2-microglobulin alterations; (3). overexpressed immune checkpoints (ICs) or their ligands, such as PD-1/PD-L1 and CTLA-4, T- cell immunoglobulin mucin domain-3 protein (TIM-3), and lymphocyte- activation gene 3; (4) severe exhaustion of T cells; and (5) increased activation and recruitment of immunosuppressive cells, such as tumor-associated macrophages, regulatory T cells (Tregs), and myeloid-derived suppressor cells (MDSCs) (7).

The human genome project and next-generation sequencing technologies revealed that only very small amounts of the genome encode proteins in mammal, while more than 90% of the genome is transcribed into tens of thousands of non-coding RNAs (ncRNAs) (8). Of these ncRNAs, long non-coding RNA (lncRNA) displays the most diversity and complexity and has various functions. The functions of some lncRNAs have been determined. LncRNAs control epigenetic modification and transcriptional regulation, by which they can regulate multiple biological activities, such as cell differentiation and development (9), cell cycle (10), and metabolic balance (11). Notably, accumulating evidence demonstrated that lncRNAs can modulate the immune response by controlling the homeostasis and functions of immune cells and anti- inflammatory factors (12). Therefore, these molecules are named immune-related lncRNAs (13). Given that their essential effects on the immune response are also associated with the causes of immunotherapy resistance (7, 13), lncRNAs may participate in immunotherapy resistance. Here, we review the potential role of lncRNAs in immunotherapy resistance to provide insight into the mechanisms of immunotherapy resistance from a new perspective.



LncRNAs

An lncRNA is generally defined as an RNA with a molecule more than 200 nucleotides in length but without the ability to translate into protein (8, 14). It is the transcriptional product of RNA polymerase II and has a similar structure to mRNA but lacks an open reading coding frame. It is mainly distributed in the nucleus and cytoplasm. According to the localization of lncRNAs and length between protein-coding target mRNAs, lncRNAs can be approximately divided into intronic lncRNAs, long intergenic ncRNAs, antisense lncRNAs, transcribed pseudogene lncRNAs, and enhancer RNAs (13). Thousands of lncRNAs encoded within the human genome were initially considered as “transcription noise” or “dark matter” of genome without biological functions (15). However, with the application and development of high-throughput sequencing technology, an increasing number of lncRNAs with rich biological functions have been identified and named after their specific functions in various organisms. LncRNAs perform their functions by binding to DNA/RNA or proteins. Unlike mRNAs, lncRNAs do not have universal action modes of regulating gene expression and protein synthesis in different ways. LncRNAs are involved in the basic process of gene regulation at the epigenetic level, including chromatin modification, direct transcriptional regulation, and post-transcriptional functions, such as splicing, editing, localization, translation, and degradation (16). These multiple gene regulatory effects of lncRNAs have attracted extensive attention in cancer, and numerous studies have clarified that many lncRNAs are dysregulated in different cancers and play prominent roles in promoting and maintaining cancer hallmarks, such as proliferation, angiogenesis, apoptosis, and metastasis (17, 18). Several studies have indicated that lncRNAs not only involve the typical hallmarks of cancer but also are closely correlated with the regulation of cancer immunity by modulating the immune response (19).



LncRNA FUNCTIONS AS AN IMMUNOMODULATOR

Some well-studied immune-related lncRNAs are reported to play a regulatory role in immune processes at an epigenetic level. In the innate immune response, lncRNAs modulate the production of inflammatory cytokines and functions of innate immune cells. Lethe, a pseudogene lncRNA, is a negative feedback regulator of the tumor necrosis factor α inflammatory signaling. It can bind to RelA, a subunit of nuclear factor (NF)-κB, to suppress the RelA-DNA binding, thereby inhibiting the expression and release of multiple inflammatory factors, such as interleukin (IL)-6 and IL-8 (20). Importantly, lncRNAs mediate both activation and repression of immune response genes. The lncRNA NeST (nettoie Salmonella pas Theiler's) is required for interferon (IFN)-γ synthesis in CD8+ T cells. It binds to WD repeat domain 5 (WDR5) to regulate histone methylation and expression of IFN-γ, therefore improving its antivirus and antibacterial effects (21). Similarly, lnc-DC, which is solely expressed in dendritic cells (DCs), is required for DC differentiation. In contrast, silencing of lnc-DC by stimulating the phosphorylation of signal transducer and activator of transcription 3 (STAT3) inhibits monocyte differentiation into DCs and reduces stimulation of T cells via DCs (22). In the adaptive immune response, lncRNAs modulate the differentiation and activation of T and B cells. Previous microarray analysis of CD8+ T cells revealed hundreds of differentially expressed lncRNAs involved in CD8+ T-cell activation and development of CD8+ memory and effector T cells (23). In B cells, lncRNAs can modulate the plurality, variety, and joining [V(D)J] recombination that are essential for generating antigen receptors (Ig or TCR) on antibodies (24). These findings strongly support that lncRNAs are critical immunomodulators and thus warrant further studies.



LncRNAs AND IMMUNOTHERAPY RESISTANCE

One of the central roles of the immune system is the surveillance and elimination of malignant transformations (25). However, malignant cells can escape from the immunosurveillance via diverse mechanisms, including reducing antigenicity to avoid attack by lymphocytes, inhibiting T-cell activity, and inhibiting immune response via upregulation of immunosuppressive factors and accumulation of immunosuppressive cells (26). Reactivating the immune system to the optimal is the key concept of cancer immunotherapy (27). As mentioned above, several studies suggest that lncRNAs could differentially regulate the T-cell-mediated immune response, resulting in the immunosuppressive environment, which may be significantly responsible for the immunotherapy resistance (Table 1). The lncRNAs may have therapeutic potential for overcoming immunotherapy resistance as an immune sensitizer. This implication is supported by the study of nuclear-enriched autosomal transcript1 (NEAT1). In the pre-clinical model, NEAT1 inhibition can attenuate CD8+ T-cell apoptosis and increases the cytolytic activity via the miR-155/Tim-3 pathway, enhancing the immune activity (35). NEAT1 is associated with the immunosuppression. The regression of NEAT1 implies an effective target for improving the outcome of immunotherapy. To date, there are no systematic reviews and summary about the relationship between lncRNAs and immunotherapy resistance. Therefore, it is essential to comprehensively describe these studies to obtain a better understanding of the role of lncRNAs in immunotherapy resistance.


Table 1. Overview of lncRNA function(s) implicated in the immunotherapy resistance.
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LncRNAs Affect Antigen Presentation

Antigen presentation marks the initiation of the immune response. Normally, antigen-presenting cells (APCs) are required to take up and present cancer cell antigens with the help of major histocompatibility complex class I (MHC-I) molecules to the activated responding CD8+ T cells (50). However, in some cases, due to functional deficiency in proteasome members, transporters, MHC itself, or beta-2-microglobulin (β-2M) during antigen processing, antigen presentation is rendered ineffective. Of note, β-2M, one of the chains of MHC- I, plays a key role in the folding and transport of the human leukocyte antigen I (HLAI) family to the cell membrane. If β-2M function is aberrant, CD8+ T cells may lose the ability for recognition of cancer antigens, thus inducing immunotherapy resistance (51, 52).

In ~25% patients with triple-negative breast cancer (TNBC), high expression of long intergenic non-coding RNA for kinase activation (LINK-A) with low infiltration of APCs and activated CD8+ T cells is detected. It suggests that LINK-A negatively regulates the recruitment of APC and CD8+ T cells.

Furthermore, a decrease of β-2M and MHC-I expression is observed in patients with higher LINK-A expression. Mechanistically, LINK-A degrades TPSN, TAP1, TAP2, and CALR proteins of the peptide-loading complex (PLC), thus affecting the loading and editing of MHC-I. These findings suggest LINK-A may be a potential prognostic predictor, and using LINK-A inhibitors can enhance the effect of ICIs. Intriguingly, the treatment with LINK-A inhibitor (LINK-A LNA) increases the infiltration of hyperactivated CD8+ T cells in the tumor site rather than in the other tissues (14, 26, 53), while another lncRNA performs differently. The human leukocyte antigen-G (HLA-G), a member of the non-classical MHC family, inhibits the cancer immunity by abrogating NK cell activities (54). Expression of HOX transcript antisense intergenic RNA (HOTAIR) correlates positively with HLA-G expression in gastric cancer (GC). In the post-transcriptional regulation of miR-152, HOTAIR, as a competing endogenous RNA (ceRNA), upregulates HLA-G expression, thereby promoting immune evasion (29). Unexpectedly, lncRNAs can also improve antigen presentation after being translated into short polypeptides. In melanoma, lncRNA MELOE is translated into MELOE-1, MELOE-2, and MELOE-3 by different translational approaches. In addition, MELOE-1 shows the highest immunogenicity and can be recognized by tumor-infiltrating lymphocytes (TILs). It is currently considered a targeted specific antigen to improve the efficacy of melanoma immunotherapy (28).



LncRNAs Regulate the PD-L1 Expression

Tumor-infiltrating CD8+ T cells express many inhibitory receptors, including PD- 1, B-, and T-lymphocyte attenuator, mucin domain-3 (TIM-3), lymphocyte-activation gene 3 protein (LAG-3), T-cell immunoglobulin domain, and the newly demonstrated T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain (TIGIT), to maintain the balance of immune response. Tumors also highly express certain ligands, such as ICs like PD-L1, which negatively regulate the immune response of antitumor T cells by binding PD-1, an inhibitory receptor on the cancer (26). The PD-1/PD-L1 axis is well-known to perform as a powerful IC—it limits T lymphocyte proliferation and toxicity effects, induces apoptosis of T cells, and promotes the differentiation of CD4+ T cells into Foxp3+ regulatory T cells and resistance of tumor cells to cytotoxic T-lymphocyte (CTL) attack (55). Furthermore, the overexpression of PD-L1 is associated with tumor progression and poor prognosis (56). High PD-L1 expression enables cancer cells to escape from the host immune system (55), thereby indirectly leading to immunotherapy resistance.

The lncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), widely expressed in mammal tissue, was first identified in lung cancer. In diffuse large B-cell lymphoma (DLBCL), MALAT1 could sponge miR-195 to upregulate the expression of PD-L1, thus promoting migration and immune escape by regulating proliferation and apoptosis of CD8+ T cells. Inhibition of MALAT1 could rescue these events and attenuate the epithelial-mesenchymal transition-like process (33). Similarly, LINC00473 is highly induced in pancreatic cancer and is associated with poor outcome. It upregulates the expression of PD-L1 by sponging miR-195-5p in pancreatic cancer. Conversely, when LINC00473 is inhibited or miR-195-5p is upregulated, the consequently downregulated PD-L1 augments the enhanced CD8+ T cells, thereby suppressing the development of cancer (32). Additionally, small nucleolar RNA host gene 20 (SNHG20) increases the expression of PD-L1, ataxia telangiectasia mutated kinase (p-ATM), and p-JAK1/2 in esophageal squamous cell carcinoma. It serves as a carcinogen and promotes proliferation and metastasis via modulating the ATM/JAK- PD-L1 pathway (34). The gene CD274 has been identified to encode PD-L1. In lung cancer, lncRNAs NKX2-1-AS1 and NKX2-1 (also known as thyroid transcription factor 1, TTF-1) are coexpressed but work differently on the expression of CD274.

NKX2-1 protein can activate the transcription of CD274 by binding to its gene promoter. However, NKX2-1-AS1 disturbs this process to reduce the production of CD274 mRNA, resulting in the downregulation of PD-L1. Importantly, after the knockdown of NKX2-1-AS1, PD-L1 expression increases (31). Therefore, high expression of NKX2-1-AS1 is demonstrated as a favorable factor for the suppression of immune evasion by downregulating PD-L1.



LncRNAs Modulate T Cells

Under normal physiological conditions, T cells recognize cancer cells, infiltrate at the tumor site, and exert cytotoxic effect, thereby killing the cancer cells. However, in advanced cancer, T cells display an exhausted or unresponsive state, in which their functions are impaired because of high tumor-antigen load and immunosuppressive factors in the tumor microenvironment (57). In mouse models of melanoma, tumor-inherent activation of WNT/β-catenin signaling pathway has been found to restrain T cells from populating the tumor and lead to T-cell exclusion, which in turn results in the primary resistance against PD-L1/CTLA-4 treatment (58). In a clinical study, non-small-cell lung carcinoma (NSCLC) patients treated with PD-1 blockade (pembrolizumab), the ones with more CD8+ T-cell infiltration have a durable response, whereas in advanced patients, CD8+ T cells are at a rejected state. The number of CD8+T cells has been confirmed to be a potent indicator of immunotherapy response (59). Therefore, infiltration of the weakened CD8+ T cells is commonly recognized as responsible for immunotherapy (23).

Binding of FasL (CD95L) and Fas (CD95) between T cell-B cells or T cell-T cells can initiate activation-induced cell death (AICD) to eliminate T cells or B cells, thus regressing immune response by exhausting T cells (58). LncRNA NKILA, known as nuclear factor-κB (NF-κB)-interacting lncRNA (NKILA), can improve the sensitivity of tumor-specific CTLs and type 1 helper T (TH1) cells, resulting in AICD by inhibiting NF-κ B activity (36). In the cases of breast and lung cancer, patients with high expression of NKILA in CTLs and TH1 cells reveal poor outcome (60). Moreover, knockdown of NKILA significantly inhibits tumor growth by increasing the CTLs in tumor (36). Lnc-sox5, previously reported to be ultra-highly expressed in tongue tumor (60), was found inhibiting T-cell activity. Inflammation can induce more indoleamine 2,3-dioxygenase 1 (IDO1), which benefits cancer immune escape by producing kynurenine. Kynurenine in the tumor environment can dampen the growth and function of T cells and NK cells (61). A significant increase of lnc-sox5 is observed in colorectal cancer. Knockdown of lnc-sox5 highly decreases the production of IDO1 and enhances the cytotoxicity of CD3+CD8+ CTLs at the tumor site (37). These findings indicate that lnc-sox5 can modulate the immune environment to promote tumor progression. NEAT1 has been confirmed to be a crucial oncogene in multiple types of cancer. Dysregulation of NEAT1 promotes the progression of cancer by accelerating proliferation, migration, and evasion (62, 63). Currently, it has been revealed that NEAT1 contributes to immune escape by restraining the antitumor function of T cells. Of note, T-cell immunoglobulin and mucin domain protein 3 (Tim-3) are upregulated in hepatic cell carcinoma. Tim-3 can induce CD8+ T-cell fatigue and participates in the death of CD8+ T cells. Downregulated NEAT1 suppresses CD8+ T-cell apoptosis and enhances cytolysis through the miR-155/Tim-3 pathway (35). Taken together, these reported lncRNAs exert an inhibitory effect on the activities of T cells, particularly CD8+ T cells. These lncRNAs may have a vital influence on immunotherapy and display the potential to be targets for elevating immunotherapy.



LncRNAs Control the Recruitment and Activity of Immunosuppressive Cells

Some immune cells have been known as key roots of immune suppression. The presence of MDSCs and Tregs in the tumor microenvironment is associated with poor survival and low response rates to ICI therapy (64). Human MDSCs express CD11b and CD33 but not HLA-DR as well as the lineage- specific antigens CD3, CD19, and CD57 (65). MDSCs, consisting of myeloid progenitors, precursors of macrophages, granulocytes, and dendritic cells, are major immune regulators in a variety of pathological conditions, particularly in tumors (66). MDSCs release arginase-1 (Arg-1), NO synthase 2 (NOS2), NADPH oxidase 2 (NOX2), and cyclooxygenase-2 (COX2). They produce various toxic and regulatory substances such as H2O2, damage nucleic acids, proteins, and lipids, and produce reactive oxygen species (ROS), which attenuate T-cell activities (67). In addition, MDSCs diminish local nutrients, which are required for the T-cell expansion (68). On the other hand, MDSCs also promote the expansion of induced Treg (iTreg) cells and inhibit the response of natural killer T (NKT) cells (69). Based on the immune suppression of MDSCs, which contributes to the immune escape, inhibition or elimination of MDSCs is regarded as a feasible therapeutic strategy to enhance the immunotherapy (66). As such Tregs, characterized by expression of Forkhead box protein P3 (FoxP3), are divided into two distinct subsets: naive Tregs (CD4+CD45RA+FOXP3low) and effector Tregs (CD4+CD45RA–FOXP3high). The immature Tregs proliferate and differentiate into the effector Tregs upon the action such as reaching the tumor site. Effector Tregs are suggested to suppress antitumor immunity because they inhibit the effector T-cell response by secreting inhibitory cytokines, such as IL-10, IL-35, and TGF-β or by direct cell contact and also augment the infiltration and differentiation of immunosuppressive cells such as tumor-associated macrophages (TAMs) and cancer-associated fibroblasts (CAFs) (4, 70). Moreover, in the murine model, the removal of Tregs from the tumor microenvironment significantly elevates the immune effects (71). Overall, MDSCs and Tregs in the tumor environment are responsible for the immune therapy resistance.

Several lncRNAs are proven to regulate the recruitment and activity of immunosuppressive cells, such as MDSCs and Tregs. The pseudogene lncRNA Olfr29- ps1 is expressed in MDSCs and can promote MDSC differentiation into monocytic (Mo-) MDSCs with higher suppressive activities. LncRNA Olfr29-ps1 competitively binds and downregulates the miR-214-3p, thus upregulating the expression of its target gene MyD88 to modulate the transformation of MDSCs. Additionally, the N6- methyladenosine (m6A) modification via IL6 is required to enhance Olfr29-ps1 expression and augment the binding of Olfr29-ps1 with miR- 214-3p (39). Likewise, Lnc-chop, a newly discovered lncRNA, controls the function and differentiation of MDSCs in tumor and inflammatory environments. Knockdown of lnc-chop in MDSCs increases the release of IFN-γ by the CD4+ and CD8+ T cells; however, the differentiation of more immunosuppressive M-MDSCs decreases. The regulatory mechanism has been elucidated as the following: the transcription factor CCAAT- enhancer-binding protein β (C/EBPβ) controls the gene expression of Arg-1, NOS2, NOX2, and COX2. Lnc-chop promotes the activation of C/EBPβ and upregulates the expression of Arg-1, NOS2, NOX2, and COX2 via binding to both C/EBPβ homologous protein (CHOP) and liver-enriched inhibitory protein (LIP), thus inducing the immune suppressive environment. More importantly, lnc-chop increases the production of NO, H2O2, and ROS and the expression of Arg-1 by promoting the enrichment of the histone H3 lysine 4 trimethylation (H3K4me3) in the promoter region of Arg-1, NOS2, NOX2, and COX2 (40). Plasmacytoma variant translocation 1 (PVT1), an lncRNA encoded by the human Pvt1 gene, is related to the regulation of granulocytic myeloid-derived suppressor cells (G- MDSCs). Under hypoxia, the hypoxia-inducible factor (HIF)-1α upregulates Pvt1 expression in G-MDSCs. Pvt1 plays a critical role in regulating the immunosuppressive functions of G-MDSCs. Pvt1 silencing decreases the Arg1 and ROS levels in G-MDSCs and restored antitumor T-cell responses (41). Therefore, the known immune-related lncRNAs mainly positively regulate the immunosuppressive abilities of MDSCs and contribute to the immune evasion, which potentially leads to immunotherapy resistance.

However, lncRNAs show strong dual effects on the differentiation and distribution of Tregs. Lnc-Smad3 and H3K4 methyltransferase Ash1l show opposite effects in polarization of Tregs by regulating the Foxp3 locus in an opposite manner. TGF-β activates Smad proteins, including Smad2 and Smad3, by phosphorylation, and then Smad complex binds to the Foxp3 locus, inducing its expression, which polarizes Treg cells. Ash1l has been known to directly target the Smad3 promoter to increase the H3K4 trimethylation and then upregulate the Smad3 expression, while lnc-Smad3 restricts Smad3 transcription by interacting with histone deacetylase 1(HDAC1). When TGF-β is stimulated, activated Smad inhibits lnc-Smad3 to bind Ash1l, thus inducing iTreg polarization (45). On the contrary, lnc-epidermal growth factor receptor (EGFR) leads to immunosuppressive state to cancer. Mechanistically, lnc-EGFR can induce EGFR expression via binding to EGFR, thus promoting differentiation and distribution of Tregs (46). In pediatric acute lymphoblastic leukemia, Lnc-insulin receptor precursor (INSR) abnormally activated NSR and the phosphatidylinositide 3-kinase/AKT signaling pathway, enhancing Treg cell differentiation (49) and may offer valuable therapeutic targets in the immune suppression of tumor microenvironment.




SUMMARY

Despite lncRNAs only recently becoming a hot topic of immense research interest, compelling evidences have revealed that lncRNAs have multiple functions as systemic regulators in biological processes. Regulation of immune-related lncRNAs may also play a crucial role in immunotherapy resistance. First, most reported immune-related lncRNAs contribute to immunotherapy resistance through inducing immune evasion at different stages, including the loss or weakness of antigen presentation, upregulation of PD-L1 expression, attenuation of T-cell activities, and accumulation or immunosuppressive capacity increase of G-MDSCs and Tregs in tumor environment (Figure 1). Second, since the advent of immune evasion is closely associated with cancer development and growth, NEAT1 may have oncogenic properties and induce tumor growth. In addition, the coexpression of lncRNAs and tumorigenesis gene (well-known oncogene MYC and lncRNA Pvt1) is found in various tumors (41), which suggests that lncRNAs may have an important direct relationship with tumor growth. Finally, lncRNAs play a critical role in immune evasion. For example, HOTAIR not only promotes HLA-G expression to enhance the antigen presentation but also downregulates CD4+/CD8+ T-cell subsets (Figure 1; Table 1) (29, 30, 38), suggesting the dual effects of lncRNAs, which should be considered in future studies. These findings of immune-related lncRNAs in cancer immune regulation may provide potential theoretical strategies or novel approaches to overcome immune resistance through the manipulation of lncRNAs. However, only a small population of immune-related lncRNAs are studied in individual cancer. In addition, the importance of an lncRNA may vary in different types of tumors. Future explorations are warranted to discover more immune-related lncRNAs and elucidate their common mechanisms of immune regulation in various types of cancers, thus giving more direct indications to deal with immune resistance.


[image: Figure 1]
FIGURE 1. The known immune-related lncRNAs may play a vital role in the immunotherapy resistance via regulating the immune components and environment at different levels and by a myriad of mechanisms. The suppressive antigen presentation, upregulated PD-L1 expression on the tumor, the dysfunctions of T cells, and accumulation of immunosuppressive cells contribute to the immunotherapy resistance. A few lncRNAs affect the process of antigen presentation; they impair/enhance the MHC-I function or produce specific antigens. Some lncRNAs regulate the PD-L1 expression on the tumor, especially upregulating the PD-L1 expression. Majority of lncRNAs control the recruitment and activity of MDSCs and Tregs; most of them are upregulated in the MDSCs and Tregs. Collectively, most of known immune-related lncRNAs may contribute to the immunotherapy resistance. lncRNAs, long non-coding RNAs; Tregs, regulatory T cells; MDSCs, myeloid-derived suppressor cells; APC, antigen-presenting cell; PD-L1, programmed cell death protein 1; TCR, T-cell receptor; MHC-I, major histocompatibility complex.
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Background: Long non-coding RNA PANDAR is an emerging non-coding RNA mapping to 6p21.2. It underlies metastatic progression and chromosomal instability in a variety of cancers. Despite the fact that recent studies have revealed that lncRNA PANDAR may be a potential prognostic biomarker for patients with cancer, there has still been controversy on the prognostic value of PANDAR.

Methods: Databases of PubMed, Embase, SinoMed, and Web of Science were carefully searched and the literature which investigated the prognostic value of PANDAR expression among human cancers was collected for further analysis. Odds ratios (ORs) or hazards ratios (HRs) with 95% confidence intervals (CIs) were pooled to estimate the relation between PANDAR expression and survival or clinicopathological characteristics of cancer patients.

Results: There were 13 eligible studies in total, with 1,465 patients enlisted in this meta-analysis. All the eligible studies complied with the case-control study. The outcome showed that the elevated expression level of PANDAR was significantly related to poor overall survival (OS) (pooled HR 1.72, 95%CI 1.14–2.60). However, high or low expression of PANDAR did not differ in the prediction of event-free survival (EFS). Moreover, we discovered that high PANDAR expression was closely related to decreased OS in colorectal cancer (pooled HR 3.43, 95%CI 2.06–5.72) and reduced expression level of PANDAR was markedly related to poor OS (pooled HR 0.65, 95%CI 0.45–0.88) in non-small cell lung cancer. However, the expression level of PANDAR had no significant association with OS in renal cell carcinoma (pooled HR 1.19, 95%CI 0.56–2.50). Moreover, after analysis, we discovered that the high expression level of PANDAR was associated closely with the depth of invasion (pooled OR 3.95, 95%CI 2.36–6.63), lymph node metastasis (pooled OR 1.92, 95%CI 0.93–3.98), tumor stage (pooled OR 2.05, 95%CI 0.99–4.27), and distant metastasis (pooled OR 2.87, 95%CI 1.60–5.16).

Conclusions: Our study revealed that increased PANDAR expression may serve as an adverse prognostic biomarker for cancer patients, thus helping the clinical decision-making process.

Keywords: long non-coding RNA (lncRNA), meta-analysis, cancer, promoter of CDKN1A antisense DNA damage activated RNA (PANDAR), prognosis


INTRODUCTION

Despite the remarkable advances in the management and treatment of cancer patients over the years, cancer continues to be a major public health issue and there are many problems remaining to be solved (1, 2). It is estimated that new cases of cancer will be as many as 18.1 million while cancer deaths worldwide will be up to 9.6 million in 2018 (3). As new cases and deaths from cancer increase annually, it is expected that the burden of cancer will aggravate in tandem, especially in less developed countries (4). Since the diagnosis of various cancers is confirmed at advanced stages rather than the early stages, the prognosis of cancer is poor. Therefore, identification and validation of novel applicable cancer biomarkers with high sensitivity and specificity are crucial for predicting prognosis and performing targeted therapy (5). Clinicians may use some potential prognostic biomarkers to make an early diagnosis and choose the optimal therapeutic schedule.

The long non-coding RNAs (lncRNAs) are a new category of non-coding RNAs measuring more than 200 nucleotides in length, lacking the ability to encode any protein (6). The genome-wide studies have shown that the majority of the human genome are dynamically transcribed to create a large portion of lncRNAs (7). Increasing evidence has been provided by the application of next-generation sequencing technologies for lncRNA dysregulation in cancer. Accumulating evidence indicates that lncRNAs exert synergetic functions on tumorigenesis or tumor suppression, and abnormal expression of lncRNAs may respond to cell proliferation, tumor progression or metastasis (8, 9). LncRNAs are functionally categorized into two major categories of tumor suppressors and oncogenes (10). As shown from previous studies, lncRNAs might act as transcriptional regulators, splicing modulators, enhancers, post-transcriptional processors, scaffolds, or molecular decoys by interacting physically with proteins or other types of RNA, thereby directly affecting the cellular signaling cascades (11, 12). Functional lncRNAs were identified as promising biomarkers for diagnosing cancer and predicting tumor prognosis, and could also be utilized as potential therapeutic targets (13).

PANDAR (promoter of CDKN1A antisense DNA damage activated RNA), initially reported by Hung et al. is an emerging noncoding RNA with 1,506 nucleotides in length mapping to chromosome 6p21.2 (14). As discovered by Hung et al. PANDAR is induced after DNA damage in a p53-dependent pattern, limiting the expression of pro-apoptotic genes in fibroblasts by interacting with the transcription factor NF-YA (14). Recently, PANDAR was known as biomarkers of cancer and potentially involved in the instability of chromosomes and cancer metastatic progression (15, 16). It was found in previous studies that PANDAR was upregulated in various cancers, including gastric cancer (17), cholangiocarcinoma (18), hepatocellular carcinoma (19), and clear cell renal cell carcinoma (20). On the other hand, it was downregulated with poor prognosis in non-small cell lung cancer (21). The obvious tissue-specific expression patterns of lncRNA relative to protein-coding genes may result in the inconsistent expression of PANDAR in cancer (22, 23). In conclusion, there is still controversy about the prognostic value of PANDAR in cancer patients due to the distinct outcome and limited sample size in most studies reported to date. Hence, we conducted a current and comprehensive meta-analysis to elucidate the prognosis and clinicopathological significance of PANDAR expression in patients diagnosed as cancer.



MATERIALS AND METHODS

Study Strategy

All procedures mentioned below were performed in accordance with PRISMA Checklist and Cochrane Collaboration protocols (24, 25). Two researchers (Lizhi Han and Bo Wang) searched the databases PubMed, SinoMed, Embase, and Web of Science independently to collect all articles associated with the prognostic value of aberrantly expressed PANDAR in malignancy patients. The literature search was completed on November 11, 2018. The detailed example of the full electronic search strategy for PubMed is provided in Supplementary Material 1. In order to heighten the sensitivity of the search, both free-text words and MeSH terminology were utilized in the search strategy. The search strategy included: “PANDAR or long non-coding RNA PANDAR, human” AND “tumor or cancer or neoplasm or carcinoma or malignancy” AND “prognosis or prognostic or outcome or survival.” The references of articles collected for our study were screened to obtain the eligible literature. There were discussions among the groups to settle any conflicts.



Inclusion and Exclusion Criteria

Studies that complied with the following criteria were eventually included: (1) Study design: case-control study; (2) Population: patients were pathologically diagnosed with any type of human malignancy; (3) Intervention and Comparison: patients were divided into negative and positive expression or low and high expression group according to the expression levels of PANDAR, the patients whose expression levels of PANDAR are positive or high belong to intervention group while the patients whose expression levels of PANDAR are negative or low belong to comparison group. Any applicable techniques were used to measure the expression level of lncRNA-PANDAR in human tissues; (4) Outcomes: the connection between PANDAR expression level and survival outcome was examined including overall survival and event-free survival; (5) Sufficient published data or the survival curves were provided to calculate HRs for survival rates and their 95% confidence intervals (CIs). The eliminated criteria were as follows: (1) Repeated or overlapped articles; (2) Case-reports and reviews; (3) Inadequate original data of survival analysis. If the original article was not available for extracting or assessing data, the study was excluded. Two researchers (Lizhi Han and Bo Wang) screened all eligible studies elaborately, and a third researcher (Song Gong) was consulted to resolve any differences.



Data Extraction

Two (Lizhi Han and Bo Wang) independently extracted related data and came to an agreement on all items. In order to obtain all qualified studies, the author, year of publication, tumor type, expression associated with poor prognosis, method of obtaining HRs, Newcastle–Ottawa Scale (NOS) score, and special information about the study population [such as number of patients (high/low), country of the population enrolled, follow up (month)], detection method, endpoints, survival analysis and cut-off value of all articles were collected. Overall survival (OS), disease-free survival (DFS), and progression-free survival (PFS) were all considered as endpoints. HR was extracted according to the previously proposed methodology to assess the impact of PANDAR expression on the prognosis of patients (26). We also inquired original data from the authors if they allowed.



Quality Assessment

Quality of all included studies was evaluated independently by two researchers(Lizhi Han and Bo Wang) using the Newcastle-Ottawa Scale (27). There were totally three categories within the scale including selection, comparability, and outcome, with a full-mark of nine. Studies were identified as high-quality in methodology with at least six scores.



Statistical Analysis

Stata Software 14.0 (Stata, College Station, TX) was used for quantitative calculation. For evaluating the prognostic value of PANDAR expression in different types of malignancies, pooled HRs (high/low) together with their related 95% CIs were applied. For analyzing the correlation between PANDAR expression levels and clinicopathological parameters, pooled ORs (high/low) and their related 95% CIs were utilized. Cochran's Q and I2 statistics were used to assess the heterogeneity among the included studies (28). An I2 value larger than 50% or a p-value lower than 0.10 was regarded as statistically significant. An insignificant heterogeneity (p > 0.01, I2 < 50%) was adjusted by a fixed-effects model for analysis, otherwise, a random-effects model was selected. Subgroup analysis and meta-regression were conducted to explore the source of heterogeneity. In addition, we could acquire clinicopathological characteristics from the studies, and figured out the pooled ORs and performed heterogeneity tests in order to analyze the relationship between PANDAR expression levels with tumor stages, tumor size, lymph node metastasis, gender, age, depth of invasion, differentiation grade, and distant metastasis in different kinds of cancers. Moreover, in order to check the stability of pooled outcomes, a sensitivity analysis was conducted. Both Begg's test and Egger's test were used for assessing publication bias (29). The statistical significance within all comparisons was mathematically signified as P < 0.05.




RESULTS

Characteristics of Studies

Thirteen studies were selected from the 73 articles initially searched, which consists of 13 retrospective cohorts. Figure 1 shows the screening procedure and results in our study, according to PRISMA guideline (27). There were 1,465 patients involved in those studies, with 31 being the minimum sample size, and 482 being the largest. The accrual period was between 2015 and 2018. The enrolled studies were composed of ten types of cancers, including renal cell carcinoma (n = 2), colorectal cancer (n = 2), non-small cell lung cancer (n = 2), cervical squamous cell carcinoma (n = 1), gastric cancer (n = 1), cholangiocarcinoma (n = 1), hepatocellular carcinoma (n = 1), pancreatic ductal adenocarcinoma (n = 1), bladder cancer (n = 1), and oral squamous cell carcinoma (n = 1). OS, DFS, and PFS were reckoned as survival outcome, referring to 85% (11/13), 7% (1/13), and 7% (1/13), respectively, among these studies. In our study, EFS was derived from the combination of DFS and PFS, which was considered as a prognostic parameter. The lncRNA PANDAR expression levels were mainly measured using western blot (WB), real-time PCR (RT-PCR) and immunohistochemistry (IHC). Among these studies, the cut-off values were different due to various cut-off definitions. Further details about baseline features were recorded in Table 1.


[image: Figure 1]
FIGURE 1. The selection flow chart of our systematic review.



Table 1. Characteristics of studies included in the meta-analysis.
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Methodological Assessment

The majority of included trials were graded as high-quality in methodology, including six 7-score studies and seven 6-score studies. The detailed scores of each study by the Newcastle-Ottawa Scale were concluded in Supplementary Material 2.



Association Between lncRNA PANDAR Expression Levels With OS of Cancer Patients

Eleven studies consisting of 1,379 cancer patients reported the association between aberrant expression levels of lncRNA PANDAR with OS. The pooled HR was calculated using the random-effect model. Through detailed calculation, the pooled HR for OS was 1.72 (95%CI 1.14–2.60, p = 0.009), indicating the significant relationship between the high expression level of PANDAR with poor OS in malignancy patients (Figure 2). To investigate the source of significant heterogeneity among these studies (I2 = 79.4%, p < 0.001), subgroup analysis was further performed according to the following factors: type of cancer (non-digestive system or digestive system carcinoma), follow-up time (more than 60 or fewer than 60 months), sample size (more than 100 or fewer than 100), and paper quality (NOS scores ≥ 7 or < 7) (Figures 3A–D). The result of subgroup analysis demonstrated that the relationship between increased PANDAR expression levels with poor OS of cancer patients was still significant in all above factors apart from the subgroup of studies for non-digestive system carcinoma (HR 1.32, 95% CI 0.68–2.56, p = 0.419), follow-up time fewer than 60 months (HR 1.61, 95% CI 0.68–3.81, p = 0.275), and NOS scores <7 (HR 1.56, 95% CI 0.76–3.20, p = 0.230) (Table 2). In order to further explore the sources of heterogeneity, we conducted meta-regression through the covariates which also consisted of the above factors. However, the results that p values < 0.05 were not observed in the above covariates through meta-regression. This suggests that all above-mentioned factors were not the sources of heterogeneity (Table 2). In addition, we performed Cox multivariate analysis in nine studies including nine cohorts, finding that elevated expression level of PANDAR was an independent prognostic factor for OS in these cancer patients (HR 1.94, 95% CI 1.25–3.02, p = 0.003).


[image: Figure 2]
FIGURE 2. Meta-analysis of the pooled HR of OS for malignancy patients.



[image: Figure 3]
FIGURE 3. Results of subgroup analysis of pooled HR of OS for malignancy patients. (A) Subgroup analysis stratified by type of cancer. (B) Subgroup analysis stratified by sample size. (C) Subgroup analysis stratified by follow-up time. (D) Subgroup analysis stratified by NOS score.



Table 2. Subgroup analysis of pooled HRs for OS in cancer patients with abnormal expression level of lncRNA PANDAR.
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Association Between lncRNA PANDAR Expression Levels With EFS of Cancer Patients

Two studies in total, involving 194 patients, reported the effect of abnormally expressed PANDAR on DFS or PFS in cancer patients. In this current meta-analysis, DFS and PFS were defined as EFS. However, the outcome revealed no difference in predicting event-free survival (EFS) between the high and low expression of PANDAR (HR 1.03, 95% CI 0.20–5.22, p = 0.972) (Figure 4). Take the limited number of included studies into consideration, the subgroup analysis to explore the sources of heterogeneity was not performed.


[image: Figure 4]
FIGURE 4. Meta-analysis of the pooled HR of EFS for malignancy patients.




Association Between lncRNA PANDAR Expression Levels With OS of Certain Types of Cancers

The prognostic value of PANDAR in various cancers was further evaluated. According to the results of systemic analysis, high PANDAR expression was related to reduced OS in colorectal cancer (HR 3.43; 95% CI 2.06–5.72, p < 0.001) (Figure 5A) and low expression level of PANDAR was significantly associated with poor OS in non-small cell lung cancer (pooled HR 0.65, 95%CI 0.45–0.88, p = 0.006) (Figure 5B). However, no significant association was noticed between the expression level of PANDAR and OS of patients suffering from renal cell carcinoma (HR 1.19; 95% CI 0.56–2.50, p = 0.655) (Figure 5C).


[image: Figure 5]
FIGURE 5. Meta-analysis of the pooled HR of OS for colorectal cancer (A), renal cell carcinoma (B), and non-small cell lung cancer (C).




Association Between lncRNA PANDAR Expression Levels With Clinicopathological Characteristics of Cancer Patients

Analysis of the association between the expression levels of PANDAR and clinicopathological characteristics of cancer patients was illustrated in Table 3. The results of meta-analysis indicated that higher PANDAR expression levels were significantly associated with advanced tumor stage (OR = 2.05, 95% CI 0.99–4.27, p = 0.045) (Figure 6F), deeper depth of invasion (OR = 3.95, 95% CI 2.35–6.63, p < 0.001) (Figure 6G), more lymph node metastasis (OR = 1.92, 95% CI 0.93–3.98, p = 0.049) (Figure 6E), and farther distant metastasis (OR = 2.87, 95% CI 1.60–5.16, p < 0.001) (Figure 6H). However, no evidential relation was observed between elevated expression level of PANDAR with the older age (OR = 1.05, 95% CI 0.84–1.33, p = 0.649) (Figure 6A), gender (OR = 0.98, 95% CI 0.76–1.26, p = 0.879) (Figure 6B), larger tumor size (OR = 1.28, 95% CI 0.73–2.25, p = 0.386) (Figure 6C), and worse differentiation grade (OR = 1.45, 95% CI 0.95–2.21, p = 0.082) (Figure 6D).


Table 3. Association between lncRNA PANDAR and clinicopathological characteristics of cancer patients.

[image: Table 3]


[image: Figure 6]
FIGURE 6. Association between PANDAR expression levels with clinicopathological characteristics of cancer patients. (A) Age, (B) gender, (C) tumor size, (D) differentiation grade, (E) lymph node metastasis, (F) tumor stage, (G) depth of invasion, (H) distant metastasis.




Sensitivity Analysis

We performed the sensitivity analysis to evaluate the impacts of independent study on the overall outcomes. For OS, our sensitivity analysis revealed that results from Han et al. and Lu et al. had significant impacts on the outcomes, suggesting that these two studies were likely to be the main source of heterogeneity. However, after excluding single study one after another, the pooled HRs and 95% CIs list demonstrated the robustness of our results, with all pooled HRs and 95% CIs above the null hypothesis of 1.



Publication Bias

Visual inspection of the Begg funnel plot revealed asymmetry (Figure 7A). This raises the possibility of publication bias, although the Begg test was not statistically significant (z = 1.15; P = 0.28). As a result, we used the trim and fill method which conservatively imputes hypothetical negative unpublished studies to mirror the positive studies that cause funnel plot asymmetry. The imputed studies produce a symmetrical funnel plot (Figure 7B). The pooled analysis incorporating the hypothetical studies continued to show a statistically significant association between the high expression level of PANDAR with poor OS in malignancy patients (HR = 1.21, 95% CI 1.04–1.41, p = 0.012).


[image: Figure 7]
FIGURE 7. Begg's test (A) and trim and fill method funnel plot (B) for overall survival.





DISCUSSION

Cancer morbidity and mortality are rapidly growing around the world, and cancer is expected to be the leading cause of death and the most important obstacle for increasing life expectancy in every country of the world in this century (3). Although unable to translate into proteins, ncRNAs especially lncRNAs, are important in regulating growth, development, differentiation, gene expression and chromatin dynamics (37, 38). In the past few years, Next-Generation Sequencing(NGS) has shown that thousands of lncRNAs are abnormally expressed or mutated in various types of cancers (39). LncRNAs aberrantly expressed and mutated are closely associated with tumorigenesis, metastasis, and tumor stage (40–42). Due to its expression in certain types of cancers and its detection in circulating blood and/or urine, lncRNAs are a new kind of promising biomarkers and therapeutic targets for treating cancer with better diagnostic and prognostic value (43–45). Several cancer-associated lncRNAs which have been identified so far, are likely to be utilized as novel indicators for predicting tumor prognosis or as promising therapeutic targets for different types of cancers (46–51).

Recently, it has been found that PANDAR, as a novel tumor-associated lncRNA, exhibits abnormal expression in several cancers including gastric cancer (GC), colorectal cancer (CRC), renal cell carcinoma (RCC), bladder cancer (BC), hepatocellular carcinoma (HCC), cholangiocarcinoma (CCA), non-small cell lung cancer (NSCLC), and other cancers (17–21, 32, 33, 52, 53). However, inconsistent outcomes associated with PANDAR expression levels were found among several types of cancers including up-regulation in gastric cancer, hepatocellular carcinoma, colorectal cancer, thyroid cancer, osteosarcoma, breast cancer, clear cell renal cell carcinoma, and bladder cancer, whereas down-regulation in non-small cell lung cancer (16). As a kind of lncRNAs, PANDAR's expression level and its function can be variable in different types of cells, developmental states, and diseases, as a result of various interaction mechanisms and participating partners (54–58).

Due to the fact that the function of PANDAR in different cancers is still controversial and remains to be clarified, we conducted this meta-analysis to investigate the clinicopathological significance and prognostic value of abnormal PANDAR expression in patients suffering from cancer. Thirteen independent studies consisting of data from a total of 1,465 patients were systematically analyzed. Our results indicated that the high expression level of PANDAR was associated with poor OS significantly in cancer patients. Furthermore, we performed meta-regression and subgroup analysis to explore the sources of heterogeneity on account of the obvious heterogeneity across the studies. The outcomes of subgroup analysis showed that the prognostic significance of PANDAR was altered by the type of cancer (non-digestive system carcinoma), follow-up time (<60 months) and paper quality (NOS scores <7). Therefore, we could conclude that the difference in the specific type of cancer, follow-up time and paper quality was likely to be the source of heterogeneity. However, meta-regression analysis failed to identify the source of the obvious heterogeneity in above covariates. Moreover, we found that PANDAR was an independent prognostic factor of OS in cancer patients when combined with HRs from Cox multivariate analysis. PFS and DFS, defined as EFS in this meta-analysis, are important parameters that reflect tumor progression. The prognostic significance of PANDAR in EFS was also assessed in 2 studies including 194 patients. Our results showed that the association between the reduced expression level of PANDAR with poor EFS in cancer patients was not significant.

Furthermore, the prognostic value of PANDAR in certain types of cancer was evaluated. The results indicated that increased PANDAR expression was closely related to reduced OS in colorectal cancer, whereas reduced PANDAR expression was associated with decreased OS of non-small cell lung cancer. However, no significant relationship between the expression level of PANDAR and the OS of renal cell carcinoma was observed. Therefore, we could conclude that the expression level of PANDAR might play different roles in predicting OS in several kinds of cancers.

With regard to the clinicopathological characteristics, our analysis demonstrated that elevated expression level of PANDAR was associated significantly with advanced tumor stage, deeper depth of invasion, more lymph node metastasis and farther distant metastasis. However, no significant relation was found between PANDAR expression levels with older age, gender, larger tumor size and worse differentiation grade of cancer patients.

In spite of the inspiring results, there are still several disadvantages in this quantitative meta-analysis. Firstly, although the random-effect model and subgroup analysis were used, the heterogeneity among the studies was still not completely eliminated, which might bring about the bias of the results to some extent. Secondly, the cut-off value for abnormal expression of PANDAR was varied among the included studies, which could result in the bias of the outcomes. Thirdly, although the baseline figures were comparable, our summary analysis depended too much on the strength of including cohort above all, which might partially result in selection bias. Finally, some HRs could not be obtained from the included studies directly, which could make calculations from survival curves inaccurate.



CONCLUSIONS

From our study, we can conclude that elevated expression level of PANDAR may be a poor prognostic biomarker for OS. However, in this meta-analysis, there was no significant association between the expression level of PANDAR with EFS. In addition, our review revealed that elevated expression level of PANDAR was associated with decreased OS in colorectal cancer, whereas the reduced PANDAR expression level was significantly related to poor OS in non-small cell lung cancer. However, no significant relation was found between PANDAR expression level with OS of patients suffering from renal cell carcinoma. Moreover, PANDAR expression level was related to clinicopathological characteristics including TNM stage, depth of invasion, lymph node metastasis, and distant metastasis. In order to explore the more important role of PANDAR in human cancer, more relevant researches will be needed in the future.
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Objective: To investigate the biological function and clinicopathological significance of the TGFβ-induced long non-coding RNA (lncRNA) TBULC in non-small cell lung cancer (NSCLC) and to analyze its potential value in clinical diagnosis and treatment.

Methods: RT-qPCR was used to detect the expression level of TBULC in NSCLC cells and tissues, and the correlation between the TBULC expression level and clinicopathological characteristics was analyzed. A cytoplasmic/nuclear fractionation assay was performed to define the cellular localization of the TBULC. A rapid amplification of cDNA ends (RACE) assay was performed to acquire the full-length sequence of the TBULC. Stable TBULC overexpression and TBULC knockdown cell clones were constructed by lentiviral infection, and Transwell assays were used to explore the effect of the TBULC on cell invasion and migration.

Results: Stimulation with TGFβ in NSCLC cell lines significantly upregulated the expression level of the nuclear-localized lncRNA TBULC. The RACE assay indicated that the full-length TBULC sequence was 1,020 nucleotides, and the sequence was located on chromosome 15. Cell function experiments showed that the TBULC played a crucial role in promoting NSCLC metastasis. Knockdown of TBULC significantly suppressed the invasion and migration of NSCLC cells, and overexpression of TBULC had the opposite effects. The expression level of TBULC in 106 NSCLC tumor tissues was significantly higher than that in adjacent normal tissues, and TBULC was proven to be an independent prognostic factor in NSCLC patients [p = 0.030, OR = 0.513 (0.281–0.936)].

Conclusion: The TGFβ-induced lncRNA TBULC was upregulated in NSCLC and promoted the invasion and migration of NSCLC cells. TBULC was an independent prognostic factor and might be a potential biomarker for predicting the prognosis of NSCLC patients.

Keywords: non-small cell lung cancer, TGFβ, long non-coding RNA, TBULC, prognosis


INTRODUCTION

Lung cancer is the leading cause of cancer death worldwide, with ~2.1 million new cases and 1.8 million mortalities worldwide each year (1). Non-small cell lung cancer (NSCLC) accounts for 85% of lung cancers, with lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) as the predominant pathologic subtypes (2). Despite improvements in the diagnosis and treatment of NSCLC in recent decades, the 5-year survival rate of NSCLC remains dismal at 15% owing to the recurrence caused by local diffusion and metastasis (3). Thus, further investigations into the mechanisms of metastasis and relapse and the development of novel treatment strategies for NSCLC are still required to improve NSCLC clinical outcomes.

Previous studies have shown that the transforming growth factor beta (TGFβ) pathway regulates epithelial-mesenchymal transition (EMT), angiogenesis, and immune escape and plays crucial roles in cancer by promoting proliferation, invasion, and metastasis (4–6). Owing to the vital role of this pathway in cancer, many drugs targeting genes encoding components of the TGFβ pathway have been developed in recent decades (5, 7, 8); however, the application of these targeted drugs in clinic has been hindered by the dual roles of the TGFβ signaling pathway in the suppression and promotion of cancer (4, 9, 10). Although the genes encoding components of the TGFβ signaling pathway have been well-studied in recent decades, the contextual complexity of the TGFβ signaling pathway remains unclear.

Recent studies suggest that long non-coding RNAs (lncRNAs), which are RNAs >200 nucleotides in length that have no coding potential and represent the majority of non-coding RNAs (11, 12), are extensively involved in the initiation and progression of cancer. Moreover, they are often highly dysregulated in malignant tumors (11, 13–15). The latest evidence has shown that several lncRNAs involved in the TGFβ signaling pathway extensively participated in mediating EMT and NF-κB pathway activation and promoted the invasion-metastasis cascade in various cancers (16–18). Additionally, our previous study demonstrated that the TGFβ-induced lncRNA TBILA was highly expressed in NSCLC and promoted cell invasion and migration (6). We also found a large number of previously unexplored TGFβ-induced lncRNAs (19), among which TGFβ Upregulated lncRNA in Lung Cancer (TBULC), one of the most prominent lncRNAs, was markedly upregulated in lung cancer compared with normal lung tissues. Nevertheless, its biological functions and underlying molecular mechanisms in lung cancer remain largely unclear and require elucidation.

In this study, we aimed to investigate the contributions of the lncRNA TBULC to the TGFβ signaling pathway in NSCLC and focused on its role in the invasion-metastasis cascade of NSCLC. In addition, the present study has provided a more detailed understanding of TBULC as a novel potential therapeutic target in NSCLC patients.



MATERIALS AND METHODS


Patient Tissue Samples and Cell Lines

A total of 106 paired NSCLC tumors and adjacent normal tissues were used. All patients underwent radical surgical therapy in the Department of Thoracic Surgery of the Cancer Hospital of the Chinese Academy of Medical Sciences between November 2011 and December 2012. None of the patients received radiotherapy or chemotherapy before surgery. There were no other tumors or antitumor treatments within 3 years of the surgery. The TNM stage was classified according to the eighth edition of the American Joint Committee on Cancer (AJCC) lung cancer staging system. The tumor tissues and adjacent normal tissues of these 106 patients were snap frozen in liquid nitrogen immediately after resection and stored at −80°C until they were used in this study. All specimens were confirmed by pathology as LUAD or LUSC, and all patients provided informed consent before surgery.

NSCLC cell lines (A549 and H226) were obtained from the American Type Culture Collection (ATCC). The cancer cell lines were maintained in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) (Gibco) and 1% antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin) (Invitrogen). All cell lines were cultured at 37°C in a 5% CO2 cell culture incubator (Thermo). The cells were grown for no more than 25 passages for any experiment. The identities of all cell lines were confirmed by matching the short tandem repeat (STR) profile to the registered information in the Department of Human and Animal Cell Cultures (DSMZ) online STR database. TGF-β1 was purchased from R&D and used at a 5 ng/ml concentration. The treatment time was 24 h unless specified. To inhibit TGF-β signaling, 5 μM SB505124 (Selleck) was added to the culture medium 30 min prior to the specified treatments.



RNA Extraction, RT-qPCR, and Transwell Assays

RNA extraction, RT-qPCR, and Transwell assays were performed as described previously (20). In brief, total RNA was extracted with TRIzol Reagent (Sigma), and cytoplasmic and nuclear RNA was isolated and purified using the Protein and RNA Isolation System (Life Technologies). A RevertAid First-Strand cDNA Synthesis kit (Thermo Scientific) was used for cDNA synthesis, and qPCR was performed on the cDNA using a SYBR Green Mix (Thermo Scientific) and a real-time PCR machine. The PCR primer sequences are listed: GAPDH (sense: CCT GGT ATG ACA ACG AAT TTG; antisense: CAG TGA GGG TCT CTC TCT TCC) and TBULC (sense: GGG GTG AGA GGA ACA ACA AA; antisense: TGT CAG GGG AGC CAT ACA C). Transwell assays were performed to detect the migration and invasion ability of cells by using Transwell chambers coated with or without Matrigel (BD Biosciences).



Chromatin Immunoprecipitation (ChIP)

The Smad 2/3 binding motifs were predicted by JASPAR (http://jaspar.genereg.net/). ChIP was performed using the Simple ChIP Enzymatic Chromatin Immunoprecipitation Kit (#9003, CST) strictly according to the instructions. Briefly, cross-linked chromatin was enzymatically digested into 150- to 900-bp fragments (1–5 nucleosomes). The chromatin fragments were immunoprecipitated by an anti-Smad2/3 antibody. Normal mouse immunoglobulin G (IgG) was used as a negative control. The chromatin immunoprecipitated by the Smad2/3 antibody was then analyzed by RT-qPCR using specific primers for the promoter region of TBULC (sense: AGG CTT GGC AGT TTC CTT ACC C; antisense: AGG CTT GGC AGT TTC CTT ACC C).



Rapid Amplification of cDNA Ends (RACE)

To determine the transcription of the TBULC start and stop sites, 5′-RACE and 3′-RACE were performed using the SMARTer™ RACE cDNA Amplification Kit (Clontech, Palo Alto, CA). The 5′-RACE and 3′-RACE products of nested PCR were linked by the pEASY-Blunt Zero Cloning Kit (Transgen, Beijing, China) according to the manufacturer's instructions. This was followed by Sanger sequencing to obtain the 5′ and 3′ sequences. The nested PCR primer sequences were as follows: 3'-RACE primer1: CCC CAA ACG CTG GGG TGA GAG GAA C; 3′-RACE primer2: CTG TCA AAC ACA TGG TGT ATG GCT CCC C; 3'-RACE primer3: GAG CAT ACA CTG TGG GAA GGC TCA GCT G; 5′-RACE primer1: CCA GTC TCA GAC TTC CAA GAA TGC GCG; 5′-RACE primer2: CAG CTG AGC CTT CCC ACA GTG TAT GCT C; and 5′-RACE primer3: GCC GGC ACA AAG TTG CAG TTA TAC AGG A.



Construction of Cell Lines With Stable Overexpression or Knockdown of TBULC

The full-length gene sequence (1020 bp) of TBULC was synthesized and cloned into the pCDH-CMV-MCS-EF1-GFP+Puro (CD513B-1) vector (Generay, Shanghai, China). The shRNA sequence was ligated into the pLKO.1 plasmid for viral packaging and infection to construct TBULC-silenced cell clones. The shRNA sequences were shRNA1, GCA GAT GGT AAA CAA ACA TGC and shRNA2, GCT GTC CTC TTA TGA CAA TAT. Lentiviral packaging and infection were performed as described previously (6). Virus particles in cells were harvested 48 h after CD513B-1-TBULC transfection using Lipofectamine 3000 reagent (Life Technologies). A549 and H226 cells were infected with the recombinant lentivirus-transducing units with 8 mg/ml polybrene (Sigma-Aldrich) to increase the efficiency of infection.



Statistical Analysis

All statistical analyses were performed using SPSS Ver 24.0 software (IBM, USA) or GraphPad Prism 8 (GraphPad Software, Inc.). Measurement data were compared using an independent sample Student's t-test. A paired Student's t-test was used to compare the expression level of TBULC between the tumor and adjacent normal tissues. The correlation between TBULC and clinicopathological features was analyzed by the chi-square test. Survival curves were plotted by the Kaplan–Meier method and compared by the log-rank test. The significance of various variables for survival was analyzed by the Cox proportional hazards model for multivariate analyses. A probability value of 0.05 or less was considered to be statistically significant.




RESULTS

The lncRNA TBULC was upregulated by the classical TGFβ/Smad signaling pathway.

In previous studies, we compared lncRNA expression in the A549 and H226 cell lines with or without TGFβ1 treatment continuously for 72 hours by transcriptome sequencing. CTD-2033D15.2 (ENST00000478845.2), one of the lncRNAs with greatest increase in expression, was upregulated by more than 20 times in both TGFβ-treated cell lines (6). As CTD-2033D15.2 was upregulated in TGFβ-treated lung cancer cells, we named it TGFβ Upregulated lncRNA in Lung Cancer (TBULC). The induction of TBULC was verified by RT-qPCR in repeated independent experiments, and the upregulation of TBULC induced by TGFβ1 treatment could be completely abolished by the TGFβ pathway-specific small molecule inhibitor SB505124 (Figures 1A,B). Metabolic kinetic assays revealed that the expression level of TBULC peaked at 24 and 48 h after TGFβ treatment in A549 and H226 cells, respectively, and was maintained at high levels for at least 96 h (Figure 1C). To determine whether TBULC is directly modulated by the TGFβ/Smad classical pathway, we investigated the promoter region of TBULC via the online tool JASPAR and found several Smad2/3 transcription factor complex binding sites. According to these binding sites, we designed specific PCR primers to detect the anti-Smad2/3 antibody-immunoprecipitated chromatin fragments. The results showed that the TBULC promoter region was significantly enriched by the anti-Smad2/3 antibody rather than the IgG control. Interestingly, this enrichment was more obvious after TGFβ1 stimulation, indicating that TBULC was directly regulated by TGFβ/Smad classical signaling (Figure 1D). In addition, the mechanism by which lncRNA exerts its function is greatly affected by its cell localization. Thus, we compared the expression levels of TBULC in the nucleus and cytoplasm using RT-qPCR and clarified that TBULC was mainly localized in the nucleus (Figures 1E,F). Furthermore, the lncRNA TBULC has not been previously studied, and its transcription initiation and termination sites are unknown. We designed primers for the RACE assay and obtained a full-length sequence of 1,020 nucleotides, which was mapped on chromosome 15, and we highlighted additional sequences identified by RACE that are different from the TBULC sequence submitted to the public database (Figure 1G). To determine whether TBULC has coding potential, we used the online coding potential analysis tool Coding Potential Calculator (CPC, http://cpc.cbi.pku.edu.cn/) as well as the Coding Potential Assessment Tool (CPAT, http://lilab.research.bcm.edu/cpat/) to analyze the full-length sequence of TBULC and confirmed that TBULC was a non-coding RNA with no coding potential (Figures 1H,I).


[image: Figure 1]
FIGURE 1. TBULC was upregulated by the classic TGF-β pathway. (A,B) Relative expression levels of TBULC in cancer cell lines (A) A549and (B) H226 treated with phosphate-buffered saline (PBS), TGF-β1, or TGF-β1 plus the TGF-β inhibitor SB505124 (SB), as measured by RT-qPCR. (C) Relative expression levels of TBULC in A549 and H226 cells at 4, 8, 12, 24, 48, 72, and 96 h after TGF-β1 stimulation. (D) The Smad2/3 complex localized to the TBULC promoter in A549 cells treated with TGF-β1 or PBS for 30 min, as determined by the ChIP assay. (E,F) Subcellular localization of TBULC in (E) A549 and (F) H226 cells, as assessed by RT-qPCR; GAPDH and NEAT1 RNA were used as fractionation indicators. (G) Graphic depiction of the full-length sequence of TBULC, which was obtained by RACE. (H,I) The online coding potential analysis tool (H) Coding Potential Calculator (CPC) and (I) Coding Potential Assessment Tool (CPAT) confirmed that TBULC was a non-coding RNA with no coding potential. The data are shown as the mean ± SD, **p < 0.01, ***p < 0.001.



TBULC Promotes the Invasion and Migration of NSCLC Cells in vitro

To investigate the role of TBULC in NSCLC cells, we silenced the expression of TBULC in A549 and H226 NSCLC cells with shRNA. As shown in Figures 2A,B, in both knockdown clones, the expression level of TBULC was markedly downregulated by more than 70%. A Transwell assay was employed to determine whether cell invasion and migration were affected by TBULC in NSCLC cells. The results showed that the invasive activity of silenced cell clones passing through Matrigel-coated membranes was significantly inhibited compared with that of the control cells (Figures 2C,D). Moreover, consistent with the invasion assay results, TBULC silencing also significantly suppressed the migration capacity of NSCLC cells (Figures 2C,D).


[image: Figure 2]
FIGURE 2. TBULC knockdown inhibited cell migration and invasion in vitro. (A,B) The expression level of TBULC in stable TBULC knockdown or mock vehicle control-transfected (A) A549 and (B) H226 cell clones. (C,D) The migration and invasion ability of TBULC knockdown (C) A549 and (D) H226 cell clones, as detected by the Transwell assay. The numbers of migrating and invading cells were compared between the groups. The data are shown as the mean ± SD. ***p < 0.001.


To exclude the off-target effect of shRNAs and further clarify the effect of TBULC on cell invasion and migration, we established two NSCLC cell lines (A549 and H226 cells) stably overexpressing TBULC (Figures 3A,B). As expected, the invasion and migration abilities of A549 and H226 cells were significantly enhanced after upregulation of TBULC (Figures 3C,D). Collectively, these results demonstrated that TBULC has a positive regulatory effect on the invasion and migration of NSCLC cells. Furthermore, TBULC may be involved in NSCLC progression and metastasis by affecting NSCLC cell invasion and migration.


[image: Figure 3]
FIGURE 3. TBULC overexpression promoted cell migration and invasion in vitro and in vivo. (A,B) The expression level of TBULC in stable TBULC overexpression or mock vehicle control-transfected (A) A549 and (B) H226 cell clones. (C,D) The migration and invasion ability of TBULC-overexpressing (C) A549 and (D) H226 cell clones, as well as that of mock vehicle control-transfected cells, as detected by the Transwell assay. The numbers of migrating and invading cells were compared between the groups. (E) Representative images of lung tissues isolated from mice injected with 1 × 106 A549 and H226 cell clones via the tail vein and hematoxylin and eosin-stained images (40×) of such tissues. Red arrows indicate the tumor nodules in the lungs. (F) The number of metastatic nodules in the lungs. (G) Relative expression levels of N-Cadherin, Slug, and Ras by Western blot in TBULC-overexpressing A549 and H226 cells. Tubulin was used as a loading control. The data are shown as the mean ± SD, ***p < 0.001.




TBULC Promotes NSCLC Metastasis in vivo

To further evaluate the role of TBULC in promoting metastasis in NSCLC, TBULC-overexpressing A549 and H226 cells were injected into the tail veins of non-obese diabetic nude mice. We calculated the number of pulmonary metastatic nodules in mice at 8 weeks after caudal intravenous injection. Mice injected with cells overexpressing TBULC showed higher rates of lung colonization and more metastatic tumor nodules in the lung than did mice injected with control cells (Figures 3E,F). H&E staining images of lung tissue samples isolated from mice are illustrated in Figure 3F. In addition, we found that TBULC significantly promoted the expression levels of N-Cadherin, Slug, and Ras, which belong to the TGFβ-related pathways and are widely involved in the metastasis of tumor cells (Figure 3G).



TBULC Is Upregulated in NSCLC and Associated With Poor Survival

Previous functional experiments have shown that TBULC acts as an oncogene to promote NSCLC metastasis, while its expression pattern in NSCLC tumor tissues remains unknown. To further clarify its clinicopathological significance in NSCLC, RT-qPCR was used to detect the expression level of TBULC in 106 paired NSCLC and adjacent normal tissues, as well as in 7 NSCLC cell lines. Compared with that in the immortalized lung epithelial cell line BEAS-2B, the expression level of TBULC was significantly higher in all seven NSCLC cell lines (Figure 4A). Moreover, TBULC was significantly upregulated in NSCLC tumor tissues compared with paired normal lung tissues (t = 7.711, P < 0.001, Figures 4B,C). To determine whether TBULC affects patient prognosis, patients were divided into high and low expression groups according to the median expression of TBULC. There were no significant differences in age, sex, pathological types, or tumor stages between the two groups (Table 1, p > 0.05). The Kaplan–Meier survival curve and log-rank test indicated that lower expression of TBULC was significantly associated with better patient survival (X2 = 5.504, p = 0.019; Figure 4D). We used the TANRIC data base (https://ibl.mdanderson.org/tanric/_design/basic/query.html) to validate the impact of TBULC on prognosis. The results showed that high expression of TBULC in lung squamous cell carcinoma (p = 0.175) and lung adenocarcinoma (p = 0.082) suggests a poor prognosis, while the lack of statistical significance may be due to the limitations of RNA second-generation sequencing for relatively low-abundance lncRNA detection. In addition, the well-known NSCLC-associated lncRNAs MALAT1 and HOTAIR cannot be validated in the TANRIC database (Supplement Figure 1). Furthermore, a multivariate Cox regression analysis was applied to exclude the effects of clinical confounding factors, including age, TNM stage, lymph node metastasis, and degree of tumor differentiation, on patient prognosis. As shown in Table 2, TBULC was found to be an independent prognostic factor for NSCLC patients [P = 0.030, OR = 0.513 (0.281–0.936)].


[image: Figure 4]
FIGURE 4. TBULC was upregulated in NSCLC tumor tissues and was associated with poor survival. (A) TBULC expression levels in the immortalized lung epithelial cell line BEAS-2B and seven NSCLC cell lines. GAPDH was used as the loading control. (B,C) TBULC expression (2–ΔCT) in 106 tumor tissues was compared with that in paired adjacent non-cancerous lung tissues. (D) Kaplan–Meier survival analysis of overall survival in 106 NSCLC patients (median cut-off value). The data are shown as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.



Table 1. Correlations between clinicopathological features and the expression level of TBULC.
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Table 2. Univariate and multivariate analysis of overall survival in 106 NSCLC patients.
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DISCUSSION

TGFβ family members and their downstream effector molecules have been widely demonstrated to be upregulated in various tumors, including NSCLC, and to play a vital role in tumor progression processes such as EMT, tumor immune escape, angiogenesis, chemoresistance, and metastasis (11, 13). However, because of the contradictory dual roles of the TGFβ pathway in tumor suppression and promotion, a large number of clinical trials targeting the key molecules of the TGFβ pathway and its downstream coding genes have failed (15). Therefore, the molecular mechanism by which TGFβ fulfills its role in either tumor promotion or suppression is key to the development of novel effective drugs targeting the TGFβ pathway. As a result of previous failures in the study of a large number of coding genes, in recent years, scholars have gradually turned their attention to lncRNAs, which were previously neglected. As a major component of non-coding RNAs, lncRNAs are a kind of RNA with a length of more than 200 bp that have no coding potential. A large number of studies have found that lncRNAs play an essential role in the occurrence and development of malignant tumors (14) and do not represent transcriptional noise. This study revealed that the novel lncRNA TBULC induced by the TGFβ classical pathway could promote the metastasis of NSCLC cells, which complemented the molecular mechanisms by which the TGFβ pathway promotes the local and distant metastasis of tumor cells. Moreover, TBULC is highly expressed in NSCLC tumor tissues and is associated with poor patient survival. Of note is that TBULC might be a novel prognostic biomarker in NSCLC patient prognosis.

In recent years, with the in-depth study of lncRNAs and the development of technology, many breakthroughs have been made in clinical treatment with lncRNAs (17). By utilizing subcutaneous injections of lncRNA MALAT1 translational oligonucleotides to treat breast cancer in mice, the Gayatri Arun team found that the suppression of MALAT1 by antisense oligonucleotides significantly inhibited the growth of mouse breast cancer and promoted tumor transition from solid nodules to cystic components; this approach could inhibit the invasion and migration ability of tumor cells in vitro in 3D-like organ cultures (16, 18). Owing to the high tissue and organ specificity of lncRNAs, drugs targeting lncRNAs have fewer side effects than drugs targeting coding genes. Our study is the first to demonstrate that the lncRNA TBULC is involved in the regulatory effect of TGFβ on NSCLC metastasis. Targeted drugs aimed at TBULC can bypass the TGFβ tumor suppressor pathway and may have fewer side effects. The lncRNA TBULC has the potential to become a novel drug target in NSCLC treatments.

There are several limitations to this study. Although the biological function of TBULC was verified by in vivo experiments, the specific molecular mechanisms of TBULC in promoting cell invasion and migration have not been well-studied. In addition, there was no statistical significance for TNM staging in the multivariate Cox regression analysis, which is probably due to the insufficient sample size and the loss of eight patients to follow-up. Additionally, the potential of targeted therapies such as TBULC oligodeoxynucleotide chains requires further exploration.



CONCLUSION

In summary, the present study revealed that TGFβ-induced lncRNA TBULC was directly regulated by the classical TGF beta/Smad pathway and promoted the invasion and migration of NSCLC cells. This is an important supplement to the regulatory mechanisms of the TGF beta-pathway in tumor cell proliferation and metastasis. Moreover, in view of the high expression of TBULC in NSCLC tumor tissues and its independent prognostic significance, our study provided a novel biomarker for NSCLC prognosis as well as a potential drug target for NSCLC treatment.
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Background: The micro-RNA miR-30b-3p has been reported to play a crucial role in several cancers. However, the biological function of miR-30b-3p in hepatocellular carcinoma (HCC) is still unknown.

Methods: RT-qPCR was employed to determine the expression of miR-30b-3p in HCC tissues and cells. The MTT assay, colony formation assay, and cell migration and invasion assay were employed to evaluate the role of miR-30b-3p in HCC cells. A dual-luciferase reporter assay was employed to verify the target of miR-30b-3p. Western blotting was employed to determine the expression of key molecular signal transducers along TRIM27-PI3K/Akt axis.

Results: Expression of miR-30b-3p was markedly decreased in HCC tissues and cells and positively correlated with higher overall survival. Moreover, miR-30b-3p overexpression significantly repressed cell viability, proliferation, migration, and invasion of HCC cells in vitro. Notably, we demonstrated that miR-30b-3p directly bound to the 3′-untranslated region of tripartite motif containing 27 (TRIM27) mRNA by downregulating the expression of TRIM27, which was demonstrated to be negatively correlated with miR-30b-3p expression. TRIM27 was demonstrated to have an oncogenic role in HCC cells by enhancing cell viability, proliferation, migration, and invasion. Finally, the miR-30-3p-TRIM27-PI3K/Akt axis was shown to play a crucial role in HCC cells in vitro.

Conclusion: Our results indicated that miR-30-3p might act as a new biomarker for the future diagnosis and treatment HCC.


Keywords: miR-30b-3p, miRNA, hepatocellular carcinoma, TRIM27, PI3K/Akt



Introduction

Hepatocellular carcinoma (HCC) is still one of the deadliest and most prevalent human malignant cancers worldwide. According to the global cancer statistics in 2018, HCC is estimated to be the fourth major cause of cancer death and the sixth most commonly diagnosed cancer (Bray et al., 2018; Siegel et al., 2018; Ferlay et al., 2019). Statistical data indicate that approximately 782,000 deaths and 841,000 new cases are reported every year. Although much effort has been made to find a cure for HCC, such as surgical resection, chemotherapy, radiotherapy, and liver transplantation, the prognosis is still not satisfactory. Therefore, it is urgent for us to understand the underlying mechanisms of HCC carcinogenesis in depth and to further uncover novel targets for the diagnosis and treatment of HCC.

MicroRNAs (miRNAs) are a class of non-coding RNAs approximately 19-22 nucleotides in length. Recent studies reported that miRNAs regulate gene expression via binding to the 3′-untranslated region (UTR) of target mRNA at the post-transcriptional level (Bartel, 2004; Ponting et al., 2009). Increasing evidence has been uncovered that almost all diseases are related to the regulation of miRNAs, including cancers (Garzon et al., 2006; Bartels and Tsongalis, 2009; Garzon et al., 2009; Ryan et al., 2010; Chan and Tay, 2018). It has been demonstrated that miR-30b-3p was downregulated in primary prostate cancer (PCa) and metastatic castration resistant PCa and can directly inhibit androgen receptor and PCa cell proliferation (Kumar et al., 2016). Kung et al. reported that miR-30b-5p can inhibit epithelial-mesenchymal transition (EMT) and suppress cell migration and invasion in PCa through EGF/Src signalling (Kao et al., 2014). In addition, Zeng et al. demonstrated that miR-30b-3p was elevated in glioma cells, overexpression of miR-30b-3p could act in an oncogenic role via activation of the Akt pathway (Jian et al., 2019). However, the role of miR-30b-3p in HCC remains largely unclear.

In this study, we explored the expression pattern of miR-30b-3p in HCC tissues and cell lines and investigated the function of miR-30b-3p in HCC cells. Furthermore, bioinformatics analysis and dual-luciferase reporter assay were used to identify potential targets of miR-30b-3p. Moreover, we found that miR-30b-3p inhibited the proliferation and invasion of HCC cells by suppressing TRIM27 expression to inactivate the PI3K/Akt pathway.



Materials and Methods


Tissue Samples

The study included 50 paired HCC tissues and their matched non-tumour tissues that were collected form Zhuji People’s Hospital of Zhejiang Province between July 2014 and July 2019. The ethics committee of the Zhuji People’s Hospital of Zhejiang Province approved the study (No: 20180224). The tissue samples were snap-frozen in liquid nitrogen and stored at −70°C before use.



Cell Culture and Transfection

Human HCC cell lines (Huh7 and HepG2) and a human normal liver cell line (LO2) were obtained from the American Type Culture Collection. Huh7, HepG2, and LO2 cells were cultured in Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific, USA) containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific, USA) and cultured in an incubator maintained at 37°C with 5% CO2.

The miR-30b-3p mimics (5′-CUGGGAGGUGGAUGUUUAUUC-3′) or anti-miR-30b-3p (5′-GAAGUAAACAUCCACCUCCCAG-3′) and their negative control (miR-NC mimics, 5′-UUCUCCGAACGUGUCACGUTT-3′ and anti-miR-NC, 5′-ACGUGACACGUUCGGAGAATT-3′) or relative plasmids were transfected into HCC cells using Fugene HD (Roche) in OPTI-MEM media (Thermo Fisher Scientific, USA).



RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Extraction of the total RNA of HCC tumour and normal tissue samples, as well as treated and non-treated HCC cells was performed by using TRIzol reagent (Wanlei Bio, China). Then, the concentration of extracted RNA was determined using a NanoPhotometer spectrophotometer (Implen, Germany). For cDNA synthesis, 2 μg total RNA was added as a template for reverse transcription using a TRUEscript One Step RT-PCR Kit (Aidlab Biotechnologies, China). An ABI7500 system was employed to quantify the levels of miR-30b-3p and TRIM27 in HCC tissues and cells by using PC60-2 x SYBR Green qPCR Mix (Low ROX) (Aidlab Biotechnologies, China). The primer sequences used were as follows: GAPDH, F: 5ʹ- CTGGGCTACACTGAGCACC -3ʹ, R: 5ʹ-AAGTGGTCGTTGAGGGCAATG-3ʹ; U6, F: 5ʹ- TGCGGGTGCTCGCTTCGGCAGC-3ʹ, R: 5ʹ- -CCAGTGCAGGGTCCGAGGT -3ʹ, RT: 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAATATGGAAC -3′; miR-30b-3p, F: 5ʹ- TGCGGAGAGGTTGCCCTTGGTGA −3ʹ, R: 5ʹ- TGCGGGTGCTCGCTTCGGCAGC -3ʹ, RT: 5ʹ- GTCGTATCCAGTGCAGGGTCCGAGGTGCACTGGATACGACGAATTCAC-3ʹ; TRIM27, F: 5ʹ- TGAGCCTAACCCAGATGGAGA-3ʹ, R: 5ʹ- GGCCAAGTCTAGCTCCTCAAG-3ʹ. TRIM27 mRNA level and miR-30b-3p expression levels were normalized using GAPDH and U6 as the internal control, respectively. The 2−ΔΔCt method was used to quantify the transcript level of TRIM27 and miR-30b-3p.



MTT Assay

Huh7 and HepG2 cells were transfected with miR-30b-3p mimics or anti-miR-30b-3p and their respective negative controls (miR-NC mimics and anti-miR-NC) or relative plasmids for 24 h. Then, cells were seeded in 96-well plates to obtain a cell density of 3 × 103 per well. Each group contained five duplicate wells. MTT (Sigma, USA) was then added to the 96-well plates to measure cell viability at 0, 24, 48 and 72 h, respectively. The absorbance (OD570) value was measured using a Microplate reader (Bio-Rad, USA).



Colony Formation Assay

HCC cells (3 × 102) that were transfected with relative miR-30b-3p mimics or anti-miR-30b-3p and their negative controls or plasmids were seeded into 6-well plates and incubated at 37°C for 2 weeks. Then, 4% formaldehyde was used to fix for 30 min and 0.25% crystal violet was used to stain the colonies. Colonies of more than 50 cells were counted under a microscope.



Cell Migration and Invasion Assay

The Transwell cell migration and invasion assay was employed to assess cell migratory and invasive abilities. Cells were seed into 24-well Transwell Boyden chambers (8.0 μm pore size; Costar, Cambridge, MA) based on the manufacturer’s instructions. Briefly, for the Transwell cell migration assay, 5 × 104 cells were suspended in 200 µl DMEM without FBS and added to the upper chambers, then 600 μl DMEM containing 20% FBS was added into the lower chambers and incubated for 2 h at 37°C. For the Transwell cell invasion assay, 8 × 104 cells were suspended in 200 µl DMEM without FBS and added to the upper chambers, which had been filled with 40 µl Matrigel. Thereafter, non-invasive cells on the inner surfaces of the upper chambers were gently scraped off using a cotton swab. Invasive cells were fixed with 100% methanol, stained with 0.5% crystal violet solution, and washed with 1× PBS. The cell number was counted under a light microscope (Nikon, Japan).



Dual-Luciferase Reporter Assay

Cells (3 × 104) were transferred to 24-well plates and cultured for 24 h. The cells were then co-transfected with pRL-TK plasmid, pmir-luc-TRIM27-3′-UTR, or pmir-luc-TRIM27-3′-UTR mut plus miR-30b-3p mimics or inhibitors, and their corresponding negative controls. The luciferase reporter assay kit (Promega) was used to measure luciferase activity.



Western Blot

RIPA lysis buffer (Wanlei Bio, China) containing protease inhibitor cocktail (Roche) was used to extract the protein from the harvested cells. Then, the protein samples were loaded onto 10% SDS-PAGE gels and transferred onto PVDF membranes (Millipore, USA). After blocking with 5% BSA, the PVDF membranes were incubated with primary antibodies overnight at 4°C and probed with horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h at room temperature. Thereafter, enhanced chemiluminescence (ECL) (Wanlei Bio, China) was used to detect the protein bands. The following antibodies were included: GAPDH (WL01114, 1:2000 dilution, Wanlei Bio, China); TRIM27 (ab154931, 1:500 dilution, Abcam, USA); Akt (ab179463, 1:1000 dilution, Abcam, USA); p-Akt (ab192623, 1:1000 dilution, Abcam, USA); Goat Anti-mouse IgG H&L (HRP) (ab205719, 1:2000 dilution, Abcam, USA) and Goat Anti-Rabbit IgG H&L (HRP) secondary antibody (ab6702, 1:2000 dilution, Abcam, USA).



Immunohistochemical Analysis

Immunohistochemistry (IHC) was performed according to a previously reported method (Liu et al., 2017). Briefly, 4% formalin was used to fix the tissues for 2 days. Then the tissues were embedded using paraffin and cut into 5-micron slices. The slices underwent antigen retrieval after peeling and rehydration and were blocked with 3% H2O2. Subsequently, the slides were incubated overnight at 4°C with antibodies against p-Akt (1:100 dilution, Abcam, USA). Slides were then incubated with Goat Anti-mouse IgG H&L secondary antibody coupled with biotin at room temperature for 15 min. Subsequently, the streptavidin-biotin complex and DAB were added to the slides. Finally, hematoxylin was used to counterstain the slides.



Statistical Analysis

All experiments were repeated at least three times for statistical analyses. Data are presented as the mean ± SD. Student’s t test and ANOVA (with a Bonferroni post hoc test) were used to compare the mean values between the two groups and the mean values greater than or equal to three groups. Differences were considered statistically significant at P < 0.05.




Results


miR-30b-3p Was Dysregulated in HCC

To investigate the role miR-30b-3p in HCC, we first measured the expression of miR-30b-3p in HCC tumor tissues and cell lines by RT-qPCR. The results showed that miR-30b-3p was downregulated markedly in HCC tumour tissues compared with matched non-carcinoma tissues (Figure 1A). In addition, the relative expression of miR-30b-3p in four HCC cell lines, Huh7, HepG2, SMMC-7721 and HepG2.2.15, was markedly reduced compared with that in the normal liver cell line LO2 (Figure 1B). Moreover, the effect of miR-30b-3p on survival in HCC was assessed using the Kaplan–Meier plotter online tool (http://kmplot.com/analysis/). As shown in Figure 1C, HCC patients with high expression of miR-30b-3p exhibited longer survival than those with low expression of miR-30b-3p.




Figure 1 | miR-30b-3p expression was low in HCC tissues and cells. (A) RT-qPCR detected the relative expression level of miR-30b-3p in 50 paired HCC tissues and their matched-non-carcinoma tissues. (B) RT-qPCR detected the relative expression level of miR-30b-3p in HCC cell lines and normal live cell line. (C) The Kaplan–Meier plotter online tool was used to assess the effect of miR-30b-3p on survival in HCC (http://kmplot.com/analysis/). Data were expressed as mean ± SD, **p < 0.01; ***p < 0.001.





miR-30b-3p Repressed HCC Cell Proliferation, Migration, and Invasion

To assure the role miR-30b-3p in HCC cells, miR-30b-3p mimics or anti-miR-30b-3p was transfected into Huh7 and HepG2 cells. The expression of miR-30b-3p was first detected in HCC cells to verify the efficacy of miR-30b-3p mimics or anti-miR-30b-3p by RT-qPCR assays (Figure 2A). Next, MTT assay results revealed that miR-30b-3p overexpression reduced cell viability in HCC cells, whereas downregulation of the expression of miR-30b-3p enhanced cell viability (Figure 2B). Further, the proliferative effect of HCC cells transfected with miR-30b-3p mimics was markedly inhibited when compared with those transfected with miRNA NC mimics, whereas the proliferative effect of HCC cells was significantly enhanced when transfected with anti-miR-30b-3p (Figure 2C). Then, to investigate the role of miR-30b-3p in HCC cell migration and invasion, the Transwell migration and invasion assay revealed that, compared with the miRNA NC mimics group, migration and invasion in the miR-30b-3p mimics group were decreased remarkably, whereas the migratory and invasive activities of the anti-miR-30b-3p group showed a significant increase (Figures 2D, E). These results implied that miR-30b-3p might play the role of a tumour suppressor gene in HCC cells.




Figure 2 | miR-30b-3p overexpression inhibited HCC cell proliferation and metastasis. (A) RT-qPCR was used to detect the expression levels of miR-30b-3p after transfection with miR-30b-3p mimics or its anti-miR-30b-3p. (B) MTT assay was used to detect the cell viability of HCC cells transfected with miR-30b-3p mimics or anti-miR-30b-3p. (C) A colony formation assay was performed on HCC cells after transfection as indicated. (D, E) Representative photographs of cell migration and invasion of HCC cells after transfection as indicated. Data were expressed as mean ± SD, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.





miR-30b-3p Repressed the mRNA Level of TRIM27

To screen for putative targets of miR-30b-3p, the results obtained with the online bioinformatics software TargetScan Human 7.2 revealed that the 3′-UTR of TRIM27 (also called RFP) mRNA has specific binding sites for miR-30b-3p seed sequences, indicating that TRIM27 might be a potential target of miR-30b-3p (Figure 3A). Then, a dual-luciferase reporter assay showed that miR-30b-3p decreased the luciferase activity of the wildtype (wt) 3′-UTR of TRIM27 compared with the control group, whereas the luciferase activity of the TRIM27 mutant (mut) 3′-UTR group was not significantly different, demonstrating that TRIM27 was the direct target of miR-30b-3p (Figures 3B, C). To further verify the target relationship between miR-30b-3p and TRIM27, miR-30b-3p mimics or miRNA NC mimics were transfected into the HCC cells, and the RT-qPCR results showed that miR-30b-3p substantially reduced the mRNA level of endogenous TRIM27 compared with the control group (Figure 3D). Additionally, downregulating miR-30b-3p expression by anti-miR-30b-3p significantly increased the mRNA level of endogenous TRIM27 (Figure 3D). Further, we performed RT-qPCR to assess the mRNA levels of TRIM27 in 50 paired HCC tissues and their adjacent noncancerous tissues. Results showed that the mRNA levels of TRIM27 were significantly higher in these 50 HCC tissues compared with that in their adjacent noncancerous tissues (Figure 3E). Lastly, we found that the expression level of miR-30b-3p in these 50 paired HCC tissues and their adjacent noncancerous tissues was negatively correlated with the mRNA levels of TRIM27 (Figure 3F). Taken together, these results suggest that miR-30b-3p could downregulate TRIM27 by targeting its 3′-UTR.




Figure 3 | TRIM27 was the direct target of miR-30b-3p. (A) The indicated sequences of TRIM27 targeted by miR-30b-3p were predicted using TargetScan 7.1, and the wildtype 3′-UTR or the mutational 3′-UTR of TRIM27 mRNA are shown. (B, C) Dual-luciferase report assay was used to assess relative luciferase activity for wildtype TRAF3 3′-UTR or mutant 3′-UTR. (D) RT-qPCR detected the relative mRNA levels of TRIM27 in different transfected groups. (E) RT-qPCR detected the mRNA levels of TRIM27 in 50 paired HCC tissues and their matched non-carcinoma tissues. (F) miR-30b-3p expression and TRIM27 mRNA levels showed a negative correlation. All the experiments were repeated three times. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.





miR-30b-3p Acted as a Tumor Suppressor by Downregulating TRIM27

To determine whether miR-30b-3p could affect HCC cell proliferation, migration, and invasion through inhibition of TRIM27 expression, we performed rescue experiments. Results of the MTT assay, colony formation assay, and Transwell migration and invasion assay revealed that HCC cells co-transfected with miR-30b-3p mimics plus a TRIM27 overexpression vector showed higher cell viability, a higher colony formation rate and greater Transwell migration and invasion ability, compared with the group co-transfected with miR-30b-3p mimics plus empty vector, indicating that the suppressive role of miR-30b-3p overexpression on the malignant phenotypes of HCC cells was partly counteracted by TRIM27 overexpression (Figures 4A–D). These results demonstrated that overexpression of miR-30b-3p inhibited the malignant phenotypes of HCC cells through downregulation of TRIM27.




Figure 4 | Upregulation of TRIM27 partly rescued the tumour-inhibitory effect mediated by miR-30b-3p. Cell viability (A), colony formation (B), Transwell migration (C) and Transwell invasion (D) were partly rescued after cotransfection with miR-30b-3p mimics in HCC cells. All the experiments were repeated three times. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.





TRIM27 Promoted Cell Proliferation, Migration, and Invasion

Previous studies reported that TRIM27 functioned in an oncogenic role in colorectal cancer (Zhang et al., 2018) and ovarian cancer (Ma et al., 2016). However, the role of TRIM27 in HCC remains unclear. To determine the role TRIM27 in HCC cells, TRIM27-overexpressing or -silencing plasmids were transfected into Huh7 and HepG2. The expression of TRIM27 was first detected in HCC cells to verify the efficacy of RIM27-overexpressing or -silencing plasmids by RT-qPCR assays (Figure 5A). Then, MTT assay results revealed that TRIM27 overexpression increased cell viability in HCC cells, whereas downregulation of the expression of TRIM27 reduced cell viability (Figure 5B). Further, overexpression of TRIM27 markedly enhanced the proliferative effect of HCC cells when compared with the control group, whereas the proliferative effect of HCC cells was significantly inhibited when TRIM27 was silenced (Figure 5C). Further, to investigate the role of TRIM27 in HCC cell migration and invasion, the Transwell migration and invasion assay revealed that, compared with the empty vector group, TRIM27 overexpression promoted the malignant phenotypes of HCC cells remarkably, whereas TRIM27 knockdown decreased the migratory and invasive activities of HCC cells (Figures 5D, E). These results implied that TRIM27 might play an oncogene role in HCC cells.




Figure 5 | TRIM27 promoted HCC cell proliferation and metastasis. (A) RT-qPCR was used to detect the mRNA levels of TRIM27. (B) The MTT assay was used to detect the cell viability of HCC cells affected by TRIM27 overexpression or silencing. (C) Colony formation in HCC cells was assayed following TRIM27 overexpression or silencing. (D, E) Representative photographs for cell migration and invasion of HCC cells affected by TRIM27 overexpression or silencing. Data are expressed as mean ± SD, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.





miR-30b-3p Inhibited Cell Proliferation, Migration, and Invasion by Targeting the TRIM27/PI3K/Akt-Signalling Pathway

It was reported that TRIM27 promoted EMT through activation of p-Akt in colorectal cancer (Zhang et al., 2018). The PI3K/Akt signalling pathway is one of the well-characterised pathways in cancer progression (Frezzato et al., 2019). To determine whether miR-30b-3p could affect PI3K/Akt signalling, we first observed that the protein levels of TRIM27 and p-Akt were both highly expressed in HCC tissues compared with non-carcinoma tissues (Figure 6A), indicating that PI3K/Akt signalling might be activated when TRIM27 is overexpressed HCC tissues. Further, we demonstrated that miR-30b-3p overexpression reduced the protein level of p-Akt, whereas silencing miR-30b-3p increased the p-Akt levels, which indicated miR-30b-3p could inactivate PI3K/Akt signalling (Figures 6B, C). Taken together, our results demonstrated that miR-30b-3p could inhibit the carcinogenesis of HCC through repression of TRIM27/PI3K/Akt signalling (Figure 6D).




Figure 6 | miR-30b-3p inhibited the PI3K/Akt pathway in HCC cells. (A) IHC staining of TRIM27 and p-Akt in HCC tissues and their matched non-carcinoma tissues. (B,C) Western blotting was used to detect the protein levels of TRIM27, Akt, and p-Akt in HCC cells after transfection with indicated transfections. (D) The proposed mechanism indicated that miR-30b-3p suppressed the PI3K/Akt pathway by downregulating TRIM27 in HCC cells. All the experiments were repeated three times. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.






Discussion

An increasing number of studies have unveiled the crucial role of miRNAs in many human diseases, from cardiovascular diseases to cancers (Alvarez-Garcia and Miska, 2005; Ikeda et al., 2007; Hebert and De Strooper, 2009; De Santa et al., 2013; Wojciechowska et al., 2017). Evidence has shown that miR-30b-3p acts as a tumour suppressor in PCa, but the biological function of miR-30b-3p in HCC is still ambiguous. In this study, we first confirmed that miR-30b-3p was downregulated in HCC tumor tissues and cell lines. Moreover, analysis by means of the Kaplan–Meier plotter online tool showed that HCC patients with highly expressed miR-30b-3p exhibited longer survival than those with low expression of miR-30b-3p. Previously, Lupold and Kung et al. illustrated that miR-30b-5p can act as a tumour suppressor in the progression of PCa (Kao et al., 2014; Kumar et al., 2016). Although Zeng et al. reported that miR-30b-3p played an oncogene role in glioma cells (Jian et al., 2019), our results were consistent with the former points of view supported by Lupold and Kung et al. (Kao et al., 2014; Kumar et al., 2016).

Herein, we first demonstrated that miR-30b-3p repressed HCC cell proliferation, migration, and invasion in HCC cells. Further, we also uncovered the possible mechanism of miR-30b-3p in HCC cells. As we know, miRNAs usually performed their functions by binding to the 3′-UTR of target genes. To verify the putative targets of miR-30b-3p, we performed the online bioinformatics software TargetScan Human 7.2 and dual-luciferase reporter assay and demonstrated that miR-30b-3p could directly target TRIM27, which has been further verified to be upregulated in 50 HCC tissues compared with that in their adjacent noncancerous tissues and negatively correlated with the levels of miR-30b-3p, suggesting that miR-30b-3p could inhibit HCC cell proliferation, migration, and invasion by downregulating TRIM27.

TRIM27 was first characterised as an oncogene involved in activation of the RET proto-oncogene by DNA rearrangement (Takahashi et al., 1985). Previous studies have been demonstrated that TRIM27 was upregulated in several cancers, such as lung, ovarian, germ cell, endometrial, and breast cancers (Tezel et al., 2002; Tezel et al., 2009; Tsukamoto et al., 2009; Horio et al., 2012; Iwakoshi et al., 2012). It has been shown that TRIM27 plays a multifunctional role in regulating cell proliferation, apoptosis, and the innate immune response (Hatakeyama, 2011). Recent study has shown that TRIM27-activated STAT3 to promote colitis and colitis-associated carcinogenesis (Zhang et al., 2018). In addition, Fu et al. illustrated that TRIM27 promotes EMT through activating p-Akt in colorectal cancer (Zhang et al., 2018). Our study demonstrated that TRIM27 was upregulated and might play an oncogene role in HCC cells. Moreover, we demonstrated that miR-30b-3p could inhibit the carcinogenesis of HCC through repression of TRIM27/PI3K/Akt signalling.



Conclusion

Our study demonstrated that miR-30b-3p was downregulated in HCC tissues and miR-30b-3p repressed HCC cell proliferation, migration, and invasion in HCC cells by repressing TRIM27/PI3K/Akt signaling. Our findings provide a potential diagnostic and therapeutic target for HCC treatment.
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Background: Triple-negative breast cancer (TNBC) was characterized by breast cancers that do not express estrogen receptor (ER), progesterone receptor (PR), or human epidermal growth factor receptor (HER)-2 genes. TNBC patients are associated with a shorter median time to relapse and death for the lack of available treatment targets. Long non-coding RNAs (LncRNAs) have been reported to play an important role in the development of TNBC. We identified a novel breast-specific long non-coding RNA LINC00993, but less was known about its expression pattern and functional role in TNBC.

Methods: LINC00993 RNA expression was detected across different types of clinical breast cancer samples by using qRT-PCR. Bioinformatic methods “guilt by association” and gene set enrichment analysis (GSEA) were used to predict LINC00993 functions. Subcellular localization of LINC00993 in cells was detected by RNA fluorescence in situ hybridization (FISH). Effect of LINC00993 on cell growth was measured by plate colony formation assays, typical growth curve, and an in vivo tumor model. Cell cycle analysis was done by flow cytometry analysis. Key cell cycle regulators were detected by Western blot.

Results: LINC00993 was largely downregulated in TNBC, and higher expression indicated better outcome. LINC00993 located mainly in the nucleus. LINC00993 suppressed TNBC growth both in vitro and in vivo. LINC00993 was predicted to be involved in cell cycle pathways by using “guilt by association” and GSEA methods. Key cell cycle regulators like p16INK4A, p14ARF, p53, and p21 were affected by LINC00993 overexpression.

Conclusions: A new breast-specific lincRNA LINC00993 was identified with a tumor-suppressive feature and with prognostic value. This is the first research on LINC00993 function. Our results suggest that controlling LINC00993 level may be beneficial for breast cancer treatment.

Keywords: LINC00993, LncRNA, TNBC, cell cycle, guilt by association


INTRODUCTION

Triple-negative breast cancers (TNBCs) are breast cancers that do not express three receptor genes: estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor (HER)-2 genes (1). These cancers do not respond to endocrine therapy or other available targeted agents, thus posing a greater clinical treatment challenge (2). Patients diagnosed with TNBC showed a shorter median time to relapse and death (3). However, the mechanism underlying TNBC pathogenesis is not completely understood.

The majority of the human genome are transcribed as non-coding RNAs (ncRNAs) with <2% of the human genome encoding proteins (4). Among these ncRNAs, transcripts of more than 200 nucleotides that are not able to translate into proteins are defined as long non-coding RNAs (lncRNAs). These lncRNAs can be intergenic (long intergenic non-coding RNA, lincRNA), intronic, or natural antisense transcripts. Their transcription are controlled by promoters with divergent enhancers (4). The specific functions of lncRNAs are largely unknown, and they are less conserved across multiple species. LncRNAs can regulate gene expression in cis-acting or in trans-acting manner (5). LncRNAs are reported to regulate gene expression in diverse biological and pathological contexts, including cancer (6).

By using RNA sequencing (RNA-Seq) and microarray technology, a large number of lncRNAs have been identified to be aberrantly expressed in breast cancers, indicating that those lncRNAs might play a pivotal role in breast cancer (7). Some of these identified lncRNAs were related to breast cancer development (8, 9). Metastasis associated with lung adenocarcinoma transcript 1 (MALAT1) was highly expressed in TNBC tissues, which promoted the proliferation of TNBC cells in vitro and promoted TNBC growth and metastasis in vivo (10). Antisense oligonucleotides (ASOs) strategy was able to inhibit MALAT1 in a well-characterized mouse model of luminal B breast cancer (11). Those methods were adopted by several researchers to inhibit cancer (12).

Most lncRNAs found in breast cancer are reported to be elevated in tumor tissues compared to normal tissues (13).Functions of lncRNAs are largely unknown, especially for those whose expressions were suppressed in cancers. We previously reported that intergenic lncRNA LINC00993 was greatly downregulated in TNBC (14). A genome-wide transcriptional survey to examine lncRNAs in 995 breast tissue samples found that LINC00993 was the most credible downregulated lncRNA in ER-positive breast cancer compared with ER-negative breast cancer (7). However, the role of LINC00993 in breast cancer is totally unknown.

In this study, we explored the expression pattern of LINC00993 in clinical breast cancer samples and in The Cancer Genome Atlas (TCGA). LINC00993 was found to be breast-specific and was downregulated in breast cancer. We also studied the function of LINC00993 in breast cancer cells both in vitro and in vivo. Our results suggest that LINC00993 may serve as a tumor suppressor in breast cancer.



RESULTS


Guilt by Association Analysis and GSEA Methods Indicated LINC00993's Role in Cell Cycle Regulation

LINC00993 is a lincRNA, which maps on chromosome 10p11.21. LINC00993 was not conserved across multiple species, with only chimpanzee sharing the same sequence with human (Figure 1A). The closest gene to LINC00993 is ANKRD30A, which encodes a breast-specific protein (15). LINC00993 is 666 nucleotides (nt) long consisting of five exons (Figure 1B). By analyzing data from the GTEx project (16), LINC00993 was expressed in a tissue-specific pattern, mainly expressed in breast, which is similar to ANKRD30A (Figure 1C). We have previously shown that LINC00993 was downregulated in TNBC tissues, but its function in TNBC is largely unknown.


[image: Figure 1]
FIGURE 1. Information about LINC00993 from public websites. (A) Location of LINC00993 in human genome. Conservation of LINC00993 in multiple species. (B) Construction and sequence of LINC00993. (C) Detailed LINC00993 expression in different tissues shown by GTEx data.


It has been a challenging task to define lncRNA's functions. A “guilt by association” method has been used to predict ncRNA functions (17, 18). To examine the function of LINC00993 in a tissue-specific way, breast cancer data containing 1,208 breast cancer samples from TCGA database (1,096 are from cancer tissues and 112 are from peritumor tissues) were downloaded. We performed correlation analysis between LINC00993 and all 19,547 coding genes in those 1,096 samples by Spearman method. Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were performed on the top 5% genes (978) according to correlation index. The GO analysis results contain three parts: cellular component, biological process, and molecular function (19). The results showed that LINC00993-related genes took part in the formation of spindle, chromosomal region, and other cellular components, which are mainly located in the nucleus (p < 0.001; Figure 2A). Those genes were involved in chromosome segregation, nuclear division, and other biological processes, which also happened in the nucleus (p < 0.001; Figure 2B). The molecular function of GO analysis showed that LINC00993-related genes were involved in microtubule motor activity (p < 0.001; Figure 2C). The KEGG pathway analysis on those LINC00993-related genes showed that those genes mainly enriched in cell cycle pathway (p < 0.001; Figure 2D). As shown in Figure 2B, some of the genes are involved in the regulation of cell cycle-phase transition (p < 0.001).


[image: Figure 2]
FIGURE 2. Annotation of LINC00993 via guilt-by-association correlation analysis. Gene Ontology (GO) analysis of LINC00993-related genes in cellular component (A), biological process (B), molecular function (C). (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway.


Gene set enrichment analysis (GSEA) is a statistical method to determine if predefined sets of genes are differentially expressed in different phenotypes (20). To analyze which pathway LINC00993 might be involved with, 186 KEGG gene sets from Molecular Signatures Database (MSigDB) were used in GSEA. Most enriched pathways were inhibited by LINC00993 (Figure S1A). Cell cycle was the most significant gene set enriched with a normalized enrichment score as −2.6668 (Supplementary Supplementary Figure S1B). The enrichment score plot showed that LINC00993 negatively regulates cell cycle pathway (Supplementary Figure S1C). For each gene set, a 1,000 times permutation according to gene labels was done to produce a gene set null distribution. As shown in Supplementary Figure S1D, the normal Enrichment Score (ES) for the gene set ranges from −0.4 to 0.4, the ES for gene set cell cycle is −0.674 (p < 0.001, FWER < 0.001, FDR < 0.001) (Supplementary Figure S1D). A heat map was drawn based on the expression of genes in the mentioned gene set (Supplementary Figure S1E).

Hallmark gene sets summarize and represent specific well-defined biological states or processes and display coherent expression (21). To examine what potential target genes LINC00993 regulates, 50 hallmark gene sets were analyzed. There were 17 of 50 hallmark gene sets enriched (Supplementary Figure S2A). LINC00993 positively regulates estrogen response (p < 0.001, FWER < 0.01, FDR < 0.001), which is consistent with our data that LINC00993 and estrogen receptor (ESR)1 had a strong correlation. The most enriched hallmark data set was E2F targets with a NES at −3.12 (p < 0.001, FWER < 0.01, FDR < 0.001) (Supplementary Figure S2B). The running score plot showed that LINC00993 negatively regulated E2F targets (Supplementary Figure S2C). The null distribution plot showed that the result was reliable (Supplementary Figure S2D). A heat map was drawn based on the expression of genes in the E2F targets gene set (Supplementary Figure S2E).

Taken together, those data suggested that LINC00993 might mainly function in the nucleus and was involved in the regulation of the cell cycle.



LINC00993 Suppressed the Growth of TNBC Cells in vitro

Next, we intended to explore the function of LINC00993 in breast cancer. To choose appropriate cell lines to manipulate the expression of LINC00993, a couple of breast cancer cell lines were detected. LINC00993 was relatively higher in MCF-7 cells when compared to those in MDA-MB-231 cells and BT-549 cells (Supplementary Figure S3A). Lentivirus shRNA method was adopted to knock down LINC00993 in MCF-7, but no significant fold change of LINC00993 was detected in shRNA-stable MCF-7 (Supplementary Figures S3B–F). We thus decided to overexpress LINC00993 in MDA-MB-231 and BT-549, which are two TNBC cell lines that showed a lower LINC00993 expression level. To confirm the location of LINC00993 in TNBC cells, total RNA, cytoplasmic RNA, and nuclear RNA were isolated from MDA-MB-231 cells. Expression of LINC00993 was evaluated in these fractions by qRT-PCR assays. Our results showed that LINC00993 expression was located mainly in the nucleus compared to that in the cytoplasm (16.82 ± 1.69 vs. 1.08 ± 0.03, p < 0.01; Figure 3A). Results from RNA fluorescence in situ hybridization (FISH) assay also confirmed that most of the LINC00993 located in the nucleus in MDA-MB-231 cells (Figure 3B, red arrow), and some LINC00993 located around nuclear membrane (Figure 3B, white arrow). Those results indicated that LINC00993 mainly resided in the nucleus.


[image: Figure 3]
FIGURE 3. Location of LINC00993 in breast cancer cells. (A). Location of LINC00993 detected by qRT-PCR. Nuclear and cytosolic compartments of MDA-MB-231 cells were extracted. Nu means nuclear, CP means cytoplasm. ***P < 0.001, based on Student's t-test. Data were presented as mean ± SEM. (B). MDA-MB-231 cells were labeled with a LINC00993 probe via RNA fluorescence in situ hybridization (FISH) and counterstained with DAPI: 4',6-diamidino-2-phenylindole (DNA to visualize the nucleus). A representative image is shown.


We then aimed to elucidate the function of LINC00993 in TNBC. Recombinant adenovirus vector expressing LINC00993 under control of a Murine cytomegalovirus (MCMV) promotor and RFP under a Cytomegalovirus (CMV) promotor were constructed (Figure 4A). Fluorescent microscopic analysis of the expression levels of Red fluorescent protein (RFP) confirmed that the infection efficiency was high (Figure 4B), and qRT-PCR assay showed high LINC00993 expression with a 6,000-fold change in RNA expression in adenovirus-infected TNBC cell line MDA-MB-231 (Figure 4C).


[image: Figure 4]
FIGURE 4. LINC00993 suppresses the growth of triple-negative breast cancer (TNBC) cells in vitro. (A) Structure of LINC00993 expression plasmid for adenovirus. (B) LINC00993 expression adenovirus infection efficiency showed by fluorescence microscope in MDA-MB-231 cells. Original magnification, ×400. Scale bars, 50 μm. (C) Expression of LINC00993 detected by qRT-PCR. MDA-MB-231 cells were infected by adenovirus for 24 h, and RNA was extracted. (D) Image of clone formation assay. (E) Number of clones were counted 2 weeks after plantation. (F) MDA-MB-231 cells were planted into 24-well plates. Twenty-four hours later, adenovirus was added to each well. Three wells of cells were digested and counted every 24 h. (G) LINC00993 expression caused apoptosis shown by TUNEL assay. Green points reflected apoptosis, and we used DAPI to stain DNA. Positive control cells were treated with DNase I, negative control cells were collected without adding TUNEL reaction buffer. Original magnification, ×100. Scale bars, 50 μm. (H) Effect of LINC00993 on cell cycle detected by flow cytometry. (I) Flow cytometry cell cycle results shown in a bar plot. (J) Invasive ability tested by Transwell assay. Twenty thousand cells were plated in each well, cells were observed after 24 h of incubation. (K) Bar plot for the number of cells that migrated across the membrane. ***P < 0.001, based on Student's t-test. Data were presented as mean ± SEM.


To study the role of LINC00993 in cell proliferation, plate colony formation assays were performed with LINC00993 overexpressed MDA-MB-231 cells. Overexpression of LINC00993 decreased the colony formation ability with the number of cell clones dropped from 245 ± 41.58 to 115 ± 5 (p < 0.01; Figures 4D,E). LINC00993 decreased the growth rate of MDA-MB-231 (p < 0.01; Figure 4F). TUNEL assay showed that LINC00993 overexpression induced MDA-MB-231 cell apoptosis (18 ± 1.0 vs. 3.3 ± 0.5, p < 0.01; Figure 4G). Next, flow cytometry analysis of PI-stained MDA-MB-231 cells was used to examine LINC00993's effect on cell cycle. Overexpression of LINC00993 significantly increased the proportion of cells in the G0/G1 phases (84.26 ± 1.86 vs. 56.89 ± 2.06, p < 0.001), while decreasing cells in S phases (15.96 ± 8.7 vs. 32.08 ± 1.60, p < 0.01; Figures 4H,I), suggesting a potential role of LINC00993 in cell cycle regulation, which was in line with the results from KEGG pathway analysis. As metastasis is an important feature of TNBC, Transwell migration assay was performed to detect the migrating ability of MDA-MB-231 cells. The results showed that LINC00993 strongly suppressed cell migration with less cell transport through membrane (100 ± 8.7 vs. 602 ± 20.56, p < 0.001; Figures 4J,K). Similar results were found in BT-549 cells (Supplementary Figures S4A–G). Those results indicated that LINC00993 played a tumor suppressor role in TNBC cells by inhibiting cell proliferation.



LINC00993 Suppressed the Growth of TNBC Cells in vivo

To confirm the in vitro results, nude mice xenograft models of MDA-MB-231 cells were established. About 2 weeks after plantation with tumor size at ~100 mm3, the mice were intratumorally injected with Ad-LINC00993, Ad-RFP, or PBS. The volume of the tumor was measured twice a week till 5 weeks. The average tumor volume in Ad-LINC00993 group was much smaller than that in the Ad-RFP group (287.14 ± 68.73 vs. 1,628.57 ± 475.09, p < 0.01; Figure 5A). Five weeks after cell injection, the mice were sacrificed and the weight of tumors were examined (Figure 5B). The average weight of Ad-LINC00993-treated tumors was markedly lower than control (0.34 ± 0.05 vs. 1.39 ± 0.27, p < 0.01; Figure 5C). The results showed that ectopic expression of LINC00993 in MBA-MD-231 xenografts inhibited tumor growth, thus LINC00993 played a tumor suppressor role in TNBC in vivo.
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FIGURE 5. LINC00993 suppresses the growth of triple-negative breast cancer (TNBC) in vivo. (A) The average tumor volume in Ad-LINC00993 group was much smaller than that in Ad-RFP or PBS group. (B) Image of nude mouse burden with breast cancer. Five weeks after cell injection, the mice were sacrificed, and the weight of tumors were examined. (C) The average weight of Ad-LINC00993-treated tumors was markedly lower than control. *P < 0.05 and **P < 0.01 based on Student's t-test. Data were presented as mean ± SEM.




LINC00993 Functions Through Cell Cycle-Related Genes

Results from KEGG pathway analysis indicated that LINC00993 regulates the cell cycle pathway. Our previous data showed that LINC00993 induced G0/G1 arrest. We were interested to check whether key G0/G1 arrest regulators were changed after LINC00993 overexpression.

E2F was pivotal in the control of G1 to S phase transition. p16INK4A was reported to inhibit Cyclin D-CDK4/6 complex, which could promote translocation of E2F from cytoplasm to the nucleus. On the other hand, translocation of E2F was also controlled by Cyclin E-CDK2 complex (22, 23). p21 was reported to take part in this process (24). A couple of studies had proved that p14ARF-p53-p21 signal pathway was involved in the control of G1/S transition (25, 26). We then decided to detect the expression of those key factors after overexpression of LINC00993. Our results showed that p16INK4A was significantly increased 8-fold (0.18 ± 0.007 vs. 1.48 ± 0.10, p < 0.001; Figures 6A,B). p21 expression was raised after LINC00993 expression (0.4 ± 0.02 vs. 1.04 ± 0.02, p < 0.001; Figures 6A,D). LINC00993 significantly increased p14ARF to 1.6-fold change (0.62 ± 0.02 vs. 0.93 ± 0.01, p < 0.001; Figures 6A,C). At the same time, p53 was also elevated (0.59 ± 0.05 vs. 1.02 ± 0.01, p < 0.001; Figures 6A,E). Taken together, our results showed that LINC00993 might inhibit Rb/E2F pathway by upregulating p16INK4A, p14ARF.


[image: Figure 6]
FIGURE 6. LINC00993 regulates cell cycle-related genes. (A) Western blot bands show cell cycle-related proteins infected by LINC00993 overexpression. Integrated optical density (IOD) was measured by Photoshop. The experiment was performed at least three times independently. (B–E) Bar graph for Western blot results of p16INK4A, p21, p14ARF, p53 from (A). ***P < 0.001 based on Student's t-test. Data were presented as mean ± SEM. (F) Schematic model of LINC00993 in breast cancer. LINC00993 upregulates p16INK4A, p14AR, inducing G0/G1 arrest via E2F pathway.


RNA-protein binding assays was performed to investigate potential binding partner interacting with LINC00993. In vitro-transcribed biotinylated LINC00993 or its antisense control RNA was incubated with cell extracts from MDA-MB-231, and potential RNA-protein complexes were captured using streptavidin magnetic beads and subjected to mass spectrometry (Supplementary Figure S5A). The most abundant RNA binding protein identified in these pull-downs was heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) (Supplementary Figure S5B). The binding between hnRNPA1 and LINC00993 was confirmed by Western blotting analysis, showing that sense LINC00993 could pull down hnRNPA1 while its antisense RNA showed less ability to bind hnRNPA1 (Supplementary Figure S5C). Our results clearly demonstrated that LINC00993 interacted with hnRNPA1. hnRNPA1 belongs to the hnRNP family. Some of the hnRNP family members were reported to regulate lncRNAs (27, 28). hnRNPA1 could bind and result in instability of mature p16INK4A and p14ARF mRNAs (29). The lncRNA UCA1 was reported to bind and sequester hnRNPA1, preventing its effect on stability of p16INK4A and p14ARF mRNAs (29). LINC00993 thus might interact with hnRNPA1 this way, regulating the cell cycle-related gene expression. A possible schematic model of LINC00993 function in breast cancer was shown in Figure 6F.



Validation of LINC00993 Expression in Breast Cancer Samples

To study the expression pattern of LINC00993 in clinical breast cancer samples, LINC00993 was examined in 98 tumor and peritumor paired clinical tissues by qRT-PCR, details of those patients were shown in Table 1. Compared to each paired peritumor tissue, the expression of LINC00993 was suppressed in breast cancer tissues in about 76.5% of the 98 patients (Figure 7A). Subgroup analysis showed that LINC00993 was downregulated in breast cancer tissues when compared to its paired peritumor tissues in TNBC group (n = 25, p < 0.001; Figure 7B). Similar results were observed in HER2 group (n = 31, p < 0.001; Figure 7C). No significant changes of LINC00993 levels were found in Luminal A group (n = 19, p > 0.05) and Luminal B group (n = 23, p > 0.05; Figures 7D,E).


Table 1. Clinicopathological features of the study cohort (n = 98).
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FIGURE 7. LINC00993 expression in clinical samples. (A) LINC00993 expression in 98 tumor and peritumor paired tissues by qRT-PCR. (B) LINC00993 expression in triple-negative breast cancer (TNBC) group. (C) LINC00993 expression in HER2 group. (D) LINC00993 expression in Luminal A group. (E) LINC00993 expression in Luminal B group. ns: not significant, ***P < 0.001 based on Student's t-test.


To confirm these findings, Breast Invasive Carcinoma (BRCA) data set from TCGA project was analyzed. Breast cancer subtype data were generated by using PAM50 predictor bioclassifier (30). Paired tumor and peritumor samples were extracted, and LINC00993 was found markedly downregulated in basal-like group compared to that in Normal group (n = 20, p = 0.007; Figure 8A). No significant difference was found in Her2 group (n = 17, p = 0.818; Figure 8B) and in Luminal B group (n = 29, p < 0.0001; Figure 8D). However, in Luminal A group (n = 330), LINC00993 was slightly elevated (n = 40, p = 0.031; Figure 8C).
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FIGURE 8. LINC00993 expression in The Cancer Genome Atlas (TCGA) database. (A) Paired boxplot of LINC00993 expression in triple-negative breast cancer (TNBC) group. (B) Paired boxplot of LINC00993 expression in HER2 group. (C) Paired boxplot of LINC00993 expression in Luminal A group. (D) Paired boxplot of LINC00993 expression in Luminal B group. (E) Correlation analysis between LINC00993 and estrogen receptor (ESR)1 expression in GTEx mammary tissues using the Spearman method. (F) Correlation analysis between LINC00993 and ESR1 expression in TCGA BRCA tumor tissues using the Spearman method. (G) Overall survival Kaplan-Meier analysis was performed using the R2 database. (H) Relapse-free survival Kaplan-Meier analysis was performed using the R2 database.


As LINC00993 was downregulated in TNBC group but upregulated slightly in Luminal A group, we tested whether LINC00993 expression correlates with ER status or not. ER was encoded by ESR1 gene, a correlation analysis was carried out by using GEPIA. LINC00993 and ESR1 showed a high positive correlation index at 0.82 in GTEx mammary tissues (p < 0.0001; Figure 8E). In TCGA breast cancer tissues, they still showed a high positive correlation index at 0.45 (p < 0.0001; Figure 8F).

Due to the low expression level of LINC00993 in breast cancer, a Kaplan-Meier survival analysis was performed based on LINC00993 gene expression by using R2 database (http://r2.amc.nl). The overall survival curves suggested that breast cancer patients benefited from high LINC00993 expression (p < 0.0001; Figure 8G). The relapse-free survival analysis showed a similar result that a higher LINC00993 expression had a better outcome (p < 0.001; Figure 8H). Our results indicated that LINC00993 was strongly downregulated in TNBC, and its expression in breast cancer might serve as a prognostic biomarker. Taken all these results together, LINC00993 was breast-specific and was identified with a tumor suppressive feature and with prognostic value, suggesting that controlling LINC00993 level may be helpful for breast cancer treatment.




DISCUSSION

Here we identified a novel breast-specific long non-coding RNA LINC00993 with tumor suppressive feature. We proved that LINC00993 was largely downregulated in breast cancer, especially in TNBC. LINC00993 suppressed breast cancer growth by causing G0/G1 arrest. We further showed that LINC00993 regulated key cell cycle-related genes such as p16INK4A, p14ARF, p21, and p53. As E2F played a significant role in regulation of G1 to S phase transition, LINC00993 could regulate translocation of E2F through two possible pathways, one is p16INK4A-CDK4/6- Rb/E2, the other is p14ARF- p53- p21-CDK2- Rb/E2 (Figure 6F). One interesting thing is that p16INK4A is a tumor suppressor protein encoded by the CDKN2A gene, while p14ARF is an alternate reading frame protein product of the CDKN2A locus. Because they were upregulated by LINC00993, future studies are needed to find out how LINC00993 affects p16INK4A, p14ARF expression. One possible mechanism is that LINC00993 might regulate CDKN2A gene transcription. Based on our findings, LINC00993 showed the potential to be a novel cancer therapeutic target.

Although LINC00993 was greatly downregulated in TNBC, how it was regulated remains unknown. By analyzing 862 pieces of breast-related ChIP-seq data sets from Cistrome database, FOXA1 binding peaks were found around LINC00993 gene in several data sets, indicating that FOXA1 might regulate LINC00993 expression (data not shown). FOXA1 could maintain luminal related genes and suppress basal-like genes (31). Expression of FOXA1 in luminal cancer was much higher than that in basal-like breast cancer. FOXA1 is the primary determinant of ER binding and transcriptional activity in breast cancer cells (32). This might explain why LINC00993 correlated with ER but did not affect each other (data not shown). They might be downstream elements of FOXA1. FOXA1 might serve as a key regulator of LINC00993, but how FOXA1 regulates LINC00993 remains to be investigated.

A large proportion of the human and mouse genome is transcribed as ncRNAs. Although some lncRNAs are verified to be functional, most of them remain largely unknown. Researchers have adopted guilt-by-association method to annotate lncRNAs (8). Although there are some database annotate ncRNAs this way, none of them offered information for LINC00993 (33). In this article, we combined two different bioinformatical method to annotate breast-specific LINC00993. First, we got a gene list containing genes mostly correlated with LINC00993 in expression. We did GO and KEGG analysis based on the gene list. Our results showed a strong relationship between LINC00993 and cell cycle process. We then used another method to annotate LINC00993, which we called single gene GSEA. Usually, GESA analysis needs at least two phenotypes to rank gene list. Here, we created the needed two groups by separating 1,096 breast cancer samples according to LINC00993 expression. To make the result more accurate, we set a threshold at 10%, the top 10% as LINC00993 high group and bottom 10% as low group. Our results showed that LINC00993 was involved in cell cycle pathway, and it might regulate G1/S transition (34). Those results were confirmed by wet lab experiments. Meanwhile, our GSEA analysis offered some other information about LINC00993, like chromosomal segregation, cilium pathway, and sperm formation. Considering that most of the lncRNAs are tissue-specific and expressed with a low abundance, annotation of them is a hard task. Based on RNA-Seq data from TCGA, “guilt by association” and GSEA method might be potential tools in exploring functions of cancer-related lncRNAs. However, more experiments were needed to evaluate the feasibility.

In conclusion, LINC00993 is a breast-specific lincRNA, which was downregulated in breast cancer, especially in TNBC. LINC00993 suppresses TNBC growth both in vitro and in vivo. Our findings here help with the understanding of TNBC development. LINC00993 showed the potential to be a novel cancer therapeutic target.



MATERIALS AND METHODS


Cell Culture

The human breast cancer cell line MDA-MB-231 and BT-549 were purchased from the cell bank of Shanghai Institute of Biological Sciences, Chinese Academy of Science. These cells were maintained with DMEM basal medium containing 10% fetal bovine serum in a humidified incubator with 5% CO2 at 37°C.



RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated using TRIzol reagent (Ambion, 15596-026, USA) according to manufacturer instructions. PrimeScript™ RT reagent Kit (Takara, RR037A) was used to synthesize the first-strand cDNA from an equal amount of the RNA sample. qRT-PCR was done by using SYBR® Premix Ex Taq® II (Takara, RR820A). The relative expression of mRNA was calculated with the 2−ΔΔT method. Each sample was repeated in triplicate. qRT-PCR data were analyzed and converted to relative fold changes. The following qRT-PCR assay primer sequences were used: LINC00993: 5′-AGTGCGGGGCTCATCTATCC (forward) and 5′TTACTGGGAGGTGGCAAGAG (reverse); Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 5′-CTCTGCTCCTCCTGTTCGAC (forward) and 5′ GCGCCCAATACGACCAAATC (reverse).



Plasmid Construction and Adenovirus Production and Infection

The shuttle plasmid of adenovirus was constructed by inserting synthesized LINC00993 sequence into pHBAd-MCMV-RFP vector (Hanbio, Shanghai). The construction was done by using Gibson Assembly method with the restriction enzyme sites Not I and Nsi I. The shuttle plasmid was confirmed by sequencing. The shuttle plasmids were transfected into HEK293 cells together with the adenovirus packaging plasmid pBHGloxdelE13cre using the Lipofectamine® 2000 DNA Transfection Reagent (Thermo Fisher Scientific). Six days later, first-generation adenoviruses were harvested. All adenoviruses were amplified in HEK293 cells and purified by ultracentrifugation on cesium chloride (CsCl) gradients. The titer of adenovirus was determined by TCID50 method. For MDA-MB-231 cell infection, the multiplicity of infection (MOI) equals to 40 was adopted after multiple tests.



Flow Cytometry Analysis

Flow cytometry analysis was used to analyze cell cycle. In brief, after transfection with adenovirus vectors for 48 h, cells were trypsinized and washed twice with ice-cold PBS, and then fixed with 75% ethanol at 4°C overnight. The fixed cells were suspended in propridium iodide (PI, 100 mg/ml) or RNase (10 mg/ml) or PBS, and incubated at 37°C for 30 min in the dark. All samples were assessed with FACScan system (BD Biosciences, USA). Data were analyzed by Cell Quest software (BD Biosciences, USA). Measurements were repeated independently three times.



Transwell Assay

Cell invasion capability was measured using Corning BioCoat™ 24-well-cell permeable supports (8 μm pore size, Corning, USA). Briefly, the upper chamber of the Transwell was coated with 150 μl diluted BD Matrigel™ Basement membrane Matrix (BD, USA) gel solution (200 μg/ml) at 37°C for 3 h. Medium (800 μl) with 10% FBS was added to the lower chamber, and 2 × 104 cells were then plated in the upper chamber with 100 μl serum-free medium. After incubation at 37°C with 5% CO2 for 24 h, cells were fixed with methanol and acetic acid (3:1) and stained with Giemsa staining (SolarBio, Beijing, China). Cells remaining on the upper membrane were gently removed by wiping with cotton swabs. Cell invasion was assessed by counting stained cells under a microscope on five random fields. Three replicates were performed.



TUNEL Assays

To analyze cell apoptosis, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assays were performed with One Step TUNEL Apoptosis Assay Kit (FITC, Beyotime, China) according to the manufacturer's instructions. DNase I-treated cells were used as positive control. FITC-labeled apoptotic cells were observed under a fluorescence microscope.



CCK-8 Assay, Cell Growth Curve, and Colony Formation Assays

Cell viability was measured using Cell Counting Kit-8 (CCK-8) (Dojindo, Japan). For cell growth assay, cells were plated in a 24-cell plate, and after adenovirus infection, three wells of cells were randomly picked up, digested, and counted. For the colony formation assay, 1–3 × 103 cells were plated in each well of a six-well plate and incubated at 37°C for 1–2 weeks. The cells were fixed with 4% paraformaldehyde and stained with 1% crystal violet (Sigma-Aldrich). Cell colonies were counted and analyzed.



In vivo Tumor Model

The animal experimental protocols were approved by the Committee on Ethical Use of Animal of the First Affiliated Hospital of Chongqing Medical University. Female BALB/c nude mice of 4~6 weeks old were maintained under SPF (specific pathogen-free) conditions in the Experimental Animal Department of the Chongqing Medical University. The mice (n = 21) were randomized and grouped with seven each. MDA-MB-231 cells (2 × 106) in 200 μl serum-free medium were subcutaneously injected to the right dorsal flank of the mice. When ~100 mm3 tumors were observed, the mice were received intratumoral injection with 109 plaque-forming units (PFU) Ad-LINC00993, Ad-RFP, or PBS in a total volume of 50 μl. Delivery of viral vectors or PBS started at the second week and was repeated every 2 weeks. Five weeks after cell injection, the mice were sacrificed. The total volumes of tumors were assessed twice a week using a caliper and was calculated with the longest diameter (X) as well as the shortest diameter (Y) using the formula: X * Y2/2. The weight of tumor was measured after mice were sacrificed.



RNA Pulldown and Mass Spectrometry

In vitro, biotin-labeled RNAs were transcribed with the Biotin RNA Labeling Mix (Roche) and T7 RNA polymerase, treated with 2 μl RNase-free DNase I at 37°C for 15 min to remove DNA and add 2 μl 0.2 M EDTA (pH = 8.0) to stop the reaction. Biotinylated RNA (1 μg) in RNA structure buffer (10 mM Tris pH 7, 0.1 M KCl, 10 mM MgCl2) was heated to 95°C for 2 min, on ice for 3 min, and then left at room temperature (RT) for 30 min to allow proper secondary structure formation. Folded RNA was then mixed with human MDA-MB-231 cell extract (containing 1 mg proteins) in 500 μl RIP buffer and then incubated at RT for 1 h. Washed streptavidin agarose beads (50 μl) (Invitrogen, Cat. No. SA10004) was added to each binding reaction and further incubated at RT for another 1 h. Beads were washed briefly with RIP buffer three times and boiled in SDS buffer. Then, the retrieved proteins were detected by Western blot or resolved in gradient gel electrophoresis followed by mass spectrometry (MS) identification.



Western Blot

Cell lysates were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Autoradiograms were quantified by densitometry (Quantity One software; Bio-Rad). GAPDH antibody was used as control. p16INK4A, p14ARF, p21, p53, and GAPDH antibody were purchased from Proteintech (Wuhan, China).



Bioinformatics Methods and Data Analysis

Correlation analysis was done by using GEPIA using Spearman method (35). Survival analysis was carried out by using R2 (http://r2.amc.nl), a Genomics Analysis and Visualization Platform. BRCA data were downloaded from TCGA by using GDC Data Transfer Tool (36). Those data were arranged by using R language and were and normalized by “DESeq2” package (37). GSEA analysis requires at least two different phenotypes. One thousand ninety-six BRCA RNA-Seq data were downloaded from TCGA by using GDC tools. Those samples were arranged according to LINC00993 expression. The top 10% (110) of the data that expressed a high level of LINC00993 were chosen as high group; the bottom 10% (110) as low group. GSEA analysis was performed by using the two groups. GSEA analysis was done by using the R script from Board Company. The statistical significance of comparisons between two groups was determined with Student's t-test. P < 0.05 were considered statistically significant.



Patients and Tumor Specimens

The study was approved by the Ethics Committee of Chongqing Medical University, and it was performed in compliance with the Declaration of Helsinki principles. The written informed consent was obtained from all patients. Breast cancer samples from 98 patients consecutively from July 2015 until Jun 2018 were analyzed in this study. Those patients underwent surgical resection of the breast cancer at the First Affiliated Hospital of Chongqing Medical University. Tumor specimens were from surgical resection and frozen in liquid nitrogen for 1 h within 30 min and then stored in −80°C for long time preservation.



Data Analysis

The values represent the mean ± SEM. The statistical significance of comparisons between two groups was determined with Student's t-test. P < 0.05 were considered statistically significant.
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Pancreatic ductal adenocarcinoma (PDAC) is associated with several genetic syndromes. However, the molecular mechanism underlying PDAC progression is still unknown. In this study, we showed that Laminin Subunit Beta 3 (LAMB3) was aberrantly overexpressed in PDAC and was closely associated with the overall survival rate of patients with PDAC. Functional studies demonstrated that LAMB3 played important roles in cell proliferation, the cell cycle, and invasion capacity. Using bioinformatics analysis, we determined that miR-24-3p was an upstream miRNA of LAMB3, and further experiments verified that miR-24-3p regulated LAMB3 expression in PDAC cells. A dual-luciferase reporter system demonstrated that miR-24-3p directly targeted the LAMB3 3'UTR, and FISH assay confirmed that miR-24-3p and LAMB3 mRNA mostly resided in cytoplasm, accounting for their post-translational regulation. Rescue assay demonstrated that miR-24-3p exerted its anti-cancer role by suppressing LAMB3 expression. Finally, by using a subcutaneous xenotransplanted tumor model, we demonstrated that miR-24-3p overexpression inhibited the proliferation of PDAC by suppressing LAMB3 expression in vivo. Collectively, our results provide evidence that the miR-24-3p/LAMB3 axis plays a vital role in the progression of PDAC and indicate that the miR-24-3p/LAMB3 axis may represent a novel therapeutic target for PDAC.

Keywords: miR-24-3p, LAMB3, pancreatic ductal adenocarcinoma (PDAC), proliferation, invasion


INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest malignancies, with a mortality rate that is almost identical to its morbidity rate. Based on the cancer mortality data provided by the National Center for Health Statistics (NCHS), the latest authoritative study reveals that PDAC will be one of the leading fatal cancer types, accounting for 7% of estimated new cancer deaths (1). A previous study has demonstrated that pancreatic cancer is a genetic disease accompanied by the activation of oncogenes and loss of tumor suppressor genes (2). Accumulation of gene mutations has been proven to play important roles in PDAC initiation, progression, metastasis, and chemoresistance (3–7). Considering the key roles of gene mutations in the evolutionary process of pancreatic cancer, novel target molecules are urgently needed to improve the early diagnosis, treatment, and prognosis of pancreatic cancer.

MiRNAs are a class of small non-coding regulatory RNAs that are ~21 nucleotides in length. The first miRNA was described ~20 years ago (8). In the past few decades, both the biogenesis and biological role of miRNAs have been extensively investigated (9). Previous studies have demonstrated that miRNAs play important roles in mammalian development and that their dysregulation results in a wide range of human diseases, including malignant cancers (10). Therefore, miRNAs are widely involved in several events in cancer progression such as proliferation, metastasis, chemoresistance, and epithelial-mesenchymal transition (EMT) (11–14). Depending on the target gene repressed, miRNAs can act as oncomiRs or tumor suppressors, and a certain miRNA can have controversial functions in different cancers (15–17). Not surprisingly, miRNAs are also involved in the development of PDAC (18), but their role is still unclear and remains to be investigated.

Laminin subunit beta 3 (LAMB3) belongs to the laminin family, one of the most common basement membrane protein families (19). Laminin is widely involved in many biological processes such as attachment, migration, and interaction with other extracellular matrix components. It is widely recognized that LAMB3 also plays important roles in the tumorigenesis and progression of thyroid cancer, papillary thyroid cancer, hepatocellular carcinoma, and pancreatic cancer (20–22). However, the underlying regulatory mechanism of LAMB3 in PDAC is still unclear.

In this study, we demonstrated that LAMB3 was upregulated in PDAC and served as a negative prognostic factor. Using bioinformatics analysis, we found that miR-24-3p was an upstream miRNA of LAMB3. Mechanistic investigations validate the potential interaction between miR-24-3p and LAMB3. In conclusion, our results indicate that the miR-24-3p/LAMB3 axis plays vital roles in the cell proliferation, cell cycle, and invasion capacity of PDAC in vitro and in vivo and that targeting the miR-24-3p/LAMB3 axis may represent a novel therapeutic strategy for PDAC.



RESULTS


LAMB3 Is Upregulated in PDAC and Correlates With Poor Prognosis

To our knowledge, LAMB3 is upregulated in a wide range of tumor types, but its expression profile in PDAC is still unclear. To explore the expression level of LAMB3 in PDAC, we first analyzed the GEO GSE28735 dataset, exploring the mRNA expression profile of 45 matched PDAC tumors and adjacent non-tumor tissues. The cluster heat map shows the top 20 upregulated mRNAs (Figure 1A). Further analysis revealed that LAMB3 was significantly upregulated in PDAC tissues (Figure 1B). The GEO datasets GSE16515 (Figure 1C) and GES62452 (Figure 1D) also validated this result. We examined LAMB3 expression in 15 paired PDAC tissues using qRT-PCR. The results consistently demonstrated that LAMB3 was overexpressed in PDAC tissues (Figure 1E). To determine whether the expression of LAMB3 correlated with the overall survival rates of PDAC, we further analyzed the clinical data of 176 pancreatic cancer patients from The Cancer Genome Atlas (TCGA). Kaplan-Meier survival curve analysis showed that patients with high LAMB3 expression had lower survival rates compared to patients with low LAMB3 expression (44.4 vs. 15.8667 months, p < 0.001, Figure 1F). Immunohistochemistry (IHC) results from the Human Protein Atlas (http://www.proteinatlas.org) revealed that LAMB3 was upregulated in PDAC tissues but was nearly undetectable in normal pancreatic tissues and that it was mainly localized in the cytoplasm and membrane [Figure 1G; (23)]. Taken together, these results suggest that LAMB3 is overexpressed in pancreatic cancer tissues and may be used as a prognostic indicator.
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FIGURE 1. LAMB3 is upregulated in PDAC tissues and is associated with PDAC prognosis. (A) The cluster heat map showed that LAMB3 was overexpressed in PDAC tissues. (B) GEO GSE28375 dataset, (C) GSE16515 dataset, and (D) GSE62452 dataset confirmed that LAMB3 was overexpressed in PDAC tissues. (E) Higher expression levels of LAMB3 were detected using qRT-PCR in 15 matched PDAC tissues. Data are presented as mean ± SD; paired or unpaired t-test; ***p < 0.001. (F) Kaplan-Meier analysis revealed that LAMB3 overexpression was associated with poorer overall survival of PDAC patients. p < 0.001, log-rank test. (G) IHC (immunohistochemistry) results from the Human Protein Atlas demonstrated that LAMB3 was upregulated in PDAC tissues.




LAMB3 Is Responsible for the Cell Proliferation, Cell Cycle, and Invasion Ability of PDAC

We explored the biological roles of LAMB3 in PDAC progression in vitro. LAMB3 was knocked down by siRNA and was ectopically expressed using an overexpression vector (OV) in two PDAC cell lines, AsPC-1 and PANC-1. The siRNA NC and empty vector (EV) were co-transfected into AsPC-1 and PANC-1 cells as negative controls. Western blotting showed that LAMB3 expression in siRNA-transfected cells decreased, whereas it increased in OV-transfected cells (Figure 2A). CCK-8 and EdU incorporation assays were used to determine the role of LAMB3 in cell proliferation. The results showed that LAMB3 overexpression promoted cell proliferation, whereas its knockdown inhibited proliferation compared to the negative control (Figures 2B,C). As cell cycle dysregulation is an important event for cancer proliferation (24), we further investigated the function of LAMB3 in the cell cycle using flow cytometry analysis. The results demonstrated that LAMB3 overexpression accelerated the cell cycle, whereas low expression of LAMB3 induced cell cycle arrest (Figure 2D). At the same time, Transwell assays were performed to investigate whether LAMB3 affected the invasion ability of PDAC cells. The results revealed that LAMB3 overexpression enhanced cell invasion ability, whereas its knockdown induced the opposite effect (Figure 2E). In conclusion, LAMB3 is overexpressed in PDAC tissues and plays important roles in cell proliferation, the cell cycle, and the invasion capacity of PDAC cells.
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FIGURE 2. LAMB3 plays important roles in PDAC progression. (A) LAMB3 expression levels were determined using Western blotting analysis in cells transfected with LAMB3 overexpression vector (OV), LAMB3 siRNA. Cells transfected with LAMB3 empty vector (EV) and siRNA NC were used as the negative controls. (B) CCK-8 assays and (C) EdU assays confirmed that LAMB3 overexpression enhanced cell proliferation, whereas LAMB3 knockdown inhibited cell proliferation. (D) Flow cytometry showed that LAMB3 overexpression accelerated the cell cycle period and that LAMB3 knockdown induced cell cycle arrest. (E) A representative summary of the metastasis assay showed that LAMB3 overexpression promoted cell invasion, whereas LAMB3 knockdown inhibited cell invasion. Data are presented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, student's t-test.




LAMB3 Is Directly Targeted by miR-24-3p

As a previous study demonstrated that most mammalian mRNAs could serve as conserved targets of miRNAs, we investigated whether LAMB3 was regulated by miRNAs (25). Using several databases, including PITA, miRmaP, miRanda, and Targetscan, we found that miR-24-3p was one of the potential upstream regulators of LAMB3, which was supported by two AGO CLIP-seq experiments (26). To explore whether miR-24-3p regulated LAMB3 expression, miR-24-3p mimics were introduced into AsPC-1 and PANC-1 cells. Western blotting revealed that ectopic miR-24-3p overexpression inhibited LAMB3 expression (Figure 3A). The subcellular location of miR-24-3p and LAMB3 was investigated. By using FISH analysis, we found that miR-24-3p was co-localized with LAMB3 in the cytoplasm (Figure 3B). A dual-luciferase reporter system was adopted to validate whether miR-24-3p targeted the LAMB3 3'UTR directly. In this section, miR-24-3p mimics, plasmids containing wild or mutant types of the seed region in the LAMB3 3'UTR, were constructed (Figure 3C). Co-transfection of miR-24-3p mimics with wild type plasmid significantly reduced the luciferase activity compared to with mutant type plasmid (Figure 3D). We next investigated the expression of miR-24-3p in 15 matching pancreatic cancer and adjacent non-cancerous tissues. qRT-PCR showed that miR-24-3p was significantly downregulated in PDAC tissues (Supplementary Figure 1A). To investigate whether miR-24-3p was associated with the clinical prognosis of PDAC patients, we examined the miR-24-3p expression level in 50 PDAC tissues. miR-24-3p expression in PDAC was divided into two groups: the high group (n = 31) and the low group (n = 29). Kaplan-Meier survival curve analysis revealed that patients with high miR-24-3p expression had a higher survival rate compared to those with low miR-24-3p expression (log-rank test, p < 0.001, Supplementary Figure 1B).
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FIGURE 3. MiR-24-3p targets LAMB3 directly. (A) Western blotting analysis showed that LAMB3 expression was reduced after transfection with miR-24-3p mimics. (B) FISH assay demonstrated that miR-24-3p and LAMB3 mRNA were predominantly localized in the cytoplasm, and co-localization of miR-24-3p and LAMB3 mRNA was observed in PDAC cells. (C) A schematic showing the putative binding sites of miR-24-3p with respect to the 3'UTR of LAMB3. (D) Luciferase assay confirmed that miR-24-3p targeted the 3′UTR region of LAMB3. The data are presented as mean ± SD of three independent experiments. **p < 0.01, Student's t-test.


In conclusion, miR-24-3p is downregulated in PDAC tissues, and reduced miR-24-3p expression may serve as an indicator of poor prognosis. Additionally, miR-24-3p inhibits LAMB3 expression by directly targeting the 3′UTR of LAMB3 mRNA.



Overexpression of LAMB3 Reverses miR-24-3p Mimics-Induced Inhibition of Cell Proliferation, the Cell Cycle, and Invasion

We further investigated whether miR-24-3p exerted its function via LAMB3. miR-24-3p mimics were transfected into PDAC cells to ectopically upregulate miR-24-3p. To investigate the direct antagonizing effect of miR-24-3p, LAMB3 OV without the 3′UTR was reintroduced into miR-24-3p-overexpressing cells. Cells transfected with miR-24-3p mimics NC and LAMB3 empty vector served as negative controls. Western blotting revealed that miR-24-3p overexpression inhibited LAMB3 expression and that the reintroduction of LAMB3 restored its expression (Figure 4A). CCK-8 and EdU assays revealed that the proliferation rate was significantly inhibited in miR-24-3p-overexpressing cells. Re-expression of LAMB3 could rescue the inhibitory effects (Figures 4B,C). Flow cytometry revealed that miR-24-3p overexpression induced cell cycle arrest, whereas the reintroduction of LAMB3 abrogated this effect (Figure 4D). Transwell invasion assay confirmed that miR-24-3p overexpression impaired the metastatic properties and that regaining LAMB3 expression restored the invasion capacity (Figure 4E).


[image: Figure 4]
FIGURE 4. MiR-24-3p overexpression inhibits tumor progression, which is recovered by the reintroduction of LAMB3. (A) LAMB3 expression levels were determined using Western blotting in cells transfected with miR-24-3p mimics and LAMB3 overexpression vector (OV). Cells transfected with LAMB3 empty vector (EV) and mimics NC were used as the negative controls. (B,C) CCK-8 and EdU assays showed that miR-24-3p overexpression inhibited cell proliferation, whereas overexpression of LAMB3 rescued the inhibitory effects. (D) Flow cytometry revealed that miR-24-3p overexpression induced cell cycle arrest, whereas overexpression of LAMB3 recovered the cell cycle period. (E) Transwell assays confirmed that miR-24-3p overexpression impaired the cell invasion capacity. Overexpression of LAMB3 resulted in enhanced cell invasion capacity. Data are presented as mean ± SD of three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001, paired t-test.




Silencing of LAMB3 Abrogates miR-24-3p Inhibitor-Induced Acceleration of Cell Proliferation, the Cell Cycle, and Invasion

For reversed verification, miR-24-3p inhibitor was transfected into PDAC cells to inhibit miR-24-3p, and LAMB3 siRNA was reintroduced into miR-24-3p knockdown cells. Cells transfected with miR-24-3p inhibitor NC and LAMB3 siRNA NC were used as negative controls. Western blotting revealed that miR-24-3p knockdown promoted LAMB3 expression and that co-transfection with LAMB3 siRNA inhibited the LAMB3 expression (Figure 5A). CCK-8 and EdU assays revealed that cells transfected with miR-24-3p inhibitor showed elevated proliferative capacities. However, co-transfection of LAMB3 abrogated this effect (Figures 5B,C). Flow cytometry further revealed that miR-24-3p knockdown accelerated the cell cycle and that co-transfection of LAMB3 siRNA induced cell cycle arrest (Figure 5D). Transwell assays revealed that miR-24-3p knockdown enhanced the invasion capacity, and the rescue assay showed that co-transfection of LAMB3 suppressed the invasion capacity in both AsPC-1 and PANC-1 cell lines (Figure 5E).
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FIGURE 5. MiR-24-3p inhibition promotes tumor progression and is rescued by co-transfection of LAMB3 siRNA. (A) LAMB3 expression levels were determined using Western blotting analysis in cells transfected with miR-24-3p inhibitor and LAMB3 siRNA NC (in-miR-24-3p + siRNA NC) and miR-24-3p inhibitor and LAMB3 siRNA (in-miR-24-3p + siRNA). Cells transfected with LAMB3 siRNA NC and inhibitor NC were used as the negative controls. (B,C) CCK-8 and EdU assays showed that miR-24-3p inhibition promoted cell proliferation, whereas LAMB3 knockdown abrogated these effects. (D) Flow cytometry revealed that miR-24-3p inhibition accelerated the cell cycle, whereas knockdown of LAMB3 induced cell cycle arrest. (E) Transwell assays revealed that miR-24-3p inhibition enhanced the cell invasion capacity, whereas LAMB3 knockdown impaired the cell invasion capacity. Data are presented as mean ± SD of three independent experiments; **p < 0.01, ***p < 0.001, paired t-test.


Since overexpression of LAMB3 abrogated the anti-cancer effects induced by miR-24-3p mimics and silencing of LAMB3 abrogated the oncogenic effects induced by miR-24-3p inhibitor, we concluded that miR-24-3p might exert anti-tumor effects by regulating LAMB3 expression in vitro.



MiR-24-3p Inhibits Tumor Growth in vivo

We validated the anti-cancer effects of miR-24-3p in vivo. AsPC-1 cells were transfected with miR-24-3p mimics or NC and implanted into the backs of nude mice. After 20 days, the mice were sacrificed, and the weight of the tumor was recorded. As shown in Figure 6A, tumors derived from cells transfected with miR-24-3p mimics had a lower weight than those transfected with NC. We examined the LAMB3 expression in the two groups. IHC results showed that the miR-24-3p mimics group had lower LAMB3 expression compared to the NC group (Figure 6B). Our in vivo experiments confirmed that miR-24-3p repressed tumor proliferation and inhibited the expression of LAMB3.
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FIGURE 6. MiR-24-3p inhibits pancreatic cancer proliferation in vivo. (A) In total, 2 × 106 AsPC-1 cells were implanted subcutaneously in nude mice, and the tumor weight was evaluated after 20 days. (B) IHC results showed that miR-24-3p mimics inhibited LAMB3 expression. Data are presented as mean ± SD of three independent experiments; **p < 0.01, ***p < 0.001, paired t-test.





DISCUSSION

Previous studies have demonstrated the complex and even paradoxical roles of miR-24-3p in various types of cancers. In lung cancer (LC), the overexpression of miR-24-3p promoted cell proliferation and migration by suppressing SOX7 (27). In addition, its oncogenic role was also reported in hepatocellular carcinoma (28) and nasopharyngeal carcinoma (29). In addition, tumor-suppressing roles of miR-24-3p have been reported in lung adenocarcinoma cell lines and colorectal cancer (CRC) (30, 31). However, no studies investigating the expression profiles and biological roles of miR-24-3p in pancreatic cancer have yet been reported. In our study, clinicopathological feature analysis showed that miR-24-3p was downregulated in PDAC tissues compared to adjacent non-cancer tissues and that low expression of miR-24-3p was associated with poorer overall survival of PDAC patients. Functional studies in vitro revealed that miR-24-3p served as a tumor suppressor in PDAC progression. Using bioinformatics analysis, we predicted that miR-24-3p was a potential upstream miRNA of LAMB3. We further investigated the underlying mechanisms of the miR-24-3p/LAMB3 axis in PDAC.

The important roles of LAMB3 in cancer are well-known. In thyroid cancer and head and neck squamous cell carcinoma (HNSCC), LAMB3 is significantly upregulated and promotes proliferation and metastasis (20, 32). In pancreatic cancer, LAMB3 plays important roles in cell cycle arrest, apoptosis, proliferation, and invasion by regulating the PI3K/Akt signaling pathway (33). Despite its oncogenic role, LAMB3 can also act as a tumor suppressor gene in hepatocellular carcinoma progression (34). Previous studies have reported that LAMB3 is also targeted by some miRNAs, such as miR-1298 and miR-329, regulating cancer progression (35, 36). In this study, we illustrated that LAMB3 was upregulated in PDAC tissues compared to non-cancerous tissues and was significantly associated with PDAC prognosis. Functional studies confirmed that LAMB3 served as an oncogene in PDAC progression. The above-stated results indicate that LAMB3 may serve as a potential prognostic and therapeutic biomarker in PDAC.

Using dual-luciferase reporter assay and FISH assay, we confirmed that miR-24-3p inhibited LAMB3 expression by directly targeting the 3'UTR of LAMB3 at the post-transcriptional level, suggesting that the absence of miR-24-3p was one putative mechanism responsible for the aberrant overexpression of LAMB3. Functional studies confirmed that regaining LAMB3 in miR-24-3p-overexpressing cells abrogated the anti-cancer effect induced by miR-24-3p and that LAMB3 inhibition abrogated the cancer-promoting effects induced by the miR-24-3p inhibitor. Thus, we demonstrated that miR-24-3p-regulated LAMB3 contributed to the proliferation, cell cycle, and invasion of PDAC in vitro. Accumulating evidence has confirmed that the ectopic expression of miRNA by mimics shows an anti-tumor property and may serve as a promising therapeutic strategy (37). We also confirmed that the restoration of miR-24-3p inhibited PDAC growth and LAMB3 expression in a subcutaneous xenotransplanted tumor model in vivo.

In conclusion, our results indicate that LAMB3 is upregulated in PDAC and may serve as an oncogene in PDAC. miR-24-3p is a novel regulatory factor of LAMB3 and exerts anti-tumor effects by suppressing LAMB3 expression in vitro and in vivo. The miR-24-3p/LAMB3 axis plays a vital role in tumor progression, and targeting it may represent a novel therapeutic strategy for PDAC.



MATERIALS AND METHODS


Clinical Samples and Cell Lines

Fifteen pairs of fresh primary PDAC and adjacent non-cancerous tissues and fifty PDAC tissues were used in this study. The tissues were preserved in liquid nitrogen after surgical resection at Southern Medical Hospital. All patients provided signed informed consent. Two PDAC cell lines (AsPC-1 and PANC-1) used in this study were obtained from Procell Life Science & Technology Co., Ltd. (Wuhan, China). All cells were cultured in DMEM with 10% fetal bovine serum (FBS) and 1% Penicillin Streptomycin in a humidified 5% CO2 atmosphere at 37°C.



GEO and TCGA Data Collection and Analysis

We searched the GEO database to identify the altered gene expression in PDAC and adjacent non-cancerous tissues. In the GSE28735 dataset, exploring the gene expression profiles of 45 matched pairs of PDAC and adjacent non-tumor tissues from 45 patients using a microarray, we found that LAMB3 was aberrantly upregulated. The GSE16515 and GSE62452 datasets confirmed our findings. To investigate the correlation of LAMB3 and PDAC prognosis in the TCGA database, 176 PDAC cases that recorded LAMB3 expression profiles along with detailed clinical information were downloaded from cBioPortal.org.



RNA Extraction

TRIzol regent (Invitrogen, Camarillo, CA, USA) was used for RNA extraction according to the manufacturer's instruction, and 1 mL TRIzol was used per 30 mg of PDAC tissue or 106 PDAC cells. After extraction, RNA concentration was determined, and RNA was stored at −80°C to avoid degradation.



Cell Transfection

MiR-24-3p mimics, mimics NC, miR-24-3p inhibitor, inhibitor NC, LAMB3 siRNA, and LAMB3 siRNA NC were purchased from RiboBio (Guangzhou, China). The LAMB3 overexpression vector was purchased from GeneChem (Shanghai, China). Transfection was performed using a Lipofectamine 3000 (Invitrogen).



qRT-PCR (Quantitative Reverse Transcription PCR)

For LAMB3, qRT-PCR analysis was performed using a PrimeScript RT reagent kit (Takara) and an SYBR Premix Ex Taq II (Takara). β-actin was used as an endogenous control. For miR-24-3p, a Mir-X miR First-Strand Synthesis kit (Takara) and an SYBR Premix Ex Taq II (Takara) were used for qRT-PCR. RNU6-2 was used as an endogenous control. The 2−ΔΔCT method was used to calculate the relative expressions of miR-24-3p and LAMB3. RiboBio designed the bulge-loop miRNA qRT-PCR primer sets specific for miR-24-3p. Sangon Biotech synthesized the LAMB3 primer with sequences 5′-AGCTTTCAGGCGATCTGGAG-3′ (forward) and 5′-GTCTCAGGCTTGGTCAGTCC-3′ (reverse).



Protein Extraction and Western Blotting

Protein lysates were extracted using RIPA (Beyotime Institute of Biotechnology, Shanghai, China) as per the manufacturer's instructions. After quantification, protein lysates were separated on SDS-PAGE gel and transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA). Membranes were blocked with 5% skim milk for 1 h at room temperature and incubated with primary antibody at 4°C overnight. After washing with TBS-T, membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 2 h. β-actin served as a loading control. LAMB3, β-actin antibodies, and secondary antibody were purchased from Proteintech (Wuhan, China). The original image files of the Western Blotting was presented in Supplementary Data Sheet 1.



Cell Proliferation Assays

The proliferative capacity of PDAC cells was determined using the Cell Counting Kit-8 (CCK-8) assay and the 5-Ethynyl-2′-deoxyuridine (EdU) incorporation assay. CCK-8 assay was performed as per the manufacturer's instructions (Dojindo, Shanghai, China). In this study, 5,000 cells were seeded into 96-well-plates, and 10 μL CCK-8 solution was added to each well. The OD value was recorded at 24, 48, 72, and 96 h after transfection. The EdU assay was performed as per the manufacturer's instructions (RiboBio).



Cell Cycle

Flow cytometry was used for cell cycle analysis. After experimental treatment, no <105 cells were collected, fixed in 70% ethanol overnight at −20°C, and stained with propidium iodide (Kaiji, Nanjing, China) in a phosphate-buffered saline solution containing RNase. The fixed cells were analyzed using flow cytometry (Beckman FC500, Los Angeles, CA, USA).



Luciferase Reporter Assay

The wild and mutant types of the 3'UTR sequence of LAMB3 were inserted into the siCheck2 vector at a position downstream of the SV40 promoter. Mutations were generated in the binding sites of the 3′UTR. Next, 0.16 μg plasmid containing the LAMB3-3′UTR/LAMB3-3′UTR mutant and 5 pmol hsa-miR-24-3p/Negative Control (NC) were transfected into 293T cells independently. After 48 h, Firefly luciferase (internal reference) and Renilla luciferase activities were measured using the Promega Dual-Luciferase system according to the manufacturer's protocol.



Invasion Assay

Invasion assay was performed using Matrigel Invasion Chambers (Merck Millipore, USA) according to the manufacturer's instructions. After 24-h transfection, 20,000 cells suspended in serum-free DMEM were seeded onto the upper chambers (8-μm pore size), and DMEM with 10% FBS was added to the lower chambers. After 48 h, cells that migrated to the bottom of the insert membrane were fixed with 4% paraformaldehyde and stained with crystal violet.



Fluorescence in situ Hybridization (FISH)

Hybridization was performed overnight with hsa-miR-24-3p and LAMB3 probes. Specimens were analyzed on a Nikon inverted fluorescence microscope. The hsa-miR-24-3p probe for FISH was 5′-CTGTTCCTGCTGAACTGAGCCA-3′, and the LAMB3 probe for FISH was 5′-CCCTGCGGGTTGGC GTAGGTGAGT-3′.



Immunohistochemistry (IHC)

Immunohistochemistry was performed following the manufacturer's instructions (Maixin, Fuzhou, China). Briefly, after antigen retrieval, the sections were incubated overnight with primary antibodies against LAMB3 at 4°C. They were incubated with secondary antibodies, followed by incubation with the streptavidin-biotin complex (Maixin). Staining intensity was scored as negative staining (score = 0), weak staining (score = 1), moderate staining (score = 2), or strong staining (score = 3). The staining extent was based on the percentage of positive cells (0, 0%; 1, <10%; 2, 10–50%; 3, > 50%). Immunoreactivity was quantified by multiplying the staining extent score by the intensity score.



Animal Experiments

Four-week-old female nude mice were purchased from the Peking University Animal Center (Beijing, China). After 5 days of acclimatization, a total of 2 × 106 AsPC-1 cells transfected with either miR-24-3p or NC were injected subcutaneously into the right back of each mouse. The mice were killed, and tumor weights were measured and recorded in grams on the 20th day after injection. All animal studies were approved by the Institutional Animal Care and Use Committee of the Army Medical University.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7 software. Quantitative data were presented as mean ± standard deviation (SD). The paired two-tailed Student's t-test or unpaired t-test was used for quantitative data, as appropriate. Kaplan-Meier analysis with log-rank testing was applied for survival analysis. Differences were considered statistically significant when p < 0.05 (*p < 0.05; **p < 0.01; ***p < 0.001).
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Supplementary Figure 1. miR-24-3p is downregulated in PDAC tissues and is associated with the prognosis of PDAC patients. (A) Lower expression levels of miR-24-3p were detected using qRT-PCR in 15 PDAC tissues compared to the adjacent non-tumor tissues. Data are presented as mean ± SD of three independent experiments; ***p < 0.001, paired t-test. (B) Kaplan-Meier analysis revealed that low expression of miR-24-3p was associated with poorer overall survival of PDAC patients. p < 0.001, log-rank test.
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PDAC, pancreatic ductal adenocarcinoma; LAMB3, laminin subunit beta 3; DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus; qRT-PCR, quantitative reverse transcription PCR.



REFERENCES

 1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA Cancer J Clin. (2017) 67:7–30. doi: 10.3322/caac.21387

 2. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LJ, Kinzler KW. Cancer genome landscapes. Science. (2013) 339:1546–58. doi: 10.1126/science.1235122

 3. Almoguera C, Shibata D, Forrester K, Martin J, Arnheim N, Perucho M. Most human carcinomas of the exocrine pancreas contain mutant c-K-ras genes. Cell. (1988) 53:549–54. doi: 10.1016/0092-8674(88)90571-5

 4. Seymour AB, Hruban RH, Redston M, Caldas C, Powell SM, Kinzler KW, et al. Allelotype of pancreatic adenocarcinoma. Cancer Res. (1994) 54:2761–4.

 5. Redston MS, Caldas C, Seymour AB, Hruban RH, Da CL, Yeo CJ, et al. p53 mutations in pancreatic carcinoma and evidence of common involvement of homocopolymer tracts in DNA microdeletions. Cancer Res. (1994) 54:3025–33.

 6. Caldas C, Hahn SA, da Costa LT, Redston MS, Schutte M, Seymour AB, et al. Frequent somatic mutations and homozygous deletions of the p16 (MTS1) gene in pancreatic adenocarcinoma. Nat Genet. (1994) 8:27–32. doi: 10.1038/ng0994-27

 7. Whittle MC, Izeradjene K, Rani PG, Feng L, Carlson MA, DelGiorno KE, et al. RUNX3 controls a metastatic switch in pancreatic ductal adenocarcinoma. Cell. (2015) 161:1345–60. doi: 10.1016/j.cell.2015.04.048

 8. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell. (1993) 75:843–54. doi: 10.1016/0092-8674(93)90529-Y

 9. Hammond SM. An overview of microRNAs. Adv Drug Deliv Rev. (2015) 87:3–14. doi: 10.1016/j.addr.2015.05.001

 10. Ratnadiwakara M, Mohenska M, Anko ML. Splicing factors as regulators of miRNA biogenesis - links to human disease. Semin Cell Dev Biol. (2018) 79:113–22. doi: 10.1016/j.semcdb.2017.10.008

 11. Wang Y, Liu C, Luo M, Zhang Z, Gong J, Li J, et al. Chemotherapy-Induced miRNA-29c/Catenin-delta signaling suppresses metastasis in gastric cancer. Cancer Res. (2015) 75:1332–44. doi: 10.1158/0008-5472.CAN-14-0787

 12. Garofalo M, Croce CM. MicroRNAs as therapeutic targets in chemoresistance. Drug Resist Updat. (2013) 16:47–59. doi: 10.1016/j.drup.2013.05.001

 13. Zangari J, Ilie M, Rouaud F, Signetti L, Ohanna M, Didier R, et al. Rapid decay of engulfed extracellular miRNA by XRN1 exonuclease promotes transient epithelial-mesenchymal transition. Nucleic Acids Res. (2017) 45:4131–41. doi: 10.1158/1538-7445.AM2017-3044

 14. Aakula A, Kohonen P, Leivonen SK, Makela R, Hintsanen P, Mpindi JP, et al. Systematic identification of MicroRNAs that impact on proliferation of prostate cancer cells and display changed expression in tumor tissue. Eur Urol. (2016) 69:1120–8. doi: 10.1016/j.eururo.2015.09.019

 15. Shaham L, Binder V, Gefen N, Borkhardt A, Izraeli S. MiR-125 in normal and malignant hematopoiesis. Leukemia. (2012) 26:2011–8. doi: 10.1038/leu.2012.90

 16. Sun YM, Lin KY, Chen YQ. Diverse functions of miR-125 family in different cell contexts. J Hematol Oncol. (2013) 6:6. doi: 10.1186/1756-8722-6-6

 17. Di Leva G, Garofalo M, Croce CM. MicroRNAs in cancer. Annu Rev Pathol. (2014) 9:287–314. doi: 10.1146/annurev-pathol-012513-104715

 18. Khan S, Ansarullah, Kumar D, Jaggi M, Chauhan SC. Targeting microRNAs in pancreatic cancer: microplayers in the big game. Cancer Res. (2013) 73:6541–7. doi: 10.1158/0008-5472.CAN-13-1288

 19. Marinkovich MP. Tumour microenvironment: laminin 332 in squamous-cell carcinoma. Nat Rev Cancer. (2007) 7:370–80. doi: 10.1038/nrc2089

 20. Wang Y, Jin Y, Bhandari A, Yao Z, Yang F, Pan Y, et al. Upregulated LAMB3 increases proliferation and metastasis in thyroid cancer. Onco Targets Ther. (2018) 11:37–46. doi: 10.2147/OTT.S149613

 21. Jung SN, Lim HS, Liu L, Chang JW, Lim YC, Rha KS, et al. LAMB3 mediates metastatic tumor behavior in papillary thyroid cancer by regulating c-MET/Akt signals. Sci Rep. (2018) 8:2718. doi: 10.1038/s41598-018-21216-0

 22. Pan Z, Li L, Fang Q, Zhang Y, Hu X, Qian Y, et al. Analysis of dynamic molecular networks for pancreatic ductal adenocarcinoma progression. Cancer Cell Int. (2018) 18:214. doi: 10.1186/s12935-018-0718-5

 23. Kampf C, Bergman J, Oksvold P, Asplund A, Navani S, Wiking M, et al. A tool to facilitate clinical biomarker studies–a tissue dictionary based on the Human Protein Atlas. BMC Med. (2012) 10:103. doi: 10.1186/1741-7015-10-103

 24. Evan GI, Vousden KH. Proliferation cell cycle and apoptosis in cancer. Nature. (2001) 411:342–8. doi: 10.1038/35077213

 25. Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are conserved targets of microRNAs. Genome Res. (2009) 19:92–105. doi: 10.1101/gr.082701.108

 26. Xue Y, Ouyang K, Huang J, Zhou Y, Ouyang H, Li H, et al. Direct conversion of fibroblasts to neurons by reprogramming PTB-regulated microRNA circuits. Cell. (2013) 152:82–96. doi: 10.1016/j.cell.2012.11.045

 27. Yan L, Ma J, Zhu Y, Zan J, Wang Z, Ling L, et al. miR-24-3p promotes cell migration and proliferation in lung cancer by targeting SOX7. J Cell Biochem. (2018) 119:3989–98. doi: 10.1002/jcb.26553

 28. Dong X, Ding W, Ye J, Yan D, Xue F, Xu L, et al. MiR-24-3p enhances cell growth in hepatocellular carcinoma by targeting metallothionein 1M. Cell Biochem Funct. (2016) 34:491–6. doi: 10.1002/cbf.3213

 29. Wang S, Pan Y, Zhang R, Xu T, Wu W, Zhang R, et al. Hsa-miR-24-3p increases nasopharyngeal carcinoma radiosensitivity by targeting both the 3'UTR and 5'UTR of Jab1/CSN5. Oncogene. (2016) 35:6096–108. doi: 10.1038/onc.2016.147

 30. Jing P, Zhao N, Xie N, Ye M, Zhang Y, Zhang Z, et al. miR-24-3p/FGFR3 signaling as a novel axis is involved in epithelial-mesenchymal transition and regulates lung adenocarcinoma progression. J Immunol Res. (2018) 2018:2834109. doi: 10.1155/2018/2834109

 31. Gao Y, Liu Y, Du L, Li J, Qu A, Zhang X, et al. Down-regulation of miR-24-3p in colorectal cancer is associated with malignant behavior. Med Oncol. (2015) 32:362. doi: 10.1007/s12032-014-0362-4

 32. Liu L, Jung SN, Oh C, Lee K, Won HR, Chang JW, et al. LAMB3 is associated with disease progression and cisplatin cytotoxic sensitivity in head and neck squamous cell carcinoma. Eur J Surg Oncol. (2019) 45:359–65. doi: 10.1016/j.ejso.2018.10.543

 33. Zhang H, Pan YZ, Cheung M, Cao M, Yu C, Chen L, et al. LAMB3 mediates apoptotic, proliferative, invasive, and metastatic behaviors in pancreatic cancer by regulating the PI3K/Akt signaling pathway. Cell Death Dis. (2019) 10:230. doi: 10.1038/s41419-019-1320-z

 34. Hou J, Wang L, Wu D. The root of Actinidia chinensis inhibits hepatocellular carcinomas cells through LAMB3. Cell Biol Toxicol. (2018) 34:321–32. doi: 10.1007/s10565-017-9416-7

 35. Zhou Y, Dang J, Chang KY, Yau E, Aza-Blanc P, Moscat J, et al. miR-1298 Inhibits mutant KRAS-driven tumor growth by repressing FAK and LAMB3. Cancer Res. (2016) 76:5777–87. doi: 10.1158/0008-5472.CAN-15-2936

 36. Liao CH, Liu Y, Wu YF, Zhu SW, Cai RY, Zhou L, et al. microRNA-329 suppresses epithelial-to-mesenchymal transition and lymph node metastasis in bile duct cancer by inhibiting laminin subunit beta 3. J Cell Physiol. (2019) 234:17786–99. doi: 10.1002/jcp.28404

 37. Ling H, Fabbri M, Calin GA. MicroRNAs and other non-coding RNAs as targets for anticancer drug development. Nat Rev Drug Discov. (2013) 12:847–65. doi: 10.1038/nrd4140

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

Copyright © 2020 Huang, Gu, Tao, Zhang, Wang and Fan. 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.





SYSTEMATIC REVIEW

published: 23 January 2020

doi: 10.3389/fgene.2019.01375

[image: image2]


Clinicopathological Implication of Long Non-Coding RNAs SOX2 Overlapping Transcript and Its Potential Target Gene Network in Various Cancers


Yishu Li 1†, Mengyu Du 2†, Shengsheng Wang 1†, Jin Zha 2, Peijie Lei 3, Xueqi Wang 4, Di Wu 2, Jianhua Zhang 4, Denggang Chen 1, Dong Huang 1, Jing Lu 5, Heng Li 1 and Min Sun 1,2,6*


1 Department of General Surgery, Taihe Hospital, Hubei University of Medicine, Shiyan, China, 2 Department of Anesthesiology, Institute of Anesthesiology, Taihe Hospital, Hubei University of Medicine, Shiyan, China, 3 The First Clinical School, Hubei University of Medicine, Shiyan, China, 4 Institute of Medicine and Nursing, Hubei University of Medicine, Shiyan, China, 5 Department of Medical Imaging, Taihe Hospital, Hubei University of Medicine, Shiyan, China, 6 Hubei Key Laboratory of Embryonic Stem Cell Research, Taihe Hospital, Hubei University of Medicine, Shiyan, China




Edited by: 
Alfons Navarro, University of Barcelona, Spain

Reviewed by: 
Zhijun Dai, Zhejiang University, China

Mingjun Bi, The University of Texas Health Science Center at San Antonio, United States

*Correspondence: 
Min Sun
 sunmin-0715@163.com


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Cancer Genetics, a section of the journal Frontiers in Genetics



Received: 25 July 2019

Accepted: 17 December 2019

Published: 23 January 2020

Citation:
Li Y, Du M, Wang S, Zha J, Lei P, Wang X, Wu D, Zhang J, Chen D, Huang D, Lu J, Li H and Sun M (2020) Clinicopathological Implication of Long Non-Coding RNAs SOX2 Overlapping Transcript and Its Potential Target Gene Network in Various Cancers. Front. Genet. 10:1375. doi: 10.3389/fgene.2019.01375




Background

SOX2 overlapping transcript (SOX2-OT) produces alternatively spliced long non-coding RNAs (lncRNA). Previous studies of the prognostic role of SOX2-OT expression met with conflicting results. The aim of this study was to properly consider the prognostic role of SOX2-OT expression in several cancers. In addition, the regulative mechanism of SOX2-OT is explored.



Methods

PubMed, EMBASE, and Cochrane Library and The Cancer Genome Atlas (TCGA) database were comprehensively explored to recover pertinent studies. We conducted an extensive inquiry to verify the implication of SOX2-OT expression in cancer patients by conducting a meta-analysis of 13 selected studies. Thirty-two TCGA databases were used to analyze the connection between SOX2-OT expression and both the overall survival (OS) and clinicopathological characteristics of cancer patients using R and STATA 13.0. Trial sequential analysis (TSA) was adopted in order to compute the studies’ power.



Results

Thirteen studies involving 1172 cancer patients and 32 TCGA cancer types involving 9676 cancer patients were eventually selected. Elevated SOX2-OT expression was significantly related to shorter OS (HR = 2.026, 95% CI: 1.691–2.428, P < 0.0001) and disease-free survival (DFS) (HR = 2.554, 95% CI: 1.261–5.174, P = 0.0092) in cancer patients. Meanwhile, TSA substantiated adequate power to demonstrate the relationship between SOX2-OT expression and OS. The cancer patients with elevated SOX2-OT expression were more likely to have advanced clinical stage (RR = 1.468, 95% CI: 1.106–1.949, P = 0.0079), earlier lymphatic metastasis (P = 0.0005), earlier distant metastasis (P < 0.0001), greater tumor size (P < 0.0001), and more extreme tumor invasion (P < 0.0001) compared to those with low SOX2-OT expression. Meta-regression and subgroup analysis revealed that follow-up time, sample type, and tumor type could significantly contribute to heterogeneity for survival outcomes. The follow-up time could significantly explain heterogeneity for tumor, node, metastasis (TNM) stage. Furthermore, up to 500 validated target genes were distinguished, and the gene oncology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses demonstrated that the validated targets of SOX2-OT were substantially enriched in cell adhesion, mRNA binding, and mRNA surveillance pathways.



Conclusions

Elevated expression of SOX2-OT predicted a poor OS and DFS. Overexpression of SOX2-OT was correlated with more advanced tumor stage, earlier lymphatic metastasis, earlier distant metastasis, larger tumor size, and deeper tumor invasion. SOX2-OT-mediated cell adhesion, mRNA binding, or mRNA surveillance could be intrinsic mechanisms for invasion and metastasis.





Keywords: SOX2-OT, cancer, prognosis, clinicopathological significance, meta-analysis



Introduction

SOX2 overlapping transcript (SOX2-OT) is a long non-coding RNA located in 3q26.33 locus. Its third intron harbors SOX2 gene which encodes the transcription factor SOX2, an established pluripotency state modulator (Avilion et al., 2003; Fong et al., 2008; Han et al., 2018). Several studies revealed that SOX2-OT levels were consistently positively correlated with SOX2 levels. SOX2-OT plays a role in proliferation of cells and SOX2 regulation (Amaral et al., 2009; Hou et al., 2014; Shahryari et al., 2014; Shahryari et al., 2015).

It has been shown that lncRNA SOX2-OT is overexpressed in a number of human cancers as an oncogene promoting tumorigenesis and cancer progression, including ovarian cancer, breast cancer, pancreatic ductal adenocarcinoma, cholangiocarcinoma, hepatocellular carcinoma, esophageal squamous cell carcinoma, osteosarcoma, non-small cell lung cancer, and gastric cancer (Iranpour et al., 2016; Zhang et al., 2016; Zou et al., 2016; Wang et al., 2017a; Wang et al., 2017b; Han et al., 2018; Li et al., 2018a; Li et al., 2018b; Sun et al., 2018; Tian et al., 2018; Wei et al., 2018; Xie et al., 2018). SOX2-OT is co-upregulated with SOX2 and OCT4 in esophageal squamous cell carcinoma and potentially involved in maintaining the pluripotent state of stem cells (Shahryari et al., 2014). Although these articles established the critical role of lncRNA SOX2-OT expression in some cancers, the prognostic value of SOX2-OT expression in numerous other cancers remained uncharacterized (Shahryari et al., 2015; Castro-Oropeza et al., 2018; Farhangian et al., 2018). In addition, inconsistent results were obtained in several studies on the association between SOX2-OT expression and clinical features such as tumor size, clinical stage, and tumor invasion (Shi and Teng, 2015; Zou et al., 2016; Wang et al., 2017a; Li et al., 2018b; Sun et al., 2018).

The evidence above showed that SOX2-OT is involved in tumor progression. Moreover, an earlier meta-analysis study published in 2018 had revealed that the overexpression of SOX2-OT was significantly correlated with the overall survival (OS), clinical stage, lymph node metastasis, distant metastasis, and tumor differentiation of cancers (Song et al., 2018). However, the sample size of the study was restricted, and the relationship between SOX2-OT and other clinicopathological characteristics was not explored (Song et al., 2018). As described below, we have conducted a more comprehensive trial sequential analysis (TSA) on the applicable literature and searched The Cancer Genome Atlas (TCGA) database to study the prognostic value of SOX2-OT in patients with several types of cancer. We additionally explored the potential target genes of SOX2-OT through gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses, and the potential mechanisms of SOX2-OT in tumor progression are also discussed.



Methods


Search Strategy

Studies on the prognostic roles of SOX2-OT in cancer patients that were published as of October 1st, 2019 were extracted from the electronic databases PubMed, EMBASE, and Cochrane Library using the terms (1) “SOX2-OT” OR “NCRNA00043” OR “SOX2OT” OR “SOX2 overlapping transcript” OR “SRY-box transcription factor 2 overlapping transcript” AND (2) “tumor OR cancer OR carcinoma OR neoplasm OR metastasis”. The search strategies are illustrated in Supplementary Table 1. The search and selection of articles for the study were conducted as described previously (Sun et al., 2019).



Inclusion and Exclusion Criteria

Studies entering this analysis met these requirements: (1) definitive diagnosis or histopathological confirmation for patients with cancer; (2) the expression of SOX2-OT must be measured by quantitative real-time polymerase chain reaction (qRT-PCR); (3) the hazard ratios (HRs) and their 95% confidence intervals (CIs) for survival parameters based on SOX2-OT expression levels were promptly available or could be calculated indirectly; and (4) the representative and accurate studies were selected to avoid unnecessary cohort overlapping. Studies that have satisfied the abovementioned inclusion requirements were further ruled out if they had any of the following features: (1) duplicated articles or data; (2) non-human studies; (3) review articles or letters; (4) articles in non-English languages.



Quality Assessment of Included Studies

The quality of the included studies was assessed using Newcastle-Ottawa Scale (NOS), with scores ≥ 6 considered high quality. A ‘‘star system’’ was applied for case-control studies (Supplementary Table 2).



Data Extraction

The following information was extracted from each study: (1) first author; (2) publication year; (3) nationality, sample size, tumor type, and clinicopathological characteristics of involved patient population; (4) the assay method and cut-off value of SOX2-OT expression levels; (5) HRs of SOX2-OT expression for OS and disease-free survival (DFS). If the HRs for OS and DFS were calculated by both univariate and multivariate analyses, the latter were our first choice for these results and were adjusted for confounding factors. If a study did not report HRs, we estimated HRs and their corresponding 95% CIs using the procedure described by Parmar et al. (1998) and Tierney et al. (2007). The data of Kaplan-Meier curves were regained by Engauge Digitizer software (version 9.8, http://markummitchell.github.io/engauge-digitizer). This process was repeated three times to decrease variability. Discrepancies were resolved through discussion and review of extraction until consensus was reached on a final list of factors targeted by each study.



Statistical Analysis

All the HRs and their 95% CIs were integrated to evaluate the association between SOX2-OT expression and prognosis. If the pooled HR < 1 and their 95% CI did not overlap the invalid line in the forest plot, the elevated expression of SOX2-OT predicted a good OS. The heterogeneity of the pooled results was examined via Cochrane’s Q test and Higgins’ I-squared. If P ≥ 0.1 and I2 ≤ 25%, we disregarded the influence of heterogeneity and pooled the overall result using a fixed effects model, otherwise employing the random effects model. Potential publication bias was assessed by a funnel plot and Egger’s test (Stuck et al., 1998) conducted using the “metafor” and “meta” packages of R (version 3.2.3). All of the abovementioned methods followed the Meta-analysis of Observational Studies in Epidemiology (MOOSE) Checklist.




Results


Identification of Eligible Studies

Identification of eligible studies is summarized in Figure 1. We screened 122 articles for eligibility and identified 13 eligible studies. These eligible articles were published between 2014 and 2018 and included a total of 1172 participants who represented eight cancer types (Table 1). Most articles choose the mean and median as the cutoff value. Eight studies that used multivariate analysis of OS were included in the meta-analysis (Hou et al., 2014; Shi and Teng, 2015; Zhang et al., 2016; Zou et al., 2016; Wang et al., 2017a; Li et al., 2018a; Li et al., 2018b; Xie et al., 2018), the adjusted variables of the multivariate analysis were presented in Table 2. The other three studies provided survival curves (Zhang et al., 2017; Sun et al., 2018; Wei et al., 2018).




Figure 1 | Flow chart of the identification of eligible studies.




Table 1 | Main characteristics of the 13 included studies.




Table 2 | The adjusted variables in the multivariate analysis of OS in the 8 included studies.





Association Between SOX2-OT Expression and Prognosis

We carried out a meta-analysis of the association between SOX2-OT expression and OS and DFS. The results revealed that higher SOX2-OT expression predicted an unfavorable OS (n = 11, HR = 2.026, 95% CI: [1.691–2.428], P < 0.0001, I2 = 0%) (Figure 2A) and a poor DFS (n = 2, HR = 2.554, 95% CI: [1.261–5.174], P = 0.0092, I2 = 66.6%, Supplementary Figure 1, Table 3). No heterogeneity was identified according to a fixed effect model (I2 = 0%) (Figure 2A). The outcomes of publication bias analysis are listed in Table 3.




Figure 2 | Relationship between SOX2 overlapping transcript (SOX2-OT) expression and overall survival (OS) in patients with various cancers. (A) Forest plot of SOX2-OT expression and OS. (B) trial sequential analysis (TSA) of 11 trials comparing OS of the high vs. low SOX2-OT expression. Heterogeneity adjustment required information size of 1990 participants calculated on basis of proportion of OS of 80%, RRR of 15%, α = 5%, β = 20%, power = 0.80, and I2 = 0%. Cumulative Z-curve crosses trial sequential monitoring boundary, showing sufficient evidence for a 15% increase in relative risk with high expression of SOX2-OT. Horizontal green lines illustrate the traditional level of statistical significance (P = 0.05).




Table 3 | Meta-analysis of the effects of SOX2-OT overexpression on survival and clinical parameters.



We performed subgroup analyses of association between SOX2-OT expression and OS using 11 studies. The results showed the presence of a significant association between SOX2-OT expression and OS when the data were fully integrated from eight studies where OS was assessed with multivariate analysis (HR = 2.052, 95% CI: [1.661; 2.536], P < 0.0001, I2 = 0%) (Table 4). Furthermore, a significant relationship was revealed in the subgroup analyses for OS based on sample size (P < 0.0001), tumor type (P < 0.05), sample type (P < 0.05), and cut-off value (P < 0.01).


Table 4 | Subgroup analysis of the association between SOX2-OT overexpression and OS in patients with different cancers.



Eight studies employed Cox multivariate analysis to survey the prognostic value of lncRNA SOX2-OT expression on the prognosis of cancer patients (Hou et al., 2014; Shi and Teng, 2015; Zhang et al., 2016; Zou et al., 2016; Wang et al., 2017a; Li et al., 2018a; Li et al., 2018b; Xie et al., 2018). An in-depth subgroup analysis is required to clearly define the values of the adjusted variables in multivariate analysis (Table 5). Subgroup analysis stratified by independent prognostic factors, such as clinical stage (P < 0.0001), lymph node metastasis (P < 0.0001), tumor differentiation (P < 0.0001), tumor size (P < 0.01), vascular invasion (P < 0.001), tumor depth (P < 0.001), distant metastasis (P < 0.0001), postoperative recurrence (P < 0.05), and smoking status (P < 0.05) (Table 5) demonstrated that a significant relationship existed between lncRNA SOX2-OT expression and OS.


Table 5 | Subgroup analyses of the OS in the eight included studies based on adjusted variables.





Correlation Between SOX2-OT Expression and Clinicopathological Characteristics

We executed an analysis of the association between SOX2-OT expression and clinicopathological characteristics (Table 3). The results indicated that overexpression of SOX2-OT was significantly correlated with TNM stage. Higher SOX2-OT expression was associated with high TNM stage for several malignancies (n = 9, RR = 1.468; 95% CI: [1.106–1.949], P = 0.0079, I2 = 71.9%, Figure 3A). SOX2-OT expression was significantly correlated with lymphatic metastasis (n = 7, RR = 1.554, 95% CI: [1.211–1.994], P = 0.0005, I2 = 52.2%, Figure 3B), distant metastasis (n = 4, RR = 3.054, 95% CI: [1.866–4.999], P < 0.0001, I2 = 18.3%, Figure 3C), tumor size (n = 7, RR = 1.264, 95% CI: [1.019–1.566], P < 0.0329, I2 = 56.2%, Figure 3D), depth of tumor invasion (n = 3, RR = 1.552, 95% CI: [1.274–1.890], P < 0.0001, I2 = 0.0%, Figure 3E). However, SOX2-OT expression was not correlated with differentiation (n = 9, RR = 1.122, 95% CI: [0.800–1.573], P = 0.5062, I2 = 78.7%, Figure 3F), gender (n = 8, RR = 1.022, 95% CI: [0.921–1.134], P = 0.6798, I2 = 0.0%, Figure 3G), or age (n = 10, RR = 0.966, 95% CI: [0.821–1.138], P = 0.6812, I2 = 31.4%, Figure 3H).




Figure 3 | Forest plots of main clinical parameters under the upregulation or downregulation of SOX2 overlapping transcript (SOX2-OT). (A) tumor, node, metastasis (TNM) stage, (B) lymphatic metastasis, (C) distant metastasis, (D) tumor size, (E) depth of tumor invasion, (F) differentiation, (G) gender, and (H) age.



In order to examine the robustness of OS, the trial sequencing monitoring boundaries executed to the meta-analysis supposed a decrease in relative risk by 15%. The cumulative Z-curve crossed the trial sequential monitoring boundary for benefit, indicating that sufficient evidence exists for a 15% relative risk reduction (RRR) when SOX2-OT expression is low (Figure 2B).

Publication bias of the association between SOX2-OT expression and prognosis was inferred based on our Egger’s test (P < 0.05) (Figure 4A). No distinct biases of the correlation between SOX2-OT expression and clinicopathological characteristics were found across included studies on the basis of funnel plots and the P value of the Egger’s test (Figures 4B–I).




Figure 4 | Funnel plot for publication bias in overall survival and clinicopathological characteristics. (A) overall survival (OS), (B) tumor, node, metastasis (TNM) stage, (C) lymphatic metastasis, (D) distant metastasis, (E) tumor size, (F) depth of tumor invasion, (G) differentiation, (H) gender, and (I) age.





Meta-Regression and Stratified Analysis

To investigate the possible sources of heterogeneity, we gathered the original articles for subgroup analyses, based on various factors. Table 6 displays the outcomes of a meta-regression that examined the source of high heterogeneity for TNM stage. The follow-up time, sample type, and tumor type could significantly explain heterogeneity for survival outcomes in the post-hoc analysis (Table 6, Figure 5A). On the basis of the results of the meta-regression, we carried out a subgroup analysis on groups of patients with the follow-up time, sample type, and tumor type (Figures 5B–D). This subgroup analysis showed a significantly lower heterogeneity in the above 60 months follow-up group, the tissue group, or the Cholangiocarcinoma group, which suggested that the relationship between high SOX2-OT expression and TNM stage has stronger efficacy in these groups.


Table 6 | Meta-regression analysis of heterogeneity in TNM staging.






Figure 5 | Meta-regression plot and subgroup analysis of tumor, node, metastasis (TNM) stage and follow-up time, sample type and tumor type. (A) Meta-regression plot correction of follow-up time and TNM stage. From the meta-regression plot correction, we determined that a follow-up time of more than 60 months correlated with higher TNM stage. The point of determination for differences in TNM stage is a follow-up time of about 60 months. (B) Follow-up time subgroup, (C) sample type subtype, and (D) tumor type subtype.



Meta-regression analysis (Supplementary Table 3) and stratified analysis (Supplementary Table 4) did not demonstrate heterogeneity between all potential factors and the other clinical parameters.



Validation by Independent TCGA Datasets

To validate the results of the meta-analysis, we employed tissue SOX2-OT expression data and the matching survival data from TCGA datasets. The results indicated that high SOX2-OT expression in tissues was not associated with worse OS in the pooled analysis of TCGA datasets for all the tumors (n = 32, HR = 1.078, 95% CI 0.922–1.262, P = 0.346, I2 = 66.3%) (Table 7, Supplementary Figure 2), which included 9676 patients with diversified types of cancer.


Table 7 | HRs and corresponding 95% CIs of SOX2-OT overexpression in tumors based on The Cancer Genome Atlas (TCGA) datasets.



However, focusing on single tumor types combined with meta-analysis revealed that upregulation of SOX2-OT was significantly associated with worse OS in sarcoma (TCGA-SARC; HR = 1.664, 95% CI 1.03–2.69; P = 0.042, Figure 6A) and gastric cancer (TCGA-STAD; HR = 1.82, 95% CI 1.195–2.771; P = 0.022, Figure 6B), while the association was opposite in lung adenocarcinoma (TCGA-LUAD; HR = 0.738, 95% CI 0.552–0.988; P = 0.04) (Figure 6C). In the other tumor types, SOX2-OT expression was not associated with worse OS (Table 7, Supplementary Figures 3 and 4).




Figure 6 | Kaplan-Meier survival curves for the overall survival of cancer patients, stratified by SOX2-OT expression levels. (A) TCGA-STAD, (B) TCGA−SARC, (C) TCGA−LUAD. STAD, gastric cancer; SARC, sarcoma; LUAD, lung adenocarcinoma.





Functional Analysis of SOX2-OT Related Genes in Human Tumors

To systematically analyze the underlying gene regulatory mechanisms of SOX2-OT, a total of 500 target genes were identified with Multi Experiment Matrix (MEM) (Supplementary Figure 5). GO and KEGG analyses were executed. Validated target genes of SOX2-OT enriched GO terms including cell adhesion, cell adhesion molecule (CAM) binding, mRNA binding, mRNA splicing via spliceosome, and MAPK cascade (Figure 7A). These relevant GO terms were considered as the most specific and useful for describing the concrete function of SOX2-OT. The visualization network is shown in Figure 7B. Furthermore, KEGG enrichment analysis indicated that SOX2-OT may play a critical role in cancers via several pathways including CAMs, retrograde endocannabinoid signaling, circadian entrainment, cAMP signaling pathway, and mRNA surveillance pathway (Figure 7C). These corresponding KEGG terms were considered as the most specific and useful for describing the concrete pathway of SOX2-OT. The visualization network is presented in Figure 7D.




Figure 7 | Significantly enriched gene ontology (GO) categories and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of potential targets of long non-coding RNAs (lncRNA) SOX2 overlapping transcript (SOX2-OT) in cancer patients. (A) biological processes (BP), (B) the lncRNA SOX2-OT-GO-mRNA network was generated based on the Multi Experiment Matrix (MEM) and DAVID databases. (C) KEGG pathway. (D) the lncRNA SOX2-OT-KEGG-mRNA network was generated based on the MEM and DAVID databases.






Discussion

Several studies have indicated that high expression of SOX2-OT is significantly related with the prognosis and clinicopathological outcomes in cancers (Hou et al., 2014; Shi and Teng, 2015; Iranpour et al., 2016; Zhang et al., 2016; Zou et al., 2016; Wang et al., 2017a; Wang et al., 2017b; Han et al., 2018; Li et al., 2018a; Li et al., 2018b; Sun et al., 2018; Wei et al., 2018; Xie et al., 2018). The crucial role that SOX2-OT may play in the progression of many cancers had been further outlined in reviews (Shahryari et al., 2015; Castro-Oropeza et al., 2018). A meta-analysis by Jing et al. proposed that the overexpression of SOX2-OT indicated higher TNM stage and a worse OS in cancer patients, but failed to predict distant metastasis and lymph node metastasis in Chinese cancer patients (Jing et al., 2017). Moreover, other studies since 2014 have investigated the relationship between SOX2-OT and the prognosis of cancer patients (Hou et al., 2014; Shi and Teng, 2015; Iranpour et al., 2016; Zhang et al., 2016; Zou et al., 2016; Wang et al., 2017a; Wang et al., 2017b; Han et al., 2018; Li et al., 2018a; Li et al., 2018b; Sun et al., 2018; Wei et al., 2018; Xie et al., 2018). The present study was performed to obtain a more definite conclusion and assess the potential mechanisms of SOX2-OT effects by integrating the outcomes of published studies and TCGA survival data and running GO and KEGG analyses.

The present meta-analysis of a combination of 1172 patients from 13 eligible studies with 9676 patients from TCGA investigated thoroughly the correlations between elevated expression of SOX2-OT and prognosis as well as clinicopathological outcomes in cancer patients. The NOS was applied to evaluate the quality of all the selected studies, and Egger’s test and Begg’s test were used to examine the publication bias. If the P value of the Egger’s test was less than 0.05, we also checked the reliability of the results by TSA.

Our results indicated that elevated expression of SOX2-OT was significantly related to worse prognosis indicators, with an OS of 2.026 (95% CI: 1.691–2.428), and a DFS of 2.554 (95% CI: 1.261–5.174). Regarding the clinicopathological characteristics of patients with cancers, our research suggested that high SOX2-OT expression was significantly associated with the invasion of cancers, as reveal by the tumor stage (RR = 1.468, 95% CI: 1.106–1.949), lymphatic metastasis (RR = 1.554, 95% CI: 1.211–1.994), distant metastasis (RR = 3.054, 95% CI: 1.866–4.999), tumor size (RR = 1.264, 95% CI: 1.019–1.566), and depth of tumor invasion (RR = 1.552, 95% CI: 1.274–1.890), but couldn’t predict histological differentiation, age, or gender.

According to our findings, SOX2-OT shows the potential to be used as a marker for progression and prognosis. A subgroup analysis indicated that elevated SOX2-OT expression was substantially associated with OS in sarcoma (SARC) and gastric cancer (STAD) patients, according to the publications and the TCGA datasets. As for pancreatic cancer (PAAD), bile duct cancer (CHOL), lung adenocarcinoma (LUAD), and lung squamous cell carcinoma (LUSC), SOX2-OT overexpression was correlated with a bad prognosis in the publications. However, in the TCGA datasets, SOX2-OT was associated with a good prognosis although the results were not statistically significant; the corresponding HR values were 0.89 (95% CI: 0.591–1.339, P = 0.574), 0.918 (95% CI: 0.364–2.319, P = 0.856), 0.738 (95% CI: 0.552–0.988, P = 0.04), and 0.79 (95% CI: 0.603–1.035, P = 0.085), respectively. High expression of SOX2-OT in liver cancer (LIHC) in the TCGA datasets was correlated with an unfavorable prognosis (HR = 1.467, 95% CI: 0.845–2.548, P = 0.24) although the results were not statistically significant, which was consistent with the publications (Shi and Teng, 2015; Sun et al., 2018) (Tables 4 and 7). Kaplan-Meier analysis initially suggested that SOX2-OT overexpression was associated with a bad OS in adrenocortical cancer (ACC), cervical cancer (CESC), mesothelioma (MESO), and glioma (LGG), and associated with a worse OS in breast cancer (BRCA), kidney renal clear cell carcinoma (KIRC), thymoma (THYM), thyroid cancer (THCA), uterine carcinosarcoma (UCS), and endometrioid cancer (UCEC) according to the TCGA datasets (Table 7 and Supplementary Figures 3 and 4). Sampling error and publication bias may explain the inconsistent results between literature studies and studies on TCGA datasets.

Heterogeneity appeared in the clinicopathological aspects including tumor stage, lymphatic metastasis, and tumor size (P < 0.1). Since the presence of heterogeneity may affect the results of the meta-analysis, the heterogeneity has been dealt cautiously with a random effects model in order to reduce the effect of heterogeneity on the merged results. Publication bias was prominent in studies with OS data (P < 0.05) as showed by the Egger’s, Begg’s test, and funnel plots. Hence, the TSA data suggested the results of our study were statistically stable.

Recently, studies on the functioning of SOX2-OT in cancer have spread and cumulative evidence indicating that SOX2-OT could affect various biological behaviors of numerous tumors. Li et al. pointed out that SOX2-OT competitively binds to the miR-200 family to regulate the expression of SOX2, and SOX2-OT promotes epithelial-mesenchymal transition (EMT) and stem cell-like properties by regulating SOX2 expression, thereby promoting invasion and metastasis of pancreatic duct adenocarcinoma (Li et al., 2018a). Qu et al. proposed that SOX2-OT was highly expressed in gastric cancer cells, which promoted the expression of AKT2 by targeting miR-194-5p, thus elevating cell proliferation and metastasis (Qu and Cao, 2018). Finally, Wei et al. discovered that the upregulation of lncRNA SOX2-OT by transcription factor IRF4 promotes cell proliferation and metastasis in cholangiocarcinoma via upregulating SOX2, and activates PI3K/AKT signaling pathway via suppressing the nuclear transcription of PTEN (Wei et al., 2018).

The exact gene regulatory mechanisms of SOX2-OT remain poorly understood. Therefore, we uncovered the validated targeting genes of SOX2-OT through the MEM platform, and a comprehensive target gene network analysis was performed. The GO and KEGG pathway analysis together revealed that some CAMs and pathways may be regulated by SOX2-OT. SOX2-OT appears to play a critical role in the cancers via different pathways, including mRNA binding and mRNA splicing, similar to the post-transcriptional regulating functions of other lncRNAs. The above findings suggest that the elevation of SOX2-OT expression is associated with the processes of tumor invasion and metastasis, consistent with our findings.

Our study is consistent with the most recent study by Song et al. in which lncRNA SOX2-OT overexpression was significantly correlated with worse OS and more advanced clinical stages of solid tumors based on 943 cases from 10 studies, all of them being Asians (Song et al., 2018). Consistently, analysis of 481 patients from five studies by Jing et al. showed that high SOX2-OT expression predicted poor OS and more advanced tumor progression, but failed to predict distant metastasis and lymph node metastasis in Chinese cancer patients (Jing et al., 2017). Herein, we have performed a more comprehensive study on the clinicopathological significance of SOX2-OT expression in cancer patients. First, we included 13 eligible articles involving 1172 cancer patients and 32 TCGA cancer datasets involving 9676 cancer patients to investigate a total of 10,848 participants in our study. Second, we investigated both clinicopathological and prognostic significance of SOX2-OT expression based on comprehensive clinical data and performed a series of subgroup analyses based on prognostic types, adjusted variables in the multivariate analysis of OS, sample sizes, cancer types, sample types, cut-off values, analysis models, and clinicopathological characteristics. These stratifications increase our understanding of the clinicopathological significance of SOX2-OT expression in cancers. Third, TSA on the applicable literature was used to investigate reliability and conclusiveness of available evidence for the prognostic significance of SOX2-OT expression. Fourth, the prognostic value was validated using TCGA datasets and the potential functions were explored using GO and KEGG.

In this particular study, there were some limitations. As to this meta-analysis, different cut-off values and sample types of the selected articles contributed publication bias. Since direct results of survival analysis were unavailable, a divergence in HR values might significantly contribute to extract the survival data through the Kaplan-Meier curve. Consequently, in-depth study is required to investigate the clinical value and prognosis significance of SOX2-OT in cancers.

In order to increase the sample size, we used TCGA datasets for further analysis and validation, but only the results of gastric cancer and sarcoma were consistent with those based the publications. In order to clarify the mechanism by which SOX2-OT is involved in gastric cancer and sarcoma, further molecular biology experiment is warranted to explore other possible signaling pathways or target molecules.

In conclusion, our report shows that elevated SOX2-OT expression was significantly related with invasion and metastasis progress in cancers, implying shorter OS and DFS, a poorer TNM stage, higher rates of lymphatic and distant metastasis, larger tumor size, and deeper invasion. We also concluded that SOX2-OT plays a crucial role via a few pathways. Considering the limitations, further studies are necessary in order to better define the functions of SOX2-OT in cancers.
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Background

Recently, multiple lines of evidence have demonstrated that linc00662 serves as an oncogene in various cancers. However, the exact mechanism of oncogenesis mediated by linc00662 in colorectal cancer (CRC) remains unknown. In this study, we aimed to explore the biological role of linc00662 in the regulation of CRC progression.



Methods

Both gene expression omnibus (GEO) and the cancer genome atlas (TCGA) datasets were used to evaluate the expression of linc00662. RT-qPCR was used to analyze the expression of linc00662, miR-497-5p, and AVL9 in CRC clinical samples and cell lines. Cell Counting Kit-8 (CCK-8), flow cytometry, transwell assay, and xenograft model were used to investigate the effect of linc00662 on CRC cell proliferation, cell cycle, and metastasis. Western blot analysis was used to analyze the expression of the epithelial-mesenchymal transition (EMT)-associated markers. Furthermore, bioinformatics analysis and mechanism assays were used to elucidate the underlying mechanism. Dual-luciferase reporter assays were used to analyze the regulatory relationships among linc00662, miR-497-5p, and AVL9.



Results

In this study, we found that the expression of linc00662 was significantly upregulated in CRC tissues compared to normal tissues and positively correlated with tissue differentiation, T stage, and lymphatic metastasis. Further, our data showed that the expression of linc00662 was positively associated with lymph node metastasis, TMN stage, and poor-moderate differentiation. Patients with higher linc00662 expression level were more likely to have poorer overall survival. Knockdown of linc00662 inhibited CRC cell growth, induced cell apoptosis, triggered cell cycle arrest at G2/M phase, and suppressed cell migration and invasion through regulating the EMT pathway. Further, mechanistic studies revealed that knockdown of linc00662 significantly reduced the expression of AVL9, a direct target of miR-497-5p.



Conclusions

Linc00662 was significantly upregulated in CRC, and mediated CRC progression and metastasis by competing with miR-497-5p to modulate the expression of AVL9. Therefore, our result sheds light on the potential application of linc00662 in CRC diagnosis and therapy.
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Introduction

Colorectal cancer (CRC) remains one of the most common causes of cancer-related deaths in the world. Among all the malignant tumors, CRC ranks third in terms of its incidence and fourth in the mortality rate. The number of CRC cases is expected to rise by 60% in the next decade worldwide. Owing to the development of various CRC therapies such as surgery, chemotherapy, radiotherapy, targeted therapy, and immunotherapy, the incidence and mortality rates of CRC have stabilized and even started to decline in the highly developed countries. However, in the low- and middle-income countries, including China, the incidence and mortality rates are still on the rise (Gangadhar and Schilsky, 2010; Arnold et al., 2017; Wang et al., 2018). Therefore, there is an urgent need to identify effective biomarkers and therapeutic targets.

Long non-coding RNAs (LncRNAs) are a class of non-coding RNAs with length of more than 200 nucleotides. LncRNAs do not directly participate in the coding of proteins but regulate the production of proteins (Guttman et al., 2009; Nagano and Fraser, 2011). Due to the development of high-throughput sequencing technologies in the recent years, increasing evidence suggests that lncRNAs play a vital role in the tumorigenesis of CRC (Li et al., 2016; Xiao et al., 2018; Lan et al., 2018). Several studies have confirmed that lncRNAs play a significant role in the regulation of cell proliferation ability, apoptosis, and metastasis of various cancer cells (Chen et al., 2018; Peng et al., 2018; Wang et al., 2018). Specifically, linc00662 (2,085 bp in length), which is located at the human chromosome 19q11 (Strausberg et al., 2002), has been identified as an oncogene in various cancers, including gastric cancer, lung cancer, oral squamous cell cancer, acute myeloid leukemia, and prostate cancer (Liu et al., 2018; Gong et al., 2018; Xu et al., 2019; Liu et al., 2019; Li et al., 2019). Hu et al. found that about 17.8% of lncRNAs were abnormally expressed in various cancer cell lines, and indicated that some lncRNAs were specifically expressed in tumor tissues. Interestingly, the transcription of lncRNAs (like that of linc00662) was subject to the typical histone-modified regulation, and processed by the canonical spliceosome machinery (Hu et al., 2014). Hence, it is essential to understand the expression and potential regulatory mechanisms of linc00662 in CRC.

Epithelial-mesenchymal transition (EMT) is an important multi-step process that promotes tumor cell metastasis. EMT is characterized by the progressive loss of polarity and cell adhesion of epithelial cells, leading to an increase in the ability to migrate and invade, and eventually transform into motile mesenchymal cells that contribute to metastasis (Thiery and Sleeman, 2006; Yang and Weinberg, 2008). Accumulating data have revealed that lncRNAs regulate the proliferation and metastasis of tumor cells by targeting the EMT progress. For instance, Zhang et al. demonstrated that upregulation of the lncRNA, EWSAT1, promoted cell proliferation, invasion, and EMT in CRC (Zhang R. et al., 2018), Sun et al. demonstrated that YAP1-induced MALAT1 enhanced EMT and angiogenesis by sponging miR-126-5p in CRC (Sun et al., 2018). Furthermore, Yue et al. reported that the lncRNA, ATB, mediated E-cadherin repression, promoted colon cancer progression and predicted poor prognosis (Yue et al., 2016). Although linc00662 has been implicated to be an important lncRNA oncogene in various cancers (Liu et al., 2018; Gong et al., 2018; Xu et al., 2019; Liu et al., 2019; Li et al., 2019), its role in EMT remains unclear.

MicroRNAs (miRNAs) are critical targets of lncRNA in the oncogenic processes. Several studies have revealed that lncRNAs act as microRNA sponges, thereby interfering with the microRNA functions and thus promoting tumor development (Denzler et al., 2014). For example, Liu et al. demonstrated that LINC01296 significantly stimulated CRC progression through sponging miR-26a to modulate GALNT3 (Liu et al., 2018). Zhang et al. identified that the lncRNA, PCA3, acts as an oncogene that promoted prostate cancer progression through sponging miR-218-5p and modulating HMGB1 (Zhang G. et al., 2018). Li et al. demonstrated that the lncRNA, FGD5-AS1, was significantly upregulated in CRC and enhanced the expression of CDCA7 through sequestering miR-302e, leading to the promotion of tumor progression (Li et al., 2019). However, there is limited evidence regarding the regulation of microRNAs by linc00662 in CRC, although linc00662 has been shown to play important roles in various cancers (Liu et al., 2018; Gong et al., 2018; Xu et al., 2019; Liu et al., 2019; Li et al., 2019).

In the current study, data from gene expression omnibus (GEO) and the cancer genome atlas (TCGA) data sets, as well as our data, convincingly showed that the expression of linc00662 was markedly increased both in CRC tissues and cell lines and conferred poor prognosis for the patients. This indicates that linc00662 may play a pivotal role in the tumorigenesis of CRC. Biological experiments showed that the loss of linc00662 suppressed several biological processes in the cell, including proliferation, migration and invasion, cell cycle, and apoptosis. Besides, our data also showed that EMT of the CRC cells was inhibited following the knockdown of linc00662, which is the first report of a relationship between linc00662 and EMT. Moreover, based on bioinformatics analysis, miR-497-5p was identified as a downstream gene of linc00662. Luciferase reporter assay confirmed that linc00662 regulated AVL9 by sequestering miR-497-5p. These data suggest that linc00662 may potentially serve as a new target for diagnosis and therapy in CRC.



Materials and Methods


Data Acquisition, Bioinformatics Analysis, and Tissue Samples

The expression level of linc00662 in CRC was analyzed using the GEO database (http://www.ncbi.nlm.nih.gov/geo/; accession numbers GDS3141, GDS4379, GDS4381, GDS4718, GDS4516, GDS4393, and GDS3501). Starbase2.0 were used to predict the miRNAs that interact with linc00662. miRDB (http://mirdb.org/), TargetScan human 7.2 (http://www.targetscan.org/vert_72/), and miRtarbase (http://mirtarbase.mbc.nctu.edu.tw/php/search.php) were utilized for screening the potential miR-497-5p targets. Venn diagram generated using the online webtool (http://bioinformatics.psb.ugent.be/webtools/Venn/) was used to identify overlapping target genes. The data on the relationship between linc00662 expression and survival prognosis and the relationship between AVL9 expression and survival prognosis were obtained from the TCGA database (http://tumorsurvival.org/). Gene Ontology (GO) analysis was performed using the Database for Annotation, Visualization, and Integrated Discovery (http://david.abcc.ncifcrf.gov/) online tool. Significantly enriched gene sets were investigated.

A total of 56 pairs of CRC tissues and paired adjacent normal tissues samples were obtained from patients of the Guangdong General Hospital (Guangdong, China), and their clinicopathological features were collected for further evaluation. All the patients that participated in this study had signed the written informed consent voluntarily. Further, this research was approved by the ethics Committee on Human Research of the Guangdong General Hospital.



Cell Culture

Normal human colorectal mucosal cells (FHC) and five human CRC cell lines (Lovo, SW480, Caco-2, HT-29, and HT-116) were acquired from ATCC (Shanghai, China). The CRC cell lines were cultured in McCoy’s 5a Medium (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (Gibco, Australia origin) in a humidified environment at 37°C with 5% CO2.



RNA Interference

CRC cells with downregulated expression of linc00662 were constructed using lentiviruses (multiplicity of infection [MOI], 100) and 5 μg/ml polybrene. Puromycin was used to screen for stable linc00662-downregulated cells (sh-linc00662-1 and sh-linc00662-2 cells). Subsequently, these stable cell lines with downregulation of linc00662 expression were further transfected with miR-497-5p inhibitors or corresponding negative control (NC) sequence (miR-497-5p NC) using Lipofectamine 3000 Transfection Reagent (Thermo Fisher, USA).



Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) Assay

The total RNA was extracted from the frozen tissues and cell lines using TRIzol reagent (Invitrogen, USA), and then transcribed into cDNA with the PrimeScript RT Master Mix (TaKaRa). Subsequently, the expression of linc00662 was analyzed with the SYBR Premix Ex Taq II Kit (TaKaRa) following the manufacturer's protocol. The fold changes were evaluated using the 2−ΔΔCt method, and β-actin was used as an endogenous control. The primers used in this study were showed in Table 1.


Table 1 | Sequences for RT-qPCR and cell transfection.





CCK-8 Assay

Caco-2 and SW480 cell lines with linc00662 knockdown were collected and plated in 96-well plates at a concentration of 5×103 cells/well. Subsequently, 100 μl of McCoy’s 5a Medium containing 10% CCK-8 solution (CCK-8, Dojindo) was added to each well after incubation for 24, 48, 72, and 96 h. Finally, the OD value of each well was read using a microplate reader (Bio-Rad, Hercules, CA, USA).



In Vivo Cell Proliferation Assay

For the construction of xenografts, 5 × 106 treated cells were collected and subcutaneously injected into male nude mice (n = 5 for each group). The volumes of the tumors were measured and recorded every 4 days. All the mice were euthanized 21 days later with pentobarbital. The tumors were analyzed by hematoxylin and eosin (H&E) and immunohistochemistry (IHC) staining.



Flow Cytometric Analyses

For the cell cycle assays, the CRC cell lines were collected and treated with the cell cycle detection kit (Keygen, Nanjing, China) following the manufacturer's instructions. The percentage of cells in the cell cycle stages was detected using a FACSCanto II flow cytometer (BD Biosciences). Following incubation of the CRC cell lines with the Annexin V-FITC/PI apoptosis detection kit (Keygen), the apoptotic rates of the cells were analyzed using the FACSCanto II flow cytometer.



Transwell Migration and Invasion Assay

To assess cell migration, the treated cells were collected, suspended with serum-free medium and 4 × 104 cells were added to the upper chamber (0.8 μm; Corning, NY, USA) of the transwell chamber. McCoy’s 5a Medium (500 μl) containing 20% FBS was added to the lower chamber. The cells trapped in the membrane surface were fixed with 4% paraformaldehyde 24 h later and stained with 0.1% crystal violet, followed by imaging with a light microscope. Transwell chambers (0.8 μm) with Matrigel coating (Corning) were used to assess cell migration and invasion ability.



Western Blot Analysis

Total proteins were extracted from the cell pellet and the BCA protein assay kit (Thermo Fisher Scientific; Shanghai, China) was used to determine the protein concentration. Subsequently, equal amounts of protein were separated on a 10% gel using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were then transferred onto PVDF membranes and the membranes were incubated with 10% BSA solution, followed by specific primary and then secondary antibody. Finally, the SynGene system was used to detect and quantitate the protein bands.



Luciferase Reporter Assay

The 293T cells were collected and plated in 24-well plates. Following 24 h of culture, the cells were transfected with pmirGLO-linc00662-WT or pmirGLO-linc00662-MUT plasmids, along with miR-497a-5p mimics or miR-497a-5p NC. The dual-luciferase reporter assay system (Promega, Madison, WI) was used to detect and evaluate the relative luciferase activity 48 h later.



Statistical Analyses

All data are expressed as mean ± standard deviation (SD), and all experiments were repeated at least three times. Survival data were analyzed using the Kaplan-Meier method. The curve fitting analysis was performed using GraphPad Prism software (GraphPad Software, San Diego, California, USA). All other data were evaluated using Student’s t-test. The differences were considered significant when P < 0.05.




Results


Linc00662 is Upregulated in Clinical CRC Samples and High linc00662 Expression Predicts Poor Prognosis

To evaluate the expression of linc00662 in CRC and to explore its correlation with clinical prognosis, we initially analyzed the data in the GEO database (GDS3141, GDS4379, GDS4381, GDS4718, GDS4516, GDS4393, GDS3501). We found that the expression of linc00662 was higher in the CRC tissues than in the normal mucosa. Further studies found that linc00662 expression was dramatically increased in unresectable CRC tissue samples (Figure 1A). Then, we downloaded the data pertaining to 237 patients from the TCGA-COAD dataset. Due to incomplete registration of the data, 12 patients were excluded from the analysis, and data for the rest of the 225 patients were evaluated. Based on the median expression level of linc00662, these patients were divided into two groups; a low expression group (n = 135) and a high expression group (n = 90). The data showed that patients with higher expression of linc00662 had significantly shorter overall survival (OS) (P = 0.037) (Figure 1B).




Figure 1 | Linc00662 is elevated in CRC tissues relative to normal tissues. (A) The linc00662 expression data in CRC tissues were obtained from GEO datasets. Analysis revealed that CRC tissues have higher linc00662 expression level than normal tissues, especially in unresectable tumor tissues. (B) The Kaplan-Meier method was used to calculate the curves. CRC patients with high linc00662 expression have shorter overall survival, shown in TCGA-COAD RNA-Seq dataset within the GEPIA database. (C) Relative expression of linc00662 in 56 pairs of CRC tissues compared to corresponding adjacent normal tissues. (D) linc00662 expression in 56 pairs of CRC and corresponding normal tissues. (E) Relative expression of linc00662in CRC patients with lymph node metastasis. (F) Relative expression of linc00662 in CRC patients with differentiation. (G) Relative expression of linc00662 in CRC patients with different TNM stages. (H) The linc00662 low expression group had a longer survival time than the high expression group. **P < 0.01, ***P < 0.001.



RT-qPCR was used to analyze the expression level of linc00662 in the CRC and paired adjacent normal tissue samples from our hospital. Consistent with the results of the databases, linc00662 expression is higher in the CRC tissues than in the normal mucosa (Figure 1C), and 76.8% (43 out of 56 pairs) of the CRC tissue samples showed linc00662 overexpression (Figure 1D). Based on the median value of linc00662 expression, we separated these patients into high and low expression groups. Our data showed that the expression level of linc00662 was positively associated with the positive lymph node metastasis, TMN stage, and poor-moderate differentiation (Figures 1E–G, Table 2). Finally, in the prognosis assessment, the result indicated that the linc00662 low expression group had longer survival time than the high expression group (P = 0.022) (Figure 1H).


Table 2 | LncRNA_00662 expression and clinicopathological features in patients with colorectal cancer.





Knockdown of linc00662 Inhibits CRC Cell Proliferation Both In Vitro and In Vivo

To further verify the biological role of linc00662 in CRC progression, RT-qPCR was performed to analyze the expression of linc00662 in the five CRC cell lines and the normal cell line. The results confirmed that the expression of linc00662 was markedly increased in all CRC cell lines compared to the normal cell line, especially in SW480 and Caco-2 cell lines (Figure 2A). Thus, we selected Caco-2 and SW480 cell lines for subsequent studies. We constructed two siRNAs targeting linc00662 and a NC siRNA namely sh-linc00662-1, sh-linc00662-2, and si-Control, respectively, and transfected them into Caco-2 and SW480 cells. The transfection was confirmed using RT-qPCR assay. The results revealed that linc00662 expression was knocked down in the two cell lines (Figures 2B, C). To further assess the potential effects of linc00662 knockdown on cell proliferation, CCK-8 assay was carried out at 24, 48, 72, and 96 h following the sh-linc00662 transfection. The results showed that knockdown of linc00662 clearly decreased cell viability relative to the control group (Figures 2D, E).




Figure 2 | Linc00662 knockdown decreased proliferation of CRC cells in vitro. (A) linc00662 expression was upregulated in CRC cell lines especially in Caco-2 and SW480. (B, C) Knockdown efficiency of linc00662 in Caco-2 and SW480 cell lines using linc00662 specific siRNAs. (D, E) linc00662 silencing decreased the growth of Caco-2 and SW480 cells detected using CCK-8 assay. **P < 0.01, ***P < 0.001. N.S., No significance.



The sh-linc00662-1 showed higher knockdown (70%) of linc00662, compared to sh-linc00662-2 (60%) in Caco-2 cells. Similarly, sh-linc00662-1 showed higher knockdown (70%) of linc00662, compared to sh-linc00662-2 (55%) in SW480 cells. Further, sh-linc00662-1 inhibited cell proliferation to a greater extent compared to sh-linc00662-2 in both SW480 and Caco-2 cells. Consequently, sh-linc00662-1 was chosen for the in vivo studies, since it showed better anti-tumor effects. In the in vivo study, we found that the tumor volumes of the sh-linc00662-1 group were markedly smaller than that of the siRNA-NC group after 21 days (Figures 3A, B, E, F). Similarly, the tumor weights of the sh-linc00662-1 groups were also markedly lower compared to that of the siRNA-NC groups (Figures 3A, C, E, G). To further verify our results, the tumors isolated from the mice were analyzed by H&E, Ki-67, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. From the IHC results, we found that the number of Ki-67-positive cells were fewer in the si-linc00662-1 group, while the TUNEL staining was relatively higher in the si-linc00662-1 group, compared to the control group, which further confirmed our earlier conclusion (Figures 3D, H).




Figure 3 | Linc00662 knockdown inhibited tumor growth and proliferation. (A–C) Tumor images, tumor volume, tumor weight of sh-linc00662-1 and sh-Control Caco-2 cells in nude mice. (D) H&E, Ki-67, and TUNEL staining of tumors derived from sh-linc00662-1 and sh-Control Caco-2 cells. (E–G) Tumor images, tumor volumes, tumor weights of sh-linc00662-1 and sh-Control SW480 cells in nude mice. (H) H&E, Ki-67, and TUNEL staining of tumors derived from sh-linc00662-1 and sh-Control SW480 cells. **P < 0.01; ***P < 0.001.





Knockdown of linc00662 Expression Regulates Cell Apoptosis Rate and Arrests More Cells in G2/M Phase in CRC Cells

The results of ﬂow cytometry assay revealed that knockdown of linc00662 increased the early apoptotic ratio of Caco-2 and SW480 cells compared with the control groups (Figures 4A, B). Further, the cell cycle assays indicated that knockdown of linc00662 increased the number of cells that were arrested at the G2/M phase (Figures 4C, D).




Figure 4 | linc00662 knockdown increased apoptosis and arrested the cell cycle in the G2/M phase in CRC cells. (A) The images of apoptosis and statistical data of the apoptotic rates of SW480 cells. (B) The images of apoptosis and statistical data of the apoptotic rates of Caco-2 cells. (C, D) Flow cytometric analysis showing the proportion of CRC cells in the G1, S, and G2/M phases following transfection with linc00662 siRNAs. ***P < 0.001.





Knockdown of linc00662 Inhibits CRC Cell Metastasis Through Regulating the EMT Pathway

The results of the transwell assays revealed that knockdown of linc00662 expression reduced the migration and invasion abilities of Caco-2 and SW480 cells (Figures 5A, C). EMT is an important process that promotes tumor cell metastasis. In support of EMT, the western blotting data showed that the silencing of linc00662 significantly upregulated the expression of E-cadherin, which is an epithelial marker, and downregulated the mesenchymal markers N-cadherin, vimentin, and snail (Figures 5B, D). Therefore, we concluded that linc00662 promoted the migration, invasion, and EMT process of CRC cells, and consequently promoted tumor metastasis.




Figure 5 | linc00662 affects CRC cell migration and invasion, and influences EMT in vitro. (A, B) Transwell assays used to determine the invasion and migration abilities of linc00662 siRNAs transfected cells. (C, D) The expression of the epithelial marker, E-cadherin (E-ca) was upregulated and that of the mesenchymal marker, N-cadherin (N-ca) was downregulated following overexpression of linc00662 in SW480 (C) and Caco-2 (D) cell lines. **P < 0.01; *** P < 0.001.





Linc00662 Sequesters miR-497-5p in CRC Cells

Accumulating evidence suggests that lncRNAs could act as competing endogenous RNAs (ceRNA) that interfere with the function of miRNAs (Cesana et al., 2011; Kumar et al., 2014). Based on the results of starbase2.0 software analysis, we found that a series of microRNAs, including miR-16-5p, miR-195-5p, miR424-5p, and miR-497-5p, had two common joint sites with linc00662. We therefore performed the dual-luciferase reporter assay to further test the four candidate miRNAs. The results indicated that the luciferase activity was suppressed the most by miR-497-5p from among the four selected miRNAs (Figures S1–S3; Figure 6A). Previous studies have shown that the expression of miR-497-5p was significantly lower in tumors than in normal tissues, and it acts as a tumor suppressor gene in CRC (Yu and Zhang, 2019; Hong et al., 2019). Similarly, our data showed that the expression of miR-497-5p was lower in CRC tissues than that in normal tissues (P < 0.05) (Figure 6B), and 69.6% (39 of 56 pairs) of the CRC tissue samples showed downregulation of miR-497-5p expression (Figure 6C). According to Pearson correlation coefficient analysis, miR-497-5p expression level was negatively associated with linc00662 expression in CRC tissues (r = −0.5134, P < 0.001) (Figure 6D), which was identified using the dual-luciferase reporter assay (Figure 6A). Consistent with the previous results, RT-qPCR revealed that miR-497-5p expression was markedly downregulated in CRC cell lines relative to the normal colorectal cells (Figure 6E). Further, RT-qPCR showed that knockdown of the expression of linc00662 significantly increased miR-497-5p expression in Caco-2 and SW480 cells (Figures 6F, G). These data confirmed that linc00662 exerts its function at least partially, through sequestering miR-497-5p.




Figure 6 | linc00662 regulates the expression of AVL9, but is regulated by miR-497-5p in CRC (A) The predicted 3ʹUTR binding regions of linc00662 in miR-497-5p and the relative luciferase activity in 293T cells following co-transfection with pmirGLO-linc00662-WT or pmirGLO-linc00662-MUT, along with miR-497-5p mimics or NC. (B) miR-497-5p was significantly downregulated in CRC tissues compared to adjacent normal tissues evaluated by RT-qPCR. (C) The relative miR-497-5p expression was upregulated in 69.6% (39/56) CRC patients. (D) Correlation between linc00662 and miR-497-5p at mRNA level in CRC patients. (E) miR-497-5p expression was downregulated in CRC cell lines especially in Caco-2 and SW480 cell lines. (F, G) The expression level of miR-497-5p in linc00662-downregulated CRC cells. (H) The predicted 3ʹUTR binding regions of miR-497-5p in AVL9 and the relative luciferase activity in 293T cells following co-transfection with pmirGLO-AVL9-WT or pmirGLO-AVL9-MUT, along with miR-497-5p mimics or NC. (I, J) The expression level of AVL9 at mRNA level in linc00662/miR-497-5p dysregulated CRC cells. *P < 0.05, **P < 0.001, ***P < 0.001. N.S., No significance.





AVL9 May Be a Target Gene of the linc00662/miR-497-5p Axis

To further investigate the mechanism of ceRNA network in CRC, three online bioinformatics databases (including miRDB, target scan human 7.2, and miRtarbase) were used to predict the potential target genes of miR-497-5. Then we generated Venn diagram using an online webtool (http://bioinformatics.psb.ugent.be/webtools/Venn/) to identify the genes that were common between the results of the three databases. From the Venn results, 17 potential miR-497 target genes were identified (KANK1, SALL1, CBX4, IPPK, WNT7A, ZNRF3, RECK, ACVR2A, CYP26B1, LURAP1L, CCND2, CACUL1, SPRED1, CHAC1, AVL9, ZNF622, and CDC25A) (Figure S4A). We further verified their expression levels in the GEPIA database (http://gepia.cancer-pku.cn/). AVL9, CBX4, ZNRF3, and CHAC14 were found to be upregulated in CRC (Figure S4B). Gene ontology (GO) function enrichment analysis revealed that the 17 genes were functionally concentrated in tumor-related cell motility, cellular process, intracellular organelle, and membrane part among others. AVL9 is involved in all these functions (Figure S4C). Finally, the potential binding sites of miR-497-5p and AVL9 were predicted using bioinformatics databases (https://cm.jefferson.edu/rna22/Interactive/). Dual-luciferase reporter assays showed that luciferase activity was weakened in the AVL9 wild-type cells, following transfection of miR-497-5p (Figure 6H). Therefore, we speculated that AVL9 may be the downstream target of miR-497-5p.

To determine the ceRNA network between linc00662 and AVL9 in CRC, we analyzed the coloration. TCGA-portal data (http://tumorsurvival.org/) revealed that CRC patients with higher level of AVL9 were more likely to have poorer overall survival (P = 0.0246) (Figure S4D). The TCGA-portal database also showed that linc00662 expression was positively correlated with the expression of AVL9 (R = 0.34, P < 0.001) (Figure S5). Furthermore, downregulating the expression of linc00662 in SW480 and Caco-2 cells significantly reduced AVL9 mRNA levels in the two cell lines (Figures 6I, J), while miR-497-5p inhibitor (Figure S6) restored AVL9 expression in the linc00662-downregulated CRC cells. Consequently, we speculated that linc00662 may suppress the proliferation and metastatic abilities in CRC by sponging miR-497-5p and regulating AVL9.

To verify the relationship between linc00662, miR-497-5p, and AVL9 in CRC, we explored the function of miR-497-5p and AVL9. We attempted to dysregulate the expression of miR-497-5p and AVL9 in SW480 cells, as SW480 cells with sh-linc00662-1 showed higher efficiency of regulating the expression of miR-497-5p and AVL9 (Figure 6J and Figure S6). The expression of AVL9 was found to be significantly downregulated in sh-linc00662-1 SW480 cells, but upregulated by miR-497-5p inhibitor. Furthermore, AVL9-specific siRNA markedly induced the overexpression of AVL9 (siRNA-AVL9) in SW480 cells (Figure 7A). Interestingly, the CCK-8 assay results showed that the overexpression of miR-497-5p inhibitor increased the growth of sh-linc00662-1 SW480 cells that was inhibited by siRNA-AVL9 (Figure 7B). Consistently, the anti-migratory and invasive effects induced by sh-linc00662-1 were reversed by miR-497-5p inhibitor. However, siRNA-AVL9 could rescue this effect, as fewer cell migration and invasion were observed in transwell assays (Figure 7C). Taken together, these results indicate that AVL9 may be a target gene of linc00662/miR-497-5p axis during the development of CRC.




Figure 7 | linc00662 regulates the proliferation, migration, and invasion abilities of CRC cells by sponging miR-497-5p and regulating AVL9 (A) The expression level of AVL9 in linc00662 or miR-497-5p or AVL9 downregulated SW480 cells. (B) The depletion of linc00662 or miR-497-5p or AVL9 affected the proliferation of SW480 cells in vitro using CCK-8 assay. (C and D) The depletion of linc00662 or miR-497-5p or AVL9 affected the number of migrated and invaded cells in SW480 cells measured using transwell assay. ***P < 0.001.






Discussion

Colorectal cancer (CRC) is a common malignant tumor with high incidence and mortality rates worldwide, especially in developing countries such as China. Due to the shortage of atypical clinical symptoms and effective early-diagnostic methods, most CRC patients are diagnosed with advanced-stage disease or metastasis (Jemal et al., 2009; Siegel et al., 2012). At present, the most commonly used diagnostic markers, carbohydrate atigen19-9 (CA19-9) and carcinoembryonic antigen (CEA), have low specificity and sensitivity for CRC evaluation. Therefore, there is an urgent to find better biomarkers for the detection of early CRC and post-surgical relapse cases. Accumulating evidence has proved that lncRNAs are significant regulatory factors or even novel biomarkers in the tumorigenesis and development of CRC (Yin et al., 2015; Shi et al., 2015; Lian et al., 2016). Herein, we identified a novel lncRNA, linc00662 that was significantly overexpressed in CRC samples and elucidated its regulatory roles and molecular targets in CRC.

Previous studies have reported that linc00662 acts as an oncogene in various cancers. High expression of linc00662 was found to be closely linked to tumorigenesis and prediction of progression in lung cancer (Gong et al., 2018). In our study, we also found that linc00662 was upregulated in CRC tissues and cell lines based on the GEO and TCGA databases, and its high expression correlated with poor clinical prognosis and survival time. To further verify the results, we collected 56 patient CRC tissues and their adjacent normal colorectal mucosa and verified the expression level of linc00662 through RT-qPCR method. Our analysis revealed that linc00662 expression significantly increased in CRC tissues and was closely associated with TNM staging, lymph node metastasis, and the degree of differentiation. Furthermore, our results also indicated that the linc00662 low expression group had longer survival time than the high expression group.

Liu et al. performed a comprehensive study and reported that the upregulation of linc00662 decreases the chemo-sensitivity of gastric cancer by regulating the miR-497-5p/YAP1 axis (Liu et al., 2018). Liu et al. elucidated that high expression of linc00662 contributes to malignant growth of acute myeloid leukemia cells by upregulating ROCK1 through sponging microRNA-340-5p (Liu et al., 2019). Xu et al. indicated that linc00662 was significantly increased in oral squamous cell carcinoma and participated in the tumor progression and metastasis (Xu et al., 2019). Further, Li et al. confirmed that linc00662 exerted tumor enhanced activity to promote cell proliferation and metastasis through targeting miR-34a in prostate cancer (Li et al., 2019). Our data showed that linc00662 was upregulated in CRC cell lines than in a normal colorectal mucosa cell line. To further investigate the biological function of linc00662, we knocked down the expression of linc00662 and found that the downregulation of linc00662 suppressed CRC cell proliferation, migration, invasion ability, arrested more cells in G2/M phase, and increased apoptotic rate. Further, in vivo experiments also showed that the silencing of linc00662 decreased CRC cell viability. These results also agreed with the clinical and pathological parameter data analyzed above. High expression of linc00662 promotes cell viability, infiltration, and metastasis. In CRC patients, high expression of linc00662 is associated with a higher TNM stage and poorer prognosis.

EMT is a crucial mechanism that regulates tumor metastasis (Nieto, 2013). The pathological features of EMT include loss of polarity and contact inhibition of epithelial cells, gain of ability to migrate and infiltrate, and eventual transformation from their prior quiescent epithelial state to motile mesenchymal state (Thiery and Sleeman, 2006; Yang and Weinberg, 2008). The characteristic changes of EMT are associated with the downregulation of E-cadherin as well as upregulation of N-cadherin, vimentin, snail. In this study, using western blot analysis, we elucidated that knockdown of linc00662 activated E-cadherin and suppressed N-cadherin, vimentin, and snail protein expressions. These data suggested that linc00662 could induce the activation of EMT in CRC, leading to the enhanced metastasis and poor prognostic outcomes.

Accumulating evidence indicates that lncRNAs participate in the development of various cancers through miRNA adsorption (Wang et al., 2010; Chiyomaru et al., 2014). Many studies have demonstrated that linc00662 functions as a ceRNA to exert an oncogenic role in several cancers. In the present study, based on the results predicted by starbase2.0 software, we first hypothesized that miR-497-5p was a downstream target of linc00662, which was later confirmed using the dual-luciferase assays. Many studies have confirmed that miR-497-5p acts as a tumor suppressor in CRC. The overexpression of miR-497-5p inhibited CRC cell proliferation and invasion through downregulating PTPN3 (Hong et al., 2019). miR-497-5p was found to be a downstream gene of the lncRNA, AC009022.1 and inhibited CRC progression through targeting ACTR3B (Hong et al., 2019). Since miR-497-5p has a critical regulatory role in CRC, we performed RT-qPCR to examine the expression of miR-497-5p. The results showed that miR-497-5p expression was evidently lower in CRC tissues and cell lines. Consistent with the previous results, our data showed that miR-497-5p expression was negatively correlated with linc00662 in CRC tissues. Altogether, these results indicated that miR-497-5p was an important downstream target of linc00662, and contributed to the malignancy of CRC.

To further understand how linc00662 regulates its downstream target genes through miR-497-5p, we used a series of reliable bioinformatics analysis methods and identified AVL9 as the target gene of miR-497-5p. We then confirmed the direct binding site between miR-497-5p and AVL9 using a dual-luciferase reporter assay. AVL9 is a migration-associated protein. Recent studies have shown that AVL9 has an important role in cell polarity, cell migration, and cell cycle progression and also acts as an oncogene (Linford et al., 2012; Li et al., 2014). For instance, AVL9 is reported to be upregulated in clear cell renal carcinomas and promotes cell migration (Zhang W. et al., 2018). We verified that the expression level of AVL9 was upregulated in CRC in the GEPIA database. Furthermore, TCGA-portal data revealed that a high level of AVL9 in patients with rectal cancer correlated with poor overall survival, and linc00662 expression level was positively correlated with the expression of AVL9. To validate the role of the linc00662/miR-497-5p/AVL9 axis in CRC, we performed rescue assays. The downregulated expression of AVL9 induced by silencing linc00662 was abolished by miR-497-5p inhibitor. In parallel, the oncogenic effects inhibited by si-AVL9 were also reversed by the miR-497-5p inhibitor.

Taken together, our data demonstrated that linc00662 could function as an oncogene mediating CRC progression through sequestering miR-497-5p to regulate the expression of AVL9, which is directly involved in the invasion and metastasis of CRC.



Conclusion

Our study demonstrated that the overexpression of linc00662 was involved in the CRC progression through inhibiting miR-497-5p to regulate the expression of AVL9 and activating EMT signaling pathway. However, there are some limitations in this study. Firstly, the clinical sample size was too small to evaluate the prognostic value of linc00662 in CRC. Larger number of samples will need be evaluated in future studies. Furthermore, the underlying mechanism causing the upregulation of linc00662 in CRC remains unclear. More downstream functional experiments will need to performed to fully understand the biological function of linc00662 in future studies. Overall, linc00662 may be a promising therapeutic biomarker for CRC.
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Figure S1 | The relative luciferase activity in 293 T cells after co-transfection with pmirGLO-linc00662-WT or pmirGLO-linc00662-MUT, along with miR-195-5p mimics or NC.

Figure S2 | The relative luciferase activity in 293 T cells after co-transfection with pmirGLO-linc00662-WT or pmirGLO-linc00662-MUT, along with miR-16-5p mimics or NC.

Figure S3 | The relative luciferase activity in 293 T cells after co-transfection with pmirGLO-linc00662-WT or pmirGLO-linc00662-MUT, along with miR-424-5p mimics or NC.

Figure S4 | (A) Venn results of 17 potential miR-497 target genes. (B) AVL9, CBX4 ZNRF3 and CHAC14 were shown to be up-regulated in CRC from the GEPIA database. (C) GO function enrichment analysis of 17 potential miR-497 target genes. (D) CRC patients with higher level of AVL9 were more likely to have poorer overall survival from TCGA-portal data.

Figure S5 | Linc00662 expression was positively correlated with the expression of AVL9 in TCGA-portal database.

Figure S6 | The efficiency of miR-497-5p inhibitors.
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Angiogenesis is a crucial event during cancer progression that regulates tumor growth and metastasis. Activin receptor-like kinase 1 (ALK1), predominantly expressed in endothelial cells, plays a key role in the organization of neo-angiogenic vessels. Therapeutic targeting of ALK1 has been proposed as a promising strategy for cancer treatment, and microRNAs (miRNAs) are increasingly being explored as modulators of angiogenesis. However, the regulation of ALK1 by miRNAs is unclear. In this study, we identified that ALK1 is directly targeted by miR-199b-5p, which was able to inhibit angiogenesis in vitro and in vivo. Moreover, it was found that miR-199b-5p was repressed in breast cancer cells and its expression was decreased during the VEGF-induced angiogenesis process of human umbilical vein endothelial cells (HUVECs). Overexpression of miR-199b-5p inhibited the formation of capillary-like tubular structures and migration of HUVECs. Furthermore, overexpression of miR-199b-5p inhibited the mRNA and protein expression of ALK1 in HUVECs by directly binding to its 3’UTR. Additionally, overexpression of miR-199b-5p attenuated the induction of ALK1/Smad/Id1 pathway by BMP9 in HUVECs. Finally, overexpression of miR-199b-5p reduced tumor growth and angiogenesis in in vivo. Taken together, these findings demonstrate the anti-angiogenic role of miR-199b-5p, which directly targets ALK1, suggesting that miR-199b-5p might be a potential anti-angiogenic target for cancer therapy.
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Introduction

Angiogenesis is a physiological process that is defined as the formation of new blood vessels from pre-existing vessels (Ramjiawan et al., 2017). The process of angiogenesis is crucial not only for normal processes such as wound healing, tissue growth and regeneration, and placental development, but also for pathophysiological changes such as cancer progression (Petrovic, 2016). As early as 1971, Folkman postulated that angiogenesis is required for the growth of solid tumors (Folkman, 1971). Tumor tissues need oxygen and nutrients for growth and metastasis, which are provided by blood vessels (Rajabi and Mousa, 2017). In cancer progression, the imbalance between pro- and anti-angiogenic factors leads to abnormal homeostasis of blood vessels (Bergers and Benjamin, 2003). Several pro-angiogenic factors such as vascular endothelial growth factor (VEGF), vascular endothelial factor (TGF), and interleukin-8 (IL-8) increase the motility, proliferation, and survival of endothelial cells (He et al., 2014). Conversely, angiogenesis inhibitors such as angiostatin, endostatin, and interferons can promote tumor starvation and trigger cell death (Lin et al., 2016).

Transforming growth factor-β (TGF-β) is a multifunctional growth factor involved in the regulation of various cellular processes including proliferation, migration, differentiation, and synthesis of the extracellular matrix (Goumans et al., 2003; Finnson et al., 2008). TGF-β initiates cellular responses by binding to transmembrane kinases known as type I (activin receptor-like kinases ALK1–ALK7) and type II serine/threonine receptors (Ye et al., 2011). Among these signaling receptors, ALK1 (also known as ACVRL1) is predominantly expressed in endothelial cells (Roelen et al., 1997). Upon ligand binding, ALK1 is phosphorylated and forms a complex with TGF-β and its type II receptors, which subsequently phosphorylates the Smad proteins (Smad1/5/8), triggering transcriptional regulation of proangiogenic genes like Id1 (Goumans et al., 2002; Valdimarsdottir et al., 2002). Genetic studies have revealed that ALK1 plays a key role in vasculogenesis and organization of neo-angiogenic vessels (Hu-Lowe et al., 2011). Homozygous ALK1−/− mice died at embryonic days 10–10.5 due to vascular and cardiac abnormalities (Oh et al., 2000). Additionally, ALK1 expression is upregulated in large arteries during tumor angiogenesis (Mitchell et al., 2010). Immunological sequestration of ALK1 ligands (using ALK1-Fc) or antibody against ALK1 inhibits tumor angiogenesis and tumor growth of mouse model of pancreatic cancer, breast cancer, and melanoma (Roman and Hinck, 2017). Therefore, ALK1 has emerged as a potential target for antiangiogenic therapy of tumors (Cunha and Pietras, 2011; Hawinkels et al., 2013; Cunha et al., 2015).

MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression either by inhibiting the translation of targeted genes or by reducing the stability of their mRNA (Ambros, 2004). MiRNAs play essential and critical roles in biological processes such as cell-cycle regulation, stress responses, differentiation, migration, and tumor progression (Di Leva et al., 2012). Moreover, accumulating evidence indicates that miRNAs are important regulators of angiogenesis. For example, miR-524 suppresses angiogenesis and tumor growth by functionally inhibiting the translation of angiopoietin-2 (He et al., 2014). Similarly, miR-363 acts as a negative regulator of angiogenesis by attenuating the expression of the growth hormone receptor gene (Zhu et al., 2019). MiR-29b suppresses tumor growth accompanied by inhibition of angiogenesis and tumorigenesis by targeting Akt3 (Li et al., 2017). MiR-320 plays a critical role in suppressing tumor angiogenesis through the silencing of neuropilin 1 (Wu et al., 2014). However, the role of miRNAs in the regulation of angiogenesis is not well understood.

To explore the possibility that ALK1 expression is regulated by miRNAs, TargetScan, and miRanda were used to analyze the interactions between different miRNAs and the 3’UTR of ALK1. Several miRNAs, including miR-199b-5p, were found to have potential binding sites in the 3’UTR of ALK1. Many reports demonstrated that miR-199b-5p acts as a tumor suppressor (Lai et al., 2018; Wu et al., 2018), but its function in endothelial cells during angiogenesis is unclear. Therefore, we investigated the effects of miR-199b-5p on ALK1 expression, cell migration, and tube formation of primary HUVECs in vitro, and tumor angiogenesis in vivo. We found that miR-199b-5p was downregulated in various breast cancer cell lines and decreased in VEGF-induced HUVECs. Overexpression of miR-199b-5p inhibited the migration and tube formation of HUVECs, while inhibition of miR-199b-5p had the opposite effect. Additionally, overexpression of miR-199b-5p inhibited BMP9-induced activation of the ALK1/Smad/Id1 pathway by binding to the 3’UTR of ALK1. Furthermore, intra-tumoral injection of agomiR-199b-5p suppressed tumor growth and angiogenesis in vivo. Taken together, our data suggest that miR-199b-5p may be a potential anti-angiogenic target for cancer therapy.



Materials and Methods


Cell Culture

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza Bioscience (Basel, Switzerland) and cultured in endothelial growth medium-2 (EGM-2) (Lonza). Endothelial basal medium-2 (EBM-2; Lonza) was used for experiments that do not require growth factors. MDA-MB-231 cells obtained from ATCC (VA, USA) were cultured in L-15 medium (Gibco, Carlsbad, USA) supplemented with 10% FBS (Corning, NY, USA), 100 μg/ml streptomycin, and 100 U/ml penicillin. T47D, MCF-7, and BT474 cells obtained from ATCC were cultured in RPMI-1640 medium (Gibco, Carlsbad, USA) supplemented with 10% FBS (Corning, NY, USA), 100 μg/ml streptomycin, and 100 U/ml penicillin. HBL-100 and HEK293T cells obtained from ATCC were cultured in DMEM (Gibco, Carlsbad, USA) supplemented with 10% FBS (Corning, NY, USA), 100 μg/ml streptomycin, and 100 U/ml penicillin. Recombinant human VEGF165 (Peprotech, NJ, USA) and recombinant human BMP9 (Peprotech) were added to the expansion medium when needed. The cells were incubated at 37°C in a 5% CO2 incubator.



Cell Transfection

The cells were transfected with agomiR-199b-5p, antagomiR-199b-5p, siALK1, the plasmids pGL3, pRL-TK, and pCMV3-ALK1, respectively, using Lipofectamine 2000 (Invitrogen, CA, USA) according to the manufacturer’s instructions. AgomiR-199b-5p, antagomiR-199b-5p, and siALK1 were synthesized by Shanghai GenePharma Co., Ltd (Shanghai, China). pCMV3-ALK1 (pCMV3-ACVRL1) was purchased from Sino Biological Inc. (Beijing, China).



Real-Time RT-PCR

Total RNA was isolated from HUVECs using the miRcute miRNA Isolation Kit (Tiangen, Beijing, China), and cDNA was synthesized using the FastQuant RT Kit (Tiangen, Beijing, China) for mRNA analysis. The miRcute microRNA first-strand cDNA synthesis kit (Tiangen, Beijing, China) was used for miRNA analysis. Real-time PCR for mRNA analysis was performed using SuperReal PreMix (SYBR Green) (Tiangen, Beijing, China) and miRNA analysis was performed using miRcute miRNA qPCR Detection Kit (Tiangen, Beijing, China). Following primers were used: ALK1-forward primer, 5’-GACTCAAGAGCCGCAATGTG-3’; ALK1-reverse primer, 5’-GGTCGGCGATGCAACAC-3’; Id1-forward primer, 5’-CTACGACATGAACGGCTGTTA-3’; Id1-reverse primer, 5’-CAACTGAAGGTCCCTGATGTAG-3’; GAPDH-forward primer, 5’-GGAGCGAGATCCCTCCAAAAT-3’; GAPDH-reverse primer, 5’-GGCTGTTGTCATACTTCTCATGG-3’. Primers for has-miR-199b-5p (CD201-0274), has-miR-7 (CD201-0141), has-miR-96 (CD201-0042), has-miR-145 (CD201-0012), has-miR-181a-5p (CD201-0236), has-miR-181b-5p (CD201-0237), has-miR-181c-5p (CD201-0238), has-miR-181d-5p (CD201-0239), has-miR-324-5p (CD201-0346), has-miR-339-5p (CD201-0360), has-miR-874-3p (CD201-0508), has-miR-4262 (CD201-0590), and has-U6 (CD201-0145) were purchased from Tiangen (Beijing, China). GAPDH and U6 were used as controls for miRNA and mRNA detection, respectively.



Western Blot Analysis

Whole-cell lysates for western blot analysis were extracted with PIPA Lysis Buffer (Beyotime, Jiangsu, China). Antibodies against ALK1 and ID1 were purchased from Abgent Biotechnology (Wuxi, China). Antibodies against p-Smad1/5/8 and Smad1 were obtained from CST Inc. (Danvers, MA, USA). Secondary antibodies conjugated with horseradish peroxidase (HRP) (Sigma-Aldrich, MO, USA) were used for blotting. The blots were visualized using the ECL chemiluminescence reagents from Pierce Biotechnology (Rockford, IL, USA). The quantitation of protein level was analyzed by Image J software.



Dual-Luciferase Assay

The 3’UTR fragment of ALK1 was cloned into the pGL3 luciferase reporter vector and site mutation of 3’UTR (C to A mutation of target sites) was introduced by GENEWIZ (Beijing, China). Aliquots comprising 100 ng of pGL3-ALK1-WT-3’-UTR, pGL3-ALK1-MUT-3’-UTR, or the empty pGL3 plasmid in combination with agomiR-199b-5p or miRNA scramble negative control, along with 10 ng of pRL-TK plasmid coding Renila luciferase were used to co-transfect HEK293T cells. After 36 h post-transfection, luciferase activities were measured using the Dual-Luciferase® Reporter Assay System (Promega Biosciences, LLC., San Luis Obispo, CA, USA) according to the manufacturer’s protocol.



Tube Formation Assay

HUVECs were transfected with agomiR-199b-5p, antagomiR-199b-5p, miRNA scramble negative control, or agomiR-199b-5p with pCMV3-ALK1 for 48 h and then seeded onto Matrigel (BD, USA)-coated 6-well plates. After 10 h of incubation, network formation was imaged using an inverted optical microscope (Leica, Wetzlar, Germany). The total tube lengths and numbers of intersections in randomly chosen areas were quantified using ImageJ software.



Transwell Migration Assay

The transwell assay was performed in 6-well transwell plates with polycarbonate membranes (8 μm pore size) (Corning Costar, MA, USA). HUVECs (5 × 104) were transfected with agomiR-199b-5p, antagomiR-199b-5p or miRNA scramble negative control for 24 h and added to the upper compartment of the transwell system in EBM-2 medium. EGM-2 medium was added into the lower chamber. After 24 h, HUVECs that had not migrated on the upper surfaces were cleaned with a cotton swab. Then, the cells on the polycarbonate membranes were fixed and stained with crystal violet (Beyotime, Jiangsu, China) and counted under an inverted optical microscope (Leica, Wetzlar, Germany).



Wound Healing Assay

HUVECs were seeded into a 6-well plate and transfected with agomiR-199b-5p, antagomiR-199b-5p and miRNA scramble negative control, respectively. After 48 h post-transfection, cells with 90% confluence were pretreated with EGM-2 medium without FBS for 4 h, and then an injury line was made using a sterile 200 μl pipette and unattached cells were washed with PBS twice. Cells were allowed to migrate into the empty space for 24 h in FBS-free EGM-2. The cells were imaged during migration using an inverted optical microscope (Leica, Wetzlar, Germany). The width of the injury was measured using ImageJ software.



Animal Studies

Female 6-week-old BALB/c nude mice were subcutaneously injected with MDA-MB-231 cells (106) under the armpit. After the tumor volume reached 100 mm3, 100 μl of agomiR-199b-5p or miRNA scramble negative control (5 nmol) was injected into the tumor twice a week. Tumor size was measured using the formula: 1/2 × length (mm) × width2 (mm) and the weight of the mice was measured before injection. After three weekly injections, the mice (n = 6/group) were sacrificed and tumors were resected for weighing and histological analysis. All animal experiments were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals, and all experimental procedures were approved by the Institutional Experimental Animal Committee of Northwestern Polytechnical University (Xi’an, China).



Histological Analysis

Tissues were fixed in 4% paraformaldehyde, followed by dehydration and embedding with paraffin. The immunofluorescence staining was performed using an anti-CD31 antibody and DAPI according to standard procedures. The stained sections were scanned using an Aperio AT2 Digital Whole Slide Scanner (Leica, Wetzlar, Germany).



Statistical Analysis

The data were presented as means ± SD. The analysis was performed using GraphPad Prism software. Student’s t-test or ANOVA was used to assess the statistical significance. Differences were considered statistically significant at *P < 0.05 or **P < 0.01.




Results


MiR-199b-5p, a Possible Regulator of ALK1, was Downregulated in HUVECs During Angiogenesis

It has been reported that ALK1 can positively regulate angiogenesis. Thus, we confirmed the role of ALK1 in HUVECs during angiogenesis. Three small-interfering RNAs (siALK1-1, siALK1-2, and siALK1-3) were designed to specifically target ALK1. HUVECs were transfected with siALK1-1, siALK1-2, siALK1-3, their combination (siALK1-pool), and a scramble siRNA as the negative control. The knockdown efficiency was confirmed by real-time PCR as compared with control cells. The results showed that the mRNA expression of ALK1 was significantly decreased, especially in siALK1-2 transfected cells (knockdown efficiency ~90%) (Figures 1A, B). Therefore, siALK1-2 was used to knockdown the expression of ALK1 in HUVECs. At 48 h post-infection, HUVECs were seeded onto matrigel to assess the formation of capillary-like tubes. The result of the tube formation assay showed that knockdown of ALK1 reduced the number of mature and well-connected capillary-like structures (Figure 1C).




Figure 1 | MiR-199b-5p was downregulated during the angiogenesis process of HUVECs. (A) Real-time PCR analysis of the knockdown efficiency of ALK1 using siALK1-1, siALK1-2, siALK1-3 and their combination (siALK1-pool) (N = 3). (B) The sequences of siALK1-1, siALK1-2, and siALK1-3. (C) HUVECs transfected with siALK1-2 were subjected to the tube formation assay in matrigel and culture plate, respectively (N = 3). Representative images of tube formation are presented. Scale bars = 500 μm. (D) Real-time PCR analysis of candidate miRNAs possibly targeting ALK1 including miR-7, miR-96, miR-145, miR-181a-5p, miR-181b-5p, miR-181c-5p, miR-181d-5p, miR-199b-5p, miR-324-5p, miR-399-5p, miR-874-3p and miR-4262 in breast cancer cell lines (T47D, MDA-MB-231, MCF-7, and BT474) and a normal breast cell line (HBL-100) (N = 3). (E) Enlarged figure of Real-time PCR analysis of miR-199b-5p in breast cancer cell lines (T47D, MDA-MB-231, MCF-7, and BT474) and a normal breast cell line (HBL-100) (N = 3). (F) The Kaplan–Meier plot of overall survival and disease-free survival in TCGA database was analyzed according to miR-199b-5p expression. (G) Real-time PCR analysis of the expression of miR-199b-5p in HUVECs induced with VEGF (0, 1, and 2.5 ng/ml) for 24 h (N = 3). The data are presented as the means ± SD; *P < 0.05 and **P < 0.01 versus the control group. HUVECs, human umbilical vein endothelial cells; ALK1, Activin receptor-like kinase 1.



To identify miRNAs that can potentially target ALK1 to regulate tumor angiogenesis, the bioinformatic tools TargetScan and miRanda were used. We found that miR-7, miR-96, miR-145, miR-181a-5p, miR-181b-5p, miR-181c-5p, miR-181d-5p, miR-199b-5p, miR-324-5p, miR-399-5p, miR-874-3p, and miR-4262 could potentially target ALK1. To further select the ALK1-targeting miRNA that could regulate tumor angiogenesis, we investigated the expression of the identified miRNAs in breast cancer cell lines (T47D, MDA-MB-231, MCF-7, and BT474) and a normal breast cell line (HBL-100). Interestingly, the real-time PCR result showed that the expression of miR-199b-5p was significantly lower in the tested breast cancer cell lines than in the normal breast cell line (Figures 1D, E). Based on TCGA database, 10 years survival rate of breast cancer patients (n = 1046) were analyzed in the higher miR-199b-5p group vs the lower miR-199b-5p group. Descriptive statistics of the cases are summarized in Supplementary Table 1. Raw data of clinical information of breast cancer patients are in Supplementary Table 2 The results showed that lower expression of miR-199b-5p is correlated with a poorer overall survival of breast cancer (P = 0.087), while there was no difference in disease-free survival between two groups (Figure 1F). In addition, the expression of miR-199b-5p was downregulated in HUVECs during VEGF-induced angiogenesis (Figure 1G). These results demonstrated that miR-199b-5p might act as a negative regulator of angiogenesis by targeting ALK1.



MiR-199b-5p Represses the Capillary Tube Formation of HUVECs

To further validate the effects of miR-199b-5p on the angiogenesis on matrigel, we ectopically expressed and inhibited miR-199b-5p in HUVECs by transfecting with agomiR-199b-5p for miR-199b-5p overexpression, antagomiR-199b-5p for miR-199b-5p inhibition, and scramble miRNA as the negative control (Figures 2A, D). At 48 h post-transfection, HUVECs were seeded onto matrigel and allowed to form capillary-like tubes. The results showed that overexpression of miR-199b-5p inhibited the angiogenesis process of HUVECs with reduced tube length and a lower number of intersections (Figures 2B, C). Conversely, blocking miR-199b-5p increased the number of intersections of the capillary-like tubes (Figures 2E, F). Taken together, these experiments demonstrate that miR-199b-5p can modulate the angiogenesis process of HUVECs in vitro.




Figure 2 | MiR-199b-5p suppresses the tube formation of HUVECs. (A) Real-time PCR analysis of miR-199b-5p expression in HUVECs transfected with scramble control and agomiR-199b-5p (N = 3). (B) HUVECs transfected with agomiR-199b-5p were subjected to the tube formation assay on matrigel and culture plate, respectively (N = 3). Representative images of tube formation are presented. Scale bars = 500 μm. (C) Quantification of tube length and number of intersections in (B) using Image J. (D) Real-time PCR analysis of miR-199b-5p expression in HUVECs transfected with scramble control and antagomiR-199b-5p (N = 3). (E) HUVECs transfected with antagomiR-199b-5p were subjected to the tube formation assay on matrigel and culture plate, respectively (N = 3). Representative images of tube formation are presented. Scale bars = 500 μm. (F) Quantification of tube length and number of intersections in (E) using Image J. Three independent experiments were performed in triplicate, and the data are presented as the means ± SD; *P < 0.05 and **P < 0.01 versus the control group. HUVECs, human umbilical vein endothelial cells.





MiR-199b-5p Represses the Migration of HUVECs

As the migration of endothelial cells is critical for tumor progression, we investigated the effects of miR-199b-5p on the migration of HUVECs using a wound healing assay. The results showed that the scratch healed after 24 h with the migration of HUVECs in the control group, while overexpression of miR-199b-5p reduced the migration rate of HUVECs (Figures 3A, B). Conversely, silencing of miR-199b-5p promoted the migration of HUVECs (Figures 3A, C).




Figure 3 | MiR-199b-5p represses the migration of HUVECs. (A) Wound healing assay of HUVECs was performed 48 h after transfection with agomiR-199b-5p, antagomiR-199b-5p, and scramble control, respectively. The distance between the wound edges was observed and photographed at 0, 6, 12, and 24 h, respectively (N = 3). Scale bars = 500 μm. (B, C) The change of the width of injury was evaluated using Image J. (D, E) Representative and quantified results of the transwell migration assay in HUVECs transfected with agomiR-199b-5p and scramble control. Scale bars = 100 μm. (F, G) Representative and quantified results of the transwell migration assay in HUVECs transfected with antagomiR-199b-5p and scramble control (N = 3). Scale bars = 100 μm. Three independent experiments were performed in triplicate, and the data are presented as the means ± SD; **P < 0.01 versus the control group. HUVECs, human umbilical vein endothelial cells.



To further confirm whether miR-199b-5p is involved in regulating the migration of HUVECs, the transwell migration assay was performed. The HUVECs were transfected with agomiR-199b-5p, antagomiR-199b-5p, and scramble miRNA control, and seeded into the upper compartment. After 24 h, the migrated HUVECs were counted following crystal violet staining. The results showed that overexpression of miR-199b-5p significantly suppressed the migration of HUVECs (Figures 3D, E), while silencing of miR-199b-5p increased cell migration (Figures 3F, G). Taken together, these data demonstrated that miR-199b-5p is an important regulator of cell migration in HUVECs.



MiR-199-5p Directly Targets ALK1 and Thereby Regulates Downstream Genes

Bioinformatic analysis using TargetScan and miRanda predicted that miR-199b-5p targets the 3’UTR of ALK1. Thus, we firstly examined the effect of miR-199b-5p on the mRNA and protein expression of ALK1. The real-time PCR results showed that overexpression of miR-199b-5p decreased the mRNA expression of ALK1 (Figure 4A). Conversely, silencing miR-199b-5p increased ALK1 expression in HUVECs (Figure 4B). The results of western blot analysis confirmed that overexpression of miR-199b-5p inhibited the protein expression of ALK1 (Figures 4C, D), while knocking down miR-199b-5p had the opposite effect (Figures 4E, F). Taken together, these data indicate that miR-199b-5p can regulate ALK1 expression at the post-transcriptional level.




Figure 4 | MiR-199-5p directly targets ALK1 and regulate downstream genes. (A, C) Real-time PCR (A) and western blot (C) analysis of ALK1 expression in HUVECs transfected with scramble control and agomiR-199b-5p (N = 3). (B, E) Real-time PCR (B) and western blot (E) analysis of ALK1 expression in HUVECs transfected with scramble control and antagomiR-199b-5p (N = 3). (D) Quantification of relative protein expression in (C) using Image J. (F) Quantification of relative protein expression in (E) using Image J. (G) Effects of agomiR-199b-5p on the ALK1 3’UTR luciferase reporters in HEK293T cells. Luciferase activity was measured at 36 hours post transfection (N = 6). (H) Western blot analysis of the expression of ALK1, p-Smad1/5/8, Smad1, and Id1 in BMP9-induced HUVECs transfected with agomiR-199b-5p, antagomiR-199b-5p, and scramble control (N = 3). (I) HUVECs transfected with agomiR-199b-5p, agomiR-199b-5p with pCMV3-ALK1, and scramble control, were subjected to the tube formation assay on matrigel, respectively (N = 3). Representative images of tube formation are presented. Scale bars = 200 μm. (J) Quantification of tube length and number of intersections in (I) using Image J. (K) Real-time PCR analysis of Id1 expression in HUVECs transfected with agomiR-199b-5p, agomiR-199b-5p with pCMV3-ALK1, and scramble control on matrigel (N = 3). The data are presented as the means ± SD; *P < 0.05 and **P < 0.01 versus the control group. HUVECs, human umbilical vein endothelial cells; ALK1, Activin receptor-like kinase 1.



To confirm that miR-199b-5p directly targets the 3’UTR of ALK1, we introduced full-length sequences of the wild-type or mutated human ALK1 3’UTR into the pGL3 luciferase reporter vector. The binding of miR-199b-5p to the 3’UTR of ALK1 was detected using a dual-luciferase reporter assay in HEK293 cells. The results showed that overexpression of miR-199b-5p significantly repressed WT ALK1 3’UTR luciferase activity, while the mutation of the miR-199b-5p binding site abolished the inhibition of luciferase activity (Figure 4G). These results suggest that miR-199b-5p directly targets the 3’UTR of ALK1. To investigate the effect of miR-199b-5p on downstream signaling of ALK1, miR-199b-5p overexpressing and knockdown HUVECs were serum-starved for 4 h and stimulated with 10 ng/ml bone morphogenetic protein 9 (BMP9) for 30 min. The results of western blot analysis showed that overexpression of miR-199b-5p could inhibit the BMP9-induced phosphorylation of Smad1/5/8 and Id1 expression in HUVECs (Figure 4H). Furthermore, we investigated whether overexpression of ALK1 could rescue the inhibition of miR-199b-5p on angiogenesis of HUVECs. HUVECs were transfected with agomiR-199b-5p, agomiR-199b-5p with pCMV3-ALK1 plasmid, and scramble miRNA as the negative control. At 48 h post-transfection, HUVECs were seeded onto matrigel and allowed to form capillary-like tubes. The analysis of relative tube length and number of intersections showed that the reduced angiogenic activity of miR-199b-5p overexpressed HUVECs was restored by ALK1 overexpression (Figures 4I, J). The real-time PCR results showed that downregulation of Id1 in miR-199b-5p overexpression HUVECs was rescued by ALK1 overexpression during angiogenesis (Figure 4K). These results indicated that miR-199b-5p could attenuate angiogenesis by directly targeting ALK1 in HUVECs.



MiR-199-5p Reduces Tumor Growth and Angiogenesis In Vivo

Since the in vitro experiments showed that miR-199b-5p inhibits the angiogenic activity and migration of HUVECs, we further investigated whether miR-199b-5p could inhibit tumor angiogenesis and growth in vivo. MDA-MB-231 cells were subcutaneously injected into NOD/SCID mice. After the tumors reached a volume of 100 mm3, agomiR-199b-5p, and scramble miRNA control were injected intratumorally twice a week for 3 weeks. The body weight and tumor growth were measured every 3 days. The body weight of the mice in the miR-199b-5p treatment group slowly increased compared to control group (Figure 5A), suggesting a therapeutic effect of miR-199b-5p with low toxicity to tissues and organs. Additionally, the growth of the subcutaneous tumors injected with agomiR-199b-5p was significantly suppressed (Figure 5B).




Figure 5 | MiR-199-5p reduces tumor growth and angiogenesis in vivo. (A) The body weight of mice from the scramble control treatment and agomiR-199b-5p treatment was measured every three days (N = 6). (B) A comparison of tumor size between the agomiR-199b-5p group and the scramble control group (N = 6). (C) Tumor weights of mice from the scramble control treatment and agomiR-199b-5p treatment groups were measured after three weekly injections (N = 6). (D) Representative images of tumors isolated from mice treated with scramble control and agomiR-199b-5p by surgical excision on the final day of the experiment. (E) Representative images of capillary tubes within tissues adjacent to the tumor on the final day of the experiment. (F, G) Representative images of immunofluorescence detection of blood vessels (red, CD31 staining) in tumors (F) and adjacent tissues (G) using an Aperio AT2 Digital Whole Slide Scanner. The data are presented as the means ± SD; *P < 0.05 and **P < 0.01 versus the control group.



Following 21 days of treatment, the tumors and adjacent tissues were harvested and photographed. The weight of the tumors injected with agomiR-199b-5p was significantly lower than that of tumors injected with scramble miRNA control (Figure 5C). Consistently, the average size of the tumors from the agomiR-199b-5p group was smaller than that of those from the scramble miRNA control group (Figure 5D). Furthermore, the effect of miR-199b-5p on angiogenesis was also analyzed. The image of tumor tissue showed that miR-199b-5p treatment reduced the formation of neovasculature within tumor tissues and capillary tubes within adjacent tissues (Figure 5E). The density of CD31-positive vessels in tumor sections was analyzed using immunofluorescence staining with an antibody against CD31. The results showed that miR-199b-5p reduced the number and size of blood vessels in tumors and adjacent tissues compared to scramble miRNA control (Figures 5F, G). Taken together, these results demonstrate that miR-199b-5p could suppress tumor growth and tumor angiogenesis in vivo.




Discussion

Angiogenesis is critical to tumor growth and metastasis. In this study, we identified for the first time that miR-199b-5p is a negative regulator of angiogenesis in HUVECs. Overexpression of miR-199b-5p significantly inhibited the migration and tube formation of HUVECs in vitro and tumor angiogenesis in vivo. It was also found that miR-199b-5p could directly target ALK1 to negatively regulate ALK1/Smad/Id1 signaling in HUVECs. Therefore, we conclude that miR-199b-5p could suppress tumor angiogenesis by targeting ALK1 and the ALK1/Smad/Id1 signaling pathway may be involved in the mechanism (Figure 6).




Figure 6 | Proposed regulatory model depicting the mechanism of miR-199b-5p in suppressing tumor angiogenesis by targeting ALK1. HUVECs, human umbilical vein endothelial cells; ALK1, Activin receptor-like kinase 1.



Tumor angiogenesis is critical for the progression from initial tumor growth to metastasis. Since Folkman reported that angiogenesis is required for the growth of solid tumors in 1971 (Folkman, 1971), anti-angiogenic strategies were developed as an effective cancer therapies. The first antiangiogenic agent bevacizumab, an anti-VEGF antibody, was found to be effective in patients with metastatic colorectal cancer (Ferrara et al., 2004; Ronca et al., 2017). Beyond that, many anti-angiogenic agents have been developed based on angiogenesis inducers, including VEGF, bFGF, IL-8, and PDGF (Rajabi and Mousa, 2017). ALK1 is predominantly expressed in endothelial cells (Roelen et al., 1997). Homozygous ALK1−/− mice died at embryonic days 10–10.5 due to vascular and cardiac abnormalities (Oh et al., 2000). Genetic studies revealed that ALK1 plays a key role in vasculogenesis and organization of neo-angiogenic vessels (Hu-Lowe et al., 2011). Additionally, the expression of ALK1 is upregulated in large arteries during tumor angiogenesis (Mitchell et al., 2010). BMP9/10-ALK1 signaling has recently also been identified as a target for the development of anti-angiogenic therapies (Jonker, 2014; de Vinuesa et al., 2016). Immunological sequestration of ALK1 ligands (using ALK1-Fc) or antibody against ALK1 have been reported to inhibit tumor angiogenesis and tumor growth in mouse models of pancreatic cancer, breast cancer, and melanoma (Roman and Hinck, 2017). Therefore, ALK1 emerged as a potential therapeutic target for anti-angiogenic therapy of diverse solid tumors.

MiRNAs are increasingly being investigated as potential anti-angiogenic small molecule drugs for tumor therapy (Goradel et al., 2019). In this study, bioinformatic analysis was used to identify miRNAs that could potentially target ALK1, and 12 candidate miRNAs were selected. Among these, miR-199b-5p and miR-145-5p were found to be significantly downregulated in four different breast cancer cell lines compared to normal breast cells. MiR-145-5p was found to inhibit the growth of pancreatic cancer and angiogenesis in vivo by suppressing angiopoietin-2 (Wang et al., 2016), a critical regulator of tumor angiogenesis and progression (He et al., 2014). It has been demonstrated that miR-145 is a tumor suppressor in angiogenesis and tumor growth (Xu et al., 2012; Zou et al., 2012; Arderiu et al., 2019).

However, the effect of miR-199b-5p on tumor angiogenesis is unclear. It has been reported that low miR-199b-5p levels are associated with a poor prognosis in breast cancer (Fang et al., 2016), distant metastasis in colorectal cancer (Shen et al., 2016), and invasion of lymph nodes or perineural invasion in head and neck squamous cell carcinoma (Sousa et al., 2016). Our results showed that miR-199b-5p expression is reduced in breast cancer cells, which was in agreement with these earlier findings. MiR-199b-5p was found to reduce the aggressiveness of papillary thyroid carcinoma cells (Ren et al., 2019) and inhibit the migration and invasion of head and neck squamous cell carcinoma cells (Koshizuka et al., 2017). Therefore, miR-199b-5p might be involved in carcinogenesis. Tumor cells and endothelial cells are neighboring cells in tumor microenvironment that take part in angiogenesis and cancer metastasis. Extracellular vesicles, such as exosomes, can deliver miRNAs from tumor cells to endothelial cells to modulate recipient cells (Zhang et al., 2015). Reports showed that exosomal miRNAs, such as miR-25-3p and miR-221-3p, from tumor cells can promote angiogenesis in HUVECs (Zeng et al., 2018; Wu et al., 2019). It has been demonstrated that miR-199b-5p can influence the angiogenesis of mouse myocardial microvascular endothelial cells (Du et al., 2016). However, the function of miR-199b-5p in the angiogenesis process of HUVECs and tumor angiogenesis, as well as its target genes, have not yet been reported. In our study, we found that overexpression of miR-199b-5p could inhibit the angiogenesis process of HUVECs on matrigel with a reduction of tube length and number of intersections. Conversely, knockdown of miR-199b-5p increased the intersection number of the capillary tubes in HUVECs. Similarly, knockdown of ALK1 in HUVECs using siRNAs, resulted in decreased angiogenesis. Additionally, the wound healing assay and transwell migration assay showed that overexpression of miR-199b-5p significantly suppressed the migration of HUVECs, and silencing of miR-199b-5p had the opposite effect. These findings support the role of miR-199b-5p in the migration and angiogenesis process of HUVECs.

Mechanistically, we found that elevated miR-199b-5p expression was accompanied by significantly decreased mRNA and protein expression of ALK1. To identify the target sequence of miR-199b-5p in the 3’UTR of ALK1, a dual-luciferase reporter assay was used. The results showed that overexpression of miR-199b-5p significantly repressed the luciferase activity of WT ALK1 3’UTR, while a mutation of the miR-199b-5p binding site abolished the inhibition of luciferase activity. During the angiogenesis process of HUVECs, BMP9 can induce downstream genes including Smad1/5/8 and Id1 through ALK1 (van Meeteren et al., 2012). Western blot analysis revealed that ALK1, phospho-Smad1/5/8, and Id1 were downregulated after transfection with miR-199b-5p under BMP9 induction in HUVECs, as expected. Moreover, overexpression of ALK1 could rescue the inhibition of miR-199b-5p on angiogenesis of HUVECs. These data revealed that miR-199b-5p could directly target ALK1 and mediate the downstream ALK1/Smad1/5/8/Id1 signaling pathway during angiogenesis of HUVECs.

Finally, we investigated the effect of miR-199b-5p on tumor angiogenesis in vivo. The size and weight of the tumors were reduced in the group that was intratumorally injected with agomiR-199b-5p. In agreement with the in vitro results that overexpression of miR-199b-5p inhibits tube formation of HUVECs, the miR-199b-5p treatment caused a reduction of the number and size of blood vessels in tumors and adjacent tissues.

In conclusion, our present study highlights that miR-199b-5p is a newly identified inhibitor, of the migration and angiogenesis process of HUVECs in vitro, as well as tumor angiogenesis and tumor progression in vivo through the silencing of ALK1 expression. Our results suggest that upregulating or delivering miR-199b-5p might be a potential strategy for the treatment of tumors by suppressing angiogenesis.
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Tumor immunosuppression may assist the immune escape of cancer cells, which promotes tumor metastasis and resistance to chemo-radiotherapy. The therapeutic strategies against tumor immunosuppression mainly focus on blocking immune checkpoint receptors, enhancing T-cell recognition and neutralizing inhibitory molecules. Although immunotherapies based on these strategies have improved the clinical outcomes, immunological nonresponse and resistance are two barriers to tumor eradication. Therefore, there is an urgent need to identify new biomarkers for patient selection and therapeutic targets for the development of combination regimen with immunotherapy. Recent studies have reported that non-protein-coding modulators exhibit important functions in post-transcriptional gene regulation, which subsequently modulates multiple pathophysiological processes, including neoplastic transformation. Differentiated from microRNAs, long non-coding RNAs (lncRNAs) are reported to be involved in various processes of the immune response in the tumor microenvironment (TME) to promote tumor immunosuppression. Currently, studies on tumor immunity regulated by lncRNAs are mainly confined to certain types of cancer cells or stromal cells. Additionally, the majority of studies are focused on the events involved in T cells and myeloid-derived suppressor cells (MDSCs). Although the reported studies have indicated the significance of lncRNAs in immunotherapy, the lack of comprehensive studies prevents us from exploring useful lncRNAs. In the current review, we have summarized the roles of lncRNAs in tumor immune response, and highlighted major lncRNAs as potential biomarkers or therapeutic targets for clinical application of immunotherapy.
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INTRODUCTION

The host immune surveillance evasion by the tumor cells enables them to proliferate, which results in tumorigenesis. The effector T lymphocytes and natural killer (NK) cells have limited efficacy in the tumor microenvironment (TME), due to the gene and/or protein alterations in the tumors and immune cells that are necessary for tumor cell recognition and killing. Additionally, the accumulation of immunosuppressive cells and/or cytokines may suppress the functions of effector immune cells. The TME, which exhibits immunosuppressive characteristics, may affect the outcomes of immunotherapy. Several studies indicated that long non-coding RNAs (lncRNAs) can affect the differentiation and functions of immune cells as well as the progression of tumors. This review summarizes the potential predictive value of lncRNAs for immunotherapy response.



THE POTENTIAL ROLES OF LncRNAs IN CANCER IMMUNOTHERAPY


The Need for New Biomarkers and Therapeutic Targets for Cancer Immunotherapy

Anticancer immunotherapies, especially immune checkpoint blockade (ICB) and adoptive cellular transfer, are associated with higher efficacy and tolerance than conventional therapies like targeted therapy (1–4). Particularly, the gene signatures indicative of a T cell-inflamed TME in solid tumors are positively correlated with clinical response to anti-programmed cell death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1) therapy (5). Several studies have proposed further stratification of TME to enhance the efficacy of ICBs. Prior to therapy initiation, TME can be classified into four subtypes according to the tumor mutational burden (TMB) and gene signatures for T cell-inflamed TME (5) or can be categorized into three basic immune profiles based on the localization of tumor-infiltrating lymphocytes (TILs) and the expression of PD-L1 in tumor biopsies (6, 7). Although the two stratifications have several differences, they emphasize the immune-inflamed phenotype of the tumors. The inflamed tumor profile is characterized by the infiltration of immune effector cells [e.g., CD8+ T cells and type 1 T helper (TH1) cells] and proinflammatory cytokines [e.g., interleukin (IL)-12, IL-1β, and type I and type II interferons (IFNs)] in the tumor parenchyma (5, 6). The inflamed tumor samples may be positive for PD-L1 staining. Furthermore, the TILs and immunosuppressive immune cell populations infiltrate inflamed tumors with low TMB. The primary immunosuppressive populations are regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs). The inflammatory TME may favor tumor growth and metastasis. The inflamed tumor profile, irrespective of the TMB status, indicates that the pre-existing antitumor immune response is markedly suppressed.

The PD-L1/PD-1 blockade deregulates the inhibitory signals transduced into the T cells and subsequently enhances the T cell-mediated cytotoxicity against tumor cells (8). The clinical response to PD-L1/PD-1 blockade ranges from 12 to 52% in the inflamed tumors, such as melanoma, bladder cancer, and mismatch repair-deficient colorectal cancer (9). Some individuals exhibiting high lymphocyte infiltrations and high PD-L1 expression were refractory to anti-PD-L1/PD-1 therapy (5, 10). This indicated that tumor-shrinkage occurs due to a combination of factors and that the immune cell infiltration and PD-L1 expression are necessary but insufficient for tumor response. Hence, several studies are ongoing to identify the biomarkers that can predict the response to PD-1 blockade (pembrolizumab) and to select patients most likely to benefit from immunotherapy. In addition to T cell-inflamed gene expression profile (GEP) and PD-L1 status, TMB and high microsatellite instability (MSI-H) may also act as predictive biomarkers for response to anti-PD-1 therapy (11). Previous studies have reported that TMB and T cell-inflamed GEP can independently predict the response to pembrolizumab. Furthermore, the prediction efficiency of TMB and T cell-inflamed GEP combination was stronger than that of TMB or T cell-inflamed GEP (11). Although TMB and inflammatory biomarkers, including T cell-inflamed GEP and PD-L1 status, have high predictive value for response to pembrolizumab, other hidden biomarkers need to be explored. The mechanisms underlying immunosuppression in inflamed tumors with low TMB are weakly associated with the PD-L1/PD-1 pathway and strongly associated with immunosuppressive immune cell populations. Strategies to relieve immunosuppression mediated by MDSCs, TAMs, and Tregs that activate the effector immune cells may play a major role in tumor regression in these patients. Thus, biomarkers and therapeutic targets focusing on immunosuppressive cells may enhance antitumor immune responses in such tumor types.



Mechanism of Tumor Immune Escape in T Cell-Inflamed TME

Both tumor-intrinsic and tumor-extrinsic mechanisms are employed by the tumors to evade immune surveillance. The generation of tumor antigens and the expression of major histocompatibility complex (MHC) class I molecules can be decreased to inactivate the T lymphocytes (12). Upon stimulation with IFN-γ, PD-L1 expressed on the tumor cells interacts with PD-1 expressed on the CD8+ T cells, which causes T cell exhaustion (13). In addition to the IFN-γ signaling pathway, the loss of sensitivity to tumor necrosis factor (TNF) has been demonstrated to promote tumor immune escape through the upregulation of anti-apoptotic proteins, such as BCL-2. Moreover, the tumor cells can also influence the functions of immune cells via the secretion of immunosuppressive mediators and exosomes that mediate cell-cell communication (13).

During tumor initiation and progression, the TME affects the tissue-resident and blood-derived cells and thus promotes the development of tumors. The following two types of myeloid cells are highly susceptible to environmental signals: dendritic cells (DCs) (antigen presentation) and macrophages (antigen degradation). These cells are influenced by cancer cells through tumor-derived soluble factors, such as IL-6, vascular endothelial growth factor (VEGF), macrophage colony-stimulating factor (M-CSF) (14). Additionally, the production and secretion of IL-1β, granulocyte/macrophage CSF (GM-CSF), prostaglandin E2 (PGE2), and VEGF by tumors promote the expansion of myeloid progenitor cells and immature myeloid cells. This is followed by the accumulation of these cells, which are termed as MDSCs (15). The accumulated DCs, macrophages, and MDSCs facilitate tumor growth by suppressing the proliferation of CD8+ T lymphocytes. In the lymphoid compartment, the key effector cells involved in balancing the tumor immunity are CD8+ T cells, NK cells, B cells, and CD4+ T cells. The CD8+ T cells are the predominant anticancer effector cells that give rise to cytotoxic T lymphocytes (CTLs) and kill the tumor cells which present a specific peptide-MHC complex (16). However, the CD8+ T cells recruited into the tumor beds also encounter numerous barriers, including the recognition of checkpoints, such as PD-L1/PD-1, CD28/CTLA-4, and immunoglobulin-like transcript receptors (17). Inhibitory molecules, such as T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), lymphocyte activation gene (LAG-3), and T cell immunoreceptor with Ig and ITIM domains (TIGIT) on the Tregs are critical to the suppressive function in antitumor immune response (18). TH1-polarized CD4+ T cells cooperate with the cytotoxic CD8+ T cells to promote the macrophage cytotoxic activities and enhance the antigen presentation by antigen-presenting cells (APCs). Contrastingly, TH2-polarized CD4+ T cells and other TH2 response-initiating cells, such as TH2-polarized monocytes and macrophages, and regulatory B cells (Bregs), are crucial pro-tumorigenic components that promote tumor cell survival and proliferation (19, 20). In addition to these cellular components mentioned above, the non-cellular components such as IL-6, IL-10, indoleamine 2,3-deoxygenase (IDO), and TGF-β are also indispensable for the regulation of intratumoral immunosuppression (20, 21).



LncRNAs as Promising Therapeutic Targets and Biomarkers for Cancer Immunotherapy

LncRNAs, which are the most frequently expressed non-protein-coding transcripts, are localized in the cell nucleus, cytoplasm and exosomes (22) where they interact with various molecules such as DNA, RNA, and proteins. Some lncRNAs that are packaged into the exosomes can function as messengers for signal transduction between the cells (23). Several studies have reported that lncRNAs are involved in pathophysiological processes through the epigenetic, transcriptional, and post-transcriptional regulation of gene expression (24). Additionally, lncRNAs are reported to affect the differentiation and development of myeloid cells and the expression of inflammatory genes in immune cells (22, 25). Furthermore, lncRNAs are also involved in the regulatory circuit of the immune cells. In specific types of immune cells, the expression of lncRNAs is induced by intracellular signaling pathways (such as NF-κB) upon Toll-like receptor (TLR) activation or is suppressed upon cytokine receptor activation, which subsequently regulates the immune responses (25). Previous studies have suggested that some lncRNAs may promote tumor progression through the dysregulation of tumor proliferation, apoptosis (e.g., MA-LINC1, HOTAIR), metastasis (e.g., MALAT1), and angiogenesis (e.g., MIAT, MEG3). LncRNAs target the immune checkpoints and cytokines and promote the formation of the immunosuppressive microenvironment, which contributes to tumor progression and drug resistance. Specifically, lncRNAs are emerging new therapeutic targets and prognostic biomarkers for tissue- and clinical stage-specific cancers (26, 27).

To elucidate the detailed mechanisms underlying the interactions between immune system and tumor cells, researchers are gradually unveiling the roles of lncRNAs in immunosuppressive TME. Computational approaches such as LnCAR (28) and DriverLncNet (29) are developed to explore the functions of lncRNAs in tumor progression based on the causal relations from gene perturbation experiments. In a pan-cancer analysis, the lncRNAs identified by these tools were significantly correlated with the dysregulation of signatures associated with immune responses, including the activation and inhibition of T cells (28, 29). Thus, the strong correlations between lncRNAs and the immune response in cancers warrants further exploration of potential roles of lncRNAs as novel clinical predictors for the efficacy of checkpoint blockades.




FEATURES AND FUNCTIONAL MODULES OF LncRNAs IN TUMOR IMMUNE RESPONSES

Non-coding RNAs are RNA molecules that do not code for protein. LncRNAs are defined as non-coding RNAs with at least 200 nucleotides, a length cutoff that distinguishes lncRNAs from small regulatory RNAs, such as piRNA (Piwi-interacting RNAs) and other microRNAs (miRNAs). Genome-wide studies (tilling microarray, RNA sequencing, and chromatin marks) have reveled numerous non-coding transcribed bases in mammals (30). According to the current GENCODE Release (version 31) (https://www.gencodegenes.org/), about 30% of the known genes in human genome are transcribed as lncRNAs. The majority of lncRNAs with low conservation level were considered as transcriptional noises, which are by-products during the transcription and splicing of protein-coding genes. A study based on chromatin immunoprecipitation followed by massively parallel sequencing (ChIP-Seq) revealed several functional lncRNAs (31). The chromatin associated-lncRNAs are usually transcribed by RNA polymerase II and are processed like messenger RNA with additional 5′-capping and 3′-polyadenylated tail (31). The high evolutionary conservation among these lncRNAs indicated that they exhibit biological functions in many pathophysiological activities, such as X-chromosome inactivation (XIST) (32) and imprinting (H19) (33). LncRNAs can be categorized into several types based on the distance between neighboring annotated genes. For example, intronic lncRNAs are transcribed from an intron in the genome, long intergenic lncRNAs (lincRNAs) are transcribed from DNA sequence located between protein-coding genes, and antisense lncRNAs are transcribed from the complementary DNA strand of protein-coding genes (30).

The diverse functions of lncRNAs are related to their subcellular localization and targets. In the cytosol, lncRNAs function predominately through RNA-RNA and RNA-protein interactions (Figure 1A). Some lncRNAs act as competing endogenous lncRNAs (ceRNAs) to sponge miRNAs, which results in miRNA dysfunction and subsequently affecting mRNA translation. Recently, lncRNA SNHG1 was reported to directly interact with miR-448 in the regulatory T lymphocytes, which could negatively regulate the expression of IDO (34). In addition to post-transcriptional regulation, several lncRNAs bind to the signaling molecules. For example, Lnc-BM (a lncRNA related to breast cancer brain metastasis), binds to JAK2 and modulates its kinase activity through the Lnc-BM/JAK2/STAT3/ICAM1 pathway (35). Similarly, long intergenic non-coding RNA for kinase activation (LINK-A), interacts with PtdIns(3,4,5) P3 and affects the activation of the AKT pathway in the breast cancer cells (26). LncRNAs play a critical role in the epigenetic and transcriptional regulation of gene expression by interacting with the chromatin (complexes that contain proteins and DNA molecules) within the nucleus. For example, XIST lncRNA acts in cis to silence the gene expression in the X-chromosome of a female by recruiting chromatin modifiers to the adjacent sites (36). Additionally, the DNA-binding domain and specific secondary structures of lncRNAs enable the interaction with one or more proteins and guide them to the specific DNA sites, where they function as decoys, guides and scaffolds to regulate gene expression at the transcriptional level. Examples of the functional modules of lncRNAs in the nucleus are illustrated in Figure 1B.


[image: Figure 1]
FIGURE 1. Examples of the functional mechanisms for long non-coding (lncRNAs). LncRNAs function through interacting with diverse molecules in (A) the cytoplasm or (B) cell nucleus. (A) In the cytoplasm, lncRNAs can interact with RNAs or proteins. For example, LINC00473 sponges miRNA-195-5p to reduce its expression level. lnc-EGFR binds to the phosphorylated EGFR to block the ubiquitination, which maintains the activation of EGFR pathway. (B) In the nucleus, lncRNA can act as decoys (e.g., NKX2-1-AS1) or guides (e.g., LNMAT1) to regulate the gene expression at transcriptional levels.


In the TME, lncRNAs are directly or indirectly involved in the regulation of tumor immunosuppression through multiple mechanisms (Figure 2). Some immunosuppressive cells are generated from their corresponding effector cells through dynamic expression of protein markers in the cell membrane as evidenced by the polarization of macrophages, exhaustion of CD8+ T cells, differentiation of helper T cells, and immunosuppressive function of MDSCs. This process can be regulated by endogenous lncRNAs, which regulate gene expression in response to specific stimuli. Moreover, lncRNAs in the tumor cells may facilitate signaling transduction to mediate the degradation of peptide-loading complex (PLC) components, and to sponge miRNAs to upregulate the expression of immune checkpoints, which contribute to decreased immunosurveillance. Furthermore, the lncRNAs encapsulated in the exosomes act as mediators for cell-cell communication in the tumor environment. Exosomes are small membrane-bound vesicles that deliver a specific cargo of proteins and nucleic acids from the parent cells to the recipient cells. Several studies indicate that exosome-transmitted lncRNAs secreted from tumor cells can promote the immunosuppressive function of stromal cells, such as cancer associated fibroblasts and macrophages (37–39). Additionally, the phenomena that exosomes being delivered from immune cells to tumor cells or other kinds of immune cells are observed. On the one hand, TAMs strengthen the aerobic glycolysis and apoptotic resistance of breast cancer cells through the transmission of extracellular vesicles (EVs) with myeloid-specific lncRNA (40). Meanwhile, the exhausted CD8+ T cells, which express TIM-3 and PD-1 during the antitumor immune responses, exhibit reduced proliferation and impaired anticancer activities. The regular CD8+ T cells uptake exosomes containing lncRNAs secreted by the exhausted CD8+ T cells, which leads to CD8+ T cell dysfunction (41). Furthermore, some lncRNAs expressed in the tumor cells are affected by immune cells. Tumors are highly organized tissues with numerous reciprocal interactions among distinct cell populations and between cells and soluble molecules. Cytokines, such as CCL5 and IL-8 can be secreted by macrophages and tumor-associated DCs, which interact with the receptors expressed in the tumor cells. The cytokine-mediated interaction enhances cancer progression through lncRNA-dependent pathways, such as the MALAT1/Snail pathway in colon cancer (42).
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FIGURE 2. Long non-coding RNAs (lncRNAs) regulate the immunosuppression in the tumor microenvironment (TME). In the TME, lncRNAs regulate the expression of molecules (e.g., PD-L1, MHC I, and HLA-G) on the surface of the tumor cells, which may attenuate the function of effector T cell. Additionally, the cytotoxicity of T cell can be directly regulated by lncRNAs within T cell, through mediating activation-induced cell death or enhancing T cell exhaustion. LncRNAs can also participate in the phenotype transition of cells, such as helper T cell, fibroblast, and macrophage, which can contribute to the formation of immunosuppressive TME. In the myeloid-derived suppressor cell (MDSC), lncRNAs enhance the production of immunosuppressive molecules, such as Arg1 and reactive oxygen species (ROS). Th1, type 1 helper T cell; Th2, type 2 helper T cell; Th17, T helper cell17; Treg, regulatory T cell; MDSC, myeloid-derived suppressor cells; CAF, cancer-related fibroblast; M1, M1 macrophage; M2, M2 macrophage; TADC, tumor-associated dendritic cell; NK cell, natural killer cell.


In the following sections, we will discuss the mechanisms underlying lncRNA-mediated regulation of tumor immune responses. Additionally, we clarify the potential of lncRNAs as biomarkers for patient selection and the possibility to manipulate the expression of lncRNAs for clinical therapeutic applications.



LncRNAs MODULATE TUMOR IMMUNOSUPPRESSION IN TME

LncRNAs are reported not only to mediate crucial signal transductions in cancer signaling pathways but also to affect the tumor immunity to promote tumor evasion from immunosurveillance. Denaro et al. have reviewed that immune cells, such as T cells, B cells, dendritic cells, macrophages, and myeloid cells, regulate cancer immunity through lncRNAs-related pathways. Some lncRNAs have been highlighted as theraputic targets and diagnostic markers in cancers (43). Thus, it is valuable to consider that lncRNAs participating in tumor immunosuppression have the potential for clinical applications. To systematically summarize the research results of lncRNAs regulating tumor immunosuppression, we retrieved literatures in the Pubmed database using the following combination of the search terms: “lncRNA or long noncoding RNA or long non-coding RNA,” “immune suppression or immunosuppressive,” and “tumor microenvironment.” Furthermore, studies on the pivotal immune checkpoints [PD-L1, TIM-3, and human leukocyte antigen (HLA)-G] and immunosuppressive cells (Tregs, MDSCs, and TAMs) that are reported to be regulated by lncRNAs in TME were also included. The studies were excluded based on the following criteria: (a) studies that have reported lncRNAs to regulate the function of immune cells but have not elucidated the roles of lncRNAs in cancers; (b) studies that have reported the role of lncRNAs in tumor metastasis or progression but have not directly demonstrated the interactions between lncRNAs and immune system; (c) studies that have reported the functions of lncRNAs in hematological tumor. The literature analysis indicated that the mechanisms underlying lncRNA-mediated regulation of tumor immunosuppression can be classified according to the type of cells expressing lncRNAs. In the tumor cells, some oncogenic lncRNAs regulate the immunogenicity of tumors by upregulating the expression of immune checkpoints (e.g., PD-L1 and IDO) and HLA-G, or directly by downregulating the generation of tumor antigens. Furthermore, lncRNAs within tumor cells may accumulate in the stromal cells that are recruited into the TME and secrete the suppressive molecules that affect the tumor cell-mediated immunosuppression. The reported studies mainly focused on immunosuppressive and immunoregulatory cells, such as M2 macrophages, MDSCs, and Tregs, which are associated with immunosuppressive TME. LncRNAs that regulate tumor immune escape and the corresponding target genes are described in detail below (Table 1).


Table 1. Long non-coding RNAs (lncRNAs) and their respective molecules or pathways involved in the tumor microenvironment (TME) immunosuppression.

[image: Table 1]


Tumor Cell-Derived lncRNAs Mediate Tumor Immunosuppression
 
Expression of Molecules in Tumor Cells

Mutation-derived tumor antigens are expressed on the membrane of cancer cells in the form of peptide-MHC class I complexes, which are recognized by cytotoxic CD8+ T lymphocytes that kill the tumor cells. During the antigen presentation of peptide-MHC complexes, the peptides are degraded from the cytosolic proteins by proteasomes. The degraded peptides are then transported into the lumen of the endoplasmic reticulum, where the antigen peptides bind to the MHC class I molecules and are transported to the cell surface (82). The dysregulated antigen presentation machinery in the tumor may facilitate cancer cells to escape the immunosurveillance. The components of PLC play an important role in the transportation and presentation of peptide-MHC complexes. The antigenicity of cancer cells may be reduced through the degradation of PLC components, which are modified by ubiquitin. The expression of LINK-A, a tissue-specific lncRNA, in the triple-negative breast cancer (TNBC) tissues was reported to be higher than that in the non-TNBC tissues. Additionally, LINK-A can predict poor prognosis in patients with breast cancers (83, 84). Hu et al. demonstrated that the expression of LINK-A was negatively associated with the abundance of APCs and CD8+ T cells in the basal-like breast cancers, which indicated a correlation between LINK-A and immunosuppression (26). In the transgenic MMTV-Tg (LINK-A) mouse model, LINK-A functions as an oncogenic lncRNA and initiate metastatic mammary gland tumors, which phenotypically resembled the human TNBC. Moreover, LINK-A could enhance the polyubiquitination-mediated degradation of the PLC components and tumor suppressors (Rb and p53) through the inhibitory GPCRs/PKA pathway (26). Treatment with the locked nucleic acids (LNAs) of LINK-A or GPCR antagonists in vivo increased the stability of MHC class I complexes and PLC components. Importantly, treatment with LNA did not affect the distribution of immune cells, such as CD8+ T cells, macrophages, and MDSCs in the regular mammary glands.

A recent study that tumor cells may upregulate non-classical HLA molecules, such as HLA-G, which can be modulated by cytokines like IL-10 and IFN-γ to evade immunosurveillance. HLA-G binds to the inhibitory receptors expressed on different immune cells, which results in the suppressive immune responses, such as the inhibition of cytotoxicity of CD8+ T cells and NK cells (85). Recent studies have reported that HOTAIR, a ceRNA, may modulate the expression of HLA-G by competitively binding to miR-152 (57) or miR-148a (47) in cancer cells. HOTAIR is overexpressed in different types of human malignancies and is involved in cancer progression and metastasis. In patients with cervical cancer, HOTAIR upregulation was correlated with more advanced clinical characteristics and shorter overall survival.

In the T cells, the reduction of tryptophan by indoleamine 2,3-dioxygenase 1 (IDO1) can activate the stress-response kinase GCN2, which inhibits T cell proliferation and induces the differentiation of naïve CD4+ T cells into Tregs. Therefore, IDO1 expression in tumors may contribute to immune evasion. Wu et al. reported that lnc-sox5 was upregulated during the tumorigenesis of colorectal cancer (CRC). Additionally, the absence of lnc-sox5 did not affect the growth of tumor cells in immunodeficient mice, but significantly suppressed tumorigenesis in immunocompetent mice (50). Flow cytometry analysis suggested that the knock down of lnc-sox5 promoted the infiltration and the cytotoxicity of CD3+CD8+ CTLs in tumors in immunocompetent mice. Furthermore, the frequency of Tregs was markedly suppressed. The expression of IDO1 is significantly reduced in Caco-2 cells and MC-38 cells upon lnc-sox5 knockdown. Therefore, lnc-sox5 may serve as a modulator of IDO1 in tumor cells and can be a potential therapeutic target for cancers.

PD-L1 expressed on the tumor cells interacts with PD-1 receptor expressed on the activated T cells, which transduce inhibitory signals for T cell proliferation and cytokine production. LncRNAs are reported to mediate the expression of PD-L1 on tumor cells through various mechanisms. LncRNAs can indirectly upregulate PD-L1 expression by sponging miRNAs. For example, lncRNA UCA1 repressed the expression of miR-193a, miR-26a/b, and miR-214 in gastric cancer through direct interactions and improved the expression of PD-L1 (58). Other studies also reported that lncRNA LINC00473 sponged miR-195-5p to enhance the expression of PD-L1 in prostate cancer (77), while lncRNA MALAT1 regulated tumor migration and immune evasion by modulating the miR-195/PD-L1 axis in diffuse large B-cell lymphoma (51) and the miR-200a-3p/PD-L1 axis in lung cancer (69), respectively. Soluble factors secreted by the immune cells also affect the expression of MALAT1. Kan et al. reported that CCL5 derived from tumor-associated DCs was associated with the up-regulation of MALAT1, which subsequently increased the expression of Snail to promote tumor progression (42). A recent study also reported that IL-8 secreted from M2 macrophages sufficiently promoted the expression level of MALAT1 by activating the STAT3 signaling pathway (78). These studies suggest that MALAT1 serves as a key regulator during tumor progression, especially during tumor immune evasion. LncRNAs can also regulate PD-L1 expression by interacting with proteins (53, 70). NKX2-1-AS1 is an antisense lncRNA that partially overlaps the NKX2-1/TTF1 gene. In lung adenocarcinomas, NKX2-AS1 and NKX2-1 were highly expressed, but NKX2-AS1 did not regulate the expression of NKX2-1 or nearby genes. NKX2-1-AS1 negatively regulated the transcriptional activity of PD-L1 by interfering with the binding of NKX2-1 protein to the promoter of PD-L1 by potentially functioning as a decoy molecule (70).



Pro-tumoral Cytokines

LncRNAs expressed in tumor cells may affect not only the tumor cells but also tumor-directed immune responses. For example, the tumor-suppressive growth arrest-specific transcript 5 (GAS5) lncRNA was reported to be associated with the expression of VEGF-A and IL-10 in the tumor cells (49). VEGF-A is a well-known proangiogenic molecule produced by the tumor cells. Additionally, VEGF-A plays a key role in the induction of immunosuppressive microenvironment by enhancing the expression of inhibitory checkpoint molecules in the CD8+ T cells, inhibiting the maturation of DCs, and promoting the differentiation of Tregs (86–88). IL-10 acts as an immunosuppressive cytokine to inhibit the maturation of DCs and the antigen cross-presentation to T cells (89). The tumor tissues exhibit lower GAS5 lncRNA expression than the corresponding normal tissue (90, 91). The knockdown of GAS5 in the CRC cells improved the expression of VEGF-A and IL-10 via the nuclear factor-κB (NF-κB) and Erk1/2 pathways, respectively (49). In the colitis-associated cancer mouse model, GAS5 was markedly down-regulated and was negatively associated with the expression of VEGF-A and IL-10 (49). Thus, VEGF-A and IL-10 cytokines suppressed by GAS5 may serve as targets for lncRNA-based therapeutic regimens against CRC.



Effect of lncRNA on Immune Cells Within TME

Several studies suggest that tumor cell-derived lncRNAs may also be involved in the secretion of factors such as CCL2, coagulation factor X (FX), and exosomal miRNAs to promote tumor metastasis by influencing macrophage recruitment and polarization. Chen et al. reported that lymph node metastasis associated transcript 1 (LNMAT1), a novel lncRNA, was significantly upregulated in bladder cancers with lymph node metastasis. Moreover, enhanced LNMAT1 expression was significantly associated with more advanced clinicopathological characteristics, which indicated a poor survival for patients with bladder cancer (45). LNMAT1 is predominantly localized in the nucleus and recruits hnRNPL to the CCL2 promoter, which results in H3K4 tri-methylation and transcriptional activation (45). Subsequently, CCL2 activated by LNMAT1 recruits macrophages into the tumor mass and promotes the lymphatic metastasis via VEGF-C excretion (45). Lnc-BM, a metastasis-related lncRNA, may promote cancer progression in patients with breast cancer brain metastases (BCBMs) by promoting communication between macrophages and breast cancer cells in the brain TME (35). Tumor cell-derived Lnc-BM facilitated STAT3-dependent expression of CCL2 and ICAM1, which mediated macrophage recruitment and vascular co-option in the brain, respectively. The recruited macrophages secreted IL-6 and oncostatin M, which activated the Lnc-BM/JAK2/STAT3 pathway in breast cancer cells (35). Zhang et al. reported that lncRNA CASC2c interacts with miR-338-3p reciprocally to repress its expression, which increases the expression and secretion of FX. FX is involved in the recruitment and M2-polarization of macrophages in glioblastoma (56). LncRNA X-inactive-specific transcript (XIST) functions as a tumor suppressor in brain-metastatic breast cancer (44). XIST was significantly downregulated in brain-metastatic tumors of patients with breast cancer. The knockout of XIST in mammary glands of mice stimulated the growth of the primary tumor and brain metastases. Loss of XIST also enhanced the secretion of exosomal miRNA-503, which triggered the M2-polarization of microglia, and upregulated the immunosuppressive cytokines in microglia and subsequently suppressed T-cell proliferation (44). Tumor-derived exosomal lncRNAs have been indicated as signaling mediators that orchestrate the communications between tumor cells and macrophages in TME. Li et al. demonstrated that hepatocellular carcinoma (HCC) cell-derived exosomes contained overexpressed TUC339 lncRNA, which may be taken up by the non-polarized THP-1 macrophages (37). Additionally, in vitro experiments suggested that TUC339 is majorly involved in macrophage polarization (37).

In addition to macrophages, the functions of Tregs and fibroblasts can also be regulated by lncRNAs from tumor cells in TME. The tumor suppressor lncRNA FOXF1 Adjacent Non-Coding Developmental Regulatory RNA (FENDRR) is reported to be a favorable diagnostic biomarker for HCC (92). Microarray analysis suggested that the expression of FENDRR lncRNA in HCC samples was higher than that in the normal samples. Recent studies also suggested that FENDRR lncRNA suppressed the immune escape of HCC cells (61). The HCC cells transfected with siRNA of FENDRR lncRNA exhibited increased expression of TGF-β, IL-10, and VEGF. Furthermore, FENDRR lncRNA could competitively bind to miR-423-5p to upregulate the expression of growth arrest and DNA-damage-inducible beta (GADD45B). Previous studies have indicated that the loss of GADD45B could increase the number of Tregs (93), which may explain the lncRNA FENDRR-mediated inhibition of immune escape that was medicated by Tregs in the HCC cells (61). Ding et al. discovered a tumor cell-derived exosomal lncRNA, namely Lnc-CAF, which was markedly upregulated in the stromal fibroblasts. This novel stromal lncRNA reprogramed normal fibroblasts (NFs) to cancer-related fibroblasts (CAFs) through the Lnc-CAF/IL-33 pathway and promoted the progression of oral squamous cell carcinoma (OSCC) (38). In OSCC patients, the overexpression of Lnc-CAF and IL-33 was positively associated with higher TNM stages at diagnosis, which indicated worse outcomes.



Immunosuppressive Cytokines

In TME, the expression of lncRNAs in tumor cells could be modulated by some soluble immunosuppressive cytokines, which promoted tumor immune escape. This regulatory mode suggests a crosslink between stromal cells and cancer cells. In the cervical cancer cells, TGF-β secreted by CAFs can increase the expression of cancer susceptibility candidate 9 (CASC9) lncRNA, which promoted the migration of tumor cells by sponging miR-215 to up-regulate TWIST2 in vitro and in vivo (48). Furthermore, bioinformatics analysis has predicted the presence of complementary sequences between miR-215 and CASC9. Another study reported that the human esophageal cancer cells and tumor tissues exhibited higher DNM3OS lncRNA than normal samples. The expression of DNM3OS lncRNA can be promoted by CAF-derived PDGF-β in tumor cells through the PDGFβ/PDGFRβ/FOXO1 signaling pathway (54). In glioblastoma, CXCL14 in glioblastoma-associated stromal cells could induce glycolysis and invasion of glioma cells by regulating the UCA1/miR-182/PFKFB2 axis (55). M2-like TAMs may secret EGF to regulate the growth and migration of ovarian cancer cells and the metastasis of ovarian cancer. EGF secreted by M2-like TAMs may inhibit the expression of metastasis-inhibiting LIMT (lncRNA inhibiting metastasis) by activating the EGFR-ERK pathway to stimulate tumor progression in ovarian cancers (75). The proinflammatory cytokine IL-6 in TME may contribute to the development of HCC. IL-6 can activate STAT3, a transcription activator that binds to the promoter regions of lncTCF7, to induce the expression of lncTCF7 in a time- and dose-dependent manner. Additionally, STAT3 knockdown and inhibition of STAT3 activation decreased the expression of lncTCF7 (62).




Immune Cell-Derived lncRNAs Affect the Immune Responses in TME

Recent studies have reported that, lncRNAs are crucial regulators for the development and functions of several immune cell lineages, which have been elaborately reviewed elsewhere (25, 94). Furthermore, immune cells within the tumor mass usually undergo epigenetic changes to enhance the survival of tumor cells. LncRNAs derived from immune cells in TME are reported to be involved in the expression of membrane molecules and the secretion of cytokines, which are reviewed in detail below.


Lymphoid Immune Cells

Recent studies have indicated that lncRNAs may influence the function of tumor-infiltrating T cells. Huang et al. reported that NF-κB-interacting lncRNA (NKILA) sensitized the T cells to activation-induced cell death (AICD), which was exploited by cancer cells to escape immunological destruction (46). Antitumor CTLs and TH1 cells were more sensitive to AICD than Tregs and TH2 cells in the breast and lung cancer microenvironments. Antigen-stimulated T cells increased the acetylation of histones at the NKILA promoter region, and subsequently enhanced STAT1-mediated transcription of NKILA (46).

In nasopharyngeal carcinoma (NPC), genome expression profiling data of tumor samples suggested that the expression of AFAP1-AS1 lncRNA was significantly associated with that of PD-1. The immunohistochemical analysis revealed that PD-1 and AFAP1-AS1 were co-expressed in the TILs of the NPC tissues. Patients with NPC exhibited poor prognosis when the tumor was positive for both AFAP1-AS1 and PD-1 (74). TIM-3 expressed on the CD8+ T lymphocytes is reported to be correlated with the phenotype of immune exhaustion. Lnc-Tim3 lncRNA specifically blocked the interaction between TIM-3 and Bat3 by binding to the intracellular domain of TIM-3, which suppressed the downstream signaling of the Lck/NFAT1/AP-1 pathway (63). In vitro experiments indicated that Lnc-Tim3 inhibited the production of IFN-γ and IL-2 in CD8+ T lymphocytes, and enhanced the expression of anti-apoptotic genes, such as Bcl-2 and MDM2. Overexpression of Lnc-Tim3 in the Jurkat T cells upregulated the exhaustion-associated markers, such as PRDM1, LAG-3, and PBX3 (63). Thus, Lnc-Tim3 could promote an exhausted-like phenotype in the CD8+ T lymphocytes. Yan et al. demonstrated that nuclear-enriched autosomal transcript 1 (NEAT1) lncRNA affected the expression of TIM-3 by modulating the expression of miR-155 (65). NEAT1 lncRNA was highly expressed in the peripheral blood mononuclear cells (PBMCs) and tumor tissues of patients with HCC. Downregulation of NEAT1 lncRNA inhibited the apoptosis of CD8+ T cells and enhanced their cytotoxic activity against tumor cells in vitro. In the HCC mouse models, the tumor growth was suppressed upon injection with NEAT1-silenced CD8+ T cells (65).

The differentiation and distribution of Tregs among PBMCs and tumor tissues of patients may be influenced by lncRNAs. Linc-POU3F3 expressed in Tregs could promote the distribution of Tregs among PBMCs by activating the TGF-β signaling pathway in patients with gastric cancer. In vitro co-culture experiments demonstrated that overexpression of linc-POU3F3 in Tregs promoted the proliferation of cancer cells (60). Jiang et al. demonstrated that lnc-EGFR expressed in the Tregs could affect the expression of Foxp3 in HCC cells and maintain the activation of EGFR by preventing the interaction with c-CBL and phosphorylated EGFR, which resulted in the reduction of EGFR ubiquitination (64). Similarly, SNHG1 lncRNA mediates tumor immune escape by affecting the differentiation of Tregs. Additionally, SNHG1 lncRNA regulated the expression of IDO by directly inhibiting the expression of miR-448. SNHG1 silencing in breast tumor cells inhibited tumor growth and downregulated the expression of SNHG1, IL-10, IDO, and Foxp3 (34). The high expression of Lnc-SGK1 lncRNA was correlated with preferable clinical characteristics in patients with gastric cancer having Helicobacter pylori (H. pylori) infection and high-salt diet. In vitro experiments indicated that H. pylori infection and high-salt diet could enhance the expression of Lnc-SGK1 by activating the SGK1/JunB signaling pathway, which induces the differentiation of helper T cells toward TH2 and TH17cells (59).



TAMs

Macrophages exhibit a high plasticity, which endows them with diverse functions in response to microenvironment signals (95, 96). The classically activated macrophages (M1) are often generated upon stimulation with pathogen-associated molecular patterns (PAMPs), while the alternatively activated macrophages (M2) are generated upon stimulation with IL-4, IL-13, or IL-10 (97). Oppositely polarized macrophages differ in the expression of receptors, secretion of cytokines and chemokines, and effector functions (97). The M1 macrophages release pro-inflammatory factors, such as IL-6 and TNF-α and contribute to anti-tumoral immune responses (95). The M2 macrophages exhibit pro-tumoral functions by upregulating the expression of IL-10 and immune checkpoint molecules (89). Various strategies have been developed to target the macrophages in tumor mass. For example, therapies that reprogram M2 macrophages to adopt antitumor M1 phenotypes or enhance antigen-presenting capacity are demonstrated to enhance survival in preclinical models (98–100). Recently, several studies have focused on the regulation of macrophage polarization by lncRNAs. In non-small cell lung cancer (NSCLC), GNAS-AS1 lncRNA is highly expressed in the TAMs, tumor cell lines and clinical tumor samples. GNAS-AS1 promoted M2-polarization of macrophages and the progression of NSCLC cells by directly inhibiting miR-4319, which was downregulated by targeting the N-terminal EF-hand calcium binding protein 3 (NECAB3). The GNAS-AS1/miR-4319/NECAB3 pathway promoted tumor progression of NSCLC by shifting the polarization of macrophages (101). The expression of GNAS-AS1 lncRNA was negatively correlated to the overall survival of patients with NSCLC. Similarly, NIFK-AS1 lncRNA served as a ceRNA of miR-146a to modulate M2-polarization of macrophages in endometrial cancer (EC) (52). Additionally, NIFK-AS1 was downregulated in the TAMs. In vitro experiments have suggested that NIFK-AS1 overexpression suppresses the M2-polarization induced by IL-4, which further suppresses the proliferation, migration, and invasion of EC cells (52).

LincRNA-Cox2 is a long intergenic ncRNA (lincRNA) located downstream of the mouse Cox2 gene, which mediates the activation and repression of distinct classes of immune genes (102). LincRNA-Cox2 is reported to influence the functions of specific myeloid cell lineages such as macrophages via the TLR-dependent NF-κB pathway (25). Furthermore, Ye et al. reported that M1 and M2 macrophages exhibited differential expression of lincRNA-Cox2 in vitro (66). The expression of lincRNA-Cox2 in the M1 macrophages was higher than that in the non-polarized macrophages and M2 macrophages. The lncRNA silencing experiments revealed that the macrophages have a tendency toward an immunosuppressive phenotype, including the overexpression of IL-10 and arginase-1 (ARG-1), and the enhancement of pro-tumoral abilities. Thus, lincRNA-Cox2 may act as a suppressor of M2-polarization of macrophages to inhibit immune evasion and growth of tumor cells (66). Contrastingly, lncRNA-MM2P was reported to be involved in M2-polarization and M2 macrophage-mediated angiogenesis, which may have a potential role in macrophage-mediated tumorigenesis (76). Other lncRNAs, such as MIR155HG and CCAT1 have also been recognized as regulators of macrophage polarization (79, 103).



MDSCs

MDSCs are a population of heterogeneous cells comprising myeloid progenitors as well as immature mononuclear and polymorphonuclear cells (104). The chronic inflammation within the TME induced the accumulation of MDSCs, which exhibited immunosuppressive functions via the expression of ARG-1, IL-10, TGF-β, inducible NOS (iNOS), and COX2 (104–106) that promotes tumor growth.

Recent studies have suggested that lncRNAs play important roles in the immunosuppressive functions of MDSCs. The C/EBPβ and C/EBP homologous protein (CHOP) transcription factors are immunosuppressive regulators of MDSCs (107). Gao et al. identified a novel lncRNA, termed lnc-chop in MDSCs that interacts with CHOP and the C/EBPβ isoform, liver-enriched inhibitory protein. This interaction facilitates the activation of C/EBPβ and promotes the expression of immunosuppressive factors, such as NADPH oxidase 2, NO synthase 2, ARG-1, and cyclooxygenase-2 (107). Similarly, RUNXOR lncRNA was highly expressed in MDSCs isolated from tumor tissues of lung cancer. RUNXOR knockdown decreases the expression of immune suppressive molecules, such as arginase-1 in MDSCs (73). Moreover, hypoxia-induced HIF-1α could upregulate the expression of Pvt1 lncRNA in granulocytic MDSCs. Pvt1 lncRNA knockdown markedly impaires the immunosuppressive functions of G-MDSCs in vitro and in vivo (68). These findings indicate tumor-promoting roles of lncRNAs via regulation of the immunosuppressive function of MDSCs in TME (81).

Additionally, lncRNAs in MDSCs may also act as tumor suppressors. MALAT1 LncRNA is reported to play critical roles in tumorigenesis, angiogenesis, and metastasis. Recently, Zhou et al. reported that the expression of MALAT1 is downregulated in the PBMCs from patients with lung cancer, which was negatively correlated with the percentage of circulating MDSCs (71). In vitro experiments indicated that MALAT1 knockdown markedly increased the percentage of MDSCs (71). HOXA transcript antisense RNA myeloid-specific 1 (HOTAIRM1) lncRNA is reported to modulate the differentiation of myeloid cells by targeting HOXA1 (108). The expression of HOTAIRM1 in the PBMCs of patients with lung cancer was lower than that in the PBMCs of healthy controls. Additionally, the expression of HOTAIRM1 and its target gene HOXA1 were negatively associated with the ratio of MDSCs and ARG-1 levels in PBMCs of patients with lung cancer. Furthermore, HOTAIRM1 overexpression could decrease the immunosuppressive functions of MDSCs and suppress the induction of MDSCs from PBMCs of healthy control (72). Therefore, HOTAIRM1/HOXA1 might be a potential therapeutic target for lung cancer (72).





THE PRECLINICAL AND CLINICAL APPLICATIONS OF LncRNAs IN CANCER IMMUNOTHERAPY

Although several studies have demonstrated the role of lncRNAs in the regulation of tumor progression and immune response, there are limited preclinical and clinical application of lncRNAs in cancer immunotherapy. We searched the clinicaltrials.gov website and only found one ongoing observational study on HOTAIR lncRNA as a biomarker for thyroid cancer. This study investigated the ability of HOTAIR in differentiating benign thyroid nodules from malignant nodules (NCT03469544). As reviewed above, HOTAIR upregulates the expression of HLA-G in tumor tissues (47, 57), which indicated the potential role of HOTAIR as a biomarker of tumor immune escape. Other lncRNAs that regulate the pivotal molecules and pathways that are targeted in clinical therapies, such as tumor vaccine, T cell-based therapy, and ICB, can also potentially predict response to tumor immunotherapy.

The efficiency of ICB therapy is essentially dependent on T cell-recognized neoantigens displayed by MHCs on tumor cells. The lack of tumor neoantigen recognition renders tumors insensitive to PD-L1/PD-1 pathway blockade therapy. Thus, neoantigen-based cancer vaccines, including neoantigen vaccine, peptide vaccine, DNA vaccine, RNA vaccine, and DC vaccine, are developed to overcome these limitations in cancer immunotherapy. Some of these vaccines have been investigated in clinical trials (109). In patients with PD-L1+ TNBC tissues, the overall response rate to ICB therapy ranges from 10 to 18.5% (110). In an ongoing Phase Ib clinical trial, HLA-A2+ Metastatic TNBC is treated using a combination of PVX-410 cancer vaccine and pembrolizumab (NCT03362060). Furthermore, lncRNAs involved in the regulation of antigen presentation may potentially serve as therapeutic targets in tumor vaccines. In the mouse models of breast cancer, LINK-A expression was induced in mammary gland tumors (26). The inhibition of LINK-A expression suppressed the tumor progression. Furthermore, the combinatorial therapy of LINK-A LNAs and ICB synergistically suppressed tumor growth and markedly prolonged the survival of the tumor-bearing mice (26). Therapeutic strategies that restore the tumor antigen presentation pathway may improve the sensitivity to ICB therapy in TNBCs that lack tumor antigenicity. Therefore, LINK-A has great potential as a valid biomarker in predicting the outcomes of patients with TNBC who receive ICB therapy. Additionally, LINK-A can be a potential therapeutic target that sensitizes breast tumors to immune checkpoint inhibitors.

Adoptive T cell therapies, especially chimeric antigen receptor (CAR) T cell therapies, have yielded remarkable clinical efficacies in the treatment of hematological malignancies (111–114). The U.S. Food and Drug Administration (FDA) has approved two CAR T cell products, Yescarta and Kymriah, for treating hematological malignancies (115). However, the efficacy of CAR T cell therapy for solid malignancies has been limited (116, 117). This may be partly due to the lack of CAR T cell trafficking to the tumor site, insufficient activation, and short-term survival of the transferred T cells, and/or the enhanced immunosuppressive TME in tumor mass (115, 117). Various innovative strategies have been explored to overcome these limitations. Here, we highlight the enhancement of the survival of transferred T cells. A recent review has summarized the strategies to improve T cell resistance to apoptosis, such as the use of co-stimulatory domains in CAR genes, the inhibition of specific death receptor pathways, and the insertion of genes for the anti-apoptotic molecules (BCL-XL or BCL-2) (117). For the epigenetic regulation of T cell apoptosis, lncRNAs may act as an adjuvant target of CAR T cell therapy. NKILA is reported to preferentially sensitize antitumor T cells to cell death upon activation by tumor antigens (46). In the mouse model established by Huang et al. CD8+ T cells transduced with NKILA shRNA were transferred into immunocompromised mice with established human breast cancer xenografts, which efficiently suppressed the tumor growth. The NF-κB activity, CTL cytotoxicity, and expression of anti-apoptotic genes in the experimental group were enhanced when compared to those in the tumors of the control group (46). NKILA silencing in the transferred TILs and CAR T cells may overcome tumor immune evasion by inhibiting their AICDs, and improve the efficacy of adoptive T cell therapy for cancers.



CONCLUSION AND FUTURE PERSPECTIVES

Recently, the post-transcriptional modulation of gene regulation by lncRNAs was reported to be a key factor in various pathophysiological processes. Analyzing the function and differentiation of immune cells provide us an insight into the functions of lncRNAs in the immunosuppressive TME. In this review, the role of lncRNAs in tumor immune escape or immune surveillance is illustrated. The functions of lncRNAs within tumor cells or immune cells and in mediating the cell-cell communications were discussed. The pivotal roles of lncRNAs in the regulation of immunosuppressive TME implied that lncRNAs can be employed as biomarkers for cancer diagnosis and prognostic evaluation. Additionally, lncRNAs are potential therapeutic targets for cancer.

The expression of some lncRNAs is tissue- or stage-specific. Thus, lncRNA expressions in a certain cancer type could not be validated in other types of cancers. Recently, some studies have reviewed the literatures related to lncRNAs that are associated with various immune cells and stromal cells in adaptive/innate immune system or in TME (22, 23, 25, 43). It is worth noting that most of them have great potential for cancer research in the respect of tumor immunotherapy. The literatures included in this review must be carefully examined. Except for some studies with elaborate design and solid evidence, most conclusions in the literature need to be considered prudently. However, these studies provide us a basis for exploring new biomarkers and therapeutic targets for the clinical application of immunotherapy.

Additionally, further studies are required to explore this novel but far-ranging field. New computational approaches must to be developed to explore the functions of lncRNAs. Moreover, lncRNA-specific animal models should also be established to enable a better understanding of the roles of lncRNAs within TME for clinical application.
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Background: Lung cancer is the most common malignant tumor worldwide. Accumulating results have shown that long non-coding RNAs (lncRNAs) play a key role in tumorigenesis.

Patients and Methods: A total of 163 tumor tissues were collected from non-small cell lung cancer (NSCLC) patients from West China Hospital of Sichuan University. LincRNA00494 is a novel lncRNA, and its expression and biological effect in NSCLC were reported in this study. NSCLC cell lines were used in this study.

Results: LincRNA00494 is mainly distributed in the cytoplasm. LincRNA00494 was downregulated in the tumor tissues compared with the adjacent non-tumor tissues. LincRNA00494 expression was positively correlated with SRCIN1 expression (R = 0.57, P < 0.05). Silencing of LincRNA00494 in the cell lines substantially decreased SRCIN1 expression at the mRNA and protein levels, whereas overexpression of LincRNA00494 enhanced the SRCIN1 levels. miR-150-3p significantly decreased the luciferase signals of LincRNA00494 and SRCIN1 reporters. After transfection with miR-150-3p mimics and miR-150-3p inhibitor, overexpression of LincRNA00494 decreased the proliferation of the H358 (36%) and H1299 (29%) cell lines compared with that of the control cells, as shown by CCK-8 assays, whereas silencing LincRNA00494 promoted the proliferation of the H358 (47%) and H1299 (35%) cells. Tumor growth from LincRNA00494-overexpressing xenografts was significantly decreased; additionally, LincRNA00494 silencing substantially increased tumor growth compared with that of the control cells.

Conclusions: Functional experiments revealed that LincRNA00494 inhibited NSCLC cell proliferation, which might be related to the suppression of SRCIN1, a tumor suppressor gene, by acting as a decoy for miR-150-3p. The data showed that LincRNA00494 might have antineoplastic effects during NSCLC tumorigenesis through its role as a ceRNA.

Keywords: LincRNA00494, ceRNA, non-small cell lung cancer, SRCIN1, LncRNA


INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths worldwide (1). Due to the difficulty in early diagnosis and the poor chemotherapy response, the 5-years survival rate of lung cancer has remained at ~15% (2). Identification of for new biomarkers for the occurrence and development of non-small cell lung cancer (NSCLC) is urgently needed. Although the functions of protein-coding genes in the development of lung cancer have been extensively studied in recent decades, protein-coding genes comprise <2% of the human genome. Approximately 85% of human genomic sequences are transcribed into non-coding RNAs that are categorized into new and poorly understood RNA families (3, 4). Recent studies have shown the relationship between long non-coding RNAs (lncRNAs) and cancer subtypes, such as esophageal squamous cell carcinoma (ESCC), colorectal cancer (CRC), gastric cancer (GC), and NSCLC (5). In addition, lncRNAs may play an important role in cancer development by modulating various biological processes, including chromatin remodeling, transcription and post-transcriptional regulation. However, little is known about the specific mechanisms of lncRNAs in NSCLC.

LincRNA00494 (located at 20q13.13: 48359911…48370638, 10.1 kb) is a novel long intergenic non-protein coding gene, and its function has not been fully elucidated. LincRNA00494 showed low expression in esophageal cancer in a previous screen (6). Furthermore, we independently verified LincRNA00494 in NSCLC. LincRNA00494 was also found to be poorly expressed in NSCLC tissues. In the present study, we demonstrated that LincRNA00494 was downregulated in NSCLC tissues compared with the corresponding adjacent non-tumor tissues.

SRCIN1, a tumor suppressor gene, was reported to be inhibited by multiple microRNAs (miRNAs). MiRNA150 had a significant effect on SRCIN1 (7). LincRNAs can act by binding miRNAs. The aim of this study was to determine whether there is a targeted binding relationship between LincRNA00494 and miRNA150. Furthermore, a mechanistic investigation revealed that LincRNA00494 might suppress NSCLC cell proliferation by decoying miR-150-3p, which targets SRCIN1, a tumor suppressor in the progression of cancers (8, 9). Our findings might reveal the underlying mechanism by which aberrant LincRNA00494 expression promotes NSCLC tumorigenesis.



PATIENTS AND METHODS


Study Subjects

A total of 163 tumor and adjacent tissue samples were collected from patients with NSCLC at the West China Hospital of Sichuan University. After recruitment, every participant underwent an interview involving questionnaires, and each patient provided informed consent. The study protocols were approved by the Medical Ethics Committee of Sichuan University. The clinical characteristics of all the patients are listed in Table 1.


Table 1. Baseline demographic and clinical characteristics of the study population.
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Cell Culture

The NSCLC cell lines H358, HCC827, and H1299 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cell culture procedures were performed as previously described (10). Briefly, the cell lines were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum, penicillin and streptomycin in a humidified 5% CO2 atmosphere at 37°C.



Northern Blot Analysis and RNA in situ Hybridization Assay of Tumor Cells

In this study, we performed northern blotting to confirm the size of LincRNA00494. LincRNA00494 and vimentin gene expression in tumor cells was detected by RNA in situ hybridization using CanPatrolTM (SurExam Biotech, Guangzhou, China).



PCR and siRNA Knockdown

RNA from the cells and tissues was isolated using TRIzol reagent. All protocols were based on the manufacturer's instructions. An ABI Prism 7500 sequence detection system (Applied Biosystems, USA) was used to test the level of LincRNA00494. GAPDH was used as an internal standard control. In this study, all PCR assays were performed in triplicate (11). The LincRNA00494 primers for qPCR were as follows: GGTCTGGTGTGGAGACAGTG and AGCTTGCAGCCAAGAAAAGC (reverse). Mature miR-150 and SRCIN1 expression were detected by a quantitative real-time PCR assay with miR-150-specific and SRCIN1 primers and a TaqMan probe, as previously reported (7). We applied specialized kits (Sengbio, Inc., Beijing, China) to perform siRNA knockdown of LincRNA00494.



Reporter Plasmid Construction

The method for reporter plasmid construction was described in a previous study (12). psiCHECK2 (Clontech) was used to construct the plasmids psiCHECK2-LincRNA00494 (the plasmid containing LincRNA00494) and psiCHECK2-SRCIN1-3′UTR. DNA sequencing was used to verify the constructs.



Transfection and Luciferase Assay

Lipofectamine 2000 (Invitrogen, CA, USA) was used to transfect the H358 and H1299 cell lines with reporter plasmids. All procedures were based on the manufacturer's instructions. As described previously, with minor modifications, the Dual-Luciferase Reporter assay system (Promega, Madison, WI, USA) was used to measure luciferase activity (13). We carried out two independent experiments, and each group included three replicates.



Actinomycin D Assay

We also used Lipofectamine 2000 (Invitrogen) to transfect the H358 and H1299 cell lines. Moreover, the cell lines were co-transfected with miR-150 for 24 h and were exposed to actinomycin D (Sigma, St Louis, MO). As previously described, the stable expression of LincRNA00494 was analyzed using qRT-PCR (10).



Western Blot

Consistent with previous experimental procedures, Western blot analysis was conducted to assess SRCIN1 expression (10). Protein was extracted from the cell lines, and the immunoprecipitation samples were prepared using detergent-containing lysis buffer. Total protein (60 μg) was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore). The membranes were incubated with primary antibodies against SRCIN1 (Cell Signaling Technology, dilution: 1:1,000) and β-actin (Proteintech, dilution: 1:1,000) overnight at 4°C, and the proteins were detected with a Phototope horseradish peroxidase Western blot detection kit (Thermo Fisher).



Cell Viability Analysis

We used the Cell Counting Kit-8 system (Dojindo Laboratory, Kumamoto, Japan) to determine the cell viability, and all procedures were performed according to the manufacturer's instructions (13). There were six replicates for each group, and all experiments were repeated at least three times.



Xenograft Growth of the NSCLC Cells in Nude Mice

Five-weeks-old female BALB/c nude mice were injected subcutaneously with 0.1 ml of cell suspension (with 1 × 106 cells) containing H358 and H1299 control cells, LincRNA00494-silenced cells or LincRNA00494-overexpressing cells into the back flank. The tumors were measured every 2 days, and their volumes were calculated according to the following formula: volume = length × width2 × 0.5. This study was carried out in accordance with the principles of the Basel Declaration and the guidelines of the Institutional Animal Care and Use Committee of Sichuan University. The protocol was approved by the Institutional Animal Care and Use Committee of Sichuan University.



Statistical Analysis

Analysis of variance and linear regression were used to detect the correlation between the expression of LincRNA00494 and SRCIN1 in the NSCLC tissue. The differences between the two groups were assessed using paired Student's t-tests. A p-value < 0.05 was considered significant.




RESULTS


Cellular Characterization of LincRNA00494

To determine the subcellular localization of LincRNA00494, we detected the mRNA levels of U6 and GAPDH via RT-qPCR. In the H358 and H1299 cell lines, RT-qPCR analysis revealed that 17.2 and 14.8% of the LincRNA00494 transcripts were detected in the nuclear fraction, respectively, and 85.7 and 87.4% of these transcripts were found in the cytoplasmic fraction (Figure 1A). FISH shows that LincRNA00494 (red) were detected by RNA in situ hybridization using CanPatrolTM (Surexam Biotech, Guangzhou, China) in cytoplasm (Figure 3A). Meanwhile, PhyloCSF was utilized to examine the coding potential of LincRNA00494, and the PhyloSCF score was −149.3492, which indicated the low coding potential of LincRNA00494. Northern blot analysis showed that LincRNA00494 was 10 kb (Figure 1B).


[image: Figure 1]
FIGURE 1. Cellular and molecular characterization of LincRNA00494. (A) The levels of the nuclear control transcript (U6), the cytoplasmic control transcript (GAPDH mRNA) and LincRNA00494 were assessed by RT-qPCR. Data are shown as the mean ± SEM. (B) A northern blot shows that LincRNA00494 is 10 kb. (C) The linear correlations between the LincRNA00494 expression and the SRCIN1 mRNA levels were tested. The relative expression value was normalized to the GAPDH expression level. (D,E) LincRNA00494 expression significantly affected SRCIN1 mRNA expression. Knockdown of LincRNA00494 decreased the SRCIN1 expression, while ectopic expression of LincRNA00494 increased the SRCIN1 mRNA levels. (F) LincRNA00494 was expressed at a lower level in the NSCLC tissues than in the matched tumor-adjacent tissues. The expression level of LincRNA00494 was analyzed by RT-qPCR and normalized to the GAPDH level. Data are represented as the mean ± SEM from three independent experiments. (G) The protein levels of SRCIN1 were assessed by Western blots of H358 cells and H1299 cells.




LincRNA00494 Was Downregulated in the NSCLC Tissues

To investigate the potential key role of LincRNA00494 in NSCLC, we detected the expression levels of LincRNA00494 in 163 pairs of NSCLC and adjacent non-tumor tissues via RT-qPCR. The detailed clinical features are presented in Table 1. The results showed that LincRNA00494 was strongly downregulated in the tumor tissues compared with the adjacent non-tumor tissues (Figure 1F), which suggested that LincRNA00494 might have an antineoplastic effect during NSCLC tumorigenesis.



Association of LincRNA00494 and SRCIN1 in the NSCLC Tissues

According to the results mentioned above, we tested the correlation between LincRNA00494 and SRCIN1 in the 163 NSCLC tumor tissues. The expression of LincRNA00494 was positively correlated with the expression of SRCIN1 (R = 0.57, P < 0.05, Figure 1C). Next, we disturbed endogenous LincRNA00494 expression by using gene overexpression and knockdown to investigate its effects on SRCIN1 expression. The results showed that when LincRNA00494 was silenced in the two cell lines, SRCIN1 was substantially decreased at the mRNA and protein levels. In contrast, the overexpression of LincRNA00494 increased the SRCIN1 expression level (Figures 1D,E,G).



LincRNA00494 Regulated the SRCIN1 Expression Levels by Competing With miR-150

miR-150-3p was predicted to be the target of both LincRNA00494 and SRCIN1. We cloned the 3′ untranslated region (UTR) of SRCIN1 and LincRNA00494 into the psiCHECK2 vector and cotransfected these reporters with miR-150-3p mimics in the NSCLC cells to verify the role of miR-150-3p in the two NSCLC cell lines. miR-150-3p notably decreased the luciferase activity of SRCIN1 and LincRNA00494, as shown in Figure 2A. Moreover, we measured the mRNA levels of SRCIN1 and LincRNA00494 in the NSCLC cells after treatment with miR-150-3p mimics. As shown in Figure 2B, the SRCIN1 and LincRNA00494 levels were notably decreased. Furthermore, the expression levels of SRCIN1 and miR-150-3p in the tumor tissues of the 163 NSCLC patients were detected, and we identified a negative relationship between the miR-150-3p and SRCIN1 levels (R = 0.49, P = 0.002; Figure 2C). Subsequently, we cotransfected psiCHECK2-SRCIN1 3′UTR with LincRNA00494 siRNA. The results demonstrated that the knockdown of LincRNA00494 had a negative effect on the luciferase intensity in the H358, H1299, and HCC827 cells (Figure 2D). All these results showed that miR-150-3p could target both LincRNA00494 and SRCIN1. Thus, miR-150-3p, as a molecular decoy, regulates SRCIN1 expression via LincRNA00494.
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FIGURE 2. The relationships among miR-150-3p, LincRNA00494 and SRCIN1. (A) Both LincRNA00494 and SRCIN1 are targeted by miR-150-3p. miR-150-3p significantly decreased the luciferase signals of both LincRNA00494 and SRCIN1. (B) The SRCIN1 and LincRNA00494 levels were significantly decreased. Data are shown as the mean ± SEM (normalized to GAPDH). (C) The negative correlations between the LincRNA00494 expression levels and the SRCIN1 mRNA levels were tested. (D) The reporter vector was cotransfected into the NSCLC cells with LincRNA00494 siRNA or control siRNA. The luciferase signal was substantially decreased.




LincRNA00494 Modulated Tumor Cell Growth

Next, we investigated the effect of miR-150-3p on the RNA stability of LincRNA00494. We transfected miR-150-3p mimics and miR-150-3p inhibitor into the cells, and LincRNA00494 was downregulated due to the inhibition of RNA synthesis by actinomycin D in the presence of miR-150-3p (Figure 3B). As shown in Figure 3C, the proliferation of the H358 (36%) and H1299 (29%) cell lines decreased after overexpression of LincRNA00494. Silencing LincRNA00494 promoted the proliferation of the H358 (47%) and H1299 (35%) cells.
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FIGURE 3. LincRNA00494 mediated proliferation of the NSCLC cells. (A) FISH showed that LincRNA00494 was mostly located in the cytoplasm, with a small portion in the nucleus. Green indicates vimentin; red indicates LincRNA00494. (B) Cells were harvested, and the RNA stability of LincRNA00494 was analyzed by RT-qPCR relative to time 0 after new RNA synthesis was blocked with actinomycin D; the data are shown as the mean ± SEM (normalized to GAPDH). (C) H358 and H1299 cells were seeded in 96-well plates after transfection, and the cell proliferation was assessed daily for 5 days using the CCK-8 assay. Six replicates were performed for each group, and the experiment was repeated three times. Data are shown as the mean ± SEM. (D,E) The data show the tumor volumes of the xenografts in each group 4 weeks after subcutaneously implantation of stable NSCLC cells. The mean tumor volumes from six nude mice from each group are shown at different time points.




LincRNA00494 Accelerated the Tumor Growth of the Xenografts

For confirmation of the importance of LincRNA00494 in tumor growth, we performed subcutaneous injection of NSCLC cells for the generation of xenografts. As shown in Figures 3D,E, the overexpression of LincRNA00494 decreased the growth of xenografts; additionally, LincRNA00494 silencing substantially increased the tumor growth compared with that of the control cells.




DISCUSSION

In the present study, we examined LincRNA00494 in NSCLC and showed that it was dramatically downregulated, indicating the potential antineoplastic function of LincRNA00494 in NSCLC. Our work illustrated the associations among LincRNA00494, miR-150-3p and SRCIN1. Our findings demonstrated the important anticarcinogenic role of LincRNA00494 via decoying miR-150-3p, which could target SRCIN1.

LncRNAs are becoming important factors in various basic biological processes, and an increasing number of studies have proposed that lncRNAs have critical roles in cancer development (14, 15). Numerous lncRNAs have been implicated in lung cancer; however, only a few of these molecules have been characterized and shown to have specific biological functions and potential mechanisms. HOTAIR is a well-known oncogenic lncRNA that is highly expressed in NSCLC, SCLC, and various other human cancers (16). The expression of MALAT1 is positively correlated with the proliferation and metastasis of tumor cells (17). Moreover, the expression of CCAT2 was upregulated in NSCLC tissues compared to paired adjacent normal lung tissues. CCAT2 upregulation was reported in lung adenocarcinoma but not in squamous cell carcinoma (17). LncRNAs can be categorized into oncogenic LncRNAs and tumor suppressor LncRNAs according to their deregulated expression in cancer cells, similar to protein-coding genes. MEG3 is believed to be a tumor suppressor lncRNA because its expression is decreased in various human tumors, including lung cancer tissues (18). TUG1 was significantly downregulated in lung cancer tissues compared with the corresponding normal lung tissues. Downregulation of TUG1 was also positively related to advanced pathological stage, increased tumor size and decreased survival time in both lung squamous cell carcinoma and adenocarcinoma (19). Similarly, SPRY4-IT1 downregulation promoted the migration and invasion of A549 cells in vitro, whereas SPRY4-IT1 overexpression facilitated apoptosis (20). In our study, LincRNA00494 was significantly downregulated in the NSCLC tissues compared to the corresponding non-tumor lung tissues.

Next, we investigated the antineoplastic mechanism of LincRNA00494. Our data showed that the proliferative capacity of NSCLC cells was accelerated after LincRNA00494 silencing. More importantly, our results also suggested that LincRNA00494 acts as a molecular decoy for miR-150-3p. miRNAs are short RNA sequences that negatively regulate gene expression by targeting the 3′UTRs of mRNAs. miRNAs mediate many biological functions in tumors, such as cell proliferation, differentiation, and migration. Furthermore, miRNAs play an important role in gene regulation by targeting many coding and non-coding genes. Numerous reports have suggested that miRNAs mediated their effects by targeting lncRNAs (21). Our experiments demonstrated that lncRNAs may have an effect on their targets by acting as decoys for miRNAs, which is a very important mechanism.

Our work found that SRCIN1 served as a critical component of the LincRNA00494-miRNA network. The protein p140CAP, an important member of the Cap family encoded by SRCIN1, is expressed in various human tissues, and the expression level of p140CAP in tumors is low (8, 22). The silencing of p140CAP, a tumor suppressor gene, promoted tumor cell growth independent of anchoring and enhanced tumor growth and development (8, 23). The Cap protein p140CAP can inhibit the downstream signaling pathway of Src and regulate the activity of focal adhesion kinase and Ras/extracellular signal-related kinases and thus has an anticancer role. Src is a tyrosine kinase that is often overexpressed or abnormally activated in cancer cells. Mounting evidence has demonstrated that Src activity is elevated in lung cancer cells. SRCIN1, a newly identified inhibitor of Src, is the only gene that is negatively regulated by miR-150-3p (7). Through luciferase reporter analysis, we demonstrated that SRCIN1 was repressed by miR-150-3p, and this function was suppressed by the overexpression of LincRNA00494. Furthermore, we found that SRCIN1 expression was gradually improved, along with increased levels of LincRNA00494.



CONCLUSION

Collectively, our results suggest that LincRNA00494 may enhance SRCIN1 expression by competing with miR-150-3p, thereby mediating NSCLC cell proliferation.
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Long non-coding RNAs (lncRNAs) are reported to be involved in breast cancer progression. Herein, we observed that the expression of Linc00668 was increased in breast cancer compared to normal tissue. The patients with high Linc00668 expression exhibited an association with a higher metastatic risk. We demonstrated that forced expression of Linc00668 enhanced, whereas depletion of Linc00668 diminished invasion and self-renewal of breast cancer cells as well as resistance to doxorubicin (Dox). Further mechanistic studies revealed that Linc00668 associated with staphylococcal nuclease domain-containing 1 (SND1) and regulated the expression of downstream genes. Linc00668 depletion led to reduced expression of the downstream target of SND1 and further attenuated the self-renewal capacity of breast cancer cells. Our observations suggest that Linc00668 promotes metastasis, and chemotherapeutic resistance in breast cancer by interacting with SND1. Therefore, Linc00668 may serve as a potential therapeutic modulator in breast cancer treatment.

Keywords: long non-coding RNA, metastasis, chemotherapy resistance, SND1, breast cancer


INTRODUCTION

Breast cancer remains the most common cancer in women and among the leading causes of female cancer mortality globally (1). Despite many years of efforts to improve diagnosis and treatment, the mortality of breast cancer patients still remains unacceptably high; and which is predominantly caused by local recurrence or distant metastasis. The tumor bulk is understood to be heterogeneous with a small fraction of cancer cells, usually termed cancer stem cells (CSCs), cancer metastasis-initiating cells (CMICs), or tumor-initiating cells (TICs) (2). According to the literature, breast cancer stem cells (BCSCs) exhibit a higher capacity for epithelial-mesenchymal transition (EMT), self-renewal, and chemotherapeutic resistance (3, 4). BCSC play a pivotal role in the progression and recurrence of breast cancer, poising a major obstacle for effective breast cancer treatment (4). Thus, effective therapy targeting BCSCs needs to be exploited to provide an improved outcome for breast cancer patients.

Long non-coding RNAs (lncRNAs), RNA transcripts longer than 200 nucleotides, without protein-coding capacity, have been implicated in cancer progression (5, 6). Typically LncRNAs interact with RNAs, RNA binding proteins (RBPs), or chromatin DNA to regulate mRNA stability, protein activity/stability, as well as chromatin accessibility in multiple cellular processes (7–9) including cancer (10–15).

Linc00668 has been reported to promote cancer development in laryngeal squamous carcinoma (LSCC), oral squamous carcinoma (OSCC), and gastric cancer (GC) in previous studies (16–18). Recent studies suggest Linc00668 as a marker in breast cancer risk prediction and facilitating tumor growth (19, 20). However, the multiple role of Linc00668 in breast cancer remains to be further studied. In this study, we observed that higher levels of Linc00668 were associated with lymphatic metastasis in breast cancer patients. Forced expression of Linc00668 promoted cell invasion, stem-cell like property, and doxorubicin resistance in breast cancer cells. Mechanistically, Linc00668 bound to SND1 and facilitated the expression of downstream genes. Given this, Linc00668 may serve as a candidate target for BCSCs-based therapy in breast cancer.



MATERIALS AND METHODS


Breast Cancer Cell Lines and Specimens

HMEC-hTERT, MCF-10A, MCF-7, T47D, MDA-MB-231, HS578t, and 293T cell lines were provided by the American Type Culture Collection (ATCC), and cultured as recommended. SUM149, SUM159 cell lines were kind gifts from Suling Liu's lab. MCF-7 DOX-R cell lines were maintained continuously in 10 μM of Doxorubicin. The specimens used in this study, included 54 breast cancer tissue samples and 20 benign mammary tissue samples, from patients who underwent surgery at the First Affiliated Hospital of Anhui Medical University, between 2009 and 2010. The clinical research protocol has been approved by the Biomedical Ethics Committee of Anhui Medical University.



Plasmid Constructs and Lentivirus Production

The sequence of Linc00668 (NCBI accession number NR_034100.1) was cloned into pSin plasmid, kindly provided by Huafeng Zhang laboratory (University of Science and Technology of China). The shRNAs of Linc00668 and SND1 were cloned into pLKO.1 vector. The lentivirus production by Calcium phosphate in 293T cells was performed according to Trono's lab protocol (http://tronolab.epfl.ch). The infected cells with lentivirus plasmids were selected with 1~2 μg/ml puromycin for 48 h.



RNA Isolation and qRT-PCR

Total RNA was extracted from cells or clinical samples using the Trizol reagent (Invitrogen) and converted to cDNA using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific Bio) according to the manufacturer's instructions. The cDNA samples were analyzed by quantitative real-time PCR using SYBR Green dye (TAKARA) on Stratagene Mx3000P (Agilent Technologies).



Protein Extraction and Western Blot Analysis

Total protein was extracted from the cells using the modified RIPA lysis buffer. The Western blot analysis was performed as previously described (21) and imagined with the ImageQuant LAS4000 (GE Healthy). The primary antibodies from Santa Cruz used were as follows: anti-Nanog, 1:1000, sc-293121 (22); anti-Oct4, 1:1000, sc-5279 (22); anti-Sox2, 1:1000, sc-365823 (23); anti-SND1, 1:1000, sc-271590 (24, 25); anti-β-Actin, 1:5000, sc-8432 (26).



Cell Function Assays and Flow Cytometry Analysis

Five thousand cells were plated into Polyhema (Sigma)-coated 6-well plates to induce sphere formation. The mammosphere culture medium was performed as previously described (27). A transwell assay was performed in uncoated 8 μm pore chambers (Corning Costar) for migration, and Matigel (Coring Costar) coated chambers for invasion, following the detailed protocol (28). Briefly, the cell suspension (5 × 105/ml) was placed into the upper chamber in 0.2 ml of serum-free medium, with 10% FBS culture medium in the lower chamber, and incubated in 37°C. For MTT assay, 2,000 cells were seeded into 96-well plates per well in a final volume of 200 μl complete medium with different concentrations of Dox, and the OD570 was measured using the MTT reagent (Promega), after 5 days. The ALDE-FOUR assay was performed accordingly to the user guide of the ALDE-FOUR Kit (Stem Cell Technologies). The aldehyde dehydrogenase (ALDH) positive staining was detected by BD FACS Verse Flow Cytometer.



Biotin Pull-Down and Immunoprecipitation Assay

For biotin pull-down assay, the sense or antisense biotin-labeled DNA oligomers targeting Linc00668 were incubated with the cell lysates and streptavidin-coupled agarose beads (Invitrogen) were used to enrich the Linc00668 complex 1 h after incubation. For the RNA immunoprecipitation assay, anti-IgG (Santa Cruz, sc-2025, 1:100), anti-SND1 (Santa Cruz, sc-271590, 1:100), and the Protein A/G agarose (Santa Cruz, sc-2003) were used following the detailed protocols from the Santa Cruz web site at www.scbt.com. All steps were performed in an RNase-free environment following the detailed descriptions (29).



Statistical Analysis

All experiments were repeated at least three times. GraphPad Prism (San Diego, CA) was used for statistical analysis. Data were expressed as mean ± SD and analyzed using Student's t-test or two-way ANOVA test. P < 0.05 was considered as statistically significant.




RESULTS


Elevated Expression of Linc00668 Is Associated With Higher Metastatic Capacity in Breast Cancer

To assess the role of Linc00668 in the development of breast cancer, we first analyzed expression of Linc00668 in 113 normal breast tissue samples and 1,091 breast cancer samples from the TCGA datasets. A higher Linc00668 expression level was observed in the breast cancer tissue samples compared to the benign breast tissue samples (Figure 1A). Kaplan-Meier survival analysis showed that breast cancer patients with high expression of Linc00668 exhibited a shorter disease free survival compared with patients whose tumors expressed lower levels of Linc00668 (Figure 1B). Consistently qRT-PCR analyses of collected breast specimens of normal (N = 19) and tumorous (N = 54) tissue samples again revealed that Linc00668 expression was higher in 72.2% (39 of 54) of the cancer tissues compared to average of the normal tissues (Figure 1C). We further observed that higher levels of Linc00668 were associated with lymphatic metastasis in breast cancer patients (Figure 1D). The relationship between Linc00668 and other clinicopathological characteristics are summarized in Supplementary Table 1. We also examined the expression of Linc00668 in an array of mammary epithelial cell lines, including 2 non-transformed cell lines (HMEC hTERT, MCF-10A) and 6 breast cancer cell lines (T47D, MCF-7, SUM149, MDA-MB-231, HS578t, SUM159) by qRT-PCR (Figure 1E). The expression of Linc00668 was significantly higher in the cancer cell lines compared to the non-transformed cell lines. Hence, it may be suggested that Linc00668 is functionally involved in breast cancer development and progression.
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FIGURE 1. Linc00668 expression is increased in breast cancer. (A) The expression level (Fragments per kilobase of exon per million reads mapped, FPKM) of Linc00668 in benign breast tissue samples (N = 113) and breast cancer samples (N = 1,091) in TCGA database. (B) Kaplan-Meier analysis of the relationship of Linc00668 expression levels and disease free survival (DFS) of breast cancer patients. (C) Fold change of Linc00668 level in breast cancer tissues (N = 54) compared with the average of benign breast tissues (N = 19). (D) qRT-PCR analysis of the expression level of Linc00668 in non-metastasis cancer samples (N = 24) and metastatic cancer samples (N = 30). (E) qRT-PCR analysis of Linc00668 expression in 2 non-transformed cell lines and 6 breast cancer cell lines. qRT-PCR data were normalized to β-ACTIN and presented as 2−ΔΔCt values relative to one of the normal tissues or one of the non-tumorigenic cell lines. Data are presented as the mean ± SD of three individual experiments, and error bars represent the SD. *p < 0.05; **p < 0.01; ***p < 0.001 (Student's t-test).




Linc00668 Promotes Breast Cancer Cell Invasion and Self-Renewal

As higher Linc00668 levels have been suggested to be involved in the regulation of breast cancer metastasis, we further determined if Linc00668 could regulated breast cancer cell migration and invasion. Thus, the minimally invasive breast cancer cell line, MCF-7, was stably transfected with either the empty lentivirus plasmid (pSin-vec) or the plasmid carrying the Linc00668 sequence (pSin-668). The expression levels of Linc00668 were subsequently quantified by qRT-PCR (Figure 2A). As expected, forced expression of Linc00668 increased the migrative, invasive (Figure 2B), and wound closing (Figure 2C) capacity of MCF-7 cells compared to control transfected cells. In addition, either the empty vector pLKO.1 or the vector harboring Linc00668 shRNAs (sh668-1, sh668-2) was transfected into the highly invasive breast cancer cell line, MDA-MB-231; the silencing efficiency of shRNAs confirmed by qRT-PCR (Figure 2D). In contrast, Linc00668 depletion decreased the migrative, invasive, (Figure 2E) and wound closing (Figure 2F) of MDA-MB-231 cells.
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FIGURE 2. Linc00668 promotes the migrative and invasive capacity of breast cancer cells. (A) The expression levels of Linc00668 in MCF-7 cells stably transfected with pSin plasmid harboring Linc00668 sequence or pSin empty vector. (B) Transwell migration and invasion assays of MCF-7 cells with forced expression of Linc00668. Quantification of the migrated or invaded cell numbers per field was shown as fold changes relative to the control cells. (C) Wound healing assays of MCF-7 cells with forced expression of Linc00668. The percent wound closure was plotted and normalized to the width of wounds at 0 h. (D) The expression level of Linc00668 in MDA-MB-231 cells stably transfected with pLKO.1 plasmids harboring shRNAs of Linc00668 or pLKO.1 empty vector. (E) Transwell migration and invasion assays of the MDA-MB-231 derived cell lines. Quantification of the migrated and invaded cell numbers per field is shown as fold changes relative to control cells. (F) Wound healing assays of the MDA-MB-231 derived cell lines. The percent wound closure was plotted and normalized to the width of wounds at 0 h. Scale bars represented for 200 μm. Results are shown as mean ± SD. ***p < 0.001 (Student's t-test).


As invasive cancer cell phenotypes have been associated with characteristics of BCSCs (2, 4), we further investigated whether Linc00668 could modulate the stem cell-like properties of breast cancer cells. Using non-attached suspension culture (30), we measured the expression level of Linc00668 in MCF-7 and MDA-MB-231 cells either in suspension culture or monolayer culture by qRT-PCR and observed significantly higher expression of Linc00668 in mammospheres grown in suspension culture compared to the monolayer-cultured cells (Figure 3A). Consistently, forced expression of Linc00668 increased the size and number of mammospheres derived from MCF-7 pSin-668 cell compared to control cells (Figure 3B). Numerous studies have identified ALDH1 enzymatic activity as a marker for BCSCs (31–33). We therefore performed the ALDEFLUOR assay to determine whether Linc00668 modulated the ALDH1 positive cell population. Forced expression of Linc00668 in MCF-7 cells resulted in a significantly increased percentage of ALDH1 positive cells (Figure 3C). Consistently, we observed that the expression levels of stem cell markers, Nanog, Sox2, and Oct4, were markedly upregulated in cells with forced expression of Linc00668 compared to control cells (Figure 3D). Conversely, Linc00668 depletion in MDA-MB-231 cells decreased mammosphere formation (Figure 3E), the percentage of ALDH1 positive cells (Figure 3F), and Nanog, Sox2, Oct4, protein levels (Figure 3G). Collectively, these results demonstrated that Linc00668 enhanced stem cell-like characteristics in breast cancer cells.


[image: Figure 3]
FIGURE 3. Linc00668 enhances the stem cell-like capacity of breast cancer cells. (A) Expression levels of Linc00668 were determined by qRT-PCR in MCF-7 and MDA-MB-231 cells by monolayer culture or suspension culture. (B) Representative images of mammosphere culture of respective MCF-7 derived cell lines. Quantification is shown as fold changes relative to control cells. (C) ALDH positive population was determined by ALDE-FLUOR assay and flow cytometric analysis in MCF-7 derived cell lines. (D) Western blot analysis of protein levels of stem cell markers in MCF-7 derived cell lines. β-Actin was used as internal control. (E–G) Suspension culture (E), ALDE-FLUOR assay (F), and Western blot analysis (G), in respective MDA-MB-231 derived cell lines. Scale bars represented for 200 μm. Results are shown as mean ± SD. **p < 0.01; ***p < 0.001 (Student's t-test).




Linc00668 Promotes Resistance to Doxorubicin in Breast Cancer Cells

BCSCs exhibit a higher capacity of resistance to multiple chemotherapeutic agents compared to bulk tumor cells (34). We observed that the expression level of Linc00668 was elevated in doxorubicin (Dox) resistant MCF-7 DOX-R cells compared to parental cells (Figure 4A). Hence, we further determined if Linc00668 regulated the sensitivity to doxorubicin in breast cancer cells. The cell viability and colony-formation capacity of MCF-7 vec and pSin-668 cells were assessed in presence of different concentrations of Dox. Forced expression of Linc00668 in MCF-7 cells resulted in increased cell viability (Figure 4B) and colony forming capacity compared to control cells in the presence of increasing concentrations of doxorubicin (Figure 4C). Conversely, MCF-7 DOX-R cells were transfected with a vector harboring Linc00668 shRNAs (sh668-1, sh668-2) or empty vector. Linc00668 expression levels in these two cell lines were analyzed by qRT-PCR (Figure 4D). We further showed that Linc00668 depletion significantly re-sensitized MCF-7 DOX-R cells to increasing amount of doxorubicin, as observed in both cell viability (Figure 4E) and colony formation assays (Figure 4F).
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FIGURE 4. Linc00668 promotes doxorubicin resistance in breast cancer cells. (A) Expression level of Linc00668 of MCF-7 and MCF-7 DOX-R cells were determined by qRT-PCR. (B) Cell viabilities of MCF-7 pSin-668 or pSin-vec cells incubated with indicated doses of Dox analyzed by MTT assay. (C) Colony formation assay of MCF-7 derived cells in presence of Dox or vehicle. Quantification of the colony numbers presented as fold changes relative to the control cells. (D) qRT-PCR analysis of Linc00668 expression in MCF-7 DOX-R cells transfected shRNAs (sh668-1, sh668-2) or empty vector. (E,F) Cell viabilities (E), colony formation assay with quantification of the colony numbers of MCF-7 DOX-R transfected shRNAs or control (F). Results are shown as mean ±SD. *P < 0.05; **P < 0.01; ***P < 0.001 (Student's t-test, One-way ANOVA test).




Linc00668 Associated With SND1 to Stimulate the Expression of Its Downstream Targets

Reports indicate that lncRNAs are involved in multiple aspects of cancer progression by interacting with RNA-binding proteins (RBPs) (29). Thus, we screened the RBPs which were predicted to physically interact with Linc00668 from the large-scale CLIP-Seq data by starBase v3.0 (http://starbase.sysu.edu.cn/). Several candidate RBPs were listed in Figure 5A. We then focused on the transcriptional activator, SND1, which was reported to promote breast cancer metastasis, and tumor initiation (35–38). qRT-PCR analysis showed that 8 of the reported downstream genes of SND1 were down-regulated in MDA-MB-231 cells with inhibition of Linc00668 (Figure 5B). To further verify the interaction of Linc00668 and SND1, a RNA immunoprecipitation (RIP) assay was carried out in MDA-MB-231 cells. The efficacy of anti-sense DNA probes was verified by qRT-PCR, and enriched the RNA chains of Linc00668 (Figure 5C) and also enriched the SND1 protein (Figure 5D). Sense DNA probes were used as controls. Reciprocally, the anti-SND1 antibody also enriched SND1 protein (Figure 5E) and Linc00668 (Figure 5F) in co-immunoprecipitation assays. As SND1 has been reported to directly bind to the promoters of SMAD2/3/4 for their transcriptional activation (38), we further determined if Linc00668 impacted the transcription of SMAD2/3/4 via SND1. Forced expression of Linc00668 in MCF-7 cells dramatically increased the expression of SMAD2, SMAD3, and SMAD4 (Supplementary Figure 1A), whereas Linc00668 depletion in MDA-MB-231 cells diminished the expression levels of SMAD2, SMAD3, and SMAD4 (Supplementary Figure 1B). Linc00668 shRNA (sh668) had limited effect on SMAD2/3/4 expression in MDA-MB-231 cells with SND1 inhibition (shSND1) (Supplementary Figure 1C), suggesting Linc00668 stimulated the transcription of SMAD2/3/4 via SND1.
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FIGURE 5. Physical association of Linc00668 and SND1. (A) RBPs predicted by starBase v2.0. (B) Expression of reported downstream genes of SND1 determined by qRT-PCR in MDA-MB-231 cells stably transfected shRNAs or pLKO.1 empty vector. (C,D) Linc00668 were immunoprecipitated using biotin-labeled anti-Linc00668 probes in MDA-MB-231 cells, and Linc00668 in pull-down RNA fraction were detected by qRT-PCR (C) and semi-qRT-PCR (D). SND1 in above immunoprecipitates were detected by western blotting (D). (E,F) SND1 were immunoprecipitated using anti-SND1 antibodies in MDA-MB-231 cells, and Linc00668 in immunoprecipitates were detected by semi-qRT-PCR (E) and qRT-PCR (F). SND1 in above immunoprecipitates were detected by western blotting (E). Results are shown as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 (Student's t-test).




Functional Characterization of SND1 in Breast Cancer Cells

As it was suggested above that SND1 mediated Linc00668 function in breast cancer cells, we also examined the function of SND1 in breast cancer cells. Lentivirus plasmids carrying SND1 shRNAs (shSND1-1, shSND1-2) or control plasmid were introduced into MCF-7 or MDA-MB-231 cells (Figure 6D). We found that SND1 depletion resulted in reduced migration and invasion of MCF-7 and MDA-MB-231 cells (Figure 6A, Supplementary Figure 2A). In addition, silencing of SND1 significantly reduced the number and size of mammospheres (Figure 6B, Supplementary Figure 2B) and the percentage of ALDH+ cells (Figure 6C, Supplementary Figure 2C) in MCF-7 and MDA-MB-231 cells. Consistently, SND1 depletion also resulted in reduced expression of Nanog, Sox2, and Oct4 (Figure 6D). SND1 depletion in MCF-7 cells also reduced cell viability and colony formation (Figure 6E) and increased the cellular sensitivity to doxorubicin treatment (Figure 6F). Further, we showed that SND1 depletion re-sensitized MCF-7 DOX-R cells to Dox (Figures 6G,H). Hence, reduced SND1 expression in breast cancer cells resulted in decreased invasive and self-renewal capacity and also increased sensitivity to Dox.
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FIGURE 6. SND1 depletion represses breast cancer cell migration, invasion, stem cell-like capacity and doxorubicin resistance. (A) Transwell migration and invasion assays of MCF-7 (left) and MDA-MB-231 (right) cells with SND1 depletion. Scale bars represented for 200 μm. (B) Representative images of mammosphere culture of respective MCF-7 and MDA-MB-231 derived cell lines. Scale bars represented for 200 μm. (C) ALDH positive population of perspective stable cell lines determined by flow cytometric analysis. (D) Western blot analysis of protein expression of stem cell markers in MCF-7 (left) and MDA-MB-231 (right) derived cell lines. β-Actin was used as internal control. (E) Cell viability assay of MCF-7 cells transected with either vector or shRNA. (F) Colony formation assay of MCF-7 cells transected with either vector or shRNA in presence of Dox or vehicle. Quantification of the colony numbers is presented as fold changes relative to the control cells. (G,H) Cell viability assay (G), colony formation assay (H) of MCF-7 DOX-R cells transected with either vector or shRNA. Results are shown as mean ± SD. **P < 0.01; ***P < 0.001 (Student's t-test, One-way ANOVA test).




SND1 Mediates the Function of Linc00668 in Breast Cancer Cells

To determine if Linc00668 promoted oncogenicity was mediated via SND1, lentivirus plasmids carrying Linc00668 shRNA (sh668-1) or control plasmid were infected to either MCF-7 cells with inhibition of SND1 or control transfected cells. As expected, Linc00668 inhibition had limited effect on migration (Figure 7A), invasion (Figure 7B), and mammosphere formation (Figure 7C) in cells with SND1 depletion. Linc00668 inhibition had limited effect on the protein levels of Nanog, Sox2, and Oct4 in cells with SND1 depletion (Figure 7D). We further observed that Linc00668 inhibition barely re-sensitized cells with SND1 depletion to increasing concentrations of doxorubicin as observed by viability (Figure 7E) and colony formation assays (Figure 7F). Hence, inhibition of Linc00668 in breast cancer cells suppressed SND1 mediated migration, invasion, self-renewal, and doxorubicin resistance.
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FIGURE 7. SND1 mediates the cellular effects of Linc00668. (A–F) MCF-7 shCtrl or shSND1 stable cell lines were infected with sh668 or pLKO.1 plasmid. Cell migration (A), cell invasion (B), mammosphere formation (C), protein expression of stem cell markers and SND1 (D), cell viability (E), colony formation (F) were determined, respectively. Results are shown as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant (Student's t-test, One-way ANOVA test).





DISCUSSION

Herein, we reported the elevated expression of Linc00668 in breast cancer tissues compared to benign breast tissues and which was associated with a higher metastatic capacity. We further observed that forced expression of Linc00668 increased cell invasion, self-renewal, and the percentage ALDH1 positive cell population. As cytotoxic treatment has often been reported to enrich BCSCs (39), as expected, Linc00668 expression was elevated in Dox resistant breast cancer cells and forced expression of Linc00668 promoted the development of the resistance to Dox. Thus, Linc00668 plays an important role in breast cancer progression including the development of chemotherapeutic resistance.

We further observed that Linc00668 associated with SND1 in breast cancer cells. SND1 has been reported to play an important role in epithelial-mesenchymal transition, tumor initiation, and tumor progression of breast cancer (36–38, 40), as well as in other types of cancer (41–44). SND1 is a promiscuous protein that interacts with proteins, RNA and DNA. The versatility of SND1 was reported as an interacting protein with transcription factors and co-regulators to participate the transcription of multiple genes in different cellular processes (38, 45). Other co-factors may participate in the transcript initiation complex with SDN1, such as STAT6, STAT5, and c-Myb (45). Besides the role of a transcription co-activator, the Tudor-SN domain of SND1 participates in pre-mRNA splicing (46), and the staphylococcal nuclease-like domains also act as bridging factors or RNA binding proteins to enhance the mRNA stability (47–49). Our findings suggest that Linc00668 plays an important role in cell invasion, self-renewal capacity, and Dox resistance by interacting with SND1 to facilitate the expression of several downstream genes. However, the exact mechanism utilized by Linc00668-SND1 interaction and its associated co-factors to elicit the transcriptional activity was not determined, which is warranted in the future study.

It was also reported that SND1 recognized the conserved Motif domains of SMAD2/3/4 promoters, inducing their transcription (38). Besides, pSMAD2/3 also in turn activates the transcription of SND1 (37), forming a positive feedback loop. We reported it here that SND1 promotes the invasive and self-renewal capacity of breast cancer cells and increased sensitivity to Dox, which might be afforded by increased expression of SND1 downstream targets, SMAD2/3/4. Since SMADs are well-known downstream genes of the TGF beta 1 signaling, activation of the SMADs could promote cell invasion, as well as stem-cell like capacity (50). Apparently Linc00668 may bind to SND1 to activate SMAD2/3/4 transcription to cross-talk with TGF beta signaling.

It has also been reported that Linc00668, associating with the PRC2 complex, epigenetically silenced the cyclin-dependent protein kinase inhibitors (CKIs) and promoted cell proliferation in gastric cancer (16). Linc00668 also functioned as a ceRNA to promote tumor progression in several types of cancer (17, 51–54). In this study we observed that Linc00668 promoted breast cancer cell invasion, stem-cell like capacity, and Dox resistance via its binding to SND1.

The exact cause of elevated expression of Linc00668 in breast cancer remained to be identified. E2F1 and STAT3 have been reported to promote the transcription of Linc00668, respectively, in gastric cancer (51) and in lung cancer (16). There is also a large number of predicted binding sites of various transcription factors in the promoter region of Linc00668, including SMADs. Thus, it would be interesting to investigate further whether the activation of SMAD2/3/4 in turn affects the transcription of Linc00668.

In conclusion, we identified the elevated expression of Linc00668 in breast cancer and which was associated with cancer metastasis. Linc00668 promoted breast cancer cell invasion, self-renewal capacity, and resistance to Dox by its association with SND1, further facilitating the expression of downstream genes which considered to be the targets of SND1. Therefore, Linc00668 may serve as a potential therapeutic modulator in breast cancer treatment regimes.
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Background: Metabolic syndrome (MetS) is associated with the development of esophageal squamous cell carcinoma (ESCC), and long non-coding RNAs (lncRNAs) are involved in a variety of mechanisms of MetS and tumor. This study will explore the prognostic effect of MetS and the associated lncRNA signature on ESCC.

Methods: Our previous RNA-chip data (GSE53624, GSE53622) for 179 ESCC patients were reanalyzed according to MetS. The recurrence-free survival (RFS) was collected for these patients. The status of the MetS-related tumor microenvironment was analyzed with the CIBERSORT and ESTIMATE algorithms. A lncRNA signature was established with univariate and multivariate Cox proportional hazards regression (PHR) analysis and verified using the Kaplan–Meier survival curve analysis and time-dependent receiver operating characteristic (ROC) curves. A clinical predictive model was constructed based on multiple risk factors, evaluated using C-indexes and calibration curves, and verified using data from the GEO and TCGA databases.

Results: The results showed that MetS was an independent risk factor for ESCC patients conferring low OS and RFS. Tumor microenvironment analysis indicated that patients with MetS have high stromal scores and M2 macrophage infiltration. A six-lncRNA signature was established by 60 ESCC patients randomly selected from GSE53624 and identified with an effective predictive ability in validation cohorts (59 patients from GSE53624 and 60 patients from GSE53622), subgroup analysis, and ESCC patients from TCGA. MetS and the six-lncRNA signature could be regarded as independent risk factors and enhanced predictive ability in the clinical predictive model.

Conclusions: Our results indicated that MetS was associated with poor prognosis in ESCC patients, and the possible mechanism was related to changes in the tumor microenvironment. MetS and the six-lncRNA signature could also serve as independent risk factors with available clinical application value.

Keywords: metabolic syndrome, lncRNA signature, prognosis, esophageal squamous cell carcinoma, clinical predictive model


INTRODUCTION

Metabolic syndrome (MetS) represents a cluster of metabolic disorders, including obesity, hyperglycemia, hypertension, and dyslipidemia. The prevalence of MetS remains stable in nearly 35% of all adults in the United States (1, 2). A recent study showed a high prevalence of MetS at 33.9% (31% in men and 36.8% in women), with a dramatic increase from 2000 to 2010 in China (3). MetS is an embodiment of comprehensive effects and is associated with multiple diseases, including tumors (4, 5). The presence of MetS can increase the risk and influence the prognosis of various tumors, such as colorectal cancer, breast cancer, and prostate cancer (6–8). The potential mechanisms mainly include obesity, chronic hyperinsulinemia, sustained inflammation-related signaling, estrogen signaling, and extracellular matrix remodeling (9, 10).

Esophageal cancer is the fourth most common cancer in China, with a 5-year survival rate of ~20%, because patients are often diagnosed at an advanced stage (11–13). Some studies have shown that obesity or MetS is associated with the risk and development of esophageal cancer (13–18). A prospective study of 2,396 esophageal squamous cell carcinoma (ESCC) patients demonstrated that MetS was a significant independent predictor of poor prognosis and was associated with glycolipid metabolism disorder (13). However, studies have also shown that MetS might be a good prognostic factor because of the good nutritional status of ESCC patients (15, 18).

Long non-coding RNAs (lncRNAs) are closely associated with tumor development and influence the prognosis of patients with tumors (19–21). The previous studies have indicated the predictive ability of lncRNA signatures for the prognosis of ESCC including our previous study (22–24). In addition, some studies also revealed that lncRNA was associated with the MetS or related metabolism disorder (25, 26). Considering the ambiguous relationship between MetS and survival of ESCC patients, we collected preoperative information of those 179 cases to identify a correlation. The relevant mechanism was explored with gene expression profiling, and a MetS-related lncRNA signature was established for predicting prognosis.



MATERIALS AND METHODS


The Reanalysis of ESCC Patient Clinical Data

In total, 179 patients were surgically confirmed to have ESCC at the Cancer Institute and Hospital of the Chinese Academy of Medical Sciences (CAMS) between 2005 and 2008. Preoperative clinical information about MetS, including preoperative body mass index, fasting blood glucose level, blood pressure, and triglyceride and high-density lipoprotein cholesterol levels, was collected. We defined MetS in our study according to the criteria of the Chinese Diabetes Society in 2004 as previous studies shown (13). Recurrence-free survival (RFS) was collected and defined as the interval from the data of surgery to the end of follow-up results or death.



The Selection of Esophageal Cancer and Related Cancer Databases

The microarrays or RNA-seq data were searched with keywords as esophagus/esophageal cancer or esophagus/esophageal carcinoma from public database. The inclusive criteria are as follows: (1) microarrays or RNA-seq database of ESCC and more than 10 patients' tumor tissue; (2) available clinical information, accurate follow-up, and valuable prognostic information; and (3) the database includes the lncRNA expression profiles.

The expression profiles for 119 patients from GSE53624 and 60 patients from GSE53622 were generated using the Agilent human lncRNA+mRNA array V.2.0 platform. The 119 ESCC patients from GSE53624 were randomly divided into 60 ESCC and 59 ESCC patients by caret package of R (set.seed = 1,000, p = 0.50). We used the 60 ESCC patients as the training cohorts, and 59 ESCC patients were used as the internal validation cohort. Another 60 ESCC patients from GSE53622 were used as an independent validation cohort (http://www.ncbi.nlm.nih.gov/geo) (22, 27). Meanwhile, the transcriptome expression profiles and corresponding clinical information of ESCC were downloaded from TCGA (https://tcga-data.nci.nih.gov/). All selected expression datasets were standardized before use.



The Analysis of the Tumor Microenvironment by Immune Infiltration Profiles and Stromal Scores

The tumor and adjacent normal tissues of 179 ESCC patients (GSE53624, GSE53622) were used for analysis. CIBERSORT is a deconvolution algorithm that uses a signature matrix of 547 genes to represent 22 types of infiltrating immune cells (28). CIBERSORT derives a p value for the deconvolution for each sample using Monte Carlo sampling, and samples with p > 0.05 are removed. The ESTIMATE algorithm (29) was used to calculate the immune and stromal scores for each tumor sample. These algorithms were used to analyze the clinical correlation among MetS status, T stage, N stage, TNM stage, tumor grade, and survival.



Identification of lncRNA Signature to Predict the Prognosis for ESCC Patients

Differences in mRNA and lncRNA expression (GSE53624, GSE53622) classified with MetS of 179 ESCC patients were screened by fold change > 1 and adj p < 0.05. Next, weighted gene co-expression network analysis (WGCNA) was also used to determine the relationship between the module gene and MetS. Significantly correlated module genes were selected using univariate Cox proportional hazards regression (PHR) analysis to calculate the correlation with OS and RFS. The identified lncRNAs with |z| > 2 were selected, and then, multivariate stepwise Cox PHR analysis was used to build a lncRNA predicting model and identify the best risk score cutoff value to distinguish ESCC patients. Kaplan–Meier survival curve analysis and log-rank tests were used to calculate differences between groups. Subsequently, time-dependent receiver operating characteristic (ROC) curves and areas under ROC curves (AUCs) were calculated to verify the reliability of our lncRNA signature.



Validation of the Six-lncRNA Signature

Validation sets of 59 cases from GSE53624 and 60 patients from GSE53622 were used to validate the predictive power of our lncRNA signature. A total of 179 patients and 80 patients from TCGA were all used for analysis. The caret package of R was used randomly divided 179 ESCC patients into two groups to verify the predictive power (set.seed = 1,000, p = 0.50). Subgroup analyses of 179 ESCC patients by tumor grade and TNM stage were also used to evaluate the predictive power. The detailed workflow is shown in Figure 9.



Functional Enrichment Analysis and Construction of a PPI Network

MetS-relevant module genes were selected by WGCNA and analyzed by DAVID (https://david.ncifcrf.gov/) (30). Meanwhile, a protein–protein interaction (PPI) network was constructed using the STRING database and Cytoscape software (31, 32). We selected the top 50 hub genes by cytoHubba and analyzed them using ClueGO in Cytoscape software.



The Clinical Predictive Model

The MetS, six-lncRNA signature and 179 ESCC patients' risk factors were used to establish a clinical predictive model to analyze the application value. The performance of the nomogram was assessed using Harrel's concordance indexes (C-indexes) and calibration curves. Bootstraps with 1000 resamples were used for these activities. We used the random group as internal validation and ESCC patients as an external validation group.



Statistical Analysis

Clinical statistical analysis was performed using EmpowerStats (http://www.empowerstats.com/). A p < 0.05 was considered statistically significant. Hazard ratios (HRs) and 95% confidence intervals (CIs) were also calculated. ActivePerl software (www.activestate.com/products/activeperl/) was used to extract and collate data. R software with packages edgeR, ggplot2, limma, e1071, parallel, estimate, impute, rms, foreign, survival, caret, ROC, and timeROC (Bioconductor.org/biocLite.R) was used for statistical analysis and plotting.




RESULTS


Mets Is an Independent Prognostic Factor for ESCC

The 179 ESCC patients were divided according to MetS. Twenty-six cases (14.5%) met the criteria of MetS, and 153 cases (85.5%) did not. We compared the clinical characteristics between the two groups, and significantly low overall survival (p = 0.025, Figure 1A) and RFS (p = 0.051, Figure 1B) were detected in patients with MetS. There were no differences in sex, TNM stage, or other clinical characteristics (Table 1).


[image: Figure 1]
FIGURE 1. The MetS had a bad effect on the prognosis of ESCC. The Kaplan–Meier survival analysis of the OS (A) and RFS (B) between 179 ESCC patients with and without MetS.



Table 1. The clinical characteristics at baseline, stratified by metabolic syndrome (MetS).
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We also found that age more than 70 years, high N stage, poor grade, and advanced TNM stage were significantly associated with worse OS. However, there was no apparent influence of single components of MetS, such as BMI, hyperglycemia, hypertension, and TG, HDL-C, and LDL-C levels. The multivariate Cox analysis demonstrated that MetS was an independent factor (HR = 2.21; 95% CI: 1.27–3.86; p = 0.005). Meanwhile, age >70 years, poor grade, and upper tumor location were all identified as independent prognostic factors (Table 2).


Table 2. Association between metabolic syndrome (MetS) and overall survival (OS) in 179 patients in a univariate and multivariable analysis.
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We found that N stage, history of adjuvant therapy, hyperglycemia, T stage, and TNM stage were associated with RFS in univariate analysis, and MetS (HR =1.71; 95% CI: 0.99–2.96; p = 0.0554) influenced the RFS of patients. The multivariate Cox analysis demonstrated that adjuvant therapy (HR = 5.34; 95% CI: 2.23–12.77; p = 0.0002), TNM stage III (HR = 2.72; 95% CI: 1.12–6.61; p = 0.027), and MetS (HR = 2.39; 95% CI: 1.29–4.43; p = 0.005) were all significant risk factors (Table 3) for RFS.


Table 3. Association between metabolic syndrome (MetS) and recurrence-free survival (RFS) in 179 patients in a univariate and multivariable analysis.
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MetS May Have an Effect on the Tumor Microenvironment

Mechanism-related gene sets of MetS were selected from MSigDB and analyzed within our groups (10, 33), and the results showed that differences in the expression of genes, such as IGF1, IGFALS, CSF1, TGFβ1, and TGFβ2, were associated with MetS (Figure 2A, Supplementary Table 1). Our module genes (MEgrey, MEsalmon, MEgreenyellow, and MEpurple) associated with MetS based on WGCNA were used to understand the molecular functions and pathways (Supplementary Figure 1). We found that extracellular matrix-related pathways were significantly enriched (Figure 2B). A PPI network of the top 50 hub genes and function enrichment were constructed and shown in Figures 2D,E. These results indicated that the effect of MetS on tumor prognosis might be associated with the tumor microenvironment.


[image: Figure 2]
FIGURE 2. The extracellular matrix related pathways were significantly enriched. (A) The difference gene expression between the two groups. (B) The function enrichment analysis results of four module genes. (C) The expression of CSF1 and TGFβ2 were high in the MetS group. (D) The protein–protein interaction (PPI) for top 50 hub gene by cotoHubba. (E) The function enrichment analysis of the top 50 hub gene by ClueGO.


Immune infiltration and stromal scores can reflect the status of the tumor microenvironment. Based on CIBERSORT, unmatched samples with p > 0.05 were removed, and a total of 139 normal and 155 tumor samples were used for further analysis. Our results showed that there were significant differences in the abundance of various immune cells (Figure 3A). Principal component analysis (PCA) could better distinguish normal and tumor tissues (Figure 3A), indicating a good predictive value.


[image: Figure 3]
FIGURE 3. The effect of MetS on ESCC might be associated with tumor microenvironment. (A) The profiles of immune infiltration and principal component analysis (PCA) between tumor and normal tissues. (B) The MetS patients have a high infiltration of Macrophages M2. (C) The MetS patients have high stromal scores.


We found that only naive CD4 T cells and M0 macrophages were associated with low RFS (Supplementary Figure 2A). Next, we explored the correlation between clinical features, such as T stage (gamma delta T cells, p < 0.05), N stage (M1 macrophages and resting memory CD4 T cells, p < 0.05), TNM stage (activated memory CD4 T cells and gamma delta T cells, p < 0.05) and tumor grade (M0 macrophages, p < 0.05), and different immune cells (Supplementary Figure 2B). Above all, the MetS group had a high infiltration of M2 macrophages (p = 0.04, Figure 3B), which display alternatively activated states with pro-tumorigenic effects. Meanwhile, the MetS group was significantly associated with the stromal scores based on the ESTIMATE algorithm (p = 0.006, Figure 3C).



Identification of a Six-lncRNA Signature

Four hundred sixty-six downregulated and 623 upregulated lncRNAs were found (Supplementary Figures 3A,B). z scores were calculated in the MetS-related four-lncRNA module (MEgrey, MEblue, MEbrown, and MEturquoise) with univariate Cox PHR analysis (Figure 4). A total of 42 lncRNAs were selected with |z| scores > 2 and p < 0.05. Finally, a six-lncRNA signature was established by multivariable stepwise Cox PHR analysis (Figure 5). The six-lncRNA signature was used to calculate risk scores using estimated regression coefficients to divide the 60 ESCC patients into a high-risk group (n = 33) and a low-risk group (n = 27) with a cutoff point of 1.051. There was a significant difference between the high- and low-risk groups in terms of OS (p = 0.002, Figure 6A) and RFS (p = 0.003, Figure 6B). Time-dependent ROC curves and areas under ROC curves (AUCs) for the six-lncRNA signature were determined and showed an effective predictive value at 3- and 5-year OS (0.785 and 0.786, respectively, Figure 6A) and RFS (0.795 and 0.783, respectively, Figure 6B). Finally, the six-lncRNA signature (AC005091.1, SNHG6, AC091544.4, DNAJB5-DT, HTT-AS, and ANKRD10-IT1) with the best prognostic performance was selected and the estimated regression coefficients are as follows:


[image: Figure 4]
FIGURE 4. The selection of lncRNA module using WGCNA. The merged dynamic of lncRNA module (A), network heatmap plot (B), four-module membership with gene significant (C) and the module trait relationship (D).



[image: Figure 5]
FIGURE 5. The forest plot for the six lncRNA signature.



[image: Figure 6]
FIGURE 6. The identification and validation of the six-lncRNA signature. The OS and RFS, the distribution of patients' risk score, survival status, ROC curves, and heatmap of the six-lncRNA signature in the training cohort of 60 patients (A,B), the validation cohort of 59 patients (C,D), and 60 patients (E,F).


Risk score = (2.2544 × expression level of AC005091.1) + (−5.1919 × expression level of SNHG6) + (1.3410 × expression level of AC091544.4) + (−1.3675 × expression level of DNAJB5-DT) + (−4.0758 × expression level of HTT-AS) + (3.6637 × expression level of ANKRD10-IT1).



Validation of the Six-lncRNA Signature

For verification, we found that the six-lncRNA signature could effectively distinguish the high- and low-risk groups in 59 patients from GSE53624 (OS: p = 2.87E−05; RFS: p = 4.38E−05, Figures 6C,D) and 60 patients from GSE53622 (OS: p = 0.012; RFS: p = 0.05, Figures 6E,F). The 80 ESCC patients from TCGA (OS: p = 0.03; RFS: p = 0.05, Supplementary Figure 4A), the 179 ESCC patients (OS: p = 6.9E−09; RFS: p = 1.37e-07, Supplementary Figure 4B), and randomly grouping all showed an effective predictive ability (Supplementary Figures 4C,D). In addition, we investigated the predictive power in subgroups based on TNM stage and tumor grade and identified a moderate performance for risk predicting (Figure 7).


[image: Figure 7]
FIGURE 7. The subgroup of the six-lncRNA signature for 179 patients. The TNM stage and tumor grade were used to analyze the predictive ability for the six-lncRNA signature.




The Six-lncRNA Signature Is an Independent Risk Factor

Multivariate Cox analysis demonstrated that the six-lncRNA signature could be regarded as an independent predictive factor for OS in the training and validation cohort (Table 4 and Supplementary Tables 2–4). A total of 179 patients demonstrated that the six-lncRNA signature could be regarded as an independent predictive factor for both OS (HR = 3.97; 95% CI: 2.47–6.36; p = 0.0001) and RFS (HR = 3.23; 95% CI: 1.95–5.35; p = 0.0001), as could be MetS for OS (HR = 2.67; 95% CI: 1.48–4.83; p = 0.001) and RFS (HR = 2.40; 95% CI: 1.25–4.60; p = 0.008, Table 4 and Supplementary Table 5). A total of 80 patients from TCGA demonstrated that the six-lncRNA signature was also an independent prognostic factor for OS (HR = 5.37; 95% CI: 1.02–28.41; p = 0.047) and RFS (HR = 3.47; 95% CI: 1.04–11.62; p = 0.043, Table 4 and Supplementary Table 6).


Table 4. The multivariable analysis for MetS and six-lncRNA signature.
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Next, we selected MetS, lncRNA signature, age, tumor grade, TNM stage, and N stage to establish a prognostic nomogram to predict 3- and 5-year OS and RFS in 179 ESCC patients (Figures 8A,B). The C-index was 0.71 for OS and 0.75 for RFS (Figure 8C). Calibration curves for the nomogram for 3- and 5-year survival showed good agreement between the actual observation and prediction (Figures 8A,B). The lncRNA signature and MetS could all enhance the predictive power. Finally, the random group was used for internal validation. The ESCC patients with available clinical data from TCGA were classified into an external validation group. These results all showed a moderate predictive value (Figure 8D).


[image: Figure 8]
FIGURE 8. The establishment of the clinical predictive model. The prognostic nomogram was established by Age, Tumor grade, MetS, TNM stage, N stage, and lncRNA signature for OS (A) and RFS (B); the calibration curves for the nomogram for 3 and 5 years were also shown. The C-indexes were calculated and indicated that the six-lncRNA signature could enhance the predictive power in both training (C) and validation group (D).





DISCUSSION

The prevalence of excess body weight and associated cancer burden have been increased over the past several decades globally (34). Nearly 30% of esophageal adenocarcinoma cases are attributable to excess body weight (body mass index, BMI ≥25 kg/m2) in 2012 worldwide (35). Obesity is considered an indicator of MetS and is associated with a high risk of esophageal carcinoma (16, 17). China has the highest incidence of esophageal cancer, especially ESCC, and the most important risk factors may be inadequate intake of fruits and vegetables, poor nutritional status, and drinking hot beverages and food (36, 37). Currently, based on population analysis, some studies (13, 15, 18) have indicated that MetS is associated with the prognosis of ESCC patients.

The effect of MetS on prognosis was largely mediated by single metabolic components such as hyperglycemia and dyslipidemia (13). Our study showed similar results but mainly reflected in the overall effect, not the single factor. The reason might be associated with the number and characteristics of the population.

These 179 ESCC patients with expression profiles allow us to explore the possible mechanisms from a molecular perspective and the detailed workflow is shown in Figure 9. The biological alterations associated with MetS that influence cancer development and the changes of related gene expression through high glucose, insulin resistance, abnormal cytokines or hormonal level, chronic inflammation, and oxidative stress (9, 10). Insulin resistance-associated factors, such as IGF1 and IGFALS, and inflammation-related factors, such as CSF1 and TGFβ2, were all highly enriched in the MetS group (Figures 2A,C). We know that the high expression of IGF1 and inflammatory factors can promote tumor development by changing the tumor microenvironment (10, 38). The cytokines CSF1 and TGFβ have the ability to promote the transformation of M2 macrophages (39, 40). Immune infiltration analysis has also shown that the M2 macrophages were higher in the MetS group. The macrophages can be divided into three subtypes (M0, M1, and M2), where M0 is the unactivated subtype and can be differentiated into two M1 and M2 activated subtypes. M1 macrophages are pro-inflammatory and participate in the host innate immunity to kill tumor cells (41, 42). M2 macrophages are regarded as tumor-promotive and are correlated with poor prognosis in various cancers, including ESCC (43, 44). M2 macrophages could promote tumor metastasis by inducing epithelial–mesenchymal transition (EMT) or secreting cytokines such as IL-1β (45). The infiltrated immune cell can induce the host immune response to inhibit or promote the progression of tumor cells in the tumor microenvironment (42). Hence, the high infiltration rate of M2 macrophages in the MetS group might be associated with tumor microenvironment. Furthermore, the enrichment of ECM-related pathway and high stromal scores were also all found in the MetS group (Figures 2B,E, 3C). The extracellular matrix (ECM) regulated tissue development and homeostasis, and its dysregulation contributed to tumor progression (46). The ECM remodeling with secretion of fibronectin, collagens, and deposition of matrix proteins had an effect on the microenvironment during tumor progression (47–49). Above all, the change of tumor microenvironment in the MetS group might be the possible mechanism on tumor progression and a reason for the poor prognosis.


[image: Figure 9]
FIGURE 9. The workflow of identification of six-lncRNA signature.


The recent studies have shown that immune cell infiltration could be used to establish a prognosis model in prostate cancer and colorectal cancer (42, 50). Hence, we also tried to establish a prognosis predictive signature based on immune infiltration profiles. Immune cell signature was established but with low predictive power (Supplementary Figures 5, 6). Then, we constructed a lncRNA signature and found that the six-lncRNA signature had an available predictive ability for prognosis. The six-lncRNA signature was established with forward stepwise approach based on the 42 lncRNAs. Starting with the lncRNA “ANKRD10-IT1” with the largest univariate z score, we gradually added lncRNA and evaluated the prognostic performance. The process was repeated until no improvement can be found. Among the six-lncRNA signature components, SNHG6 has an effect on tumor progression in various cancer types, such as colorectal cancer (51), breast cancer (52), lung cancer (53), and ESCC (54). ANKRD10-IT1 was also regarded as a potential prognostic biomarker in hepatocellular carcinoma (55). The lncRNA signature and MetS were all associated with prognosis and could also serve as risk factor with available predictive ability (Figure 8). Next, we found that the combination use of immune infiltration signature only slightly enhances the predictive efficiency on prognosis (Supplementary Figure 5). These results indicated that the lncRNA signature might be more suitable for ESCC, but the immune infiltration signature still needs to be further explored.

The lncRNAs have an effect on epigenetic regulation including transcription, post-transcriptional regulation, and post-translational modification of proteins. They are also regarded as biomarkers for tumors and therapeutic targets (56). A number of esophageal cancer-related lncRNAs were dysregulated in obesity such as ANRIL, H19, and HOTAIR, suggesting that obesity-associated lncRNAs may promote development of cancer (57–59). Obesity is one of the components of MetS and is mainly associated with the occurrence and development of esophageal adenocarcinoma (33). Although the pathogenesis of ESCC is different from that of esophageal adenocarcinoma, the progression may have a similar mechanism under the influence of obesity and MetS because of the change of tumor microenvironment. Hence, the MetS and related lncRNA signature might be appropriate to reflect the development of ESCC and have available predictive power. In total, our results indicated that MetS and multifunction lncRNA could be involved in the development of ESCC.

The previous studies all had the epidemiological perspective of exploring the relationship between MetS and ESCC (13, 15, 18). Our study is the first to explore the correlation from points of epidemiology and molecular mechanism and to successfully construct a six-lncRNA signature with a significant clinical application value. However, there are several limitations to our study. First, preoperative disease control status, pathogenic factors, and possible selection bias among patients with MetS might have influenced the results. Second, the difference in MetS diagnostic criteria and the limitations in the available clinical information for ESCC patients in the public database restricted further research.



CONCLUSIONS

Our results indicated that MetS was associated with poor prognosis in ESCC patients, and the possible mechanism was related to changes in the tumor microenvironment. MetS and the six-lncRNA signature could also serve as independent risk factors with clinical application value.
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Objective: Long non-coding RNAs (lncRNAs) are critical to colorectal cancer (CRC) progression. In the current study, the objective was the exploration of the role played by lncRNA MIR4435-2HG in CRC proliferation and metastasis.

Methods: lncRNA MIR4435-2HG expression and its association with CRC were analyzed using database and clinical specimens. The influences exerted by MIR4435-2HG on cell proliferating process, invading process, and migrating process of CRC were identified after MIR4435-2HG knockdown. The influences exerted by MIR4435-2HG on tumor growth and metastasis were assessed in vivo. The underlying mechanistic associations between MIR4435-2HG, microRNA miR-206, and the transcription factor Yes-associated protein 1 (YAP1) were assessed using bioinformatics and a luciferase reporter gene assay.

Results: MIR4435-2HG was highly expressed in CRC tissue in contrast with that in regular tissues and displayed relations to poor prognosis. MIR4435-2HG knockdown could suppress CRC cell proliferation, invasion, and migration. Moreover, MIR4435-2HG knockdown inhibited CRC growth and liver metastasis in vitro. We found MIR4435-2HG knockdown reduced YAP1, CTGF, AREG, vimentin, Snail, Slug, and Twist expression but enhanced E-cadherin expression. Functionally, MIR4435-2HG acted as a competing endogenous RNA (ceRNA) to upregulate YAP1 by sponging miR-206.

Conclusions: MIR4435-2HG promoted CRC growth and metastasis through miR-206/YAP1 axis and is likely to play prognostic marker roles and be therapeutically targeted in CRC.

Keywords: colorectal cancer, long non-coding RNA, MIR4435-2HG, proliferation, metastasis, YAP1


INTRODUCTION

Colorectal cancer (CRC) refers to a top three newly identified and deadliest forms of cancer in many nations (e.g., U.S.) (1). Although great progress has been made in recent years in treating patients with CRC using radiotherapy, chemotherapy, surgical treatment, and immunotherapy (2), the prognostic process of CRC cases in late stage continues to be not favorable (3). Thus, identifying biomarkers of metastasis and therapeutic targets in CRC would facilitate favorable prognoses for patients with CRC.

Long non-coding RNAs (lncRNAs) refer to transcripts longer than 200 nucleotides without translation in protein (4). As high-throughput sequencing techniques have been leaping forward, more lncRNAs are reported participating in a range of biology-related cancer actions, covering tumor differentiation, metabolism, stemness, migration, invasion, apoptosis, and proliferation (5–7). The lncRNA MIR4435-2HG (namely, lncRNA-AWPPH, MIR4435-1HG, LINC00978, MORRBID, and AGD2) was initially identified as a prognostic biomarker for hepatocellular carcinoma (8). However, recent studies have shown lncRNA MIR4435-2HG also displays relations to cancer progression in triple-negative breast cancer (9) and osteosarcoma (10). Moreover, lncRNA MIR4435-2HG expression promotes tumor proliferation and lymph node transfer in lung cancer (11) and is a diagnosis- and prognosis-related biomarker in the plasma of gastric carcinoma cases (12). Therefore, MIR4435-2HG clearly displays relations to the production and development of several cancers.

A recent study using bioinformatics reported that lncRNA MIR4435-2HG can be regarded as an underlying biomarker to predict the prognosis of CRC (13). However, the role of LncRNA MIR4435-2HG in CRC remains unexplored. Yes-related protein 1 (YAP1) is an essential transcription factor and controls several tumor-developing influences, including cancer stemness, metastasis, invasion, migration, epithelial-mesenchymal transition (EMT), chemoresistance, and proliferation (14). In addition, rare studies are conducted on the regulation relationship between lncRNAs and YAP1. Sun et al. (15) found that lncRNA MALAT1 is induced by MIR4435-2HG and regulates angiogenesis and EMT in CRC. Moreover, lncRNA kcna3 can inhibit the progression of CRC by down-regulating YAP1 expression (16). Here, we first analyzed the relation between the clinicopathological characteristics of CRC and MIR4435-2HG. We then explored the role of MIR4435-2HG in CRC proliferation and metastasis and proved that MIR4435-2HG regulated proliferation and metastasis of CRC via miR-206-YAP1 axis. Based on these findings, MIR4435-2HG may be a supposed therapeutic target and impact the diagnosing and treating processes of CRC.



MATERIALS AND METHODS


Clinical Specimens and Cell Culture

A total of 90 CRC tissue specimens and paired non-tumor normal tissue specimens were collected from January 2013 to January 2019 at the First Affiliated Hospital of Zhengzhou University, Zhengzhou University, Henan, China. The follow-up period was in the range (8–60 months). The median time is 52 months. All the included patients were followed up through the telephone survey. The Ethics Committee of the First Affiliated Hospital of Zhengzhou University, Zhengzhou University approved the protocol used here. Written informed consent was acquired from all recruited patients. Complete data was available for all patients and none received any antitumor treatment before surgical resection. When excised and incubated at −80°C, samples immediately received liquid nitrogen freezing process for subsequent application. American Type Culture Collection (ATCC) provided normal human colonic epithelial cell line NCM460 and the five human CRC cell lines (HT-29, SW620, LoVo, LS123 and HCT116). All cells received the growing process in Dulbecco's Modified Eagle's Medium (DMEM; Gibco) containing 10% fetal bovine serum (FBS; Gibco) at 37°C in the presence of 5% CO2.



Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

With TRIzol reagent (Invitrogen, Carlsbad, CA, USA) in line with the supplier's directives, RNA was extracted overall from the cells and tissues. Then, with M-MLV Reverse Transcriptase (Invitrogen), 2 μg of RNA received reverse-transcription to complementary DNA (cDNA). With SYBR® Premix Ex Taq™ II (Takara, Dalian, China), RT-qPCR was performed on a 7500 Fast RT-qPCR System. Supplementary Table 1 lists the sequences of the primers used. The small nuclear RNA U6 was an inner control over miR-206 expression, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; abs830032, Absin Bioscience Inc., Shanghai, China) was as an inner control over the expressions of the other genes analyzed. Using the 2–ΔΔCt approach, this study quantified the relative gene expression.



Cell Proliferation and Colony Formation Assays

Cells under transfection received inoculation at a density of 2 × 103 cells/well into 96-well plates and cultivation for 0, 24, 48, and 72 h to perform the Cell Counting Kit-8 (CCK-8) assays. When the various incubating times were carried out, this study introduced 10 μL of CCK-8 reagent (Dojindo Laboratories) to respective well and cultured it for an additional 2 h. With a standard microplate reader (Scientific MultiskanMK3, Thermo Scientific), the study subsequently ascertained and recorded absorbance at 450 nm. In colony formation assays, 300 transfected cells were grown into 6-well plates and cultivated for 14 d. Then clones were then fixed and stained with 0.5% crystal violet. The colonies counting and the numbers recording were conducted.



Cell Invasion and Migration Assays

For measuring cell invasion, this study coated 24-well Transwell plates (8-μm pores; Corning, USA) using Matrigel (BD) and incubated them in a cell culture hood for 3 h at 37°C. For Transwell migration assays, only the 8-μm pore size polycarbonate membrane chamber were used. When the transfection was performed, cells received resuspending process in serum-free medium and plating process in the Transwell plates' upper chamber. The lower chamber overall contained DMEM containing 10% FBS. At 8 or 24 h post-incubation at 37°C, cells under migration on the membrane bottom surface received immobilization in methanol, staining process with 0.5% crystal violet, and counting process in five random fields under a microscope.



Plasmid Constructs and Reagents

Short hairpin RNA (shRNA) specific for MIR4435-2HG (sh#1 or sh#2) or YAP1 (shYAP1) were used to knockdown MIR4435-2HG or YAP1, respectively, with scrambled shRNA (Ctrl) or mock-vehicle (vector) used as negative controls. The shRNA sequences of the target genes are shown in Supplementary Table 2. The shRNAs received the cloning process in lentiviral vector pLVX-shRNA1 (Clontech, USA). To establish a stable transfection cell line, pLVX-sh#1 was transfected into SW620 cells. At 10 d post-transfection, puromycin-resistant cell pools were selected. For upregulation of MIR4435-2HG, this study introduced full length MIR4435-2HG in pcDNA3.1 vectors (Invitrogen); empty plasmids were a negative control. GenePharma provided mimic and inhibitor of miR-206 and negative controls (NC mimic and NC inhibitor) to overexpress or downregulate miR-206. With Lipofectamine 2000 (Invitrogen) in line with the product protocols, this study carried out cell transfections.



Dual-Luciferase Reporter Assay

The Dual-Luciferase® Reporter Assay System (Promega) was used in line with the producer's directives. For the assessment of the miR-206 and YAP1 interaction and miR-206 and MIR4435-2HG interaction, we generated wt-YAP1 3′-UTR-Luc, mut-YAP1 3′-UTR-Luc, wt-MIR4435-2HG 3′-UTR-Luc, and mut-MIR4435-2HG 3′-UTR-Luc reporter vectors. Synthetic oligonucleotides (Invitrogen) representing the wild-type or mutated binding sites of miR-206 in the 3′-UTR of YAP1 and MIR4435-2HG were separately cloned into the PMIR-Reporter vector (Ambion, USA). HCT116 Cells underwent co-transfection with miR-206 mimic, wt-MIR4435-2HG, mut-MIR4435-2HG, wt-YAP1, mut-YAP1, or negative control plasmids using Lipofectamine 3000 reagent (Invitrogen). At 48 h post-transfection, with the Dual-Luciferase Reporter Assay System, this study tested luciferase and renilla activities. For normalizing the luciferase active state, Renilla activity was employed.



Western Blot Analysis

To isolate overall protein, CRC cells received lysing process with radioimmunoprecipitation assay (RIPA) buffer (89900; Thermo Scientific) containing phenylmethanesulfonyl fluoride (PMSF; Bestbio) and protease inhibitor cocktail (Bestbio, Shanghai, China). The protein samples were extracted using 10–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and placed on nitrocellulose membranes, blocked with 5% skim milk at 4°C throughout the night, and subsequently cultured throughout the night with antibodies specific for YAP1 (1:1,000, ab52771, Abcam, Cambridge, MA, USA), CTGF (1:1,000, ab231824, Abcam); AREG (1:1,000, ab180722, Abcam); E-carherin (1:2,000, ab15148, Abcam); vimentin (1:2,000, ab8069, Abcam); Snail (1:1,000, ab229701, Abcam); Slug (1:1,000, ab51772, Abcam), and Twist (1:500, ab175430, Abcam). The membranes were subsequently cultivated with secondary goat anti-rabbit IgG antibody under conjugation with horseradish peroxidase (1:100, ab109489, Abcam) at 37°C for 1 h and then immersed in electro-chemiluminescence solution for imaging after which the relative protein levels were analyzed as previously described (17).



Bioinformatical Analysis

Comparison of MIR4435-2HG mRNA expression levels in colon adenocarcinoma (COAD) and normal colon tissue were analyzed with Gene Expression Profiling Interactive Analysis (GEPIA; http://gepia.cancer-pku.cn/) (18). Prognosis based on MIR4435-2HG expression and the correlation between MIR4435-2HG and other markers were also analyzed using GEPIA. The potential MIR4435-2HG and miR-206 binding sites and miR-206 and YAP1 binding sites were predicted using StarBase v2.0 (http://starbase.sysu.edu.cn/starbase2/index.php) (19).



Animal Models

The Institutional Animal Care and Use Committee of Zhengzhou University (Henan, China) approved all animal care, use, and euthanasia. A random comparison table was used to assure a completely randomized experiment. Accordingly, 5-week-old male nude athymic BALB/c nu/nu mice (Slack, Shanghai, China) were split to two groups in a random manner, the control group shRNA NC (Ctrl) and the experimental group shRNA-MIR4435-2HG (sh#1). To establish a subcutaneous xenotransplantation model, 3 × 106 SW620 cells stably transfected with shRNA NC or sh#1 were introduced in a subcutaneous manner to the 5-week-old BALB/c nude mice. Five weeks after inoculation, the mice underwent the euthanasia, while the mass of the resulting xenografts was determined. This study recorded and ascertained tumor volume per 3 days. For establishing a mouse CRC liver metastasis orthotopic tumor model, 1 × 106 SW620 cells under stable transfection with shRNA NC or sh#1 were injected into the subserosal layer of the cecum of BALB/c nude mice. At 6 week post-injection, metastatic nodules in amount of the livers of the Ctrl and sh#1 groups of mice was compared.



Immunohistochemistry

The liver specimen of the mouse was used for immunohistochemical (IHC) staining. The procedure of IHC referred the previous study (17). The specimen was used a primary rabbit anti-YAP1 monoclonal antibody (1:1,000, ab52771, Abcam, Cambridge, MA, USA). The 3,39-diaminobenzidine (DAB) substrate kit (Vector Laboratories) was used for detecting YAP1 expression in the liver of mouse.



Statistical Analysis

Using GraphPad Prism 7.0 software (GraphPad, Inc.), this study performed all statistics-based studies. The means ± standard deviation (SD) denotes experimental data, and all experiments were performed in triplicate. Comparison between groups was assessed by Student's t-test or one-way analysis of variance (ANOVA). This study performed Spearman's rank correlation analysis for evaluating variables' relations. This study is carried out Kaplan-Meier approach and log-rank experiment for analyzing the survival curves. P < 0.05 refers to statistics-related significance.




RESULTS


Upregulated MIR4435-2HG Correlated With Poor Prognosis in CRC

For investigating the expression profile of lncRNA MIR4435-2HG in CRC, MIR4435-2HG mRNA expression level data in The Cancer Genome Atlas (TCGA) database was analyzed first using GEPIA. The results revealed that MIR4435-2HG expression was elevated in COAD specimens in contrast to that in normal tissue (Figure 1A). MIR4435-2HG expression varied at different stages of COAD with greater MIR4435-2HG expression levels being observed in higher stages of COAD (Figure 1B). Moreover, COAD with high MIR4435-2HG expression displayed relations to disease-free survival (DFS) and poor overall survival (OS) as shown in Figures 1C,D, respectively. To further verify the results from TCGA, 90 paired CRC and regular tissues were collected from patients and the MIR4435-2HG expression levels measured. Interestingly, MIR4435-2HG expression was higher in CRC tissue compared to that in normal colon tissue (Figure 1E) and the MIR4435-2HG expression in stage III/IV tumors was significantly higher than that in stage I/II (Figure 1F). In addition, high MIR4435-2HG expression also displayed relations to poor OS in patients with CRC. Therefore, it was suggested that MIR4435-2HG was a critical cancer-promoting gene and could serve as a biomarker for the prognosis of CRC (Figure 1G).
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FIGURE 1. The expression and prognosis of long non-coding RNA (lncRNA) MIR4435-2HG of colorectal cancer (CRC) in The Cancer Genome Atlas (TCGA) database and clinical specimens. (A) Gene Expression Profiling Interactive Analysis (GEPIA) of CRC data in TCGA show lncRNA MIR4435-2HG's expression state in colon adenocarcinoma (COAD) and normal tissue. (B) The lncRNA MIR4435-2HG expression levels at different stages of COAD. (C,D) The impact of different expression levels of lncRNA MIR4435-2HG in overall survival and disease-free survival in COAD. (E) Comparison of lncRNA MIR4435-2HG in CRC tissues (n = 45) and normal tissues (n = 90). (F) LncRNA MIR4435-2HG expression at different TNM stages of CRC. (G) Kaplan Meier survival estimates of the correlations between lncRNA MIR4435-2HG expression and general survival of 90 cases with CRC shown in (E). *P < 0.05, ***P < 0.001.




MIR4435-2HG Correlated to Tumor Growth and Metastasis in CRC

To delve into the relation between lncRNA MIR4435-2HG expression and clinicopathological characteristics in CRC, we compared the MIR4435-2HG expression ratio in different clinicopathological characteristics of 90 patients with CRC (Table 1). MIR4435-2HG expression was not noticeably related age, gender, differentiation grade, tumor location, lymphovascular invasion, or status of microsatellite instability (MSI)/mismatch repair (MMR). Interestingly, we determined that high MIR4435-2HG expression displayed relations with larger tumor size and higher tumor stage. According to the mentioned outcomes, MIR4435-2HG may play an important role in CRC growth and metastasis.


Table 1. Correlations between lncRNA MIR4435-2HG expression and clinicopathological characteristics in CRC.

[image: Table 1]



MIR4435-2HG Contributed to the Growth and Proliferation of CRC Cells

For clarifying the role played by MIR4435-2HG in CRC growth, we first measure the expression states of MIR4435-2HG in different CRC cell lines. We found that MIR4435-2HG expression levels were higher in CRC cell lines HCT116, SW620, LoVo, LS123, and HT-29 in contrast with that of the regular human colon epithelial cell line NCM460 (Figure 2A).


[image: Figure 2]
FIGURE 2. Knockdown of MIR4435-2HG inhibited growth and proliferating process of colorectal cancer (CRC) cells. (A) Expression analysis of MIR4435-2HG in CRC cell lines. (B,C) MIR4435-2HG expression was reduced by using two short hairpin RNAs (shRNAs) targeting MIR4435-2HG in HCT116 and SW620 cell lines. *P < 0.05; n = 3. (D,E) The effect of proliferation inhibition by MIR4435-2HG knockdown in HCT116 and SW620 cells in contrast to that in their respective controls was analyzed using a CCK8 assay. *P < 0.05; n = 3. (F,G) Colony formation assays were performed to evaluate cell growth following MIR4435-2HG knockdown in HCT116 and SW620 cells. *P < 0.05; n = 3.


We then knocked down MIR4435-2HG expression in HCT116 and SW620 cell lines (Figures 2B,C, respectively) and found that the suppression of MIR4435-2HG significantly inhibited HCT116 and SW620 cell proliferating process after 24 h, 48 h, and 72 h of transfection (Figures 2D,E). In addition, clone formation results also demonstrated that the growth of HCT116 and SW620 cells was significantly suppressed by the suppression of MIR4435-2HG (Figures 2F,G). Therefore, MIR4435-2HG appeared to contribute to the growth and proliferation of CRC cells, suggesting that MIR4435-2HG may be a novel target for inhibiting CRC.



MIR4435-2HG Knockdown Inhibited the Invasion and Migration of CRC Cells in vitro

For the investigation of how MIR4435-2HG expression related to CRC metastasis, this study ascertained the effect exerted by MIR4435-2HG expression on CRC cells' invading and migrating processes. According to Transwell invasion assays, MIR4435-2HG knockdown effectively inhibited the invasive ability of HCT116 and SW620 cells (Figures 3A–D). In addition, MIR4435-2HG knockdown hindered HCT116 and SW620 cells from migrating as indicated by it effectively reducing the number of cells in the lower chamber (Figures 3E–H). These results indicated that the MIR4435-2HG knockdown suppressed CRC cell metastasis in vitro.
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FIGURE 3. Effects of MIR4435-2HG on colorectal cancer (CRC) cells' invading and migrating processes in vitro. (A–D) Invasive potential of MIR4435-2HG knockdown in HCT116 and SW620 cells compared with that in their respective controls was analyzed using a Transwell invasion assay. *P < 0.05; n = 3. (E–H) Migratory potential of MIR4435-2HG knockdown in HCT116 and SW620 cells compared with their respective controls analyzed using a Transwell migration assay. *P < 0.05; n = 3.




MIR4435-2HG Knockdown Inhibited CRC Growth and Metastasis in vivo

For the in-depth validation of the carcinogenic function of MIR4435-2HG in vivo, a subcutaneous xenotransplantation model was adopted to measure the effect of MIR4435-2HG expression on CRC growth. Tumor volumes were monitored in nude mice subcutaneously injected with MIR4435-2HG stable knockdown SW620 cells (sh#1) or control (sh-NC) transfected SW620 cells (Ctrl). The tumor volumes at the indicated time points are shown in Figures 4A,B. In general, tumor volume in the sh#1 group was noticeably inhibited in contrast with that with the Ctrl group after 12 d post-injection.
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FIGURE 4. MIR4435-2HG silencing inhibited colorectal cancer (CRC) growth and metastasis in vivo. (A,B) SW620 cells where MIR4435-2HG was stably knocked down of were subcutaneously transplanted into BALB/c nude mice in a xenograft model (n = 5 mice per group). Two-tailed Student's t-test. Tumor volumes were monitored at the suggested time points in the control (Ctrl) and experimental (sh#1) groups. (C) Representative livers from the orthotopic mouse model of CRC, hematoxylin and eosin-stained images and immunohistochemical stained images of YAP1 show metastatic lesions and the YAP1 expression in the livers. (D) Mean ± SD. *P < 0.05 denotes the number of metastatic nodules in the livers; using two-tailed Student's t-test; n = 5. (E) Overall survival curve of mice from the orthotopic model of CRC according to the MIR4435-2HG expression (n = 5).


We then implemented a CRC liver metastasis orthotopic tumor model for detecting the effect of MIR4435-2HG on CRC metastasis in vivo. After 6 week, the number of metastatic nodules in the livers of sh#1 group was significantly less than that in the Ctrl group, the livers and metastatic nodules, as well as YAP1 expression in metastatic nodules are shown in Figures 4C,D. Moreover, the survival time of sh#1 group was significantly longer compared to that of the Ctrl group (Figure 4E). Mentioned outcomes further confirmed that MIR4435-2HG knockdown inhibited CRC growth and metastasis in vivo.



MIR4435-2HG Contributed to Tumor Growth and EMT via the Hippo Signaling Pathway

EMT is a critical process for cancer metastasis and YAP1 is vital to activate the transcriptional programs involved in regulating EMT and tumor growth (20, 21). The relation between MIR4435-2HG and YAP1 remains unclear. Therefore, we investigated whether MIR4435-2HG regulated expression of YAP1 and its downstream proteins. In both HCT116 and SW620 cells, MIR4435-2HG knockdown decreased the expression of YAP1, CTGF, AREG, vimentin, Snail, Slug, and Twist. However, the epithelial marker E-cadherin displayed down-regulated expression in these cells (Figure 5A). We also measured mRNA expression levels of these markers using RT-qPCR. The mRNA levels following MIR4435-2HG knockdown in both HCT116 and SW620 cells were consistent with those for protein levels (Figure 5B). Lastly, we analyzed the correlation between MIR4435-2HG and the markers in COAD using information available in TCGA database (Figure 5C). As suggested from the results, MIR4435-2HG expression correlated with YAP1, CTGF, AREG, VIM, SNAI1, SNAI2, and TWIST1 expression in a positive manner. However, MIR4435-2HG negatively correlated with CDH1 expression, the gene that encodes E-cadherin. These results indicated MIR4435-2HG regulated tumor growth and EMT marker expression via the YAP1 pathway.
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FIGURE 5. Downregulation of MIR4435-2HG inhibited tumor growth and epithelial-mesenchymal transition (EMT) via the Hippo signaling pathway. (A) Western blotting results show decreased protein levels of YAP1 following the knockdown of MIR4435-2HG in HCT116 and SW620 cells. Tumor growth markers CTGF and AREG expression levels were decreased after knockdown MIR4435-2HG in HCT116 and SW620 cells. Protein expression levels of mesenchymal markers vimentin, Snail, Slug, and Twist were down-regulated, and epithelial marker E-cadherin expression was increased after knockdown of MIR4435-2HG in HCT116 and SW620 cells. (B) Levels of YAP1, CTGF, AREG, E-cadherin, vimentin, Snail, Slug, and Twist mRNAs were measured by real-time reverse transcription polymerase chain reaction (RT-PCR). (C) Correlation of MIR4435-2HG with YAP1, CTGF, AREG, E-cadherin, vimentin, Snail, Slug, and Twist according to Gene Expression Profiling Interactive Analysis (GEPIA) of colorectal cancer (CRC) data in The Cancer Genome Atlas (TCGA) database. *P < 0.05.




MIR4435-2HG Acted as a Molecular Sponge for miR-206 and Controlled the miR-206 Target YAP1

With respect to epigenetic regulation of nuclear targets, new researches proved that certain lncRNAs are competing endogenous RNAs (ceRNA) (22) and microRNA (miRNA) sponges for regulating the expressions of target genes in the cytoplasm (22). Only two studies reported MIR4435-2HG as a potential ceRNA and sponge for miR-93-3p (10) and miR-203a (23). Identifying other miRNA targets would further define the role of MIR4435-2HG in cellular functions. Note that bioinformatics study of miRNAs target recognition sequences on MIR4435-2HG and the 3′-UTR of YAP1 suggested that miR-206 complemented both the MIR4435-2HG sequence and MIR4435-2HG 3′-UTR (Figures 6A,B). To verify the mentioned result, MIR4435-2HG cDNA downstream of the luciferase gene (wt-MIR4435-2HG -Luc) was cloned. The plasmid was then co-transfected with miR-206 or a negative control. Luciferase activity was reported to be significantly reduced when miR-206 was overexpressed (Figure 6C). To determine any direct interaction between miR-206 and the MIR4435-2HG putative binding site, the miR-206 binding site was mutated using site-directed mutagenesis to generate the mut-MIR4435-2HG 3′-UTR-Luc reporter vector. In accordance with the expectation, point mutations in the tentative MIR4435-2HG abrogated the repressive effects of miR-206 (Figure 6C).
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FIGURE 6. MIR4435-2HG was a molecular sponge for miR-206 and controlled the miR-206 target YAP1. (A) Predicted sequences of miR-206-binding sites within MIR4435-2HG. MIR4435-2HG wt, miR-206, and MIR4435-2HG mutants (mut) sequences were used in Luciferase reporter gene assays. (B) Estimated sequences of miR-206-binding sites within the 3′-UTRs of YAP1 and sequences of YAP1 and YAP1 3′-UTR mutants (mut) were adopted here. (C) Luciferase reporter gene assays were adopted for assessing the interaction between miR-206 and MIR4435-2HG in SW620 cells. (D) Luciferase activity in SW620 cells underwent co-transfection with miR-206 mimics and luciferase reporters containing wild-type YAP1 or mutated 3′-UTR-driven reporter constructs. (E–G) Correlation between MIR4435-2HG, miR-206, and YAP1 expression in CRC and normal colon specimens as detecting by real-time PCR (n = 90). (H) Western blotting assay of YAP1 protein expression in YAP1 knockdown in HCT116 and SW620 cells with and without miR-206 inhibitor. (I) Western blot analysis of YAP1 protein expression following expression of empty vector (NC) or MIR4435-2HG and treating process with miRNA negative control or miR-206 mimics. (J,K) The migration ability after MIR4435-2HG knockdown with and without miR-206 inhibitor in HCT116 and SW620 cells. *P < 0.05.


We then tested whether miR-206 targeted the YAP1 3′-UTR by performing dual-luciferase reporter assays to investigate the binding sites between YAP1 and miR-206. We found that luciferase activity was significantly reduced when wt-YAP1 3′-UTR-Luc and miR-206 underwent co-transfection in HCT116 cells. However, after mutation of the YAP1 3′-UTR and miR-206 binding sites, the repressive effect of miR-206 on YAP1 was eliminated, in contrast to what was observed with the negative control (Figure 6D).

Besides, this study also delved into the relationship between the expressions of MIR4435-2HG, miR-206, and YAP1 in the 90 CRC specimens. As shown in Figures 6E,F, MIR4435-2HG expression significantly negative correlated with miR-206 (r = −0.447, P < 0.001), while MIR4435-2HG expression displayed positive relations with YAP1 (r = 0.396, P < 0.001). For miR-206 and YAP1, we found a negative correlation between miR-206 and MIR4435-2HG expression in the 90 CRC specimens (Figure 6G).

Moreover, we wanted to determine whether MIR4435-2HG regulation of YAP1 expression was dependent on miR-206. Therefore, we co-transfected the miR-206 inhibitor and sh#1 into HCT116 and SW620 cells and evaluated the effects. The expression level of YAP1 protein was restored in contrast to that in the cells transfected with sh#1 alone (Figure 6H). The influence exerted by MIR4435-2HG expression on endogenous YAP1 both with and without exogenous miR-206 expression was assessed as well. MIR4435-2HG overexpression was reported noticeably rescuing the silencing influence exerted by miR-206 on YAP1 protein expression in HCT116 and SW620 cells (Figure 6I). Finally, the migration ability after MIR4435-2HG knockdown can be rescued by inhibiting miR-206 expression in HCT116 and SW620 cells (Figures 6J,K). On the whole, the mentioned results established that YAP1 was a target of miR-206 and that MIR4435-2HG regulated YAP1 expression in CRC by sponging miR-206.



MIR4435-2HG Promotion of CRC Proliferation and Metastasis Was Dependent on YAP1

To investigate whether the MIR4435-2HG-promoted proliferation and transfer of CRC cells was dependent on a YAP1-mediated mechanism, immunoblot study was first conducted in HCT116 and SW620 cells overexpressing MIR4435-2HG with and without YAP1 knockdown. When MIR4435-2HG was overexpressed, CTGF, AREG, and vimentin expression levels were reported to be upregulated, while E-cadherin expression was decreased. We then overexpressed MIR4435-2HG and knocked down YAP1 in HCT116 and SW620 cells and observed that CTGF, AREG, and vimentin expression levels were decreased while E-cadherin expression was upregulated (Figure 7A).
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FIGURE 7. Biological function of MIR4435-2HG is determined by YAP1. (A) Western blotting analysis of the suggested proteins in HCT116 and SW620 cells transfected with a control vector, MIR4435-2HG, or YAP1 short hairpin RNA (shRNA). GAPDH acted as a loading control. (B–D) MIR4435-2HG and YAP1 shRNA vectors underwent the transfection into HCT116 and SW620 cells and cell invasion and migration were detected using Transwell invasion and migration assays. Data are shown as mean ± SD (n = 3). *Compared with vector P < 0.05; #compared with MIR4435-2HG P < 0.05. (E,F) Clone formation assays were used to detect the growth of HCT116 and SW620 cells after transfection with a control vector, MIR4435-2HG, or YAP1 shRNA. Mean ± SD (n = 3) denotes the data. *P < 0.05.


We also evaluated the invasion and migration abilities of CRC cell lines when MIR4435-2HG was overexpression with or without YAP1 knockdown. Interesting, YAP1 knockdown in HCT116 and SW620 cells notably inhibited the invasion and migration abilities of MIR4435-2HG-mediated pro-metastasis (Figures 7B–D). Finally, clone formation assays also confirmed that YAP1 knockdown obviously inhibited the pro-proliferation effect mediated by MIR4435-2HG in HCT116 and SW620 cells (Figures 7E,F). Therefore, our results confirmed that CRC proliferation and metastasis promoted by MIR4435-2HG was dependent on YAP1.




DISCUSSION

CRC refers to a highly common gastrointestinal cancers all over the world (24). Metastasis is a common characteristic of advanced CRC and contributes the poor prognosis for patients with CRC. Though great clinical advances in therapy have been achieved, including surgery, chemotherapy, radiotherapy, and immunotherapy, 5-year survival of patients with advanced CRC remains unfavorable (25). Therefore, insights into the pathological mechanism, especially proliferation and metastasis, are imperative for the development of adequate treatments for CRC. Accumulating evidence has revealed that lncRNAs are central regulators in the pathogenesis of a diverse range of human cancers, including CRC (26). For instance, SNHG5 promotes CRC cell survival by countervailing STAU1-induced mRNA destabilization (27). Moreover, lncRNA UPAT facilitates colon tumorigenesis by inhibiting the degradation of UHRF1 (28). LncRNA PVT1-214 is an oncogene to facilitate CRC cell proliferating process and invading process by stabilizing Lin28 and interacting with miR-128 (29). Although a previous study found MIR4435-2HG an underlying biomarker to diagnose and predict the prognosis of CRC (13), the biological function of MIR4435-2HG in CRC remained unknown. Our current findings were the first to identify MIR4435-2HG as an oncogene that attributed to the proliferation and metastasis of CRC. Furthermore, our results revealed that MIR4435-2HG regulated CRC proliferation and metastasis via the miR-206/YAP1 pathway.

We initially analyzed the relation between MIR4435-2HG and the clinical characteristics of patients with CRC. TCGA data and clinical specimens were used to confirm that MIR4435-2HG expression in CRC tissue was more obvious that of normal tissue and high MIR4435-2HG expression correlated with poor prognosis. These results were consistent with a previous study (13). Interesting, our clinical data revealed that high MIR4435-2HG expression correlated with larger tumor size and more advanced TNM stage, which implied that MIR4435-2HG may be an oncogene that promoted CRC proliferation and metastasis.

Our result also confirmed that MIR4435-2HG knockdown could inhibit CRC cell growth, as well as cell invasion and migration. Recently, MIR4435-2HG was shown to be critical to cell cycle progression via mitosis (30). and that MIR4435-2HG promotes lung cancer progression through the activation of β-catenin signaling in lung and gastric cancer (11, 31). Nevertheless, the role of MIR4435-2HG in the progression of CRC is still unclear. Our results furtherly demonstrated that the loss of MIR4435-2HG leads to the reduction of cell growth and metastasis in CRC, both in vitro and in vivo. The knockdown of MIR4435-2HG not only significantly inhibited tumor growth in CRC-bearing mice, but also reduced the number of metastatic nodules in the livers of mice in a CRC liver metastasis model. Based on these results, we confirmed that MIR4435-2HG could be a therapeutic target to inhibit CRC progression.

To clarify the molecular mechanisms of MIR4435-2HG in CRC progression, we first identified whether YAP1 was regulated by MIR4435-2HG. YAP1 is a potent oncogene of the Hippo signaling pathway and is amplified in various human cancers (32). The noticeable effect exerted by Hippo pathway dysregulation and constitutive YAP1/TAZ activation on cancer cells supports them as highly attractive therapeutic targets for developing novel therapeutic approaches. However, YAP1 is regulated by multiple signals, covering those from the GPCR pathway and the mevalonate pathway and from energy stress (33). Recently, several studies have reported a relationship between YAP1 and LncRNAs in CRC. First, lncRNAs can regulate YAP1 expression. For instance, lncRNA kcna3 reduces YAP1 expression and inhibits the progression of colorectal carcinoma (16). Moreover, YAP1 is found to be a regulator of lncRNA expression in CRC, upregulates MALAT1 expression, and promotes EMT and angiogenesis in CRC (15). Pei et al. (34) suggested that the increase in YAP can facilitate carcinogenesis and transfer in human cholangiocarcinoma and rise N-cadherin expression and reduce E-cadherin expression. According to previous study (35), YAP1 enhanced TGFβ-driven Smad signaling for regulating Twist1, Slug, and Snail expressions, the critical transcriptional regulators of EMT in the atrioventricular cushion development. Moreover, YAP1 also is a crucial transcription factor for the expression of CTGF and AREG, the important gene for promoting tumorigenesis (36). In our current study, MIR4435-2HG regulated YAP1 expression in CRC and promoted CRC progression. Our results from analysis of the CRC dataset available in TCGA also confirmed that MIR4435-2HG expression significantly correlated with YAP1 expression, as well as with the expression of downstream markers of YAP1 (e.g., CTGF, AREG, E-cadherin, vimentin, Snail, Slug, and Twist). The trend of changing protein levels of these markers after MIR4435-2HG knockdown was further confirmed in HCT116 and SW620 cells. Together, these results indicated that MIR4435-2HG regulated CRC progression by regulating the YAP1 pathway.

Furthermore, we clearly demonstrated that MIR4435-2HG regulated YAP1 expression in CRC by sponging miR-206. An increasing number of studies have shown that ceRNA-base mechanisms regulated by lncRNAs are involved in several malignancies. However, only a few studies have reported the importance of miRNA MIR4435-2HG and its ceRNA mechanism (10, 23). In the current study, we found using bioinformatics analyses that miR-206 was a potential response element of MIR4435-2HG. MiR-206 was identified as a tumor suppressor gene and to inhibit tumor growth and EMT in breast and lung cancers (37, 38). The miRNA miR-206 also interacts with lncRNAs and plays a critical mechanistic role as a ceRNA. Previous studies had shown that miR-206 can be sponged with several lncRNAs in the tumor progression, such as MALAT1 (39), HOTAIR (40), and UCA1 (41). However, the relation between miR-206 and MIR4435-2HG has not been previously reported. In our current study, the dual luciferase assay results confirmed that MIR4435-2HG sponged miR-206 in CRC cells. We also are the first to identify the fact that YAP1 can be suppressed by miR-206 via interaction with the YAP1 3′-UTR. These results further confirmed that MIR4435-2HG regulated YAP1 expression by sponging miR-206. Finally, tumor-promoting effect of MIR4435-2HG could be inhibited by the knockdown of YAP1 expression. Thus, we confirmed that MIR4435-2HG-promoted CRC proliferation and metastasis was dependent on miR-206/YAP1 axis.

To summarize, we first elucidated the function and regulating system of MIR4435-2HG in CRC. As revealed from the results here, MIR4435-2HG regulated YAP1 in performing its oncogenic activities in CRC by sponging miR-206. Therefore, MIR4435-2HG has the potential of being an important prognostic marker and a therapeutic target in CRC.
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We investigated differentially expressed circular RNAs (circRNAs) and their potential functions in pheochromocytomas and paragangliomas (PCC/PGLs). Expression levels of circRNAs in tumor and adjacent normal tissues from seven PCC/PGL patients were analyzed through RNA sequencing. Real-time PCR was conducted to verify the key candidates identified in the sequencing data. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed to predict the functions of these circRNAs. A total of 367 circRNAs were found differentially expressed between tumor and normal samples. The top three histone methylation-related circRNAs (hsa_circ_0000567, hsa_circ_0002897, and hsa_circ_0004473) and their target microRNAs (miRNAs) were identified and validated. We then mapped the circRNA-miRNA-messenger RNA (mRNA) coding-noncoding gene co-expression (CNC) networks to show the potential binding relationships between circRNAs and their targets in PCC/PGLs. The top five mRNAs, 88 miRNAs, and 132 circRNAs related to pathogenesis were utilized to map the CNC network, and we observed that the interactions of these candidates with their target miRNAs regulated histone methylation and further mediated PCC/PGL pathogenesis. This study is the first to provide the whole profile of differentially expressed circRNAs in PCC/PGLs. Our data indicate that altered circRNAs may control the pathogenesis of PCC/PGLs by regulating histone methylation processes, highlighting their role as potential biomarkers.
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Introduction

Pheochromocytomas and paragangliomas (PCC/PGLs) are highly genetically related, neuroendocrine tumors that have been listed as rare diseases by the World Health Organization (Neumann et al., 2019). Adrenal chromaffin cells secrete catecholamines and give rise to PCC/PGLs (Neumann et al., 2007; Neary et al., 2011; Gill et al., 2011). Approximately 90% of chromaffin cells are present in the adrenal medulla and tumors that occur here are termed PCC (Ferreira et al., 2016). The other 10% of cells are located outside the adrenal medulla, such as in the heart, bladder, and neck, and these tumor cases are called extra-adrenal PCC or PGL (Crona et al., 2017). The major clinical manifestations of PCC/PGLs are unpredictable hypertension, cardiovascular crisis, hyperhidrosis, palpitations, and elevated basal metabolic rate, which are induced by the excessive secretion of catecholamines (Jochmanova and Pacak, 2016; Loper et al., 2016). PCC/PGLs are also involved in some severe syndromes such as von Hippel-Lindau disease (Liu P. et al., 2019), multiple endocrine neoplasia (type I and II), and neurofibromatosis (Rednam et al., 2017). If patients fail to undergo proper treatment in time, their 5-year survival rate drops below 40% due to excessive catecholamine secretion as well as the development of chemotherapy and radiation therapy resistance (Toledo et al., 2016; Taieb and Pacak, 2017; Li et al., 2018). As PCC/PGLs are among the most genetically related human cancers with 60% of patients showing family aggregation (Fishbein et al., 2017; Liu et al., 2018; Job et al., 2019), genetic screening is of great value and significance for the diagnosis and prevention of PCC/PGLs (Calsina et al., 2019). Moreover, over 15 genomic and transcriptomic molecules reported to regulate PCC/PGL development, such as SDHx, VHL, TMEM127, HRAS, FGFR1, ATRX, RET, EPAS1, MAX, EGLN1, and NF1, were found mutated in the germline of PCC/PGLs patients (Gill et al., 2011; Castro-Vega et al., 2015; Rednam et al., 2017; Taieb and Pacak, 2017; Remacha et al., 2017; Pang et al., 2018).

Circular RNAs (circRNAs) are highly evolutionarily conserved, regulatory, noncoding RNAs that play significant roles in various biological and pathological processes, such as gene translation, transcription, and tumor genesis and development; they also act as microRNA (miRNA) sponges. CircRNAs have a stable loop structure that lacks a 5’ cap and 3’ tail and are thus not easily degraded by RNase. Under specific circumstances, some circRNAs can open their loop structure for translation (Memczak et al., 2013; Liu C.X. et al., 2019). Moreover, circRNAs exhibit abnormal expression in numerous cancer types, including liver, stomach, breast, ovarian, and oral cancers; therefore, they have been considered novel biomarkers for tumor screening and are potential therapeutic targets (Hansen et al., 2013; Conn et al., 2015; Meng et al., 2019; Vo et al., 2019).

Considering the high genetic relevance and neuroendocrine characteristics of PCC/PGLs, we speculated that circRNAs may play important roles in regulating the development of PCC/PGLs. Previous studies have identified multiple key mediators for the pathogenesis of PCC/PGLs (Rednam et al., 2017; Remacha et al., 2017; Job et al., 2019), such as genetic alterations of SHDx and VHL, but whether these components are modulated by circRNAs remains unknown. Therefore, we performed RNA sequencing using tumor tissues and para-cancerous normal adrenal medulla tissues from PCC/PGLs patients to examine the aberrant expression of circRNAs and miRNAs. The data were evaluated by comparative analyses of reference sequences and tissue specificity was predicted. circRNAs with significantly altered expression were further screened and their binding sites to miRNAs predicted. In addition, we performed gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses using these differentially expressed circRNAs and mapped their interaction networks.



Materials and Methods


Sample Collection

Tumor and adjacent normal adrenal medulla specimens were collected during surgery from 40 PCC/PGL patients who underwent laparoscopic resection between February 2018 and September 2018 in Xianya Hospital. Detailed patient information is listed in Table 1. Seven PCC/PGL patients were randomly selected for RNA sequencing of their tissues while the other 33 PCC/PGL patients were used to validate the sequencing outcomes. All samples were validated by pathological examination and were frozen and stored immediately in liquid nitrogen until further use. Peripheral blood of 16 PCC/PGL patients and 16 healthy donors was collected and stored immediately at −80°C. All patients were primarily diagnosed with PCC/PGLs via imaging (computerized tomography and color ultrasound) and laboratory examination (urine vanillylmandelic acid), and did not undergo any treatments before surgery. All patients signed informed consent forms before the surgery and study, which was approved by the Ethics Committee of Xiangya Hospital of Central South University.


Table 1 | Characteristics of the seven pheochromocytomas and paragangliomas (PCC/PGL) patients whose samples were used for RNA sequencing.





Total Ribonucleic Acid Extraction

Frozen samples and peripheral blood were taken out of liquid nitrogen storage and immediately mixed with TRIzol reagent (Ambion, Austin, TX). Tissues were homogenized and lysed in TRIzol reagent, after which total RNAs were extracted according to manufacturer’s instructions.



Ribonucleic Acid Quantification and Qualification

Electrophoresis on 2% agarose gels was used to determine whether the total RNAs were degraded or contaminated. A NanoPhotometer® spectrophotometer (IMPLEN, Westlake Village, CA) and Qubit® RNA Assay Kit in Qubit®2.0 Fluorometer (Life Technologies, Carlsbad, CA) were used to detect the purity and concentration of RNA, respectively. The RNA Nano6000 Assay Kit (Agilent Technologies, Santa Clara, CA) was used to assess RNA integrity.



Ribonucleic Acid Library Construction, Clustering, and Sequencing

We used approximately 5 ug of total RNA for each sample and used the Ribo-Zero™ rRNA Removal Kit (Illumina, San Diego, CA) to eliminate ribosomal RNA interference according to manufacturer’s instructions. The residue was purified by two rounds of ethanol precipitation, after which divalent cations were used to splice the remaining RNAs into small fragments under high temperature. The small RNA fragments were reverse-transcribed to complementary DNA (cDNA) and second strand cDNA was synthesized using Escherichia coli DNA polymerase I, deoxyuridine triphosphates (dUTPs), and RNase H. After adding an A-base to the 3ʹ ends of each cDNA fragment and ligating to the NEBNext Adaptor [New England Biolabs (NEB), Ipswich, MA], we purified the library using the AMPureXP system (Beckman Coulter, Brea, CA) and prepared for hybridization. Next, approximately 2 µl USER enzyme (NEB) was added to the cDNA buffer for PCR. TruSeq SR Cluster Kit v3-cBot-HS (Illumia) was used to cluster the samples on the cBot Cluster Generation System. Finally, the Illumina HiSeq 2500/2000 sequencing platform was used to sequence the libraries (150 bp paired-end reads) after cluster generation. Sequencing data were analyzed against the reference genome, after which the circRNAs were filtered out. The software Find_circ and CIRI2 (Zeng et al., 2017) were used to identify circRNAs;



Identification of Differentially Expressed Circular Ribonucleic Acids, Microribonucleic Acids, and Messenger Ribonucleic Acids

DESeq R package(1.8.3) (https://www.bioconductor.org) was used to perform read-count analysis of differentially expressed RNAs [circRNAs, miRNAs, and messenger RNAs (mRNAs)]. An adjusted p value of < 0.05 was considered statistically significant and related RNAs were recognized as differentially expressed. miRanda software (https://omictools.com › miranda-tool) was used to predict the target miRNA binding sites of circRNAs.



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis

Gene Ontology (GO) enrichment analysis (http://www.webgestalt.org), an online software, was used to predict the molecular function, biological process, cellular components, and location of the target miRNAs of differentially expressed circRNAs. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (http://kobas.cbi.pku.edu.cn/anno_iden.php) was used to predict the possible metabolic pathways of some differentially expressed circRNAs Enrichment with p < 0.05 was regarded as statistically significant.



Real Time Polymerase Chain Reaction Analysis

Reverse transcription of total RNA was performed using the Superscript IV Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA) at 50°C for 15 min to obtain cDNA. Real-time PCR was then performed using SYBR Green Reagent on an ABI PRISM 7500 Fast Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA). Primers used for qPCR were synthesized at Sango Biotech (Shanghai, China) and are listed in Supplementary Table 6. Relative expression of the different genes was normalized to β-actin expression, and arbitrary units were used to display normalized gene expression. The data were analyzed using the 2−ΔΔCt method.



Circular Ribonucleic Acid-Microribonucleic Acid-Messenger Ribonucleic Acid Coding-Noncoding Gene Co-Expression Network Analysis

Cytoscape software (Shannon et al., 2003) was used to construct the circRNA-miRNA-mRNA networks.



Statistical Analysis

All data were analyzed using SPSS version 23 (IBM, Armonk, NY) and GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA). A paired Student’s t-test was used to test significance of the results and p values < 0.05 were considered statistically significant.




Results


Circular Ribonucleic Acid Expression Profiles of Human Pheochromocytomas and Paragangliomas Tumor Tissues

The density distribution of circRNAs on the chromosome is shown in Figure 1A. (Chromosome 1–9 and X were shown in the panel, details of circRNAs on all the chromosome can be seen in Supplementary Table 1 the density distribution of circRNAs on all the chromosome). Different sources (exons, introns, and intergenic regions) of circRNAs were counted (Figure 1B) because circRNAs can be acquired from the splicing of exons and introns. We thus speculated that most circRNAs in PCC/PGLs are obtained from the splicing of exons in both tumor and adjacent normal tissues. Next, we analyzed the length distribution of circRNAs in different patient samples (Figure 1C) and found that the majority of circRNAs were between 0 and 2,000 nt. Additionally, we mapped the transcription per million (TPM) distribution graph for an overall examination of the gene expression pattern in different samples (Figure 1D).




Figure 1 | Profiles of circular RNAs (circRNAs) identified in pheochromocytomas and paragangliomas (PCC/PGLs). (A) Density distribution of circRNAs on the chromosome. (B) The different sources of circRNAs (exons, introns, and intergenic regions). (C) Length distribution graph of circRNAs in different patient samples. (D) Transcription per million (TPM) distribution graph. (RNASEQC: tumor samples of PCC/PGLs patients for RNA sequencing, RNASEQN: normal adrenal medulla tissues of PCC/PGLs patients for RNA sequencing).





Identification and Validation of Differentially Expressed Circular Ribonucleic Acid in Pheochromocytomas and Paragangliomas

A total of 367 differentially expressed circRNAs were identified after RNA sequencing and qualification, among which 255 were upregulated and 112 were downregulated. The top 20 differentially expressed circRNAs are listed in Table 2. We next performed hierarchical cluster analysis of differentially expressed circRNAs and acquired the volcano map (log2FoldChange > 1; adjusted p < 0.05) and heat map for these samples (Figures 2A, B). We selected the top 11 differentially expressed circRNAs and conducted real-time qPCR using the other 33 pairs of PCC/PGLs samples to test if these circRNAs show the same relative expression as in the RNA sequencing data; information and genotype of the 33 patients is available in Supplementary Table 2 information and genotype of the 33 patients and the primer sequences for each circRNA is listed in Supplementary Table 6. As shown in Figure 2C–E, expression levels of hsa_circ_0000567, hsa_circ_0002897, hsa_circ_0004473, hsa_circ_0000972, hsa_circ_0000825, hsa_circ_0003265, and hsa_circ_0007279 were significantly higher in tumor tissues than in para-cancerous tissues, whereas the expression of hsa_circ_0056892, hsa_circ_0019773, and hsa_circ_0007444 was markedly downregulated in tumors tissues compared with adjacent tissues. However, there was no difference in hsa_circ_0001573 expression levels via real-time PCR. Overall, these data indicate that the sequencing outcomes were reliable and that these altered circRNAs may play important roles in tumor genesis or pathological processes and can serve as potential biomarkers or therapeutic targets.


Table 2 | The top 20 differentially expressed circular ribonucleic acids (circRNAs) in pheochromocytomas and paragangliomas.






Figure 2 | Identification and validation of differentially expressed circular RNAs (circRNAs) in pheochromocytomas and paragangliomas (PCC/PGLs). (A) Heatmap of differentially expressed circRNAs. (RNASEQC, tumor samples of PCC/PGLs patients for RNA sequencing; RNASEQN, normal adrenal medulla tissues of PCC/PGLs patients for RNA sequencing). (B) Volcano map of differentially expressed circRNAs; 255 were upregulated and 122 were downregulated. (PHEOC, tumor tissues of PCC/PGLs patients; PHEON, normal adrenal medulla tissues of PCC/PGLs patients.) (C–E) Real time PCR validation of the top 11 differentially expressed circRNAs in 33 pairs of PCC/PGL tumor tissues and adjacent tissues.





Gene Ontology Enrichment and Analysis of Genes Associated With Differentially Expressed Circular Ribonucleic Acids

After obtaining the differentially expressed circRNAs, we performed GO analysis on the source genes in each group based on the correspondence between circRNAs and their binding miRNAs and source genes (Figure 3A). We found that the main biological process terms were related to cell metabolism and transport, such as regulation of cholesterol metabolic process (GO:0090181), positive regulation of ion transport (GO:0043270), regulation of transport (GO:0051049), and regulation of hydrolase activity (GO:0051336). The highest enriched cellular component terms were associated with microtubule (GO:0005874) and microtubule cytoskeleton (GO:0015630). The most enriched molecular function terms were related to histone methyltransferase activity (H3-K36 specific; GO:0046975), transfer RNA (tRNA) (cytosine-5-)-methyltransferase activity (GO:0016428), and tRNA (cytosine) methyltransferase activity (GO:0016427).

GO enrichment results showed that the degree of enrichment of histone methylation-related circRNAs occupied the top positions of molecular function, suggesting that methylation regulation of target genes by circRNAs may play important roles in the pathogenesis of PCC/PGLs. We further performed real-time PCR to analyze the top three histone methylation-related circRNAs in the peripheral blood of 16 PCC/PGL patients (see Supplementary Table 3 information and genotype of the 16 patients) and 16 healthy donors, and found that circRNAs has_circ_0000567, hsa_circ_0002897, ahashsa_circ_0004473 also exhibited relatively high expression levels in PCC/PGL patients compared with healthy donors (Figure 3B).




Figure 3 | Gene ontology prediction and validation of histone methylation-related circular RNAs (circRNAs) in peripheral blood. (A) Gene ontology analysis of the top enriched molecular function of the differently expressed circRNAs. (B) Validation of the top three differentially expressed circRNAs by real time PCR using the peripheral blood of PCC/PGL patients and healthy donors.





Prediction and Analysis of the Histone Methylation-Related Circular Ribonucleic Acid-Microribonucleic Acid-Messenger Ribonucleic Acid Coding-Noncoding Gene Co-Expression Network

Next, we selected the three histone methylation-related circRNAs (hsa_circ_0000567, hsa_circ_0002897, and hsa_circ_0004473) with the most significant differences to predict and analyze their target miRNAs and mRNAs. The top five target miRNAs and related mRNAs were used to map the coding-noncoding gene co-expression (CNC) network (Figure 4A). Notably, the predicted binding miRNAs of the three upregulated circRNAs in PCC/PGL tumor tissues were all downregulated according to the miRNA sequencing data (Figure 4B and Supplementary Table 4 the circRNAs-miRNAs binding relationship). Our findings suggest that these histone methylation-related circRNAs act as RNA sponges and regulate their target miRNAs, highlighting their potential as novel therapeutic targets for PCC/PGLs.




Figure 4 | Prediction of histone methylation-related messenger RNAs (miRNAs). (A) The coding-noncoding gene co-expression (CNC) prediction network of the top three methylation-related circRNAs (hsa_circ_0000567, hsa_circ_0002897, and hsa_circ_0004473) and their target miRNAs and mRNAs (top five miRNAs and mRNAs are shown on the map). (B) Heatmap of differentially expressed miRNAs by RNA sequencing. (RNASEQC, tumor samples of PCC/PGLs patients for RNA sequencing; RNASEQN, normal adrenal medulla tissues of PCC/PGLs patients for RNA sequencing).





Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment and Analysis of Differentially Expressed Circular Ribonucleic Acids

KEGG pathway analysis revealed that the most enriched pathways were related to insulin secretion, axon guidance, endocytosis, bile secretion, glutamatergic synapse, serotonergic synapse, lysine degradation, and steroid biosynthesis. The top 20 enriched pathways were selected and displayed in a KEGG enrichment scatter plot diagram (Figure 5).




Figure 5 | Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the differently expressed circular RNAs (circRNAs) and their target gene-related enriched pathways.





Prediction and Analysis of the Relationship Between Known Pheochromocytoma and Paraganglioma Susceptibility Genes and the Circular Ribonucleic Acid-Microribonucleic Acid-Messenger Ribonucleic Acid Network

The currently known PCC/PGL-related susceptibility genes include SDHx, VHL, TMEM127, HRAS, FGFR1, ATRX, RET, EPAS1, MAX, EGLN1, and NF1 (Castro-Vega et al., 2015). We thus examined whether the circRNAs exhibit regulatory relationships with the mRNA transcripts of these susceptibility genes. After analyzing and screening the mRNA sequencing data (Supplementary Table 5 mRNA sequencing data of the 7 patients), we selected five differently expressed mRNAs, 88 miRNAs, and 132 circRNAs to map the CNC network. These findings support the role of circRNAs as RNA sponges and in regulating the expression levels of PCC/PGL susceptibility genes (Figure 6).




Figure 6 | The competing endogenous RNA network of the known pheochromocytoma and paraganglioma (PCC/PGL) susceptibility genes associated with the circular ribonucleic acid-microribonucleic acid-messenger ribonucleic acid (circRNA-miRNA-mRNA) relationship. Five mRNAs (red), 88 miRNAs (yellow), and 132 circRNAs (green) were included in the analysis.






Discussion

CircRNA is a special type of highly evolutionarily conserved, regulatory, noncoding RNA, which was originally considered noise or a redundancy of the transcription process (Memczak et al., 2013). However, an increasing number of studies demonstrated that circRNAs play important roles in various pathological or physiological processes (Zeng et al., 2017; Meng et al., 2019; Kolling et al., 2019; Kristensen et al., 2019; Li et al., 2019; Liang et al., 2019). Studies showed that circRNAs are mainly produced by RNA cleavage, are widely present throughout eukaryotic cells, and have high stability, species conservation, and tissue specificity. CircRNAs are also involved in intracellular RNA regulation networks and are closely associated with the development of many diseases, including systemic sclerosis and several cancer types, such as liver, lung, stomach, oral, nasopharyngeal, ovarian, prostate, uterine, kidney, and bladder cancers (Liu H. et al., 2019; Wang et al., 2019; Wu et al., 2019; Yao et al., 2019; Yu et al., 2019; Zhang et al., 2019; Zhi et al., 2019). Moreover, it has been reported that circRNAs act as RNA sponges, binding to their corresponding miRNAs to regulate the expression of target genes (Memczak et al., 2013). Nevertheless, the aberrant expression of circRNAs on a transcriptional level as well as their regulatory functions have not been explored in PCC/PGL patients. Therefore, in this study, we conducted a comprehensive analysis of differentially expressed circRNAs and their potential epigenetic role in PCC/PGLs, subsequently constructing a circRNA-miRNA CNC network that shows the systematic regulatory function of circRNAs in the pathogenesis of PCC/PGLs.

PCC/PGLs are highly genetically related tumors, and thus research on the regulatory function of its transcription processes may further our understanding of PCC/PGL development and better contribute to the diagnosis and treatment of the disease (Neary et al., 2011; Liu et al., 2015; Zhu et al., 2019; Liu Y. et al., 2019). In the last decades, numerous studies have screened the genetic alterations of PCC/PGLs in an attempt to elucidate the major mutant genes and the disease subtypes caused by those genes (Neumann et al., 2007; Neary et al., 2011; Gill et al., 2011; Taieb and Pacak, 2017; Yi et al., 2018; Abrard et al., 2019). As PCC/PGLs are closely related to epigenetic regulation, comprehensive regulatory network studies are more conducive for explaining their pathogenesis than are studies conducted on a few molecules. Thus, we performed transcriptome analysis of seven PCC/PGL patients via RNA sequencing and subsequently identified 3927 mRNAs, 283 miRNAs, and 367 circRNAs that were differentially expressed. We then selected the top 11 differently expressed circRNAs for real-time PCR validation in 33 pairs of tumor tissues and adjacent normal tissues of PCC/PGL patients, and found that the cross-regulated target genes were consistent with the sequencing results.

Some studies have shown that circRNAs can regulate DNA methylation in certain diseases. Wang et al. (Morley-Smith and Lyon, 2016) reported that CircIBTK can inhibit DNA demethylation and inactivate the AKT pathway in systemic lupus erythematosus patients. Our GO and KEGG pathway analysis of the sequencing results also showed that the major differentially expressed circRNAs were enriched in methylation-related molecular functions such as histone methyltransferase activity and tRNA (cytosine-5-)-methyltransferase activity, which suggests that these circRNAs may affect the development and progression of PCC/PGLs by participating in the modification of target gene methylation. Further analysis of our miRNA sequencing data showed that the histone methylation-related miRNAs predicted by the circRNA-miRNA CNC network were indeed downregulated in tumor tissues, supporting the notion that these circRNAs and miRNAs interact with each other and regulate histone methylation. Moreover, in the KEGG pathway-enriched data, genes with higher enrichment were mainly related to insulin secretion and axon guidance, which coincides with the pathological mechanism of PCC/PGLs patients, wherein neuroendocrine tumors secrete a large amount of catecholamines to disrupt the endocrine and metabolism balance, leading to a series of clinical symptoms such as hypertension and obesity (Neary et al., 2011). Therefore, these differentially expressed circRNAs may affect the secretion and metabolism processes of PCC/PGL patients by modulating their target genes. Our findings thus provide new strategies and targets for the diagnosis and treatment of such patients.

It is well known that circRNAs are stable, specific, and abundant (Wang et al., 2018; Yu et al., 2019; Zhi et al., 2019), making them suitable for detection as circulating biomarkers in liquid biopsies. Indeed, we identified some differentially expressed circRNAs in PCC/PGL patients, such as hsa_circ_0000567, hsa_circ_0002897, and hsa_circ_0004473, that bind to miRNA and affect histone methylation; these three circRNAs were also found differentially expressed between the peripheral blood of PCC/PGL patients and healthy donors. Previous studies have shown that the hsa-miR-183/182/96 cluster, hsa-miR-21-3p, hsa-miR-551b-3p, and hsa-miR-202-5p are associated with metastatic risk and progression of PCC/PGLs (Castro-Vega et al., 2015; Calsina et al., 2019). Notably, our study showed that hsa_circ_0000567 may bind to hsa-miR-96-3p and regulate histone methylation, highlighting hsa_circ_0000567 as a diagnostic and prognostic biomarker for PCC/PGL patients. Meanwhile, SDHx, MEN1, RET, and HF susceptibility genes were identified as source genes according to our mRNA sequencing data, after which the circRNA-miRNA-mRNA CNC network of PCC/PGL patients was mapped, providing a basis as well as novel ideas for future PCC/PGL research and diagnostic biomarker discovery.

In conclusion, the present study demonstrated that differentially expressed circRNAs such as hsa_circ_0000567, hsa_circ_0002897, and hsa_circ_0004473 can interact with their target miRNAs and regulate histone methylation during the pathogenesis of PCC/PGLs. KEGG pathway analysis revealed that the differently expressed circRNAs were involved in endocrine-related pathways, consistent with the clinical manifestations of PCC/PGLs. In addition, we identified the circRNAs associated with PCC/PGL susceptibility genes and mapped their regulatory network, which may provide potential prognostic biomarkers and therapeutic targets for PCC/PGL patients.
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MicroRNAs (miRNAs) can participate in many behaviors of various tumors. Prior studies have reported that miR-15b-5p in different tumors can either promote or inhibit tumor progression. In breast cancer, the role of miR-15b-5p is unclear. The main objective of this paper is to explore miR-15b-5p effects and their mechanisms in breast cancer using both in vitro and in vivo experiments. This study showed that miR-15b-5p expression was upregulated in breast cancer compared with normal breast tissue and was positively correlated with poor overall survival in patients. Knockdown of miR-15b-5p in MCF-7 and MD-MBA-231 breast cancer cells restrained cell growth and invasiveness and induced apoptosis, whereas overexpression of miR-15b-5p achieved the opposite effects. We next revealed a negative correlation between miR-15b-5p and heparanase-2 (HPSE2) expression in breast cancer. Knockdown of miR-15b-5p significantly increased HPSE2 expression at both mRNA and protein levels in breast cancer cells in vitro. The underlying mechanisms of miR-15-5p in breast cancer were investigated using luciferase activity reporter assay and rescue experiments. In addition, miR-15b-5p knockdown significantly inhibited tumor growth in a xenograft model in mice. In summary, we showed that miR-15b-5p promotes breast cancer cell proliferation, migration, and invasion by directly targeting HPSE2. Accordingly, miR-15b-5p may serve both as a tool for prognosis and as a target for therapy of breast cancer patients.

Keywords: breast cancer, microRNA, miR-15b-5p, HPSE2, biomarker


INTRODUCTION

Breast cancer is one of the most commonly diagnosed types of cancer in women, and it is the leading cause of cancer mortality among women worldwide (1, 2). Breast cancer cells have strong invasive ability and often form distant metastases (3, 4). Despite the great progress achieved in therapeutics, relapse and metastasis are still the leading reasons for death in breast cancer patients (5). Therefore, finding specific molecules which can serve as markers for early diagnosis and prognosis and can become therapeutic targets has become an important research direction.

miRNAs are small non-coding RNAs which are involved in the initiation and progression of various types of cancer (6). Previous researches show a role for miRNAs in regulation of proliferation, invasion, metastasis, and apoptosis (7, 8). Investigation of the mechanisms underlying the regulation of breast cancer by miRNAs is essential (9). The miRNA miR-15b-5p, a mature miRNA which is spliced from the 5′-end of pre-miR-15b (10), has been reported to be expressed in many cancers, including gastric cancer (11), colorectal cancer (12), prostate cancer (13), bladder cancer (14), and hepatocellular carcinoma (15). In these tumors, miR-15b-5p promotes proliferation, decreases apoptosis, induces tumor metastasis and recurrence, and is associated with poor patient prognosis. The role of miR-15b-5p in BC, however, is rarely reported. It has been reported that miR-15b is highly expressed in breast cancer and promotes its progression by binding to the 3′ untranslated region (UTR) of metastasis suppressor protein 1 (MTSS1) and downregulating its expression (16). Another study has shown that miR-15b is downregulated in an inducible model of cancer stem cell (CSC) formation in a breast cell line and inhibits CSC growth (17). However, the CSC is established by non-transformed breast epithelial cells (MCF-10A) carrying an inducible Src oncogene (ER-Src) with tamoxifen. In fact, it is not really a tumor cell. Thus, the role of miR-15b in breast cancer deserves further study.

The primary goal of this work is to determine the effects of miR-15b-5p in breast cancer tissues and cell lines and develop an understanding of their underlying mechanisms. Our findings showed that miR-15b-5p expression significantly upregulated in breast cancer tissues. We hypothesized that miR-15b-5p functions as an oncogene in breast cancer when overexpressed. We found that overexpression of miR-15b-5p promoted breast cancer cell proliferation, colony formation, invasion, and metastasis and suppressed apoptosis. Knockdown of miR-15b-5p produced the opposite effects. Using microarray analysis and bioinformatics prediction tools, we discovered that its target is heparanase-2 (HPSE2). Additionally, it was shown that miR-15-5p directly targeted the 3′ UTR of HPSE2 and restrained its expression. Then, it was confirmed using rescue experiments that miR-15-5p directly targeted HPSE2. Thus, our results confirm that miR-15b-5p may mediate its carcinogenic effects in breast cancer by inhibiting HPSE2 expression. Altogether, our results revealed that miR-15b-5p accelerates breast cancer progression via disinhibiting HPSE2, simultaneously providing a novel diagnostic and prognostic marker and a potential therapeutic target.



MATERIALS AND METHODS

Microarray Analysis and Bioinformatic Analysis

In total, six samples from three breast cancer patients comprising three invasive ductal carcinomas and three neighboring areas of normal breast tissue were studied by microarray analysis by a professional company (Genminix Information Co., Ltd., Shanghai, China). The differentially expressed miRNAs were identified in breast cancer and normal samples by fold change filtering, and the heatmap was used to plot the expression profiles. We exported the raw microarray data to the Gminix-Cloud Biotechnology Information website GCBI (Genminix Information Co., Ltd., Shanghai, China) for further analysis, including prediction of microRNA target genes and miRNAs–gene network analysis. The intensity of the signal was calculated after background subtraction, and replicated spots on the same slide were averaged to obtain the median intensity. The relationship between miR-15b-5p and breast cancer prognosis was explored by analyzing the miRNA expression profile of breast cancer specimens in The Cancer Genome Atlas (TCGA) database (18). The targets of miR-15b-5p were predicted using TargetScan human version 7.2 (http://www.targetscan.org/vert_72/) (19). This revealed that the 3′ UTR of HPSE2 may be complementary with the seed sequences of miR-15b-5p.



Chemicals and Reagents

Cell culture medium RPMI-1640 and Dulbecco's Modified Eagle Medium (DMEM) were bought from Invitrogen (Carlsbad, CA, USA), and fetal bovine serum (FBS) was purchased from Gibco (Grand Island, NY, USA). A total RNA extraction kit and transfection reagent Lipofectamine 2000 were bought from Invitrogen (Carlsbad, CA, USA). si-NC, miRNA mimic, miRNA inhibitor, and inhibitor NC were designed and synthesized by GenePharma (Shanghai, China). Plasmid vectors expressing HPSE2 or the negative control (NC) were constructed by GenePharma (Shanghai, China). The anti-HPSE2 antibody was purchased from Abcam Biotechnology (Cambridge, UK), and anti-GAPDH was purchased from Proteintech (Wuhan, China).



Cell Lines and Cell Cultures

Two human breast cancer cell lines (MDA-MB-231 and MCF-7) and one normal human embryonic kidney cell line (293T) cell were used in this study. All were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 or DMEM (Invitrogen; Carlsbad, CA, USA) containing 10% fetal bovine serum (Gibco; Grand Island, NY, USA) and 1% penicillin–streptomycin sulfate (Invitrogen, Carlsbad, CA, USA). All cell lines were incubated with 5% CO2 at 37°C.



Tissue Microarray and IHC and ISH Analyses

Tissue microarrays were obtained from Outdo Biotech Co., Ltd. (Shanghai, China). Immunohistochemical (IHC) studies of HPSE2 and in situ hybridization (ISH) analyses of miR-15b-5p were performed on breast cancer samples within the tissue microarray. The paraffin-embedded tissues were sliced at a thickness of 4 μm. After dewaxing and hydration, the tissue sections were incubated with 3% H2O2 for 30 min to block the endogenous peroxidase activity. Antigen retrieval was accomplished through repeated cooling and heating, and non-specific binding was blocked with 5% bovine serum albumin. Then the sections were incubated with primary antibodies overnight at 4°C. Anti-HPSE2 (ab97807) was purchased from Abcam (Cambridge, UK) and used at a dilution of 1:100. After three 5-min phosphate-buffered saline (PBS) washes, sections were treated with biotinylated secondary antibody (Abcam) for 1 h, following which streptavidin–horseradish peroxidase (HRP) was incubated for 20 min. HPSE2-positive cells were observed with a diaminobenzidine substrate. Then the slides were observed under a microscope (Olympus BX51, Olympus Optical, Tokyo, Japan).

To perform ISH staining on the tissue microarray, we purchased the digoxigenin (DIG)-labeled miR-15b-5p probe from Exiqon. Histologic sections were hybridized with a dual-labeled RNA probe for 2 h. It is then detected with an anti-DIG antibody. miR-15b-5p was considered to be positive when either cytoplasm or nuclei of cancer cells was stained. The positivity of the specimen was taken as the estimated proportion of positively stained cells.



Cell Transfection and Transduction

Three cell lines (MCF-7, MDA-MB-231, and 293T) were used for cell transfection. Cells (5 × 105) were plated onto six-well-plates 24 h before transfection. Negative control, miR-15b-5p mimic, miR-15b-5p inhibitor, NC inhibitor, and HPSE2 siRNA were transfected, respectively, via Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) per the manufacturer's instructions when the cell density reached 50–60%. The final concentration of miRNA inhibitors, miRNA mimics, or NC was 50 nM, and the final concentration of siRNA was 30 nM. After 4 h of transfection, a conventional medium was used to replace the Opti-MEM medium (Gibco, Grand Island, NY, USA) without antibiotics. Cells were harvested for further tests 24–48 h after transfection. For the selection of stable cell lines, lentivirus was transduced into MDA-MB-231 as previously described (20). Lentivirus expressing hsa-miR-15b-5p inhibitor was bought from GenePharma and was used to infect MDA-MB-231 cells, and cells were selected using medium containing 1.0 μg/ml puromycin.



qRT-PCR

Total RNA from harvested cells was isolated by the TRIzol reagent (Invitrogen; Thermo Fisher Scientific, USA) as previously described (21). The purity and quality of total RNA were measured using a NanoDrop ND-2000 spectrometer (NanoDrop Technologies, Wilmington, DE, USA). Total RNA (500 ng) reverse transcription was performed using a reverse transcription kit (Takara, Dalian, China). qRT-PCR was performed with an Applied Biosystems 7500 systems (Applied Biosystems, Foster City, CA, USA). U6 and GAPDH served as endogenous controls. The expression of miR-15b-5p and HPSE2 were evaluated using the 2−ΔΔCq method. The primer sequences used in this study are listed in Table S2.



Western Blot Assay

Forty-eight hours after cell transfection, the cells were washed with PBS and then lysed in radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime Institute of Biotechnology, Nantong, China) containing 1 mmol/L of phenylmethanesulfonyl fluoride (Multi Sciences, Wuhan, China) on ice for 30 min and then centrifuged at 12,000 × g at 4°C for 20 min to extract the protein. The quality of the total protein was determined via the bicinchoninic acid (BCA) method. Briefly, 30 μg of proteins measured by a BCA protein quantitation kit (Thermos, Waltham, MA, USA) was separated using 10% SDS-PAGE. Subsequently, the gels were transferred to 0.22-μm polyvinylidene fluoride or polyvinylidene difluoride (PVDF) membranes (Millipore Corp., MD, USA), and the membranes were blocked with 5% skim milk for 1 h at room temperature. The blot was then probed with rabbit polyclonal antibodies against HPSE2 (1:1,000, Abcam, Cambridge, UK) or GAPDH (internal positive control for immunoblots at 1:5,000, Proteintech, Wuhan, China) and incubated at 4°C overnight. Then the membranes were washed three times, incubated with HRP-conjugated goat anti-rabbit or goat anti-mouse IgG secondary antibodies as appropriate (1:5,000, Proteintech, Wuhan, China) for 2 h at room temperature. Specific protein bands were detected via an enhanced chemiluminescence (ECL) kit (BosterBio, Wuhan, China) on a Western Chemiluminescent Imaging System (Tanon 5200, Wuhan, China).



Cell Proliferation Assay

Cell proliferation ability was measured via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, 24 h after transfection, the cells were seeded into 96-well-plates at 1 × 103 cells per well. Then 20 μl of 0.5 mg/ml MTT solution was added to each well once daily for 6 successive days. The cells were incubated at 37°C for 4 h, and then 150 μl of dimethyl sulfoxide was added to each well. Absorbance values at 570 nm were read using a multifunctional enzyme-linked immunosorbent assay microplate reader (SpectraMax, M2, CA, USA). The experiments were repeated at least three times.



Colony Formation Assay

The clonogenicity of a single cell was displayed via a colony formation assay. In brief, the transfected cells were seeded into six-well plates at a concentration of 200 cells per well (MCF-7) or 500 cells per well (MDA-MB-231). The culture medium was changed twice per week. They were cultured for 10–14 days. After that, cells were washed with PBS at least twice and subsequently fixed and stained with 0.1% crystal violet for 15 min. The colonies (consisting of ≥50 cells each) were scored by counting with an inverted microscope. Cell viability was calculated as (number of colonies in the treatment group/the number of colonies in the control group) × 100%.



Wound Healing Assay and Transwell Assay

Wound-healing assay was used to evaluate the migration ability of cancer cells. In brief, the transfected cells were cultured in six-well plates (5 × 105 cells per well). When the cell density was close to 90%, the confluent cell monolayer was scratched with a sterile 200-μl pipette tip in a straight line, washed with PBS, and further cultured in medium containing 1% FBS for 24 h. Closure of each scratch was photographed under a light microscope (Olympus IX50, Tokyo, Japan) at 0, 12, and 24 h. Image-Pro Plus software (Version 5.1, Media Cybernetics, Inc., USA) was used to calculate the ability of cellular migration in each group.

Cell invasion assay was implemented using BD Control Inserts and BioCoat Matrigel Invasion Chambers (BD Biosciences, NYC, USA). Cells were seeded in the upper chamber at 5 × 103 cells per well in 100 μl of serum-free media, and the lower chamber was filled with 600 μl of complete medium. After 24 h of incubation, the cells in the upper chamber were wiped with a cotton swab, and the invaded cells were fixed with methanol for 15 min, stained with 0.1% crystal violet, and scored by counting with an inverted-contrast microscope (Olympus IX50, Tokyo, Japan) using at least five random fields of view. The experiments were repeated at least three times.



Flow Cytometry Analysis of Cell Apoptosis

Cell apoptosis was detected using an annexin V–fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit (Kaiji, Nanjing, China). Briefly, the treated cells were harvested by high-speed centrifugation (1,500–2,000 rpm) and washed twice with ice-cold PBS. Then cells were resuspended in 500 μl of binding buffer. Then cells were stained with 5 μl of propidium iodide and 5 μl annexin V–FITC at room temperature for 15 min in the dark. Flow cytometry (Becton Dickinson, CA, USA) was used to detect cell apoptosis. Finally, the results were analyzed using Flow Jo software (Flow Jo, Ashland, OR, USA).



Dual-Luciferase Assay

The wild-type (WT) and mutant (Mut) binding sequences of miR-15b-5p on the 3′ UTR of HPSE2 were synthesized (GenePharma, Shanghai, China) and cloned into the pMIR-reporter vector (Invitrogen). Cells (MCF-7 and 293T) were seeded into 96-well-plates at a density of 1 × 104 cells per well. When the cells spread to nearly 80–90% of the bottom of 96-well-plates, they were transfected with luciferase reporters, either WT or Mut HPSE2 3′ UTR, with or without miR-15b-5p mimics or NC by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Forty-eight hours later, the quantitative analysis of firefly and renilla luciferase activity via the Dual-Glo Luciferase Reporter Assay system (Promega, Madison, WI, USA) on a multifunctional enzyme-linked immunosorbent assay microplate reader (Turner BioSystems, Sunnyvale, CA, USA) per the manufacturer's operation manual. For data analysis, firefly luciferase activity was normalized to the corresponding renilla luciferase activity. All experiments were implemented in triplicate and repeated three times.



Mouse Model

For the orthotopic xenograft tumor model, 5-week-old female BALB/C nude mice were purchased from Beijing HFK Bioscience (Beijing, China) and raised in a specific pathogen-free, climate-controlled facility at the Animal Experiment Center of Wuhan University (Wuhan, China). The mouse flank was subcutaneously injected with 200 μl of 5 × 106 MDA-MB-231 cells stably down-expressing either miR-15b-5p or miR-control. Mice were checked every 3 days for xenograft development. Tumor volume was calculated twice per week as length × width2/2. Five weeks later, nude mice were euthanized, and tumor volumes were again measured. All procedures for animal experiments were approved by the Animal Care and Use Committee of Wuhan University (ethical approval number is AUP2017070).



Data Mining

The data of the expression of miR-15b-5p and HPSE2 in breast cancer were acquired from ENCORI (starbase.sysu.edu.cn), a platform that is designed for decoding Pan-Cancer Networks of lncRNAs, miRNAs, pseudogenes, snoRNAs, RNA-binding proteins (RBPs), and all protein-coding genes by analyzing their expression profiles across 32 cancer types (~10,000 RNA-seq and ~9,900 miRNA-seq samples) integrated from TCGA project. A total of 1,109 cases of breast cancer patients were included in our study. Besides, 113 cases of non-tumor breast tissues were also extracted from the TCGA dataset. The relevance of overall survival (OS) and relapse-free survival (RFS) rates with the expression of miR-15b and HPSE2 were analyzed by the online analysis tool Kaplan–Meier Plotter (https://kmplot.com/analysis/). The system includes gene chip and RNA-seq data—sources for the databases include GEO, EGA, and TCGA. Its primary purpose is a meta-analysis-based discovery and validation of survival biomarkers.



Statistical Analysis

All of the data presented are expressed as the mean ± standard deviation (SD). The indicators of paired samples were analyzed with a paired-sample t-test, while those of unpaired samples were analyzed by one-way ANOVA for three or more groups or by the t-test for two groups. To examine the prognostic significance of miR-15b-5p and HPSE2 in breast cancer patients, Kaplan–Meier survival analysis (P-value of the log-rank test) was used to explore the association between the OS/RFS rate and miR-15b-5p/HPSE2 levels in tumors of breast cancer patients. Long and short OS and disease-free survival (DFS) were discriminated based on the best cutoff value recommended by the website. Pearson's correlation analysis was applied to evaluate the relationship between miR-15b-5p and HPSE2 mRNA expression in breast cancer tissues. SPSS (version 22.0; IBM Corp., Armonk, NY, USA) and GraphPad (version 7.0; San Diego, CA, USA) were used for statistical analysis. P < 0.05 was considered to be statistically significant.




RESULTS

Microarray Expression Profiles and Correlation of miR-15b-5p/HPSE2 Expression With Clinical Outcome in Breast Cancer

We applied microarray analysis to discern the differential expression of miRNAs. A total of 152 significantly differentially regulated miRNAs (fold change ≥1.5, P < 0.001) were identified in the profiles, including upregulated and downregulated differential expression miRNAs on breast cancer and adjacent normal tissues (Figure 1A). Figure 1B summarizes the key regulatory functions of the identified miRNAs and their target genes. The network diagram shows an important regulatory relationship between HPSE2 and miR-15b-5p, so we chose it for further study. The online analysis tool Kaplan–Meier Plotter database was used to analyze the relationship between miR-15b-5p or HPSE2 expression level and the OS or RFS of breast cancer. The results indicated that the mean survival time of patients with high miR-15b-5p expression (71 months) was dramatically shorter than that of patients with low miR-15b-5p expression (91 months) (Figure 1C). On the contrary, the mean RFS with high HPSE2 expression (57 months) was markedly longer than the patients with low expression (35 months) in breast cancer (Figure 1D).


[image: Figure 1]
FIGURE 1. miRNA expression profiling in three paired breast cancer and adjacent normal tissues. (A) The heatmap reveals clusters of differentially expressed miRNAs; green indicates relatively low expression, and red indicates relatively high expression. (B) miRNAs–gene network was constructed to illustrate the key regulatory functions of the identified miRNAs and their target genes. The size of the circle or square node represents the degree value. A higher degree of gene/miRNAs indicates that it plays a more important role in the signaling network. (C,D) Correlation of miR-15b-5p or HPSE2 with overall survival (OS) or relapse-free survival (RFS) of breast cancer patients. The data illustrated are from the Kaplan–Meier Plotter database (http://kmplot.com/analysis/).




miR-15b-5p and HPSE2 Expression in Breast Cancer

We used ISH and IHC to evaluate the differential expression of miR-15b-5p and HPSE2 mRNA and protein in breast cancer tissues and adjacent tissues. ISH results indicated that miR-15b-5p was expressed in 61% of breast cancer samples, considerably higher than that of the paired adjacent non-cancerous breast tissue specimens (33%, P < 0.0001; Figure 2A). Meanwhile, IHC showed that HPSE2 expression in breast cancer tissues (25%) was prominently lower compared with that in the adjacent normal tissues (58%, P < 0.0001; Figure 2B). Similar results were obtained from TCGA databases (Figures 2C,D). Finally, we used six pairs of tumor tissue and adjacent tissues to detect the expression level of HPSE2 protein. This showed that the level of HPSE2 protein in tumor tissues was decreased below that in the adjacent tissues (Figure 2E). These results indicated that miR-15b-5p is overexpressed in breast cancer, while HPSE2 is underexpressed in breast cancer.


[image: Figure 2]
FIGURE 2. Expression correlation analysis of miR-15b-5p and HPSE2 in breast cancer tissues and matched adjacent non-cancerous tissues. (A) In situ hybridization (ISH) demonstrating that miR-15b-5p in breast cancer tissues was higher than that in normal tissues (n = 30, P < 0.0001). (B) HPSE2 immunoreactivity in breast cancer tissues was lower than that in normal tissues. The percentage of HPSE2 expression in breast cancer or normal tissues is shown in the figure (n = 30, P < 0.0001). The patient population represented was from Outdo Biotech Co., Ltd. (Shanghai, China). (C,D) miR-15b-5p and HPSE2 expression in normal breast and breast cancer according to the TCGA data. (E) HPSE2 proteins have lower expression in breast cancer tissues. The HPSE2 levels in six human breast cancer and paired adjacent normal tissues were measured by western blot analysis. N, paired adjacent normal tissues; T, tumor tissues. Patient information is placed in the Supplementary Materials. (****P < 0.0001).




miR-15b-5p Promotes Breast Cancer Cell Proliferation

We next explored the function of miR-15b-5p in two breast cancer cell lines. Briefly, cells were transfected with NC, miR-15b-5p mimic, inhibitor control, and miR-15b-5p inhibitor, in that order. Transfection efficiency of miRNA was detected by qPCR (Figure 3A). Then we analyzed the impact of miR-15b-5p through colony formation and MTT assays. The colony formation assay showed that the cell clonality of breast cancer cells was significantly inhibited after knockdown of the miR-15b-5p compared with the control group, while the transfection of miR-15b-5p mimics promoted the colony formation viability of MCF-7 and MDA-MB-231 (Figures 3B,C). Results from MTT assays to assess its effect on the proliferation ability in breast cancer cell lines were consistent with the colony assays (Figure 3D). These results showed that miR-15b-5p could promote the proliferation of breast cancer cells, acting as an oncogene.


[image: Figure 3]
FIGURE 3. miR-15b-5p promotes breast cancer (BC) cell proliferation. (A) Detection of transfection efficiency by qPCR. U6 served as an internal control. (B,C) Colony formation assays demonstrated that miR-15b-5p promoted clone formation in BC cell lines following transfection with the miR-15b-5p mimic when compared with negative control (NC). miR-15b-5p inhibited colony formation in BC cell lines following transfection with the miR-15b-5p inhibitor when compared with the inhibitor NC. (D) 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay revealed that miR-15b-5p promoted the proliferation of BC cell lines following transfection with the miR-15b-5p mimic when compared with NC, while miR-15b-5p significantly decreased the proliferation of BC cell lines following transfection with the miR-15b-5p inhibitor as compared with the inhibitor NC (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).




miR-15b-5p Knockdown Induced Breast Cancer Cell Apoptosis

We analyzed the apoptotic rate of cells via flow cytometry. As anticipated, the proportion of apoptotic cells was reduced after transfection of miR-15-5p mimics compared with the NC group, while the opposite result was observed after transfection of miR-15b-5p inhibitor, where the apoptotic rate of tumor cells was significantly increased (Figures 4A,B). In summary, these results suggested that knockdown of miR-15b-5p suppressed apoptosis of breast cancer cells.


[image: Figure 4]
FIGURE 4. miR-15b-5p knockdown induced cell apoptosis of breast cancer cell lines. (A,B) Flow cytometry showed that the apoptotic rates of breast cancer cells were significantly increased following the miR-15b-5p inhibitor when compared with the inhibitor NC (*P < 0.05, **P < 0.01 and ***P < 0.001).




Downregulation of miR-15b-5p Suppresses the Motility and Invasiveness in Breast Cancer Cells

To explore the effects of miR-15b-5p on breast cancer cell migration and invasion, we performed wound healing and Transwell assays. The wound-healing assay showed that knockdown of miR-15b-5p significantly decreased cell migration distance in MCF-7 and MDA-MB-231 cells (Figure 5A). Transwell assays indicated that miR-15b-5p positively regulates cell invasion. As shown in Figure 5B, inhibiting miR-15b-5p significantly suppressed cell invasion in MCF-7 and MDA-MB-23 cells. These results suggested that miR-15b-5p might act as an oncogene facilitating breast cancer cell migration and invasion.


[image: Figure 5]
FIGURE 5. Downregulation of miR-15b-5p suppresses the motility and invasiveness in BC cells. (A) Cell migration was measured by scratch-wound assay. Representative images are shown (20×). The results of three independent experiments are summarized. (B) Cell invasion was determined by Transwell assay. Representative images are shown (100×). The results of three independent experiments are shown (*P < 0.05 and **P < 0.01).




HPSE2 Is a Direct Target of miR-15b-5p

In order to identify the potential mRNA target of miR-15b-5p, the online analysis tools TargetScan (http://www.targetscan.org/vert_72/) and miRDB (http://www.mirdb.org/) were adopted, and a series of latent targets were selected. Among these candidate targets, HPSE2 immediately drew our attention since it was predicted by miRNAs–gene network analysis. According to the result of qPCR and western blot, knocking down miR-15b-5p significantly enhanced HPSE2 expression at mRNA and protein levels, while upregulating miR-15b-5p inhibited the expression of HPSE2 at mRNA and protein levels (Figures 6A,B). According to TCGA databases, the expression of miR-15b-5p is negatively related to HPSE2 in breast cancer patients (R = −0.1580, P = 1.81e−07; Figure 6C).


[image: Figure 6]
FIGURE 6. HPSE2 is a target of miR-15b-5p. (A) The mRNA level of HPSE2 in breast cancer cells overexpressing or underexpressing miR-15b-5p. (B) The protein level of HPSE2 in breast cancer cells overexpressing or underexpressing miR-15b-5p. (C) miR-15b-5p expression is correlated with HPSE2 expression in BC from TCGA data. The r and P values are from Pearson correlation. (D) The predicted relationship between miR-15b-5p and HPSE2 via the bioinformatics prediction website. (E) The dual luciferase reporter assay demonstrated a targeted relationship between miR-15b-5p and HPSE2 in different cell lines (*P < 0.05, **P < 0.01, and ***P < 0.001).


To examine the target relationship, we constructed two reporter plasmids, pmirGLO-HPSE2-wt and pmirGLO-HPSE2-mut. These vectors were transfected into MCF-7 or 293T cells. We found that the luciferase activity was significantly reduced when the miR-15b-5p mimic was co-transfected with the wt-HPSE2 reporter plasmid. However, miR-15b-5p had no statistical effect on the mut-HPSE2 3′ UTR (Figures 6D,E). These data indicate that miR-15b-5p regulated HPSE2 expression by directly targeting the 3′ UTR of HPSE2. We thus confirmed that HPSE2 is a direct target of miR-15b-5p.



HPSE2 Attenuates the Function of miR-15b-5p in BC Cells

To determine whether HPSE2 could reverse the oncogenic effects of miR-15b-5p, we co-transfected breast cancer cells with miR-15b-5p inhibitor and HPSE2 siRNA according to the experimental design from previous reported (22–24). The mRNA and protein levels of HPSE2 are shown in Figures 7A,B. When the levels miR-15b-5p and HPSE2 were downregulated simultaneously in either MCF-7 or MDA-MB-231 cells, however, the decreased rates of cell proliferation could be rescued (Figure 7C). The apoptosis rate of breast cancer cells by the miR-15b-5p inhibitor was also reversed after co-transfection with HPSE2 siRNA (Figure 7D). We got similar results from the invasion assay (Figure 7E). These data demonstrate that HPSE2 partially alleviates the oncogenic effects of miR-15b-5p in breast cancer.


[image: Figure 7]
FIGURE 7. miR-15b-5p/HPSE2 axis may modulate the breast cancer progression. (A) The mRNA level of HPSE2 in breast cancer cells underexpressing miR-15b-5p with or without the small interference RNA of HPSE2 (si-HPSE2). (B) The protein level of HPSE2 in breast cancer cells underexpressing miR-15b-5p with or without si-HPSE2. (C) 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays showed that the effects of miR-15b-5p downregulation on breast cancer cells in inhibiting cell proliferation were significantly reversed by co-transfection of si-HPSE2. (D) Flow cytometry showed the apoptotic rates of breast cancer cells transfected with miR-15b-5p inhibitor and/or si-HPSE2. (E) The invasion of breast cancer cells underexpressing miR-15b-5p with or without si-HPSE2 (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).




Inhibition of miR-15b-5p Reduces the Tumorigenic Ability of Breast Cancer Cells in vivo

We tested whether inhibition of miR-15b-5p suppressed tumor formation capacity in vivo. The results showed that infection of MDA-MB-231 cells with a lentiviral vector encoding an anti-miR-15b-5p construct resulted in a significant decrease in tumorigenic ability in vivo compared to the control group (Figures 8A–C). Therefore, our results indicated that miR-15b-5p acts not only as a simple regulator but also as an essential molecular mechanism for the growth of breast cancer in vivo.


[image: Figure 8]
FIGURE 8. Silencing of miR-15b-5p significantly suppressed tumorigenicity in vivo. (A) After stable transfection of miR-15b-5p or miR-control in MDA-MB-231 cells, cells are harvested and subcutaneously injected into the right or left flank of female nude mice (n = 5); 5 weeks later, nude mice were executed humanely. Tumors are taken for photographing. (B) Mice were weighed twice per week. Indicated mouse weights = the mean ± SD. (C) Tumor volumes were measured twice per week. The indicated tumor volumes = the mean ± SD.





DISCUSSION

In many tumors, miRNAs play an important role in tumor development (25–27). They can negatively regulate the expression of downstream genes and can serve as oncogenes or anti-oncogenes in different tumors (28, 29). Fully one-third of the encoded protein genes is reported to be regulated by miRNAs (30, 31).

Previous studies have reported that miR-15b-5p is upregulated or downregulated in different tumors (11–14, 32, 33). In colorectal cancer and osteosarcoma, miR-15b-5p was downregulated compared with their adjacent normal tissues, and it suppressed the progression and metastasis of cancer (12, 29, 32). On the other hand, miR-15b-5p was found to be upregulated in gastric cancer and prostate cancer tissues (11, 13). These studies demonstrated that miR-15b-5p levels and functions may be tumor type dependent. With respect to breast cancer, there has been no definite research on the role and function of miR-15b-5p.

Here, we found that miR-15b-5p was significantly overexpressed in human breast cancer samples compared with the adjacent normal tissue via the microarray analysis. Additionally, online databases from the Kaplan–Meier Plotter revealed a close positive correlation between more highly expressed miR-15b-5p and worse OS. These findings prompted us to speculate that miR-15b-5p might function as an oncogene in breast cancer when overexpressed. In order to further study its effect on the proliferation, apoptosis, migration, and invasion of breast cancer cells, overexpression and downregulation of miR-15b-5p levels were investigated in two breast cancer cell lines. The evidence suggested that inhibition of miR-15b-5p suppresses proliferation, migration, and invasion of breast cancer cell lines while promoting apoptosis. The opposite results were obtained after overexpression of miR-15b-5p in breast cancer cell lines. Furthermore, we used lentivirus transfection technology to stably screen inhibitory strains for xenogeny tumorigenesis in nude mice. Inhibition of miRNA-15b-5p in MDA-MB-231 cells repressed tumor formation, which further supports our hypothesis.

Next, we attempted to illuminate the functional mechanisms of miR-15b-5p in breast cancer cells via studying its downstream target. Based on the microarray analysis and bioinformatics analysis, we focused on HPSE2, which has been found to act as a suppressor gene in a variety of tumors including breast cancer (34). The explanation for this can probably be found from the relationship between HPSE2 and heparanase, to which it is highly homologous (35, 36). Heparanase is an extracellular matrix-disrupting enzyme that degrades chains of heparan sulfate and heparan sulfate proteoglycans (37, 38). Cancer cells can release a large amount of heparanase, which degrades the basement membrane of blood vessels and the extracellular matrix, thus promoting invasion and metastasis of tumor cells (37). It also induces angiogenesis by activating growth factors, inhibits activated T lymphocytes (37), and modifies the tumor microenvironment (39).

All of these tumor-promoting effects of heparanase are opposed by HPSE2, which lacks the ability to degrade heparan sulfate and importantly has the ability to inhibit heparanase by competing with heparanase for heparan sulfate (40–42).

HPSE2 also promotes tumor suppression by downregulating the transcription factor Id1, further inhibiting heparanase activity and stimulating endoplasmic reticulum stress (43). Downregulation of the transcription factor Id1 reduces vascular endothelial growth factor A (VEGF-A) and lymphatic endothelial growth factor C (LEGF-C), thereby inhibiting tumor angiogenesis and growth, and it facilitates cell differentiation through upregulating the expression of cytokeratin 13 or 15 (44–46). Through all these mechanisms, HPSE2 inhibits heparanase and thus lessens its tumor-promoting actions (34, 43, 47). When HPSE2 levels are elevated in response to hypoxia and endoplasmic reticulum stress, which often occur within tumors, additional tumor suppression arises (43).

According to the data from TCGA database, HPSE2 is underexpressed in breast cancer tissues. The same results were obtained with clinical tissue samples. Elevated expression of HPSE2 is positively correlated with a better prognosis for breast cancer. The expression level of miR-15b-5p in breast cancer is negatively correlated with HPSE2. Our results suggested that knockdown of miR-15b-5p significantly increases HPSE2 mRNA and protein expression, whereas the opposite result was found after overexpression of miR-15b-5p. To verify this hypothesis, we found a binding site complementary to the miR-15b-5p subsequence in the HPSE2 3′ UTR. The luciferase assay demonstrated that miR-15b-5p directly bound to the 3′ UTR of HPSE2. It was further confirmed by rescue experiments. However, the detailed underlying mechanisms still need to be further investigated.

In conclusion, this work presented an upregulated expression of miR-15b-5p in breast cancer, which is positively correlated with the poor prognosis in breast cancer patients. Knockdown of miR-15b-5p resulted in growth inhibition in vitro and in vivo and lessened the migration capabilities and invasiveness of breast cancer cells. This paper shows that miR-15b-5p acts like an oncogene in breast cancer cell lines by targeting HPSE2 directly. Therefore, the oncogenicity of miR-15b-5p on the tumorigenesis of breast tumor cell lines shown in this work could be credited in part to its modulation of HPSE2. The objective of this research was to explore the possible molecular mechanism of miR-15b-5p in breast carcinoma progression. The results indicate that miR-15b-5p might be a promising diagnostic and prognostic marker of breast cancer and further that it may be a valuable therapeutic target in breast cancer.
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Cutaneous squamous cell carcinoma derives from keratinocytes and is the second most common cause of non-melanoma skin cancer. Cutaneous squamous cell carcinoma (cSCC) develops rapidly and is also the leading cause of death in non-melanoma cancers. Lymph node metastasis occurs in 5% of cSCC patients, and some patients may even metastasize to the viscera. Patients with regional lymphatic metastasis or distant metastases have a <20% 10-year survival rate, indicating the substantial challenge in treating advanced and metastatic cSCC. Some lncRNAs have been found to be abnormally overexpressed in many tumor tissues, so that they can be considered as potential new biomarkers or targets that can be used in the diagnosis and treatment of cSCC in the future. In this review, we summarize the role of lncRNA in cutaneous squamous cell carcinoma to make a better understanding of mutations in cSCC and lay the foundation for effective target therapy of cSCC.
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INTRODUCTION

Skin is the largest organ of the human body composed of epidermis, dermis, and subcutaneous tissue. The epidermis belongs to the multilayer epidermal epithelium, which is mainly composed of keratinocytes. The outermost cuticle of the epidermis can protect against physical damage, chemical stimulation, and microbial invasion. However, a variety of risk factors such as chemicals, ultraviolet radiation, smoke, and pollutants, can cause skin damage and even skin cancer (1, 2). Cutaneous squamous cell carcinoma is derived from keratinocytes and is the second most common cause of non-melanoma skin cancer (3). The occurrence of cutaneous squamous cell carcinoma is an adverse outcome caused by the interaction of multiple factors, including environmental factors and self-factors. The most important risk factors for cSCC included skin color and age reversal of tumor suppressor genes such as RAS, MYC, p53, and RUX3 (4). The adverse stimulation of the external environment is closely related to the occurrence of cSCC, such as sunlight exposure, chemical exposure, and viral infection. The occurrence of cSCC is generally believed that it is related to excessive ultraviolet irradiation (5). UV mainly causes DNA damage in cells, such as transformation of C-T and CC-TT pyrimidine dimer, activation of p53, and loss of function of regulating cell proliferation. In addition, mutations of p53 and RAS have been found in patients with actinic keratosis induced by UV. It can be inferred that mutation of p53 and RAS may be early changes of UV damage, which laid the foundation for the development of cSCC (6). Cutaneous squamous cell carcinoma develops rapidly, which is also the leading cause of death in non-melanoma cancers. Lymph node metastasis occurs in 5% of cSCC patients, and some patients may even metastasize to the viscera (7). Patients with regional lymphatic metastasis or distant metastases have a <20% 10-year survival rate, indicating the substantial challenge in treating advanced and metastatic cSCC (8). It has been reported that the down-regulation of p21 mediated by melanoma-associated antigen A12 (MAGEA12) may be involved in the pathogenesis of cSCC, which indicates that MAGEA12 might be a molecular biomarker of cSCC (9). And telomerase reverse transcriptase gene promoter (TERTp) mutation may be a molecular biomarker with prognostic significance for invasive cSCC, but further study is still needed (10). Meanwhile, Cortactin (CTTN) phosphorylation is closely related to the pathogenesis of cSCC and can be used as a molecular biomarker of cSCC (11). Positive pS6 seems to be the predictor of aggressiveness of cSCC combined with the operation history of cSCC, lesion-positive margin, degree of differentiation, and lesion size (12). The expression of cell division cycle 20 (CDC20) in cSCC tissues and cell lines increased significantly, which was related to the pathological differentiation of cSCC. It suggested that CDC20 may be a new biomarker for the prevention diagnosis and treatment of cSCC (13). LncRNA is a transcript with a length of more than 200 nucleotides without open reading frame and does not encode proteins. It is capped at the 5′ end and polyadenylated at the 3′ end, and transcribed by RNA polymerase II. Compared to mRNA, the expression of lncRNA is not abundant, and it has poor conservativeness among species (14). Although most lncRNAs do not encode proteins, it has been reported that about 8% of lncRNAs in humans can encode short peptides; these results demonstrated that lncRNA regulates biological processes by encoding short peptides (15). Some lncRNAs have been found to have an abnormal overexpression in many tumor tissues, which can be considered as new potential biomarkers that can predict the canceration of tissues.

Generally, according to its relative position with coding genes, lncRNA can be basically divided into intergenic lncRNA, intronic lncRNA, sense lncRNA, antisense lncRNA, and bidirectional lncRNA. The location of lncRNA transcription in genomes often determines its related function (14, 16). In addition, it can be classified into four categories according to the function of lncRNA: signal, decoy, guide, and scaffold. LncRNA participated in the transmission of some signaling pathways when they acted as signals; some lncRNAs can regulate downstream gene transcription. As decoys, lncRNA can bind and remove some transcription factors or proteins to regulate gene expression. As guides, lncRNA can recruit cis- or trans-acting target genes of chromatin modifying enzymes. As scaffolds, lncRNA can bind a variety of proteins to form complex and modify histone in chromatin (17). As for the regulation mechanism of lncRNA, it can interact with DNA, RNA, or protein to regulate gene expression via various pathways. Firstly, lncRNA can be scaffolds or guides to regulate the related chromatin modifying enzymes in transcriptional processes (18). Secondly, lncRNA affected gene expression by regulating epichromatin modification (19). Thirdly, lncRNA regulated gene expression after transcription and regulated the level of mRNA and miRNA by different mechanisms such as competing endogenous RNA (20). Consequently, we reviewed the role of lncRNA in cutaneous squamous cell carcinoma to make a better understanding of mutations in cSCC and lay the foundation for effective target therapy of cSCC. It has been reported that the expression of lncRNA MALAT1 was upregulated in tongue squamous cell carcinoma (TSCC) and was related to cervical lymph node metastasis. Further mechanism studies showed that MALAT1 can inhibit tumor cell apoptosis and induce cell migration and invasion by regulating the Wnt/beta-catenin signaling pathway, and overexpression of MALAT1 can induce epithelial mesenchymal transition (EMT) (21). Meanwhile, high MALAT1 level was found in 54 cases of oral squamous cell carcinoma (OSCC) with poor prognosis (22). Compared with normal tissues, the expression of HOTAIR in OSCC was increased, which negatively correlated with E-cadherin level (23). And HOTAIR is highly expressed in TSCC, which was involved in the regulation of proliferation and apoptosis of TSCC (24). It was found that the expression of GAS5 in OSCC was lower than that in normal tissues, suggesting that the overexpression of GAS5 inhibited the proliferation, migration, and invasion of tumors (25).



ROLE OF LNCRNA IN CUTANEOUS SQUAMOUS CELL CARCINOMA


PICSAR

PICSAR, LINC00162, was a kind of p38 inhibited cutaneous squamous cell carcinoma associated with lincRNA, which was first reported in 2016. Piipponen et al. obtained cSCC cell lines from patients' skin tissue by surgical resection. By whole-transcriptome analyses, it has been found that several kinds of lncRNAs were differentially expressed in cSCC cell compared with primary NHEKs (normal human epidermal keratinocytes). Among them, long intergenic non-protein coding RNA 162 (LINC00162) was the most significantly up-regulated lncRNA. RNA in situ hybridization analysis showed that PICSAR was specifically expressed by tumor cells in cSCCs, but not by keratinocytes in normal skin in vivo. In addition, PICSAR played a carcinogenic role by regulating the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) signaling pathway, which is well-known to be dysregulated in cSCCs. It has been further determined that the carcinogenic mechanism of PICSAR was through inhibiting ERK2's negative regulator dual specificity phosphate 6 (DUSP6), while PICSAR can be inhibited by P38 MAPK. Besides, knockout of PICSAR suppressed the proliferation and migration of cSCC cells and inhibited the growth of human cSCC xenografts in vivo (26). Meanwhile, it has been mentioned that knockdown of PICSAR increased adhesion and decreased cell migration on collagen I and fibronectin by downregulating α2β1 and α5β1 integrin expression (27).



TINCR

The gene of TINCR is located between SAFB2 and ZNRF4 genes on chromosome 19, which can promote epidermal differentiation through post-transcriptional mechanism. Studies show that the number of layers in human epidermal tissue layered granules decreased by 81.4%. Caspase decreased 83.7% in the absence of TINCR, which hydrolyzed protein and promoted apoptosis and is needed to maintain the function of the epidermal barrier (28, 29). Cutaneous squamous cell carcinoma derives from keratinocytes in the epidermis, which is closely related to epidermal differentiation. In human squamous cell carcinoma specimens, the expression of TINCR was down-regulated, which is consistent with the decrease in the differentiation of squamous cell carcinoma (28). Other research suggested that TINCR is involved in ALA-PDT-induced (5-aminolevulinic acid- photodynamic therapy-induced) apoptosis and autophagy in A431 cells. ALA-PDT promoted the expression of TINCR in A431 cells, and then TINCR promoted ALA-PDT-induced apoptosis and autophagy via the ERK1/2-SP3 (specificity protein 3) pathway (30).



LINC00520

As a new type of lncRNA, LINC00520 has been reported only in a few tumors. The expression of LINC00520 increased in breast cancer. The oncogenes SRC, PIK3CA, and STAT3 can regulate the expression of LINC00520 and affect the progress of breast cancer (31). The expression of LINC00520 was upregulated in laryngeal squamous cell carcinoma, and it was associated with lymph node metastasis (32). In cutaneous squamous cell carcinoma, LINC00520 suppressed the invasion and metastasis of A431 cells via inhibiting EGFR and inactivating the PI3K-AKT signaling pathway (33).



LINC00319

LINC00319 was a newly discovered cancer-related lncRNA transcribed from the intergenic region of chromosome 21, which has been reported as a carcinogen in several human cancers, such as lung cancer (34), nasopharyngeal carcinoma (35), and ovarian cancer (36). It has been reported that LINC00319 was significantly upregulated in cSCC tissues and cell lines. Functional studies showed that LINC00319 promoted the proliferation of CSCC cells, accelerated the cell cycle process, promoted cell migration and invasion, and inhibited cell apoptosis. In mechanistic studies, LINC00319 promoted cell proliferation, migration, and invasion through the regulation of CDK3 (cyclin-dependent kinase 3) in A431 cells mediated by miR-1207-5p (37).



THOR

LncRNA THOR was a highly conserved long non-coding RNA mainly expressed in normal testis and tumors (38), which has also been shown to be closely related to the biological functions of tumors. For example, THOR can promote the proliferation of hepatocellular carcinoma cells and renal cancer cells, and even mediate cisplatin resistance in nasopharyngeal carcinoma (39–41). Knockdown of THOR in A431 cells downregulated IGF2BP1-dependent mRNAs, and then suppressed A431cell survival and proliferation. Targeting IGF2BP1 by Lnc-THOR silencing might be a novel strategy to inhibit cSCCs (42).



AK144841

AK144841 is a new long noncoding found by Gilles et al., the expression of which in cSCCs was 40 times higher than that in healthy skin. AK144841 was absent from normal keratinocytes, indicating that it may play a possible role in tumoral progression (43).



MALAT1

MALAT1, a bona fide lncRNA, was highly transformed in mammals and widely expressed in human tissues (44) and played an important role in angiogenesis (45). MALAT1 showed abnormally high expression in breast cancer (46), liver cancer (47), gastric cancer (48), and tongue squamous cell carcinoma (49), which promoted the migration and proliferation of cancer cells (50) and affected the drug resistance of cancer cells (51). In addition, it was related to the adverse prognosis of various solid tumors (52, 53). MALAT1 was characterized to be highly expressed in cSCC tissues and cell lines. Zhang et al. established a novel c-MYC-assisted MALAT1-KTN1-EGFR axis. MALAT1 regulated the protein expression of EGFR but did not affect the EGFR mRNA expression. Transcriptional sequencing identified KTN1 as the key mediator regulating EGFR. Mechanism studies have shown that MALAT1 interacted with c-MYC to form a complex, which bound directly to the promoter region of KTN1 gene to enhance its activation, thereby actively regulating the protein expression of EGFR (54). Meanwhile, knocking down MALAT1 significantly increased the protein expression of E-cadherin and β-catenin and decreased the protein expression of vimentin (55).



LINC01048

According to data from the TCGA database, upregulation of intergenic length non-protein coding RNA 1048 (LINC01048) was associated with a low overall survival rate in cSCCs. Knockout of LINC01048 inhibited cell proliferation and promoted cell apoptosis, suggesting the carcinogenic role of LINC01048 in cSCCs. Mechanism studies showed that LINC01048 increased the binding of TAF15 to the YAP1 promoter, thereby activating YAP1 in cSCC cells (56).



GAS5

GAS5, a tumor suppressor (57), was usually induced by stress such as serum deficiency and cell-to-cell contact inhibition (58). The expression level of GAS5 in renal, breast, lung, prostate, and bladder transitional cell carcinomas was significantly lower than that in normal tissues, which may lead to apoptosis avoidance and cell cycle disorder (57–62). Studies showed that GAS5 in normal tissues was significantly higher than that in cSCC tissues. Overexpression of GAS5 inhibited proliferation and promoted apoptosis in A431 cells (63).



HOTAIR

HOTAIR is the first lncRNA found to have a trans-acting effect (64). The HOTAIR gene sequence is less conserved except for specific regions, and evolved faster than the HOXC gene cluster located nearby (65). These two genes not only are closely related to the human embryonic development but also played a key regulatory role in the adult organ and tissue formation (66). HOTAIR is widely involved in the regulation of the malignant process such as proliferation, apoptosis, angiogenesis, invasion, and metastasis (67). HOTAIR monitored epigenetic modification by the histone H3K27me3 (68) and regulated WIF-1 and PTEN, thereby effecting the Wnt and Akt signaling pathways (69, 70). Another study showed that HOTAIR (HOX transcript antisense RNA) knockdown inhibited the motility and invasiveness of A375 cells and reduced the degradation of the extracellular matrix (71). Meanwhile, Liu et al. showed that overexpression of HOTAIR upregulated the PKR expression to activate PI3K/AKT and NF-κB pathways in keratinocytes (HACAT cells). This promoted the UVB-induced apoptosis and inflammatory injury (72). It has been shown that HOTAIR had higher expression levels in melanomas than in non-tumor tissues (73). It has been reported that the expression of HOTAIR in cSCC cells increased significantly. The overexpression of HOTAIR promoted the migration, proliferation, and epithelial–mesenchymal transitions by competitively combining with miR-326 to regulate the expression of PRAF2 (74). We summarized the functional roles of specific deregulated lncRNAs in cataneous squamous cell carcinoma in Figure 1.
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FIGURE 1. Functional roles of specific deregulated lncRNAs in cutaneous squamous cell carcinoma.





CONCLUSION

Cutaneous squamous cell carcinoma derives from keratinocytes and is the second most common cause of non-melanoma skin cancer. Lymph node metastasis occurs in 5% of cSCC patients, and patients with regional lymphatic metastasis or distant metastases have a <20% 10-year survival rate, suggesting that it is necessary to further understand the pathogenesis of cSCC. In this review, we summarized the role of lncRNA in cutaneous squamous cell carcinoma to make a better understanding of mutations in cSCC and lay the foundation for effective target therapy of cSCC. The expression of PICSAR, LINC00319, THOR, AK144841, MALAT1, LINC10148, and HOTAIR was upregulated in cSCCs. However, that of TINCR, LINC00520, and GAS5 was downregulated in cSCCs. MALAT1 and HOTAIR were upregulated in TSCC, OSCC, and cSCC, which may play a role in SCC diagnosis. Meanwhile, GAS5 was downregulated in OSCC and cSCC. PICSAR, LINC00319, THOR, AK144841, LINC10148, TINCR, and LINC00520 were only found in cSCC, which have a potential to be specific markers of cSCC. LncRNAs played different roles in cSCC, and we summarized them in Table 1 for a clearer understanding. Among them, PICSAR and TINCR regulated cSCC via the ERK1/2 pathway. We believed that there will be more lncRNA-related findings in future studies to improve cSCC therapy.


Table 1. List of lncRNAs currently implicated in cutaneous squamous cell carcinoma.
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An increasing number of studies have shown that long non-coding RNA (lncRNA) dysregulation plays a fundamental role in the development of various cancers, including colon cancer. Nonetheless, the mechanisms of lncRNA in regorafenib-resistance remain unclear. Our research revealed the lncRNA MIR570MG increased in regorafenib-resistant colon cancer cells compared to the regorafenib-sensitive cells. Furthermore, MIR570MG sponged miR-145, which declined in regorafenib-resistant colon cancer cell lines. More importantly, overexpression of miR-145 hampered cell proliferation and retrieved colon cancer regorafenib-sensitivity, contrary to the function of MIR570MG. Dual-luciferase reporter assay confirmed that miR-145 bound to 3′-UTR of SMAD3, a transcriptional modulator activated by TGFβ, resulting in blockage of TGFβ /SMAD3-mediated cell growth and cycle progression. Besides, ectopic expression of miR-145 inhibitor in the parental cells endowed resistance to regorafenib. Inversely, knockdown of MIR570MG impoverished resistance against regorafenib. Additionally, overexpression of MIR570MG conquered the suppression of tumor growth by miR-146 and rehabilitated the resistance to regorafenib in HCT116R human colon cancer mouse models. In summary, our findings suggested that MIR570MG promoted regorafenib resistance via releasing SMAD3 from miR-145, leading to activation of SMAD3-mediated signaling pathways.

Keywords: LncRNA MIR570MG, miR-145, SMAD3, TGFβ, metastatic colon cancer, regorafenib, resistance


INTRODUCTION

Despite the achievement in multimodality therapy combining chemo-, radio- and targeted therapy over the last decade, the mortality and the recurrence rates of metastatic colorectal cancer are inadequate. Novel agents targeting epidermal growth factor receptor, insulin-like growth factor receptor, transforming growth factor-beta receptor and other growth factors were developed to treat advanced/refractory colorectal cancer. Recently, the United States Food and Drug Administrate has approved regorafenib, an oral multi-kinases inhibitor, for treating unresectable or metastatic colon cancer following first- and second-line therapy (1). regorafenib targets RAF, angiogenic, stromal and receptor tyrosine kinases. Nonetheless, the intrinsic and acquired resistance to regorafenib restrains its application further. So far, the exact mechanisms underlying resistance to regorafenib remain mostly unknown.

While the minority of genome encodes proteins, most of the genome comprises non-coding sequences. Most of the non-coding RNA is transcribed to RNA, including long non-coding RNA (lncRNA) with lengths exceeding 200 nucleotides. Increasing numbers of studies have identified that lncRNA, microRNA (miRNA), and protein-coding message RNA (mRNA) compose complex RNA networks by competitive association. Abnormal regulation or aberrant expression of various lncRNA plays a role in the initiation, progression, and relapse of colorectal cancer (2, 3).

At present, we found lncRNA MIR570MG upregulated in regorafenib-resistant cells, antagonizing apoptosis, loss of colony formation, and cell cycle arrest by regorafenib. Conversely, miR-145, one of the sponges of MIR570MG, deregulated in regorafenib-resistant cells. Moreover, we identified miR-145 targeted SMAD3. We hypothesized that MIR570MG: miR-145: SMAD3 association played a pivotal role in acquired resistance to regorafenib.



MATERIALS AND METHODS


Cell Lines and Chemicals

RPMI-1640 and fetal bovine serum (FBS) were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). The human colon cancer cell lines SW480 (catalog number: CCL228) and HCT116 (catalog number: CCL247) were obtained from American Type Culture Collection (Manassas, VA, USA). Cells were grown in RPMI-1640, supplemented with 10% FBS. All cell lines were maintained in a humidified incubator with 5% of CO2 and 95% air at 37°C.

Regorafenib (BAY 73-4506) Catalog No. S1178 was purchased from Selleck Chemicals (Houston, TX, USA). Dimethyl sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Merck & Co. (Kenilworth, NJ, USA). siRNA negative control and siRNA targeting MIR570MG was synthesized in Origene Technologies, Inc. Rockville, MD, USA).



Construction of Expression Plasmids and Stable Cell Lines

According to the manufacturer's protocols (OriGene Technologies, Inc. Rockville, MD, USA), lncRNA MIR570MG was amplified and inserted into expression vector pLenti-C-mGFP. miR-145 was cloned and inserted into expression vector pCMV-MIR-GFP. HCT116 cells were transfected with pLenti-C-mGFP-MIR570MG followed the standard procedures. Subsequently, cells expressed GFP-MIR570MG stably were selected by a fluorescence microscopy (Olympus IX70, Shinjuku, Tokyo, Japan). The stable sublines were transfected with pCMV-MIR-GFP-miR-145, followed by a selection with Neomycin.



Establishment of Acquired Regorafenib Resistant Cells

Both SW480 and HCT116 were exposed to stepwise increasing regorafenib for over 12 months. The survival cells were subsequently passaged and grew under the same conditions for more than 20 passages with 0.02 μM regorafenib. The regorafenib-adapted cells named SW480R and HCT116R.



MTT Assay

Cells were seeded on a 96-well plate and allowed to attach overnight. Different concentrations of regorafenib (range, 0.01–20 μM) or DMSO were used to treat cells. Cell viability was determined with MTT. The half-maximum inhibitory concentration (IC50) values were calculated by interpolation from the dose-response curves. Results represented the median of three independent experiments, each performed in triplicate.



Dual-Luciferase Assay

Wild-type (MI) or MIR570MG mutant (MI Mut), together with miR-145, were transfected into SW480 cells. Furthermore, wild-type (wt) or mutant (Mut) of the miR-145, along with 3′-untranslated region (3′-UTR) of SMAD3, were transfected into SW480R cells. Twenty-four hours later, cells were lysed, and the relative light unit was detected by dual luciferase assay followed the manufacturer's protocol (Promega Corporation, Madison, WI, USA).



Western Blot

Lysis buffer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to extracted protein from cell precipitation. The concentration was measured by a Pierce BCA Protein Assay Kit. A total of 30 μg protein was resolved on a 10% gel using SDS-PAGE. The lysis buffer, BCA Protein Assay Kit, and gel were obtained from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Subsequently, proteins were transferred to a PVDF membrane (Millipore, Burlington, MA, USA). The membranes were blocked in 5% skimmed milk in TBS-Tween for 1 h at room temperature and incubated with the following primary antibodies: mouse monoclonal antibodies Smad3 (sc-101154), XIAP (sc-55551), cyclin D1 (sc-8396) and Cdk4 (sc-23896) at 4°C overnight, after which time the membranes were incubated with mouse IgG kappa binding protein (m-IgGκ BP) conjugated to Horseradish Peroxidase (sc-516102). GAPDH (sc-47724) served as the loading control. All antibodies were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The dilution of primary antibodies was 1:1,000 and the dilution of the secondary antibody were 1:2,000. Signals were collected using enhanced chemiluminescence (Pierce; Thermo Fisher Scientific, Inc.).



Quantitative Reverse Transcript-Polymerase Chain Reaction

Total RNA was extracted using a RNeasy Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's protocol. Reverse transcription of RNA to cDNA was performed using a QuantiTect Whole Transcriptome Kit (QIAGEN, Hilden, Germany). PCR amplification was performed with the LightCycler® 480 Block system (Roche, Basel, Switzerland) followed the instrument's protocol. GAPDH served as the housekeeping gene to normalize the expression of lncRNA and mRNAs, while U6 served as the reference gene to normalize miR-145 expression. Gene expression levels were calculated relative to the expression of the housekeeping genes with the ΔΔCq method (4). The primer sequences were as follows: MIR570MG, Forward, 5′-TTGTGCTCATGTGATGGGGG3′, Reverse, 5′-GTGGTATAATGCGCAGAAGGTAAT-3′. miR-145, Forward, 5′-GTCCAGTTTTCCCAGGA-3′, Reverse, 5′-GAACATGTCTGCGTATCTC-3′; SMAD3, Forward, 5′-TGAGGCTGTCTACCAGTTGACC-3′, Reverse, 5′-GTGAGGACCTTGTCAAGCCACT-3′; XIAP, Forward, 5′-TGGCAGATTATGAAGCACGGATC-3′, Reverse, 5′-AGTTAGCCCTCCTCCACAGTGA-3′; CCND1, Forward, 5′-TCTACACCGACAACTCCATCCG-3′, Reverse,5′-TCTGGCATTTTGGAGAGGAAGTG-3′; CDK4, Forward, 5′-CCATCAGCACAGTTCGTGAGGT-3′, Reverse, 5′-TCAGTTCGGGATGTGGCACAGA-3′; GAPDH, Forward, 5′-GTCTCCTCTGACTTCAACAGCG-3′, Reverse, 5′-ACCACCCTGTTGCTGTAGCCAA-3′; U6, Forward, 5′-CCGTATGACCTCCTTCCACAGA-3′, Reverse, 5′-TCTGTCCACCTCTGAAACCAGG-3′.



Cell Cycle Analysis

Cells were aliquoted and placed into 60-mm petri dishes, followed by the previous description (5). The BD CellQuest Pro™ Software (version 5.1) was provided by the Becton, Dickinson and Company Corporate (Franklin Lakes, NJ, USA). Cell cycle analysis was performed with ModFitLT for Windows version 5.0.



Apoptosis Assay

Cells expressing lncRNA, miRNA, or the combination were exposed to regorafenib. Twenty-four hours later, the JC-1 assay was conducted, followed by flow cytometry. The details were described previously (6). JC-1 dye obtained from Thermo Fisher Scientific (Waltham, MA, USA).



LncRNA Array

Three clones of SW480R were used for PrimePCR lncRNA array (QIAGEN, Hilden, Germany), and the data were analyzed with the QIAGEN GeneGlobe Data Analysis Center (https://geneglobe.qiagen.com/us/analyze/) followed the manufacture's protocol. Data gained from at least three independent experiments. RNAs (fold change >1.0 and P < 0.05) were considered expressed differentially between two groups.



Prediction of Putative LncRNA, miRNA, and mRNA Association

Interactions between lncRNA and miRNA, as well as the miRNA-mRNA, were predicted with starBase version 2.0 (http://starbase.sysu.edu.cn/index.php) and MicroRNA Target Prediction Database (miRDB, http://www.mirdb.org/) followed the previous instrument (7, 8).



Generation of Human Colon Cancer Xenografts

All studies were approved by the Medical Ethics Committee of the Fourth Affiliated Hospital of China Medical University and conducted according to the guideline of the Experimental Animal Center of the Fourth Affiliated Hospital of China Medical University. Four to five weeks old BALB/c nude female mice were obtained from Beijing Laboratory Animal Research Center (Beijing, China). Mice were housed in specific-pathogen-free conditions. 2 × 106 HCT116R cells expressing control, miR-145 or miR-145 along with MIR570MG stably was injected in mice subcutaneously. Mice carried approximately 100 mm3 tumors were divided into three groups randomly (six per group) post-injection. Mice received daily regorafenib 30 mg/kg body weights by gavage for 4 weeks according to the previous studies (9, 10). Tumor volumes were measured every 4 days with a digital caliper according to the formula V = 0.5 × (W2 × L), where V defined as volume, W defined as minor axis and L defined as the major axis of the measurement. Twenty-eight days later, mice were euthanasia with carbon dioxide inhalation. Tumors were resected, weighed and photographed. Besides, the expression of interesting lncRNA, miRNA, and mRNA were accessed by immunoblot and qRT-PCR, respectively.



Statistical Analysis

The results present as the mean ± standard deviation of three independent experiments. Comparisons of various groups were carried out using two-way ANOVA. Dunnett's multiple comparisons test was performed to compare the mean of each group with the mean of the control group. P < 0.05 was considered to indicate a statistically significant difference.




RESULTS


Chronic Regorafenib Exposure to Generate Regorafenib-Resistant Cells

Colon cancer cell lines SW480 and HCT116 were treated with stepwise escalating regorafenib for over 12 months, and the resultant clones were harvested. We characterized three clones termed SW480R and HCT116R. Figure 1A showed that the adapted subclones developed resistance against regorafenib significantly compared to the parental cells. The half-maximal inhibitory concentration (IC50) values for SW480R were approximately five times those for SW480 (19.41 vs. 4.303 μM). Likewise, the IC50 values for HCT116R were 11.57 μM, which were four times greater than those for HCT116 (2.953 μM). The IC50 values for all subclones of SW480 and HCT116 were shown in Figure S1. The results in Figure 1B indicated that 36 h-treatment with 1 μM regorafenib failed to inhibit the viability of SW480R cells, whereas the same exposure to regorafenib retarded SW480 cells viability significantly. Figure 1C exhibited similar results in HCT116R, where 12 h-exposure to 1 μM regorafenib changed the viability of HCT116R little while inhibited that of HCT116 evidently. Furthermore, Cell cycle distribution of the regorafenib-resistant cells and the parental cells post regorafenib treatment were analyzed by flow cytometry. As shown in Figure 1D, 1 μM regorafenib had little effect on cell cycle distribution of SW480R while that induced significant G1 phase arrest of SW480. Comparably, the HCT116R population in the G1 phase changed hardly, whereas the HCT116 population in the G1 phase increased remarkably post-1 μM regorafenib exposure (Figure 1E). In addition, cell apoptosis was accessed with the JC-1 assay followed by flow cytometry. As shown in Figure 1F, apoptotic SW480 cells raised significantly (1.59 vs. 7.58%) while apoptotic SW480R cells increased slightly (1.42 vs. 2.05%) post-1 μM regorafenib treatment (Figure 1G). Consistently, apoptotic HCT116 cells raised from 1.667 to 16.63% (Figure 1H) while apoptotic HCT116R cells increased from 1.37 to 1.81% post equal regorafenib treatment (Figure 1I). Hence, we performed the following in vitro experiments with 1 μM regorafenib. Briefly, these results indicated that we established regorafenib-resistant cells.
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FIGURE 1. Growth profile of Regorafenib-resistant cells. (A) The viability of the indicated cells was detected by MTT assay post-treatment with regorafenib 72 h. The IC50 values for the indicated cells were estimated. Data are mean ± SD (error bars) of three individual experiments. (B,C) The cell viability of SW480R and HCT116R, as well as their parental cells, was detected by MTT assay post-treatment with increasing concentrations of regorafenib at the indicated time-point. Data are mean ± SD (error bars) of three individual experiments. *P < 0.05, **P < 0.01, vs. DMSO. (D,E) Distribution of cell cycle of SW480R and HCT116R, as well as the parental cells. Cells were exposed to regorafenib or DMSO for 24 h and flow cytometry was performed post DNA staining with propidium iodide. Data obtained from three independent experiments were shown. Data represent mean ± SD. ns, no significance. *P < 0.05, **P < 0.01, ***P < 0.001, vs. DMSO. Apoptosis of SW480 (F), SW480R (G), HCT116 (H), and HCT116R (I) were measured by JC-1 apoptosis assay post-exposure of regorafenib or DMSO for 24 h. Data represents mean ± SD of three individual experiments. ***P < 0.001 vs. DMSO.




LncRNA MIR570MG Upregulates in Regorafenib-Resistant Cells and Promotes Cell Viability

According to the analysis of the LncRNA microarray, we found the lncRNA MIR570MG increased significantly in regorafenib-resistant cells. The result was validated in cell lines by qRT-PCR analysis. First, MIR570MG distinctively overexpressed in regorafenib-resistant cells in comparison with their corresponding parental cells (Figure 2A). Second, results in Figure 2B revealed that MIR570MG overexpression promoted cell viability and conferred parental cells resistance to regorafenib. Inversely, siRNA targeting MIR570MG impaired cell viability of SW480R and HCT116R and deprived the resistance to regorafenib (Figure 2C). Third, colony formation assay was performed to investigate the effects of MIR570MG on clonogenicity. Results in Figure 2D showed that regorafenib inhibited colony formation of SW480 cells significantly while overexpression of MIR570MG overcame the inhibition. Alternatively, regorafenib had little effect on the clonogenicity of SW480R while knockdown of MIR570MG recovered sensitivity to regorafenib (Figure 2E). Equal results were gain in HCT116 and HCT116R cells, respectively (Figures 2F,G). Furthermore, cell cycle analysis was conducted to explore the effect of regorafenib on cell cycle progress. As seen in Figure 2H, overexpression of MIR570MG in SW480 reduced the G1 phase arrest triggered by regorafenib (vec+R, 66.58 vs. MI+R, 44.68%). Similar results were observed in HCT116 cells. Unlikely, Figure 2I proved that knockdown of MIR570MG in SW480R provoked the G1 phase arrest by regorafenib (si-NC+R, 55.08 vs. si-MI+R, 74.53%), as well as in HCT116R. Additionally, a JC-1 assay was performed to detect the effect of MIR570MG on apoptosis. Figure 2J indicated that ectopic expression of MIR570MG in SW480 reduced apoptosis compared to control (vector+R, 1.634 vs. MI+R, 1.14%), whereas the si-MIR570MG promoted apoptosis post-regorafenib exposure (si-NC+R, 1.441 vs. si-MI+R, 1.14%). Similar results were observed in HCT116 cells (Figure 2K). Conversely, knockdown of MIR570MG triggered apoptosis of regorafenib-resistant cells compared to siRNA negative control and recovered the sensitivity to regorafenib. In brief, we found MIR570MG overexpressed in regorafenib-resistant cells and enhanced cell viability by retarding G1 phase arrest and apoptosis.
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FIGURE 2. LncRNA MIR570MG expression increases and enhances the cell viability of regorafenib-resistant cell lines. (A) Expression of MIR570MG in regorafenib resistant- and parental cells. (B) The viability of the indicated cells was accessed by the MTT assay. Cells expressing MIR570MG or vector were exposed to regorafenib. MTT assay was performed at the indicated time-points. (C) The viability of the indicated cells was accessed by the MTT assay. Cells expressing si-MIR570MG or si-NC were exposed to regorafenib before MTT assay. (D–G) Clonogenicity of the indicated cells was measured by colony formation. Cells were transfected with MIR570MG or si-MIR570MG for 24 h prior to regorafenib treatment and colony formation assay was conducted. (H,I) The distribution of the cell cycle of the indicated cells was analyzed by flow cytometry. Cells are expressing MIR570MG or si-MIR570MG at the presence or absence of regorafenib. Twenty-four hours later, the flow cytometry analysis was carried out. (J,K) The apoptosis of the indicated cells was accessed by the JC-1 assay, followed by flow cytometry analysis. Cells expressing MIR570MG or si-MIR570MG were exposed to regorafenib. Data represents mean ± SD of three individual experiments. *P < 0.05, **P < 0.01, ***P < 0.001, vs. vector or si-NC; ##P < 0.01, ###P < 0.001, vs. vector or si-NC plus regorafenib exposure. MI, MIR570MG; si-MI, si-MIR570MG; NC, negative control; R, Reg, 1 μM regorafenib exposure.




MIR570MG Promotes Cell Viability by Sponging miR-145

Considering the prediction performed by miRbase (http://www.mirbase.org/), we found miR-145 was one of the sponges of MIR570MG, and their potential interaction was shown in Figure 3A. Particularly, miR-145 was deregulated in regorafenib-resistant cells compared to their corresponding parental cells (Figure 3B). To investigate the interaction between MIR570MG and miR-145, we generated the MIR570MG mutant which was deficient in binding miR-145. Dual-luciferase assay was performed with cells expressing MIR570MG or MIR570MG mutant, along with miR-145 mimic. Results in Figure 3C proved that MIR570MG inhibited fluorescence intensity of miR-145 significantly while MIR570MG mutant changed little. The expression of miR-145 decreased notably in cells expressing MIR570MG, whereas that increased in cells expressing si-MIR570MG (Figure 3D). The introduction of miR-145 inhibitor had identical results with ectopic expression of MIR570MG (Figure 3E). To examine the effect of MIR570MG: miR-145 interaction on cell growth, MTT assay was conducted. As shown in Figure 3F, knockdown of miR-145 enhanced the corresponding parental cell growth while the expression of miR-145 inhibitor and si-MIR570MG simultaneously hampered the promotion compared to the control. Consistent with the results, overexpression of miR-145 repressed the growth of regorafenib-resistant cells while co-expression of miR-145 and MIR570MG recovered growth (Figure 3G). Besides, overexpression of miR-145 inhibitor enhanced the colony formation of SW480 and HCT116, whereas the combination of miR-145 inhibitor and si-MIR570MG rescued the clonogenicity (Figures 3H,I). Alternatively, the introduction of miR-145 mimic deregulated the colony formation of SW480R and HCT116R, whereas the combination of miR-145 mimic and MIR570MG provoked the clonogenicity (Figures 3J,K).
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FIGURE 3. MIR570MG sponges miR-145 and reverses miR-145-mediated growth suppression. (A) Schematic diagram of putative binding sites between MIR570MG and miR-145. (B) Expression of miR-145 in the indicated cell lines. **P < 0.01, vs. SW480; ##P < 0.01, vs. HCT116. (C) Dual-luciferase activity of miR-145 promoter. MI, wild type MIR570MG; MI Mut, MIR570MG mutant. ***P < 0.001, vs. control. (D) Expression of the indicated RNA in cells expressing MIR570MG or si-MIR570MG. ***P < 0.001, vs. vector; ###P < 0.001, vs. si-negative control. (E) Expression of the indicated RNA in cells expressing miR-145 mimic or miR-145 inhibitor. **P < 0.01, ***P < 0.001, vs. control-mimic; ##P < 0.01, vs. control-inhibitor. (F) Viability of SW480 and HCT116 cells was accessed by MTT assay at the indicated time-points. *P < 0.05, **P < 0.01, ***P < 0.001, vs. control; #P < 0.05, ##P < 0.01, vs. miR-145 inhibitor. (G) Viability of SW480R and HCT116R cells was accessed by MTT assay at the indicated time-points. **P < 0.01, ***P < 0.001, vs. control; ##P < 0.01, ###P < 0.001, vs. miR-145 mimic. (H,I) Colony formation of the indicated cells expressing miR-145 inhibitor or miR-145 inhibitor combined with si-MIR570MG. **P < 0.01, vs. control; ##P < 0.01, vs. miR-145 inhibitor. (J,K) Colony formation of the indicated cells expressing miR-145 mimic or miR-145 mimic combined with MIR570MG. ***P < 0.001 vs. control; ##P < 0.01 vs. miR-145 mimic. Data represents mean ± SD of three individual experiments. Vec, vector; MI, MIR570MG; si-NC, negative control; si-MI, si-MIR570MG; Con mim, control mimic; 145 mim, miR-145 mimic; Con inh, control inhibitor; R, Reg, 1 μM regorafenib exposure.




miR-145 Targets SMAD3 and Prohibits SMAD3-Promoted Growth

In light of the prediction of miRDB, we found miR-145 targeted SMAD3 and the estimated binding sites were shown in Figure 4A. To investigate the details, we constructed the SMAD3 mutant where the 3′-untranslational regions of SMAD3 failed to combine miR-145. Figure 4B suggested the fluorescence intensity of SMAD3 fell significantly while that of the SMAD3 mutant was constant compared to the control. Importantly, SMAD3 was upregulated in the regorafenib-resistant cells compared to their parental cells on protein levels (Figure 4C) and mRNA levels (Figure 4D). Furthermore, forced expression of miR-145 inhibitor promoted the SMAD3 expression (Figures 4E–H). Conversely, expression of miR-145 mimic attenuated the SMAD3 expression in SW480 (Figures 4I–L). To access the effect of miR-145 on viability, cells were transfected with miR-145 or combination of miR-145 and SMAD3 before regorafenib exposure. As shown in Figures 4M,N, miR-145 overexpression rehabilitated the response to regorafenib; however, simultaneous expression of SMAD3 and miR-145 recovered the resistance against regorafenib in SW480R and HCT116R cells.
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FIGURE 4. miR-145 targets SMAD3 and deregulated SMAD3-enhanced viability. (A) Schematic diagram of predictive binding sites of miR-145 and SMAD3. (B) Dual-luciferase activity of SMAD3 promotor. SMAD3, SMAD3 wild type 3′-UTR; SMAD3 MUT, SMAD3 mutant 3′-UTR. (C,D) The expression of SMAD3 in the indicated cells were accessed by western blot and qRT-PCR, separately. **P < 0.05, vs. SW480. ##P < 0.05, vs. HCT116. (E–H) The expression of SMAD3, MIR570MG and miR-145 in the indicated cells expressing miR-145 inhibitor. inh, inhibitor. ***P < 0.001, vs. control. (I–L) The expression of SMAD3, MIR570MG and miR-145 in the indicated cells expressing miR-145 mimic. mim, mimic. ***P < 0.001, vs. control. (M,N) The cell viability of the indicated cells was accessed by the MTT assay. Cells expressing miR-145 or miR-145 plus SMAD3 were exposed to 1 μM regorafenib. MTT assay was performed post-treatment at the indicated time-point. **P < 0.01, ***P < 0.001, vs. regorafenib; ##P < 0.01, vs. miR-145 exposed to Regorafenib. Data obtained from independent experiments thrice. Con mim, control mimic; 145 mim, miR-145 mimic; Con inh, control inhibitor; Reg, 1 μM regorafenib exposure.




MIR570MG Confers Resistance Against Regorafenib via Rescuing SMAD3 From miR-145

To investigate the effect of MIR570MG: miR-145 interaction on cell viability, MTT assay was carried out. The results in Figures 5A,B showed the miR-145 diminished SW480R and HCT116R cell growth apparently, while MIR570MG recovered the growth. Moreover, the amounts of SW480R clones expressing miR-145 alone dropped obviously, whereas those expressing combination equaled control (Figure 5C). The identical results were observed in HCT116R cells (Figure 5D). Furthermore, overexpression of miR-145 in SW480R caused prominent G1 phase arrest while expression of miR-145 and MIR570MG concurrently induced equal G1 phase arrest compared to control (Figure 5E), as well as in HCT116R (Figure 5F). Meanwhile, Figures 5G,H proved that miR-145 promoted apoptosis of regorafenib-resistant cells, while the combination triggered similar apoptosis in comparison with control. To clarify the MIR570MG: miR-145 mediated mechanisms, SMAD3, apoptosis suppressor XIAP, G1/S transition key regulate complex Cyclin D1: Cyclin-dependent kinase 4 were determined. The expression of SMAD3, Cyclin D1, and CDK4 dropped in cells expressing miR-145 while XIAP raised (Figures 5I,K). The alteration of the mRNA agreed with that of protein (Figures 5J,L). To sum up, MIR570MG sponged miR-145 and retrieved SMAD3, activating SMAD3-related signaling cascades. As a result, cells acquired resistance to regorafenib.
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FIGURE 5. MIR570MG confers resistance against regorafenib by releasing SMAD3 from miR-145. (A,B) Cell viability of SW480R and HCT116R was accessed by MTT assay. Cells expressing miR-145 or miR-145 plus MIR570MG were treated with Regorafenib. MTT assay was conducted post-treatment at different time-points. (C,D) Colony formation of SW480R and HCT116R was performed post-regorafenib treatment. Cells were transfected with MIR570MG or the combination prior to regorafenib treatment. (E,F) Distribution of cell cycle of the indicated cells were analyzed by flow cytometry. Cells expressing miR-145 or the combination were exposed to 1 μM regorafenib for 24 h prior to flow cytometry analysis. (G,H) Apoptosis of SW480R and HCT116R was measured post-regorafenib treatment. Cells expressing miR-145 or combination were exposed to 1 μM regorafenib for 24 h. JC-1 assay was performed, followed by flow cytometry analysis post-treatment. The expression of the indicated genes in SW480R (I,J) and HCT116R (K,L) cells were measured by Western blot and qRT-PCR, separately. **P < 0.01, ***P < 0.001, vs. control exposed to regorafenib; ##P < 0.01, ###P < 0.001, vs. miR-145 exposed to regorafenib. Data obtained from three independent experiments. MI, MIR570MG; Reg, 1 μM regorafenib exposure.




MIR570MG Restores Resistance Against Regorafenib by Sponging miR-145 in HCT116R Mouse Model

The effects of MIR570MG on tumor growth was determined in an HCT116R mouse model. After the establishment of tumors, mice received daily 30 mg/kg regorafenib or the corresponding vehicle for 4 weeks. The tumor volumes were recorded every 4 days and the tumors were weighed at day 28 as the indicator of tumor burden. The volumes of tumors carrying miR-145 kept stable for 28 days while those of control developed fast (Figure 6A). For comparison, the tumors expressing miR-145 and MIR570MG overgrew, suggesting that MIR570MG recovered the resistance to regorafenib by overcoming miR-145. In line with the alteration of tumor growth curves, the mean tumor weights of miR-145 alone dropped significantly (0.9 ± 0.2 vs. 1.8 ± 0.1 g), whereas those of combination fell moderately (1.5 ± 0.1 vs. 1.8 ± 0.1 g) in comparison with control (Figure 6B). Figure 6C showed the representative images of tumors that were consistent with the volume measurement in each group. Moreover, the expression of Smad3, XIAP, Cyclin D1, and Cdk4 reduced notably in tumors expressing miR-145 while that increased in tumors expressing the combination (Figure 6D), indicating that the changes in vivo were coinciding with those in vitro. Additionally, the stable transfection efficiency of MIR570MG and miR-145 was confirmed by qRT-PCR (Figure 6E). The alterations of the Smad3-regulated genes on RNA levels were identical to the changes in protein levels.
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FIGURE 6. MIR570MG restores resistance against regorafenib by sponging miR-145 in HCT116R xenografts. Mice carrying ~100mm3 tumors were divided into three groups randomly (six per group) and tumor volumes were measured. (A) Tumor growth curves of HCT116R mouse models. (B) Tumor weights of HCT116R mouse models. (C) Representative images of tumors in each group. (D) The indicated protein expression was accessed by immunoblot. (E) The indicated lncRNA, miRNA and mRNA expression were analyzed by qRT-PCR. Data obtained from three independent experiments. *P < 0.05, vs. control. #P < 0.05, vs. miR-145. Con, control; Vec, vector; MI, MIR570MG.





DISCUSSION

Regorafenib is an oral multi-kinases inhibitor that targets angiogenesis-related genes, including VEGFR1, VEGFR2, VEGFR3, and TIE2, as well as various oncogenes such as KIT, RET, RAF1, BRAF, PDGFR, FGFR, and p38 MAPK (11). Regorafenib has been used for late line treatment for several cancers including advanced colorectal cancer (12), hepatocellular carcinoma (13), and gastrointestinal stromal tumors (14). Particularly, regorafenib monotherapy for treating metastatic colorectal cancer was approved by the U.S. Food and Drug Administration due to the 1.5 months improvement in the CORRECT trial compared to the placebo (15). Despite the favorable outcome of regorafenib regimens in metastatic colorectal cancer, the primary and adaptive resistance to regorafenib restrains application in refractory and recurrent colorectal cancer. Given the characteristic of the multi-kinase suppression, potential mechanisms of resistance against regorafenib vary. Kort et al. demonstrated the multidrug efflux transporters Breast Cancer Resistance Protein and P-Glycoprotein hampered brain and testis accumulation of regorafenib in mice model, leading to limited response of brain metastasis (16). Ohya et al. indicated multidrug resistance protein 2 and organic anion transporting polypeptide 1B1 transported regorafenib (17). Mirone et al. evaluated the upregulated Notch-1 drove resistance to regorafenib in colorectal cancer cells (18). Tutusaos et al. elucidated the antiapoptotic BCL-2 proteins determined regorafenib resistance in hepatocellular carcinoma (19). Furthermore, Wang et al. revealed the unique isomerase Pin1 triggered the acquired resistance to regorafenib via activating epithelial-mesenchymal transition in hepatocellular carcinoma cells (20). Recently, Ou et al. proved the CC chemokine receptor 2 and β-catenin were involved in a positive-feedback loop and conferred tolerance to regorafenib in colorectal cancer (21). To date, compelling evidence has shown lncRNAs were involved in cancer progression by targeting different signaling pathways, including induction of chemo-, radio-, and targeted therapy resistance. However, the association of lncRNAs and resistance to regorafenib remains unknown. The present results that lncRNA MIR570MG was upregulated in acquired regorafenib-resistant cells filled the gaps among lncRNAs and the resistance against regorafenib. Overexpression of MIR570MG promoted cell survival, colony formation while reduced the G1 phase arrest, leading to antagonism toward regorafenib exposure.

Increasing evidence indicates that lncRNAs regulate gene expression post-transcriptionally by interacting with miRNAs. Like a sponge, lncRNAs bind to miRNAs with complementary sequences. For instance, lncRNA CRNDE enhanced chemoresistance via miR-181a-5p-mediated Wnt/β-catenin cascades (22). lncRNA MIR100HG-derived miR-100, together with miR-125b, promoted cetuximab resistance by activation of Wnt/β-catenin signaling (23). lncRNA KCNQ1OT1 inhibited miR-760/PPP1R1B and enhanced the methotrexate resistance via the cAMP signaling pathway (24). Our study validated that miR-145 as one of the sponges of MIR570MG, deregulated in the parental colon cancer cells while upregulated in the regorafenib-resistant cells. Furthermore, overexpression of miR-145 mimic, as well as a diminishment of MIR570MG, allowed the regorafenib-resistant cells regained response to regorafenib. Further investigation revealed that miR-145 bound to the 3′-UTR of SMAD3 directly and reduced Smad3 expression. Apart from competing interacting with SMAD3 in acquired regorafenib-resistance, miR-145 antagonized multiple oncogenes in colorectal cancer progression. For example, miR-145 confronted Snai1 and attenuated Snai1-mediated stemness and radiation resistance in colorectal cancer (25). Transcriptional modulator TCF4/β-catenin complex and histone trimethylation complex PRC2 repressed miR-145 simultaneously, initiated the negative feedback loops and promoted tumor progression (26). To describe the divergent roles of miR-145 in cancer progression, a profound understanding and global picture of miR-145 across multiple cancers would be essential.

Activation of Smad3 is pivotal in the TGFβ/Smad pathway via the interaction of TGFβ and receptor. Phosphor-TGFβ receptor phosphorylates and initiates Smad2 and Smad3; therefore, the trimeric complex Smad2: Smad3: Smad4 establishes and triggered cell growth and survival (27). In the present study, we showed miR-145 reduced SMAD3 expression in vitro and in vivo, along with the decrease of Cdk4/Cyclin D1 and XIAP. The results were consistent with the previous report that Cdk4 inhibition dephosphorylated Smads (28). The results suggested that miR-145 worked as a tumor suppressor in acquired regorafenib-resistant colon cancer cells.

Although the above findings extend the knowledge of MIR570MG-mediated resistance to regorafenib, further experiments to elucidate the interaction between tumor cells and microenvironment may be required. Furthermore, to explore the expression of MIR570MG in different stages of colon cancer, clinical specimens of pre- or post-targeted therapy, as well as the recurrent tumor samples, should be collected. Besides, the alteration of genomics, at least the regorafenib-targeted oncogenes, should be clarified.

In summary, we provided evidence that lncRNA MIR570MG augmented in regorafenib-resistant colon cancer cells and conferred resistance by sponging with miR-145, leading to the promotion of Smad3-mediated cell survival, colony formation, and tumor growth.
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MicroRNAs (miRNAs) are a class of small non-coding RNAs which regulate gene expression at post-transcriptional level. Alterations of miR-186 expression were demonstrated in numerous cancers, shown to play a vital role in oncogenesis, invasion, metastasis, apoptosis, and drug resistance. MiR-186 was documented as a tumor suppressor miRNA in the majority of studies, while conflicting reports verified miR-186 as an oncomir. The contradictory role in cancers may impede the application of miR-186, as well as other dual-functional miRNAs, as a diagnostic and therapeutic target. This review emphasizes the alterations and functions of miR-186 in cancers and discusses the mechanisms behind the contradictory findings. Among these, target abundance and dose-dependent effects of miR-186 are highlighted. The paper aims to review the challenges involved in developing diagnostic and therapeutic strategies for cancer treatment based on dual-functional miRNAs.
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INTRODUCTION

MicroRNAs (miRNAs), about 22 nucleotides in length, are non-coding RNAs which regulate gene expression at a post-transcriptional level, mediating they target mRNAs translation inhibition or degradation via binding to the 3′-untranslated regions (UTR) (1). MiRNAs are essential in a number of pathways related to physiological and pathological processes, including cell cycle, proliferation, migration, and apoptosis. Recently, dysregulation of miRNAs in cancers has become a focus of research (2).

MiR-186 (also known as miR-186-5p) was first identified from the human Saos-2 cell line in 2003 (3). The MiR-186 gene is located on chromosome 1, within intron 8 of the ZRANB2 (zinc finger RANBP2-type containing 2) gene. (4). ZRANB2, a widely expressed spiceosomal protein found in a variety of tissues, is important for alternative splicing of transcripts. Antoniou et al. found that miR-186 displayed a similar expression profile to ZRANB2 during differentiation of muscle cells. That is to say, miR-186 was transcribed with its host gene ZRANB2 synchronously (5). The level of miR-186 in cancer cells may be dysregulated at a transcriptional level by the DNA methylation stage of the host gene promoter or the transcription factors (which bind with the promoter or other cis-elements). More commonly, it may be regulated by LncRNAs post-transcriptionally. It was reported that LncRNA PVT1 served as a sponge containing a complementary nucleotide sequence to miR-186, downregulating miR-186 expression in gastric cancer cells (6), liver cancer cells (7), and glioma vascular endothelial cells (8), so that it attenuated the function of miR-186.

There were 108 original articles about “miR-186” in the field of cancer research from 2008-2019 year in PubMed, and a large proportion of these publications emerged during 2016-2019(85/108). Alterations of miR-186 expression were demonstrated in numerous cancers. The function of miR-186 was most investigated in lung cancer, colorectal cancer, hepatocellular carcinoma, prostate cancer, and gastric cancer (Figure 1). The majority of targets were revealed in lung cancer, hepatocellular carcinoma, and prostate cancer (Table 1), indicating that miR-186 may be applied as a potential therapeutic target in these cancers. In patients with non-small cell lung cancer (NSCLC) (14) and breast cancer (39), downregulation of miR-186 in tissues predicted a poor survival rate, suggesting miR-186 may act as a diagnostic and prognostic marker. MiR-186 was documented as a tumor suppressor miRNA in the majority of studies, while some reports verified miR-186 as an oncomir. The contradictory role in cancers may impede the application of miR-186 as a diagnostic and therapeutic target, and it is of great importance to explore the possible mechanisms behind the contradictory findings.


[image: Figure 1]
FIGURE 1. The counts of original articles about miR-186 in various malignancies from 2008 to 2019 year in PubMed.



Table 1. Alterations of miR-186 and verified targets in cancers.
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ALTERED EXPRESSIONS OF miR-186 IN DIFFERENT CANCERS

Alterations of miR-186 expression were demonstrated in numerous cancer tissues or cell lines, which played a vital role in oncogenesis, invasion, metastasis, apoptosis, and drug resistance. In endometrial cancer tissues and squamous cell carcinoma tissues, miR-186 was significantly upregulated in comparison with relative non-cancerous tissues. MiR-186 was verified to play a role as an oncomir which enhanced proliferation and migration and repressed apoptosis. However, the majority of studies showed that miR-186 was decreased in solid cancers, including gastric cancer, oral squamous cell carcinoma, hepatocellular carcinoma, breast cancer, glioblastoma multiforme, esophageal squamous cell carcinoma, pituitary tumors, follicular thyroid carcinoma, retinoblastoma, osteosarcoma, cholangiocarcinoma and blood malignancy multiple myeloma, and CML, and that miR-186 served as a tumor suppressor miRNA. Notably, there were conflicting reports of miR-186 alterations in NSCLC, bladder cancer, prostate cancer, colorectal cancer, and pancreatic cancer (Table 1).

NSCLC, which accounts for 70–80% of lung cancer, is one of the most common malignancies globally. Feng et al. confirmed miR-186 significantly upregulated in lung adenocarcinoma samples and cells, in comparison with the adjacent non-cancerous samples and normal lung epithelial cells BEAS-IB (13). However, several groups reported that the levels of miR-186 were markedly decreased in NSCLC samples and cells (14–20). Prostate cancer is the most common non-skin cancer in males, with there being ~1.6 million cases worldwide annually (60). One report showed the levels of miR-186 were increased in metastatic prostate cancer cells compared to normal prostate epithelial cells RWPE1 (21), while two groups demonstrated that miR-186 was downregulated in prostate cancer tissues and cells (22, 23). Bladder cancer is the seventh most common cancer in females and the fourth most common in males worldwide (61). Yang and his colleagues concluded that the upregulation of miR-186 in bladder cancer tissue samples in comparison with corresponding para-cancerous samples after a TCGA data analysis, further verified upregulation of miR-186 in bladder cancer cells in comparison with normal human uroepithelial cells (25). However, two groups reported downregulation of miR-186 in bladder cancer tissues and cells (26, 27). Colorectal cancer is the third most common cancer in the world (62). Islam et al. revealed miR-186 was significantly upregulated in colorectal cancer tissues and cells, in comparison with the corresponding normal tissues and normal colonic epithelial cells (28), while Li et al. reported a significant downregulation of miR-186 in colorectal cancer tissues and cells (29). Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest malignancies (63). Zhang et al. found upregulation of miR-186 in PDAC tissues and cells related to the adjacent normal pancreatic samples and human pancreatic ductal epithelium cells (30), whereas Niu et al. found miR-186 was significantly downregulated in pancreatic cancer tissues (31).



THE DUAL ROLE OF miR-186 IN CANCERS

The consequences of altered expressions of miR-186 were related to enhanced or repressed cell proliferation, invasion, metastasis, and apoptosis, as well as drug resistance in cancers. MiR-186 may serve as an oncomir or a tumor suppressor miRNA. Researchers validated 48 targets of miR-186 in 25 types of cancer tissues or cancer cells (Table 1). The expression profiles of the majority of targets were verified to be negatively correlated with miR-186, such as Twist1, RETREG1, ROCK1, GOLPH3, NSBP1, APAF1, SHP2, and so on.


miR-186 as an Oncomir

Some reports showed that miR-186 was upregulated in several cancers, and served as an oncomir, which both promoted cell proliferation and migration, and inhibited apoptosis by repressing several targets (Figure 2).


[image: Figure 2]
FIGURE 2. The role of miR-186 as an oncomir or a tumor suppressor miRNA. Blue boxes display tumor suppressor genes among the targets of miR-186, black boxes display oncogenes among the targets of miR-186. MiR-186 is involved in regulation of cell proliferation and growth, migration and invasion, apoptosis, and resistance to chemotherapeutic drugs by suppressing multiple targets.


In endometrial cancer tissues and squamous cell carcinoma tissues, miR-186 served as an oncomir by suppressing targets P2RX7, FOXO1, APAF1, and RETREG1. The P2X7 receptor (P2RX7) was a coordination channel binding on the membrane, activation of which induced stomata formation on the cell membrane and mediated the apoptosis of epithelial cells. Zhou et al. reported miR-186 at a higher level in endometrial cancer tissues induced the degradation of P2RX7 (9). Myatt et al. reported that miR-186 repressed FOXO1 expression by targeting the 3′-UTR of FOXO1, thus promoting proliferation and viability of endometrial cancer cells. FOXO1, as a tumor suppressor and a transcription factor of the FOXO family, activated the transcription of FOXO downstream targets, some of which displayed vital roles in cell cycle and apoptosis (10). APAF1, a critical component of the apoptosome to promote endogenous apoptotic process, was verified to be a functional target of miR-186 in tissues and cells of squamous cell carcinoma (cSCC). Enforced overexpression of miR-186 in cSCC cells significantly increased cell growth, invasion, and migration, and apoptosis was significantly increased when miR-186 expression was inhibited (11). RETREG1, also known as FAM134B, was another target of miR-186 in increasing proliferation and inhibiting apoptosis in cSCC. RETREG1 contributed to the normal functioning of endoplasmic reticulum (ER). Inhibition of RETREG1 led to the errors in folding of proteins in ER, resulting in impaired protein balance and disease (12).

In the five types of controversial cancers (NSCLC, bladder cancer, prostate cancer, colorectal cancer, pancreatic cancer), several reports showed miR-186 served as an oncomir by suppressing targets PTEN, PPM1B, RETREG1, AKAP12, or NR5A2. Feng et al. confirmed miR-186 significantly enhanced cell proliferation and migration of lung adenocarcinoma by targeting PTEN (phosphatase and tensin homolog) directly (13). PTEN, serving as a tumor suppressor, negatively regulated the PI3K signaling pathway which contributed to a variety of cellular processes, such as cell differentiation, proliferation, survival, motility, and invasion (64). Yang and his colleagues verified that upregulation of miR-186 significantly enhanced the growth rates of bladder cancer cells by targeting PPM1B, which consequently promoted expression of p21Cip1 and p27Kip, while decreasing cyclin D1 expression level, which facilitated G1-S phase transition (25). Islam et al. revealed that miR-186 increased proliferation and migration of colorectal cancer cells by targeting RETREG1 (28), which regulated proteostasis by the turnover of endoplasmic reticulum. AKAP12, a scaffold protein, regulated cytoskeletal remodeling and mitogenic signals by combining multiple signal molecules. AKAP12 was a verified target of miR-186 (65). Jones et al. found downregulation of endogenous miR-186 with an inhibitor upregulated the expression of AKAP12 in prostate cancer cells, thus repressing anchorage-independent growth as well as invasion of prostate cancer cells (21). Zhang et al. found overexpression of miR-186 enhanced proliferation and migration of pancreatic ductal adenocarcinoma (PDAC) cells via targeting NR5A2 (30). NR5A2 (also called LRH-1), a transcription factor abundant in the cytoplasm and nucleus, interacted with both Hedgehog and Wnt/β-catenin. When NR5A2 interacted with β-catenin, it affected the expression of cell cycle genes such as CCND1 and CCNE1 genes, as well as MYC genes (66).



miR-186 as a Tumor Suppressor miRNA

The majority of reports showed that miR-186 was downregulated in a variety of cancers and served as a tumor suppressor miRNA which repressed proliferation and migration, and facilitated apoptosis by targeting multiple targets (Figure 2).

Epithelial-mesenchymal transition (EMT) describes the change from epithelial cells (immotile) to mesenchymal cells (motile), with gene expression and phenotypic alterations facilitating tumor metastases. EMT is vital for tumor progression, as well as chemotherapeutic resistance (67). Twist 1 (the Twist family bHLH transcription factor 1), a well-known transcription factor in regulation of EMT (68), was shown to be a target of miR-186 in several types of cancers such as prostate cancer (24), gastric cancer (37), breast cancer (39), and cholangiocarcinoma (40). Overexpression of miR-186 in these cancer cells inhibited proliferation, EMT, and migration via suppressing Twist 1. YAP1 was one important effector of the Hippo pathway and had crosstalk with other pathways, regulating the expression of genes which were involved in proliferation and EMT (69). By targeting YAP1, miR-186 inhibited proliferation, migration, and invasion of pancreatic cancer (31) and hepatocellular carcinoma cells (32). Moreover, miR-186 repressed invasion and migration by directly targeting TBL1XR1 and FOXK1 in osteosarcoma cells (52, 53), or targeting FGF2 and RelA in glioblastoma multiforme cells (43). MiR-186 inhibited proliferation of human pituitary tumor cells through targeting SKP2, thus upregulating p27Kip1 expression, a well-known negative regulator of G1 cell cycle progression (44). Jagged1 (JAG1), as a member of oncogenes, activated the Notch signal pathway related to tumorigenesis for some types of cancers (70). MiR-186 repressed cell proliferation by targeting JAG1 in multiple myelomas (48), or targeting HMGA2 in hepatocellular carcinoma cells (33). Additional targets including MCRS1 (which promoted the nuclear β-catenin accumulation and activated Wnt/β-catenin signaling) in hepatocellular carcinoma cells (36), PIK3R3 (a regulatory subunit of PI3K) in epithelial ovarian cancer cells (41), DIXDC1 in retinoblastoma cells (50), and SENP1 in renal cell carcinoma cells (54), were involved in the inhibitory effects of miR-186 on cell proliferation and invasion.

XIAP (X-linked inhibitor of apoptosis, a class of anti-apoptotic proteins), and PAK7 (also known as PAK5, an evolutionarily conserved serine/threonine protein kinase), were highly expressed in glioma cells. MiR-186 inhibited the proliferation, migration, and invasion of glioma stem cells and promoted apoptosis via targeting XIAP and PAK7, thus regulating the expression levels of downstream target proteins such as caspase 3, BAD, cyclin D1, and MARK2 (42). Moreover, miR-186 suppressed cell proliferation and induced apoptosis by targeting either: MAP4K3 in hepatocellular carcinoma (34), NEK2 in gastric cancer cells (38), SKP2 in esophageal squamous cell carcinoma cells (45), SHP2 in oral squamous cell carcinoma cells (46), or targeting DDX43 (also known as HAGE, a cancer/testis antigen) in CML cells (49). In addition, miR-186 suppressed the proliferation, migration, invasiveness, and angiogenesis by targeting ST6GAL2 in follicular thyroid carcinoma cells (47), or targeting ATAD2 in retinoblastoma cells (51), and inhibited autophagy by targeting the autophagy-related proteins Atg7 and Beclin1 in glioma microvascular endothelial cells (8).

In the five types of controversial cancers, there were many reports that miR-186 served as a tumor suppressor miRNA by target multiple oncogenes, which was contradictory to the previous statements. In NSCLS, miR-186 inhibited cell proliferation by targeting CCND1 (coding cyclins D1), CDK2, CDK6 (14), CDK1 (20), SIRT6 (15), and ROCK1 (16), inhibited migration and invasion via targeting ROCK1 (16), MAP3K2 (17), YY1 (18), and Cdc42 (19), and induced cell apoptosis via targeting SIRT6 (15). The cyclin-CDK complexes promotes cellular proteins phosphorylation, then drive the progress of cell cycle, which is essential in tumorigenesis (71). ROCK1 (Rho-associated protein kinase 1), could promote actin cytoskeleton reorganization during cell motion and invasion (72). MAP3K2 (Mitogen-activated protein kinase kinase kinase 2), could enhance the MAPK signal pathway by activation of c-JNK and ERK5. YY1 (Yin Yang 1), a relatively conserved transcription factor, is essential in embryonic development, differentiation, proliferation, migration, and invasion of solid tumors. Cdc42, belonging to the Rho-GTPase family, is vital for the establishment and persistence of cell migration. In prostate cancer, miR-186 repressed cell proliferation via targeting YY1 and CDK6 (23) or GOLPH3 (22). Downregulation of GOLPH3 enhanced p21 expression and repressed the expression of Cyclin B1 and CDK1/2, thus blocking G1/S transition (73). MiR-186 repressed invasion and migration of prostate cancer cells by targeting Twist 1 (24). In bladder cancer, miR-186 markedly repressed cell proliferation and metastasis by targeting NSBP1 (also known as HMGN5) (26), which can bind to nucleosomes with its nucleosomal-binding domain to make chromatin unfold, regulating the expression of many genes (74). VEGF-C was also a target through which miR-186 repressed invasion and migration of bladder cancer cells (27). In colorectal cancer, Li et al. reported that miR-186 repressed cell proliferation, EMT, and migration by targeting ZEB1, a key member of the ZEB family, which were important in regulation of EMT in various cancer cells (29). In pancreatic cancer, Niu et al. verified that miR-186 inhibited cell proliferation, migration, and invasion by targeting YAP1 (31).



miR-186 in Reversal of Drug Resistance

Chemotherapy is a fundamental treatment for cancer. However, drug resistance makes it not as efficient as expected. Cisplatin, taxol, and methotrexate (MTX) are common drugs used in chemotherapy. MiR-186 was downregulated in drug resistant cancer tissues and cells, including glioblastoma cells with cisplatin resistance, ovarian cancer tissues and cells with cisplatin resistance, ovarian cancer cells and NSCLC tissues with taxol resistance, and colorectal cancer tissues with MTX resistance. miR-186 was also observed to reverse resistance to cisplatin, taxol, and MTX (Table 1). MiR-186 increased cisplatin sensitivity by degrading YY1 in glioblastoma cells U87MG-CR (55). Overexpression of miR-186 in cisplatin-resistant cells of ovarian cancer induced the reversal of the EMT phenotype, cell cycle arrest, and cell apoptosis enhancement, so that the sensitivity to cisplatin was increased by miR-186. Twist 1 and ABCB1 were two functional targets of miR-186 in reversal of cisplatin resistance (56, 57). Otherwise, miR-186 was downregulated in ovarian cancer cells A2780/Taxol and in NSCLC tissues which were resistant to paclitaxel. Overexpression of miR-186 sensitized A2780/Taxol cells to taxol by targeting ABCB1 (57), as well as sensitized NSCLC cells A549 and H1299 to paclitaxel in vitro and in A549 xenografts by targeting MAPT (microtubule associated protein tau), which promoted microtubule assembly and leads to microtubule stabilization, by binding to the surfaces of microtubules outside and inside, interfering with the action of taxanes since they also bind to the inside surfaces (58). Moreover, miR-186 was decreased in MTX-resistant colorectal cancer. Overexpression of miR-186 promoted colorectal cancer cells more sensitive to MTX by targeting CPEB2 (cytoplasmic polyadenylation element binding protein 2) (59).

All in all, miR-186 may serve as an oncomir or a tumor suppressor miRNA in cancers. The dual role of miR-186 and biological functions of the verified targets are summarized in Figure 2.




THE MECHANISMS BEHIND THE CONTRADICTORY FINDINGS


The Contradictory Alterations of miR-186

In NSCLS, bladder cancer, prostate cancer, colorectal cancer, and pancreatic cancer, it was controversial that the levels of miR-186 were higher or lower than the match-adjacent tissues. Some proved miR-186 was at a higher level, while others reported miR-186 was at a lower level in the same cancer. We consider the following two aspects may contribute to the conflict.



The Amount of the Samples and the Heterogeneity

Islam et al. found that 70% (88/126) of colorectal cancer tissues exhibited high levels of miR-186, while 30% (38/126) exhibited low levels in patients with colorectal cancer. Nearly 69% (24/35) of lymphatic-infiltrated samples showed high levels of miR-186, while 31% (11/35) showed low levels of miR-186 (28). It revealed the alterations of miR-186 may be different due to the heterogeneity and the clinical stage of the patients even when they were affected by the same type of cancer. If we take a small number of samples, it could appear as though miR-186 is up-regulated in all cancer tissue samples in comparison with the matched-adjacent non-cancerous tissues, however the opposite results may be true when all of the samples are examined. That is, it is more reliable if more samples are analyzed. In order to increase the number of samples, we searched the expression levels of miR-186 in the five controversial cancers in the database (starbase V2.0), and we analyzed and summarized the data in a graphical form (Figure 3). It revealed the levels of miR-186 were increased in NSCLC (including lung adenocarcinoma and lung squamous cell carcinoma), prostate adenocarcinoma, bladder urothelial carcinoma, and colon adenocarcinoma tissues, and decreased in pancreatic adenocarcinoma tissues, in comparison with the corresponding normal tissues (Figure 3).


[image: Figure 3]
FIGURE 3. Relative expression levels of miR-186 in cancers (the data were obtained from starbase V2.0). Lung Adenocarcinoma (N = 512) vs. corresponding normal tissues (N = 20); Lung Squamous Cell Carcinoma (N = 512) vs. corresponding normal tissues (N = 20); Lung Squamous Cell Carcinoma (N = 475) vs. corresponding normal tissues (N = 38); Prostate Adenocarcinoma (N = 495) vs. corresponding normal tissues (N = 52); Bladder Urothelial Carcinoma (N = 408) vs. corresponding normal tissues (N = 19); Colon Adenocarcinoma (N = 450) vs. corresponding normal tissues (N = 8); Pancreatic Adenocarcinoma (N = 174) vs. corresponding normal tissues (N = 4). N indicates the number of tissue samples. ***P < 0.001, **P < 0.01.




Different Histological Subtypes

Different histological subtypes may contribute to contradictory alterations of miRNAs in a specific cancer. For example, Schmid et al. analyzed miR-34a expression in 133 tissue samples of epithelial ovarian cancer, and they found miR-34a was significantly downregulated in tissues of a histological subtype serous, endometrioid and mucinous ovarian cancer, while no significant alterations in tissues of a histological subtype clear cell ovarian cancer were found, in comparison with 8 healthy ovarian samples (75). This suggests that alterations of a certain miRNA varied with different histological subtypes even in a specific cancer. Similarly, diverse expression levels of miR-186 were observed in different histological subtypes of NSCLS, a higher level in lung squamous cell carcinoma compared with lung adenocarcinoma tissues (Figure 3). It is likely that the expression levels of miR-186 vary with histological subtypes in other cancers, such as bladder cancer, prostate cancer, colorectal cancer, and pancreatic cancer.



The Contradictory Role of miR-186

In NSCLS, bladder cancer, prostate cancer, colorectal cancer, and pancreatic cancer, some studies proved that miR-186 served as an oncomir, while some reported that miR-186 served as a tumor suppressor in the same cancer type in vitro and in vivo. We consider the following three aspects may contribute to the contradictory role of miR-186.



SNP Either in miRNA or in the 3′-UTR of Targets

MiRNAs exert their regulatory functions via binding to the 3′-UTR of target mRNAs. The binding affinity can be increased or decreased by single nucleotide substitutions either in DNA sequences for miRNAs or targets, which is called single-nucleotide polymorphisms (SNPs) (76). SNPs-rs66461782 in miR-186 was detected in patients with breast cancer (77). Not surprisingly, SNP may be detected in other types of cancer, so it may affect the function of miR-186 on its potential targets. The SNP related to target mRNAs was also one of concern to researchers. Rs1062577 was one of the miRNA-related ESR1 SNPs. The A allele, substitution for T at the site (rs1062577 A allele), attenuated the binding of miR-186 to ESR1 mRNA due to one hydrogen bond lost, then disturbed its negative regulatory effect of miR-186 on ESR1 transcripts (78). In a word, the function of miR-186 may be disturbed by SNP either in miR-186 or target mRNAs.



The Targets Abundance and Network

Each miRNA regulates numerous target mRNAs by base pairing. MiR-186 can directly bind to target genes, affecting multiple pathways simultaneously. Moreover, these targets can also be regulated by other miRNAs besides miR-186. Although 48 targets of miR-186 have been verified to date, it is still difficult to reveal all the functional targets of miR-186 in cancers. Actually, the abundance of available targets may account for the varied outcomes of miRNAs. Aaron et al. found a significant correlation between the concentration of predicted targets of transfected miRNAs and the average expression of the target mRNAs. In the study, the predicted targets of miR-155, which were relatively few in number, were more downregulated than the targets of miR-128, which were more numerous (79). In addition, the abundance of a certain target may be involved in different outcomes of miRNAs. Myatt et al. verified FOXO1 was a direct target of 6 miRNAs (including miR-9, −27, −96, −153, −183, and −186) in endometrial cancer cells, and transfection of the anti-miRs effectively induced cell cycle arrest in Ishikawa cells (endometrial cancer cells with FOXO1 at low level), but no remarkable effects in HEC-1B cells (endometrial cancer cells with FOXO1 abundant) were found (10). Ding et al. verified that miR-204 inhibited the growth of prostatic adenocarcinoma cells, whereas it stimulated the growth of neuroendocrine-like prostate cancer cells via targeting XRN1, a dual regulator with variable abundance of proteins in these cells (80).

More importantly, if opposite functional molecules with different levels of abundance are the targets of a miRNA, then the ultimate effects are determined by the network of these targets. Niu et al. found miR-181a decreased the apoptosis of triple-negative breast cancer cells upon doxorubicin treatment through suppression of the pro-apoptotic protein BAX directly (81), while another report showed miR-181a enhanced adriamycin-induced apoptosis by targeting the anti-apoptotic protein Bcl-2 in low-invasive breast cancer cells (82). MiR-494 targeted both pro-apoptotic proteins (PTEN, ROCK1, and CaMKIIδ) and anti-apoptotic proteins (FGFR2 and LIF), and the ultimate consequence was cardioprotection (83). Obviously, many tumor suppressor genes and oncogenes were validated targets of miR-186 in cancers (Figure 2). We believe the abundance of these opposite functional targets may contribute to the contradictory findings of miR-186 in cancers.



The Dose-Dependent Effects of miR-186

It was reported that the dose of miRNAs (miRNA abundance) affected their functions. Bu et al. found miR-34a distributed at high levels in differentiating progeny, whereas low levels of miR-34a demarcated self-renewing colon cancer stem cells. Moreover, both loss and gain of function of miR-34a altered the balance between self-renewal vs. differentiation (84). Yang et al. found that miR-181a significantly inhibited cell viability of breast cancer cells (MCF-7), dose-dependently. However, with a miR-181a dose higher than 50 nM, it promoted proliferation of several types of cancer cells rather than producing inhibitory effects (85). In addition, miRNA abundance affected the silencing of targets. Some target sites required higher miRNA concentration for silencing than others, since elevated miRNA levels could compensate for a lack of complementarity outside the seed (86). We suspect that different groups enhanced or inhibited miR-186 expression to varying degrees, leading to contradictory findings regarding the role of miR-186 in a certain cancer or cell lines.

Based on the above, we propose that the dose-dependent effects and targets abundance contribute to the contradictory role of miR-186: a low dose of miR-186 mainly targets oncogenes which is a more abundant target in cancers, playing a role as a tumor suppressor miRNA; a high dose (excessive) of miR-186 can also target tumor suppressor genes which is a less abundant target in cancer, playing a role as a tumor suppressor miRNA (Figure 4).


[image: Figure 4]
FIGURE 4. The dose-dependent effects of miRNAs and targets abundance may contribute to the contradictory role of miR-186.





CONCLUSION AND PERSPECTIVE

MiR-186 emerged as an essential miRNA involved in cell proliferation, apoptosis, migration, and invasion in various cancers. The majority of studies showed miR-186 serving as a tumor suppressor miRNA in variable cancers. Some studies verified that miR-186 played a role as an oncomir in endometrial cancer and cutaneous squamous cell carcinoma. However, there were conflicting reports in regards to NSCLC, bladder cancer, prostate cancer, colorectal cancer, and pancreatic cancer. It was controversial as to whether miR-186 served as an oncomir or a tumor suppressor miRNA in these specific cancers. We explored the possible mechanisms of the converse function of miR-186. We proposed that targets abundance and dose-dependent effects may contribute to the contradictory role of miR-186. To some extent, it was not so satisfactory a conclusion due to a lack of direct experimental data.

The following aspects deserve more attention in future studies: (A) Previous small size samples might be insufficient to reach a consistency in heterogeneous cancers, so a large cohort of patients are needed to specialize the function of miR-186 in each subtype of a specific cancer. (B) More targets of miR-186 related in tumorigenesis and metastasis are needed to be verified, which may account for its diverse functions. (C) That the targets abundance and the dose contributing to the final function of miR-186 in cancers needs to be verified intensively. (D) Other factors may disturb the function of miR-186 which can't be ignored, such as SNP either in miR-186 or the 3'UTR of the targets. (E) The upstream molecular regulators of miR-186, which are responsible for the altered expression of miR-186, such as Lnc RNAs, methylation, and the acetylation stage of the promoter of host gene ZRANB2, need to be explored. (F) More study is needed for other dual functional miRNAs [such as miR-181a (85) and miR-23b (87) in cancers] before we develop diagnostic and therapeutic strategies for cancer treatment based on miRNAs.
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Recent development of integrative therapy against melanoma combines surgery, radiotherapy, targeted therapy, and immunotherapy; however, the clinical outcomes of advanced stage and recurrent melanoma are poor. As a skin cancer, melanoma is generally resistant to radiotherapy. Hence, there is an urgent need for evaluation of the mechanisms of radioresistance. The present study identified miR-335 as one of the differential expression of miRNAs in recurrent melanoma biopsies post-radiotherapy. The expression of miR-335 declined in melanoma tissues compared to the adjacent tissues. Moreover, miR-335 expression correlated with advanced stages of melanoma negatively. Consistent with the prediction of STARBASE and miRDB database, miR-335 targeted ROCK1 via binding with 3′-UTR of ROCK1 directly, resulting in attenuation of proliferation, migration, and radioresistance of melanoma cells. The authors validated that overexpression of miR-335 enhanced X-ray-induced tumor regression by B16 mouse models. Briefly, the present findings gained insights into miR-335/ROCK1-mediated radiosensitivity and provided a promising therapeutic strategy for improving radiotherapy against melanoma.
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INTRODUCTION

Malignant melanoma is the third frequently found skin cancer and characterized by early metastasis and poor diagnosis. Melanoma contributes to the majority of skin cancer-related deaths (1). Although the incidence of melanoma accounts for 1–3% among that of all kinds of cancer, the number of new cases each year in China reached 20,000 (2). In particular, the survival rate of patients with advanced stage melanoma is inadequate. The existing standard therapy against melanoma is an integrative treatment that combined surgery, radiation, targeted therapy, and immunotherapy. Given the successful control of in situ melanoma by radiotherapy, further investigation of the general radioresistance will probably provide a rationale to develop new radiosensitizers and improve radiotherapy.

MicroRNAs (miRNAs) are small RNA molecules with a length of about 22 nucleotides. miRNAs cause degradation or translation inhibition by binding to the 3′-untranslated region (UTR) of the target mRNA and play a regulatory role at the post-transcriptional level. miRNAs mediate multiple cellular functions, such as proliferation, differentiation, cycle progress, and apoptosis. Notably, miRNAs participate in the regulation of cell response to radiation (3, 4).

Many studies have confirmed that miR-335 plays a vital role in a variety of tumors. miR-335 worked as a tumor suppressor in a variety of tumors by inducing cell cycle arrest, promoting cell apoptosis, and changing the epigenetics of cell genome (5, 6). The overexpression of miR-335 improved the sensitivity of tumor cells to chemotherapy, including paclitaxel, cisplatin, and adriamycin (7). miR-335 inhibited TGF-β1-induced epithelial–stromal transformation of non-small cell lung cancer (NSCLC) through Rho-associated kinase 1 (ROCK1) (8). miR-335 also inhibits the proliferation, migration, and invasion of colorectal cancer cells by repressing LDHB (9). In particular, miR-335 targeted poly [ADP-ribose] polymerase 1 (PARP-1) directly and deregulated NF-κB expression, leading to enhancement of radiosensitivity (10). Currently, the knowledge of miR-335 in melanoma progression is limited.

The present study revealed that miR-335 upregulated in melanoma and targeted ROCK1. Besides, we demonstrated that the miR-335/ROCK1 axis was involved in the regulation of radioresistance in vitro and in vivo. Our findings illustrated that the mechanism underlying miR-335 worked as a radiosensitizer and provided insights for improving radiotherapy against melanoma.



MATERIALS AND METHODS


Clinical Samples

We collected melanoma patients who came to Shengjing Hospital of China Medical University from May 2015 to June 2017. Among these patients, we selected 30 melanoma patients confirmed by three pathologists. The main criteria were (1) no other tumors, (2) no family history of malignant tumors, and (3) complete clinicopathological and follow-up information. After obtaining the informed consent, the fresh melanoma tissue and adjacent normal tissue samples within 5 cm from the tumor tissue (no tumor cells were confirmed by quick frozen section) were collected during the surgical removal process. Then, the removed samples were immediately washed with appropriate amount of cold saline to reduce blood pollution and stored in liquid nitrogen. The whole operation procedure was approved by the Medical Ethics Committee of Shengjing Hospital of China Medical University.



Cell Culture

Melanoma cell lines A375, COLO829, HMCB PMWK, and B16 were obtained from China Center for Type Culture Collection (Wuhan, China). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM, GIBCO BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (GIBCO BRL, Grand Island, NY, USA) in a humidified incubator containing 5% CO2 and split at 37°C. The cells in the irradiation group were irradiated with 4 Gy X-ray, and the cells in the control group were irradiated with 4 Gy X-rays.



Plasmid Construction, RNA Interference, and Cell Transfection

miR-335 mimic, the scrambled control miR-control, miR-335 inhibitor, the negative control anti-miR-control, siRNA targeting ROCK1, and siRNA-negative control, as well as the recombinant lentiviruses encoding ROCK1 or empty vector control, were purchased from RiboBio (Guangzhou, China). To construct the luciferase-expressing vector plasmid, the target genes were amplified by PCR and cloned into the luciferase report vectors (Ambion, Foster City, CA, USA) to generate the wild-type reporter or mutant-type reporter. Analogously, the above oligonucleotides or plasmids were transfected into cells utilizing Lipofectamine 2000 reagent (Thermo Fisher Scientific, Waltham, MA, USA) referring to the manufacturer's instructions.



RNA Extraction and Real-Time Polymerase-Chain Reaction (RT-PCR)

Total RNA was isolated from tissues or cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the instructions. RNA was quantified on NanoDrop ND-1000 (Applied Biosystems, Foster City, CA, USA) and synthesized complementary DNA using the Prime Script RT Reagent kit (Takara, Dalian, China) and the microRNA Reverse Transcription Kit (Thermo Fisher Scientific). RT-qPCR was carried out using the SYBR-Green PCR kit (Takara) on ABI 7500 HT system (Applied Biosystems). The fold changes of miRNA/mRNA levels were calculated by 2−ΔΔCt method as previously described (11). Relative expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or endogenous small nuclear RNA U6. All primers for detecting gene expression are listed in Table 1.


Table 1. The sequences of the specific primers.
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miRNA Microarray Analysis

To evaluate the differentially expressed miRNAs in melanoma and adjacent tissues, we performed miRNA microarray analysis using a human miRNA microarray platform (miScript miRNA PCR Arrays, Cat No. 331221). PCR assays were performed using the Custom RT2 PCR Arrays (QIAGEN, Hilden, Germany) following the manufacturer's instructions. Reverse transcription was performed from 500 ng total RNA using the RT2 First Strand Kit (QIAGEN, Hilden, Germany). The data have been curated by the Gene Expression Omnibus database (accession number GSE143777).



Luciferase Reporter Assay

Online database starBase v2.0 was utilized to predict potential binding sequences of miR-335. A375 cells were co-transfected with miR-335 mimic or the control plus 500 nM of ROCK1-WT/ROCK1-MUT using Lipofectamine 2000 according to the manufacturer's instructions. Luciferase activities were detected at 24 h after transfection using Dual-Luciferase Reporter Assay System (Thermo Fisher Scientific). The results were expressed as relative luciferase activity, and luciferase of Renilla was used as internal control.



3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay

Exponentially growing cells were seeded onto 96-well plates in DMEM. Subsequently, 20 μl of MTT (Beyotime Biotechnology, China; 5 mg/ml) was added to each well and cultured for an additional 4 h. Dimethyl sulfoxide (DMSO) was used to dissolve the generated formazan crystals after discarding the supernatant. In general, cell viability was determined by measuring absorbance at 490 nm wavelength on a microplate reader (Applied Biosystems) at 0, 12, 24, 36, and 48 h post-transfection, respectively.



Cell Cycle Analysis

Cells (1 × 105) were exposed to X-rays immediately post-transfection with miRNA control or miR-335, followed by cell cycle distribution analysis 48 h later. Cell cycle status was determined with the Propidium Iodide Flow Cytometry Kit (Abcam, Cambridge, UK), followed by the manufacturer's protocol. At least three independent experiments were conducted.



Apoptosis Assay

Cells (1 × 105) were exposed to X-rays immediately post-transfection with miRNA control or miR-335, followed by apoptosis analysis 48 h later. Cell apoptosis was accessed with the annexin V-fluorescein isothiocyanate (FITC) detection kit (Abcam, Cambridge, UK) according to the manufacturer's protocol. Five microliters of Annexin V-FITC and 5 μl of propidium iodide were used to stain cells for 30 min at room temperature in the dark. Flow cytometry was performed to analyze apoptosis with the BD FACSCalibur Flow Cytometry System (BD Biosciences, Franklin Lakes, NJ, USA). 1 × 105 gated events were gained from each sample, and at least three independent experiments were carried out.



Cell Migration Assay

Melanoma cells (2 × 105) were seeded into the transwell upper chamber wells of a 24-well plate with 8-μm poly(ethylene terephthalate) membranes (Millipore Corp., Billerica, MA, USA) in medium, while lower wells contained a complete medium with 10% fetal bovine serum. After incubation for 48 h, cotton swabs were used to remove non-migrating cells. The migrated cells were fixed with 20% methanol and stained with 0.1% crystal violet (Beyotime Biotechnology, China). Cell migration assay was analyzed by counting cells in five random fields from each of the migration chambers under a microscope (Applied Biosystems).



Western Blot Assay

Cells were harvested with RIPA buffer (Beyotime Biotechnology, China). Then, the protein concentration was examined using BCA Protein Assay Kit (Beyotime Biotechnology, China). Equal amounts of protein samples were loaded on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes. Subsequently, membranes were blocked with 5% skimmed milk for 2 h at room temperature and probed with primary antibodies ROCK1 (sc-365628), Cyclin D1 (sc-8396), Caspase3 (sc-7272), phosphor-Cofilin (sc-271921), Cofilin (sc-376476), and GAPDH (sc-47724) at 4°C overnight. All the primary antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA) and diluted at 1:1000. GAPDH was used for normalization. After extensive washing, the membranes were incubated with a goat anti-rabbit horseradish peroxidase-conjugated secondary antibody for 1 h. Finally, protein bands were visualized and analyzed with an enhanced chemiluminescent method.



Generation of Mouse Models of Melanoma Transplantation

Six-week-old female BAB/c nude mice were disinfected, cell suspension was absorbed and injected subcutaneously at the back of both sides of the mice with 0.2 ml/side of cell suspension, and 3 × 105 B16 cells were injected into each side according to the standard procedure (12). After inoculation, the tumor body was observed every day. After 8 days, 18 mice that harbored 100 mm3 tumors were divided into three groups (6 per group), followed by different group interventions. Sixteen mice were randomly divided into two groups: the irradiation group and the treatment group (n = 8). The next day, the mice received irradiation with 4 Gy X-rays. After fixing the mice, the mice were raised to the top and the lead plate covered the whole body. The holes were drilled corresponding to the tumor body to conduct the local irradiation of the tumor body. Each use required the recalibration of the dose rate. The samples were irradiated vertically from top to bottom. The irradiation time was adjusted according to the actual dose rate. Each tumor in the treatment group was injected with 10 μg of miR-335 every other day according to the previous protocols (13), and each tumor in the control group was injected with 10 μg of control.

Measurement of tumor volume: after fixation, the tumor was exposed, and the longest diameter (A) and the shortest diameter (B) of the tumor were measured. According to the calculation formula of tumor volume: V = A × B2/2, the total volume was calculated. At the same time, the tumor volume growth curve was recorded after recording daily.



Immunohistochemical Staining

The tumor was fixed overnight in 4% paraformaldehyde solution. After embedding, the samples were cut into 4 μm thin slices, followed by standard immunohistochemical staining procedure with the primary antibody against ROCK1 at a dilution of 1:50. Finally, each slide was photographed and recorded.



Statistical Analysis

All quantitative data were expressed as mean ± standard deviation. The difference between two groups was estimated by the Student's t-test and Pearson correlation analysis. GraphPad Prism 7 (GraphPad Inc., La Jolla, CA, USA) was performed to assess P-value among three or more groups with one-way analysis of variance. Statistically significant was defined at a P < 0.05.




RESULTS


miR-335 Expression Decreases in Melanoma and Targets ROCK1

According to the analysis of data obtained from miRNA microarray, we found several differential expressed miRNAs in melanoma compared to the corresponding adjacent tissues. miR-335 was the most significantly decreased among the miRNA (Figure 1A). We further examined miR-335 expression in 30 paired melanoma samples by real-time PCR. The data showed that miR-335 remarkably declined in melanoma tissues in comparison with the adjacent tissues (Figure 1B). We revealed that miR-335 expression was related to invasive depth, lymph node metastasis, and advanced stages of melanoma by correlation analysis (Table 2). Inversely, the miR-335 expression showed no significant connection with the gender of the ages of the patients with melanoma. We measured the miR-335 expression in murine tumor cell line B16 and human melanoma cell lines, including A375, COLO829, Human Melanoma Cell Bowes (HMCB), and PMWK. The results in Figure 1C demonstrated that the miR-335 generally expressed in immortalized melanoma cell lines.


[image: Figure 1]
FIGURE 1. miR-335 expression declined in melanoma and targeted ROCK1. (A) MicroRNA array analysis was used to investigate the differential expression of miRNAs in melanoma and adjacent tissues. (B) The expression of miR-335 in 30 pairs of melanoma samples. *P < 0.05 vs. adjacent tissues. (C) The expression of miR-335 in B16, A375, COLO829, HMCB, and PMWK cells. (D) Putative complementary sites of miR-335 on 3′ UTR of ROCK1. (E) The expression of ROCK1 in 30 pairs of melanoma tissues and adjacent tissues. *P < 0.05 vs. adjacent tissues. (F) ROCK1 expression in B16, A375, COLO829, HMCB, and PMWK cells. (G) Correlation between ROCK1 and miR-335 expression in melanoma tissues. (H) The dual-luciferase activity of ROCK1 WT and ROCK1 MUT along with miR-335. ROCK1 WT, wild-type 3′-UTR of ROCK1; ROCK1 MUT, mutated 3′-UTR of ROCK1. *P < 0.05 vs. WT. (I,J) The ROCK1 expression in cells upregulating miR-335 was measured by Western blot or qRT-PCR. *P < 0.05 vs. control. (K,L) The ROCK1 expression in cells attenuating miR-335 was measured by Western blot or qRT-PCR. *P < 0.05 vs. control. Data gained in three independent experiments. The results are presented as the mean ± standard deviation.



Table 2. The relationship between miR-335 expression and melanoma features.
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Next, we employed StarBase and MIRDB to identify potential targets of miR-335. Based on the prediction, we selected ROCK1 for the subsequent investigation. The schematic of binding sites between ROCK1 and miR-335 is presented in Figure 1D. We found that the expression of ROCK1 in melanoma tissues increased significantly compared to that in adjacent tissues (Figure 1E). Besides, ROCK1 expressed widely in the melanoma cell lines (Figure 1F). The negative correlation between the expression of miR-335 and ROCK1 was estimated by Spearman's correlation analysis (Figure 1G). We, therefore, conducted the dual-luciferase assay to access the effect of miR-335 on the transcription of ROCK1. Cells were transfected with wild-type 3′-UTR of ROCK1 (ROCK1 WT) or mutated 3′-UTR of ROCK1 (ROCK1 MUT) along with miR-335, followed by a dual-luciferase assay. The results in Figure 1H exhibited that the relative luciferase activity of wild-type 3′-UTR of ROCK1 reduced 50% while that of mutated stayed firmly.

Additionally, we further investigated the expression of ROCK1 in cells expressing miR-335 mimic or inhibitor. As shown in Figures 1I,J, overexpression of miR-335 inhibited ROCK1 expression in translational and transcriptional levels compared to the control group. Conversely, the introduction of miR-335 inhibitor promoted ROCK1 expression in protein and mRNA levels (Figures 1K,L).



miR-335 Suppresses Proliferation and Migration, While Enhancing Cell Cycle Arrest and Apoptosis by Repressing ROCK1

To further explore the effect of miR-335 on proliferation and migration of melanoma cells, a series of follow-up experiments were conducted. The data in Figure 2A indicated that ectopic expression of miR-335 inhibited cell proliferation, while ROCK1 restored the inhibition compared to the control group. Cell cycle distribution and apoptosis assay were analyzed by flow cytometry consequently. Figure 2B showed that miR-335 promoted the population of G1 phase evidently while the ROCK1 expression reversed the enhancement of G1 phase in comparison with the control. The results in Figure 2C proved that the percentage of apoptotic cells expressing miR-335 increased ~1-fold while that expressing miR-335 plus ROCK1 altered hardly vs. the control. Besides, cell migration significantly decreased in cells expressing miR-335, while it was recovered by ROCK1 (Figures 2D,E).
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FIGURE 2. Overexpression of miR-335 suppressed proliferation and migration, while promoting G1 phase arrest and apoptosis by targeting ROCK1. (A) The cell proliferation of A375 and B16 cells expressing miR-335 or miR-335 plus ROCK1 at the indicated time points. (B) The cell cycle distribution of A375 and B16 cells expressing miR-335 or miR-335 plus ROCK1. (C) Apoptosis of A375 and B16 cells expressing miR-335 or miR-335 plus ROCK1. (D,E) Migration of A375 and B16 cells expressing miR-335 or miR-335 plus ROCK1. (F,G) The expression of the indicated genes in the cells expressing miR-335 inhibitor or the combination was determined by Western blot and qRT-PCR, respectively. *P < 0.05 vs. control, #P < 0.05 vs. miR-335. Data gained in three independent experiments. The results are presented as the mean ± standard deviation.


Additionally, the changes of the pivotal regulators involved in ROCK1-mediated signaling pathways were examined by Western blot and RT-PCR, respectively (Figures 2F,G). The critical protein of G1-S phase transition, Cyclin D1, and the phosphorylation of the actin-modulating protein, Cofilin, dropped apparently, whereas the pro-apoptotic protein Caspase 3 raised accompanied by the deregulation of ROCK1 by miR-335. On the contrary, overexpression of ROCK1 impaired the miR-335 suppression, leading to rehabilitation of Cyclin D1 and phosphor-Cofilin and the downregulation of Caspase 3. Identical results were observed in B16 cells (Supplementary Figure 1A).



Attendance of miR-335 Triggers Cell Proliferation and Migration, While Inhibiting Cell Cycle Progress and Apoptosis by Recovering ROCK1

To illustrate the effect of silencing miR-335 on proliferation and migration of melanoma cells, experiments with miR-335 inhibitor or miR-335 inhibitor combined with si-ROCK1 were performed. The results in Figure 3A suggested that knockdown of miR-335 induced cell proliferation, while siRNA targeting ROCK1 hampered the proliferation compared to the control group. The efficacy of ROCK1 interference by siRNA was validated by immunoblot (Supplementary Figure 1B). Besides, Figure 3B showed that the miR-335 inhibitor reduced the population of G1 phase notably, while the obstacle of ROCK1 expression by siRNA confronted the reduction of cells in G1 phase compared to the control. The results in Figure 3C demonstrated that the percentage of apoptotic cells deregulating miR-335 fell ~30%, while that of the combination group changed little vs. the control group. Moreover, the numbers of migrated cells evidently increased in cells with downregulation of miR-335, while that of the combination group returned to similar accounts of the control group (Figures 3D,E).
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FIGURE 3. Inhibition of miR-335 enhanced proliferation and migration, while disturbing G1 phase arrest and apoptosis by recovering ROCK1. (A) The cell proliferation of A375 and B16 cells expressing miR-335 inhibitor or miR-335 inhibitor plus si-ROCK1 at the indicated time points. (B) The cell cycle distribution of A375 and B16 cells expressing miR-335 inhibitor or the combination. (C) Apoptosis of A375 and B16 cells expressing miR-335 inhibitor or the combination. (D,E) Migration of A375 and B16 cells expressing miR-335 or miR-335 plus ROCK1. (F,G) The expression of the indicated genes in the cells expressing miR-335 inhibitor or the combination was determined by Western blot and RT-PCR, separately. *P < 0.05 vs. control, #P < 0.05 vs. miR-335 inhibitor. Data gained in three independent experiments. The results are presented as the mean ± standard deviation.


We further detected the changes in the previously mentioned interesting genes involved in ROCK1-regulated cell cycle progression, apoptosis, and motility. Cyclin D1 and the phosphorylation of Cofilin escalated significantly, whereas Caspase 3 diminished, accompanied by the deregulation of miR-335. Impairment of ROCK1 antagonized the results of miR-335 suppression, oppositely leading to the reduction of Cyclin D1 and phosphor-Cofilin and the enhancement of Caspase 3 (Figures 3F,G). Likewise, the same alterations were gained in B16 cells (Supplementary Figure 1C).



miR-335 Promotes Melanoma Cell Response to Irradiation

To observe whether miR-335 associates the sensitivity of melanoma cells to irradiation, cells expressing miR-335 or control were exposed to X-ray, followed by proliferation and migration assay, as well as the flow cytometry analysis. As presented in Figure 4A, the proliferation of A375 cells expressing control declined significantly post-4 Gy irradiation while it altered little post-2 Gy irradiation. The proliferation of A375 cells expressing miR-335 dropped evidently post-2 Gy irradiation, indicating that miR-335 triggered the radiosensitivity of A375 cells (Figure 4B). The results in B16 cells were consistent with those in A375 cells (Supplementary Figures 1D,E). Besides, the apoptosis of cells expressing miR-335 increased to a greater extent compared to that expressing control post-irradiation (Figure 4C and Supplementary Figure 1F). The results were in line with the changes in cell proliferation.
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FIGURE 4. miR-335 promoted radiosensitivity of melanoma cells via ROCK1-mediated signaling pathways. (A,B) The proliferation of A375 cells expressing control or miR-335 post-irradiation or the combined treatment at the indicated time points. (C) The apoptosis of A375 cells expressing control or miR-335 post-irradiation or the combined treatment. (D) The proliferation of A375 cells post-4 Gy irradiation or the combined treatment. (E) The distribution of cell cycle of A375 cells post-4 Gy irradiation or the combined treatment. (F) The apoptosis of A375 cells post-4 Gy irradiation or the combined treatment. (G,H) Migration of A375 and B16 cells post-exposure to 4 Gy X-ray or the combined treatment. (I,J) The expression of the indicated genes in the cells received radiation or the combined treatment was accessed by Western blot and qRT-PCR, respectively. *P < 0.05 vs. control, #P < 0.05 vs. 4 Gy group. Data gained in three independent experiments. The results are presented as the mean ± standard deviation.


According to the 4 Gy irradiation-induced apparent alteration of proliferation and apoptosis, the same dose was selected to treat cells in the subsequent experiments. The results in Figure 4D showed that miR-335 enhanced the 4 Gy inhibition on A375 cell proliferation significantly in comparison with the 4 Gy alone. Similar results were gained in B16 cells (Supplementary Figure 1G). Moreover, the cell cycle distribution and apoptosis of cells expressing control or miR-335 post-irradiation were accessed. The results in Figure 4E exhibited that 4 Gy X-ray had little effect on the cell cycle progress of A375 cells that expressed the scrambled control. In contrast, 4 Gy X-ray notably induced increment of G1 population in cells expressing miR-335. Likewise, the population of G1 cells in the miR-335 group markedly increased while that in the control group remained stable (Supplementary Figure 1H). Furthermore, Figure 4F indicated that the miR-335 enhanced the stimulation of apoptosis by irradiation in comparison with control. Identical results were seen in B16 cells (Supplementary Figure 1I). Apart from enhanced inhibition of cell proliferation, we found that 4 Gy X-ray retarded the migration of cells expressing miR-335 to a greater extent compared to that expressing control (Figures 4G,H).

We further confirmed that Cyclin D1 and the phosphor-Cofilin in A375 cells expressing miR-335 dropped to a more considerable extent compared to that in the control post-irradiation. Inversely, Caspase 3 in cells expressing miR-335 elevated to a higher degree in comparison with that expressing control after receiving irradiation (Figures 4I,J). The identical alterations were validated in B16 cells (Supplementary Figure 1J).



miR-335 Elicits Radiosensitization in B16 Mouse Model

Palpable tumors appeared on day 8 upon subcutaneous injection. The tumor volumes were measured 4 days, and the tumors were weighed after the mice were humanely sacrificed. The tumor growth curves shown in Figure 5A suggested that 4 Gy X-ray impeded the tumor growth slightly while the combination of irradiation and the in situ injection of miR-335 daily obstructed the tumor growth significantly. In line with the results of tumor growth, the tumor weights of dual treatment decreased to the greatest extent while those that received irradiation dropped slightly (Figure 5B). Besides, the ROCK1 expression in each tumor was examined by immunohistochemistry staining (Figure 5C), immunoblot (Figure 5D), and RT-PCR analysis (Figure 5E), respectively. The results validated that the dual treatment suppressed ROCK1 expression to a larger extent compared to the single irradiation, as well as the decrease of Cyclin D1 and the boost of Caspase 3.
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FIGURE 5. miR-335 promoted radiosensitivity of melanoma in A375 mouse models. Mice with 100–300 mm3 tumors were exposed to X-ray or not. (A) Tumor growth curve of melanoma in xenografts. (B) Tumor weight of melanoma in xenografts. (C) Detection of ROCK1 expression in tumor tissues by immunohistochemistry. (D) The ROCK1 expression in tumors was assessed by Western blot. (E) The expression of the indicated genes was analyzed by RT-PCR. *P < 0.05 vs. control, #P < 0.05 vs. 4 Gy group. Data gained in three independent experiments. The results present as the mean ± standard deviation.





DISCUSSION

It is well-documented that miRNAs have promising potential in the development of novel therapeutic strategies against cancer (3, 4, 14). For example, miR-155 inhibited the proliferation, invasion, and migration of melanoma by targeting CBL (15). miR-542, as an essential factor in the regulation of epithelial–mesenchymal transformation, was significantly deregulated in patients with melanoma. miR-542 elevation inhibited the development of melanoma by inhibiting the epithelial–mesenchymal transformation (16). miR-26b deregulated in melanoma and targeted the TRAF5–MAPK signaling pathway, inhibiting the growth of melanoma cells (17). In this study, we found many miRNAs expressed abnormally in melanoma tissue by microarray analysis and selected miR-335 as the research object. miR-335 declined significantly in melanoma and directly targeted the widely expressed ROCK1 in melanoma. As a member of the Rho-related protein kinase (ROCK) family, ROCK1 plays an essential regulatory role in different types of cancer. ROCK1 mediated the occurrence and development of melanoma in various ways, and obstruction of ROCK1 inhibited the proliferation and migration of melanoma cells (18). This study indicated that overexpression of miR-335 suppressed the proliferation, migration, and radioresistance of melanoma cells. By contrast, restoration of ROCK1 overcame the inhibition by miR-335. Therefore, miR-335 disturbed proliferation and migration, while promoting radiosensitivity of melanoma by inhibiting ROCK1.

The miR-335/ROCK1 axis regulated multiple functions, including tumor progression (19–21), myocardial ischemia/reperfusion (22), and chondrogenesis (23). Lynch and colleagues firstly illustrated the negative feedback loop among miR-335/ROCK1-noncanonical TGF-β signaling and MYCN (24). miR-335 inhibited the invasiveness of neuroblastoma via the complex regulatory network. miR-335 repressed TGF-β-induced epithelial–mesenchymal transition and proliferation by targeting ROCK1 in NSCLC (8, 25). Recently, several studies revealed that long noncoding RNA DANCR and NEAT1 promoted ROCK1-mediated signaling pathways via decoying miR-335, leading to enhancement of cancer malignancy (26–29). Previous studies implied that the miR-335/ROCK1 axis played diverse roles in the regulation of tumor initiation, progression, and relapse. Currently, the validated connection between miR-335/ROCK1 and radioresistance broadened the miR-335/ROCK1-mediated networks in the development of refractory melanoma.

Mounting evidence has validated the regulatory mechanisms of miRNA-mediated radiosensitization in various cancers. For instance, the overexpression of miR-32-5p contributed to radioresistance by targeting Transducer of ERBB2, 1 in colorectal cancer (30). miR-1275 elevation diminished epithelial-to-mesenchymal transition-induced radioresistance through Wnt/β-catenin signaling in esophageal cancer (31). Impediment of miR-365 suppressed the radiosensitivity of NSCLC via promoting cell division cycle 25A (32). The present study demonstrated that the downregulation of miR-335 led to radioresistance via suppressing ROCK1 in melanoma, expanding the understanding of miRNA-mediated radioresistance in the generally radioresistant skin cancer. Apart from the current study, Park and colleagues illustrated that Lin28B/let-7 interaction played a pivotal role in cancer stem cell-associated X-ray resistance (33). He et al. demonstrated that miR-185 enhanced the ionizing radiation-triggered inhibition of proliferation and migration (34). The abovementioned evidence suggested that miRNA played fundamental roles in radiosensitivity of melanoma.

Some shortages need to compensate in the current study. First, the response of melanoma to protons and carbon ions varies. The bystander effect and the abscopal effect, as well as the efficacy, may change during treatment. Hence, the details of miR-335/ROCK1 signaling in different regimens should be explored. Second, multiple signaling pathways such as Rho/ROCK, Ras/MAPK, and PI3K/Akt signaling cascades converge toward ROCK1; the complex interactions need more investigation. Third, the possible effects of BRAF mutation on the miR-335/ROCK1 axis need further illumination due to the frequent BRAF V600E in melanoma.

In conclusion, the present study demonstrated that miR-335 decreased in melanoma and targeted ROCK1. Overexpression of miR-335 inhibited cell proliferation and migration, while promoting radiosensitivity of melanoma cells. Inversely, the deregulation of miR-335 triggered proliferation and migration by restoration of ROCK1. The current evidence provided promising therapeutic miRNAs as targets for improving radiotherapy against melanoma.
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Supplementary Figure 1. (A) The expression of indicated genes in the cells expressing miR-335 or miR-335 combined with ROCK1 was analyzed by Western blot and RT-PCR, respectively. *P < 0.05, vs. control; #P < 0.05, vs. miR-335. (B) The ROCK1 expression in cells with siRNA 1# AND 2# targeting ROCK1. (C) The expression of indicated genes in the cells expressing miR-335 inhibitor or miR-335 inhibitor combined with si-ROCK1 was analyzed by Western blot and RT-PCR, respectively. *P < 0.05, vs. control; #P < 0.05, vs. miR-335 inhibitor. miR-335 in, miR-335 inhibitor. si-ROCK1, siRNA targeting ROCK1. (D,E) The proliferation of B16 cells expressing control or miR-335 post-irradiation or the combined treatment at the indicated time points. (F) The apoptosis of B16 cells expressing control or miR-335 post-irradiation or the combined treatment. (G) The proliferation of B16 cells post-4 Gy irradiation or combined treatment. (H) The distribution of cell cycle of B16 cells post-4 Gy irradiation or the combined treatment. (I) The apoptosis of A375 cells post-4 Gy irradiation or the combined treatment. (J) The expression of indicated genes in the cells exposed to 4 Gy X-ray or radiation plus miR-335 was analyzed by Western blot and RT-PCR, respectively. *P < 0.05, vs. control; #P < 0.05, vs. 4 Gy. Data gained in three independent experiments. The results are presented as the mean ± standard deviation.
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Colorectal cancer (CRC), a common tumor, is characterized by a high mortality rate. Long non-coding RNA maternally expressed gene 3 (MEG3) serves a regulatory role in the carcinogenesis and progression of several types of cancer; however, its role in CRC remains largely unknown. The aim of this study was to explore the regulatory role and mechanism(s) of MEG3 in CRC. The Warburg effect or aerobic glycolysis is characteristic of the metabolism of tumor cells. To determine the effect of MEG3 on glycolysis of CRC cells, we used an XF analyzer to perform glycolysis stress test assays and found that overexpression of MEG3 significantly inhibited glycolysis, glycolytic capacity, as well as lactate production in CRC cells, whereas knockdown of MEG3 produced the opposite effect. Mechanistically, overexpression of MEG3 induced ubiquitin-dependent degradation of c-Myc and inhibited c-Myc target genes involved in the glycolysis pathway such as lactate dehydrogenase A, pyruvate kinase muscle 2, and hexokinase 2. Moreover, we found that MEG3 can be activated by vitamin D and vitamin D receptor (VDR). Clinical data demonstrated that MEG3 was positively associated with serum vitamin D concentrations in patients with CRC. We found that 1,25(OH)2D3 treatment increased MEG3 expression, and knockdown of VDR abolished the effect of MEG3 on glycolysis. These results indicate that vitamin D-activated MEG3 suppresses aerobic glycolysis in CRC cells via degradation of c-Myc. Thus, vitamin D may have therapeutic value in the treatment of CRC.

Keywords: colorectal cancer, maternally expressed gene 3 (MEG3), glycolysis, c-Myc, vitamin D


INTRODUCTION

Colorectal cancer (CRC), the third most commonly diagnosed cancer, has a high cancer-related mortality rate worldwide (1, 2). In China, CRC is the fourth most common cancer, with 376,000 new patients diagnosed in 2015, leading to about 191,000 deaths (3). However, the molecular mechanisms underlying CRC progression are not fully understood. More research is needed to discover and develop effective biomarkers and targets for diagnosis and treatment of CRC. Recently, accumulating evidence has shown that long non-coding RNAs (lncRNAs), non-coding RNA transcripts longer than 200 nucleotides (4), are expressed differentially in various cancers including CRCs, suggesting that lncRNAs have roles in tumorigenesis and tumor metastasis (5–7). Among them, maternally expressed gene 3 (MEG3) has been reported to be aberrantly expressed in CRC and may act as a tumor suppressor (8–10). However, the mechanism of action of MEG3 in CRC requires further investigation.

It has been demonstrated that most cancer cells have altered energy metabolism characterized by glycolysis with lactate production and a higher uptake of glucose as the main source of energy even in the presence of oxygen, well-known as the “Warburg effect” (11, 12). Under normoxic conditions, glycolysis is commonly driven by c-Myc (13, 14), which upregulates glycolytic enzymes such as lactate dehydrogenase A (LDHA) and hexokinase 2 (HK2) (15–17). Many non-coding RNAs have been reported to be involved in the regulation of cancer metabolism (18). For example, lncRNA PVT1 promotes glycolysis and tumor progression by regulating the miR-497/HK2 axis in osteosarcoma (19), whereas lncRNA-MIF inhibits aerobic glycolysis and tumorigenesis by suppressing c-Myc and miR-586 in cancer cells (20).

In this study, we demonstrate that MEG3 activated by vitamin D and vitamin D receptor (VDR) suppresses activation of glycolysis by promoting c-Myc degradation under normoxic conditions.



MATERIALS AND METHODS

Clinical Samples

A total of 80 CRC tissue samples and corresponding adjacent normal mucosal samples were collected at the First Affiliated Hospital of Nanjing Medical University. All samples were snap-frozen in liquid nitrogen immediately after collection and stored at −80°C until total RNA was extracted. The clinicopathological characteristics of the patients with CRC from whom the samples were obtained are summarized in Table 1. This project was approved by the Research Ethics Committee of Nanjing Medical University [Approval ID: (2016)640].


Table 1. Association of maternally expressed gene 3 (MEG3) expression with clinicopathological variables in patients with colorectal cancer (CRC) (n = 80).
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Cell Culture

The human CRC cell lines DLD-1 and RKO were purchased from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China), and were maintained in RPMI-1640 (HyClone, Logan, UT, USA), supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 100 U/ml penicillin, and 0.1 mg/ml streptomycin (Gibco). All cell lines were cultured in a humidified incubator of 5% CO2 at 37°C. Cells were collected for further studies after treatment with cycloheximide (CHX) and MG132 (MedchemExpress, Monmouth Junction, NJ, USA) for various periods of time.



RNA Extraction and Real-Time Polymerase Chain Reaction

Total RNA was extracted from frozen tissues with TRIzol reagent (Invitrogen, Grand Island, NY, USA) and reverse transcribed to complementary DNA (cDNA) by using a PrimeScript™ 1st Strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan) according to the user's manual. Real-time polymerase chain reaction (RT-PCR) was performed with gene-specific primers to determine the relative expression of genes of interest using SYBR green reagents (Takara Bio) in an ABI 7300 sequence detector (Applied Biosystems, Foster City, CA, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or ACTIN mRNA was used for normalization. The PCR primers used in this study are listed in Table S1.



Small Interfering RNA and Plasmid Transfection

The cDNAs encoding MEG3 and VDR were synthesized and cloned into the pcDNA3.1 vector to construct pcDNA-MEG3 and pcDNA-VDR vector, respectively. Empty pcDNA3.1 vector was used as the control. The small interfering RNA (siRNA) targeting MEG3 (siRNA-MEG3) and negative control siRNA (siRNA-NC) were synthesized by RiboBio (Guangzhou, China). The siRNA sequences for MEG3 were as follows: MEG3 siRNA1: sense: 5′-GGAUGGCACUUGACCUAGA-3′, antisense: 5′-UCUAGGUCAAGUGCCAUCC-3′; siRNA2: sense: 5′-GAACCAUUCUGUUAUUCUU-3′, antisense: 5′-AAGAAUAACAGAAUGGUUC-3′; and siRNA3: sense: 5′-GGUUAAGUCUCUUGAAAGA-3′, antisense: 5′-UCUUUUCAAGAGACUUAACC-3′. The target sequence of VDR-specific short hairpin RNA (shRNA) (sh-VDR) was: 5′-TCCAGTTCGTGAATGAT-3′. A non-silencing shRNA (sh-NC) oligonucleotide was used as a negative control. DLD-1 or RKO cells were transfected with plasmid vectors using Lipofectamine 2000 (Invitrogen) and transfected with siRNA using Lipofectamine RNAiMAX (Invitrogen, Waltham, MA, USA), according to the manufacturer's protocol.



CCK8 Assays

Cell proliferation was detected using a Cell Counting Kit 8 (Donjindo, Kumamoto, Japan). Briefly, cells (3 × 103) transfected with either siRNA or plasmid were seeded into 96-well plates, and cell growth was determined every 24 h for 4 days in accordance with the manufacturer's protocol. The absorbance at a wavelength of 450 nm was measured using a microplate reader (Bio-Tek, Winooski, VT, USA).



Colony Formation Assays

Transfected cells with siRNA or plasmid were seeded in six-well plates at 600 cells per well and 1,000 cells per well, respectively, and cultured for 10–15 days with replacement with new medium every 3 days. Colonies were fixed, stained with crystal violet, and photographed. For each treatment group, wells were counted in triplicate.



Transwell Assays

Cell migration and invasion assays were carried out using 24-well Transwell chambers with 8-μm pore size polycarbonate membrane (Corning, NY, USA). A total of 6 × 104 or 8 × 104 cells in 200 μl serum-free medium were seeded in the upper chambers coated without or with Matrigel (BD Biosciences, NY, USA) for migration or invasion assays, respectively, after which 600 μl medium with 10% fetal bovine serum (FBS) (20% FBS for invasion assays) was added to the lower chambers. The cells on the upper surfaces of the membranes were removed 36–48 h later. Cells on the bottom surfaces of the membranes were fixed, stained with 0.1% crystal violet, and counted in five fields using a Zeiss microscope (Melville, NY, USA).



Western Blot Analysis

Lysates from cells were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, transferred onto polyvinylidene fluoride (PVDF) membranes (PerkinElmer, Boston, MA, USA), and blotted with primary antibodies, followed by horseradish peroxidase (HRP)-conjugated secondary antibody. The primary antibodies used were anti-c-Myc and anti-HK2 (Abcam, Cambridge, MA, USA) and anti-PKM2 (Affinity Biosciences, OH, USA); and anti-LDHA, anti-GAPDH, and anti-actin (Santa Cruz, CA, USA); and anti-FBXW7 (ABclonal, Wuhan, China).



Glycolysis Stress Test

The extracellular acidification rate (ECAR) was measured using a Seahorse XF96 Analyzer Glycolysis (Seahorse Bioscience, Santa Clara, USA) according to the manufacturer's protocol. Briefly, DLD-1 or RKO cells in 10% FBS RPMI-1640 were seeded in XF 96-well plates and incubated at 37°C in a 5% CO2 humidified atmosphere overnight. The cells were then incubated in the glycolysis stress test medium without glucose, and the ECAR was measured. Following this, D-glucose (10 mM), oligomycin (1 μM), and 2-deoxyglucose (100 mM) were added into the wells at the indicated time points; meanwhile, corresponding ECARs were assessed. The ECAR values are presented as the mean ± SD of experimental triplicates. The key variables of glycolysis and glycolytic capacity were analyzed using XF Glycolysis Stress Test software.



Lactate Production Assay

CRC cells transfected with siRNA or plasmid or treated with vitamin D were cultured, and the culture medium was collected 24 h later. Lactate production was quantitated using a lactate assay kit (Jiancheng, Nanjing, China) according to the manufacturer's instructions. Total viable cell numbers were used for normalization.



Serum Vitamin D Measurement

Serum 25(OH)D3 concentrations were measured by chemiluminescence using an ADVIA Centaur Vitamin D Total (VitD) Assay kit (Siemens Healthineers, Erlangen, Germany) according to the manufacturer's instructions.



In vivo Ubiquitination Assay

In vivo ubiquitination assays were performed according to a previously described protocol (7). Briefly, DLD-1 or RKO cells in six-well plates were transfected with 1 μg pcDNA-Ub-HA of ubiquitin-HA fusion protein (a gift from Dr. Xinjin Lin, Fujian Medical University, Fujian, China), 1 μg pcDNA-c-Myc with Flag tag at the C-terminal (Genechem, Shanghai, China), together with 40 pmol MEG3 siRNA or 1 μg pcDNA-MEG3. Twenty-four hours after transfection, the cells were treated with 30 μM MG132 (Sigma Aldrich) for 6 h and then lysed with RIPA lysis buffer. The cell lysates were then incubated with anti-HA magnetic beads (Bimake, Houston, TX, USA) overnight at 4°C. After washing, the proteins were eluted with SDS sample buffer. Eluted proteins were analyzed by Western blotting with anti-Flag (Sigma) antibody.



Statistical Analysis

All data are presented as mean ± SEM. Student's t-test was used to compare data between two groups. Overall survival curves were plotted using the Kaplan–Meier method and analyzed with the log-rank test. Correlations were analyzed with Pearson r analysis. The clinicopathological characteristics of the 80 patients with CRC were subjected to logistic regression analysis. P < 0.05 was considered to denote statistical significance.




RESULTS

MEG3 Is Downregulated in CRC and Associated With Tumor Prognosis

Downregulation of MEG3 has been observed in CRC tissues (8, 21). To further confirm this, we used RT-qPCR to measure MEG3 expression in 80 CRC samples and the matched samples of adjacent normal mucosa. Consistent with others' findings, we found that there was significantly lower expression of MEG3 in CRC tissues (P < 0.05) than the corresponding adjacent normal mucosa (Figure 1A). Low expression of MEG3 was significantly associated with advanced CRC clinical stage (P < 0.05) (Figure 1B). However, in our study, there was no significant association between the level of MEG3 expression and various other clinical variables such as sex, age, and tumor size (Table 1). We also examined the relationship between MEG3 expression and clinical outcomes, including overall survival. We divided the patients into two groups on the basis of the fold difference in expression of MEG3 in the tumor and the corresponding adjacent normal tissue: MEG3-high group (fold difference >1, n = 22) and MEG3-low group (fold difference <1, n = 58) and then performed a Kaplan–Meier survival analysis and log-rank tests. We found that overall survival was significantly poorer in the MEG3-low group than that in the MEG3-high group (P < 0.05) (Figure 1C). These results indicate that MEG3 expression is associated with cancer progression and poorer prognosis in patients with CRC.
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FIGURE 1. Maternally expressed gene 3 (MEG3) is downregulated in colorectal cancer (CRC) tissues, and low expression of MEG3 is associated with poor prognosis of patients with CRC. (A) Expression of MEG3 is significantly lower in CRC tissues than in corresponding non-tumor tissues (n = 80). MEG3 expression was quantitated by qRT-PCR and plotted with log2-MEG3/glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (B) MEG3 expression is negatively correlated with advanced CRC stage. (C) Kaplan–Meier survival curves showing an association between low expression of MEG3 and short overall survival in patients with CRC.




MEG3 Inhibits Cell Proliferation and Invasion

We next investigated the effect of MEG3 in CRC cells. We first transfected pcDNA-MEG3 vector or specific MEG3 siRNAs into DLD-1 and RKO cells. As shown as Figure 2A, pcDNA-MEG3 transfection increased the expression of MEG3, whereas siRNAs specifically targeting MEG3 decreased its expression. We next investigated the effect of proliferation of MEG3 on CRC cell lines. Data from CCK-8 showed that MEG3 overexpression reduced the viability of DLD-1 and RKO cells. In contrast, knockdown of MEG3 significantly increased cell viability (Figure 2B). Colony formation assays revealed that an increase in MEG3 significantly inhibited cell proliferation in both DLD-1 and RKO cell lines (282 ± 44 for DLD-1/pcDNA-MEG3 vs. 506 ± 61 for DLD-1/pcDNA, P = 0.0412; 308 ± 17 for RKO/pcDNA-MEG3 vs. 494 ± 16 for RKO/pcDNA, P = 0.0014), whereas MEG3-decreased cells had the opposite effect (205 ± 12 for DLD-1/siRNA-MEG3-1 vs. 133 ± 1 for DLD-1/siRNA-NC, P = 0.0036 and 164 ± 10 for DLD-1/siRNA-MEG3-2 vs. 133 ± 1 for DLD-1/siRNA-NC, P = 0.0388; 134 ± 13 for RKO/siRNA-MEG3-1 vs. 77 ± 8 for RKO/siRNA-NC, P = 0.0171 and 101 ± 3 for RKO/siRNA-MEG3-2 vs. 77 ± 8 for RKO/siRNA-NC, P = 0.0402) (Figure 2C).
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FIGURE 2. Maternally expressed gene 3 (MEG3) inhibits colorectal cancer (CRC) cell proliferation and invasion. (A) MEG3 expression as quantified by RT-qPCR in DLD-1 and RKO cells transfected with the indicated siRNAs or pcDNA-MEG3. (B) CCK-8 assays and (C) colony-forming growth assays were performed in DLD-1 and RKO cells transfected with MEG3 siRNAs or pcDNA-MEG3. Transwell assays were performed to detect the migration (D) and invasion (E) of MEG3 knockdown and overexpressing cells 36–48 h after transfection. Data are expressed as mean ± standard deviation from three independent experiments. *P < 0.05, **P < 0.01.


The effects of MEG3 on migration and invasion were then investigated. The results of the Transwell assays showed that overexpression of MEG3 significantly impaired CRC cell migratory and invasive ability, whereas knockdown of MEG3 strengthened these abilities compared with control cells (Figures 2D,E).

Taken together, the above data suggest that MEG3 inhibits CRC cell proliferation and invasion.



MEG3 Influences Glucose Metabolism in Colorectal Cancer Cells

Proliferation of tumor cells is reportedly usually accompanied by metabolic changes (11). Glycolysis is a hallmark of cancer cells. To investigate the role of MEG3 in glycolysis in CRC cells, we performed glycolysis stress test assays by using an XF analyzer to measure the ECAR. We found that MEG3 overexpression significantly inhibited glycolysis and glycolytic capacity in DLD-1 and RKO cells (Figure 3A), whereas MEG3 knockdown produced the opposite effect (Figure 3B). Moreover, we assessed cellular lactate production and found that MEG3 overexpression inhibited lactate production (Figure 3C), whereas knockdown of MEG3 by siRNA boosted lactate generation (Figure 3D). These data indicate that MEG3 inhibits glucose metabolism in CRC cells.


[image: Figure 3]
FIGURE 3. Maternally expressed gene 3 (MEG3) influences glucose metabolism in colorectal cancer (CRC) cells. The extracellular acidification rate (ECAR) was measured by glycolysis stress tests in CRC cell lines with MEG3 overexpression (A) and in those with MEG3 knockdown (B). Lactate production was measured in the culture medium of CRC cell lines with strong expression of MEG3 (C) and weak expression of MEG3 (D). Data are expressed as mean ± standard deviation from three independent experiments. *P < 0.05, **P < 0.01.




MEG3 Reduces c-Myc Protein Stability

Previous studies have demonstrated that c-Myc is primarily responsible for metabolic reprogramming of cancer cells (13). We therefore next investigated whether c-Myc participates in MEG3-mediated inhibition of glycolysis. As shown in Figure 4A, we found that MEG3 overexpression inhibited amounts of c-Myc protein and its targeted genes (HK2, PKM2, LDHA), whereas MEG siRNA did the opposite. The results of RT-qPCR indicated that amounts of mRNA of HK2, PKM2, and LDHA decreased in MEG3-overexpressed cells, whereas c-Myc did not change (Figure 4B), suggesting that MEG3 decreases c-Myc expression in the protein level. To verify this, we performed CHX treatment and found that the half-life of c-Myc in pcDNA3.1 is longer than that in pcDNA-MEG3 (59.19 ± 3.39 min for DLD-1/pcDNA3.1 vs. 37 ± 4.2 min for DLD-1/pcDNA-MEG3, P = 0.0021; 31.34 ± 1.34 min for RKO/pcDNA3.1 vs. 17.15 ± 2.58 min for RKO/ pcDNA-MEG3, P = 0.001) (Figure 4C). These data showed that MEG3 overexpression reduced the c-Myc stability. To determine whether MEG3 affects proteasomal degradation of c-Myc, we performed In vivo ubiquitination by transfecting pcDNA-Ub-HA and pcDNA-c-Myc together with pcDNA-MEG3 into DLD-1 or RKO cells in which we immunoprecipitated ubiquitin with anti-HA antibody and detected it by anti-Flag. We found that overexpression of MEG3 increased polyubiquitination of c-Myc (Figure 4D). Treatment with MG132, a proteasome inhibitor to inhibit protein degradation through proteasome-dependent pathway, rescued c-Myc protein expression (Figure 4E), suggesting that MEG3 affects c-Myc stability in proteasome-dependent degradation. Numerous studies have shown that E3 ubiquitin ligase of FBXW7 controls proteasome-mediated degradation of c-Myc (22). We therefore measured the expression of FBXW7 in MEG3 overexpression and MEG3-knockdown cells and found that MEG3 induced the expression of FBXW7 (Figure 4F). Meanwhile, knockdown of MEG3 reversed the FBXW7 level induced by MEG3 overexpression in CRC cells (Figure 4G). These results indicate that MEG3 may contribute to inhibiting glycolysis through promoting c-Myc degradation by increasing the amounts of FBXW7.
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FIGURE 4. Maternally expressed gene 3 (MEG3) promotes c-Myc protein degradation. Expression levels of c-Myc, HK2, PKM2, and LDHA were detected by Western blot (A) and qRT-PCR (B) analysis in MEG3 overexpression and knockdown colorectal cancer (CRC) cell lines. (C) MEG3 overexpression CRC cell lines were treated with 100 μg/ml of cycloheximide (CHX) and harvested at the indicated time points. c-Myc protein was detected by Western blot analysis, quantified by densitometry, and plotted against time to determine c-Myc stability. (D) CRC cells were transfected with pcDNA-c-Myc in combination with pcDNA-MEG3 in the presence of the HA-ubiquitin plasmid as indicated at the top. The cells were treated with MG132 (30 μM) for 6 h before harvesting, and the cell lysates were subjected to immunoprecipitation using anti-HA antibody. Ubiquitinated proteins were detected by Western blot with the anti-Flag antibody. (E) CRC cell lines that strongly express MEG3 were treated with 5 μM of MG132 for 12 h, and c-Myc protein was detected by Western blot. (F) Expression of FBXW7 was detected by Western blot in CRC cells that strongly and weakly expressed MEG3. (G) Level of FBXW7 was measured by Western blot in the pcDNA-MEG3 cells with MEG3 knockdown. Data are expressed as mean ± standard deviation from three independent experiments. *P < 0.05, **P < 0.01.




MEG3 Activated by Vitamin D Through Vitamin D Receptor

A previous study has shown that vitamin D can promote MEG transcription through binding VDR (10). To further investigate this, we first measured serum concentrations of vitamin D [25(OH)2D3] in samples from CRC patients and found that these concentrations correlate positively with MEG3 expression in CRC tissues (Figure 5A). To further determine the effect of vitamin D on MEG3 expression, qRT-PCR analysis was performed and showed that amounts of MEG3 increased with vitamin D treatment and VDR overexpression but decreased with VDR knockdown (Figures 5B–D). Above all, our clinical and cellular data suggest that MEG3 expression is indeed positively regulated by vitamin D through VDR.


[image: Figure 5]
FIGURE 5. Maternally expressed gene 3 (MEG3) is activated by vitamin D through vitamin D receptor (VDR). (A) Levels of MEG3 expression in colorectal cancer (CRC) tissues and serum concentrations of vitamin D were examined in 64 CRC patients, and the correlation between MEG3 and vitamin D was analyzed. (B) MEG3 expression was measured with qRT-PCR after treatment with active vitamin D of 1α,25(OH)2D3 (20 nM) at the indicated times. MEG3 expression was detected by qRT-PCR in CRC cells transfected with shRNA-VDR (C) or pcDNA-VDR (D). Data are expressed as mean ± standard deviation from three independent experiments. *P < 0.05, **P < 0.01.




Vitamin D Receptor Knockdown Abolishes the Effect of MEG3 on Glucose Metabolism

To further determine whether vitamin D or VDR affects the effects of MEG3 on glucose metabolism, we performed glycolysis stress assays and lactate production assays. As shown in Figure 6A, both in DLD-1 and RKO cells, VDR knockdown greatly reversed MEG3 overexpression-induced inhibition of glycolysis and glycolytic capacity. Lactate production also increased consistently after VDR knockdown in MEG3-overexpressed cells (Figure 6B). Previous studies have shown that vitamin D decreases glycolysis in various cancers, including CRC (23–25). We speculated whether MEG3 mediated vitamin D-induced inhibition of glycolysis. To investigate this possibility, we treated MEG3-knockdown cells with vitamin D and performed glycolysis stress assays and lactate production assays. The results showed that vitamin D treatment inhibited significantly the glycolysis and glycolytic capacity and decreased the lactate production of CRC cells (Figures 6C,D). These inhibitions are partially rescued by MEG3 knockdown (Figures 6C,D). These data implicate that vitamin D inhibits glycolysis in CRC cells partially through the VDR/MEG3 pathway.
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FIGURE 6. Vitamin D receptor (VDR) knockdown abolishes the effect of maternally expressed gene 3 (MEG3) on glucose metabolism. The extracellular acidification rate (ECAR) (A, left panel) and lactate production (B) were measured in colorectal cancer (CRC) cell lines with MEG3 overexpression and weak VDR expression (pcDNA-MEG3 + shRNA-VDR) or with MEG3 overexpression and base VDR expression (pcDNA-MEG3 + shRNA-NC). CRC cells with low expression of MEG3 were treated with 1α,25(OH)2D3 (vitamin D) (VD + siRNA-MEG3) or vehicle (Vehicle + siRNA-MEG3), and the ECAR (C, left panel) and lactate production (D) were measured. Glycolysis and glycolytic capacity were analyzed using XF Glycolysis Stress Test software (right panels of A,C). Data are expressed as mean ± standard deviation from three independent experiments. *P < 0.05, **P < 0.01.





DISCUSSION

CRC had the third highest annual age-standardized incidence (2009–2013) worldwide, being 40.7 per 100,000 people with a mortality rate (2010–2014) of 14.8 per 100,000 persons (1, 2). However, the molecular mechanisms that underlie CRC tumorigenesis are yet to be fully elucidated. There is increasing evidence that lncRNAs acting as oncogenes or anti-oncogene factors have functions in tumorigenesis and tumor metastasis in CRC cells (5, 8, 26, 27).

MEG3 is aberrantly expressed in multiple types of cancers and is assumed as a tumor suppressor (10, 28, 29). MEG3 participates in carcinogenesis and cancer progression by regulating gene expression through chromatin modification, transcription, and posttranscriptional procession. For example, MEG3, as a competing endogenous RNA, reduces the invasiveness of human bladder cancer cells by competing with PHLPP2 mRNA for miR-27a (30); MEG3 inhibits the proliferation of epithelial ovarian cancer cells by regulating ATG3 activity and inducing autophagy (31); and MEG3 inhibits the proliferation and invasion of gallbladder cancer by associating with EZH2 and promoting its ubiquitination (32). Some recent studies have reported that the amounts of MEG3 are significantly reduced in tissue and serum from patients with CRC and that this can serve as a prognostic marker in such patients (8, 28, 33). However, the role of MEG3 in CRC remains largely unknown. In the present study, we also found that MEG3 expression was lower in tumor tissue than adjacent normal tissues from patients with CRC (Figure 1A). We identified downregulation of MEG3 in advanced stages of CRC, and this was closely associated with poor overall survival of the patients (Figures 1B,C). Functional studies demonstrated that MEG3 inhibited CRC cell proliferation, migration, and invasion (Figure 2), which is consistent with previous studies. Moreover, we found that MEG3 inhibited glycolysis in CRC cells (Figure 3).

Increased glycolysis is the main source of energy in cancer cells, which use this metabolic pathway to generate ATP (34), this being known as the Warburg effect because it was first described by Otto Warburg in the 1920s (35). Many studies have found that lncRNAs can regulate the Warburg effect to influence the growth and survival of cancer cells (36–38). The mechanism of lncRNA-mediated regulation is complex; however, many studies have found that lncRNAs can affect genes involved in glucose metabolism. It has been extensively documented that the oncogene of c-Myc is a key regulator of the Warburg effect by directly activating several glycolytic genes, including LDHA, PKM2, and others (39–41). Several studies have shown that lncRNAs regulate processes of glycolysis in cancer by altering amounts of c-Myc and, more specifically, by modifying the transcriptional patterns on c-Myc target genes. For example, lncRNA GLCC1 promotes glucose metabolism in CRC cells by protecting c-Myc from ubiquitination via direct interaction with heat shock protein (HSP)90 chaperone (42). LINC01123 promotes non-small-cell lung carcinoma (NSCLC) cell proliferation and aerobic glycolysis by increasing c-Myc mRNA expression with sponging miR-199a-5p (43). In the current study, we found that MEG3 inhibited c-Myc expression and its target glycolytic genes including HK2, PKM2, and LDHA (Figures 4A,B). Expression of c-Myc is largely posttranslationally regulated by E3 ubiquitin ligase, which binds c-Myc to promote its degradation. In the current study, we found that MEG3 inhibited the expression of c-Myc by promoting its ubiquitination, further increasing its degradation (Figures 4C–E). Moreover, the increase in ubiquitination of c-Myc that was induced by MEG3 may result from upregulation of FBXW7 (Figure 4F). However, how MEG3 regulates FBXW7 is not clear and requires further study.

Multiple studies have consistently shown an inverse association between serum vitamin D concentrations and risk of CRC (44–46). Our previous study also showed that vitamin D-deficient mice develop colonic inflammation (47). In the current study, we found a positive correlation between serum vitamin D concentration and MEG3 expression in patients with CRC (Figure 5A); to the best of our knowledge, we are the first to document a correlation between MEG3 and serum vitamin D. In addition, we showed that MEG3 can be induced by vitamin D via VDR transcription factor (Figures 5B–D), which is consistent with previous research (10). Moreover, VDR knockdown and MEG3 knockdown retard inhibition of glycolysis induced by MEG3 or vitamin D, respectively (Figures 6A–D). Interestingly, we found that glycolysis and glycolytic capacity and lactate production were consistently lower in VD + siRNA-MEG3 compared to vehicle + siRNA-MEG3 cells. Considering that vitamin D could regulate many genes by binding VDR, it might be possible that additional inhibitory mechanisms are involved in the glycolysis inhibited by vitamin D. Our data suggest that MEG3 activated by vitamin D is partly responsible for the anti-CRC effect of vitamin D.

In conclusion, in this study, we found that MEG3 is significantly decreased in CRC tissues and is positively associated with serum vitamin D concentrations in patients with CRC, indicating that it is a potential prognostic biomarker and therapeutic target for CRC. Vitamin D-activated MEG3 suppresses aerobic glycolysis of CRC cells via degrading c-Myc, suggesting that vitamin D may have therapeutic value in the treatment of CRC.

Thus, the present data indicate that the anticancer function of vitamin D may be executed via the VDR/MEG3 pathway.
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Triple-negative breast cancer (TNBC) is a highly metastatic breast cancer subtype, and the primary systemic treatment strategy involves conventional chemotherapy. DC-STAMP domain containing 1-antisense 1 (DCST1-AS1) is a long non-coding RNA that promotes TNBC migration and invasion. Studying the role of DCST1-AS1 in promoting epithelial–mesenchymal transition (EMT) and chemoresistance will provide a new strategy for TNBC therapy. In the present study, we found that DCST1-AS1 regulates the expression or secretion of EMT-related proteins E-cadherin, snail family zinc finger 1 (SNAI1), vimentin, matrix metallopeptidase 2 (MMP2), and matrix metallopeptidase 9 (MMP9). Interference with DCST1-AS1 impaired TGF-β-induced TNBC cell invasion and migration. DCST1-AS1 directly binds to ANXA1 in BT-549 cells and affects the expression of ANXA1. DCST1-AS1 enhances TGF-β/Smad signaling in BT-549 cells through ANXA1 to promote EMT. The combination of DCST1-AS1 and ANXA1 also contributes to enhancement of the resistance of BT-549 cells to doxorubicin and paclitaxel. In conclusion, DCST1-AS1 promotes TGF-β-induced EMT and enhances chemoresistance in TNBC cells through ANXA1, and therefore represents a potentially promising target for metastatic breast cancer therapy.

Keywords: long non-coding RNA, ANXA1, EMT, migration, invasion, breast cancer


INTRODUCTION

Breast cancer is a highly heterogeneous disease. The classification of breast cancer is generally based on histological subtypes associated with unique clinical manifestations or molecular features identified by gene expression analysis. The most popular classification is the one based on molecular subtypes determined by gene expression profiling proposed by the expert panel at the St Gallen International Breast Cancer Conference in 2013 (1) and includes luminal A, luminal B, human epidermal growth factor receptor 2-positive (HER2+) overexpressing, and basal-like (BL) subtypes. Luminal tumors express the estrogen and progesterone receptors. Patients with luminal tumors generally carry a good prognosis and respond well to hormone therapy (2). Patients with HER2-overexpressing tumors (estrogen receptor negative, progesterone receptor negative, HER2+) have a poor prognosis but are sensitive to therapies targeting HER2 receptors, such as trastuzumab or the dual EGFR/HER2 kinase inhibitor, lapatinib (3). Compared to the other tumor subtypes, BL breast cancer patients have a more aggressive clinical course, higher risk of recurrence, and lower survival rate. Approximately 77% of BL tumors exhibit loss of expression of the estrogen receptor, progesterone receptor, and HER2, and are referred to as triple-negative breast cancer (TNBC) (4). The TNBC subtype is characterized by enhanced invasiveness and formation of distant metastases whose migration characteristics are associated with the acquisition of mesenchymal phenotype by epithelial cells (5). Unfortunately, due to the lack of expression of hormone receptors and the absence of HER2 protein overexpression, there is currently no targeted therapy for this breast cancer subtype, and chemotherapy remains the standard treatment for patients with triple-negative disease.

Annexin A1 (ANXA1) is a member of the Ca2+-dependent phospholipid-binding protein family and has long been classified as an anti-inflammatory protein due to its control over leukocyte-mediated immune responses (6). Further studies have shown that in addition to inflammatory responses, ANXA1 also participates in key intracellular signaling pathways through protein cascades and plays a regulatory role in cancer cell proliferation, adhesion, apoptosis, cytoskeletal protein reorganization, angiogenesis, and invasion and metastasis (7). Changes in ANXA1 expression are associated with specific types of tumors, and the expression of ANXA1 has been studied in a wide range of cancers: ANXA1 is upregulated in lung cancer, colorectal cancer, hepatocellular carcinoma, pancreatic cancer, multiple myeloma, and melanoma, while in other types of cancers such as esophageal squamous cell carcinoma, gastric cancer, head, and neck squamous cell carcinoma, and prostate cancer, ANXA1 is downregulated or absent (8). It is noteworthy that ANXA1 shows differences in expression levels in the highly heterogeneous breast cancer: Patients with luminal breast cancer showed loss of ANXA1 expression, whereas patients with BRCA1/2 mutation, triple-negative, and poorly differentiated breast cancer showed ANXA1 upregulation (9). Clinical macro data confirmed that elevated ANXA1 expression was significantly associated with higher pathological grades and worse breast cancer-associated survival (10).

Our previous research confirmed that the long non-coding RNA, DC-STAMP domain containing 1-antisense 1 (DCST1-AS1), is highly expressed in TNBC tissues and is associated with poor histopathological grade and distant metastasis. We also determined that DCST1-AS1 regulates insulin-like growth factor-2 mRNA-binding protein 1 (IGF2BP1) through miR-873-5p to promote TNBC cell proliferation and metastasis (11). In this study, we found that DCST1-AS1 binds to ANXA1 to promote TGF-β-induced epithelial–mesenchymal transition (EMT) processes in breast cancer cells. DCST1-AS1 also enhanced the chemoresistance of BT-549 cells to doxorubicin and paclitaxel through ANXA1.



MATERIALS AND METHODS


Materials

Human transforming growth factor-β1 (TGF-β1) was obtained from R&D Systems (Minneapolis, MN, USA). Corning BioCoatTM Tumor Invasion 24-well plate was purchased from Corning Incorporated (Corning, NY, USA). Leibovitz's L-15 medium, trypsin-EDTA (0.25%), and fetal bovine serum (FBS) were procured from GIBCO BRL (Grand Island, NY, USA). cOmpleteTM, EDTA-free Protease Inhibitor Cocktail, PhosSTOPTM phosphatase inhibitor Cocktail, and TRIzol reagent were purchased from Sigma-Aldrich (St. Louis, MO, USA). RIPA lysate, QuicBlockTM Blocking Buffer for Immunostaining, Immunostaining Permeabilization Solution with Saponin, Immunostaining Permeabilization Solution with Triton X-100, and Immunofluorescence Staining Kit with Cy3-Labeled Goat Anti-Rabbit IgG were purchased from Beyotime (Shanghai, China). Primary rabbit antibodies anti-ANXA1 and anti-SNAI1 were purchased from Abcam (Cambridge, MA, USA). Primary rabbit antibodies including anti-vimentin, E-cadherin, matrix metallopeptidase 2 (MMP2), matrix metallopeptidase 9 (MMP9), Smad2, and phospho-Smad2 Ser465/467 (p-Smad2) were purchased from Cell Signaling Technology (Danvers, MA, USA). DCST1-AS1 stable knocked down cell lines were generated using lentivirus-mediated transduction using synthetic short hairpin RNA (shRNA) oligonucleotides (GeneChem, Shanghai, China) according to the manufacturer's protocols. Stable DCST1-AS1-overexpressing cell lines were produced by lentivirus-mediated transduction (Genepharma, Shanghai, China) according to the manufacturer's protocols. Puromycin (5 μg/ml) used to screen stable lentivirus-transfected cell lines was purchased from Solarbio (Beijing, China). Small interfering RNA (siRNA) oligonucleotides targeting ANXA1 and non-targeting siRNA were purchased from GenePharma (Shanghai, China). The full-length sequence of DCST1-AS1 was amplified in vitro and subcloned into the EcoRI and HindIII sites of the pUC57 vector, and the resulting vector was named pUC57-DCST1-AS1 (Supplementary Material 1). The cDNA sequence of ANXA1 was amplified in vitro and subcloned into the BamHI and EcoRI sites of the pcDNA3.1 vector, and the resulting vector was named pcDNA3.1-ANXA1 (Supplementary Material 2). Transfections with DNA were performed using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA). Transfections with siRNA were performed using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen). Paclitaxel was purchased from Peking Union Pharmaceutical Factory (Beijing, China). Doxorubicin hydrochloride for injection was purchased from Main Luck Pharmaceuticals Inc. (Shenzhen, China). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Laboratories (Kyushu Island, Japan).



Cell Culture

Breast cancer cell lines MDA-MB-231, BT-549, T-47D, and MCF7 were obtained from the Chinese Academy of Sciences Cell Bank (Shanghai, China). MDA-MB-231 cells were cultured as monolayers in Leibovitz's L-15 medium supplemented with L-glutamine, sodium pyruvate, and 10% FBS at 37°C in a humidified atmosphere without CO2 and allowing exchange with air. BT-549, T-47D, and MCF7 cells were cultured in RPMI 1640 medium containing 10% FBS at 37°C in humidified atmosphere containing 5% CO2. In our previous study (11), we had generated the following stably transfected cell lines: BT-549-sh and MDA-231-sh are stably transfected cell lines derived from lentiviral infection of BT-549 and MDA-MB-231 cells with DCST1-AS1 interference fragment. BT-549-NC and MDA-231-NC are stably transfected cell lines derived from BT-549 and MDA-MB-231 cells following infection with lentivirus carrying unrelated fragments and served as negative controls. MDA-231-exp is a stably transfected cell line obtained by infecting MDA-MB-231 cells with lentivirus carrying the DCST1-AS1 overexpression vector. MDA-231-eNC is a stably transfected cell line obtained by infecting MDA-MB-231 with lentivirus carrying an empty vector and served as a negative control. In this study, we used the same method to obtain a stably transfected cell line MCF7-exp overexpressing DCST1-AS1 and its negative control MCF7-NC. Methods for the preparation of the stably transfected cell lines are provided in Supplementary Material 3. All cell lines were subjected to morphological examination, growth curve determination, and mycoplasma detection prior to the study.



RNA Preparation and Quantitative Real-time PCR

Total RNAs were isolated from BT-549, MDA-MB-231, T-47D, and MCF7 using TRIzol according to the manufacturer's instructions. The cDNAs used for real-time PCR were obtained from the purified RNA using a PrimeScript RT Reagent Kit (TaKaRa, Tokyo, Japan). A two-step PCR was used for PCR amplification at a Tm of 57°C using the following primers purchased from Sangon (Shanghai, China): DCST1-AS1 Forward: 5′-CCACTCACCAGCTTCTTC-3′; Reverse: 5′-CTTCTGCTATGTCTCACCC-3′. ANXA1 Forward: 5′-TGATGAACTTCGTGCTG-3′; Reverse: 5′-TGGTTTGCTTGTGGC-3′. The 18S rRNA was used to calculate the relative gene expression.



Immunofluorescence Staining

Sterile slides were placed in a 24-well plate, and the cells were plated to coat the slides. When the cell reached about 60% confluence, serum-free medium was added and the cells were serum starved for 24 h. Finally, TGF-β (5 ng/ml) was added and the cells were induced for 24 h. The cells were then washed thrice with PBS and fixed with 4% paraformaldehyde for 20 min. Then, the cells were washed with PBS again and stabilized in Saponin (E-cadherin) or 0.5% Triton X-100 (vimentin) for 20 min. After washing thrice with PBS, the cells were immunostained by treating with QuicBlockTM Blocking Buffer for 15 min and then incubated with anti-E-cadherin (1:200) or anti-vimentin (1:100) antibodies overnight at 4°C. After washing, the cells were incubated with Cy3-labeled anti-rabbit IgG antibody for 60 min in the dark and counterstained with Hoechst 33,342. The cells were observed and photographed with a confocal fluorescence microscope (LSM880, Zeiss, Jena, Germany).



Cell Migration Assay

The effect of DCST1-AS1 on the TGF-β-induced migration of TNBC cells was analyzed using wound healing assays. Cells were resuspended in serum-free medium containing TGF-β (5 ng/ml) and plated in 6-well plates at a density of 2.5 × 105 cells per well. After incubating the cells for 24 h, artificial wounds were made on cell monolayer using a sterile 200-μl pipette tip. The cells were washed thoroughly with PBS to remove the cells in suspension, and fresh medium was added to continue the culture. Snapshot images were captured at 0 and 12 h using a Leica DMi8 inverted microscope (Wetzlar, Germany) to quantify the rate of wound closure and cell migration. To determine the statistical significance of the data, we analyzed the single-layer wound healing assay by processing the image using a computational tool (Image J software).



Cell Invasion Assay

Cell invasion assays were carried out using modified Boyden chambers consisting of transwell membrane filter (8 μm pore size) inserts in 24-well tissue culture plates. Following induction with TGF-β (5 ng/ml) for 24 h, the cells were resuspended at a density of 2.5 × 105 cells/ml. A total of 200 μl of the cell suspension was added to the upper chamber, and the FBS concentration in the culture medium was adjusted to 1%. A total of 500 μl of 10% FBS-containing medium was added to the lower chamber. After incubating for 18 h, the non-invasive cells and matrigel matrix were removed from the inside of the insert using a cotton swab. The invading cells were subjected to crystal violet staining and photographed using an inverted microscope.



Enzyme-Linked Immunosorbent Assay (ELISA)

The cells were resuspended in serum-free medium and plated in 96-well plates at a cell density of 20,000 cells per well and incubated overnight. Following treatment with TGF-β (5 ng/ml) for 24 h, the cell culture supernatants were collected, and the expression of MMP2 and MMP9 was analyzed by ELISA using Human MMP9 and Human MMP2 ELISA kits (RayBiotech, Norcross, GA, USA) according to the manufacturer's instructions. These assays use human MMP2 or MMP9-specific antibody-coated 96-well plates. The standards and samples were added to the wells, and the MMP2 or MMP9 present in the sample bound to the antibodies immobilized in the well. The wells were washed and biotinylated anti-human MMP2 or MMP9 antibodies were added. After washing off the unbound biotinylated antibodies, HRP-conjugated streptavidin was added to the well. The wells were washed again, and a TMB substrate solution was added to the wells. The color development is proportional to the amount of bound MMP2 or MMP9. The stop solution changed the color from blue to yellow and intensity of the color was measured at 450 nm.



RNA Pulldown and Mass Spectrometry

The RNA pulldown assay was performed as described below. The sense and antisense strands of DCST1-AS1 were obtained by in vitro transcription, and a single dethiobiotinylated cytidine diphosphate was linked to the 3′ end of the RNA strand using T4 RNA ligase. The biotinylated RNAs were then incubated with BT-549 protein lysates to form RNA–protein complexes and combined with streptavidin-labeled magnetic beads to separate the complexes from other components in the incubation solution. After elution, the proteins pulled down by the sense or antisense DCST1-AS1 were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The pulled-down protein solution was subjected to enzymatic treatment and analyzed with a Triple TOFTM 5600-plus instrument (AB Sciex, Redwood City, CA, USA) and the results were analyzed using Proteinpilot software. DCST1-AS1 was amplified with the following primer sequence: Forward: 5′-taatacgactcactatagggaaagcccgggagcgcgcagacttggctgtgcg-3′; Reverse: 5′-TTTTTTCACACTTTACAGAGTTTGTTTAATGT-3′. Antisense DCST1-AS1 was amplified with the following primer sequences: Forward: 5′-taatacgactcactatagggTTTTTTCACACTTTACAGAGTTTGTTTAATGT-3′; Reverse: 5′-aaagcccgggagcgcgcagacttggctgtgcg-3′.



RNA Immunoprecipitation Assay

RNA immunoprecipitation experiments were performed using the Magna RIP RNA-Binding Protein Immunoprecipitation kit (Merck Millipore, Billerica, MA, USA). Briefly, BT-549 cells were harvested and RIP cell lysis buffer was added to the cells. The stock solution of magnetic beads was washed thoroughly and resuspended in the washing buffer. Anti-ANXA1 or IgG (as control) antibodies were added to bind to the magnetic beads. The supernatant from the BT-549 cell lysate was added to the magnetic bead–antibody complex and incubated at 4°C for 3 h. A magnetic frame was used to isolate the RNA bound to the magnetic bead–antibody complex. RNA was eluted from the magnetic beads and purified. RT-PCR was used to detect DCST1-AS1 precipitated by the antibodies.



Western Blot Analysis

Protease and phosphatase inhibitor cocktail tablets were added to RIPA buffer according to the manufacturer's instructions. Cells were washed with PBS and lysed, and the protein concentration in the lysates was measured using a standard Bradford Assay Kit (KeyGEN, Nanjing, China). Total proteins were separated on 8 or 10% SDS-PAGE, and transferred to PVDF membranes (Millipore, Tullagreen, Republic of Ireland) using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad, Hercules, CA, USA). After blocking with 5% BSA in TBST, the membranes were separately incubated overnight at 4°C with antibodies against ANXA1, vimentin, E-cadherin, SNAI1, Smad2, p-Smad2, MMP2, and MMP9. The membranes were washed and incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h. The bands were detected using a SuperSignal West Femto Maximum Sensitivity Substrate Kit (Thermo Scientific, Rockford, IL, USA), the images were acquired using a SYNGENE G: BOX chemiXR5 system (Cambridge, UK), and the results were analyzed using Gel-Pro32 software. GAPDH expression was used as an internal control to standardize the relative expression levels of the proteins.



Cell Viability Analysis

CCK-8 was used to determine the drug resistance of BT-549 cells. Cells were counted following trypan blue staining and plated in 96-well plates at 5,000 cells per well. Following 24 h of incubation, serial dilutions of doxorubicin (dissolved in DMSO) and paclitaxel (dissolved in absolute ethanol) were added to the cells in complete medium for different concentrations. An equal volume of corresponding vehicle was added to the wells labeled with drug concentration 0 as controls. Further, wells with the reagent combinations but without any cells served as blanks. After 48 h of treatment, the culture solution in each well was replaced with 100 μl of 10% reaction solution. After incubation for 3 h, the OD value of the viable cells was measured at 450 nm, and the cell viability was calculated according to the following formula:
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Statistical Analysis

All data presented are representative of at least three independent experiments. Student's t-test was used to analyze the results of wound healing experiments, cell invasion experiments, Western blotting, ELISA, and RT-PCR. Two-way analysis of variance (ANOVA) was performed to compare the data between groups in the cell viability analyses. p < 0.05 were considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001). Dose–response curves were plotted using GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA), and IC50 values were calculated using non-linear regression, and other statistical analyses were performed using SPSS 22.0 (SPSS, Chicago, Illinois, USA).




RESULTS


DCST1-AS1 Affects TGF-β-Induced Vimentin and E-Cadherin Expression in TNBC Cells

Our previous studies confirmed that DCST1-AS1 is highly expressed in BT-549 and MDA-MD-231 cells, especially in BT-549 cells. According to the information provided by ATCC for the cells, BT-549 and MDA-MB-231 are epithelial-derived breast cancer cell lines and have the morphology of epithelial cells. TGF-β has been shown to induce EMT in BT-549 and MDA-MB-231 cells in vitro (12). We obtained DCST1-AS1 stable knockdown cell lines and negative controls: BT-549-sh and BT-549-NC; MDA-231-sh and MDA-231-NC. RT-PCR was used to confirm the knockdown efficiency of DCST1-AS1 (Supplementary Figure 1). Subsequently, we treated BT-549-sh, BT-549-NC, MDA-231-sh, and MDA-231-NC with or without 5 ng/ml TGF-β for 24 h, and analyzed the changes in expression of vimentin and E-cadherin using immunofluorescence staining. We observed higher levels of E-cadherin expression in the cells with DCST1-AS1 knockdown (BT-549-sh and MDA-231-sh) compared to the negative control cells, while vimentin expression was lower in these cells (Figures 1A,B). These changes are more pronounced in cells induced by TGF-β. These results indicate that DCST1-AS1 affects TGF-β-induced vimentin and E-cadherin expression in BT-549 and MDA-MB-231 cells.


[image: Figure 1]
FIGURE 1. Confocal microscopy images of immunofluorescence staining showing the effect of DCST1-AS1 on TGF-β-induced epithelial–mesenchymal transition. (A) The expression of E-cadherin following TGF-β stimulation for 24 h was higher in BT-549-sh and MDA-231-sh cells compared to the negative control cells. NC, negative control. (B) The expression of vimentin in BT-549-sh and MDA-231-sh cells following TGF-β stimulation for 24 h was lower in BT-549-sh and MDA-231-sh cells compared to the negative control cells.




DCST1-AS1 Promotes TGF-β-Induced Migration and Invasion in TNBC Cells

To examine the effect of DCST1-AS1 on TGF-β-induced cell migration, we performed wound healing experiments with BT-549-sh, BT-549-NC, MDA-231-sh, and MDA-231-NC cells grown as confluent monolayers. After induction of the cells with TGF-β, images were captured at 0 and 12 h using an inverted microscope (Figure 2A). Compared with the negative control cells, the mobility of BT-549 and MDA-MB-231 cells was significantly slower following knockdown of DCST1-AS1. The open wound areas in BT-549-sh and MDA-231-sh were about 56.5% and 73.9%, respectively, which was significantly higher than that in BT-549-NC (about 29.0%) and MDA-231-NC (about 41.9%). These data showed that DCST1-AS1 promotes TGF-β-induced migration of BT-549 and MDA-MD-231.
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FIGURE 2. Effects of DCST1-AS1 on TGF-β-induced migration and invasion of triple-negative breast cancer cells. (A) Wound healing assays were used to measure cell migration ability after 24 h of stimulation with TGF-β (5 ng/ml). The migration rate of BT-549-sh and MDA-231-sh cells was slower than that of the negative control cells, BT-549-NC, and MDA-231-NC. Images were obtained at 0 and 12 h using an inverted microscope. (B) Transwell chambers were used to analyze cell invasiveness after 24 h of stimulation with TGF-β (5 ng/ml). Compared to the negative control cells, fewer cells invaded the matrigel matrix in the case of BT-549-sh and MDA-231-sh. Images were obtained after 18 h using an inverted microscope. (C) Enzyme-linked immunosorbent assay was used to detect level of MMP2 and MMP9 in cell culture supernatants after 24 h of stimulation with TGF-β (5 ng/ml). *p < 0.05, **p < 0.01.


To investigate the effect of DCST1-AS1 on TGF-β-induced cell invasion, we performed transwell experiments with BT-549-sh, BT-549-NC, MDA-231-sh, and MDA-231-NC cells. The knockdown and negative control cells were treated with TGF-β (5 ng/ml) and inoculated in the upper chamber. Compared with the negative control cells, the invasion rate of BT-549-sh cells was 36.3%, and that of MDA-231-sh was 45.1% (Figure 2B). These data showed that DCST1-AS1 promotes TGF-β-induced invasion potential of BT-549 and MDA-MD-231.

MMP2 and MMP9 play an important role in cancer metastasis by promoting the degradation of extracellular matrix (13). TGF-β can enhance the tumorigenicity and invasiveness of breast cancer cells by inducing the expression of MMP2 and MMP9 (14). Using ELISA, we determined the levels of MMP2 and MMP9 in the cell culture supernatants before and after TGF-β treatment by plotting a concentration standard curve. As shown in Figure 2C, prior to TGF-β induction, there was no significant change in MMP2 secretion by DCST1-AS1 knockdown cells, but following 24 h of TGF-β induction, the level of MMP2 secreted by DCST1-AS1 knockdown cells was significantly increased. Unlike MMP2, the level of MMP9 in DCST1-AS1 knockdown cells was significantly decreased prior to and after TGF-β induction, indicating that the knockdown of DCST1-AS1 affects the expression of MMP9. These data showed that DCST1-AS1 affects TGF-β-induced secretion of MMP2 and MMP9 in BT-549 and MDA-MD-231 cells.



DCST1-AS1 Associates With ANXA1

To identify the proteins that bind to DCST1-AS1, we performed RNA pulldown assays. First, the full-length plasmid of DCST1-AS1, pUC57-DCST1-AS1, was synthesized and fully sequenced. Then, using pUC57-DCST1-AS1 as a template, biotin-labeled sense and antisense DCST1-AS1 were transcribed in vitro, and incubated with BT-549 cell lysate to form nucleic acid–protein complexes. The complexes capable of binding to streptavidin-labeled magnetic beads were separated from other components in the incubation solution and subjected to SDS-PAGE and silver staining (Figures 3A,B). Subsequently, the proteins that were pulled down using sense and antisense DCST1-AS1 were treated with trypsin and analyzed by liquid chromatography/tandem mass spectrometry (LC-MS/MS). The mass spectrometry data were searched and analyzed using the Proteinpilot software (Supplementary Table). Using stringent parameters including confidence interval of ≥95% and unique peptides ≥1, the common contaminating proteins such as keratin, antibody proteins, and serum albumin were excluded, and we found that the sense DCST1-AS1, but not the antisense, specifically associated with ANXA1 in BT-549 cells (Figure 3C). We analyzed the remaining pulldown protein solution using Western blotting and found that ANXA1 was specifically detected in the protein solution pulled out using the sense DCST1-AS1, which is consistent with the mass spectrometry results (Figure 3D). We further verified the binding specificity between DCST1-AS1 and ANXA1 using RNA immunoprecipitation, using ANXA1 antibody to precipitate RNA that binds to ANXA1 in BT-549 cell lysate. We isolated and purified the precipitate and successfully detected DCST1-AS1 by RT-PCR amplification (Figure 3E). These experimental data demonstrated that DCST1-AS1 stably binds to ANXA1 protein in BT-549 cells.
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FIGURE 3. DCST1-AS1 interacts with ANXA1 in BT-549 cells. (A) Gel electrophoresis of the PCR products of the sense and antisense strands of DCST1-AS1. (B) SDS-PAGE of proteins pulled down using the DCST1-AS1 sense and antisense strands. (C) Analysis of the pulled-down proteins by liquid chromatography/tandem mass spectrometry (D) Western blotting was used to confirm the results of mass spectrometry. ANXA1 was detected in the proteins pulled down with the DCST1-AS1 sense strand. Proteins pulled down with the DCST1-AS1 antisense strand were used as a negative control, and whole-cell lysate was used as a positive control. (E) The RNA immunoprecipitation products were isolated and purified, and the amount of DCST1-AS1 bound to ANXA1 or IgG was measured by RT-qPCR. IgG was used as a negative control. 18S rRNA was used as an internal control. **p < 0.01.




DCST1-AS1 Affects ANXA1 Expression

We analyzed TCGA database and found that ANXA1 is expressed in several breast cancer subtypes (luminal, HER2+, and TNBC), which have different morphological, clinical, and therapeutic responses. We found that ANXA1 is expressed significantly higher in the TNBC subtype than in the luminal and HER2+ types (Figure 4A). We used Western blotting to detect the expression level of ANXA1 in breast cancer cells (BT-549, MDA-MB-231, MCF7, and T-47D) and found that ANXA1 level was significantly higher in BT-549 and MDA-MB-231 cells (highly invasive) than in MCF7 and T-47D cells (low invasive) (Figure 4B), which was consistent with the expression of DCST1-AS1 (11). We designed a siRNA targeting ANXA1 and transfected BT-549 and MDA-MB-231 cells. We found that knockdown of ANXA1 had no significant effect on the expression of DCST1-AS1 (Figure 4C). Subsequently, we examined ANXA1 mRNA in control and stable DCST1-AS1 knockdown cell lines MDA-231-sh, MDA-231-NC, BT-549-sh, and BT-549-NC cells. ANXA1 mRNA was downregulated in BT-549-sh and MDA-231-sh cells compared to the negative control group (Figure 4D). We transfected MCF7 cells (with low endogenous expression of DCST1-AS1) with DCST1-AS1 overexpression lentiviral vector to obtain a cell line stably expressing DCST1-AS1 and its corresponding negative control, labeled MCF7-exp and MCF7-NC, respectively. RT-PCR analysis showed that the upregulation of DCST1-AS1 in MCF7-exp cells was accompanied by the upregulation of ANXA1 mRNA (Figure 4E). Taken together, these results indicate that DCST1-AS1 is involved in ANXA1 mRNA regulation.
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FIGURE 4. Effect of DCST1-AS1 on the expression of ANXA1 in breast cancer cells. (A) TCGA data were used to analyze the expression of ANXA1 in the breast cancer subtypes. (B) Western blotting was used to analyze the expression of ANXA1 in BT-549, MDA-MB-231, MCF7, and T-47D cells. GAPDH was used as an internal control. (C) RT-PCR was used to analyze the changes in DCST1-AS1 expression in BT-549 and MDA-MB-231 cells following knockdown of ANXA1. siANXA1, small interfering RNA targeting ANXA1. siNC, negative control siRNA. (D) RT-PCR was used to analyze the changes in ANXA1 mRNA expression in BT-549 and MDA-MB-231 cells following knockdown of DCST1-AS1. (E) RT-PCR was used to analyze ANXA1 mRNA expression following overexpression of DCST1-AS1 in MCF7 cells. (F) Western blotting was used to analyze the effect of DCST1-AS1 on expression of ANXA1, E-cadherin, vimentin, SNAI1, MMP9, and MMP2 in BT-549, MDA-MB-231, and MCF7 cells. **p < 0.01.


In addition, we examined ANXA1 and other key EMT-associated proteins and found that the expression of ANXA1, vimentin, SNAI1, and MMP9 were significantly decreased in BT-549 and MDA-MB-231 cells following DCST1-AS1 knockdown, while the expression of E-cadherin was increased. Conversely, overexpression of DCST1-AS1 in MCF7 reversed the expression pattern of these proteins (Figure 4F). We also performed DCST1-AS1 overexpression experiments in MDA-MB-231 cells; however, the Western blotting showed no significant changes in ANXA1 (Supplementary Figure 2). We speculate that this is related to the high levels of endogenous expression of DCST1-AS1 and ANXA1 in MDA-MB-231 cells. MMP2 protein does not appear to be affected by the amount of DCST1-AS1 expression, which is consistent with our previous ELISA assay results.



DCST1-AS1 Promotes TGF-β/Smad-Induced EMT Through ANXA1

We treated BT-549-sh and BT-549-NC cells with 5 ng/ml of TGF-β. Compared to the negative control cells, we found that BT-549-sh cells exhibited impaired phosphorylation of Smad2 following TGF-β treatment. MCF7 cells endogenously express DCST1-AS1 and ANXA1 at low levels. Based on this characteristic, we performed functional experiments with MCF7 cells: TGF-β was added to MCF7-exp and MCF7-NC cells. Compared with the control group, the phosphorylation of Smad2 in DCST1-AS1-overexpressing cells was increased to a certain extent (Figure 5A). Our results indicate that DCST1-AS1 is involved in the regulation of TGF-β/Smad signaling in BT-549 and MCF7 cells.
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FIGURE 5. Effect of DCST1-AS1 in combination with ANXA1 on TGF-β/Smad signaling. (A) Western blotting was used to analyze the effects of deletion and overexpression of DCST1-AS1 on the ratio of p-Smad2 and Smad2 in BT-549 and MCF7 cells. (B) Western blotting was used to analyze the effect of exogenous expression of ANXA1 on the ratio of p-Smad2 and Smad2 in BT-549-sh and MCF7-exp cells. pANXA1, pcDNA3.1-ANXA1; pNC, negative control. **p < 0.01.


Since knockdown of DCST1-AS1 reduced the expression level of ANXA1 in BT-549 cells and the recombinant eukaryotic expression vector pcDNA3.1-ANXA1 effectively upregulates ANXA1 (Supplementary Figure 3), we designed an ANXA1 rescue experiment by transfecting pcDNA3.1-ANXA1 into BT-549-sh cells. After 48 h of transfection, the cells were induced with TGF-β for 30 min. We found that exogenous ANXA1 partially reversed the impaired Smad2 phosphorylation status caused by DCST1-AS1 knockdown (Figure 5B). We also transfected the expression vector pcDNA3.1-ANXA1 in MCF7-exp cells and treated the cells with the same amount of TGF-β. We found that Smad2 phosphorylation levels were significantly increased in MCF7-exp cells that express exogenous ANXA1. Our results indicate that DCST1-AS1 and ANXA1 promote EMT through TGF-β/Smad signaling and are not limited to TNBC cells alone.



DCST1-AS1 Enhances Cell Chemoresistance via ANXA1

To clarify the therapeutic significance of DCST1-AS1 in association with ANXA1 in TNBC, we chose doxorubicin and paclitaxel for the drug sensitivity experiments. The CCK-8 method was used to measure the cell inhibition rate, and the change in chemoresistance of cells was evaluated by calculating the half maximal inhibitory concentration (IC50) in combination with the quantitative response curve. We first performed loss of function assays. After treating BT-549-sh and BT-549-NC cells with different concentrations of doxorubicin and paclitaxel for 48 h, we observed that the IC50 values of the DCST1-AS1 knockdown cells were significantly lower than those of the negative control cells, indicating that DCST1-AS1 expression favored BT-549 resistance to doxorubicin and paclitaxel (Figure 6A). In BT-549 cells with knockdown of ANXA1, we observed that the IC50 of the doxorubicin group decreased significantly from 5.98 ± 0.14 to 2.70 ± 0.08, and that of the paclitaxel group decreased significantly from 5.07 ± 0.14 to 2.66 ± 0.08, indicating that ANXA1 mediates BT-549 resistance to doxorubicin and paclitaxel (Figure 6B). We have demonstrated that knockdown of DCST1-AS1 is accompanied by a decrease in the amount of ANXA1 expression. Based on this, we designed a rescue experiment by transfecting pcDNA3.1-ANXA1 into DCST1-AS1 knockdown cells to restore ANXA1 expression, and then subjected the transfected cells to doxorubicin and paclitaxel treatment. We found that exogenous expression of ANXA1 restored the loss of resistance of BT-549 cells due to DCST1-AS1 knockdown. In the doxorubicin group, the IC50 increased significantly from 3.03 ± 0.27 to 7.81 ± 0.31, and in the paclitaxel group, the IC50 increased significantly from 4.43 ± 0.15 to 9.01 ± 0.25 (Figure 6C). We have summarized the IC50 values from different experiments in Table 1. Taken together, the experimental data from this study demonstrate that DCST1-AS1 is involved in the regulation of drug resistance of BT-549 cells to doxorubicin and paclitaxel by binding to ANXA1.
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FIGURE 6. DCST1-AS1 in combination with ANXA1 enhances chemoresistance in BT-549 cells. (A) The chemosensitivity of BT-549 cells to doxorubicin and paclitaxel following knockdown of DCST1-AS1 was analyzed using CCK8 assay. (B) The chemosensitivity of BT-549 cells to doxorubicin and paclitaxel following knockdown of ANXA1 was analyzed using CCK8 method. (C) The chemosensitivity of BT-549-sh cells to doxorubicin and paclitaxel following exogenous expression of ANXA1was analyzed using CCK8 assay. ***p < 0.001.



Table 1. The effect of DCST1-AS1 and ANXA1 on IC50 values when BT-549 cells were treated with doxorubicin and paclitaxel.
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DISCUSSION

EMT is an important event in cancer metastasis (15). During this process, epithelial cells lose their epithelial characteristics and acquire more mesenchymal properties through cytoskeletal rearrangement, adhesion, and changes in cell structure and morphology. TGF-β, a major inducer of EMT, is overexpressed in breast cancer, and is associated with malignant progression and poor prognosis (16). Adding TGF-β to epithelial cells in culture induces EMT in vitro (17, 18). TGF-β induces EMT through a Smad-dependent pathway. Briefly, TGF-β binds to the type II receptor (TGFR2) and phosphorylates the type I receptor (TGFR1), which in turn induces phosphorylation of the Smad protein to control transcription of the target genes. TGF-β also enhances EMT through Smad-independent pathways, such as through small GTPase, ERK1/2, and p38 MAPK pathways (19). These pathways overlap and collectively regulate EMT-related transcription factors and act as major molecular switches in the EMT program.

Downregulation of E-cadherin and upregulation of vimentin are hallmarks of EMT (20). Inhibition of E-cadherin expression by transcription factors is central to the progression of EMT. E-cadherin is an important regulator of the epithelial phenotype, and changes in its expression levels can lead to changes in the motility and invasiveness of tumor cells. The level of E-cadherin is inversely related to the survival and progression in breast cancer patients (21). SNAI1 is an important EMT transcription factor that regulates EMT progression by inhibiting the migration of E-cadherin and enhancing the migration and invasion of tumor cells (22). Vimentin belongs to the type III intermediate filament, which is usually expressed in mesenchymal cells and some ectodermal cells, such as fibroblasts and endothelial cells. Blocking the expression of vimentin can re-epithelialize cells that have undergone EMT and can attenuate the invasive ability of tumor cells (23). By examining changes in these important EMT-related indicators, we confirmed that DCST1-AS1 was involved in the EMT process in breast cancer.

The EMT process not only changes the cellular characteristics of cancer cells from an epithelial to mesenchymal phenotype, but also triggers remodeling of the extracellular matrix by activating various proteases such as the MMPs, thereby achieving anoikis resistance, and increased invasiveness and migration (24). MMPs are a group of enzymes that regulate the extracellular matrix. Among them, the metalloproteinases MMP2 and MMP9 that play a key role in the degradation of type IV collagen are overexpressed in breast cancer and correlate with poor prognosis of patients (25). TGF-β/Smad signaling can upregulate MMP2 and MMP9 to induce breast cancer cell invasion (26). Our study confirmed that disruption of DCST1-AS1 in BT-549 and MDA-MD-231 cells affected TGF-β-induced secretion of MMP2 and MMP9 in cell culture supernatants. Furthermore, we found that MMP9 was more sensitive to changes in DCST1-AS1 than MMP2. Given that ANXA1 positively regulates the expression and function of MMP9 in invasive breast cancer (27), we believe that the sensitivity of MMP9 may be related to the effect of DCST1-AS1 on ANXA1.

The overexpression of ANXA1 in highly aggressive breast cancers has led many researchers to focus on its role in invasion and metastasis. Swa et al. cultured normal breast epithelial cells from ANXA1-hybrid and ANXA1-deficient mice, and showed that ANXA1 may play a role in cell adhesion and migration pathways (28). Alli-Shaik et al. analyzed mammary epithelial cells from ANXA1-hybrid and ANXA1-deficient mice by quantitative phosphorylation proteomics and found that most ANXA1-responsive phosphorylation changes occurred in proteins involved in cytoskeletal reorganization, which favors breast cancer cell migration (29). Bist et al. demonstrated that ANXA1 interacts with NEMO and RIP1 to constitutively activate IKK complexes and NF-κB, promoting breast cancer invasion and metastasis (30). Overexpression of ANXA1 is often associated with EMT in some aggressive cancers (31, 32). TGF-β/Smad signaling plays an important role in the progression of EMT in breast cancer, in which phosphorylation of Smad2 triggers the formation of a complex between Smad2 and Smad4, resulting in nuclear translocation of the Smad2/Smad4 complex and subsequent gene transcription (12, 33, 34). In our study, the disruption of DCST1-AS1 expression in BT-549 cells significantly reduced TGF-β-induced smad2 phosphorylation, while the overexpression of ANXA1 reversed this phenomenon. The results of overexpression of DCST1-AS1 and ANXA1 in MCF7 cells not only confirmed our conclusion from the BT-549 cells, but also showed that EMT progression promoted by the binding of DCST1-AS1 to ANXA1 through TGF-β/Smad signaling is not limited to TNBC cells. In addition, DCST1-AS1 is closely related to ANXA1 in expression level and molecular function and is involved in regulating ANXA1 mRNA. We believe that DCST1-AS1 and ANXA1 are physically related, but our current research has not determined the binding site and whether this binding is assisted by other molecules. Cross-linked immunoprecipitation and high-throughput sequencing data from the ENCODE database indicate that IGF2BP1 binds to ANXA1 mRNA. IGF2BP1 is known to be an RNA-binding protein that increases mRNA stability (35). We have shown that DCST1-AS1 is involved in the regulation of IGF2BP1, so we speculate that the regulation of ANXA1 mRNA by DCST1-AS1 is related to IGF2BP1.

The resistance of tumor cells to anti-tumor drugs is a common cause for the failure of treatment in TNBC. The overexpression of several lncRNAs has been found to play a role in chemoresistance of TNBC. For example, lncRNA NEAT1 is overexpressed in TNBC cells that are resistant to chemotherapy (36). LncRNA HCP5 promotes cisplatin resistance in TNBC by regulating PTEN expression (37). LncRNA H19 confers chemoresistance to paclitaxel in TNBC cells by regulating the AKT signaling pathway (38). LncRNAs HIF1A-AS2 and AK124454 enhance the resistance of TNBC cells to paclitaxel (39). Upregulation of ANXA1 is associated with increased resistance to chemotherapy in several cancers, but the mechanism by which it promotes resistance is unclear. Jia et al. found that knocking down ANXA1 enhanced the chemosensitivity of multiple myeloma cells to bortezomib (40). Onozawa et al. found that overexpression of ANXA1 is associated with increased 5-FU resistance in colon cancer cells (41). Wang et al. detected increased expression of ANXA1 mRNA and protein in cisplatin-resistant lung cancer A549 cells and lung adenocarcinoma tissues (42). Studies in breast cancer have found that in the absence of detectable levels of P-glycoprotein and the breast cancer resistance protein, ANXA1 upregulation is associated with increased resistance to several anticancer drugs, including doxorubicin, melphalan, and etoposide (43). Researchers have found that upregulated ANXA1 is involved in the paclitaxel resistance in ovarian cancer cells (44). Anthracyclines and taxanes are the preferred cytotoxic drugs in TNBC chemotherapy. Doxorubicin blocks the DNA double-helix closure by inhibiting the DNA supercoiled topoisomerase II and disrupting DNA strand replication. Paclitaxel inhibits the normal dynamic regeneration of the microtubule network necessary for mitosis, prevents the formation of normal mitotic spindles, leads to chromosome breakage, and inhibits cell replication. Our study demonstrates that DCST1-AS1 increases the resistance of BT-549 cells to doxorubicin and paclitaxel through ANXA1, thereby revealing the potential of DCST1-AS1 in the clinical treatment of TNBC.

Deregulation of lncRNAs is often observed in various cancers and therefore lncRNAs have been proposed as predictive, diagnostic, and prognostic biomarkers, and as putative therapeutic targets (45, 46). Although several chemotherapeutic agents are currently used in the treatment of various cancers, including breast cancer, they have many side effects. The use of non-coding RNAs as therapeutic targets for breast cancer may provide a promising solution to these problems (47, 48). Tumor cells with mesenchymal differentiation often exhibit primary drug resistance, and EMT is considered to be an important mechanism through which tumor cells acquire drug resistance (49, 50). Our previous studies confirmed that DCST1-AS1 promotes breast cancer cell proliferation, and knockdown of DCST1-AS1 causes G2 phase arrest (11). In this study, we sought to identify the molecular pathways through which DCST1-AS1 promotes breast cancer cell migration and invasion. Taken together, we demonstrate for the first time that DCST1-AS1 promotes TGF-β-induced EMT and enhances doxorubicin and paclitaxel resistance in TNBC cells through ANXA1, revealing that DCST1-AS1 may be a potential therapeutic target in TNBC.
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Identifying new mechanisms that underlie the complex process of metastasis is vital to combat this fatal step in prostate cancer (PCa) progression. Small non-coding RNAs are emerging as important regulators of tumor cell biology. Here we take an integrative approach to elucidate the contribution of microRNAs to metastatic progression, combining transcriptomic analysis with functional screens for migration and morphology. We developed high-content microscopy, high-throughput functional screens for migration and morphology in PCa cells using a microRNA library. RNA-Seq analysis of paired epithelial and mesenchymal PCa cells identified differential expression of 200 microRNAs. Data integration identified two microRNAs that inhibited migration, induced an epithelial-like morphology and were increased in epithelial PCa cells. An overrepresentation of the AAGUGC seed sequence was detected in all three datasets. Analysis of published datasets of patients with PCa identified microRNAs of clinical relevance. The integration of high-throughput functional and expression analyses identifies microRNAs with clinical significance that modulate metastatic behavior in PCa.

Keywords: microRNA, prostate cancer, screening, EMT - epithelial to mesenchymal transition, morphological analysis, migration screening


INTRODUCTION

Metastasis is responsible for >90% of human cancer related-deaths, and a comprehensive understanding of the cellular and molecular control of metastatic spread is imperative in order to develop new approaches to combat this fatal stage (1). The metastatic cascade is a multistep process that begins with tumor cells at the primary site undergoing morphological changes, facilitating their migration to distant sites for subsequent colonization. In advanced prostate cancer, malignant epithelial cells escape the prostate capsule, and can seed distant tissues like lymph nodes, bone marrow and adrenal glands (2). They do this by migrating and invading through several barriers, including the basement membrane, connective tissue of the prostatic capsule and blood vessel walls. Whereas, localized prostate cancer has a good prognosis, once prostate cancer has metastasized to distant sites, the disease is ultimately fatal and treatment is largely palliative.

MicroRNAs are short non-coding RNAs that are 20–23 nucleotides in length which cause translational repression or mRNA degradation by binding to cognate regions in the 3′ untranslated regions (UTRs) of messenger RNA. A 6–8 nucleotide sequence at the 5' end of the microRNA, called the “seed” region, is crucial for the majority of miRNA:mRNA interactions. MicroRNAs have emerged as key regulatory molecules in multiple facets of tumor cell behavior, and migration is no exception. A number of studies have underlined the importance of microRNAs in prostate cancer pathogenesis, including the control of cellular morphology and migration in prostate cancer cells (3, 4). However, these previous studies utilize a candidate-based approach to investigate the role of microRNAs, which could potentially miss out on identifying crucial players. Hence, we aimed to employ unbiased high-throughput functional screening techniques, assessing migration and morphology, and combine them with transcriptomic analysis of prostate cancer cell lines and in silico analysis of patient datasets.

As it is technically challenging to study cellular migration in vivo, particularly in a high-throughput fashion, several in vitro models have been established to mimic this (5, 6). Among these, the “wound healing” or “scratch” assay is the most commonly used technique (7), owing to the simplicity and low cost of its set-up. There have been previous reports in which the scratch assay was scaled up to 96- or 384-well plates, for use in high-throughput screening for migration (8), using pin tools attached to robots (9). Alternative approaches have also been reported, including the use of exclusion zone technology to create cell-free regions for subsequent analysis of cell movement (10). It has been reported that a spindle-like morphology is associated with an epithelial-mesenchymal transition (EMT) gene signature (11), and that a change in morphology, due to alterations in cell-cell adhesion interactions and cellular protrusions, is an important parameter associated with directed cell migration in vitro (12, 13). Here we employ a 96-pin scratch tool for the migration screen, and concurrently perform high content imaging to analyze morphological changes indicative of epithelial or mesenchymal morphology. Utilizing a microRNA mimic library, we have identified a number of microRNAs that control both migration and morphological changes. Transcriptomic analysis, and integration of functional and expression data with analysis of clinical datasets have enabled the identification of microRNAs and a microRNA seed sequence that are strongly linked to metastatic behavior and prostate cancer progression.



MATERIALS AND METHODS


Cell Culture

PC3-EGFP cells were a gift from Yolanda Calle (Kings College London), and were cultured in RPMI 1640 medium with L-glutamine, sodium pyruvate, MEM non-essential amino acids, MEM vitamins, 10% fetal bovine serum, and penicillin-streptomycin. ARCaPE and ARCaPM cells were purchased from Novicure, Inc., USA, and were cultured in MCaP medium with 5% fetal bovine serum and penicillin-streptomycin as described previously (14).



MicroRNA Mimic Library

A human microRNA mimic library from Dharmacon (CS-001010 Human Mimics Lot 10100, CS-001015 Supplement Human Mimic 16.0 Lot 11144), corresponding to Mirbase version 16.0 was used for this study.



Transfection and Cell Seeding for High-Throughput Screens

Lipofectamine RNAiMax reagent was used for transfection, according to the manufacturer's recommendations. Briefly, RNAiMax reagent was diluted in Opti-MEM and mixed with microRNA mimics, and was aliquoted manually into tissue culture-treated 96-well plates (Perkin-Elmer). Cells were then seeded into these wells using an automated liquid handling system at 20,000 cells per well, resulting in a final concentration of 25 nM of the microRNA mimic or controls. For the morphology screen, cells were seeded at a density of 7,500 cells per well, and transfected as above.



Scratch Assay

Twenty-four hours post-transfection, confluent monolayers of cells were scratched uniformly using a 96-pin scratch tool called WoundMaker (IncuCyte® Cell Migration Kit, Cat No 4493, Essen Bioscience), and washed twice with phosphate buffered saline using the automated liquid handling system to remove floating cells. The wells were then replaced with cell culture medium.



High-Content Imaging

All high-content imaging was performed using the InCell Analyser 6000 Cell Imaging System (GE Healthcare Life Sciences). Images for the migration screen were obtained at 0 h (i.e., immediately after the scratch was performed), 6, 12, 18, and 24 h, at 4X magnification in both bright-field and green fluorescent channels. For the morphology screen, images were obtained 24 and 48 h post-transfection in the green fluorescent channel at 10X magnification.



Migration Analysis

The area of the scratch was extracted using the InCell Analysis software, for each well and for each time point. The area from 0 h was subtracted from that of all subsequent time points to yield the migration of the cells in the corresponding duration. Data from non-targeting control-transfected wells (negative controls) were used for per-plate normalization, to reduce plate and batch-effects (Supplementary Figure 2), using the CellHTS2 package (15) (version 2.40.0) in R/Bioconductor.



Morphology Analysis

The images were segmented and cell outlines (“objects”) extracted using CellProfiler software (16). These objects were further filtered based on size to eliminate cell debris and imaging artifacts. Following this, CellProfiler was used to extract features describing the shape of the objects. Eccentricity was selected for single feature analysis, using the CellHTS2 package. As above, negative controls were used for per-plate normalization (Supplementary Figure 7). For multi-feature analysis, data from all control wells (~3,000 wells) were divided equally into a training set and test set. For the training set, non-targeting controls and mock-transfected wells were classified as mesenchymal, miR-373 wells as epithelial (based on a visible change to epithelial morphology and it coming up as a candidate in single feature analysis based on Eccentricity alone), and siPTK6 and miCon-transfected wells as intermediate morphologies. From the training set, secondary features (i.e., features derived from some combination of primary features like radius, diameter, major axis length, etc.) were used to build a linear discriminant analysis model. The secondary features used were Area, Compactness, Eccentricity, EulerNumber, Extent, FormFactor, and Solidity. The linear discriminant model was then applied on the test set to determine the accuracy of the model. Finally, the model was applied to the unknown samples to classify them into epithelial, intermediate, and mesenchymal morphologies.



Identification of Hits

Z-scores were calculated for the normalized migration and morphology data using the CellHTS2 package. A Z-score cut-off of −1 was used for microRNAs that inhibit migration, and a cut-off of +1 for those that promote migration. Similarly, Z-score cut-offs of −1 and +1 were used for rounded and spindle shapes in the morphology (eccentricity) screen.



Annotation

The microRNA mimic library, RNA-seq data, and microRNA expression data from public datasets used different formats for microRNA annotation. Hence, these disparate formats were reconciled using the microRNA sequences, and were matched to the latest Mirbase (version 21) nomenclature (17, 18). All microRNA names in this study are referred to in this format.



MicroRNA Sequencing and Analysis

Total RNA was extracted from near-confluent ARCaPE and ARCaPM cells in triplicates, size-selected for small RNAs (<200 bases), adapter-ligated and sequenced on the Illumina HiSeq2000 platform, at the Wellcome Trust Centre for Human Genetics, University of Oxford. Sequencing data thus obtained were checked for quality and correlation between replicates (Supplementary Figure 11) and microRNA counts were obtained using Chimira (version 1.0) (19). Differential expression analysis was performed using DESeq2 (20).



Data Mining

MicroRNA expression and clinical data in the Taylor dataset (GSE21036) were downloaded from cBioportal and analyzed in R statistical software (21). Viability data for the PC3 cell line were downloaded from the Lethal MicroRNA Database (http://microrna.garvan.unsw.edu.au/mtp/database/index).



Target Analysis

Experimentally validated targets were downloaded from miRTarBase Release 7.0 (22). The database was filtered for microRNAs of clinical interest and the target genes were sorted by the number of microRNAs targeting them.



Seed Analysis

A 6-nucleotide sequence in the positions 2–7 from the 5′ end was considered as the seed sequence.



Network Analysis

All microRNA: known target interactions were downloaded directly from DIANA Tarbase with approval (23). A subset of the data containing four microRNAs was used for this analysis.



Statistical Analysis

All statistical analyses were performed in R (version 3.4) and Bioconductor (version 3.5). Correlation analyses were performed using Pearson method. For survival analyses, Cox Proportional Hazard (univariate) model was used, with Bonferroni correction for multiple testing. Over-representation of the seed sequence was analyzed using Fisher's exact test. Student's t-test (unpaired, two-tailed) was used for comparison of two groups (qRT-PCR). For all statistical analysis, the significance level, α, was set at 0.05. For the phenotypic screening experiments, three technical replicates (cells seeded and microRNA mimics transfected on the same day for all replicates) were used for each microRNA mimic library plate. All plates processed on the same day were defined as a batch. For small RNA sequencing, three technical replicates (RNA extracted on the same day from cells of the same passage number, seeded in 3 wells each) were used for each cell line.




RESULTS


Functional Screening for miRNAs Regulating Prostate Cancer Cell Migration

Increased migration is a key characteristic of metastasis. In order to systematically identify microRNAs that regulate migration in prostate cancer cells, we chose a 2D migration model, commonly known as a wound healing assay or scratch assay, which was scalable and cost-effective to develop to a large high-throughput screen. We performed a high-content, fluorescence-based, high-throughput screening in PC3-EGFP prostate cancer cells using a library of 1,253 microRNAs (Mirbase version 16). Scratches were uniformly generated in PC3-EGFP cells using a WoundMaker, following transfection with the library of miRNA mimics and image analysis performed to quantify migration (Figure 1A, Supplementary Figure 1). From the microscopy images, extent of migration was represented as the area of the gap closed at each time point, relative to time = 0 (Figure 1B). Q-Q plots of per-plate normalized (Supplementary Figure 2) migration data for each time point demonstrated an overall Gaussian distribution (Supplementary Figure 3). Non-targeting siRNA- and mock-transfected cells were used as negative controls, and miR-373-transfected cells were used as a positive control (24). There was limited overlap between the kernel density estimate curves of negative and positive controls (Figure 1C) and the mean normalized Z-score was −1.11 for the positive controls, and +1.04 for the negative controls. The screening was performed in triplicate and the replicates showed good reproducibility, seen by a pairwise correlation of >0.85 among all replicates (Supplementary Figure 4). No edge effects were detected in any library plates, with the distinct pattern in plate 1 reflecting the distribution of a specific set of miRNAs in this plate (Figure 1D). A Z-score cut-off of −1 and +1 was used to identify “hits,” i.e., microRNAs that inhibit migration and promote migration, respectively (Figure 1D), and a strong positive correlation (Pearson's r = 0.80, p < 0.001) was found between time points across the entire library (Figure 1E). The screening identified 239 miRNAs with a Z-score <-1 and 192 miRNAs with a Z-score > +1 (Figure 1D). Z-score cut-offs were designed to be less stringent than those commonly applied, since PC3-EGFP cells are highly migratory and subsequent analysis was only performed with those microRNAs that inhibit migration (i.e., only limited to the left of the distribution curve).


[image: Figure 1]
FIGURE 1. High throughput screening identified miRNAs that regulate prostate cancer migration. (A) Workflow of migration screen. (B) Images of 96-well plate wells transfected with non-targeting control siRNA (Negative control) or miR-373 (Positive control) at 4X magnification, obtained at 6-hourly intervals. (C) Density distribution of negative (red) and positive (green) controls in the entire screen, compared with that of the mimic library (blue). (D) Heatmap of normalized and averaged migration z-scores in the entire library. (E) Relationship between migration Z-scores from the first (6 h) and second (12 h) time-points across the entire library.


To determine whether these microRNAs were also detectable in clinical samples and associated with advanced disease we performed in silico differential expression analysis of the Taylor dataset (25). This revealed 55 microRNAs that were significantly down-regulated (log FC > 1) in metastatic prostate cancer samples compared to primary tumor tissue (Supplementary Table 1). When these microRNAs were overlapped with microRNAs that inhibit migration in the screen, six microRNAs (miR-145-3p, -145-5p, 195-5p, 221-3p, -221-5p, 222-3p) were found to be common between the two datasets (Table 1, Supplementary Figure 5). Survival analysis of these microRNAs in the Taylor dataset demonstrated that low expression of miR-145-3p, miR-221-5p or miR-195-5p resulted in significantly worse survival (Figure 2; Bonferroni corrected p-value ≤ 0.05).


Table 1. MicroRNAs identified as inhibitory in migration screen and with decreased expression in metastatic prostate cancer samples.
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FIGURE 2. MicroRNAs identified as inhibitory in migration screen are associated with an increase in disease-free survival. Following analysis of the Taylor dataset, those microRNAs that were significantly decreased in metastatic prostate cancer as compared to primary tumor were overlapped with microRNAs found to inhibit migration (Z-score < −1). The overlapping samples were then stratified into low- and high-expressing groups relative to the median for each microRNA. Kaplan Meier survival curves for (A) miR-145-3p, (B) miR-221-5p, (C) miR-195-5p. p-values shown are corrected for multiple testing using the Bonferroni method.




Functional Screening for microRNAs Regulating Morphology

Epithelial-to-mesenchymal transition is considered to be a key component of metastatic progression. In vitro, the epithelial phenotype is characterized by a rounded morphology, whereas, mesenchymal cells tend to be spindle-shaped, a morphology change thought to promote invasion and migration. The shift between epithelial and mesenchymal states is increasingly being recognized as a dynamic process in cancer progression, and this plasticity could be regulated by microRNAs. We developed a second high-throughput screen to characterize the change in shape induced by overexpression of microRNAs as an indicator of epithelial-mesenchymal plasticity (Figure 3A). PC3-EGFP cells were used for this screen, allowing for the use of GFP fluorescence in the morphological analysis. PC3 cells were transfected with a microRNA mimic library as described previously, and microscopy images were acquired 24 h following transfection. The microscopy images were segmented to identify individual cells as objects, with each cell represented by a distinct color so as to distinguish adjacent objects, and morphology features were extracted from these objects (Figure 3B; Supplementary Figure 6). Eccentricity was chosen as a measure of mesenchymal morphology, from among a list of morphological parameters, due to its effectiveness in separating the positive and negative controls (Supplementary Figure 6). Per-plate normalization was performed to account for plate-to-plate variation (Supplementary Figure 7). There was very high concordance between replicates (Pearson's r > 0.95) (Supplementary Figure 8) and a Q-Q plot of the data shows a left-skewed normal distribution (Supplementary Figure 9). Kernel density estimate curves of positive (mean Z-score ~ −2) and negative (mean Z-score ~ 0.7) controls were again well-separated with little overlap (Figure 3C). PC3 cells have a spindle-shaped mesenchymal-like morphology and the screening identified 243 miRNAs with a Z-score < -1, indicative of an epithelial transformation and 142 miRNAs with a Z-score >1 that induced a further elongated morphology indicative of a mesenchymal phenotype (Figure 3D). However, similar to the migration screen, only miRs that induce a rounded morphology were analyzed further, as PC3-EGFP cells originally have a mesenchymal morphology. Data from the migration and morphology screens were combined to determine the degree of correlation between the two. A significant correlation was observed between migration and eccentricity for the controls alone (Pearson's r = 0.8, p < 0.001), and for all samples (Pearson's r = 0.36, p < 0.001), respectively (Figure 3E), with 94 miRNAs found to both inhibit migration and induce a rounded morphology indicative of driving an epithelial phenotype (Figure 3E).
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FIGURE 3. High content screening identifies miRNAs that alter prostate cancer cell morphology. (A) Workflow of morphology screen. (B) Images of 96-well plate wells transfected with non-targeting control siRNA (Negative control) or miR-373 (Positive control) at 10X magnification, obtained 24 h after transfection (left half), and segmented objects identified using CellProfiler (right half). Colors represent individual cells to indicate segmentation. (C) Density distribution of negative (green) and positive (red) controls in the entire screen, compared with that of the mimic library (blue). (D) Heatmap of normalized and averaged morphology z-scores in the entire library. (E) Z-scores for migration and eccentricity data for each microRNA, showing a significant moderate correlation (controls alone—Pearson's r = 0.8, p < 0.001, all samples—Pearson's r = 0.36, p < 0.001), respectively, between the two.


As for the migration data, microRNAs downregulated in metastatic samples in the MSKCC dataset were overlapped with microRNAs that induce a rounded morphology, identifying six microRNAs (hsa-let-7e-5p, hsa-miR-101-3p, hsa-miR-130a-3p, hsa-miR-148a-3p, hsa-miR-214-3p, hsa-miR-221-5p) as common between the two datasets (Table 2).


Table 2. MicroRNAs that induce a rounded morphology and with reduced expression in metastatic samples.

[image: Table 2]

To confirm that analysis of morphology using eccentricity alone is robust, we performed a multi-feature analysis with several morphology measures. A linear discriminant analysis model was trained with half of the control samples (training set) to classify them into epithelial, intermediate, or mesenchymal phenotypes (Supplementary Figure 10A). The model was then applied to a test set to calculate the mis-classification rate (Supplementary Figure 10B), and finally applied to unknown samples. This resulted in a much smaller set of samples classified as “epithelial” morphology, all of which, except one, were also identified as candidates using single feature analysis (Eccentricity Z-score < −1) (Supplementary Figures 10C,D).



Cell Viability Is an Important Confounder for Migration

Decreased cell viability caused by specific microRNAs (either by decreased proliferation or increased cell death) can result in apparently decreased migration as measured by the scratch assay. Further, dying cells may detach from the culture surface, appearing as rounded cells. Hence, we chose to consider the effect of microRNAs on the viability of prostate cancer cells, to identify microRNAs that strictly reduce only migration or eccentricity. PC3 cell viability data from Nikolic et al. (26) were used to account for any confounding of migration and morphology data. A moderate positive correlation (Pearson's r = 0.43, p < 0.001) was noted between migration and cell viability (Figure 4A). On the other hand, there was a mild positive correlation (r = 0.23, p < 0.001) between eccentricity and cell viability (Figure 4B). In both cases, a lower viability cut-off of 0.8 and an upper cut-off of 1.2 were used to distinguish microRNAs that primarily affect migration or change in morphology without affecting cell viability (Figures 4A,B, Supplementary Tables 2, 3).


[image: Figure 4]
FIGURE 4. Decreased viability is associated with decreased migration. Viability data for PC3 cells (26), represented as value normalized to controls was plotted along the x axis and for the corresponding microRNAs, (A) migration (Pearson's r = 0.43, p < 0.001) or (B) eccentricity (Pearson's r = 0.23, p < 0.001) Z-scores were plotted along the y axis, respectively. MicroRNAs in the lower right quadrant (Z-score < −1, viability > 0.8) were considered to inhibit migration and induce a rounded morphology independent of cell death.




Transcriptomic Analysis Reveals Distinct miRNA Profiles Associated With EMT in Prostate Cancer

Taken together, our screening strategies have identified a number of microRNAs that have functional effects to dysregulate migration and/or morphology. To further interrogate the role of microRNAs in prostate cancer metastasis, we have undertaken transcriptomic analysis in a cellular model of epithelial-mesenchymal transition. ARCaPE and ARCaPM human prostate cancer cell lines, derived from the parental line ARCaP, have been well-established as a model of epithelial-mesenchymal transition in prostate cancer (27–31). Importantly, they show remarkable differences in their ability to metastasise to bone and other organs in vivo, aligned with distinct phenotypic differences in vitro. Hence, we sought to identify microRNAs that are differentially expressed between these two cell lines, which may contribute to their functional metastatic differences. Small RNA (<200 bases) from both these cell lines was subjected to sequencing in triplicates (Supplementary Figure 11). Principal component analysis confirmed a distinct clustering of the two cell lines (Figure 5A). Unsupervised hierarchical clustering confirmed that microRNA expression profiles are distinctly different between the two cell lines, with 119 miRNAs significantly increased and 81 microRNAs significantly decreased in ARCaPM cells as compared to ARCaPE (Figures 5B,C, Supplementary Table 4). Further analysis revealed that many of the differentially expressed microRNAs belong to only a few microRNA families/clusters. Unsurprisingly, microRNAs in these clusters are co-expressed due to common promoters, which are known to be regulated by Wnt signaling (32) and BMP signaling (33) pathways. The microRNAs that were most strikingly overexpressed in ARCaPE cells belong to the miR-372 and miR-302 clusters, which have been previously shown to be key regulators of EMT in embryonic stem cells (34) and induced pluripotent stem cells (35).


[image: Figure 5]
FIGURE 5. Differential microRNA expression in epithelial and mesenchymal prostate cancer cells. (A) Principal component analysis of small RNA sequencing data from ARCaPE and ARCaPM human prostate cancer cell lines, in triplicates. (B) Volcano plot of significantly differentially expressed microRNAs (p < 0.05, log2 fold change > 1). (C) Heatmap of the top 50 differentially expressed microRNAs (e = ARCaPE, m = ARCaPM).




Integration of Functional Screening With Transcriptomic Profiling Identifies miRNAs and Seed Sequences Associated With Prostate Cancer Metastasis

When “miRs inhibiting migration” (migration Z-score < −1, viability > 0.8) and “miRs inducing rounded morphology,” (Eccentricity Z-score < −1, viability > 0.8) were combined with differentially expressed miRs from the RNA-seq data, there was minimal overlap between all the datasets, with only two microRNAs miR-373-3p and miR-302d-3p found to inhibit migration, induce a rounded morphology and exhibit higher expression in the epithelial ARCaPE cell line (Figure 6A, Table 3). MiR-373 was confirmed to be expressed at higher levels in ARCaPE cells compared to ARCaPM cells (Figure 6B). Overexpression of miR-373 in ARCaPM cells (Figure 6C) resulted in significantly increased E-cadherin, and significantly decreased vimentin and ZEB1 mRNA expression (Figures 6D–F, p < 0.01). There is also a distinct shift in miR-373-overexpressing ARCaPM cells from mesenchymal to epithelial morphology (Figure 6G), supportive of epithelial plasticity.


[image: Figure 6]
FIGURE 6. Integration of functional microRNA screening and differential microRNA expression. (A) MicroRNAs that were significantly highly expressed in ARCaPE prostate cancer cells (“miRs high in ARCaPE”) were intersected with hits from the migration screen (“miRs inhibiting migration,” Z-score < −1, viability > 0.8) and hits from the morphology screen (“miRs inducing rounded morphology,” Eccentricity Z-score < −1, viability > 0.8) to identify two microRNAs that were common among the three datasets. (B) MiR-373-3p expression in ARCaPE and ARCaPM cell lines, measured by real-time PCR. (C) Confirmation of MiR-373-3p overexpression in ARCaPM cells by reverse-transfection of the mimic. Total RNA was extracted from the miR-373-3p overexpressed cells 48 h post-transfection, and the corresponding cDNA was analyzed for E-cadherin (D), vimentin (E), and ZEB1 (F) mRNA expression. (G) Change in morphology was detected by phase-contrast microscopy at 4X and 10X magnification (*p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student's t-test).



Table 3. MicroRNAs common among all three datasets (inhibiting migration, inducing rounded morphology, elevated expression in ARCaPE cells).
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Further investigation revealed that the AAGUGC seed sequence was overrepresented (p < 0.01) in all three datasets (high in ARCaPE, inhibiting migration, and inducing rounded morphology, but not affecting viability), suggesting a common functional role of this sequence in regulating migration, morphology and EMT (Figures 7A,B). In support, seed analysis of samples classified as “epithelial” by the linear discrimination analysis model revealed an over-representation of the AAGUGC sequence (Supplementary Figure 10D). MicroRNAs that share this seed sequence belong to three main families, miR-372, miR-302 and miR-520 (Figure 7C). In addition to the seed sequence, a homology can be noted in the positions 10, 13, 15, 20 for bases C, U, U, and G, respectively. On the other hand, microRNAs with the AAGUGC motif in positions 3–8 (belonging predominantly to microRNAs of the miR-17-92 cluster) have additional homology in positions 2, 15, 18, and 19 for A, U, A, and G, respectively (Supplementary Figure 12A). The mean Z-scores of miRs with AAGUGC at position 2–7 were −1.03 (migration) and −2.05 (morphology), as opposed to those with AAGUGC at position 3–8, which were 0.23 (migration) and −0.05 (morphology) (Supplementary Figure 12B). All microRNAs with the AAGUGC motif anywhere in their sequence is also shown for comparison (Supplementary Figure 12C).


[image: Figure 7]
FIGURE 7. Overrepresentation of AAGUGC seed sequence associated with integrated screening and transcriptomic analysis. (A) Number of occurrences of each seed sequence in miRs that inhibit migration but do not decrease viability (Z score < −1, viability > 0.8), induce rounded morphology but do not decrease viability (Z-score < −1, viability > 0.8) and miRs expressed highly in ARCaPE cells (log2FC > 1). (B) Over-representation of the AAGUGC seed sequence was tested in the migration (high vs. low), morphology (rounded vs. spindle shapes) and RNA-seq (ARCaPE vs. ARCaPM cell lines) datasets. P < 0.01, Fisher's Exact test. (C) Sequence homology among MicroRNAs sharing the AAGUGC seed sequence.





DISCUSSION

Once prostate cancer has metastasized, the tumor becomes refractory to current treatment approaches and the malignancy is largely incurable. Understanding the molecular control of the metastatic process is critical in order to develop new effective approaches to combat this advanced disease. MicroRNAs cause changes in phenotype through the regulation of a network of target messenger RNAs. While there has been much focus on direct targets, functional characterization of the microRNAs deserves more attention, and is arguably more relevant to study cancer cell behavior. Phenotypic screens have previously been used to identify key microRNA regulators of cell function, but here we developed a novel, integrative screening approach designed to identify key molecular regulators of metastatic progression by combining multiple functional analyses. As evidence is accumulating for the importance of microRNAs in prostate cancer, we used our integrative screening to identify key microRNAs that were associated with prostate cancer migration and EMT. The overall aim of this study was to use the functional screen to identify candidates that are of relevance in the clinical context, as well as in the context of epithelial-mesenchymal plasticity (in which migration and morphology are key functional readouts).

One of the most important aspect of the metastatic cascade is the ability of tumor cells to migrate. We have developed a high-throughput migration screen, measuring the movement of cells into the space made by a uniform scratch through a confluent cell layer. The migration screen demonstrated good reproducibility, plate uniformity and statistical validation metrics and enabled the high-throughput functional study of microRNAs on prostate cancer migration. Compared to previous examples of scratch assays performed in a high-throughput manner (8–10, 36), our assay shows similar or superior uniformity across wells. The very nature of the migration assay dictates that a migratory cell line is required, and PC3 prostate cancer cells are well-characterized for their representation of late-stage prostate cancer, migratory ability and metastatic behavior in vivo. However, it should be noted that consequently, we predominantly identified microRNAs that inhibit migration and the assay was less sensitive in identifying microRNAs that promote migration.

Progression from localized prostate cancer to advanced disease is associated with a transition of prostate cancer cells from an epithelial phenotype to a more mesenchymal phenotype. The process of EMT is important to drive both local invasion and metastatic spread. One of the defining features of EMT is a change in morphology, from a rounded, epithelial shape to a more elongated spindle-shaped morphology. This morphology change is well-documented in prostate cancer cells, with a change from rounded to spindle-shaped morphology associated with increased metastatic behavior and vice versa. The marked difference in shape renders this morphological change well-suited for high content, high-throughput screening. In the current study, we have developed such a screen, taking advantage of the spindle-shaped morphology of PC3 prostate cancer cells that can be driven to a more rounded epithelial shape. Using automated microscopy, multi-parameter image processing and visualization tools, we have extracted quantitative data on multiple features associated with mesenchymal morphology, with eccentricity most representative of the morphologic changes. As with the migration screen, the morphology screen demonstrated good reproducibility, plate uniformity and statistical validation metrics. Simpson et al. studied the morphology of migrating cells at the leading edge of the scratch (8), whereas our use of a separate screen enabled a more in-depth analysis of changes in morphology. However, the left-skewed normal distribution of the data suggested that the assay is more sensitive for identifying microRNAs that induce an epithelial morphology compared to those that induce a mesenchymal morphology; this is unsurprising since PC3 cells have a spindle morphology in vitro. Correlation analysis of the two screens demonstrated a positive correlation between migration and morphology, providing support for the concept that a more mesenchymal morphology is important in driving migration. Previous high-throughput approaches to study the role of microRNAs in prostate cancer include identification of miRs regulating the expression of the androgen receptor (37, 38), and miRs that regulate proliferation (39). While our screens are target-agnostic, and were not explicitly aimed at looking at the role of the androgen receptor, they are complementary to previous screens, and in combination with them, provide valuable insights into the functional role of microRNAs in prostate cancer.

Combining the morphology and migration functional screens with a microRNA mimic library enabled the high throughput evaluation of the functional effect of microRNAs on these key aspects of metastatic behavior. Sixteen percentage of miRNAs were found to inhibit prostate cancer cell migration and 19% were found to alter morphology, highlighting the importance of microRNAs in regulation of these metastatic processes. A limitation of these functional screens is the necessity for over-expression of miRNAs. To address the question of basal levels of microRNAs driving metastasis, we performed transcriptomic analysis of a pair of prostate cancer cell lines known to differ in their epithelial and mesenchymal morphology, migratory behavior and metastasis in vivo, revealing distinct expression profiles in the metastatic mesenchymal ARCaPM cells as compared to the non-metastatic, epithelial ARCaPE cells.

One of the challenges of prostate cancer research is the difficulty in isolating and working with primary cells, and as such, the integrative screen developed takes advantage of well-characterized prostate cancer cell lines. To ensure the clinical relevance of our integrative screen approach, we have aligned our results with those from publicly available datasets of microRNA expression profiles from benign, primary prostate cancer or metastatic prostate cancer. This enables the further focusing of the hits identified from the screens, based upon their potential clinical relevance. Due to the paucity of large microRNA expression studies in men with advanced or metastatic prostate cancer, we were limited to only one dataset to study the clinical significance of selected microRNAs. Using this approach, six microRNAs (hsa-miR-145-3p, hsa-miR-145-5p, hsa-miR-195-5p, hsa-miR-221-3p, hsa-miR-221-5p, hsa-miR-222-3p) were found to be both inhibiting migration and show reduced expression in metastatic prostate cancer (vs. primary tumors, Taylor dataset). Among these, low levels of three microRNAs (miR-145-3p, miR-221-5p, and miR-195-5p) identified in our migration screen, were associated with a reduction in disease-free survival. Further, miR-221-5p also induced a rounded morphology in our screen. The significance of this microRNA is highlighted by a study by Kiener et al., where overexpression of the microRNA was shown to reduce migration, proliferation and colony formation in PC-3M-Pro4luc2 prostate cancer cells in vitro, and to inhibit extravasation in a zebrafish model in vivo (40). It is also interesting to note that the median fold change values for microRNAs that inhibit migration are higher than those for microRNAs that induce a rounded morphology (2.14 vs. 1.37 respectively) in the Taylor dataset, although the difference falls short of statistical significance (p-value = 0.052). This may suggest that migration is more important than morphology in the clinical context. We also analyzed miRTarBase (22), a manually curated database of experimentally validated targets, to identify the top 20 genes commonly targeted by the 11 clinically significant microRNAs (Supplementary Table 5). Interestingly, the microRNA processing genes AGO2 and DICER1 are targets of 7 and 6 of these microRNAs respectively. Other common target genes include oncogenes such as MYC, CDK6, CCND1 and the hormonal receptor gene ESR1.

While our individual screening approaches were successful in identifying multiple microRNAs with differential functional effects and/or expression profiles, the integration of the three screens proved effective in revealing those microRNAs that were common to all screens and therefore may have a greater contribution to the metastatic process. Further, the integration of viability data from Nikolic et al. (26) to the analysis added high stringency to the analysis. A moderate correlation was observed between viability and migration, suggesting that for a number of microRNAs, decreased migration may at least partly be due to decreased cell number. A mild correlation was also noted between viability and cell eccentricity. Hence, for further analysis, only microRNAs that do not alter viability were considered to strictly alter migration or morphology. The combination of those microRNAs with high expression in ARCaPE cells, that inhibited migration and induced a rounded morphology (without reducing viability) identified two microRNAs; miR-373-3p, and miR-302d-3p. Both these microRNAs are known to regulate epithelial-mesenchymal transition as well as stem cell behavior by regulating the TGF-β signaling pathway (35, 41, 42). While the integrative approach we utilized in this study accounted for some known shortcomings (e.g., viability), thus yielding a small number of microRNAs as candidates for further study, hits from the individual screens may also be functionally important in their own right.

miR-373-3p has been previously associated with prostate cancer progression, providing strong support for the power of our integrative screening approach to identify key mediators of the metastatic process. miR-373-3p is known to induce mesenchymal-epithelial transition in prostate cancer cells by inducing the expression of E-cadherin (43) or inhibiting ZEB1 post-transcriptionally (24). In contrast, miR-373-3p has been shown to promote invasion and metastasis in breast and colon cancer cells (44), suggesting a changing role depending on tissue context. Interestingly, miR-373-3p was reported to be elevated in high grade prostate cancer, which is counterintuitive to their functional role as inhibitors of migration (45). The miR-302/367 cluster was recently shown by Guo et al. to be elevated in prostate cancer compared to normal prostate tissue, and shown to promote proliferation and androgen-independence by targeting the tumor suppressor gene LATS2 (46), suggesting that the role of these microRNAs may be a cumulative effect of several functional phenotypes. It should be noted, however, that Guo et al. transfected the entire miR-302/367 cluster into prostate cancer cells, whereas in our study, each microRNA was studied individually highlighting the importance of miR-302d-3p.

MicroRNAs exhibit a sequence specific function, and a 6–8 base region at their 5' end, the seed region, is important to this specificity (47). Analysis of the seed sequences revealed that the AAGUGC was over-represented in all the above three datasets. A shared seed sequence and a further homology in other positions of microRNAs belonging to four microRNA families (miR-372, miR-302, miR-520, and miR-519), may together account for a shared set of targets and consequently, a shared function. Interestingly, Zhou et al. reported that miRs with the AAGUGC motif are oncogenic in non-small cell lung cancer cells, increasing their proliferation (48). While their definition of the AAGUGC motif included miRs with this sequence occurring anywhere in the seed region, we used a stricter definition for the AAGUGC seed, as those sharing the sequence in the 2–7 position appear to have a distinct function in our migration and morphology screens compared to those with this sequence in the 3–8 position. Sinkkonen et al. reported that microRNAs sharing the AAGUGC seed sequence are specific to mouse embryonic stem cells, and regulate DNA methylation in differentiating ES cells (49) and the miR-302 and miR-372 families are well-characterized as regulators of EMT in embryonic stem cells (34, 50). In prostate cancer, in addition to the known role of miR-373 in inducing mesenchymal-epithelial transition, another microRNA miR-371a-3p, which belongs to the same family and contains the AAGUGC sequence at position 1–6, is known to down-regulate the androgen receptor (37).

Taken together, we have developed an integrative screening approach, which combines functional screening with expression profiling and alignment with clinical data in order to narrow down the candidate microRNAs to those of greatest importance in prostate cancer progression. Using this screen, we have identified both novel microRNAs and a microRNA seed sequence that are strongly linked to metastatic behavior and prostate cancer progression. This approach provides the basis for developing new approaches to prevent disease progression, which could include targeting the specific microRNAs identified, or a detailed cellular and molecular investigation into their mechanisms of action. Further, seed analysis provides novel insights into the functional consequences of motifs and their position in the microRNAs. Thus, this new approach to identifying mechanisms that drive prostate cancer metastasis has implications for understanding cancer pathogenesis and the potential to reveal opportunities for developing innovative treatment approaches.
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Non-coding RNAs (ncRNAs) are reported to be expressed in human cancers, including pancreatic ductal adenocarcinoma (PDAC). These ncRNAs affect the growth, migration and invasion of tumor cells by regulating cell cycle and apoptosis, as well as playing important roles in epigenetic processes, transcription and post-transcriptional regulation. It is still unclear whether alterations in ncRNAs influence PDAC development and progression. Because of this, analysis based on existing data on ncRNAs, which are crucial for modulating pancreatic tumorigenesis, will be important for future research on PDAC. Here, we summarize ncRNAs with tumor-promoting functions: HOTAIR, HOTTIP, MALAT1, lncRNA H19, lncRNA PVT1, circ-RNA ciRS-7, circ-0030235, circ-RNA_100782, circ-LDLRAD3, circ-0007534, circRHOT1, circZMYM2, circ-IARS, circ-RNA PDE8A, miR-21, miR-155, miR-221/222, miR-196b, miR-10a. While others including GAS5, MEG3, and lncRNA ENST00000480739, has_circ_0001649, miR-34a, miR-100, miR-217, miR-143 inhibit the proliferation and invasion of PDAC. Hence, we summarize the functions of ncRNAs in the occurrence, development and metastasis of PDAC, with the goal to provide guidance in the clinical diagnosis and treatment of PDAC.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a malignant tumor with a high incidence, malignancy and mortality rate. PDAC is the seventh leading cause of cancer-related death throughout the world (1). According to 2019 statistics from the American Cancer Society, PDAC mortality rate ranks 4th in both men and women (2). Due to a lack of effective treatments, the 5-years survival rate for PDAC remains below 8% (3). This high mortality rate is largely due to late presentation and detection of the disease, when patients become non-candidates for surgical resection. In addition, the mechanisms behind PDAC tumorigenesis and progression are still unclear.

Mutations in KRAS, TP53, SMAD4, CDKN2A commonly contribute to PDAC progression (4–7). In addition, PDAC development requires the involvement of various signal transduction pathways including the Hippo, Hedgehog, Wnt/Notch, JNK, PI3K, K-ras, and transforming growth factor (TGF) -β signaling pathways. Moreover, genome-wide association studies (GWAS) have identified a large number of pathways and gene sets involved in the development of PDAC (8, 9).

Non-coding RNAs (ncRNAs) have widely been identified in mammals as unique RNA transcripts. Nc-RNAs are classified as small RNAs (<200 bp) and long RNAs (>200 bp) based on nucleotide length, and include microRNAs (miRNAs), PIWI-interacting RNAs (piRNAs), small interfering RNAs (siRNAs), small nucleolar RNAs (snoRNAs), tRNA-derived stress-induced RNAs (tiRNAs), enhancer non-coding RNAs (eRNAs), circular RNAs (circRNAs), and long non-coding RNAs (lncRNAs) (10, 11). In addition, ncRNAs are also categorized based on their localization into cytoplasmic and nuclear ncRNAs. Even though ncRNAs are not translated into proteins, they are critical for DNA replication, translation, RNA splicing and epigenetic regulation. NcRNAs also participate in the cellular processes including differentiation, proliferation, apoptosis and metabolism. Subsequent studies have shown that ncRNAs play a vital role as either oncogenes or tumor suppressors in tumorigenesis. Herein, we summarize the roles and functions of ncRNAs in the diagnosis and treatment of PDAC.


LncRNAs

LncRNAs, which contain a length of more than 200 nucleotides, are transcribed by RNA polymerase II and contain a 5′ cap and 3′ poly A tail (12). These ncRNAs are widely distributed throughout the genome but have zero protein-coding capacity. They are involved in many biological processes, including transcriptional regulation in cis or trans, chromatin remolding, nuclear transport, genomic imprinting and oncogenic progression. Most lncRNAs are expressed in specific different tumor types, making them potential targets for cancer diagnosis and treatment. LncRNAs act as candidate diagnostic biomarkers for PDAC as summarized in Table 1. The functions and regulatory mechanisms of lnRNAs and other ncRNAs are depicted in Figure 1. Therefore, lncRNAs are of interest in the exploration of novel diagnostic and therapeutic approaches.


Table 1. LncRNAs as diagnostic biomarkers in PDAC.
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FIGURE 1. The functions and regulatory mechanisms of ncRNAs in PDAC. NcRNAs regulate tumor progression, such as proliferation, invasion, metastasis, angiogenesis and chemoresistance.




LncRNAs as Potential Oncogenes and Biomarkers in PDAC


MALAT1

Metastasis-associated lung adenocarcinoma transcript-1 (MALAT1, also known as NEAT2) was initially discovered in lung cancer and has been subsequently detected to be overexpressed in multiple tumors as a negative prognosis factor. MALAT1 is highly expressed in PDAC tissues and positively correlates with tumor size, clinical stage, lymph node metastasis, distant metastasis and prognosis (21, 22). Its expression is also up-regulated in cancer stem cells (CSCs), which is closely related to drug resistance. In addition, it can interact with RNA-binding protein human antigen R (HuR) to regulate T-cell intracellular antigen-1 (TIA-1) mediated autophagic activation at the post-transcriptional level. Furthermore, it can also regulate KRAS expression through competitive inhibition to promote PDAC cell proliferation (21, 23). Recently, human enhancer of zeste homology 2 (EZH2) was shown to be recruited to the E-cadherin promoter through MALAT1, which repressed the expression of E-cadherin and facilitated the invasion and metastasis of PDAC cells (24). Knockout of MALAT1 induced G2/M cell cycle arrest, inhibition of epithelial-mesenchymal transition (EMT), decreased cancer stem cell-like properties, repressed N-myc downregulated gene-1 (NORG-1) and hindered the growth and invasion of cancer cells (25, 26). Other work has used different databases to identify the top three key target genes of MALAT1, which include CCND1, RAF-mitogen-activated kinase 8 (MAPK8) and VEGFA (17). This suggests that these may participate in the mTOR signaling pathway, pathways in cancer, and the MAPK signaling pathway in PDAC. Diminished expression of MALAT1 decreases the expression of Yes-associated protein 1 (YAP1) and elevates large tumor suppressor 1 (LATS1) levels (27). It has been suggested that MALAT1 regulates PDAC via the Hippo-YAP pathway. It also has been reported to regulate multiple signaling pathway, including phosphoinositide-3-kinase-AKT (PI3K-AKT), NF-κb, mTOR, MAPK and WNT pathways in multiple cancer types. Thus, the complex mechanisms and roles that MALAT1 plays in PDAC are worth further exploration.



HOTAIR

HOX antisense transcript intergenic RNA (HOTAIR) transcribed from the HOXC locus. Its overexpression has been linked to the poor prognosis of different cancers, including breast, gastric, colorectal, bladder and esophageal squamous cell carcinoma (28–30). Increased expression of HOTAIR has been observed in PDAC tissues and is negatively correlated with overall survival. HOTAIR inhibits the expression of cell cycle interferon related genes, targets and binds to the tumor suppressor gene GDF15, and accelerates the proliferation of pancreatic cancer cells. Furthermore, knockout of HOTAIR in the pancreatic cancer cell lines Panc-1 and L3.6Pl significantly decreases the progression of cells and interacts with the Polycomb Repressive Complex 2 (PRC2) (28, 31). HOTAIR promotes the proliferation of pancreatic cancer cells by acting as a competing endogenous RNA via sponging miR-613 to regulate the expression of NOTCH3 (32). Overexpressing HOTAIR regulates the trimethylation of histone H3 at lysine 27 to inhibit the expression of TRAIL receptor death receptor 5 (DR5) through EZH2. HOTAIR overexpression also improves the resistance of pancreatic cancer cells to TRAIL induced apoptosis (33). In addition, knockout of HOTAIR can enhance the radio-sensitivity of PDAC cells by increasing the expression of Wnt inhibitory factor 1 (WIF-1) (34). The HOTAIR-WIF-1 axis can be used as a potential target for PDAC radiotherapy, which needs to be further evaluated. The salivary HOTAIR of pancreatic cancer patients was significantly higher than expression levels observed in healthy individuals. The expression of HOTAIR in patients' saliva was significantly reduced after the PDAC tumor was surgically removed (16). This indicates that HOTAIR can be evaluated in patients undergoing resection and that it may be a promising novel diagnostic marker and therapeutic target.



HOTTIP

The lincRNA HOXA distal transcript antisense RNA (HOTTIP) is another HOX-related lncRNA. Studies have found that the expression levels of HOTTIP are significantly increased in multiple PDAC cell lines and PDAC specimens (35). HOTTIP interacts with the WD repeat containing protein 5 (WDR5)/mixed lineage leukemia (MLL) complex to enhance the methylation of histone 3 on lysine 4 (H3K4) in order to modulate the proliferation and differentiation of PDAC cells (36, 37). Up-regulation of HOTTIP promotes the secretion of IL-6 and expression of PD-L1 in neutrophils, thereby inhibiting the activity of T cells and promoting the immune escape of ovarian cancer cells (38). This may be used for reference in immunotherapy of PDAC. Decreased expression of HOTTIP in pancreatic cancer cells leads to increased G0/G1 phase cells, decreased Vimentin and Snai1 expression, and increased E-cadherin expression. Furthermore, HOTTIP knockout can reduce the expression level of HOXA13 and enhance the sensitivity of human pancreatic cancer cells to gemcitabine (35). In turn, others have shown that HOTTIP is not involved in the regulation of HOXA13, but regulates several other HOX genes (39). Further studies will be required to fully understand these relationships.



PVT1

Plasmacytoma variant translocation 1(PVT1) was the first lncRNA gene identified in human Burkitt's lymphoma as a recurrent breakpoint. PVT1 and MYC have correlated one another and co-amplified. It was confirmed in a variety of solid tumors, including colon and breast cancers, that increased expression of PVT1 could increase MYC protein (40). A GWAS study identified a risk locus at 8q24.21, which interacts with MYC promoters, that reached genome-wide significance located PVT1 (41). It was also identified that in human PDAC cells, PVT1 acts as an oncogene promoting EMT via TGF-β/Smad signaling (42). PVT1 also acts as a sponge for miRNAs to regulate the development of PDAC. PVT1 could promote the proliferation and metastasis of PDAC cells by acting as a miR-448 sponge to inhibit SERBP1 (43). It has also been reported that PVT1 acts as a sponge to modulate cytoprotective autophagy and promote the development of PDAC via the PVT1/miR-20a-5p/ULK1/autophagy pathway (44). Of note, PVT1 also participates in drug resistance. Research indicates that PVT1 regulates gemcitabine chemosensitivity in PDAC through miR1207 (45). Curcumin can inhibit the PRC2-PVT1-c-Myc axis by inhibiting the PRC2 subunit Enhancer of EZH2 to enhance the sensitivity of PDAC cells to gemcitabine (46). PVT1, along with MALAT1 and HOTTIP, could act as a prospective biomarker to predict the efficacy of gemcitabine in PDAC patients (47), and as such, future assessment is warranted.



H19

LncRNA H19 is a maternally imprinted gene that is highly expressed in PDAC tissues and is involved in tumor progression. It increases high-mobility group AT-hook 2 (HMGA2) mediated EMT by antagonizing let-7 and promotes both tumor cell metastasis and invasion (48, 49). MiR-675 reduces the activation of H19 by binding to the 3′ untranslated region (UTR) on E2F-1 mRNA and altering the expression of E2F-1 protein (50). In addition, the Wnt-signaling pathway is involved in regulating PDAC cell proliferation and migration via the H19/miR-194/PFFTK1 axis (51). H19 is also believed to play a role in cancer therapy and is the earliest lncRNA used in the treatment of PDAC. BC-819 (DTA-H19) carries a diphtheria toxin-A chain (DTA), which can be applied to the treatment of tumors expressing high levels of H19 (52). DTA-H19 combined with gemcitabine can reduce the tumor size and delay the progression of PDAC in vivo. Altogether, these data suggest that H19 is a promising therapeutic marker for PDAC.



HULC

Highly up-regulated in liver cancer (HULC) is another lncRNA that modulates the proliferation of PDAC. HULC can regulate the viability, proliferation, migration and invasion of PDAC cells. Up-regulation of HULC activates the PI3K/AKT pathway via negative regulation of miR-15a expression (53). HULC levels are significantly increased in PDAC compared to the non-tumor tissues. Higher expression of HULC in PDAC is correlated with poor clinical outcomes in patients. It is thus suggested that HULC is a promising prognostic biomarker candidate (54). Recently, a report suggested that serum extracellular vesicle (EV) HULC expression is increased in PDAC patients in comparison to intraductal papillary mucinous patients and healthy individuals (13). Thus, HULC may be a new potential diagnosis maker for PDAC and may merit further investigation.




LncRNAs as Potential Suppressors and Biomarkers in PDAC


GAS5

Growth arrest-specific transcript 5 (GAS5) was originally identified by screening potential tumor suppressor genes expressed at high levels during growth using a functional cDNA library (55). GAS5 is one of the few lncRNAs that are negatively correlated with tumor development in breast cancer, malignant pleural mesothelioma and hepatocellular carcinoma (56–58). GAS5 negatively regulates miR-32-5p to promote the expression of pleiotrophin (PTEN), which can block the activation of the PI3K/Akt signaling pathway, inhibiting the proliferation and survival of PDAC cells (59). Studies have found that GAS5 overexpression can significantly inhibit both the proliferation and invasion of PANC-l and BxPC-3 cells in vitro (60). After inhibiting of GAS5 expression by RNA interference, a larger number of cells were found to be arrested in the S phase of the cell cycle. This suggested that GAS5 regulates the cell cycle of PDAC. Furthermore, GAS5 regulates the cell cycle of PDAC cells by inhibiting cyclin-dependent kinase 6 (CDK6) and blocking proliferation and differentiation. Studies have shown that GAS5 inhibits drug resistance in PDAC by negative regulation of miR-181c-5p and reducing the inactivation of the Hippo signal transduction pathway (61). Overexpression of GAS5 inhibits PDAC cell proliferation, migration and gemcitabine resistance through miR-221/suppressor of cytokine signaling 3 (SOCS3) mediated EMT and tumor CSCs (62). Overall, GAS5 could be as a novel target for PDAC drug resistance therapy.



LncRNA ENST00000480739

The lncRNA ENST00000480739 is a relatively rare tumor suppressor that was recently uncovered. ENST00000480739 expression in pancreatic tumor specimens is significantly lower than that which is observed in adjacent non-tumor tissues (63). It is also negatively correlated to tumor stage and could be used as an independent prognostic factor in PDAC patients who underwent surgery. ENST00000480739 inhibits tumor invasion through the regulation of osteosarcoma amplified-9 (OS-9), modulates hypoxia-inducible factor-1α (HIF-1α) and inhibits EMT (63). It not only has the potential to inhibit metastasis but can also be used as a biomarker for both risk prediction and treatment screening in PDAC.



MEG3

Maternally expressed gene 3 (MEG3) acts as a tumor suppressor and shows to be down-regulated in several tumors, such as hepatocellular, prostate, gastric and lung cancers (64–67). Hu et al. (68) found that MEG3 inhibits the proliferation, induces apoptosis via p53 activation and is upregulated along with p53 by fenofibrate to restrain the proliferation of PDAC cells. Other studies found that the MEG3 expression levels in human pancreatic cancer tissues are lower than corresponding non-cancerous tissues (69). These were also found to be negatively correlated to patients' clinicopathological features. In vitro studies have shown that MEG3 plays an anticancer role in the regulation of cell proliferation, migration, invasion, induction of EMT, and cancer stem cell (CSC) properties. Furthermore, study has shown that MEG3 overexpression plays an anticancer role through the in vitro modulation of the PI3K/AKT/ B cell lymphoma-2 (Bcl-2)/Bax/Cyclin D1/P53 and P13K/AKT/matrix metalloproteinases-2(MMP-2) /MMP-9 signaling pathways (70).

Numerous lncRNAs participate in pancreatic cancer tumorigenesis. Further, many of the PDAC susceptibility loci that were previously identified in GWAS are located in lncRNAs such as 7q32.3 (LINC-PINT) and 17q25.1 (LINC00673) (41, 71). Interestingly, LINC-PINT, through the TGF -β pathway, inhibits PDAC growth in early stages (72). This may be a potential target for early treatment for patients but it requires further testing to prove. Additionally, LINC00673 is also correlated with good outcomes in PDAC patients. It can negatively regulate miR-504 to inhibit the progression of PDAC (73). There are many potential lncRNAs biomarkers that remain to be explored and translated to clinical practices.




CircRNAs

Circular RNAs (circRNAs) are a new type of endogenous ncRNA that used to be considered as miRNA sponges. CircRNAs are stable since they lack 5′ cap or 3′ Poly A tail terminal ends that block traditional RNA degradation pathways, existing as a closed loop structure. Heterogeneous circRNAs may contribute to the development of many different tumors.



CircRNAs in PDAC

Numerous studies have demonstrated that circRNAs are aberrantly expressed in PDAC. One study identified circRNAs in six pairs of PDAC and para-cancerous tissues using a microarray (74). Additional microarray data revealed that there were 115 upregulated and 141 downregulated circRNAs in PDACs (75). Another study uncovered that 453 circRNAs were differentially expressed and were significantly different in extracellular vesicles isolated from the plasma of 8 PDAC patients or healthy controls (76). It has been suggested that aberrant expression of circRNAs in PDAC are related to proliferation and development. These aberrantly expressed circRNAs may be involved in the regulation of PDAC and are expected to be diagnostic markers, though this remains to be tested.



CircRNAs Regulate PDAC Progression

CircRNAs can regulate a variety of different pathways (Table 2). The circRNA ciRS7 is expressed in PDAC tissues compared to para-cancerous tissues and can negatively regulate miR-7, a cancer suppressor. It can also affect the proliferation and invasion of PDAC cells through epidermal growth factor receptor (EGFR), as well as signal transducer and activator of transcription 3 (STAT3) signaling pathways (77). In addition, overexpression of ciRS7 promotes lymph node metastasis and venous invasion in PDAC cases. Down-regulation of circ-LDLRAD3 can inhibit PDAC cell proliferation and metastasis through the up-regulation of miR-137-3p/ PTEN (80). Others have proven that the circRHOT1 regulates the PDAC cells proliferation, invasion and metastasis by binding to miRNAs, including miR-26b, miR-125a, miR-330, and miR-382 (83). There is mounting evidence underlining that circRNAs act as miRNA sponges that regulate the progression of PDAC. Chen et al. (79) elucidated that silencing of circRNA_100782 down-regulates the expression levels of interleukin-6 receptor (IL6R) and STAT3 by acting as a miR-124 sponge that inhibits BxPC3 cell proliferation. Another study has shown that circ_0030235 promotes cell proliferation by directly sponging miR-1253 and miR-1294 in vitro (78). An additional study also revealed that circ_0007534 functions as a sponge for miR-625 and miR-892b to facilitate the malignant behavior of PDAC cells (82). Studies have identified that circZMYM2 (hsa_circ_0099999) is up-regulated in both PDAC cells and tissues, promoting tumor progression by influencing JMJD2C expression levels via acting as miR-355-5p sponges (84).


Table 2. Function of circRNAs in PDAC.
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CircRNAs as Diagnostic, Prognostic and Therapeutic Biomarkers for PDAC

CircRNAs have the ability to be strong biomarkers for PDAC since they exhibit stable expression and have high serum concentrations. Yang et al. (81) investigated that circ-LDLRAD3 up-regulation in PDAC tissues, plasmas and PDAC cell lines, and identified its association with venous and lymphatic invasion and metastasis. Furthermore, this study confirmed that circ-LDLRAD3 holds potential to be a new diagnosis biomarker, as it has higher sensitivity and specificity when combined with CA19-9 than using CA19-9 alone (81). Clinical studies have shown that the overexpression of circ_0030235, circ_0007534 in PDAC are associated with tumor stage, lymph node invasion and poor overall survival (78, 82). Exosomes play an important role in the development and prognosis of tumors. Owing to their stability, they can be detected in blood plasma and equipped higher level than existing checks. Studies have identified that exosomal circ-PDE8A promotes the progression of PDAC by binding to miR-338 to activate the MACC/MET/ERK pathway (85). The same group also found that high expression levels of circ-IARS in plasma exosomes positively correlated with tumor metastasis including vessel invasion, liver metastasis and tumor-node-metastasis (TNM) stage. circ-IARS is also negatively associated with survival of PDAC patients (86). Shao et al. (88) developed Gemcitabine resistant cell lines (PANC-1-GR) and verified that the expression levels of two circRNAs (chr14:101402109-101464448+, chr4:52729603-52780244+) were significantly correlated to drug resistance observed in PANC-1-GR, as well as the plasma of gemcitabine non-responsive PDAC patients. CircRNAs can be used not only as biomarkers, but also to provide information about tumor stage and classification. Conversely, expression levels of has_circ_0001649 were decreased in PDAC tissues and cells when compared to normal control, and were associated with tumor stage and differentiation grade (89). Has_circ_0001649 may be regarded as a novel prognostic biomarker for PDAC patients who had undergone surgery.

Currently, the roles of circRNAs in tumor progression and clinical application have gained attention. However, the studies of circRNAs in PDAC are still at infancy stage. Further studies on circRNAs in PDAC should not only be based on the databases established, but also require a great deal of work to fully understand their functions.



MiRNAs

MicroRNAs (miRNAs) are small non-coding RNAs ~19–25 nucleotides in length, that regulate gene expression at the post transcriptional level through RNA interference (90). MiRNAs play a significant role in the initiation and progression of a tumor by regulating tumor growth, anti-apoptotic, metastasis and invasion (91, 92). These have potential as cancer diagnosis markers, prognosis predictors, and for the monitoring of therapy.



MiRNAs as Diagnosis and Prognostic Biomarkers for PDAC

MiRNAs are conservative, generalized, testable and keep stable when existing outside cells. Ongoing research has revealed that miRNAs exhibit fair sensitivity and specificity as diagnosis biomarkers. The potential for miRNAs as diagnostic and therapeutic markers leads to the analyses of deregulated miRNAs in PDAC cases (93). Abnormal expression levels of miRNAs in PDAC tissues, blood and saliva have shown to be closely related to the initiation and development of PDAC (94, 95). Studies have found that plasma miRNAs (miR-16, miR-196a) combined with serum CA19-9 can increase the sensitivity and specificity for diagnosis in comparison with using CA19-9 alone (96). MiRNAs can also be identified in the saliva and act as diagnosis biomarkers for unresectable pancreatic tumors (95). This can lead to the creation of specific miRNA profiles for diagnosis and treatment. In addition, published studies have demonstrated that miRNAs can interact with lncRNAs and circRNAs (Figure 1). They can also regulate key signaling molecules and pathways in disease development and progression (Tables 2, 3). At the same time, it is challenging to fully understand the interaction network between different miRNAs and other ncRNAs. Further differentiation of the roles that miRNAs play in the development and progression of PDAC are necessary to explore their specificity and sensitivity as biomarkers for PDAC.


Table 3. Function of up/down-regulated miRNAs in PDAC.
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CONCLUSION

With the rocket development of next-generation sequencing and bioinformatic analyses, ncRNAs and their prominent roles in oncogenesis, specifically the progression of PDAC reveal enormous potential for ncRNAs in the diagnosis and treatment of cancers. Although ncRNAs have gradually become a research hotspot, the limitations in detection approaches and inclusion in larger databases make their roles in PDAC difficult to fully understand. Understanding the relationship between the function and mechanism of ncRNAs in PDAC will help classify ncRNAs and their roles in the clinic. A great deal of work remains to be completed to uncover the complex mechanisms of ncRNAs, which lead to tumorigenesis and progression, to ultimately select the most effective diagnostic and therapeutic targets.
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Background: Colorectal cancer (CRC) is the third most lethal and malignant type of cancer in the world. Abnormal expression of human microRNA-200a (hsa-miRNA-200a or miR-200a) has previously been characterized as a clinically noticeable biomarker in several cancers, but its role in CRC is still unclear.

Methods: Three CRC miRNA expression datasets were integratively analyzed by Least Absolute Shrinkage and Selector Operation (LASSO) and Support Vector Machine-Recursive Feature Elimination (SVM-RFE) algorithms. Nine candidate miRNAs were identified and validated for diagnostic and prognostic capability with the prediction model. The potential roles of the tumor suppressor miR-200a-3p in invasion, migration, and epithelial-mesenchymal transition of CRC cells were elaborated by in vitro studies.

Results: Nine miRNAs (miR-492, miR-200a, miR-338, miR-29c, miR-101, miR-148a, miR-92a, miR-424, and miR-210) were identified as potentially useful diagnostic biomarkers in the clinic. The overall accuracy rate of the nine miRNAs in the diagnostic model was 0.94, 0.89, and 0.978 in the testing, validation, and independent validation dataset, respectively. CRC patients in the GSE29622 cohort were separated by the prognostic model into the low-risk score group and the high-risk score group. The area under the receiver operating characteristic curve (AUC) was 0.872 and 0.783 for predicting the 1- to 10-year survival of CRC patients. The performance of the prognostic model was validated by an independent TCGA-Colon Adenocarcinoma (COAD) dataset with AUC values between 0.911 and 0.796 in predicting 1- to 10-year survival. Nomograms comprising risk scores, tumor stage, and TNM staging were generated for predicting 1-, 3-, and 5-year overall survival (OS) in the GSE29622 and TCGA-COAD datasets. Colony formation, invasion, and migration in DLD1 and SW480 cells were suppressed by overexpression of miR-200a-3p. Inhibition of miR-200a-3p function contributed to abnormal colony formation, migration, invasion, and epithelial–mesenchymal transition (EMT). miR-200a-3p binding sites were located within the 3′-untranslated region (3′-UTR) of the Forkhead box protein A1 (FOXA1) mRNA.

Conclusion: We developed and validated a diagnostic and prognostic prediction model for CRC. miR-200a-3p was determined to be a potential diagnostic and prognostic biomarker for CRC.

Keywords: hsa-miRNA-200a, FOXA1, colorectal cancer, prediction model, prognosis, biomarker


INTRODUCTION

Colorectal cancer is the third most commonly diagnosed cancer in both men and women worldwide (Siegel et al., 2017). The 5-year survival percentage for localized stage CRC reaches 90%. However, as CRC cells are transferred to the regional lymph nodes or different organs of the body, the 5-year survival rate declines from 71 to 13% in the United States (Siegel et al., 2016). The prognosis of CRC patients is dependent on the TNM stage of CRC and curative surgical intervention, which is applicable only for patients with CRC limited to primary tumor and regional lymph nodes. Moreover, the clinical performance, therapeutic efficacy, and prognosis of the patients are affected by many factors such as the epigenetic status and microenvironments that cause CRC heterogeneity (Linnekamp et al., 2015). It is widely accepted that diagnosis and resection at a precancerous or early stage based on effective biomarkers are the keys to the most patients being cured (Ribic et al., 2003; Kennedy et al., 2011). Furthermore, it is imperative to identify biomarkers that are essential for accurately monitoring patients’ progression and their response to treatment (Danielsen et al., 2018; Ozawa et al., 2018).

MicroRNAs (miRNAs) have been developed as novel biomarkers for early non-invasive or minimally invasive diagnosis of CRC (Gangadhar and Schilsky, 2010; Chen et al., 2015). Expression profiles of miRNAs in human colon cancer were utilized to determine the potential clinical relevance in several studies (Smits et al., 2011; Ma et al., 2012; Manceau et al., 2014; Wu et al., 2014; Kandimalla et al., 2018). A single model incorporating multiple biomarkers demonstrates improved performance and stability of prognostic value (Agesen et al., 2012; Marisa et al., 2013). However, further validation is still needed for the implementation of these miRNAs in standard CRC clinical practice, and the underlying mechanism remains to be elucidated (Huang et al., 2017; Lin et al., 2019).

The miR-200 family (miR-200a, -200b, -200c, -141, and -429) has been demonstrated as an inhibitor of epithelial-to-mesenchymal transition (EMT) and metastasis of cancer in colon (Hur et al., 2013). Chen et al. (2019) reported that miR-200a is a tumor suppressor in glioma by directly targeting forkhead box A1 (FOXA1). FOXA1 is a transcription factor that is essential for epithelial lineage differentiation, playing an oncogenic or tumor-suppressive role in human malignancies (Song et al., 2019). FOXA1 upregulates the expression of YAP, promoting CRC tumor growth (Ma et al., 2016). Our previous study confirmed that YAP mediates EMT (Sun et al., 2017a). FOXA1 might be the potential target of miR-200a, regulating YAP-mediated EMT; however, the underlying mechanism in CRC remains unclear.

In this four-phase study, we developed a data processing system to solve the curse of dimensionality in high-dimensional gene expression data using LASSO and SVM. Different independent datasets were first integrated by using Fisher’s method to expand the sample size, and the integrated dataset was then screened for candidate miRNAs of CRC using a prediction model combining the LASSO and SVM models. The full-length 3′-UTR of human FOXA1 mRNA was proven for the first time to be a direct target of miR-200a-3p in CRC. A multi-miRNA-based classifier with a logistic regression model was developed for CRC screening or early diagnosis and was validated with the Cox regression model for potential predictors of prognosis. In addition, the results of the present study demonstrate a potential data processing model for identifying novel biomarkers and candidate miRNA patterns in the detection and prognosis prediction of CRC.



MATERIALS AND METHODS


Data Collection, Preprocessing, and Normalization

Public microarray datasets were extracted from the GEO and TCGA database. The checklist and pipeline for proper organization of the integrated analysis were determined following the reporting guidelines of microarray meta-analysis recommended by Ramasamy et al. (2008). Only original experimental studies to screen miRNAs that were differentially expressed (DE) between CRC and ANT in at least 40 human samples were included. Selection criteria, probe annotation, and data normalization were the same as described in previous reports (Sun et al., 2017a, b; Lin et al., 2019).



Integrated Analysis of miRNA Expression Datasets

Differentially expressed miRNAs between CRC and ANT were determined by MetaOmics software1 in the MetaDE package (Wang et al., 2012). The filter thresholds of the mean and SD were set to 30% in integrated analysis. Fisher’s method was performed for statistically significant analysis to counterpoise the different stringencies of the methods. A permutation method with a modified t-test was used for the removal of the batch effect and estimation of the P-values (Tseng et al., 2012). P-value < 0.001 was used as the cutoff for statistically significant DE miRNAs.



Selection of miRNAs for the Training Cohort

The candidate miRNAs were determined by a LASSO algorithm with penalty parameter tuning with 10-fold cross-validation and an SVM-Recursive Feature Elimination (RFE) algorithm (Qiu et al., 2017). In total, nine common candidate miRNAs were further selected for the training cohort.



Development and Validation of the Logistic Prediction Diagnosis Model

The diagnosis model was developed for evaluation of the differential capacity of CRC and ANT in GSE49246 using logistic regression of the nine candidate miRNAs. Furthermore, candidate miRNAs were used to validate the results of the ROC curve analysis in an independent validation set (GSE115513) by forecasting the grades of CRC and ANT, as described previously (Sun et al., 2017b).



Prognostic Index of the Nine-miRNA Signature and Validation on Prognosis of CRC Survival

A nine-miRNA prognostic signature model was developed by multivariate Cox hazard model analysis of GSE29622 data to estimate prognostic risk score (PRS) using the formula: PRS = Σ(C × EXPmiRNA), where EXP was the FPKM value of the miRNA, and C was the regression coefficient for the corresponding miRNA in multivariate Cox hazard model analysis. The median PRS of the testing dataset GSE29622 was used to distinguish the high-risk cluster from the low-risk cluster. The prognostic performance of the miRNA signature model was evaluated by comparing the AUC of ROC curves. The association of miRNA signature with patient survival was analyzed, and the miRNA signature model was finally validated in an independent dataset, TCGA-COAD.



Target Prediction of miRNA

The speculated targets of integrated-signature miRNAs, particularly for the tumor suppressor miRNA hsa-miR-200a, were predicted by four different target-prediction algorithms: TargetScan v7.12, miRanda3, DIANA-TarBase v7.04, and PicTar5 via the “miRNAtap” package (Dhawan et al., 2018).



Cell Culture and Transfection of miR-200a-3p Mimic and Inhibitor

Human colon cancer cell lines DLD1 and SW480 and normal intestinal epithelium cell line NCM460 were provided by the Cell Bank of Wuhan University (Wuhan, China). hsa-miR-200a-3p mimic, inhibitor, mimic NC, and inhibitor-negative control were from RiboBio Co., Ltd. (Guangzhou, China). Cell culture and transient transfection were performed as described previously (Sun et al., 2017a; Lin et al., 2019).



Tissue Collection

Colorectal cancer tissues and ANT (distance to cancer >5 cm) were sampled from sixty patients with primary CRC that was diagnosed by pathological assessment of tissues at Taihe Hospital of Hubei University of Medicine from January 2017 to December 2018. The study was authorized by the Research Ethics Committee of Hubei University of Medicine (Shiyan, Hubei, China). Informed consent was provided by all patients who participated in the present study.



Total RNA Isolation and Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated using Trizol reagent (Invitrogen, United States). The expression of mature miR-200a-3p was determined using qRT-PCR with the Bulge-LoopTM miRNA qRT-PCR Primer Set and Control Primer Set (RiboBio, Guangzhou, China); 2 μg of RNA was used to synthesize cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo, United States). qRT-PCR was performed using the FastStart Universal SYBR Green Master (Rox) (Roche, United States) in the ABI PRISM® 7300 real-time PCR system (Applied Biosystems, Foster City, CA, United States). GADPH and U6 were added as endogenous controls, and melting curves were used to check non-specific amplifications. Relative expression level was calculated by the 2–Δ ΔCt method. The primer sequences are shown in Supplementary Data Sheet S1.



Western Blotting and Dual-Luciferase Reporter Assays, Colony Formation Assay, Wound Healing Assay in vitro, and Transwell Migration/Invasion Assay

Approximately 0.2 g CRC and paired normal tissue samples were ground in liquid nitrogen and lysed with RIPA lysis buffer (CelLytic, Sigma-Aldrich, United States) and proteinase inhibitor cocktail (Merck Millipore, United States). Total protein was extracted and immunoblotted as described previously (Sun et al., 2017a; Lin et al., 2019). The antibody used in the present study is shown in Supplementary Data Sheet S1. The dual-luciferase reporter assays, colony formation assay, wound healing assay in vitro, transwell migration/invasion assay, transfection reagents, primers, and western blot antibody are described in Supplementary Data Sheet S1.



Statistical Analysis

All statistical analyses were performed using R/BioConductor (version 3.5.1) with two-tailed P-values. In the training phase, the dependent variable of the LASSO-logistic regression and SVM-RFE algorithm is dichotomized into two groups (tumor vs. normal), whereas the independent variable is the continuous expression values of 68 miRNAs.

In the testing phase, logistic regression is used for the diagnostic model of the binary variables, tumor and normal, and the independent variable is the continuous expression values of nine miRNAs. ROC was analyzed with R (“pROC,” “MASS,” “nnet,” “Daim,” and “epicalc” packages) to evaluate the diagnostic efficiency for the diagnostic model on the CRC outcome for the expression level of the nine candidate miRNAs. For Cox regression, the dependent variable is survival data showing the state of survival and the time of follow-up, whereas the independent variable is the continuous expression values of the nine miRNAs. Kaplan-Meier plots and ROC curve for the prognosis model were constructed using R (“survival,” “survminer,” “ggplot2,” and “survivalROC” packages). The median value was used as the cutoff value between low and high expression levels of each miRNA. The Cox proportional hazards regression model was applied to determine OS, and log-rank test was used to detect differences in OS.

For the validation phase, the nomogram prognostic model contains clinical features such as the total TNM Stage, T stage, N stage, M stage, and risk score. The clinical features (TNM Stage, T stage, N stage, M stage) are factor variables (categorical variables), and risk score is a continuous variable. The performance of the nomogram for the testing and validation data was evaluated by the concordance index and was distributed graphically with calibration plots using the “rms” package in R.

In the verification phase, ANOVA or Student’s t-test was used to detect significant differences between the groups with P < 0.05 as the threshold. The data from at least three independent experiments were averaged and presented as mean ± SD.




RESULTS


Identification of Significantly Deregulated miRNAs

Three CRC miRNA datasets consisting of 170 CRC samples and 172 ANT samples (Supplementary Table S1) were selected by integrated analysis (Figure 1), from which 135 miRNAs with steady DE patterns were identified by a moderated t-test with addition of a fudging parameter, and Fisher’s method with summarization of -log (p-value) across studies to run 300 selections (Wang et al., 2019). The effect size was merged, and a total of 68 DE miRNAs with profiles of DE miRNAs similar to those from Fisher’s method of combining P < 0.001 (Supplementary Table S2) were determined (Figure 2A). As expected, the CRC was differentiated from ANT samples by hierarchical clustering of the 68 DE miRNAs (Figure 2B).
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FIGURE 1. Study flowchart of the meta-analysis, bioinformatics analysis, and functional validation. In silico data analysis system includes the curation of three publicly available datasets, data preprocessing, meta-analysis, validation for diagnostic/prognostic values, and in vitro functional validation.
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FIGURE 2. Identification of DE miRNAs in CRC and data integration. (A) The number of DE miRNAs represented as a function of false discovery rate (FDR) in the analysis of three different datasets and four different meta-analysis algorithms (maxP, Fisher roP, and adaptively weighted statistic). (B) Heat map and two-way hierarchical clustering based on 68 DE miRNAs between CRC and ANT samples in the training set. ANT (green) and CRC (red) samples fell into different groups. (C) Forest plot of hsa-miR-200a expression throughout all pooled training datasets.




Screening of Candidate miRNAs

The miRNAs that were selected by the LASSO (Figure 3A) and SVM-RFE (Figure 3B) algorithms were merged, among which nine miRNAs that were overlapped in both algorithms (Figure 3C, Supplementary Table S3 and Supplementary Figure S1) and constituted a minimum candidate list for model prediction of CRC samples (Figures 3A–C).


[image: image]

FIGURE 3. Two algorithms used for feature selection and ROC curve for the nine-miRNA signature for CRC diagnosis. (A) LASSO and (B) SVM-RFE algorithms in the training phase. (C) Venn diagram of incorporation of miRNAs that were selected from the LASSO or SVM-RFE algorithms in the training phase. (D) Development of a risk grade with logistic diagnosis model of GSE49246. (E) Validation of the diagnostic capacity of candidate miRNAs in GSE115513. (F) Validation of the diagnostic capacity of candidate miRNAs in the independent validation cohort.




Diagnostic Capacity of Candidate miRNAs for CRC in GEO Datasets

A total of 80 testing-phase samples in GSE49246 and 1513 validation-phase samples in GSE115513 were differentiated into the CRC and normal groups using a linear logistic regression model of nine miRNAs. A DRS was estimated and weighted with the coefficients by the univariate linear regression model to evaluate the performance of nine miRNAs for prediction of CRC in the GSE49246 cohort. The DRS was estimated by the formula: DRS = (−5.1928 × EXPhsa–miR–492) + (0.1885 × EXPhsa–miR– 200a) + (−3.5434 × EXPhsa–miR–338) + (−9.1146 × EXPhsa–miR– 29c) + (0.8177 × EXPhsa–miR–101) + (−1.3238 × EXPhsa–miR– 148a) + (2.9460 × EXPhsa–miR–92a) + (−1.2699 × EXPhsa–miR– 424) + (2.7264 × EXPhsa–miR–210). ROC curve analysis indicated high categorization accuracy of a panel of nine miRNA signatures in the testing set GSE49246 (AUC = 0.94) (Figure 3D), in the validation set GSE115513 (AUC = 0.89) (Figure 3E), and in our independent validation set (AUC = 0.978) (Figure 3F and Supplementary Table S4).



Prognostic Capacity of Candidate miRNAs for CRC in GEO and TCGA Datasets

Significant associations of candidate miRNAs with the survival of CRC patients were analyzed by multivariate Cox regression in 80 testing-phase GSE29622 samples (Supplementary Table S4). PRS was estimated using the nine-miRNA signature model as follows: PRS = (0.1170 × EXPhsa–miR–492) + (0.3496 × EXPhsa–miR–92a) + (0.3640 × EXPhsa–miR–424) + (−0.5316 × EXPhsa–miR–29c) + (0.0573 × EXPhsa–miR–101) + (0.0882 × EXPhsa–miR–338) + (−0.5038 × EXPhsa–miR–200a) + (0.1920 × EXPhsa–miR–210) + (0.2397 × EXPhsa–miR–148a), where EXP was the FPKM value of the miRNA.

The prognostic performance of the nine-miRNA signature model was characterized using the GSE29622 dataset. The median PRS (1.036) was used to classify CRC patients into a low-risk group (n = 33) and a high-risk group (n = 32) (Figure 4A). As shown in Figure 4B, the high-risk group had significantly shorter survival time or lower survival probability compared with the low-risk group (HR, 4.741, 95% CI, 2.13–10.55, log-rank test p = 0.0002). The AUC for predicting the 1- to 10- year survival of CRC patients was between 0.783 and 0.872 (Figure 4C). High expression of hsa-miR-200a and low expression of hsa-miR-492, hsa-miR-92a, hsa-miR-424, hsa-miR-29c, hsa-miR-101, hsa-miR-338, hsa-miR-210, and hsa-miR-148a were associated with longer predicted survival (Figures 4D–L). The results suggested the nine-miRNA signature enabled effective prediction of the prognosis of CRC patients.
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FIGURE 4. Detection performance of the nine-miRNA signature in GSE29622 data. (A) Risk grade analysis of the nine-miRNA signature of CRC. Risk grade of miRNA signature (Top); duration of cases (Middle); low- and high-risk clusters for the nine miRNAs (Bottom). (B) Survival analysis of the high-risk cluster and the low-risk cluster with Kaplan–Meier curves. (C) Detection effectiveness of the nine-miRNA signature for survival time. ROC curves of the nine-miRNA signature were used to predict 1- to 10-year survival. Independent detection power (efficiency) of individual miRNAs in the nine-miRNA signature. (D) hsa-miR-148a, (E) hsa-miR-210, (F) hsa-miR-200a, (G) hsa-miR-338c, (H) hsa-miR-101, (I) hsa-miR-29c, (J) hsa-miR-424, (K) hsa-miR-92a, and (L) hsa-miR-492. The x-axis represents overall survival time, whereas the y-axis indicates OS probabilities.




Validation of Prognostic Performance of the Nine-miRNA Signature in TCGA-COAD

The prognostic performance of the nine-miRNA prediction model for CRC was validated using the validation dataset TCGA-COAD. The CRC patients were classified into the high-risk group (n = 203) and the low-risk group (n = 203) using PRS and the median PRS as cut-off criteria (Figure 5A). The high-risk group had significantly shorter survival time or lower survival probability compared with the low-risk group (HR, 3.9, 95% CI, 2.125-7.16, log-rank test p < 0.001) (Figure 5B). The AUC for predicting 1- to 10- year survival of CRC was between 0.796 and 0.911 (Figure 5C). The results were consistent with those of the testing set (Figures 4, 5), supporting the effectiveness of the nine-miRNA signature in predicting the prognosis of CRC.
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FIGURE 5. Detection performance of the nine-miRNA signature in the TCGA-COAD test cohort and ROC analysis for comparison of performance of risk grade with the clinicopathological factors. (A) Risk grade analysis of the nine-miRNA signature in COAD data. Risk grade of miRNA signature (Top); duration of cases (Middle); low- and high-risk clusters for the nine miRNAs (Bottom). (B) Survival analysis of the high- and the low-risk clusters by Kaplan–Meier curves. (C) Detection effectiveness of the nine-miRNA signature for survival time. ROC curves of the nine-miRNA signature were applied to predict 1- to 10-year survival. ROC analysis for comparison of performance of risk grade with the clinicopathological factors in (D) GSE29622 and (E) TCGA-COAD data.


The effect of each clinicopathological feature on survival was analyzed by Cox regression to evaluate whether the prognostic classifier acted as an independent indicator in CRC patients. As shown in Table 1, after multivariable adjustments for clinicopathological factors, the nine-miRNA-based classifier was demonstrated to be a powerful and independent factor in the testing cohort of 65 cases (HR 1.232, 95% CI 1.115–1.363, P < 0.001) and in the validation set of 406 cases (HR 1.455, 95% CI 1.287–1.645; P < 0.001).


TABLE 1. Univariate and multivariate analyses of clinicopathological factors and nine-miRNA classifier with OS in GSE29622 and TCGA COAD cohorts.

[image: Table 1]Time-dependent ROC curve analysis revealed that the nine-miRNA signature was a better predictor of survival compared with clinicopathologcial factors in both the testing and validation sets (Figures 5D,E).




BUILDING A PREDICTIVE NOMOGRAM AND CALIBRATION PLOT

A predictive model applicable for clinics was built using a nomogram to predict an individual’s 1-, 3-, and 5-year survival, taking into consideration clinicopathological covariates. According to multivariate analysis of OS (Table 1), a nomogram with predictors including PRC, TMN stage, and pathological stage was used to predict the 1-, 3-, 5-, and 7- year survival in both the testing cohort (Supplementary Figure S2A) and validation cohort (Supplementary Figure S2B). The concordance index was 0.827 (0.761–0.893) for the testing cohort (Supplementary Figure S2C) and 0.837 (0.778–0.895) for the validation cohort (Supplementary Figure S2D), suggesting that the calibration plots effectively predicted the 1-, 3-, and 5-year OS rate.


Association of Downregulated miR-200a-3p With Upregulated FOXA1 in CRC

A decreasing mode in the miR-200a levels was observed in human CRC (Figure 2C). The levels of miR-200a-3p in DLD1 and SW480 cell lines were lower than those in the normal intestinal epithelium cell line NCM460 (Figure 6A). qRT-PCR (normalized with U6) was used to measure mature miR-200a-3p level in the independent validation sample cohort (n = 60). The results indicated that the expression of miR-200a-3p was significantly (P < 0.05) decreased in the ANT-related tumors (Figure 6B). Both qRT-PCR and Western blot analyses demonstrated significant upregulation of FOXA1 in CRC tissues compared with ANT (Figures 6C,D). The miR-200a-3p expression levels were significantly and inversely associated with FOXA1 levels in both CRC tissues and normal samples (R2 = 0.21, P = 1.01E-07) (Figure 6E) in our independent validation cohort, but they were not associated with FOXA1 levels in the TCGA colon or rectal cancer cohort (Supplementary Figure S3).
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FIGURE 6. Negative association of expressions of miR-200a-3p with FOXA1 in primary CRC tumors. (A) Expression of miR-200a-3p measured in triplicate in two colon cancer cell lines, DLD1 and SW480, and the normal NCM460 cells. (B) Significantly declined miR-200a-3p, miR-148a, miR-92a, miR-424, and miR-210 in primary human CRC tissues in comparison with ANT. (C) Significantly increased FOXA1 in primary CRC samples in comparison with ANT. Significance was statistically analyzed by Student’s t-test. (D) The levels of FOXA1 protein in four pairs of CRC tissues. (E) Scatter plots indicating the negative association between miR-200a-3p and FOXA1 mRNA levels. (F) Venn diagrams of putative miR-200a targets predicted by PicTar, TargetScan (v7.1), miRanda, and DIANA-TarBase (v7.0).


A total of 66 common targets of miR-200a were identified from both prediction algorithms and experimentally supported databases using four publicly available algorithms with high-stringency (Figure 6F and Supplementary Table S5).



Inhibition of miR-200a in Clone Formation, Migration, and Invasion of Colon Cancer Cells

Based on the results of the integrated analysis and in vitro experiments, we hypothesized that the reduced expression of miR-200a-3p might accelerate CRC tumorigenesis via targeting FOXA1. We transfected SW480 and DLD1 cells with miR-200a-3p mimic, miR mimic NC, miR-200a-3p inhibitor, miR inhibitor NC to determine the role of miR-200a-3p in clone formation. Clonogenic assay revealed that the clonogenic survivals of SW480 and DLD1 cells were reduced by miR-200a-3p compared with the NC groups, whereas phenotype was reversed by miR-200a-3p inhibitor (Figures 7A,B). The wound healing assay showed that miR-200a-3p overexpression suppressed and miR-200a-3p inhibitor enhanced migration of CRC cells (Figures 7C–F). The transwell assay showed that miR-200a-3p overexpression suppressed and miR-200a-3p inhibitor enhanced invasion of CRC cells (Figures 7G–J). These data indicated that miR-200a suppressed the proliferation, migration, and invasion of CRC cells.
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FIGURE 7. Inhibitions of miR-200a-3p to formation, movement, and penetration in SW480 and DLD1 cell clone in vitro. (A,B) Typical photomicrographs and quantifications of clone formation assay in SW480 and DLD1 cells at 48 h after transfection. (C–F) Photomicrographs of wound healing assay in SW480 and DLD1 cells at 48 h after transfection. (G) Transwell invasion assays of DLD1 and SW480 cells. Bar = 100 μm. (H) Total number of cells in five fields was estimated manually. (I) Transwell migration assays of DLD1 and SW480 cells with different miRNAs. Bar = 100 μm. (J) Total number of cells in five fields was determined manually. Mean ± SD was used, and statistical significance analysis was performed with one-way ANOVA. ∗P < 0.05. ∗∗P < 0.01. ∗∗∗P < 0.001.




miR-200a-3p Modulates FOXA1 and YAP1 Expression via Targeting Human FOXA1 3′UTR and Inhibits EMT of Colon Cancer Cells

FOXA1 3′-UTR was cloned into a luciferase reporter plasmid (Figure 8A), and expression of the adjacent hRluc coding region was quantified to evaluate miR-200a-3p-regulated FOXA1 expression. Searching different databases revealed that FOXA1 is a predicted target of miR-200a-3p that presents oncogenic properties. FOXA1 harbors two conserved miR-200a-3p cognate sites: nucleotides 310-317 and 271–276 of FOXA1 3′-UTR (Figures 8B,C). The luciferase reporter plasmid FOXA1-3′-UTR or mutant reporter plasmids with point mutations in the putative miR-200a-3p binding sites were co-transfected with miR-200a-3p mimics or miR mimic NC and inhibitors, separately. The results showed that the luciferase activity of reporter plasmid with wild type FOXA1 3′-UTR was significantly inhibited by miR-200a-3p but increased by miR-200a-3p inhibitor (Figure 8D, P < 0.05). However, no significant change was observed in reporter plasmid containing mutated FOXA1 3′-UTR (i.e., MUT-FOXA1-3′-UTR). These results suggested that miR-200a-3p negatively regulated FOXA1 expression by directly binding to the predicted binding site(s) in the FOXA1 3′-UTR.
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FIGURE 8. The 3′-UTR of FOXA1 mRNA is targeted by miR-200a-3p. (A) Schematic diagram of dual-luciferase reporter vector. (B,C) The 3′-UTR of FOXA1 mRNA, harboring two miR-200a-3p cognate sites. (D) Relative luciferase activity of reporter plasmids with wild-type or mutant FOXA1 3′-UTR in DLD1 and SW480 cells co-transfected with negative control (NC) or miR-200a-3p mimic or miR-200a-3p inhibitor. (E) Expression of FOXA1 mRNA in DLD1 and SW480 cells transfected with the indicated miRNAs. (F) Western blotting of FOXA1, YAP, E-cadherin, and N-cadherin in DLD1 and SW480 cells transfected with different miRNAs. Mean ± SD from triplicates is used, and statistical significance was determined by Student’s t-test. ∗P < 0.05.


DLD1 and SW480 cells were transfected with miR-200a-3p mimic, miR mimic NC, miR-200a-3p inhibitor, and inhibitor NC to verify the direct regulation of FOXA1 expression by miR-200a-3p. Both qRT-PCR and Western blotting revealed that the expression level of FOXA1 was suppressed in miR-200a-3p-overexpressed cells but regained in miR-200a-3p inhibitor-treated cells (Figures 8E,F). Therefore, miR-200a-3p negatively regulated FOXA1 levels in CRC cells. In addition, the results showed that miR-200a-3p negatively regulated expression of N-cadherin and YAP1 proteins and positively regulated E-cadherin expression (Figure 8F), suggesting that miR-200a-3p inhibited EMT of CRC cells.




DISCUSSION

Integrated analysis that unites cross-platform normalization of gene profiling and neglects the unavailability of raw data has been widely applied to detect DEGs at the mRNA and miRNA levels in CRC (Sun et al., 2017a, b; Lin et al., 2019). In the present study, the microarray data were analyzed by meta-analysis to detect candidate miRNAs that were potential diagnostic and prognostic markers. Further, a novel diagnostic and prognostic model based on candidate miRNAs was developed and validated for OS prediction of CRC in both testing and validation cohorts.

The novel tool successfully differentiated patients into high-risk and low-risk clusters with significant differences in OS. The classifier was proven to predict the survival of patients with CRC significantly better than other clinicopathological risk factors. When stratified by these, the nine-miRNA-based classifier appears to be an effective prognostic model to provide value supplementary to clinicopathological characteristics. The nine-miRNA signature was also demonstrated to be independent of other clinicopathological factors. In addition, the prognostic scores can be easily calculated according to the prognostic-score equation, and the levels of the nine miRNAs in the signature can be easily determined using quantitative real-time PCR or other customized test methods. Risks and prognosis can be effectively predicted by the prognostic scores. Therefore, the prognostic score model is easily applied by oncologists in clinical practice.

A comprehensive and practical nomogram was developed to predict individual survival rates, providing opportunities for clinicians to rank patients according to these valid tools. miR-200a-3p is the only tumor-suppressor miRNA of the nine-miRNA-based classifier and inhibits expression of FOXA1, YAP1, and N-Cadherin but enhances E-Cadherin expression in colon cancer cells. The expression of FOXA1 was directly regulated by miR-200a-3p binding to the 3′-UTR of FOXA1.

Zhang et al. (2013) used a tool-integrated LASSO Cox regression model with multiple miRNAs to develop a molecular classifier based on a core set of six miRNAs for predicting the 5-year disease-free survival for patients with stage II CRC. However, previous studies on miRNA diagnostic and prognostic prediction were restricted by the small number of miRNAs screened, small sample sizes, lack of independent validation, and utilization of improper statistical methods for miRNA microarray data mining. In the present study, all nine candidate miRNAs were detected by SVM-RFE instead of LASSO; this difference might be caused by the inherent characteristics of each set of algorithms. It should be noted, however, that the nine miRNAs selected by integrated functions of LASSO and SVM-RFE were further validated, suggesting the feasibility of the integration strategy. Our model still needs to be validated with real samples in different oncology centers. In addition, all nine miRNAs except miR-101 were newly detected to be associated with CRC. Further characterization of molecules such as miR-210 will provide novel insights into CRC occurrence and advancement, leading to the identification of potential therapeutic targets for patients with CRC.

A number of miRNAs have been detected to predict the survival of patients with CRC (Balaguer et al., 2011; Zhang et al., 2013; Hur et al., 2015; Vychytilova-Faltejskova et al., 2016; Pettit et al., 2017; Toiyama et al., 2017; Ji et al., 2018; Kandimalla et al., 2018). Particularly, miR-492, miR-200a, miR-338, miR-29c, miR-101, miR-148a, and miR-92a have proven to be correlated with the prognosis or therapeutic outcome of patients with CRC (Gaedcke et al., 2012; Kuo et al., 2012; Schee et al., 2012; Tsai et al., 2013; Yong et al., 2013; Kim et al., 2014; Pichler et al., 2014; Sun et al., 2014; Xue et al., 2014; Chen et al., 2018; Fu et al., 2018; Igder et al., 2019). miR-492 is a rectal cancer-specific miRNA that was the single most upregulated (up to 16-fold higher) in rectal cancer and was never detected for colon cancers (Gaedcke et al., 2012). In an effort to characterize miRNAs related to aggressiveness and E-cadherin expression, Pichler et al. (2014) revealed low expression level of miR-200a as an independent prognostic factor pertaining to cancer-specific survival, contrary to the expression of EMT-related genes in cancer stem cell-enriched spheroid growth conditions. Yong et al. (2013) proposed that a three-miRNA (miR-193a, miR-23a, and miR-338) classifier appeared to be a potential blood biomarker for early detection of CRC. Xue et al. (2014) reported that miR-338-3p inhibited colorectal carcinoma cell invasion and migration by attacking smoothened. Kuo et al. (2012) reported significant downregulation of miR-29a and miR-29c in early-recurring CRC patients and proposed miR-29a/c as promising biomarkers for CRC early recurrence. Yang et al. (2019) demonstrated that miR-101 inhibited colon cancer by targeting CREB1. Tsai et al. (2013) discovered that hsa-miR-148a inhibited tumorigenesis by suppressing colon cancer cell multiplication and migration but not invasion, resulting in an accumulation of the G2 population. Therefore, hsa-miR-148a might be a simple and accountable biomarker for the detection of postoperative early relapse in patients with CRC after radical resection (Tsai et al., 2013). Overexpression of miR-92a in HCT116 cells was demonstrated to facilitate migration, proliferation, and resistance to apoptosis and to modify F-actin organization, leading to the enhanced oncogenicity (Alcantara and Garcia, 2019).

Chen et al. (2012) demonstrated that miR-424 overexpression significantly abrogated invasive potential, acting as a direct tumor suppressor. In the present study, we found that only a high expression level of miR-200a-3p in tumors was significantly associated with the enhanced OS of CRC patients, indicating a negative correlation of miR-200a-3p to CRC progression. Pichler et al. (2014) found inverse expression of EMT-related genes caused by abnormal expression of miR-200a, but the study did not explore its potential mechanism in CRC.

Considering the convenience of clinical application, miR-200a-3p was selected for function validation in our study. We confirmed downregulation of miR-200a in CRC tissues, which was substantially linked to poor survival of CRC patients. miRNA target analysis and luciferase reporter assays suggested that the miR-200a-3p-mediated regulatory mechanism in colon cancer cells was inhibition of FOXA1 expression by targeting the 3′-UTR of FOXA1 mRNA. Over-expression of miR-200a-3p significantly suppressed cellular proliferation. Furthermore, ectopic overexpression of miR-200a-3p reduced cell migration and invasion and enhanced expression of E-cadherin, suggesting the potential role of miR-200a-3p in CRC metastasis. To the best of our knowledge, this is the first meta-analysis to reveal the comprehensive mechanism underlying malignant development of CRC caused by loss of miR-200a-3p, which unleashes expression of FOXA1. FOXA1 is a transcription factor. FOXA1 knockdown distinctly suppressed cell proliferation and promoted apoptosis in SW480 and HCT116 CRC cells. The expression of YAP in SW480 and HCT116 cells was also prominently downregulated by FOXA1 knockdown to reduce the tumor growth of CRC (Ma et al., 2016), consistent with our previous study that confirmed inhibition of down-expression of YAP1 to the EMT in a manner associated with CRC invasion in vitro (Sun et al., 2017a). The Hippo/YAP signature was greatly enriched for FOXA1 binding sites, ranking second among all transcription factors analyzed by Fitamant et al. (2015). Therefore, the interaction between FOXA1 and YAP1 represents the balance between tumor maintenance and cell discrimination (Fitamant et al., 2015). Further study is needed to reveal more functions of miR-200a-3p in CRC carcinogenesis and development by targeting the FOXA1/YAP1 signal pathway.

In the current study, we found that expression of miR-200a-3p was significantly decreased in ANT-related tumors and a significant upregulation of FOXA1 in CRC tissues compared with ANT. The miR-200a-3p expression levels were significantly and inversely associated with FOXA1 levels in both CRC tissues and normal samples in our independent validation cohort, but they were not associated with FOXA1 levels in the TCGA colon or rectal cancer cohort. Different ethnic groups, genetic testing method, dietary habits, and culture may be responsible for the inconsistencies between the TCGA datasets and our independent validation cohort. Firstly, in terms of ethnic group, the original data source of the independent validation cohort was Asian, whereas the data source for TCGA datasets is Caucasian. Second, the data are detected in different ways. The assay used in the independent validation cohort is qRT-PCR, and the unit is the ratio of the internal parameters. The data of the TCGA datasets is sequencing data, and the unit of measurement is RPKM (Reads Per Kilobase of exon Model per Million mapped reads). Third, CRCs from patients embedded in geographically diverse populations and cultures reflect substantially different dietary exposures, extended over the whole life course. These differences may account for the inconsistency between the expression of miR-200a and FOXA1 in TCGA and that of the independent validation cohort. It also should be pointed out that there was no significant difference in the FOXA1 expression in four patients at different stages in our validation cohort. These issues and the underlying molecular mechanism deserve further study in the future.

In conclusion, the integrated analysis of miRNome profiling of human normal tissues and CRC tissues was performed to explore the roles of miRNAs in CRC in this study. In total, nine miRNAs (hsa-miR-492, hsa-miR-200a, hsa-miR-338, hsa-miR-29c, hsa-miR-101, hsa-miR-148a, hsa-miR-92a, hsa-miR-424, and hsa-miR-210) were proven to be promising diagnostic and prognostic markers in the clinic. Upregulation of miR-200a-3p suppressed the proliferation, migration, invasion, and EMT of colon cancer cells by targeting the FOXA1/YAP1 signal pathway. Targeting miR-200a-3p might serve as a novel therapeutic approach for the treatment of CRC patients.
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FIGURE S1 | Cross-validation for tuning parameter selection in the LASSO logistical model (A) and SVM-RFE model (B).

FIGURE S2 | Establishment and validation of the composite clinicopathologic-miRNA nomogram for OS prediction. Nomograms for OS prediction in (A) testing cohort GSE29622 and (B) validation cohort TCGA-COAD. Calibration curve for the OS nomogram model in (C) testing cohort GSE29622, and (D) validation cohort TCGA-COAD. The dashed line represents the ideal nomogram, and the solid line represents the observed nomogram.

FIGURE S3 | Scatter plots indicating the association between miR-200a and FOXA1 mRNA expression levels in (A) TCGA-COAD and (B) TCGA-Rectal cancer.

TABLE S1 | Characteristics of the public microarray datasets used in this study.

TABLE S2 | MiRNA-level results in integrated analysis of three datasets.

TABLE S3 | Differentially expressed miRNAs between CRC and ANT selected using the LASSO and SVM-RFE algorithms.

TABLE S4 | Clinical features of the CRC patients in the testing set (GSE29622), validation set (TCGA-COAD), and independent validation set.

TABLE S5 | Sixty-six consensus target genes summarized by four different target prediction algorithms.

DATA SHEET S1 | Supplementary experimental procedures.


ABBREVIATIONS

AUC, area under the receiver operating characteristic curve; COAD, colon Adenocarcinoma; CRC, colorectal cancer; DRS, diagnosis risk score; EMT, epithelial mesenchymal transition; FOXA1, forkhead box protein A1; FPKM, fragments per kilobase of transcript per Million mapped reads; GEO, gene expression omnibus; hsa-miRNA-200a or miR-200a, human microRNA-200a; LASSO, least absolute shrinkage and selector operation; NC, negative control; OS, overall survival; ANT, paired adjacent normal tissue; RIPA, radioimmunoprecipitation assay; ROC, receiver operating characteristic; SD, standard deviation; SVM, support vector machine; SVM-RFE, support vector machine-recursive feature elimination; TCGA, the cancer genome atlas; YAP, YES-associated protein.

FOOTNOTES

1http://www.pitt.edu/~tsengweb/MetaOmicsHome.htm

2http://www.targetscan.org/vert_71/

3http://www.microrna.org/microrna/home.do

4http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=tarbase/index/

5http://pictar.mdc-berlin.de/cgi-bin/PicTar_vertebrate.cgi
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Specific types of nephroblastoma (Wilms' tumor, WT) are known to associate with poor overall survival. Emerging experimental evidence has demonstrated that competitive endogenous RNA (ceRNA) networks have important roles in regulating cancer occurrence, but the roles of ceRNAs in regulating the WT progression and the patient outcomes remain unclear. Using the multi-omics data of 132 WT patients collected from TARGET database, an integration analysis pipeline was performed to construct a highly reliable ceRNA network. As results, a total of 147 nodes (116 mRNAs, 15 miRNAs, and 16 lncRNAs) were identified and used to explore the underlying mechanism for WT progression. WGCNA analysis further identified several prognostic molecules, including hsa-mir-93, LINC00087 and RP5-1086K13, that significantly associated with the overall survival rate. And, enrichment analysis verified the participation of these molecules in tumor-related pathways, such as those controlling autophagy and cadherin-mediated adhesion. Importantly, the WT patients were classified into three categories according to the ceRNA network, which significantly correlated with the overall survival. In conclusion, the ceRNA network could be a promising tool to further validate the prognostic biomarkers and categories of patients diagnosed with WT.

Keywords: nephroblastoma, competitive endogenous RNA, tumor progression, prognostic marker, tumor categories


INTRODUCTION

Nephroblastoma, also known as Wilms' tumor (WT), is a complex childhood tumor of the kidney and the most prevalent type of kidney cancer in children (1). It is the underlying cause of 6–14% of children with tumors and up to 95% of all kidney cancers in children, affecting approximately one child per 10,000 worldwide under 15 years of age (2). Multiple effective treatments have been developed, and the overall survival rate of WT has reached 90% within the past several decades (3). However, recurrence still occurs in ~15% of WT patients with favorable pathological findings and practically 50% of anaplastic WT patients. Relapsed patients, as well as those with bilateral or unilateral high-risk tumors, who are at great risk for significant late effects of therapy, continue to have poor event free survival rates (4–6). Therefore, to develop novel and effective therapeutic approaches, it is important to understand the eventual downturn in the disease state that many WT patients will undergo.

Carcinogenesis is a complex process driven by abnormal gene combinations which may vary greatly between patients. WT is a genetically heterogeneous disease. Several gene alterations in predisposing loci have been well-identified, including mutations in Wilms' tumor gene 1 (WT1), catenin beta 1 (CTNNB1), insulin-like growth factor-2 (IGF2) and Wilms' tumor gene on the X chromosome (WTX) (7–9). The multifaceted regulation across multiple genes is important for the development of this disease. Numerous studies have reported that non-coding RNAs, including microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), may play a critical role in cancer development (10, 11). Approximately 15% of patients diagnosed with WT have mutations in the miRNA-processing genes (12). Gong et al. analyzed the miRNA expression profiles of WT patients and identified 5 potential prognosis biomarker (13). Another study using microarrays to perform miRNA and gene expression profiles of WT patients and found the relationship between abnormally expressed miRNA and tumor progress (14). Previous studies have focus on the single omics and research on transcriptome has been largely limited to mRNA. As previously discussed, a single factor cannot explain the development of cancer. However, computational analysis provides a good way to understand the interactions between different factors that may contribute to cancer development.

Recent studies have demonstrated another layer of miRNA-mediated regulation that involves direct interactions between RNA molecules and common miRNAs. These RNAs, which were first presented in 2011 by Rubio-Somoza et al. (15), are known as competing endogenous RNAs (ceRNAs). The ceRNA hypothesis states that the pool of mRNAs, lncRNAs and other ncRNAs shares common microRNA response elements (MREs) with miRNAs, which can inhibit normal miRNA functions through competitive binding, thereby participating in the regulation of cell behavior (16). A recent bioinformatics study revealed that AFA-P1-AS1 acts as a ceRNA, competitively binding with miR-423-5p and directly regulating genes in the Rho/Rac pathway, thereby enhancing nasopharyngeal carcinoma cell migration and invasion (17). Another study characterized a ceRNA network that could distinguish the mesenchymal subtype from other glioblastoma subtypes (18). Taken collectively, these findings support the usefulness of the ceRNA network in understanding the development of this disease.

Most recent studies on the ceRNA network consider miRNAs to be gene regulators that act alone, and they ignore the influence of other regulatory factors on the ceRNA network, such as epigenetic factors, transcription factors and gene copy number variation factors (19). Losing sight of these critical factors may lead to spurious miRNA–gene interactions, which may cause false positive results in the ceRNA network. The recently proposed Cancerin algorithm overcomes this problem by integrating muti-omic data (20). Another problem, however, involves the identification and characterization of suitable candidate nodes to expand the ceRNA network. Most studies have used differential expression patterns as a screening standard. However, due to the inherent characteristics of transcriptomic data, there is usually severe noise in the differentially expressed genes (21). In addition, the genes with the greatest variations are not necessarily the genes responsible for the phenotypic changes because of the complex hierarchical relationships within the biological regulatory network. Therefore, it is critical to identify the transcripts most associated with cancer progression and to define them as nodes in the expansion of the ceRNA network. Weighted Gene Co-expression Network Analysis (WGCNA) solves this problem well (22). This method has been widely used to screen the gene co-expression module and the key node, collectively known as the hub node, which is most closely related to phenotypic changes.

A fundamental approach to study the heterogeneity of WT is to stratify the patients according to the molecular characteristics. Thus, tumors can be divided into clinically and biologically meaningful subtypes (23, 24), with each subtype associating with similar molecular markers. Previously, many attempts have been made to stratify various cancers using high quality transcriptomic signatures, and some molecular subtypes in breast cancer have now been clinically validated such as Mammaprint and Oncotype Dx (25). Since the endogenous RNA network integrates multiple layers of information, we hypothesized that the classification of patients using the ceRNA network would be useful.

In this study, we obtained RNA-seq, copy number and methylation data from the TARGET Database of 132 WT patients at different stages of the disease. The candidate miRNAs, mRNAs and lncRNAs related to tumor progression were identified by co-expression analysis. Furthermore, multi-omics data (genome, transcriptome, and epigenome) were integrated, and different methods were adopted to build a high-confidence ceRNA network. As a result, several key lncRNAs, which could predict patient prognosis, were identified and further investigated. According to these results, six lncRNAs could be used as reliable indicators of patient prognosis. In addition, we stratified patients using the condense cluster method and divided them into subtypes with significant clinical significance based on the ceRNA network (Figure S1). In summary, the ceRNA network obtained from this multi-group study represents an effective approach to study the stratification of patients, as well as to identify the mechanism responsible for the progression of WT.



MATERIALS AND METHODS


Patients and TARGET Data Retrieval

The clinical data of 132 WT patients were obtained from TARGET (Therapeutically Applicable Research To Generate Effective Treatments) database. The survival and stage information were included in this database. The RNA-seq, miRNA-seq, DNA methylation and DNA copy number information were also downloaded. Patients with incomplete clinical information were filtered out, and 132 WT patients were retained. The study is in accordance with publication guidelines provided by TARGET (https://ocg.cancer.gov/programs/target/target-publication-guidelines). Since the data comes from the TARGET database, no further approval was required from the Ethics Committee.



RNA Sequence Data Processing

The RNA FPKM (fragments per kilobase of exon per million fragments mapped) and miRNA expression data of 128 WT patients were obtained from TARGET database. All data from the samples were derived from the Illumina Hi-Seq platform and freely available to download. Furthermore, “annotable” package based on the R environment was used to distinguish the lncRNA and coding RNA. Finally, 20,347 mRNA, 5983 lncRNA and 1870 miRNA were identified.



Copy Number Alteration

Mean copy numbers of chromosomal segments in the whole genome were provided by level 3 copy number alteration data from TARGET. Using the genomic location information of protein coding genes provided by GENCODE Release 26 (GRCh37), the R Bioconductor package CNTools were applied to transform the segmented CNA data into a gene-level data matrix where each entry represented copy number value of a gene in a definite sample.



Methylation Data Pretreatment

The genome-wide methylation level of ~450,000 CpG sites needed to be measured in level 3 DNA methylation data from TARGET samples. The ratio of methylated probe intensity of the overall intensity (sum of methylated and unmethylated probe intensities) was defined as the methylation level of each CpG site (i.e., β value). Thus, β ranges between 0 and 1, with 0 being hypomethylated and 1 being hypermethylated. Previous research indicated that the methylation of CpG sites in the promoter regions resulted in gene expression change. Therefore, only considered β values of CpG sites are in genes' promoter regions. Thus, Bioconductor annotation package AnnotationHub was used to identify the probes positioned at the upstream 200–1,500 base pairs from the gene transcription start site. Gene's methylation level was estimated as the mean of its associated upstream probes' β values.



Identification of Differentially Expressed Genes, miRNAs and lncRNAs

To identify mRNA, lncRNA, and miRNA which was associated with tumor progression, we divided the tumor samples into 2 groups (early stage and advanced stage) and used LIMMA package (R version 3.4.1) to analyze differences in the expression levels between the two tumor groups. As the raw transcriptomic data may be noisy, several filtering processes were performed to improve the quality of the expression profile. Firstly, we removed RNAs with low-expression values in more than 70% of the WT patients. Then, we calculated the coefficient of variation (CV) in gene expression for each RNA, and remove the 20% of RNAs with the lowest CV values. In addition, for multiple ensemble gene ids corresponded to the same gene symbol, the genes with maximum CV was retained to represent that gene. The differentially expressed mRNAs, lncRNAs and miRNAs were identified based on the same thresholds (absolute log 2 FC > 2.0 or p < 0.05).

For immunologic gene sets, we first captured relevant microarray datasets published in the immunology literature that has raw data deposited to Gene Expression Omnibus (GEO) with accession number GSE37301, GSE37605, GSE6259, and GSE2405. These studies included both human and mice data. However, it is proved that the characteristics of the activation of lymphocytes and differentiation of bone marrow cells were highly conserved between human and mouse cells (26). More importantly, instead of focusing on the changes of individual genes, we used the enrichment analysis to determine the overall coincidence degree of WT deterioration related genes and immune-related gene sets, which helped us identify the biological significance of different genes. For each published study, the relevant comparisons were identified (e.g., WT vs. KO; pre- vs. post-treatment etc.) and brief, biologically meaningful descriptions were created. All data were processed and normalized the same way to identify the gene sets, which correspond to the top or bottom genes (FDR < 0.02 or maximum of 200 genes) ranked by mutual information for each assigned comparison.



Screening of Candidate Genes

Based on the previously identified mRNA, lncRNA, and miRNA, WGCNA was carried out to acquire candidate mRNA, lncRNA, and miRNA which is relative to clinical stages of the disease. The correlation of gene expression profile with module eigengenes (Mes) was defined as the module membership (MM) and the correlation between gene and external traits was defined as gene significance (GS) measure. The genes with |GS+ MM| ranked above the top 10% were selected as candidate gene together with genes in the core module.



Functional Enrichment Analysis of Core Module Gene

For a deeper understanding of the biological effects and pathways of the aberrantly expression core module gene, Gene Ontology (GO) Biological Process, Kyoto Encyclopedia of Genes, and Genomes (KEGG) pathway analyses were constructed using the R/Bioconductor package of Clusteprofiler. Functional enrichment analysis was based on the threshold of P < 0.05. The predicted function of lncRNA is based on the function of the gene with the highest correlation with lncRNA in ceRNA network.



Construction of ceRNA Network

In order to get a reliable ceRNA network, the candidate mRNA, miRNA and lncRNA which was selected in part 6 was invoked as nodes. Cancerin and GDCRNATools were utilized to construct the tumor deterioration-related ceRNA network. Cancerin integrated multidimensional cancer genomics data in order to infer cancer-associated ceRNA interaction networks which could identify the miRNAs contributed to the differential expression of RNA's. The newly developed GDCRNATools is used for deciphering the lncRNA-mRNA related ceRNA regulatory network as well as many routine analysis including functional enrichment analysis, DEG analysis and survival analysis in cancers. The code provided by Cancerin was used to integrate transcriptome, DNA methylation and copy number information to predict ceRNA network. Furthermore, ceRNA network was also predicted with GDCRNATools. Finally, union of the two ceRNA networks was used as the ceRNA network.



Patient Stratification

In order to affirm patient stratification based on ceRNA network, a patient similarity matrix was constructed. Each element in the matrix represents the correlation coefficient based on ceRNA network. Then, the ConsensusClusterPlus package was used to reclassify patients. Furthermore, the similarity between samples was calculated by Pearson's correlation. Samples were distributed in k clusters by the PAM algorithm. The best number of clusters was determined by relative change in area under the CDF (Consensus Cumulative Distribution Function) curve compared k and k-1 (27).



Survival Analysis

Survival analysis for all RNAs in the ceRNA network was carried out by using the R survival package (https://CRAN.R-project.org/package=survival, Version: 2.41-3). The log-rank test was carried out to identify whether the expression of lncRNAs, mRNAs and miRNAs was correlated with overall survival. For the overall survival rates, we use the log-rank test to compare the significant differences in univariate analysis between each subgroup. Unless otherwise specified, a P < 0.05 is considered as statistically significant.



Data Availability

The datasets analyzed during the current study are available in the TARGET repository (https://ocg.cancer.gov/programs/target/data-matrix). All relevant data are within the paper and its Supporting Information files.




RESULTS


Gene Expression Patterns in WT Patients at Different Stages of the Disease

The clinical data of 132 WT patients at different stages of the disease were downloaded from the TARGET Database, including progression-free survival, total survival, disease stage, and the corresponding RNA-seq data. The relationship between patient survival and disease stage, which was first examined in our study, indicated that the traditional stage significantly correlated with the patient disease-free survival and overall survival rates (Figures 1A,B). Surprisingly, the worst disease-free survival rate was not observed in patients at the latest stage of the disease. For example, we found by disease-free survival analysis that patients at stage II were better than those at stage I, and similar results were observed by overall survival analysis. The most likely cause of this result is that there are a few samples of this tumor and fewer clinical samples have been collected, resulting in some deviations in survival statistics. Another possibility is that due to the difficulty in early diagnosis of cancer, some patients were found in stage I, and in fact the tumor development was very close to stage II, and even worse than the normal stage II patients in terms of partial molecular expression. Principal component analysis (PCA) was used to reduce the dimensionality of the gene expression data and to visualize two components on the scatter plot. The gene expression data of patients at different stages of the disease did not significantly cluster (Figure 1C). This may have been due to the fact that conventional disease stages tend to focus on phenotypes, such as tumor size and metastasis, while ignoring genotypes and molecular mechanisms, which may underlie ineffective treatments. Considering the contradiction between the survival rate of patients and the early stages of the disease, and the difficulty in discerning the survival rate and the late stages of the disease, we first classified phase I and II patients as “early,” whereas the remaining patients were classified as “advanced” to obtain information on the key biomolecules involved in cancer progression. According to results from survival analysis, “early' patients were far superior to “advanced” patients (Figures 1D,E) in both the disease-free progression survival rate and the total survival rate. More importantly, PCA analysis showed that patients at an “early” stage presented different patterns of gene expression than those at an “advanced” stage (Figure 1F), suggesting that several key molecules are involved in the progression of renal myoblastoma. These results lay the foundation for the search of biomarkers associated with progression.


[image: Figure 1]
FIGURE 1. Clinical and gene expression patterns of WT patients at different stages of the disease. (A) Kaplan-Meier curve analysis of the Disease-Free survival rate in WT patients at different stages. (B) Kaplan-Meier curve analysis of the overall survival rate in WT patients at different stages. (C) Principle-component analysis of RNA sequencing (RNA-seq) of WT patients at different stages, percentage of variance (% of var) indicated. (D) Kaplan-Meier curve analysis of the Disease-Free survival rate in WT patients in different groups. (E) Kaplan-Meier curve analysis of the overall survival rate in WT patients in different groups. (F) Principle-component analysis of RNA sequencing (RNA-seq) of WT patients in different groups, percentage of variance (% of var) indicated.




Clinical Relevant Candidate Nodes Identification

To identify candidate molecules associating with the eventual downturn and poor prognosis of nephroblastoma, WGCNA was used to analyze the co-expression network of mRNA-miRNA-lncRNA. First of all, a differentially expressed gene was defined as a gene whose log2 value of the fold change of the expression (logFC) was >2 and the P < 0.05. We identified 4,285 differentially expressed mRNAs and 246 differentially expressed lncRNAs using the LIMMA R Package. The differentially expressed RNAs are listed in Table S1. We used a similar procedure and identical criteria to screen the differentially expressed miRNAs and identified 259 differentially expressed miRNAs (Table S2).

Based on these differentially expressed mRNAs, miRNAs and lncRNAs, we analyzed their co-expression networks using WGCNA to identify the most relevant molecular modules associating with clinical decline. Soft-threshold beta was selected as a suitable weighted parameter of the adjacency function before constructing the weighted co-expression network. After performing the calculation, we selected the correlation coefficient closest to 0.8 (soft-threshold catcher = 4) to construct the gene modules using WGCNA (Figures 2A,B). After determining the soft threshold, all differentially expressed molecules (mRNAs, miRNAs and lncRNAs) were used to construct the weighted gene co-expression network. We found that the degree of node conformed to the power law distribution (Figures 2C,D).


[image: Figure 2]
FIGURE 2. Determination of soft-thresholding power by WGCNA. (A) Analysis of the scale-free fit (i.e., p(k) ~ k−γ) index for various soft-thresholding powers (β). (B) Analysis of the mean connectivity for various soft-thresholding powers. (C) Histogram of connectivity distribution when β = 4. (D) Checking the scale free topology when β = 4.


Furthermore, 15 modules were identified through business linkage hierarchical clustering (Figure 3A). The red module was found to have the highest association with tumor progression (R2 = 0.42, P < 0.01) (Figure 3B), and this module was selected as a clinically significant gene set for further analysis. To avoid missing other key genes related to tumor progression, highly expressed molecules of module membership (MM) and gene significance (GS) were added to the candidate node collection. We selected mRNAs, miRNAs and lncRNAs with cut-off criteria (|MM+GS| ranked above top 10%). After integrating the molecules in the previously established core modules, we obtained 458 mNRAs, 26 miNRAs, and 33 lncNRAs as the final molecule nodes to build the ceRNA network. The complete list of candidate molecules is presented in Table S3.


[image: Figure 3]
FIGURE 3. Identification of the modules associating with the clinical traits of WT patients. (A) Dendrogram of all differentially expressed RNAs clustered based on a dissimilarity measure (1-TOM). (B) Heatmap of the correlation between module eigengenes and clinical traits of WT patients. “Event” is binary value indicating the death statue of each patient (0 for alive and 1 for dead), and “Group” represents the progression status of each patient (0 for early and 1 for advance).


To explore the biological relevance between the candidate genes and clinical decline, Gene Ontology (GO) function and pathway enrichment analyses were performed using the R clusterProfiler Package (28) (Table S4). The results showed that the functions of the candidate genes mainly concentrated in areas of cell adhesion and cell fate specification (Figure 4A), which may ultimately contribute to cancer progression. As the immune regulation controls clinical development, we obtain immunologic gene sets from microarray gene expression data from immunologic studies and investigate whether our candidate genes are related to the innate immune system (Figure S2). In addition, we found that many immune-based mechanisms were related to the poor prognosis of WT, including the up-regulation of B cell–T cell interactions and foxp3 fusion (Figure S3).


[image: Figure 4]
FIGURE 4. Functional enrichment analysis of the candidate genes. The GO terms with the most significant p-values. The x-axis represents the number or gene ratio of core module mRNAs involved in the enrichment terms.




Construction of High Confidence ceRNA Competition Network

To obtain a comprehensive and highly reliable ceRNA competitive network, we combined the results of two newly published ceRNA network prediction methods, namely, Cancerin and GDCRNAtools. Cancerin incorporates multi-omics information from patients, including epigenetic, genomic and transcriptomic information, to increase the reliability of the network. In this study, miRNA–mRNA and miRNA–lncRNA relations with media confidence <0 were selected as the interactive relations of the ceRNA network. The parameter “media confidence” is derived from the Cancerin to filter the high reliable miRNA–mRNA and miRNA–lncRNA associations. Briefly, Cancerin estimated the confidence intervals of the correlation coefficient between one miRNA and each of its targets using LASSO regression for 500 time, and the median of the mid-point points of the 500 confidence intervals was defined as media confidence. And, “media confidence <0” reflects reliable negative correlation relationship between the expression of a miRNA and its target. According to this method, 122 miRNA-target interactions and 64 nodes, including 39 mRNAs, 20 miNRAs and 5 lncRNAs, were selected (Table S5). In addition, we predicted 103 nodes and 330 edges in the ceRNA network using GDCRNA tools (Table S6). After combining these two sets of results, we constructed the endogenous competitive network of mRNA–miRNA–lncRNA (Figure 5, Table S7). This network contained 15 miRNAs, 16 lncRNAs, 116 mRNAs, and 407 interactions. The topological properties of the nodes in the network were further analyzed, and we found that hsa-miR-93 had the highest degree (degree = 58), which represents the number of targets it interacts with. We investigated the relationship between this miRNA and patient survival (Figure 6A) and confirmed the significant correlation between has-mir-93 and the overall survival (p < 0.05). In addition, we investigated the relationship between other nodes in the network and patient survival, and found that 39.46% of the nodes correlated with patient survival (p < 0.05, Table S3).


[image: Figure 5]
FIGURE 5. CeRNA regulatory network in WT. The nodes highlighted in red indicate candidate miRNAs, the nodes highlighted in blue indicate candidate lncRNAs, and the nodes highlighted in green indicate candidate mRNAs. The size of the point represents the connectivity of the node, that is, the number of other points connected. Edge represents an interaction between two nodes.
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FIGURE 6. Kaplan–Meier curve analysis of the disease progression involving miRNAs (A–D) has-mir-93, has-let-7i, has-mir-125a, has-let-7b, lncRNAs (E–H) lncRNA-RP11-576D8.4, lncRNA-LINC00087, lncRNA-LINC00407, lncRNA-RP5-1086K13.1, and mRNAs (I–L) SPRY1, COG1, UXS1, SNRNP40 in WT patients.


LncRNAs regulate the expression of mRNAs through their interactions with miRNAs in the ceRNA network. Thus, the functions of lncRNAs can be reflected through the mRNAs regulated by them. In this study, two prognostic lncRNAs, LINC00087 and RP5-1086K13, were chosen for enrichment validation. We conducted GO enrichment analysis (GO_BP: biological processes, GO_CC: cellular component and GO_MF: molecular function) of their regulated mRNAs, and found that LINC00087 was mainly involved in autophagy and cadherin binding (Figure 7). RP5-1086K13 was involved in autophagosome dynamics and MAPKKK activity (Figure 8).


[image: Figure 7]
FIGURE 7. Gene ontology enrichment analysis of LINC00087-regulated genes. The x-axis represents the –log10 (P-value) of the enrichment analysis. Red, green and blue represent the enrichment of Gene Ontology (GO) Biological Process, Cellular component, and Molecular function, respectively.



[image: Figure 8]
FIGURE 8. Gene ontology enrichment analysis of RP5-1086K13-regulated genes. The x-axis represents the –log10 (P-value) of the enrichment analysis. Red, green and blue represent the enrichment of Gene Ontology (GO) Biological Process, Cellular component and Molecular function, respectively.




Patient Stratification Based on the Clinically Relevant ceRNA Network

These results revealed that the ceRNA network was useful in the identification of the prognostic biomarkers for WT. They also implied a correlation between the ceRNA network and the patient's clinical prognosis. Therefore, the subtypes of the patients based on this ceRNA network were further investigated. We first extracted the expression information for each node involved in the ceRNA network of each patient. Partitioning around methods (PAM)-based consensus clustering, followed by cluster reliability analysis (Methods), was used to investigate the case of dividing patients into k (k = 2, 3, 4, 5, 6). Figure 9B shows the relative change in the area under the consensus cumulative distribution function (CDF) curve by comparing k with k-1. According to these results, we found that the patients were classified into three categories using optimal classification standards, and the patients presented a relatively obvious clustering pattern (Figures 9A,B). To confirm whether our classification had clinical significance, the relationship between the new staging and the total survival were calculated. We found that there was a significant correlation between the staging of patients based on the ceRNA network and the total survival (Figure 9C, p < 0.05).


[image: Figure 9]
FIGURE 9. Patient stratification based on clinically relevant ceRNA network. (A) Consensus matrices represented as heatmaps for the chosen optimal cluster number (k = 3) for the WT patients. Patient samples are both rows and columns, and consensus values range from 0 to 1. The dendrogram above the heatmap illustrates the ordering of patient samples in 3 clusters. (B) Corresponding relative change in area under the cumulative distribution function (CDF) curves when cluster number changing from k to k + 1. The range of k changed from 2 to 10, and the optimal k = 3. (C) Kaplan-Meier curve analysis of the overall survival rate in WT patients at different clusters.





DISCUSSION

The identification of genes and molecules that are related to tumor staging and progression is important for our understanding and control of the disease. WT is responsible for ~95% of kidney tumors in children. Although improved therapies and prognosis methods have greatly increased the survival rate, additional effort is still needed to deal with the disease since 50% of children who relapse go on to die (29). In this study, a multidimensional network was constructed to provide new insights on the mechanism underlying the progression of WT.

The relationship between the survival rate and the histopathological grades was the first consideration in our study, and the general trend is that higher grades were significantly associated with a lower overall survival rate. However, according to the result of PCA, no distinct RNA expression patterns were observed in different grades (Figure 1C), indicating that the histological grades in this cohort may not be sufficient to represent patients with subtypes for further deciphering the molecular mechanism of WT progression. Taking these contradictions into consideration, we divided WT patients into “early” and “advanced” stages, and identified the different gene expression patterns between the two stages (Figures 1D–F). Because the progression-free survival and overall survival rates of “early” patients were far superior to those of “advanced” patients, it is possible that key biomolecules exist to influence the clinical decline of patients diagnosed with WT. To confirm the candidate molecules related to this process, WGCNA was carried out to construct a weighted co-expression network (Figures 2A,B). Recent research by Meng et al. which employed WGCNA, identified major genes that mediate immune cell activation and mitosis (30). Another WGCNA study by Guo et al. disclosed key genes with aberrant expression levels that may participate in the pathogenesis of head and neck squamous cell carcinoma (31). WGCNA has also been used to identify potential prognostic markers for uveal melanoma, Glioblastoma Multiforme, lung cancer, bladder cancer and so on (32–35). While for WT, WGCNA analysis has been used in one research to identify hub genes associated with high-risk pathogenesis (36). These results indicate that this method can be used to identify new candidate nodes in the ceRNA network. After constructing this co-expression network, we found that it was a scale-free network, which conforms to conventional biological network features (Figures 2C,D). Furthermore, molecules with high MM and GS were considered as node molecules, as well as previously identified modules. The network, which was constructed based on all the nodes, played an important role in the understanding the mechanism underlying the clinical decline of WT patients.

To further understand the relationship between these candidate molecules and WT progression, functional enrichment analysis was performed, and the results indicated that the functions mainly concentrated in areas such as cell adhesion, the ERK pathway and necrosis (Figure 4). As previously described, cell adhesion plays a major role in tumor biology. Research carried out by Liu et al. showed that the high expression of the focal adhesion protein kindlin-2 in solid tumors, as a prognostic biomarker, may indicate poor outcome in patients (37). Cellular glycosylation, which participates in cell–cell recognition, communication and adhesion, has a major impact on the acquisition of malignant characteristics of gastric carcinoma (38). On the other hand, the cell surface CD56 glycoprotein, which controls cell adhesion and signaling, acts as a key biomarker in WT stem and progenitor cells (39). Another study demonstrated that ERK signaling may contribute to WT development (40). These results clearly support the reliability of our network analysis. Because interactions between the tumor and the immune system are also known to influence tumor progression, we analyzed the relationships between candidate genes and the immune system. We found that most genes were enriched in the innate immune system. We further explored the detailed immune-based functions, and found an up-regulation in Treg activity by our candidate genes (Figure 4C). An immunosuppressive microenvironment is essential for tumor progression, and Treg is an important supporter of this environment (41). Interestingly, a more pronounced Treg-induced cytokine response was observed in WT patients, according to previous studies. To reverse the Treg activation induced by the candidate biomolecules may prevent the clinical decline of WT patients.

In this study, Cancerin and GDCRNAtools were combined to construct a superior confidence ceRNA competitive network (Figure 5). Among all nodes in this network, hsa-miR-93 had the highest degree, and it was significantly related to the overall survival of patients (Figure 6A). Previous studies have already reported exosomal miR-93 to be a novel biomarker for both the diagnosis and prognosis of hepatocellular carcinoma and triple negative breast cancer (42, 43). However, there were few studies addressing its roles in WT patients. Our results indicated that hsa-miR-93 may be defined as a prognostic biomarker of this disease.

In the ceRNA network, the competitive binding of mRNAs and lncRNAs to miRNAs can regulate mRNA expression. Therefore, we carried out enrichment analysis of mRNAs regulated by lncRNAs to reflect the function of lncRNAs. LINC00087 and RP5-1086K13 were selected as prognostic biomarkers. LINC00087 is involved in autophagy and cadherin binding, whereas RP5-1086K13 is mainly involved in autophagosome dynamics and MAPKKK activity (Figures 7, 8). Autophagy is crucial for aggressive tumor growth, and this process is deregulated in WT patients (3, 44, 45). Cadherin belongs to a transmembrane superfamily of proteins, and E-cadherin is used for the diagnosis and prognosis of epithelial cancers (46). Decreased E-cadherin expression has been shown to correlate with a higher stage of WT (47, 48). On the other hand, the MAPK pathway is involved in numerous biological processes, including immunity, cell proliferation and tumor-related events, and it plays an important role in the progression of WT (49, 50). The participation of LINC00087 and RP5-1086K13 in these biological processes indicated that they have key roles in the progression of WT. However, further studies are needed to validate the precise mechanisms. The identification of prognostic biomarkers in the ceRNA network pointed to the potential relationship between the network and the clinical outcome of patients. We classified the patients into three categories based on this network (Figure 9). A remarkable correlation was observed between the staging of patients and survival.

Although we have integrated multiple omics data in this study and tried to construct a reliable and clinically significant ceRNA network for the study of prognosis and classification of WT patients, some limitations are still worth noting. First and foremost, as a rare tumor, WT has relatively scarce clinical samples, which lead to fewer omics data for analysis, which may to some extent improve the noise of omics data and reduce the reliability of the whole analysis. In addition, the scarcity of data will increase the difficulty of the found that clinical samples potential rules and patterns, and makes the extracting potentially meaningful and biologically relevant information more difficult. Finally, this research mainly focuses on the use of bioinformatics tools mining WT patients deterioration of underlying mechanisms and biomarker, the results remain to be further investigated in vitro and in vivo. There is reason to believe that in the near future, along with the accumulation of WT clinical and omics data, various experimental methods to further improve, partly as a result will be confirmed in this article, and may be directly used for clinical purposes. In summary, our results showed that the ceRNA network enhanced the molecular staging of cancer patients. Thus, it may facilitate the development of accurate treatment strategies for patients.
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The small nucleolar RNA host genes (SNHGs) are a group of long non-coding RNAs, which are reported in many studies as being overexpressed in various cancers. With very few exceptions, the SNHGs (SNHG1, SNHG3, SNHG5, SNHG6, SNHG7, SNHG12, SNHG15, SNHG16, SNHG20) are recognized as inducing increased proliferation, cell cycle progression, invasion, and metastasis of cancer cells, which makes this class of transcripts a viable biomarker for cancer development and aggressiveness. Through our literature research, we also found that silencing of SNHGs through small interfering RNAs or short hairpin RNAs is very effective in both in vitro and in vivo experiments by lowering the aggressiveness of solid cancers. The knockdown of SNHG as a new cancer therapeutic option should be investigated more in the future.
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INTRODUCTION

Worldwide, in 91 developed countries, cancer is the first or second leading cause of mortality with 18.1 million new cases and 9.5 million deaths estimated in 2018 (1). According to Siegel et al., in the United States, between 2000 and 2014, the most frequently diagnosed types of cancer in men are: prostate, lung, and colorectal cancer; while in women, these are: breast, lung, and colorectal cancer (2). These statistics show that the malignant disease has a high impact over the socioeconomical welfare of developed countries; thus, each new discovery of its molecular context should be carefully analyzed and evaluated for its potential as biomarker and/or therapeutic target.

In malignant diseases, the imbalance between overactivation of proto-oncogenes and inhibition of tumor suppressor genes is usually the consequence of a faulty regulatory system, which includes, among others, the non-coding RNAs (3–5). Most of these transcripts do not have the ability to interact with the ribosome and are not translated into proteins (6–11); however, they interact with other coding or non-coding RNAs (ncRNAs), being part of complex regulatory networks (12). The ncRNAs are divided into two classes: the small ncRNAs (with <200 nt) and the long ncRNAs (lncRNAs), with >200 nt (13). The short ncRNAs are generated through multistep processing of the primary transcript, while the lncRNAs remain highly similar to their primary transcripts (14–17). The short ncRNAs are divided into: small interfering RNAs (siRNAs), microRNAs (miRNA), piwi-interacting RNAs (piRNAs), and others (18). The lncRNAs, even if very heterogeneous in terms of biogenesis, structure, mechanism of action, and biological functions, are still mentioned under the general term of lncRNAs (6, 19, 20).

The snoRNAs (small nucleolar RNAs) were discovered in the late 1980s (21). However, only recently these transcripts were considered as potential biomarkers of cancer (22). The snoRNAs have the general characteristics of small ncRNAs, with the processed transcripts having between 65 and 300 nt. The snoRNAs do not have a poly-A tail and are 5′Cap, which means that they are not exported from the nucleus. They are transcribed from clusters of protein-coding genes or genes coding for other ncRNAs, and a small franction of snoRNAs are originated in the intergenetic regions. Only three snoRNAs (U3, U8, and U13] and telomerase snoRNA are transcribed and processed as single units. The polycistronic transcription of snoRNAs has a phylogenetic progression, which means that in higher organisms, more snoRNAs originating from clusters of genes are found (23).

There are two types of snoRNAs: C/D box snoRNA and H/ACA snoRNA. The C/D box snoRNAs have a C box (RUGAUGA, R = A/G) and two D boxes (CUGA). The H/ACA snoRNAs contain the H box (ANANNA, N = A/T/C/G) and the ACA sequence (24). The C/D box snoRNAs are involved in the 2-O′-methylation of rRNA, and the H/ACA snoRNA cause the pseudouridylation of rRNAs. Some snoRNAs are further processed into microRNAs, which repress the translation of mRNA in the cytoplsm (23) or into piwi-interacting RNAs, essential in the regulation of transposomes mobility in the nucleus (25).

The snoRNA host genes are mainly located in the introns of protein-coding genes, with ancestral positionally conserved (APC) snoRNA sequences constituting only 2% of host genes (26). However, the intronic sequences of snoRNAs show a high degree of conservation across species (27) in comparioson with intergenetic regions (26). The generation of snoRNAs across species may be a result of mobility of the nested snoRNAs in protein-coding genes, since orthologous introns can encode for non-orthologous snoRNAs in different species. However, as the new element of non-coding sequence moves in a protein-coding gene, it results in loss-of-function genetic variants (28).

Some snoRNA genes, without any capacity to code for proteins, still contain both introns and exons in their sequences However, snoRNAs are generated only from introns. If the full-length transcript, including exons, is kept, it will function as a type of lncRNA, named small nucleolar RNA host gene (SNHG) (29). A pan-cancer analysis of 31 cancer types based on “omics” data retrieved from TCGA revealed that the snoRNA host genes are enriched in non-protein coding genomic regions and that these have higher expression (30). There seems to be a positive correlation between SNHGs and their corresponding snoRNAs. More precisely, the intracellular level of snoRNAs is influenced by their structure and the availability of SNHGs (23). In murine genome, Zfas1 is an antisense transcript, which shares a bidirectional promoter with the protein coding gene Znfx1 (zinc finger NFX-1-type containing), their expression in different tissues being positively correlated. Zfas is also an lncRNA from an snoRNA gene, and it can be processed into three types of intronic snoRNAs: SNORD12, SNORD12b, and SNORD12c. SNORD12b has a higher expression than SNORD12 and SNORD12c, in cells with a lower degree of differentiation, due to a higher stability of the processed structure, which contains an additional short hairpin structure. The snoRNAs are located only in the nucleus, whereas Zfas is present in the cytoplasm and nucleus as well. The siRNA knockdown of Zfas only slightly affected the expression of snoRNAs (31). In addition, SNHG12 knockdown in hepatocellular carcinoma did not statistically significantly affect the expression of its snoRNAs (SNORA44, SNORA61, SNORA16A, and SNORD99] (32). However, the expression of some SNHGs, such as SNHG17, is regulated by the copy number variations (CNV) of their host gene, this being also correlated with the aggressiveness of non-small cell lung cancer and squamous cell lung cancer. A change in SNHG intracellular level can generate a significant downstream effect, such as siRNA inhibition of SNHG17 that caused 637 protein coding RNAs to be up-regulated and 581 to be down-regulated (33).

The proteins that target the SNHGs can also target their corresponding snoRNAs. A recent article reported that p53 activation repressed the intracellular level of SNHG1 that also reduces the level of snoRNAs: SNORD22, SNORD25, SNORD26, SNORD27, SNORD28, and SNORD75. The SNORD28 is further processed into an miRNA, named sno-miR-28. This miRNA repressed the expression of TAF9B, a coactivator of p53. As follows, a positive feedback loop forms between sno-miR-28-p53-SNHG1-SNRD28 (34).

The cellular location differs between snoRNAs and SNHGs. While the snoRNAs remain in the nucleus (35), SNHGs are present in the nucleus as well as in the cytoplasm (29) (Figure 1).
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FIGURE 1. The snoRNA host gene are transcribed to SNHG. Some of these transcripts generate from their introns C/D box snoRNAs or A/ACA box snoRNAs. The snoRNAs can influence the methylation of their SNHG of origin. The SNHGs are then associated with Cajal bodies and nucleolus, thus participating in rRNA and mRNA primary processing. The SNHGs in the nucleus fulfill the following functions: 1. Influencing DNA methylation through interaction with methyltransferases (MT), such as EZH2. 2. Regulating transcription through interaction with transcription factors (TF), such as E2F1. The SNHGs are then exported into the cytoplasm, where: 3. Can directly interact and repress mRNA translation; 4. act as ceRNA for miRNAs (miRNA sponging) and indirectly up-regulating the translation of miRNA targets. 5. Stabilizing proteins, by preventing protein ubiquitination.


Through our research of literature on SNHGs, we have identified five main types of molecular mechanism of action, with different cellular localizations.

Nuclear:

1. Influencing DNA methylation through modulation of methylation enzymes

2. Interaction with transcription factors and repression of gene transcription.

Cytoplasm:

3. MiRNA sponging and the releasing of miRNA targets

4. Direct binding to the mRNA and repression of translation

5. Prevention of protein ubiquitination through single protein interaction or multi-protein complex.

In the nucleus, SNHG1 binds to the Mediator complex and facilitates the interaction of the enhancer and promoter DNA region corresponding to SLC3A2 gene (36). SLC3A2 is a well-known cancer-promoting gene (37, 38). The Mediator complex is composed of multiple proteins and non-coding RNAs that cooperate with RNA polymerase II during transcription initiation (39). SNHG1 competitively binds to the Far Upstream Element Binding Protein 1 (FUBP1), and it prevents FUBP1 interaction with its repressor, followed by overstimulated transcription of c-MYC gene (39).

In hepatocellular carcinoa, SNHG6 lowers DNA methylation through inhibition of S-adenosylmethionine and down-regulation of MAT1A (methionine adenosyltransferase 1A). SNHG3 binds to enhancer of zeste homolog 2 (EZH2) and causes the methylation of several genes (40, 41).

In the cytoplasm, SNHGs fulfill the role of competing endogenous RNAs (ceRNAs) for miRNAs (42). ceRNA is a term used for the non-coding RNA species that share common miRNA binding sites with mRNAs. The process is also known under the name of miRNA sponging (43). The SNHGs can also interact directly to the mRNA and cause their overexpression, such as in the case of SNHG1 and p53 in colorectal cancer (44).

The SNHGs can also post-translationally interact with proteins and prevent their ubiquitination. This is the case of SNHG15 and SLUG in colorectal cancer (45).

The SNHGs have an oncogenic role in cancer through the versatility of their interactions at DNA–RNA–protein level. The correlation between SNHGs and cancer still lacks important information on the general activity of SNHGs, mainly because the data are still fractioned and focused on each SNHG. In current article, we reviewed over 200 articles on the role of SNHG in different malignancies. We first briefly consider the oncogenic activity of each SNHG separately, and in the final section of the article, we draw some general lines of consideration on the realistic potential of SNHGs to reach clinical applications, in the context of a comprehensive overview of their biological influence. To our knowledge, this is the first time that a comprehensive clarification of the general mechanism of action of SNHGs in cancer is given.



SMALL NUCLEOLAR RNA HOST GENE 1 (SNHG1)

SNHG1 generates, through alternative splicing, eight snoRNAs: SNORD22 (46), SNORD25, SNORD26, SNORD27, SNORD28, SNORD29, SNORD30, and SNORD31 (47).

In colorectal cancer, SNHG1 leads to poor prognosis (44, 48, 49). It promotes cancer cell viability, proliferation, cell cycle progression, tumor growth, and increased invasion/migration capacity (44, 48–50). Its mechanism of action consists of targeting the p53 gene (44) and overstimulating the Wnt/β-catenin signaling pathway (48, 50]. It also acts as a ceRNA for miR-145 (50), a suppressor of a colorectal cancer invasion and migration (51).

In ovarian cancer, SNHG1 promotes cell proliferation, invasion, and new colony formation, while impairing cell apoptosis (52). In prostate cancer, SNHG1 acts as an miR-199a sponge, thus increasing the level of CDK7 (cyclin-dependent kinase 7), which stimulates cell division (53), and HIF-1α (hypoxia-inducible factor 1-alpha), which leads to enhanced angiogenesis (54). HIF-1α is a transcription factor (TF) activated in case of hypoxic microenvironment present at the tumor site. This TF stimulates the expression of VEGFα, an important promoter of tumor neoangiogenesis. This process is essential for tumor survival (provision of nutrients) and spreading to new sites of the body (connection with systemic blood circulation) (55).

In esophageal cancer, SNGH1 sponges miR-338 (42) miR-338 is involved in stimulating the radiotherapy-induced apoptosis of esophageal cancer cells, by targeting Survivin gene (56). SNHG1 in esophageal cancer promotes cell proliferation and EMT (epithelial to mesenchymal transition)-mediated invasion (56), by down-regulation E-CAD (E-cadherin) and up-regulation VIM (Vimentin) and N-CAD, as well as activation of Notch signaling pathway (57). EMT is the process through which epithelial cells lose their tight junctions and cell polarity, while acquiring a higher degree of mobility and ability of invasion through basement membrane. There are three types of EMTs: (1) during embryogenesis, this process is necessary for the transformation of epiblast into mesinchyme; (2) during wound healing and chronic inflammation when an additional supply of fibroblasts are locally needed; (3) during cancer progression, when the cells from the in situ primary tumor invade the local lymph nodes or enter into systemic blood circulation in order to from distant metastasis (58). E-cadherin is a cell adhesion molecule (CAM) specific for the formation of adherent junctions between epithelial cells. It is also considered as a tumor suppressor through DNA methylation of oncogenes (59). N-CAD suppresses the activity of E-CAD and stimulates the motility of cells. During embryonic development, it supports gastrulation and the formation of neuronal crest; however, N-CAD can be reactivated during malignant development to support EMT progression (60). VIM is a component of the intermediate filaments from cytoskeleton that keep the organelles in place, while also allowing to some degree their mobility. VIM is a highly flexible component found in all cells, but its overexpression is specific for mesenchymal cells. In cancer, VIM is a major stimulator of EMT and inhibitor of autophagy through its repression of Beclin 1 and 14-3-3 (61).

In hepatocellular carcinoma, SNHG1 was associated with advanced stages, larger tumor size, and poor differentiation due to its interaction with the tumor suppressor p53 (62). SNHG1 sponges miR-195 (63), a miRNA that inhibits metastasis and angiogenesis in hepatocellular carcinoma by targeting FGF2 (fibroblast growth factor) and VEGFA (vascular endothelial growth factor alpha) (62, 64). Similarly, SNHG1 overexpression results in worse prognosis in glioma because it increases proliferation and invasion while inhibiting apoptosis (65).

In lung cancer, SNHG1 acts as a tumor-promoter by sponging miR-145 (66) and miR-101 (67) and enhancing the Wnt/β-catenin signaling pathway (67). miR-145 acts as a tumor suppressor in lung cancer by impairing cell migration and invasion (68, 69). In lung cancer, miR-101 underexpression is associated with advanced stages and lymph node metastasis and it induces cell apoptosis by targeting MCL-1 (70).

In osteosarcoma, SNHG1 promotes cell proliferation, tumor growth, invasion, and EMT by sponging miR-326, resulting in overexpression of NOB1 [NIN1 (RPN12) Binding Protein 1 Homolog] (70). miR-326 suppresses the antiapoptotic gene BCL-2 in osteosarcoma and acts as a tumor suppressor (71). BCL-2 is a major antiapoptotic marker that inhibits the liberation of cytochrome C from mitochondria (72), thus impairing the cleavage of the effector caspases CASP3 and CASP7.

SNHG1 also represses miR-577 and activates WNT/β-catenin pathway (73). WNT2B, a member of WNT signaling pathway, plays a significant oncogenic role in osteosarcoma (73). Further research and details regarding the latest studies on SNHG1 oncogenic function in malignant disease are presented in Supplementary Table 1.



SMALL NUCLEOLAR RNA HOST GENE 3 (SNHG3)

SNHG3 is an oncogenic lncRNA that generates SNORD17 (74).

In osteosarcoma, SNHG3 overexpression facilitates cell invasion and migration in vitro, through the inhibition of miR-151a-3p (75) and miR-196a-5p (76).

In glioma, SNHG3 induces a more aggressive phenotype through increased cell proliferation and apoptosis resistance of malignant cells. SNHG3 interacts with the protein EZH2, which determines the methylation of KLF2 (Krüppel-like Factor 2), and p21 gene promoters, which inhibit their transcription through an epigenetic mechanism (40). KLF2 is a zinc-finger transcription factor that activates CD4+ T cells (77). As a tumor suppressor, KLF2 also impairs invasion and stimulates apoptosis through down-regulation of MMP9 and BCL-2 (78). P21 is a major tumor suppressor activated by p53 in cancer. During cell cycle, p21 activates CDK4 (cyclin-dependent kinase 4) and CDK6 (cyclin-dependent kinase 6), resulting in transition of cells from G1 to S phase. During S phase, however, it impairs the interaction between CDK2 (cyclin-dependent kinase 2) and cyclin E, hence stopping the transition of cells from S to G2 phase. Moreover, in G2, P21 also functions as a disruptor of CDK1 (cyclin- dependent kinase 1) and Cyclin B1 interaction, thus preventing mitosis initiation (79). In gastric cancer, SNHG3 binds to EZH2 and epigenetically silence MED18 (Mediator Complex Subunit 18) expression (41).

Furthermore, SNHG3 causes proliferation of colorectal cancer cells by sponging miR-182 and allowing the overexpression of the tumor promoting transcription factor c-MYC (80). In hepatocellular carcinoma, SNHG3 is positively associated with larger tumor size and relapse (81), in addition to Sorafenib resistance, as a consequence of ceRNA activity on miR-128. Further research and details on the role of SNHG3 in malignant diseases are presented in Supplementary Table 2.



SMALL NUCLEOLAR RNA HOST GENE 5 (SNHG5)

SNHG5 is processed into SNORD 50 and SNORD50′ (82).

In SNHG5, overexpression increases the ability of breast cancer cells to proliferate and go through cell cycle, by releasing PCNA (proliferating cell nuclear antigen) from the inhibition of miR-154-5p (83).

In bladder cancer, SNHG5 induces p27 silencing, followed by enhanced proliferation rate and cell cycle progression, associated with apoptosis inhibition (84). In chronic myelogenous leukemia (CML), SNHG5 up-regulation stimulates imatinib resistance, through down-regulation of miR-205 and up-regulation of ABCC2 (ATP binding cassette subfamily C member 2) (85). In CML patients with rare BCR-ABL variants, this microRNA was found to be down-regulated in imatinib resistant patients compared with imatinib responsive patients (86).

In gastric cancer, there are controversial results. One study reported SNHG5 as an oncogene that stimulates cell proliferation and migration, by sponging miR-32 and up-regulation of KLF4 (Krüppel-like factor 4) (87), while another study reported that SNHG5 is a tumor suppressor, which interacts with MTA2 (metastasis associated 1 family member 2), and it impairs the MTA2 translocation from the cytoplasm to the nucleus. The overexpression of SNHG5 was also associated with a lower level of MMP9 (metalloproteinase 9), MMP1 (metalloproteinase 1), MMP13 (metalloproteinase 13), and EGFR (epithelial growth factor receptor) (88). MTA2 is a major repressor of E-CAD; thus, it stimulates EMT (89). MMPs are a class of metalloproteinases that degrade non-cellular components of extracellular matrix, such as collagen, gelatin, lamins, and others. The secretion of MMPs helps malignant cells to degrade the basement membrane from their site of origin and to get access to the local blood vessels and lymphatic system (90).

In colorectal cancer, SNHG5 interacts with the SPATS2 (spermatogenesis associated serine rich 2) and increases its stability by blocking the mRNA degradation in the cytoplasm, caused by STATS2 mRNA interaction with STAU1 (staufen double-stranded RNA binding protein 1) (82).

Through miR-26 sponging and up-regulation of TRPC3 (transient receptor potential channel 3), SNHG5 stimulates melanoma cell growth. The exogenous knockdown of SNHG5 in melanoma cells in vitro decreases their proliferation rate and invasive capacity, while it stimulated apoptosis (91). Further research and details on the role of SNHG5 in malignant diseases are presented in Supplementary Table 3.



SMALL NUCLEOLAR RNA HOST GENE 6 (SNHG6)

SNHG6 is the lncRNA of origin for U87 SNORD (92) and U88 small Cajal bodies (93).

SNHG6 has an oncogenic role in gastric cancer by promoting cell growth, migration, and EMT-mediated invasion. These effects are a consequence of miR-101 (94) and miR-26a sponging (95). In colorectal cancer, the shRNA inhibition of SNHG6 causes increased level of miR-181a-5p and decreased level of E2F5 (E2F transcription factor 5), a transcription factor, which further decreases the number of colonies and invasive cells, as well as cell cycle arrest during in vitro studies (96). SNHG6 sponging of miR-26a/b and miR-214 causes an increased level of EZH2 (enhancer of zeste homolog 2), which further affects the epigenetic landscape of the colorectal cells (97).

SNHG6 sponges miR-101 causing the EMT through up-regulation of N-CAD and VIM and down-regulation of E-CAD and β-catenin (94). By suppressing SOCS2 (suppressor of cytokine signaling 2), miR-101 inhibits Helicobacter pylori–induced gastric cancer tumorigenesis (98) and tumor growth (99).

SNHG6 level has a positive correlation with disease progression and formation of local lymph node metastasis in the case of esophageal carcinoma (100).

In hepatocellular carcinoma, SNHG6 promotes cell cycle progression and apoptosis evasion. miR-101 is targeted by SNHG6, which further stimulates ZEB1 (zinc finger E-box-binding homeobox 1) expression (101).

In osteosarcoma, SNHG6 exogenous suppression impairs cell autophagy, apoptosis, colony formation, and invasion through miR-26a-5p sponging, which results in ATF3 (activating transcription factor 3) up-regulation. ULK1 (autophagy activating kinase) is a positive up-stream regulator of SNHG6 (102). Further research and details on the role of SNHG6 in malignant diseases are presented in Supplementary Table 4.



SMALL NUCLEOLAR RNA HOST GENE 7 (SNHG7)

SNHG7 is the origin for SNORA17 and SNORA43 (103).

SNHG7 is up-regulated in high grade bladder cancer. siRNA-mediated inhibition of SNHG7 leads to decreased wound closure speed in scratch assay, lower number of invasive cells in transwell assay, and an increased intracellular level of the proapoptotic marker BAX (Bcl-2-associated X protein), cell cycle inhibitor p21, and anti-invasive adhesion molecule, E-cadherin (104), while the expression of mesenchymal promoting proteins, namely, N-cadherin, VIM, and SNAIL are increased (105). SNHG7 activity in bladder cancer also extends to the activation of WNT/β-catenin pathway (106). BAX is an important proapoptotic marker. Its expression and activation are stimulated by p53 during apoptosis, when BAX is released from nucleus into the cytoplasm, where it binds to mitochondrial membrane. This is followed by mitochondrial pore formation necessary for the release of cytochrome C. BAX also directly interacts and represses the antiapoptotic protein BCL-2 (107). During WNT/β-catenin pathway activation, WNT protein binds to Frizzled receptor and stimulates its interaction with the LRP6 (lipoprotein receptor related protein 6). This is followed by accumulation and nuclear translocation of β-catenin. In the nucleus, β-catenin disrupts the interaction between T cell factor and lymphoid enhancer factor (TCF/LEF), thus stimulating the transcription of genes involved in cell self-renewal and proliferation capacity, necessary for tumorigenesis. In cancer, different components of this pathway acquire gain-of-function mutations (108).

In breast cancer, when comparing exogenous silencing of SNHG7 with controls, the following was observed: decreased self-renewal capacity of malignant cells, lower number of invasive cells during transwell assay, and smaller volume of xenograft tumors. At the molecular level, SNHG7 silencing lowered VIM and SNAIL level while increasing E-cadherin expression. SNHG7 overexpression leads to up-regulation of the antiapoptotic gene Survivin and the cell cycle promoting gene, Cyclin D, through the activation of Notch signaling pathway (109). In breast cancer, SNHG7 acts as ceRNA for several tumor suppressor miRNAs: miR-34a (109), miR-186 (110), and miR-381 (111).

Overexpression of SNHG7 stimulates the in vitro invasion capacity of colorectal cancer cell lines. The siRNA mediated silencing of SNHG7 increases cleaved PARP and cleaved Caspase 3 levels leading to apoptosis initiation. In vivo, colon cancer cells transfected with SNHG7 siRNA form smaller tumors, in comparison with negative control (112), while the overexpression of SNHG7 causes increased liver metastasis from primary colon tumors (113). In colon cancer, SNHG7 also targets miR-34a (112) and miR-216b (113).

In both esophageal (114) and gastric cancer, this lncRNA represses expression of p15 and p16, two tumor suppressors. Consequently, it stimulates proliferation and cell cycle progression and it inhibits apoptosis (114, 115).

In glioblastoma, SNHG7 induces proliferation, migration, and invasion of malignant cells, by inhibiting miR-5095 and by activating the WNT/β-catenin signaling pathway (116).

In hepatocellular carcinoma, inhibition of SNHG7 decreases the invasion capacity of malignant cells. The protein expression of RBM5 (RNA binding motif protein 5) was increased after SNHG7 silencing (117).

In melanoma, SNHG7 is overexpressed in malignant tissue vs. normal tissue. It increases cell invasion and migration capacity through positive correlation with SOX4 (SRY-box transcription factor 4) (118). miR-503, in prostate cancer, targets RNF31 and inhibits proliferation and metastasis (119). In prostate cancer, this lncRNA represses miR-503 and leads to tumor cell proliferation, cell cycle progression, and xenograft tumor growth (120).

In lung cancer, SNHG7 stimulates proliferation, migration, and invasion while inhibiting apoptosis through up-regulation of FAIM2 (Fas apoptotic inhibitory molecule 2) (121) and miR-193b sponging (122).

In neuroblastoma, it forms a positive feedback loop with miR-653-5p and STAT2 (signal transducer and activator of transcription 2), which sustains an aggressive phenotype of malignant cells (123). Further research and details on the role of SNHG7 in malignant diseases are presented in Supplementary Table 5.



SMALL NUCLEOLAR RNA HOST GENE 12 (SNHG12)

From the introns of SNHG12, four different types of snoRNAs are processed: SNORA44, SNORA61, SNORA16A, and SNORD99 (32). Latest studies show the SNHG12 up-regulation, and the inhibition of tumor suppressor miRNAs, in many cancer types (Supplementary Table 6).

SNHG12 has various biological functions through targeting of cell proliferation, invasion, migration, and apoptosis. SNHG12 is involved in different types of malignant diseases by targeting the following microRNAs: miR-424-5p in cervical cancer (124), miR-320 in gastric cancer (125), miR-199a-5p in renal cell carcinoma (126), miR-199a/b in hepatocellular carcinoma (32), miR-199a/b in gastric cancer (127), miR-138 in lung cancer (32), miR-181a in lung cancer (128), miR-16-5p in thyroid carcinoma (129), miR-129-5p in laryngeal squamous cell carcinoma (130), miR-199-5p in renal carcinoma (126), and miR-195-5p in osteosarcoma (131).

SNHG12 stimulates EMT in lung cancer by ceRNA targeting of miR-218 (132), and mediates doxorubicin resistance via miR-320a repression and MCL1 (MCL1 apoptosis regulator, BCL2 family member) up-regulation in osteosarcoma (133).

In glioma, SNHG12 targeting of miR-101-2 leads to enhanced cell growth (134), malignant progression via TDP43 (TAR DNA-binding protein 43) (135), and enhanced proliferation/migration capacity due to the association with the Hu antigen R (136).

In cervical cancer, SNHG12 promotes proliferation, invasion, and migration, by targeting miR-424-5p (124). This microRNA acts as a tumor suppressor in cervical cancer, by down-regulation of CHK1 (checkpoint kinase 1) gene (137) and up-regulation of aprataxin, which leads to radiosensitivity (138).

SNHG12 activation of PI3K/AKT signaling pathway in gastric cancer promoted cell proliferation, cell cycle progression, and inhibition of apoptosis (139). SNHG12 stimulation of PI3K/AKT pathway in colorectal cancer leads to cell growth (140). PI3K/AKT is a signaling pathway that becomes activated in response to growth factor stimulation. This signaling pathway is a master regulator of cell activity, and it acts by inhibiting p21, p53, and BAX, while activating the MDM2 oncogene (141, 142).

SNHG12 inhibits miR-320 (125), which acts as a tumor suppressor in gastric cancer, by lowering the expression of FoxM1 and P27KIP1 (143).

In hepatocellular carcinoma, SNHG12 induces miR-199a/b-5p underexpression, which leads to the overexpression of MLK3 (mixed-lineage kinase 3) and the stimulation of the NF-κB pathway (32).

In the non-small cell lung cancer, SNHG12 acts as a ceRNA for miR-138 (144) and miR-181a (128), causing increased proliferation and colony-formation capabilities, as well as impaired apoptosis (128, 144). MiR-138 is an inhibitor of proliferation, autophagy, and metastasis (145). Its down-regulation also leads to chemoresistance (146). MiR-181a hinders lung cancer cell proliferation and migration by targeting CDK1 (cyclin dependent kinase 1) (147) and KRAS (148). According to a recent meta-analysis, miR-181a is majorly linked to lung cancer patient's survival rate (149).

In osteosarcoma, SNHG12 causes increased cell proliferation and migration as well as stimulated angiogenesis, through up-regulation of AMOT (angiomotin) (150). In triple negative breast cancer, it also leads to increased cell proliferation, migration, and inhibited apoptosis, through the stimulation of MMP13 and SNHG12 genes activated by c-Myc (151).



SMALL NUCLEOLAR RNA HOST GENE 15 (SNHG15)

The SNHG15 is the origin for SNORA 9 (152).

The main molecular activity of SNHG15 is related to its targeting of miRNAs, as follows: miR-141-3p in hepatocellular carcinoma (153), miR-338-3p in prostate cancer (154), miR-211-3p in lung cancer (155, 156), and miR-211-3p in breast cancer (157). SNHG15 also leads to activation of NF-KB pathway in renal cell carcinoma (158).

SNHG15 is involved in colorectal cancer cell proliferation and migration via miR-141 (159) and miR-338-3p sponging (160), along with up-regulation of AIF (Allograft Inflammatory Factor 1) (152), and activation of transcription factor SLUG (45). In thyroid cancer, SNHG15 is a ceRNA for miR-510-5p (161) and miR-200a-3p (162).

In osteosarcoma, SNHG15 promotes cell proliferation, autophagy, and migration by acting as a ceRNA for miR-141. The involvement of SNHG15 was also responsible for the proliferation, autophagy, and invasion of osteosarcoma cells (163). MiR-141 is a tumor suppressor in osteosarcoma, inhibiting proliferation and activating apoptosis (164). In pancreatic cancer, SNHG15 was found to be up-regulated and to suppress the transcription of P15 and KLF2 (Kruppel Like Factor 2) by binding to EZH2 and the subsequent methylation at the promoter region of the histone 3 (H3K27me3) (165). This lncRNA is also involved in stimulating the proliferation of endothelial cells from glioma. SNHG15 silencing leads to down-regulation of VEGFA (vascular endothelial growth factor A) and CDC42 (cell division cycle 42), both being proangiogenic genes (166). In gastric cancer, this SNHG15 functions as a tumor promoter by up-regulating MMP2 and MMP9, followed by stimulation of proliferation and invasion (167).

In colorectal cancer, a new mechanism for SNHG15 was found: this lncRNA binds to the zinc-finger domain of SLUG and prevents its ubiquitination. The synchronous coexpression of SNHG and SLUG leads to increased colon cancer cell migration and tumorigenesis capacity (45). Further research and details on the role of SNHG15 in malignant diseases are presented in Supplementary Table 7.



SMALL NUCLEOLAR RNA HOST GENE 16 (SNHG16)

From the introns of SNHG16, the snoRD1A, snoRD1B, and snoRD1C are generated (168). SNHG16 sponges miR-4518 and activates the PI3K/Akt pathway in glioma, thus causing increased tumor cell proliferation and migration (169). In esophageal cancer, SNHG16 maintains cancer cell viability, impairs apoptosis, and enhances cell migration, by means of miR-140 entrapment, which further results in ZEB1 up-regulation (170).

In cervical cancer, the lncRNA SNHG16 is involved in cell proliferation, apoptosis, and migration by down-regulating miR-216 and up-regulating ZEB1 (171).

In breast cancer, SNHG16 is positively associated with increased proliferation rate, apoptosis evasion, and cell cycle progression through ceRNA binding of miR-98, followed by E2F5 up-regulation (172). Moreover, this lncRNA also has the potential to become a biomarker of early-stage pulmonary malignancy, which is very difficult to diagnose with currently available methods (173). In ovarian cancer, SNHG16 increases malignant cell migration capacity through phosphorylation-mediated activation of AKT (AKT serine/threonine kinase 1) and overexpression of MMP9 (174). Further research and details on the role of SNHG16 in malignant disease are presented in Supplementary Table 8.



SMALL NUCLEOLAR RNA HOST GENE 20 (SNHG20)

The SNHG20 has 2183 nt (175), and its introns encode for SCARNA16 (176). The SNHG20 is up-regulated in colorectal cancer, hepatocellular cancer, lung cancer, ovarian cancer, and breast cancer. This lncRNA was proven in many studies to interact with p21 (Supplementary Table 9).

SNHG20 down-regulates p21 and E-cadherin in ovarian cancer (177), activates STAT6 in hepatocellular carcinoma (178), represses miR140 in laryngeal squamous cell carcinoma (179), modulates ATM (ataxia telangiectasia mutated)–JAK (janus kinase 2)–PD-L1 (programmed death-ligand 1) pathway in esophageal carcinoma (180), up-regulates TGF-B1 in nasopharyngeal carcinoma (181), and enhances EMT and apoptosis via miR-139 -RUNX2 (runt-related transcription factor 2) in osteosarcoma (182, 183). In breast cancer, SNHG20 causes miR-495 sponging (184), while in oral cancer, it induces cell proliferation via down-regulating PCNA and Ki67 (185) and via targeting miR-197/LIN28 axis (186).

SNHG20, like all SNHG transcripts, is involved in many biological processes, such as: cell proliferation, cell cycle progression, tumorigenesis, apoptosis evasion, and resistance to therapy.

In gastric cancer, it inhibits p21 expression (187), it can interact with miR140-5p to induce resistance to therapy (188), or it can sponge miR-495-3p in order to enhance cell proliferation (189). In ovarian cancer, SNHG20 can activate WNT/β-catenin signaling pathway, which promotes cell proliferation (190).

SNHG20 supports glioma cell survival by sponging miR-4486 and up-regulating MDM2-p53 pathway (191), and silencing p21 (192). This lncRNA is also involved in vasculogenic mimicry, a process of pseudo-vascular formation in highly aggressive cancers, via enhancement of ZRANB2/SNHG20/FOX1 axis (193).

SNHG20 promotes gastric cancer by stimulating cancer cell proliferation, cell cycle progression, invasion, and migration. This is done by down-regulating the expression of the p21 and by activating GSK-3β/β-catenin signaling pathway (187). In ovarian cancer, the overexpression of this lncRNAs also leads to enhanced proliferation and invasion through the activation of the WNT/β-catenin signaling pathway (194).

A number of proinvasion proteins such as ZEB1, ZEB2, N-CAD, and VIM are positively correlated with SNHG20, thus leading to stimulated cell cycle progression, proliferation rate, and migration capacity hepatocellular carcinoma (195) and breast cancer (184).

In lung cancer, SNHG20 overexpression causes increased cell proliferation, invasion, and migration capacity, by changing the DNA methylation pattern, after interaction with EZH2 and epigenetic repression of p21 (175). p21 is suppressed by SNHG20 in colorectal cancer, where it stimulates cyclin A1, leading to intensification of proliferation and migration (196) P21 is classically considered as a tumor suppressor, being involved in the downstream pathway of the p53 cell cycle arrest and in the assembly of cyclin D-CDK4/CDK6. However, when p53 is dysregulated or when p21 acquires mutations, it becomes an oncogene (197). Further research and details on the role of SNHG20 in malignant diseases are presented in Supplementary Table 9.

SNHGs are overexpressed from the malignant transformation of a normal cell to the installment of metastasis. They sustain replicative immortality, speeding up of proliferation rate, resistance to programmed cell death, tumor growth, neoangiogenesis (and in some instances vascular mimicry), local invasion, migration, and formation of metastasis. The overall representation of different SNHGs' involvement in cancer initiation and progression is found in Figure 2.


[image: Figure 2]
FIGURE 2. The SNHGs' involvement in the following malignant processes: replicative immortality, sustained proliferation, angiogenesis, resisting cell death, invasion, and metastasis and tumor growth. All SNHGs promote tumor development and progression.




FUTURE APPLICATIONS BASED ON CURRENT KNOWLEDGE-DISCUSSIONS

Through our research of literature, we identified that the general activity of SNHGs in malignant disease is related to stimulation of the following malignant processes: EMT, invasion, proliferation, cell cycle progression, and apoptosis evasion. The most common signaling pathways activated by SNHGs are: WNT/β-catenin (67, 198) and mTOR/PI3K/AKT (199–201). SNHGs also influence the NF-kB (202) and Hippo signaling pathways (203); however, more data are needed to include these two pathways in the general mechanisms of SNHG activity (Figure 3).
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FIGURE 3. Chord plot representing the most frequently modulated genes by SNHGs. These are: BAX (Bcl-2-associated X protein), CASP3 (caspase 3), CASP9 (caspase 9), CCND1 (cyclin-D1), CDH1 (E-cadherin), CDH2 (N-cadherin), CDK4 (cyclin-dependent kinase 4), CDK6 (cyclin-dependent kinase 6), MAPK8 (mitogen-activated protein kinase), MMP2 (metalloproteinase 2), NOTCH1 (Notch homolog 1), PARP1 (poly [ADP-ribose] polymerase 1), PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha), SNAI1, STAT3 (signal transducer and activator of transcription 3), TP53, AKT1 (AKT serine/threonine kinase 1), CDH5 (vascular endothelial cadherin), CTNNB1 (beta-catenin), EZH2 (enhancer of zeste 2 polycomb repressive complex 2 subunit), MMP9 (metalloproteinase 9), SNAI2 (snail family transcriptional repressor 2), TWIST1, mTOR, VIM (vimentin), and ZEB1 (zinc finger E-box binding homeobox 1). These are associate in a different degree to the most frequently dysregulated cellular processes in cancer: invasion, EMT, cell cycle, and apoptosis. SNHGs also act by activating two major signaling pathways: WNT/β-catenin and mTOR/PI3K/AKT.


The oncogenic role of SNHGs in malignancies is supported by solid scientific data. These ncRNAs act on multiple levels to induce a more aggressive phenotype of cancer cell, and their overexpression is correlated with lower overall and progression-free survival. There are a number of meta-analyses that offer additional support in favor of bringing the research of SNHGs into clinical trials. SNHG16 is associated with advanced clinicopathological features and worse overall survival in the case of malignancies located in the lung, ovaries, cervix, bladder, and esophagus (204). SNHG1 has a progressive increase in expression correlated with disease progression in the case of the following tumor localizations: lung, esophagus, bone, brain, stomach, liver, and colon. A high level of SNHG1 is associated with poor overall and disease-free survival in all of these malignancies (205–207). SNHG6 leads to worse prognosis and a propensity of distant metastasis formation (208).

The oncogenic activity of SNHGs can be impaired by the temporary silencing of SNHGs at RNA level with the help of RNA interference (194, 209) or the permanent deletion of these lncRNAs in cancer cells through genome editing techniques (152, 210).

A careful evaluation of the SNHGs inhibition in normal cells would be extremely useful in evaluating the potential druggability of SNHGs. From what we know so far, the downstream effect of SNHG inhibition on their corresponding snoRNAs-miRNAs/piRNAs will be dependent on the type of change: knock out or knockdown. SNHGs are targeted through permanent changes at the DNA level through gene therapy. This is a desired effect if the therapy is carefully monitored to have high specificity for tumor cells and to avoid normal cells. In normal cells, snoRNAs have essential physiological functions in rRNA and mRNA processing. A recent study has already evaluated the ability of the CRISPR/Cas9 to target protospacer adjacent motifs (PAMs) located in the structure of snoRNAs from the same SNHG, GAS5. The induced mutations affected specifically the ability to form secondary Kink-turn structure in each SNORD (SNORD74, SNORD77, and SNORD80). Moreover, the editing of PAM located in the D' box of SNORD75 affected the alternative splicing of SNHG, thus showing that snoRNAs can modulate the alternative splicing of their SNHG of origin by affecting the m6A methyltransferase complex (211). A better alternative to genome editing is the temporal inhibition of SNHGs through siRNAs. This is also the main therapeutic strategy evaluated across various studies. For instance, in renal cell carcinoma, the RNAi silencing of SNHG15, in vitro, led to decreased proliferation, invasion, and migration capacity (158). The silencing of SNHG1 in colon cancer cells lowered their malignant potential (212). The knockdown of SNHG6 in glioma causes a reduced growth rate of treated cells (213). The SNHG inhibition can reverse chemotherapeutic resistance, as in the case of sorafenib and SNHG1 (200). However, because of their ability of acting as ceRNAs for miRNAs (214) or being the primary transcript for various snoRNAs, piRNAs, and miRNAs, the down-stream effect of SNHG therapeutic modulation would be very difficult to predict and control, especially in case of non-specific targeting of tumor cells. For instance, we still don't know whether siRNA silencing of SNHGs affects the downstream levels of snoRNAs-piRNAs/miRNAs originated from the targeted SNHG.



CONCLUSION

Because of the versatility and function in the majority of cancers, SNHGs are becoming increasingly important for molecular research in cancer. The data on these non-coding RNAs are abundant, and the validation of their role in the progression and severity of malignant diseases has been made clear during the last year. However, a general overlook on these lncRNAs is still lacking as well as a better understanding of their influence at the molecular level. The majority of SNHGs (SNHG1, SNHG12, SNHG20, SNHG15, SNHG16, SNHG3, SNHG5, SNHG6, SNHG7) function by sponging tumor- suppressing microRNAs, allowing the oncogene transcripts to be expressed. The SNHGs can also cause epigenetic alterations in the genome, transcription initiation through interaction with transcription factors, direct binding and up-regulation of mRNAs and extension of protein life through prevention of ubiquitination. SNHGs also activate the signaling pathways commonly involved in cancer development and progression, such as Wnt/β-catenin and mTOR/PI3K/AKT. The SNHGs have the potential to act as cancer biomarkers or even therapeutic targets because of their ability to retain the tumor suppressor microRNAs. The studies on SNHGs increase by the day, and these classes of non-coding RNAs might constitute the next miRNAs in the field of molecular oncology. However, intrapopulation heterogeneity is still a matter of concern in the analysis of every transcript as biomarker and more data are needed considering especially that there are some reports, even if scarce, on the role of these lncRNAs acting as tumor suppressors. More analysis should also be done on regulatory mechanism at DNA and protein level and SNHGs stability maintenance in the disadvantage of snoRNAs, although data present a positive correlation between SNHGs and their corresponding snoRNAs.
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Previously, we found that the expression of long non-coding RNA (lncRNA) small nucleolar RNA host gene 17 (SNHG17) was up-regulated in castration-resistant prostate cancer (CRPC) cells compared to that in hormone sensitive prostate cancer (HSPC) cells. Moreover, we found that CD51 was up-regulated in prostate cancer cells and promoted the carcinogenesis and progression of prostate cancer. However, the regulatory mechanism of SNHG17 and CD51 in the development of CRPC remains unclear. In the current study, we aimed to elucidate the expressions, functions, and underlying mechanism of SNHG17 and CD51 in CRPC. Our results further confirmed that both SNHG17 and CD51 were up-regulated in CRPC tissues and cells. In addition, we found that SNHG17 expression was positively correlated with CD51 expression in prostate cancer. Mechanically, SNHG17 functioned as a competing endogenous RNA (ceRNA) to up-regulate CD51 expression through competitively sponging microRNA-144 (miR-144), and CD51 was identified as a direct downstream target of miR-144 in CRPC. Functionally, down-regulation of SNHG17 or up-regulation of miR-144 inhibited the proliferation, migration, and invasion of CRPC cells, whereas up-regulation of SNHG17 and down-regulation of miR-144 promoted the proliferation, migration and invasion of CRPC cells in vitro and in vivo. Using gain and loss-of function assay and rescue assay, we showed that miR-144 inhibited cell proliferation, migration and invasion by directly inhibiting CD51 expression, and SNHG17 promoted cell proliferation, migration and invasion by directly enhancing CD51 expression in CRPC cells. Taken together, our study reveals the role of the SNHG17/miR-144/CD51 axis in accelerating CRPC cell proliferation and invasion, and suggests that SNHG17 may serve as a novel therapeutic target for CRPC.
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INTRODUCTION

It is estimated that there will be 174,650 newly diagnosed prostate cancer cases and 31,620 estimated prostate cancer related deaths in 2019 in the United States, accompanied by drastically increased incidence and mortality in China in the last decade (Chen et al., 2017; Siegel et al., 2019). Despite continuous improvements in diagnosis and treatment, the recommended maintenance schedules from androgen deprivation therapy (ADT) to radical resection are at present only effective in patients with hormone-sensitive prostate cancer (HSPC) (Rice et al., 2019). This is when the tumor has progressed to castration-resistant prostate cancer (CRPC) stage, and the 5 years overall survival rate remains extremely disappointed (Nuhn et al., 2019). Hence, exploring new detailed mechanisms that account for CRPC progression is of great importance.

Numerous evidences have confirmed that long non-coding RNAs (lncRNA) played an important role in CRPC by functioning as oncogenes or tumor suppressors. For example, lncRNA LBCS was shown to suppress castration resistance and proliferation of prostate cancer cells by functioning as a scaffold of hnRNPK (Heterogeneous nuclear ribonucleoprotein K) protein and AR (Androgen receptor) mRNA to inhibit AR translation efficiency (Gu et al., 2019). Moreover, lncRNA small nucleolar RNA host gene 15 (SNHG15) has been shown to play oncogenic roles in the progression of prostate cancer (Zhang Y. et al., 2019). It was shown that SNHG15 served as a competing endogenous RNA (ceRNA) to promote the proliferation, migration, and invasion of prostate cancer cells by targeting microRNA(miR)-338-3p/FKBP prolyl isomerase 1A (Zhang Y. et al., 2019). Previously, we showed that the expression of long intergenic non-coding RNA 00963 (Linc00963) was abnormally up-regulated in CRPC cells by generating differentially expressed lncRNA profiles of LNCaP and C4-2 cells (Wang et al., 2014). Furthermore, we also found that the expression of lncRNA small nucleolar RNA host gene 17 (SNHG17) was up-regulated in C4-2 cells compared to that in PC-3 cells (Wang et al., 2014), thus indicating that SNHG17 may be involved in the transition from HSPC to CRPC. However, the expressions SNHG17 in CRPC tissues and its function in CRPC progression have not been fully investigated.

CD51, also known as integrin subunit alpha V (ITGAV), is a member of the integrin alpha chain family (Conroy et al., 2016). Several evidences have indicated that the up-regulation of CD51 is significantly associated with cancer progression and poor prognosis in multiple types of cancers, such as gastric cancer (Wang et al., 2019), colorectal cancer (Flum et al., 2018), laryngeal carcinoma (Lu et al., 2009), and hepatocellular carcinoma (Kang et al., 2019). Mechanically, it was confirmed that CD51 could inhibit the expression of E-cadherin and promote epithelial-to-mesenchymal transition (EMT) by interacting with transforming growth factor-beta (Feldkoren et al., 2017). Further, it was found that treatment with CD51 antagonist could suppress de novo formation and progression of bone metastases in CRPC by inhibiting EMT process and decreasing the prostate cancer stem cell population (pCSC) population (van der Horst et al., 2011). Interestingly, treatment with a humanized CD51 monoclonal antibody also showed excellent clinical benefit in some CRPC patients with bone metastases in a multicenter phase I&II study (Wirth et al., 2014; Hussain et al., 2016). We also found CD51, which was down-regulated by p53 at transcriptional levels, was required for prostate cancer stemness and could enhance cancer initiation, metastatic potential, and chemoresistance (Sui et al., 2018). However, the regulation of CD51 in CRPC cells at the post-transcriptional levels remains unclear.

In the current study, we showed that SNHG17 and miR-144 could regulate CD51 expression at post-transcriptional levels by functioning as ceRNA. Besides, CD51 was identified as the downstream effector and functional mediator of SNHG17 and miR-144 in CRPC. In addition, we found that SNHG17 promoted CRPC cell proliferation, migration and invasion in vitro and in vivo by targeting miR-144/CD51 axis. Hence, our study revealed the role of the SNHG17/miR-144/CD51 axis in accelerating CRPC cell proliferation and invasion, and suggested that SNHG17 may serve as a novel therapeutic target for CRPC.



MATERIALS AND METHODS


Human Patient Samples

Samples of 46 patients with CRPC and 149 patients with HSPC were provided by The First Affiliated Hospital of Xi’an Jiaotong University. The clinical-pathological features of prostate cancer patients enrolled in this study were described in our previous study (Sui et al., 2018).



Cell Culture

Human prostate cancer cell lines LNCaP, C4-2, PC-3, and DU145 were purchased from GeneChem (Shanghai, China). LNCaP, DU145, C4-2 and PC-3 cells were cultured in Dulbecco’s modified eagle medium (DMEM, Gibco) containing 10% fetal bovine serum (FBS, Cellmax, Beijing, China), 1% penicillin-streptomycin (Cellmax) at 37°C in a humidified atmosphere of 5% CO2.



Construction of Lentivirus Expression Vector

Lentiviral-SNHG17 (Lv-SNHG17), Lentiviral-CD51(Lv-CD51), and lentiviral scrambled negative control (Lv-control) were designed and provided by Genechem (Shanghai, China). Briefly, the full length of human SNHG17 (transcript variant 21), CD51 and scramble control were cloned intro Bam I and AgeI sites of CV146 core vector (Ubi-MCS-SV40-Firefly-Luciferase-IRES-Puromycin). Then, 20 μg CV146-SNHG17/CD51/control, and lentiviral packaging helper plasmid pHelper 1.0 (15 μg) and pHelper 2.0 (10 μg) were co-transfected into 293T cells by Lipofectamine 2000. The medium changed to 10% DMEM 8 h later and the cell supernatant was collected 72 h later, then centrifugation happened at 4°C for concentration and purification of Lv-SNHG17, Lv-CD51, and Lv-control.



Lentivirus Infection and siRNA/miRNA Transfection

The lentivirus infection and siRNA/miRNA transfection were performed as our previous study described (Sui et al., 2018; Mu et al., 2019). Briefly, for lentivirus infection, PC-3 or C4-2 cells were seeded in six-well plates and infected by HiTransG A (Genechem) according to the manufacturer’s protocol. Then, PC-3 and C4-2 cells were selected with puromycin for 2 weeks to remove uninfected cells and obtain stable SNHG17 up-regulated cells. The stable SNHG17 up-regulated cells were collected for WB, RT-QPCR, EdU, migration and invasion assay. CD51 siRNA, scrambled NC siRNA, miR-144 mimics, miR-144 inhibitors, and miR-144 NC were synthesized and provided by Ribo Bio (Guangzhou, China). For siRNA/miRNA transfection, PC-3 and C4-2 cells were seeded in six-well plates and transfected by Lipofectamine 2000 (Thermo Fisher Scientific, United States) according to the manufacturer’s protocol. Cells were collected for RT-QPCR, WB, EdU assay, wound healing assay, and transwell assay 48 h later. The sequences for lentivirus and siRNAs used in our study are provided in Table 1.


TABLE 1. Sequence of lentivirus and siRNAs used in the experiments.
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EdU Staining

Cell proliferation of different transfected PC-3 and C4-2 cells was evaluated using Cell-Light EdU Apollo567 in vitro Kit (Ribo Bio) according to the manufacturer’s instructions. 105 cells were seeded in 96-well plates and stained with 100 μL 50 μM EdU solution for 2 h in the dark at room temperature. Then, the cells were fixed with 4% paraformaldehyde for 30 min and permeabilized with 0.5% Triton X-100 for 15 min. After washing three times with PBS, the cells were stained with Apollo®567 and DAPI. Representative images were taken using the confocal microscope (Olympus, Japan) at ×200 magnification.



Wound Healing Assay, CCK-8, Transwell Assay, and Western Blot (WB)

Cell proliferation of different transfected PC-3 and C4-2 cells was further evaluated using CCK-8 assay. The migrative abilities of different transfected PC-3 and C4-2 cells were measured by wound healing assay. The invasive abilities of different transfected groups were measured by transwell assay. Protein levels of CD51 in different transfected PC-3 and C4-2 cells were measured by WB. All the procedures for wound healing, transwell assay, and WB were performed as our previous study described (Sui et al., 2018).



RNA Pull-Down Assay

RNA pull-down assay were performed as our previous study described with a few modifications (Mu et al., 2019). Briefly, PC-3 cells were lysed in NP40 lysis buffer, and 1 mg cell extracts were incubated with biotin-labeled SNHG17-probe or SNHG17-MUT-probe at 4°C for 6 h. Subsequently, the RNAs with biotin-labeled NC (Bio-NC-probe), SNHG17 (Bio-SNHG17-probe), or SNHG17-MUT (Bio-SNHG17-MUT-probe) were mixed with 40 μl streptavidin agarose beads and incubated on a rotator overnight. At last, the expression of miR-144 in the retrieved RNA was identified using RT-QPCR.



Luciferase

Luciferase assay was performed as our previous study described with a few modifications (Mu et al., 2019). Briefly, PC-3 cells were seeded in a 96-well plate at 70% confluence. The sequence of SNHG17 and 3′-untranslated region (UTR) of CD51 containing miR-144-binding sites were cloned into pMirGLO dual-luciferase miRNA target expression vector (Promega Corporation, WI, United States), yielding pmirGLO-wild type (WT)-SNHG17/CD51. Mutations from U to A were introduced into potential miR-144 binding sites of SNHG17, and mutations from U to C were introduced into potential miR-144 binding sites of CD51 using a QuikChangeTM site-directed mutagenesis kit (Stratagene; now owned by Agilent Technologies, Inc., Santa Clara, CA, United States) to construct pmirGLO-mutant (MUT)-SNHG17/CD51. Subsequently, 20 nM miR-144 NC/mimics and 50 ng pmirGLO-WT/MUT-SNHG17/CD51 were co-transfected into PC-3 cells using Lipofectamine 2000. Cells were collected 48 h after transfection, and the relative firefly luciferase activities were measured using a dual-luciferase reporter assay system according to the manufacturer’s protocol (Promega Corporation). Renilla luciferase activity served as an internal control.



Anti-Ago2-RIP

The RIP assay were performed as our previous study described with a few modifications using the EZ-Magna RIP kit (Merck Millipore, MA, United States) following the manufacturer’s protocols (Miao et al., 2019). PC-3 cells were transfected with SNHG17 siRNA or SNHG17 NC; C4-2 cells were infected with Lv-SNHG17 or Lv-control. Forty eight hour later, cells were lysed in RIP lysis buffer, and cell extracts were incubated with anti-Ago 2 (Merck Millipore) or IgG (Merck Millipore) for 6 h. Then, purified RNA was analyzed by qRT-PCR to identify the presence of SNHG17 and CD51.



FISH

Oligonucleotide probes for SNHG17 and U6 were purchased for Ribo Bio (Guangzhou, China). The PC-3 cells were seeded in 20 mm confocal dishes. After overnight incubation, the cells were fixed with 4% paraformaldehyde for 20 min and permeated with Triton X-100 for 90 s. Then, PC-3 cells were incubated with hybridization buffer supplemented with CY-3-labeled- SNHG17 and U6 FISH probe at 37°C overnight in a dark moist chamber. The next day, cells were washed three times in 2X SCC and stained with DAPI. The images were acquired using a confocal microscope (Olympus) at ×400 magnification.



RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (RT-QPCR)

Cytoplasmic and nuclear RNA were isolated with a Cytoplasmic & Nuclear RNA Purification Kit (Norgen Biotek, ON, Canada), according to the manufacturer’s instructions. Briefly: lying the cells with Lysis Solution for 30 min at room temperature. Then, separating cytoplasmic and nuclear RNA by centrifugation at 13000 g for 15 min. Adding the supernatant which contains cytoplasmic RNA to the Bind 1 column, and adding the pellet which contains nuclear RNA to the Bind 2 column to further remove contaminating RNAs. After washing with Wash buffer, eluting the purified cytoplasmic and nuclear RNA with Elution buffer, respectively. Total RNA extraction and RT-QPCR were performed as our previous study described (Sui et al., 2018). The primers used in this study were purchased from Sangon Biotech (Shanghai, China) and displayed in Table 2.


TABLE 2. Primers used in the experiments.
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Animal Experiments

All animal experimental procedures were performed according to the Guidelines for Animal Care and Use of Xi’an Jiaotong University. Each group consisted of 5 BALB/c athymic nude mice (nu/nu; weight: 16-18 g; age: 6 weeks old). In order to investigate the effects of SNHG17 on tumor growth, C4-2 cells with stable upregulation of SNHG17 (5 × 106) or control cells were subcutaneously injected into the left flank of each mouse. After the tumors were visible, the tumor length and width were measured every 3 days for 2 weeks. Tumor volumes were calculated using the formula: 0.5 × length × width2. Two weeks later, the mice were sacrificed and the tumor were collected and weighted. The tumor sections were stained with Ki-67 antibody after deparaffinization and rehydration. In order to determine the effects of SNHG17 on cancer metastasis, C4-2 cells with stable upregulation of SNHG17 (5 × 105) or control cells were injected into the tail vein of each mouse. After 3 weeks, or when the mice show a poor overall health condition, the mice were sacrificed and the lungs were collected for further histopathological analysis.



Statistical Analysis

IBM SPSS statistical software (version 22.0) was used to perform statistical analysis. Student’s t-test was used for data analysis of two groups and one-way ANOVA, followed by a least significant difference test which was used for data analysis of multiple groups. P-values were determined using 2-sided tests. P < 0.05 were considered to have statistical significance.




RESULTS


SNHG17 Is Up-Regulated in CRPC and Positively Correlated With CD51 Expression

Previously, we found that the expression of SNHG17 was up-regulated in the CRPC cell line C4-2 compared to HSPC cell line LNCaP (Wang et al., 2014). Moreover, we found that CD51 was up-regulated in prostate cancer and promoted carcinogenesis and progression of prostate cancer (Sui et al., 2018). Here, we detected the expressions and correlations of SNHG17 and CD51 in CRPC. RT-QPCR analysis revealed that the expression of both SNHG17 and CD51 was up-regulated in CRPC tissues compared to that in HSPC tissues (P < 0.05, the expressions of SNHG17 in CRPC and HSPC tissues are shown in Figure 1A, the expressions of CD51 mRNA in CRPC and HSPC tissues are shown in Figure 1B). In addition, correlation analysis indicated a significantly positive correlation between SNHG17 and CD51 mRNA expression in HSPC (P < 0.05, Figure 1C) and CRPC cells (P < 0.05, Figure 1D). Thus, we further elucidated the regulatory mechanism of SNHG17 and CD51 in CRPC. RT-QPCR analysis revealed that the expression of both SNHG17 and CD51 was up-regulated in CRPC cells (C4-2, PC-3, and DU145) compared to that in HSPC cells (LNCaP) (P < 0.05, the expressions of SNHG17 in CRPC and HSPC cells are shown in Figure 1E, the expressions of CD51 mRNA in CRPC and HSPC cells are shown in Figure 1F).
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FIGURE 1. SNHG17 expression was up-regulated and positively correlated with CD51 expression in CRPC tissues and cells. (A) The expression of SNHG17 in HSPC and CRPC tissues, as detected by RT-QPCR; (B) The mRNA expression of CD51 HSPC and CRPC tissues, as detected by RT-QPCR; (C) The association between CD51 and SNHG17 expression in HSPC tissues; (D) The association between CD51 and SNHG17 expression in CRPC tissues; (E) SNHG17 expression in HSPC cell line (LNCaP) and CRPC cell lines (PC-3 and C4-2), as detected by RT-QPCR; (F) The expression of CD51 in HSPC cell line (LNCaP) and CRPC cell lines (PC-3 and C4-2), as detected by RT-QPCR; Data expressed as the mean ± SE. *P < 0.05, ns, not significant. The representative results of 3 independent experiments are shown.




SNHG17 Promotes Cell Proliferation and Invasion of CRPC Cells

Next, we determined the biological roles of SNHG17 in CRPC cell proliferation and invasion. RT-QPCR results confirmed that transfection with SNHG17 small interfering RNA (siRNA) stably down-regulated SNHG17 expression in PC-3 cells (P < 0.05, Figure 2A), whereas infection with Lv-SNHG17 stably up-regulated SNHG17 expression in C4-2 cells (P < 0.05, Figure 2B). Then, we investigated the effects of SNHG17 on CRPC cell proliferation, migration and invasion. CCK-8 assay revealed that the proliferation ability of SNHG17 siRNA transfected PC-3 cells was lower than that of SNHG17 NC transfected cells (P < 0.05, Figure 2C), but the proliferation ability of Lv-SNHG17-infected C4-2 cells was higher than that of Lv-control-infected cells (P < 0.05, Figure 2D). EdU assay revealed that the percentage of EdU positive of PC-3 cells was lower in the SNHG17 siRNAs groups compared with that in the SNHG17 NC group (P < 0.05, Figure 2E), but the percentage of EdU-positive C4-2 cells was higher in the Lv-SNHG17 group than that in the Lv-control group (P < 0.05, Figure 2F). In addition, as shown by the wound healing assay, the wound healing rates at 24 h post transfection of PC-3 cells with SNHG17 siRNA were enhanced compared with those of cells transfected with SNHG17 NC (P < 0.05, Figure 2G). However, the wound healing rates at 24 h post infection of C4-2 cells with Lv-SNHG17 were decreased compared with those of cells infected with Lv-control (P < 0.05, Figure 2H). Furthermore, the transwell assay showed that the number of invasive PC-3 cells in the SNHG17 siRNA group were less than the cells in the SNHG17 NC group (P < 0.05, Figure 2I), whereas the number of invasive cells in C4-2 cells infected with Lv-SNHG17 was lesser than that in cells infected with Lv-control (P < 0.05, Figure 2J). These results indicate that SNHG17 is a potential oncogenic lncRNA in CRPC, and can promote CRPC cell proliferation and invasion in vitro.
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FIGURE 2. Effects of SNHG17 on cell proliferation and invasion of PC-3 cells in vitro. (A) The transfection efficacy of SNHG17 siRNAs in PC-3 cells, as detected by RT-QPCR; (B) Transfection efficacy of Lv-SNHG17 in C4-2 cells, as confirmed by RT-QPCR; (C) Effects of SNHG17 knockdown on the proliferation of PC-3 cells, as detected by CCK-8 assay; (D) Effects of SNHG17 overexpression on the proliferation of C4-2 cells, as detected by CCK-8 assay; (E) Effects of SNHG17 knockdown on the proliferation of PC-3 cells, as detected by EdU assay; (F) Effects of SNHG17 overexpression on the proliferation of C4-2 cells, as detected by EdU assay; (G) Effects of SNHG17 knockdown on the migration of PC-3 cells, as detected by the wound healing assay; (H) Effects of SNHG17 overexpression on cell migration of C4-2 cells, as detected by wound healing assay; (I) Effects of SNHG17 knockdown on the invasion of PC-3 cells, as detected by transwell assay; (J) Effects of SNHG17 overexpression on cell invasion of C4-2 cells, as detected by transwell assay. Data are shown as the mean ± SE. *P < 0.05, ns, not significant. The representative results of three independent experiments are shown.




SNHG17 Promotes Tumor Growth and Metastasis in CRPC in vivo

After C4-2 cells injection, faster tumor growth and larger tumor volumes were observed in the Lv-SNHG17 group (P < 0.05, Figures 3A,B). Consistently, tumor weight was found to be higher in the Lv-SNHG17 group than in the Lv-control group (P < 0.05, Figure 3C). Ki-67 staining showed that, compared to that in the Lv-control group, the number of Ki-67-positive cells was higher in the Lv-SNHG17 group (P < 0.05, Figures 3D,E). HE staining showed that the number of metastatic foci in the Lv-SNHG17 group was higher than in the Lv-control group in a pulmonary metastasis model of C4-2 cells (P < 0.05, Figures 3F,G). These results indicate that SNHG17 functions as an oncogenic lncRNAs to promote tumor growth and metastasis in CRPC in vivo.
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FIGURE 3. SNHG17 promotes tumor growth and metastasis in CRPC in vivo. (A) Tumor growth curve of C4-2 cells infected with Lv-control and Lv-SNHG17; (B) Digital images of all the resected tumors in cells transfected with Lv-control (n = 5) and Lv-SNHG17 (n = 5) were captured after 18 days; (C) Tumor weight of C4-2 cells infected with Lv-control and Lv-SNHG17; (D) Ki-67 expression in nude mice bearing C4-2 cells infected with Lv-control and Lv-SNHG17; (E) Statistical analysis of the percentage of Ki-67 positive cells in nude mice bearing C4-2 cells infected with Lv-control and Lv-SNHG17; (F) HE staining of metastatic foci in the lungs of nude mice injected with C4-2 cells transfected with Lv-control or Lv-SNHG17; (G) Statistical analysis of the total number of metastatic foci in 10 fields per lung section of Lv-control or Lv-SNHG17 group. Data are shown as the mean ± S.E. *P < 0.05. The representative results of three independent experiments are shown.




CD51 Is Up-Regulated by SNHG17 in vitro and in vivo

RT-QPCR and WB analysis demonstrated that both the mRNA and protein levels of CD51 were down-regulated in CRPC cells transfected with SNHG17 siRNA compared to those in cells transfected with SNHG17 NC, but up-regulated in CRPC cells infected with Lv-SNHG17 compared to those in cells infected with Lv-control (P < 0.05, the effects on CD51 mRNA levels are shown in Figure 4A, the effects on CD51 protein levels are shown in Figure 4B). Furthermore, the expression of CD51 mRNA was up-regulated in cancer tissues of mice injected with Lv-SNHG17 infected CRPC cells (Supplementary Figures S1A,B). These results indicate that SNHG17 promotes CD51 expression in vitro and in vivo.


[image: image]

FIGURE 4. CD51 expression was up-regulated by SNHG17. (A) The effects of SNHG17 on the mRNA levels of CD51, as detected by RT-QPCR; (B) The effects of SNHG17 on the mRNA levels of CD51, as detected by WB; Data are expressed as the mean ± S.E. *P < 0.05, ns, not significant. The representative results of three independent experiments are shown.




CD51 Is the Functional Mediator of SNHG17

In functional terms, EdU (Figure 5A), CCK-8 (Figure 5B), wound healing (Figure 5E), and transwell assay (Figure 5G) indicated that upregulation of SNHG17 significantly enhanced the proliferation, migration, and invasion of PC-3 cells (P < 0.05). Conversely, silencing of SNHG17 expression significantly decreased the proliferation (Figures 5C,D), migration (Figure 5F), and invasion (Figure 5H) of C4-2 cells (P < 0.05). Furthermore, the proliferation, migration and invasion of PC-3 cells were subsequently decreased after silencing of CD51 expression. Whereas the proliferation, migration and invasion of C4-2 cells were subsequently enhanced after upregulating CD51 expression (all P < 0.05, Figure 5). These results indicate that SNHG17 promotes CRPC cell proliferation, migration and invasion in CRPC, and silencing of CD51 expression ameliorates the effects of SNHG17 on CRPC cells.
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FIGURE 5. CD51 is involved in SNHG17-mediated CRPC cell proliferation and invasion. (A) The effects of down-regulation of CD51 on SNHG17 mediated cell proliferation of PC-3 cells, as detected by EdU assay; (B) The effects of down-regulation of CD51 on SNHG17 mediated cell proliferation of PC-3 cells, as detected by CCK-8 assay; (C) The effects of up-regulation of CD51 on SNHG17 mediated proliferation of C4-2 cells, as detected by EdU assay; (D) The effects of up-regulation of CD51 on SNHG17 mediated cell proliferation of C4-2 cells, as detected by CCK-8 assay; (E) The effects of down-regulation of CD51 on SNHG17 mediated migration of PC-3 cells, as detected by the wound healing assay; (F) The effects of up-regulation of CD51 on SNHG17 mediated migration of C4-2 cells, as detected by the wound healing assay; (G) The effects of down-regulation of CD51 on SNHG17 mediated cell invasion in PC-3 cells, as detected by the transwell assay; (H) The effects of up-regulation of CD51 on SNHG17 mediated cell invasion in C4-2 cells, as detected by the transwell assay; Data are expressed as the mean ± S.E. *P < 0.05, ns, not significant. The representative results of three independent experiments are shown.




SNHG17 Directly Binds With miR-144 in CRPC Cells

To further elucidate the underlying mechanism of SNHG17 in CRPC, FISH was performed to identify the subcellular localization of SNHG17 in PC-3 cells. FISH assay showed that SNHG17 was localized as a punctate pattern in both the cytoplasm and nuclei, but predominantly in the cytoplasm (Figures 6A,B), indicating that SNHG17 was more likely to function as a ceRNA in CRPC cells. Subsequently, we further explored whether SNHG17 could function as a ceRNA to enhance CD51 expression, and promote CRPC cell proliferation and invasion. We performed anti-Ago2 RIP in PC-3 cells transfected with SNHG17 siRNA and C4-2 cells infected with Lv-SNHG17 to investigate the enrichments of targets bound by miRNAs. Endogenous SNHG17 pull-down by Ago2 was significantly down-regulated in SNHG17 siRNA-transfected PC-3 cells (P < 0.05. Figure 6C), but significantly up-regulated in Lv-SNHG17-infected C4-2 cells (P < 0.05. Figure 6D). Conversely, endogenous CD51 pull-down by Ago2 was significantly up-regulated in SNHG17 siRNA-transfected PC-3 cells (P < 0.05, Figure 6C), but significantly down-regulated in Lv-SNHG17-infected C4-2 cells (P < 0.05, Figure 6D), indicating that there were less miRNAs bound CD51 transcripts in SNHG17-overexpressing cells and more miRNAs-bound CD51 transcripts in SNHG17 knockdown cells. Next, we predicted the potential target miRNAs of SNHG17 using miRNAda2 and starBase V2.03. miR-25, miR-144, miR-217, and miR-92b showed the sequence complementarity with SNHG17 in both the miRNAda and starBase V2.0 databases. However, only miR-144 expression was found to be significantly up-regulated in SNHG17 knockdown PC-3 cells (P < 0.05, Figure 6E), and significantly down-regulated in SNHG17 overexpressing C4-2 cells (P < 0.05, Figure 6F). The expression levels of miR-137, miR-374, and miR-511 were not significantly altered following changes in SNHG17 expression in CRPC cells (P > 0.05, Figures 6E,F). More importantly, the expression of miR-144 was also down-regulated in cancer tissues of mice injected with Lv-SNHG17 infected CRPC cells (Supplementary Figure S1C). Thus, we constructed an SNHG17 luciferase reporter construct containing WT or MUT binding sites for miR-144 to further identify the association between SNHG17 and miR-144 in CRPC cells (Figure 6G). Results revealed that co-transfection of CRPC cells with SNHG17 WT vector and miR-144 mimics resulted in a significant decline in relative luciferase activity (P < 0.05, Figures 6H,I). However, the relative luciferase activities in CRPC cells co-transfected with SNHG17 MUT vector and miR-144 mimics were not significantly altered (P > 0.05, Figures 6G–I). More importantly, RNA pull-down assay demonstrated that miR-144 could be pulled down by Bio-SNHG17-probe, but not Bio-SNHG17-MUT-probe in CRPC cells (P > 0.05, Figure 6J). These results indicate that SNHG17 can directly sponge miR-144 in CRPC cells.
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FIGURE 6. SNHG17 directly sponge miR-144 in CRPC cells. (A) Subcellular localization of SNHG17 in PC-3 cells, detected by FISH; Blue: DAPI, Red: CY3-SNHG17-probe. U6 was used as a nuclear marker; (B) Subcellular localization of SNHG17 in PC-3 cells, as detected by RT-QPCR. U6 was used as a nucleus marker; (C,D) Enrichment of SNHG17 and CD51 in Ago2 containing beads, detected in PC-3 (D) and C4-2 (E) cells by Ago2-RIP; (E,F) Effects of SNHG17 on the expression of miRNAs with putative binding sites for SNHG17 in PC-3 (E) and C4-2 (F) cells; (G) miR-144 WT and MUT targeting region of SNHG17; (H,I) Relative luciferase activity of PC-3 (H) and C4-2 (I) cells co-transfected with WT/MUT SNHG17 plasmid and miR-144 NC/mimics; (J) Enrichment of miR-144 in the sample pulled down by Bio-SNHG17-probe, Bio-SNHG17-MUT-probe, and Bio-NC-probe; Data are expressed as the mean ± S.E. *P < 0.05, ns, not significant. The representative results of three independent experiments are shown.




miR-144 Inhibits the Proliferation and Colony Forming Ability of CRPC Cells

We further explored the biological roles of miR-144 in CRPC cell proliferation and invasion. RT-QPCR results confirmed that transfection with miR-144 mimics stably up-regulated miR-144 expression in CRPC cells (P < 0.05, Figure 7A), whereas transfection with miR-144 inhibitors stably down-regulated miR-144 expression in CRPC cells (P < 0.05, Figure 7B). Next, we investigated the effects of miR-144 on CRPC cell proliferation, migration and invasion. CCK-8 assay showed that the proliferation ability of PC-3 cells transfected with miR-144 mimics was lower than that of cells transfected with miR-144 NC (P < 0.05, left panel, Figure 7C). Whereas the proliferation ability of C4-2 cells transfected with miR-144 inhibitors was higher than that of cells transfected with miR-144 NC (P < 0.05, right panel, Figure 7C). EdU assay revealed that the proportion of EdU-positive cells was lower in PC-3 cells transfected with miR-144 mimics than those in cells transfected with miR-144 NC (P < 0.05, upper panel, Figure 7D), but, higher in C4-2 cells infected with miR-144 inhibitors than those in cells infected with miR-144 NC (P < 0.05, lower panel, Figure 7D). In addition, as shown by the wound healing assay, the wound healing rates at 24 h post transfection of PC-3 cells with miR-144 mimics were enhanced compared with those in cells transfected with miR-144 NC (P < 0.05, Figure 7E). However, the wound healing rates at 24 h post infection of C4-2 cells with miR-144 inhibitors were decreased compared with those in cells infected with miR-144 NC (P < 0.05, Figure 7F). Furthermore, transwell assay showed that the number of invasive cells in PC-3 cells transfected with miR-144 mimics was less than those in cells transfected with miR-144 NC (P < 0.05, upper panel, Figure 7G). Whereas the number of invasive cells in C4-2 cells infected with miR-144 inhibitors was less than those in C4-2 cells infected with miR-144 NC (P < 0.05, lower panel, Figure 7G). These results indicate that miR-144 is a potential tumor suppressor in CRPC, and can inhibit CRPC cell proliferation and invasion.
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FIGURE 7. miR-144 inhibited CRPC cell proliferation and cell invasion. (A) Transfection efficacy of miR-144 mimics in CRPC cells, as detected by RT-QPCR; (B) Transfection efficacy of miR-144 inhibitors in CRPC cells, as detected by RT-QPCR; (C) The effects of miR-144 mimics or inhibitors on the proliferation of PC-3 and C4-2 cells, as detected by CCK-8 assay; (D) The effects of miR-144 on the proliferation of PC-3 and C4-2 cells, as detected by EdU assay; (E) The effects of miR-144 mimics on the migration of PC-3 cells, as detected by wound healing assay; (F) The effects of miR-144 inhibitors on the migration of C4-2 cells, as detected by wound healing assay; (G) The effects of miR-144 mimics or inhibitors on the invasion of PC-3 and C4-2 cells, as detected by transwell assay; Data are expressed as the mean ± SE. *P < 0.05, ns, not significant. The representative results of three independent experiments are shown.




CD51 Is the Downstream Target of miR-144 in CRPC

Next, we investigated the correlation between miR-144 and CD51 expression in prostate cancer. As indicated by RT-QPCR and WB analyses, the mRNA and protein levels of CD51 were down-regulated in CRPC cells transfected with miR-144 mimics, but up-regulated in cells transfected with miR-144 inhibitor as compared to those in cells transfected with miR-144 NC (all P < 0.05, Figures 8A–D). Thus, we constructed a CD51 3′-UTR luciferase reporter containing WT or MUT binding sites for miR-144 to further identify the association between CD51 and miR-144 in CRPC cells (Figure 8E). Luciferase reporter assay revealed that co-transfection of CRPC cells with CD51 3′-UTR WT vector and miR-144 mimics resulted in a significant decline in relative luciferase activity (all P < 0.05) in PC-3 (left panel of Figure 8F) and C4-2 (right panel of Figure 8F) cells. However, the relative luciferase activity of CRPC cells co-transfected with CD51 3’-UTR MUT vector and miR-144 mimics was not significantly altered (P > 0.05, Figure 8). These results indicate that CD51 is a direct target of miR-144 in CRPC cells.
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FIGURE 8. CD51 is a direct target of miR-144 in CRPC cells. (A) Effects of miR-144 mimics on the mRNA levels of CD51 in PC-3 and C4-2 cells, as detected by RT-QPCR; (B) Effects of miR-144 inhibitors on the mRNA levels of CD51 in PC-3 and C4-2 cells, as detected by RT-QPCR; (C) Effects of miR-144 mimics on the protein levels of CD51 in PC-3 and C4-2 cells, as detected by WB; (D) Effects of miR-144 inhibitors on the protein levels of CD51 in PC-3 and C4-2 cells, as detected by WB; (E) Putative binding sequence of miR-144 in 3’-UTR of CD51; (F) Relative luciferase activity of PC-3 and C4-2 cells co-transfected with WT/MUT CD51 plasmid and miR-144 NC/mimics; Data are expressed as the mean ± S.E. *P < 0.05, ns, not significant. The representative results of three independent experiments are shown.




CD51 Reverses the Biological Effects of miR-144 on CRPC Cells

In functional terms, EdU (Figure 9A), CCK-8 (Figure 9B), wound healing (Figure 9E), and transwell assay (Figure 9G) indicated that downregulation of miR-144 significantly enhanced the proliferation, migration, and invasion of PC-3 cells (P < 0.05). Conversely, up-regulation of miR-144 significantly decreased the proliferation (Figures 9C,D), migration (Figure 9F), and invasion (Figure 9H) of C4-2 cells (P < 0.05). However, the proliferation, migration and invasion (Figure 9) of PC-3 cells were significantly decreased (P < 0.05) after silencing CD51 expression, but significantly increased after upregulating CD51 expression. These results indicate that miR-144 inhibits CRPC proliferation, migration and invasion, and CD51 ameliorates these miR-144-induced effects on CRPC cells.
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FIGURE 9. CD51 is the functional mediator of miR-144-induced proliferation and invasion of CRPC cells. (A,C) The effects of CD51 on miR-144 mediated proliferation of PC-3 (A) and C4-2 (C) cells, as detected by EdU assay; (B,D) The effects of CD51 on miR-144 mediated cell proliferation of PC-3 (B) and C4-2 (D) cells, as detected by CCK-8 assay; (E) The effects of CD51 siRNA on miR-144 inhibitors mediated migration of PC-3 cells; (F) The effects of Lv-CD51 on miR-144 mimics mediated migration of C4-2 cells; (G,H) The effects of CD51 on miR-144 mediated invasion of PC-3 (G) and C4-2 (H) cells, as detected by EdU assay; Data are expressed as the mean ± SE. *P < 0.05, ns, not significant. The representative results of three independent experiments are shown.





DISCUSSION

LncRNAs have been identified as prognostic predictor and crucial regulator of multiple cancers, including prostate cancer (Ramnarine et al., 2019). Previously, by generating comparative lncRNA profiles in the CRPC cell line C4-2 and the HSPC cell line LNCaP, we found that the expression of Linc00963 was up-regulated in CRPC cells compared to that in HSPC cells (Wang et al., 2014). Furthermore, we also found that silencing Linc00963 expression in C4-2 cells attenuated cell proliferation, migration and invasion, and decreased EGFR and PIK3CA expression, and AKT phosphorylation. Interestingly, we also found that the expression of lncRNA VIM-AS1, PlncRNA-1, and SNHG17 were up-regulated in C4-2 cells compared to that in LNCaP cells (Wang et al., 2014), indicating that these lncRNAs might be involved in the transition from HSPC to CRPC. In another study, PlncRNA-1 was found to enhance cell proliferation and induce EMT in prostate cancer through reciprocal regulation of AR (Cui et al., 2013; Fang et al., 2016), Her-2 (Yang et al., 2017), and TGF-β (Jin et al., 2017) signaling pathways. SNHG17 has been identified as an oncogenic lncRNAs. Previous studies confirmed that SNHG17 promoted cell proliferation and migration by regulating FOXA1, XF1 and BIK expression in non-small cell lung cancer (Xu et al., 2019). Moreover, SNHG17 was identified as an unfavorable prognostic predictor in gastric cancer (Chen et al., 2019) and colorectal cancer (Ma et al., 2017). However, the functions and underlying mechanism of SNHG17 in the regulation of CRPC proliferation have not yet been elucidated. In the current study, we further confirmed the enhanced expression and oncogenic roles of SNHG17 in CRPC. Consistent with the findings of our previous study, we found that SNHG17 was up-regulated in CRPC tissues, and up-regulation of SNHG17 enhanced the proliferation, migration and invasion of CRPC cells (PC-3 and C4-2) in vitro and in vivo. Both our previous and current studies indicate that SNHG17 is up-regulated in CRPC, and is a potential oncogene in CRPC cells.

Mechanically, lncRNAs can bind with protein or miRNAs depending on their subcellular location. If lncRNAs are localized in the nucleus, they usually bind with protein to regulate target gene expression at the transcriptional levels. For example, lncRNA LBCS suppressed the castration resistance and proliferation of prostate cancer cells by functioning as a scaffold of hnRNPK protein and AR mRNA to inhibit AR translation efficiency (Gu et al., 2019). LncRNA HOXD-AS1 promoted the proliferation and chemo-resistance of CRPC cells by binding with WDR5 protein to mediate H3K4me3 modification in target genes (Gu et al., 2017). However, if lncRNAs are distributed mainly in the cytoplasm, they are likely to enhance target gene expression at the post-transcriptional level by acting as a ceRNA. For example, lncRNA FOXP4-AS1 promoted tumor growth and metastasis by targeting the miR-3284-5p/FOXP4 axis in prostate cancer (Wu et al., 2019). Moreover, lncRNA activated in prostate cancer progression (lncAPP) accelerated prostate cancer progression by competitively sponging miR-218 to enhance ZEB2 and CDH2 expression (Shi X. et al., 2019). A previous study showed that SNHG17 was located in the nucleus and could suppress P57 expression by binding with enhancer of zester homolog 2 (EZH2) in colorectal cancer (Ma et al., 2017) and gastric cancer (Zhang G et al., 2019). However, inconsistent with these previous studies, our findings revealed that SNHG17 was mainly located in the cytoplasm in CRPC cells, indicating that SNHG17 functioned as a ceRNA to regulate CRPC progression. The potential reasons that account for this discrepancy are the highly heterogeneous gene expression patterns and functions of lncRNAs with high tissue- and tumor-specificity. More studies are needed to further clarify the location and functions of SNHG17 in other types of cancers.

Numerous evidence indicates that up-regulation of CD51 is significantly associated with cancer progression and poor prognosis in multiple types of cancers, such as gastric cancer (Wang et al., 2019), osteosarcoma (Pei et al., 2019), colorectal cancer (Flum et al., 2018), and nasopharyngeal carcinoma (Ding et al., 2017). The expressions and functions of CD51 have been shown to be dysregulated in prostate cancer. Further, CD51 was identified as an important contributor to adhesion, EMT and tumor metastasis in prostate cancer (van der Horst et al., 2011; Ciardiello et al., 2019). Previously, we found that silencing CD51 expression would result in the loss of abilities of tumor initiation, migration, invasion, and chemoresistance in CRPC cells. Furthermore, CD51 is not only involved in the maintenance of stemness of pCSCs, but is also a marker of pCSCs to distinguish it from tumor cells (Sui et al., 2018). The oncogenic functions of CD51 in the carcinogenesis and progression of prostate cancer have been identified, and the relationships between CD51 and pCSCs has been preliminarily clarified by previous studies and our study. However, the regulatory mechanism of CD51 in CRPC has not been fully elucidated. In the current study, we preliminarily explore the mechanism by which CD51 exerts its oncogenic functions in CRPC. We found that CD51 expression was positively correlated with SNHG17 expression in CRPC tissues. Moreover, silencing of SNHG17 expression resulted in a significant decrease of CD51 expression in CRPC cells. Besides, we also found that silencing of CD51 expression ameliorated the oncogenic effects of SNHG17 on CRPC cell proliferation and invasion, indicating CD51, a known pCSC biomarker, is the down-stream target and functional mediator of SNHG17 in CRPC cells. More importantly, we also found that CD51 was the direct target of miR-144 in CRPC cells, and SNHG17 could directly bind with miR-144, thus indicating that the ceRNA regulatory mechanism might account for the regulation of CD51 expression in CRPC.

miR-144 can function as a tumor suppressor or oncogene depending on the type of cancer. For example, miR-144 has been identified as a tumor suppressive miRNA in multiple types of cancers, such as gastric cancer (Mushtaq et al., 2019), lung cancer (Jiang et al., 2019), cervical cancer (Shi F. et al., 2019), and colorectal cancer (Sheng et al., 2019). Specifically, miR-144 was down-regulated in colorectal cancer cells and tissues, and suppressed cancer development by directly targeting SMAD4 (Sheng et al., 2019) and CXCL11 (Han et al., 2018). Furthermore, miR-144 expression was lower in primary human osteosarcoma tissue samples and osteosarcoma cell lines (Zhao et al., 2014). Besides, up-regulation of miR-144 suppressed tumor growth and metastasis of osteosarcoma in vivo and in vitro by directly inhibiting RhoA and ROCK1 expression (Liu et al., 2019). However, miR-144 plays an oncogenic role in nasopharyngeal carcinoma and clear cell renal cell carcinoma. In these cancers, some established tumor suppressive genes were found to be the direct targets of miR-144, such as PTEN in nasopharyngeal carcinoma (Song et al., 2019), and ARID1A in clear cell renal cell carcinoma (Xiao et al., 2017). In prostate cancer, miR-144 was shown to enhance radiotherapy sensitivity and suppress hypoxia-induced autophagy by inhibiting PIM1 expression (Gu et al., 2016). Furthermore, miR-144 could decrease the proliferative ability and induce apoptosis in CRPC cells by targeting CEP55 (You and Zhang, 2018). Consistent with these findings, our results also confirmed miR-144 functioned as a tumor suppressive gene in CRPC. We provided evidence that overexpression of miR-144 significantly decreased CRPC cells proliferation, migration, and invasion. Functionally, CD51 was identified as the direct target and functional mediator of miR-144 in CRPC cells. Rescue experiments further confirmed that knockdown of CD51 reversed the effects of miR-144 inhibitors on cell proliferation and invasion. Hence, these results indicate that miR-144 inhibits CRPC proliferation by directly targeting CD51.



CONCLUSION

We revealed that CD51 was the downstream target of both SNHG17 and miR-144. Moreover, CD51 expression was up-regulated by SNHG17 and down-regulated by miR-144 in CRPC cells. In the last, we elucidated SNHG17-facilitated CD51 expression and promoted cell proliferation and invasion of CRPC cells by sequestering miR-144. Thus, our study contributes to revealing the regulatory mechanism of SNHG17 and CD51 in CRPC and may provide novel biomarker for diagnosis and treatment of CRPC in the future.
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FIGURE S1 | SNHG17 promotes CD51 and suppresses miR-144 expression in CRPC in vivo. (A) The effects of SNHG17 on the mRNA levels of CD51 in vivo, as detected by RT-QPCR. (B) The effects of SNHG17 on the protein levels of CD51 in vivo, as detected by immunofluorescence. (C) The effects of SNHG17 on the expression of miR-144 in vivo, as detected by RT-QPCR. Data are expressed as the mean ± SE. *P < 0.05, ns: not significant. The representative results of 3 independent experiments are shown.
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Osteosarcoma is the most common malignant bone tumor in children and adolescents. Multiagent chemotherapy, together with surgical removal of all detectable lesions, has improved the long-term survival rate to 65–70% in patients with localized osteosarcoma and to 25–30% in patients with metastatic osteosarcoma since the 1970s. However, the conventional strategy has not improved in recent decades. With accumulating knowledge of the natural circular RNA (circRNA) pathogenesis of osteosarcoma, the diagnostic and therapeutic potential of some circRNAs has been explored. Meanwhile, artificial circular RNAs have been designed as onco-microRNA inhibitors to exert antitumor functions. Therefore, natural and artificial circular RNAs, like other RNA counterparts, are attractive new classes of therapeutic molecules for the treatment of osteosarcoma. This review summarizes the latest progress in the relationship between circRNAs and the malignant phenotype of osteosarcoma and sheds light on the therapeutic potential of the two types of circular RNA in the clinic.
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INTRODUCTION

Osteosarcoma (OS) is a rare disease (incidence: 0.3 per 100,000 people per year) but has a high prevalence in children and adolescents. Most tumors arise in an extremity, while the proportion of axial tumor sites increases with age (1). It is a neoplasm that derives from primitive bone-forming mesenchymal cells that have histological evidence of osteoid production (2). The majority of primary OSs are high-grade bone tumors that account for 80–90% of all OSs (3). Due to the diverse molecular pathogeneses, lack of useful biomarkers, high local aggressiveness, and rapid metastasizing potential, traditional treatments have encountered serious setbacks (4). Although intensive adjuvant chemotherapy combined with surgery has achieved a 5-year survival rate of 60–70% in extremity-localized OS, the overall 5-year survival rate for patients with metastatic or relapsed OS has been around 20% for the past 30 years, and relapse rates have remained high at ~35% (5). Multidrug resistance and metastasis have long been two major obstacles in the treatment of OS and are also important causes of poor prognosis.

Initially thought to be the outcome of transcriptional noise, many non-coding RNAs (ncRNAs) have been found to participate in the pathogenesis of OS. Unlike microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) that are already established research subjects, natural circular RNAs (circRNAs) are gaining increasing attention in the cancer research field. In general, the universal downregulation of circRNAs has been discovered in various tumors, which means that circRNAs may be diagnostic or therapeutic targets across cancer types (6, 7). Several reports have found that circRNAs are involved in the progression, metastasis, and multidrug resistance of OS (8, 9). As for the regulatory mechanism, it is widely accepted that circRNAs can act as competing endogenous RNAs (ceRNAs) to inhibit the function of certain endogenous miRNAs. Indeed, evidence has revealed that a ceRNA interacting network plays a vital role in regulating the pathogenic process of OS (10, 11). Additionally, newly developed artificial circular RNA molecules have been designed as exogenous miRNA inhibitors that effectively bind and block mature miRNAs, showing promise for the molecular therapy of cancer (12). While natural circRNAs found in the pathogenesis of OS may provide novel therapeutic targets, artificial circular RNAs designed for specific onco-microRNAs may also provide novel RNA-based therapy. Here, we review the role of circRNAs in the pathogenesis of OS with emphasis on the therapeutic potential of both natural and artificial circRNAs.



GENERAL FEATURES OF circRNAs

There are different types of circRNAs that are generated by distinct mechanisms, including circular RNA of the genomes of viroids, intermediates in rRNA processing or permuted tRNAs, and products of back-splicing of pre-mRNAs in eukaryotes (13). The most currently well-studied circRNAs generate their cyclic conformation from linear pre-mRNAs that back-splice or form exon lariats in which the 5′ splice site (splice donor) is joined to an upstream 3′ splice site (splice acceptor), resulting in a circular RNA with ends that are covalently ligated by a 3′-5′ phosphodiester bond (14).

CircRNAs have a unique circular structure that is resistant to degradation by most RNA decay machinery. Hansen et al. reported that the degradation of the circular CDR1 antisense transcript relies on the miR-671-mediated, Ago2-dependent cleavage pathway (15, 16). However, whether other circRNAs undergo a similar cleavage mechanism remains unknown. As opposed to their associated linear transcripts, circRNAs are characterized by a continuous covalently closed loop without 5′-3′ polarity or a 3′-poly A tail, giving them stronger resistance to RNase R and longer half-lives (17). It has been revealed that the median half-lives of circRNAs of mammary cells (18.8–23.7 h) are at least 2.5 times longer than their linear counterparts transcribed from the same host gene (18). CircRNAs exist stably in serum exosomes and human cell-free saliva, indicating their potential to be reliable biomarkers (19, 20). Such inherent stability makes this class of RNA a strong candidate to maintain homeostasis in the face of environmental challenge.

The potential mechanisms of circRNAs as miRNA inhibitors have been extensively explored. Pandolfi et al. proposed a ceRNA hypothesis in which different RNA transcripts interact with each other by competing for miRNAs through miRNA recognition elements (MREs) (21). Endogenous circRNAs could regulate gene expression by sequestering miRNAs that mediate negative regulation of their target genes (16, 22, 23). Rajewsky's and Kjems's labs have provided evidence supporting this idea, focusing on a natural antisense transcript (CDR1as) to cerebellar degeneration related protein 1 (CDR1) (16, 24). In contrast to other circular natural antisense transcriptional products, CDR1as contains about 70 MREs for miR-7 and 1 for miR-671. CDR1as functions as an miRNA antagonist, similar to knocking-down miR-7, impairing midbrain development in a zebrafish model (24). Knockdown of CDR1as in OS, hepatocellular carcinoma, and colorectal cancer cell lines leads to de-repressed miR-7 levels, downregulating miR-7-target genes and impairing cell vitality (25–27). Piwecka et al. reported the first CDR1as knockout mouse model and surprisingly observed that miR-7 was markedly downregulated, while its target genes were specifically upregulated in the brain (28). Bezzi et al. found that the prolonged absence of “sponge” circRNAs leads to destabilization of their binding miRNAs and de-repression of their targets (22). These studies imply that circRNAs may also serve as competing endogenous RNAs to store and transport miRNAs like a storage pool, indicating that they may serve a regulatory function in OS.



CircRNAs INVOLVED IN MALIGNANT PHENOTYPES OF OS

Although the fundamental molecular mechanisms underlying tumorigenesis, drug resistance, and metastasis of OS remain obscure, some studies have shown a clear relationship between certain circRNAs and malignant phenotypes (Table 1), which may provide new therapeutic targets for OS patients.


Table 1. Roles of circRNAs in the development of osteosarcoma.
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CircRNA-Mediated Chemoresistance of OS

A major obstacle for OS therapy is resistance to chemotherapy, which occurs in 35–45% of patients (39). The prognosis of patients with metastatic disease remains poor, with the 5-year survival rate less than 20% despite aggressive therapy. Therefore, understanding the mechanisms of chemoresistance is conducive to developing novel anti-OS strategies. CircRNA dysregulation related to chemotherapeutic resistance in OS has been reported with the help of high-throughput RNA sequencing, and the underlying mechanisms have been illustrated.

Zhang et al. reported that hsa_circ_001569 is significantly upregulated in OS tissues and facilitates enhanced resistance to cisplatin by activating the Wnt/β-catenin pathway (32). Zhu et al. found that knocking-down circPVT1 partly reversed the chemoresistance to doxorubicin and cisplatin by reducing the expression of ABCB1, a typical multidrug resistance-related gene (31). Zhu et al. further revealed the possible mechanisms of chemoresistance in OS in novel ways. They compared three paired multidrug-resistant and -sensitive OS cell lines by next-generation sequencing and found that hsa_circ_0004674 is distinctly upregulated in drug-resistant OS cell lines and in chemoresistant OS tissue. Furthermore, they speculated that hsa_circ_0004674 mediates chemoresistance by regulating the circRNA/miR-490-3p/ABCC2 or circRNA/miR-1254/EGFR axis by searching bioinformatics databases (Target Scan and miRanda) (33). To further elucidate the circRNA drug-resistance mechanism, Zhu et al. developed whole-transcriptome sequencing in multiple drug-resistant OS cell lines to identify differentially expressed ncRNAs and mRNAs, validating two ceRNA regulatory pathways, namely lncRNAMEG3/hsa-miR-200b-3p/AKT2 and hsa_circ_0001258/hsa-miR-744-3p/GSTM2 regulatory axes. In conclusion, circRNAs participate in the development of chemoresistance in OS by modulating signaling pathways or by their involvement in ceRNA regulatory networks, and therefore could potentially serve as novel therapeutic targets.



CircRNA-Mediated Metastasis of OS

OS is prone to metastases, which mostly arise in lungs (85–90%) but also develop in bones (8–10%) and rarely in lymph nodes (3). Approximately 20–25% of patients are diagnosed with lung metastasis before the initial treatment, and about 80% of patients progress with metastases following surgical resection (40, 41). Current treatment for patients with pulmonary metastasis is radical metastasectomy combined with chemotherapy. However, it fails to prolong the long-term survival rate. Once the disease has advanced, prognosis is poor with a survival rate of less than 20%. Recent work has shown that circRNAs crosstalk with regulatory miRNAs in OS metastasis. Wu et al. systemically elucidated the role of circTADA2A in the progression and metastasis of OS. They found that circTADA2A acted as an oncogene by sponging miR-203a-3p and upregulating the expression of CREB3. CREB3, a driver gene, enhances the expression of mmp-9 and Bcl-2, resulting in progression and metastasis in OS (34). In a similar pro-metastatic mechanism, Huang et al. reported that the expression level of circNASP is positively correlated with metastasis in OS patients and modulates malignant behaviors via the miR-1253/FOXF1 axis (36). As illustrated in Table 1, the aberrant expression of circRNAs is closely related to metastatic tendencies.




CLINICAL IMPLICATIONS OF circRNA

OS is an aggressive malignancy with poor clinical outcomes. Thus, it is urgent to identify reliable and non-invasive biomarkers to detect the disease at a very early stage. Endogenous circRNAs are ideal biomarkers for the diagnosis and prognosis of OS due to their stability in serum exosomes.

MiRNAs are endogenous noncoding RNAs closely related to the development of OS, and their aberrant expression results in carcinogenesis and cancer progression (42–44). CircRNAs have been proven to be effective inhibitors of miRNAs and can rescue their abnormal expression, ultimately stopping the cancer process.


Endogenous circRNAs as Potential Biomarkers

Histological evaluation is the gold standard for diagnosing OS, but the method is invasive and sometimes too late (45). CircRNAs are highly dysregulated in OS and can be detected in tissues and even in plasma samples, which make them ideal candidates for biomarkers. For instance, Zhu et al. confirmed that the upregulation of serum circPVT1 can distinguish OS patients from healthy individuals, finding that circPVT1 is more reliable than alkaline phosphatase for diagnosis (31). In another study, Zhang et al. revealed that circUBAP2 expression is significantly positively correlated with the tumor stages of OS, and Kaplan-Meier survival analysis showed that increased circUBAP2 correlates with reduced survival and poor prognosis (46). Huang et al. conducted a meta-analysis of abnormal circRNAs in OS patients (47). In terms of prognosis, both oncogenic and tumor-suppressor circRNAs had effects on overall survival. In the diagnosis of OS, they calculated an area under the curve of 0.85, with 80% sensitivity, and 77% specificity, using circRNAs.



Endogenous circRNAs as Targets for OS Therapy

CircRNAs, as ceRNAs, are natural miRNA inhibitors that bind to a limited miRNA pool to relieve the repression of target RNAs. Endogenous circRNAs function as either tumor activators or tumor suppressors in OS (25, 38). These opposing effects give circRNAs great potential for therapeutic strategies. Most reported circRNAs are carcinogenic, playing essential roles in chemoresistance and metastasis of OS (Table 1). These can be targeted and knocked down to impair the development of OS and have long been used for rescue experiments. RNA interference (RNAi) is the most common approach via targeting back-splicing junction sites in order to correct the expression of carcinogenic circRNAs (48). Some circRNAs are downregulated in OS, and overexpressing them by transfection significantly suppresses OS progression. Hsa_circ_0002052 and circHIPK3 are significantly deregulated in OS tissues and cell lines and act as tumor suppressor genes that may serve as therapeutic molecules for OS (37, 38). Taken together, circRNAs can either serve as oncogenic stimuli or tumor suppressors in OS and are therefore potential therapeutic targets for OS intervention.



Artificial circRNAs as Novel miRNA Inhibitors

With the increasing demand for regulating miRNA activity for cancer therapies, a newly designed artificial miRNA sponge has been developed. Inspired by natural circRNAs reported as endogenous miRNA sponges, a practical artificial circRNA sponge has been synthesized using simple enzymatic ligation steps (12). The artificial circRNA has five bulged miR-21 binding sites that can sponge multiple miR-21 molecules, and better restoration of luciferase activity has been observed as compared with a conventional linear miR-21 inhibitor. Its linear counterparts degrade by 92% in a condition of 4% FBS after 30 min, while the synthetic circRNA only degrades by 9% (12). The sponge not only avoids degradation by exonucleases but also upregulates the expression of the tumor suppressor gene DAXX targeted by miR-21, thus significantly inhibiting the proliferation of gastric cancer cells (12). Liu et al. constructed circRNA sponges for miR-21 and miR-221 using a circular sponge-producing vector, and these were found to be more effective in repressing miRNA targets and anticancer activities compared to typical linear miRNA sponges in malignant melanoma cell lines (49). Shu et al. developed an intracellular vector to express circular miRNA inhibitors, anti-miR223 and anti-miR21, which inhibit the function of carcinogenic miRNAs more effectively than their linear counterparts (50). These custom circular sponges provide a new means of inhibiting the function of targeted miRNAs in vitro.



The Advantages of circRNAs

Their circular conformation gives circRNA molecules some advantages over other miRNA inhibitors. (1) CircRNAs are stable in the cytoplasm and resist degradation by RNA enzymes and miRNAs (17, 24, 48). Moreover, circRNAs function rapidly and efficiently by affecting hundreds of transcription products by regulating their matching miRNAs (51). (2) Compared with manmade anti-miRNA oligonucleotides (AMO), artificial circRNA sponges offer greater clinical value. AMOs are 17–22 nt single-stranded antisense oligonucleotides that act against natural miRNAs and are chemically modified and optimized for in vivo delivery (52). However, they fail to maintain a relatively high concentration for satisfactory suppression in the absence of continuous supply. In contrast, miRNA sponges can exert prolonged or permanent suppression against targeted individual miRNAs or against an entire miRNA family by recognizing shared MREs (53–55). In 2018, Liu et al. and Josta et al. provided a proof-of-principle that artificial circRNAs can sponge targeted miRNAs and reduce a series of post-transcriptional products more efficiently compared with conventional AMOs (12, 56, 57).




PERSPECTIVES AND CONCLUSION

Since the first RNAi-based oligonucleotide was approved by the United States Food and Drug Administration in 2018, many pharmaceutical companies have raced to develop RNAi-based drugs (58). RNAi-based drugs directly bind to their targets with perfect complementarity and mediate the cleavage of specific transcripts, while miRNA-based therapies aim to reestablish normal expression and function of key miRNAs (59). Even though no miRNA-based therapeutics have been approved for clinical use, clinical trials support the validity of miRNA inhibition in clinical applications and might inspire future attempts to develop antagomiRs or miRNA mimics for use in cancer therapy (60, 61).

In terms of miRNA-based agents in OS, many miRNAs with great therapeutic properties have been developed in preclinical research. However, none of them have yet reached the clinical evaluation stage. For instance, miR-21 is a typical oncogenic miRNA that is overexpressed in many types of tumors and is involved in all tumor stages ranging from initiation to metastasis (62, 63), including in OS. Chen et al. reported that miR-21 promotes proliferation and invasion by activating the PTEN/Akt pathway (64). Wu et al. revealed that miR-21 negatively regulates the tumor suppressor gene RECK, leading to cell invasion and migration (65). Yang et al. showed that miR-21 regulates sensitivity to cisplatin (66), and Xu et al. discovered that miR-21 inhibits the apoptosis of OS by downregulating caspase 8 (67). Ren et al. reported that high miR-21 expression in tumor tissues is associated with poor prognosis and shorter survival (68). These findings raise concerns about the use of anti-miR-21 as a therapeutic agent in OS.

Artificial circRNAs engineered to contain an array of MREs can act as an miR-21 sponge. This kind of circRNA sponge sequesters miR-21 from targeted genes in a manner similar to antagomiRs, suppressing gastric carcinoma cell proliferation in vitro and inhibiting esophageal carcinoma tumorigenesis in vivo (12, 69). Preliminary data suggest that artificial circRNAs are a new class of miRNA inhibitors that can provide novel future miRNA-based therapy in OS (Figure 1).


[image: Figure 1]
FIGURE 1. Schematic of circRNA pathogenesis in osteosarcoma and their potential role in osteosarcoma therapy. (1) Tumor-suppressing and carcinogenic circRNAs are naturally present in normal cells and remain in relatively stable amounts. In osteosarcoma, tumor-suppressing circRNAs are downregulated while carcinogenic circRNAs are upregulated. The dysregulation of specific natural circRNAs contributes to osteosarcoma carcinogenesis. (2) miR-21 is a typical oncogenic miRNA in osteosarcoma. Artificial circular RNAs produced by chemical synthesis may block osteosarcoma progress by sponging miRNA-21 in the cytoplasm.


Natural circRNAs may be secreted and circulate in bodily fluids, and their circular structure gives them strong resistance to ribonucleases. Studies have partially proven that dysregulated circRNA expression can serve as a novel biomarker for OS. However, there are still some limitations before clinical application. First, potential circRNA candidates should be confirmed using larger sample sizes. Second, high specificity and high sensitivity must be emphasized. Third, the mechanism by which circRNAs are dysregulated in OS needs to be explored.

In conclusion, the dysregulation of some circRNAs plays a pathogenic role in OS. CircRNAs can function as tumor activators or suppressors in OS and have been further implicated in regulating OS chemoresistance and metastasis. Current treatments fail to further benefit patients with progressed OS due to chemoresistance, early metastasis, and a high recurrence rate. The use of RNAs as therapeutics has advanced tremendously and may provide a novel way to treat OS. For one thing, natural circRNAs can serve as tumor-suppressive molecules, such as hsa_circ_0002052, and could be natural anticancer agents when overexpressed in OS. For another, exogenous circRNAs can function as miRNA sponges to stop the cancer process, whether chemically synthesized or expressed by gene vectors. Hence, we are convinced that well-engineered circRNAs with multiple miR-21 binding sites may inhibit OS progression, since miRNA-21 is an essential onco-miRNA in OS. Although circRNA-based therapies for OS are still in the early stages, further development of circRNAs as biomarkers and miRNA inhibitors has a bright future.
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Background: We aimed to explore whether the expression of serum miR-222-3p might contribute to early prediction of therapeutic response, clinical outcomes, and adverse events for HER2-positive breast cancer patients receiving neoadjuvant therapy (NAT).

Methods: A total of 65 HER2-positive breast cancer patients receiving NAT were analyzed. The concentration of serum miR-222-3p was detected by quantitative real-time PCR. Logistic regression analysis was used to identify the association of serum miR-222-3p with pathological complete response (pCR). The relationship of serum miR-222-3p with disease-free survival (DFS) and overall survival (OS) was examined via log-rank test and Cox proportional hazards analysis. The ordered logistic regression was applied to evaluate the association between serum miR-222-3p and adverse events.

Results: The miR-222-3p low group was more likely to achieve pCR [odds ratio (OR) = 0.258, P = 0.043]. The interaction between miR-222-3p and presenting Ki67 level was also detected for pCR (OR = 49.230, Pinteraction = 0.025). The miR-222-3p low group was correlated with superior DFS (P = 0.029) and OS (P = 0.0037). The expression of serum miR-222-3p was the independent protective factor for trastuzumab-induced cardiotoxicity (P < 0.05) and anemia (P = 0.013).

Conclusions: Serum miR-222-3p is the potential factor to predict pCR, survival benefit and trastuzumab-induced cardiotoxicity for HER2-positive breast cancer patients receiving NAT.

Keywords: breast cancer, serum miR-222-3p, neoadjuvant therapy, predictive, prognostic, adverse event


INTRODUCTION

Neoadjuvant chemotherapy (NAC) is increasingly used in primary breast cancer patients, which not only aims to improve the operability or breast-conservability, but also serves as a good platform for in-vivo tests of various drugs (1–3). Trastuzumab, an anti-HER2 monoclonal antibody, is well exemplified in the treatment of HER2-positive breast cancer (4). Manifold data have demonstrated that the addition of trastuzumab to NAC significantly improves the pathological complete response (pCR) rates and thereby results in survival benefit (5–8). However, a majority of HER2-positive breast cancer patients still failed to achieve pCR or even progressed despite trastuzumab-based neoadjuvant therapy (NAT) (9–12). Given the aggressive biological behavior of HER2-positive breast cancer, it hints at a demand to identify potential biomarkers to predict its response to NAT.

On the other hand, adverse events, especially trastuzumab-induced cardiotoxicity, also accompany during or after NAT. The overall incidence of cardiotoxicity was reportedly 3-7% for trastuzumab monotherapy, 13% for trastuzumab with paclitaxel, and as high as 27% for trastuzumab with anthracycline (13, 14). Unfortunately, few reliable biomarkers could help to predict the trastuzumab-induced cardiotoxicity.

Liquid biopsy, as a minimally invasive test, has developed dramatically in recent years. MicroRNAs (miRNAs) belong to a class of noncoding, regulatory, single-stranded RNAs, which have been reported to contribute in early detection of treatment efficacy and adverse reaction (15–23). Our previous research showed that the expression level of miR-222-3p in serum declined after surgery and was an independent prognostic factor for disease-free survival (DFS) in breast cancer (24). Basic studies revealed that miR-222-3p could upregulate HER2 signaling pathway in fulvestrant-resistant breast cancer cells and inhibit the autophagy of cardiac myocytes in mice (25–27). Previous studies have revealed that miR-222-3p was associated with immune invasion and immune resistance in a variety of tumors. Overexpression of miR-222-3p was found to enhance the resistance of tumor cells to tumor infiltrating lymphocytes (TILs) by down-regulating the expression of intercellular cell adhesion molecule-1 (ICAM1) in melanoma, which resulted in ipilimumab (anti-cytotoxic T lymphocyte-associated antigen-4 antibody) resistance in patients with melanoma (28). On the other hand, Ying et al. found that in epithelial ovarian cancer, cancer cell-derived exosomes with high contents of miR-222-3p transferred to the tumor-associated macrophages (TAM) and then induced their polarization to the M2 phenotype via SCOX3/STAT3 pathway (29). The transformation of TAM from M1 to M2 phenotype predicted poor prognosis (30) and contributed to the resistance to anti-HER2/Neu treatment in breast cancer (31). However, it still remains ill-defined whether serum miR-222-3p can serve as a potential biomarker for predicting the response to NAT in HER2-positive breast cancer patients as well as their trastuzumab-induced cardiotoxicity.

On these premises, we hypothesized that the expression of serum miR-222-3p might contribute to early prediction of therapeutic response, clinical outcomes and adverse events for HER2-positive breast cancer patients receiving NAT.



MATERIALS AND METHODS


Study Procedure

All the enrolled HER2-positive breast cancer patients came from two neoadjuvant clinical trials registered as SHPD001 (NCT02199418) and SHPD002 (NCT02221999) in ClinicalTrials.gov. The SHPD001 and SHPD002 trials were verified and authorized by the Independent Ethical Committee of Renji Hospital, Shanghai Jiaotong University. Each patient signed written informed consent.

The eligibility criteria for these two neoadjuvant trials included women aged ≥18 and ≤70 years old with locally advanced invasive breast cancer (T2-4 or N1-3) confirmed independently by two pathologists based on World Health Organization (WHO) classification. All the patients received paclitaxel 80 mg/m2 on day 1, 8, 15 and 22 and cisplatin 25 mg/m2 on day 1, 8 and 15 every 4 weeks for 4 cycles. For HER2-positive patients, concurrent weekly trastuzumab was given at a loading-dose of 4 mg/kg, followed by maintenance dose of 2 mg/kg, on day 1 for 16 weeks. However, 6 HER2-positive breast cancer patients couldn't afford to receive trastuzumab. In the SHPD002 trial, hormone receptor (HR)-positive patients were randomly assigned to receive preoperative endocrine therapy or not. Endocrine therapy hereinto referred to gonadotropin releasing hormone agonist for premenopausal women and letrozole for postmenopausal counterparts, concurrently with NAC. Tumor assessment was performed every 2 months by physical examination, mammary magnetic resonance imaging (MRI) and ultrasonography. All the patients were required to measure the left ventricular ejection fraction (LVEF) at baseline and every 3 months thereafter. Adverse events were graded according to Common Terminology Criteria for Adverse Events (CTCAE) 4.0. After completion of NAT, the patients underwent surgery. Up until April 2018, 65 HER2-positive breast cancer patients were available for this analysis from these two trials. The results were reported and the analysis was devised according to the Tumor Marker Prognostic Report Recommendation (REMARK) guidelines (32, 33).



Study Outcome

The primary outcome of SHPD001 and SHPD002 was pCR, which was defined as the absence of tumor in the breast tissues and auxiliary lymph nodes removed at the time of surgery (ypT0 ypN0). The secondary outcomes of SHPD001 and SHPD002 included DFS, overall survival (OS) and adverse events. DFS was defined as the time from surgery until first occurrence of locoregional relapse, contralateral breast cancer, distant metastasis, second primaries and death from any cause. OS was defined as the time from surgery until death from any cause.



Pathological Examination

Estrogen receptor (ER), progesterone receptor (PR), HER2 and ki67 were evaluated by immunohistochemistry (IHC) in paraffin-embedded tumor samples from core needle biopsy. ER or PR positive was defined as ≥10% of stained cells. HER2-positive was defined as immunohistochemistry (IHC) 3+ or fluorescence in-situ hybridization (FISH) amplified according to the American Society of Clinical Oncology (ASCO)/College of American Pathologists (CAP) guideline at that time. Clinical or pathological stage for each patient was determined according to the seventh edition of the American Joint Committee on Cancer staging (AJCC-7).



Sample Collection

Before NAT, 5 mL peripheral blood was collected in the coagulation-promoting tubes and let stand at 4°C for at least 1 h. Then it was centrifuged at 1,000 × g for 10 min at 4°C to spin down the blood cells. The supernatants were centrifuged at 12,000 × g for 10 min at 4°C to completely remove cellular components. Subsequently, the serum samples were divided into 300 ul/tube in RNA-free EP tubes and stored at −80°C until use (24).



Extraction of Total RNA

The mirVana PARIS kit (Ambion, Texas, United States) was used to isolate total RNA from 300 μl serum in each patient according to manufacturer's instructions. The extracted RNAs were immediately stored at −80°C until use.



Quantitative Real-Time PCR

cDNA was obtained by reverse transcription of total RNA using a TaqMan Reverse Transcription Kit (Ambion, Texas, United States). For quantitative real-time PCR, the miRNA-specific TaqMan Small RNA Assays (Ambion, Texas, United States) for miR-222-3p and cel-miR-39 (reference microRNA) were used as described by the manufacturer. The TaqMan primers used for hsa-miR-222-3p (RT002276) and cel-miR-39 (RT000200) were obtained from Applied Biosystems. Briefly, 100 ng of total RNA was reverse transcribed using primers specific to each miRNA target followed by real-time PCR on LightCycler® 480 II (Roche, Mannheim, Germany) using TaKaRa probe qPCR kit (RR390A, TaKaRa, Dalian, China) according to the manufacturer's instructions. The expression of miR-222-3p relative to cel-miR-39 was determined using 2 −ΔCT method. ΔCt = mean value Ct (miR-222-3p)-mean value Ct (reference miR-39).



Statistical Analysis

For pCR and survival analysis, the patients were dichotomized into miR-222-3p high (2−ΔCt > 0.03) or low (2−ΔCt ≤ 0.03). Chi-square test or Fisher's test was performed to evaluate the correlation of serum miR-222-3p with clinicopathological characteristics. Logistic regression analysis was used to identify the association of serum miR-222-3p with pCR. Interaction of serum miR-222-3p was also tested with presenting ER or PR status, presenting Ki67 level and the use of neoadjuvant trastuzumab for pCR. The relationship of serum miR-222-3p with DFS and OS was examined via log-rank test and Cox proportional hazards analysis.

For safety analysis, the patients were trichotomized into miR-222-3p low [2−ΔCt ≤ 0.006 (at the 25th percentile)], intermediate (0.006 <2−ΔCt ≤ 0.053) or high [2−ΔCt> 0.053 (at the 75th percentile)]. The ordered logistic regression was applied to evaluate the association between serum miR-222-3p and adverse events. The relative and absolute drop of LVEF from baseline were respectively calculated when the LVEF measured at two time points or more were available. The relative drop of LVEF from baseline (rLVEF) was defined as (LVEFmin-LVEFbaseline)/LVEFbaseline, and the absolute drop of LVEF from baseline (aLVEF) as LVEFmin-LVEFbaseline. Since grade 3/4 LVEF decrease occurred in only a minority of patients, either rLVEF or aLVEF was divided by its quartile.

The statistical analysis was performed by STATA Statistics SE 14 (Stata Corp LP, College Station, TX, USA). All tests were two-tailed and P <0.05 was considered statistically significant.




RESULTS


The Association Between the Expression of Serum miR-222-3p and the Clinicopathological Characteristics

The baseline characteristics of all the patients are listed in Table 1. The expression of serum miR-222-3p was associated with presenting clinical N stage (P = 0.016) and death (P = 0.046). The miR-222-3p low group tended to experience less DFS events (P = 0.066). Significant correlation failed to be discovered between serum miR-222-3p and other clinicopathological characteristics.


Table 1. The association of serum miR-222-3p with clinicopathological characteristics.
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The Association Between the Expression of Serum miR-222-3p and the pCR Rate

In general, 31 out of 65 (47.69%) patients reached pCR. In the multivariate analysis, the miR-222-3p low group was more likely to achieve pCR [OR = 0.258, 95% confidence interval (CI): 0.070-0.958, P = 0.043]. Meanwhile, patients with lower ER expression (OR = 0.050, 95% CI: 0.007–0.347, P = 0.002) and higher Ki67 (OR = 7.155, 95% CI: 1.857–27.566, P = 0.004) were much easier to achieve pCR (Table 2). The interaction between miR-222-3p and presenting Ki67 level was also detected for pCR (OR = 49.230, 95% CI: 1.624–1492.078, Pinteraction = 0.025; Figure 1). However, no interaction of miR-222-3p was found with presenting ER or PR status and the use of neoadjuvant trastuzumab.


Table 2. Multivariate logistic analysis for predictive factors of pCR.
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FIGURE 1. Interaction between serum miR-222-3p and presenting Ki67 level for pCR. The P value for interaction was adjusted by serum miR-222-3p level, presenting clinical T stage, presenting clinical N stage, presenting ER status, presenting PR status and presenting Ki67 level in the multivariate logistic analysis. pCR, pathological complete response; ER, estrogen receptor; PR, progesterone receptor.




Survival Analysis

In either univariate (P = 0.0273; Figure 2) or multivariate [hazard ratio (HR) = 5.778, 95% CI: 1.196–27.906, P = 0.029; Table 3] survival analysis, superior DFS was seen in the miR-222-3p low group. Furthermore, the lower expression of serum miR-222-3p was also related with better OS (P = 0.0037; Figure 3).


Table 3. Multivariate survival analysis of serum miR-222-3p and DFS.
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FIGURE 2. Kaplan-Meier estimates of disease-free survival according to the expression of serum miR-222-3p.



[image: Figure 3]
FIGURE 3. Kaplan-Meier estimates of overall survival according to the expression of serum miR-222-3p.




The Association Between the Expression of Serum miR-222-3p and Adverse Events

The ordered logistic regression analysis showed that the expression of serum miR-222-3p was the independent protective factor for rLVEF (OR = 0.410, 95% CI: 0.175–0.962, P = 0.040; Table 4), aLVEF (OR = 0.394, 95% CI: 0.166–0.937, P = 0.035; Table 4), and anemia (OR = 0.408, 95% CI: 0.201–0.828, P = 0.013; Table 4).Alopecia (OR = 1.935, 95% CI: 0.893–4.193, P = 0.094) and constipation (OR = 2.234, 95% CI: 0.940–5.308, P = 0.069) were marginally correlated with the expression of serum miR-222-3p (Table 4).


Table 4. The association of serum miR-222-3p and adverse events.
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DISCUSSION

This study, to the best of our knowledge, is the first to report the association between the expression of serum miR-222-3p and the response to NAT in the HER2-positive breast cancer patients. This is also the first time to report the relationship between the serum miR-222-3p expression level and adverse events.

Serum miRNAs were identified as biomarkers to diagnose or predict prognosis in various carcinomas (34, 35). Some basic studies demonstrated that tumor can release miRNAs into circulation and serum miRNAs exist in a remarkably stable form protected from endogenous RNase activity (36, 37), while others indicated the presence of miRNA-enriched exosomes secreted by non-cancer cells such as adipose tissue macrophages and mesenchymal stromal cells (38–40). Therefore, certain miRNAs, with cancer-, tissue- or organ-specific functions, might produce endocrine, paracrine or autocrine effect (41–44) on breast cancer patients, directly or indirectly regulating their response to NAT.

Our data reveal that higher level of serum miR-222-3p was associated with inferior pCR rate, which might be attributed to trastuzumab-resistance. So far, two important pathways might contribute to trastuzumab resistance. Firstly, the activation of phosphatase and tension homologs (PTEN) predicts inhibitory effect of trastuzumab, whereas PI3K pathway activation through PTEN loss and PIK3CA mutation confers trastuzumab resistance in breast cancer (45–49). Secondly, PTEN loss leads to SRC hyperactivation, and SRC inhibition appears to overcome trastuzumab resistance (50–53). On the other hand, miR-222 was reported to promote adriamycin or tamoxifen resistance through PTEN/Akt pathway in breast cancer (54, 55). Consequently, miR-222-3p may also induce trastuzumab resistance by modulating the PTEN/PI3K/Akt pathway and the expression of SRC, which prompts further investigation.

We observed the poor prognosis in the patients with higher level of serum miR-222-3p. An increasing number of researches have demonstrated that miR-222 promotes epithelial-to-mesenchymal transition (EMT) (26, 56, 57), G1/S transition of cell cycle (58) and cell proliferation (59, 60) in breast cancer. Therefore, the expression level of miR-222-3p is responsible for the invasion and metastasis of breast cancer. The prognostic value of miR-222 has also been clarified not only in breast cancer (24, 61) but also in many other malignancies including pancreatic cancer, bladder cancer and glioblastoma (62–66). Furthermore, the anti-miR-222 might improve the chemosensitivity and survival, which provides a novel strategy for breast cancer management (67).

Trastuzumab administration is associated with an increased risk of cardiovascular adverse events (68–70). However, the underlying mechanism remains suspended. Trastuzumab-induced cardiotoxicity, regarded as a type II adverse drug reaction, commonly cause reversible dysfunction without cell loss (71). It generally presents as asymptomatic LVEF decline (72–74). Moreover, LVEF decline frequently improves with drug interruption and resuming trastuzumab after recovery is often feasible (71, 74). This study showed that the impairment of LVEF was associated with the expression level of serum miR-222-3p in this study. MiR-222 has been found to participate in many physiological and pathological processes in the cardiovascular system (75). Additionally, miR-222 is necessary for cardiomyocyte growth induced by exercise and is sufficient to protect against adverse cardiac remodeling after ischemic injury (76, 77). Serum miR-222-3p may play an endocrine role similar to that of hormones, reaching every organ, tissue or cell in the body with blood circulation. When miR-222-3p acts on cancer cells, it plays a role in carcinogenesis and drug resistance, and when it acts on cardiac myocytes, it plays a role in protecting the heart. Therefore, the overexpression of miR-222-3p might prevent the heart from trastuzumab-induced injury.

As far as we know, this is the first time that patients with lower expression level of serum miR-222-3p have been reported prone to anemia after receiving NAT. However, the molecular mechanism has not been clarified. The progressively down-regulating of miR-222-3p was observed during the normal erythropoiesis (78). In addition, miR-222-3p inhibited the expansion of erythroblasts and hematopoietic differentiation via down-regulated c-kit expression and miR-222-3p decreased the expression of BLVRA and CRKL to suppress erythroid differentiation (79–81). Consistent with previous basic studies, our data also showed that the patients with high miR-222-3p level have lower baseline hemoglobin level (OR = 0.07, 95% CI 0.005–0.991, P = 0.049). These results suggested that the erythroblasts may be more resistant to chemotherapy in the high miR-222-3p group due to the lower proliferative activity and conversely patients with low level of miR-222-3p might be prone to anemia.

The limitations of this study were as follows. Firstly, the sample size was relatively small. Large-scale studies are needed to confirm the predictive and prognostic value of miR-222-3p. Secondly, some follow-up data are missing on adverse events. Thirdly, as the serum samples were collected before NAT in this retrospective study of prospective trials, it was not possible for us to evaluate the correlation of miR-222-3p changes at different time points during or after NAT with various outcomes including response, survival and safety, which warrants further research.

In conclusion, our study revealed that serum miR-222-3p is the potential factor to predict pCR, survival benefit and trastuzumab-induced cardiotoxicity for HER2-positive breast cancer patients receiving NAT. However, the logic behind it is still open to investigation.
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Circular RNAs (circRNAs), which are generated mainly from back-splicing of exons in precursor mRNAs (pre-mRNAs), are a novel class of endogenous covalently closed RNA molecules. Their functions as microRNA sponges, protein scaffolds, and modulators of transcription and splicing, as well as occasional templates for polypeptide production, are beginning to be recognized, though the investigation of circRNAs is in its infancy. circRNAs play critical roles in diverse cellular processes. Aberrant expression of circRNAs in malignancies sustains cellular growth and proliferation, promotes cellular invasiveness, and circumvents cellular senescence and death, suggesting their potential for exploitation as clinical biomarkers and therapeutic targets. In this review, we highlight recent progress in research on circRNAs in cancer, emphasizing the molecular mechanisms and potential clinical value of circRNAs.
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INTRODUCTION

Circular RNAs (circRNAs), a novel class of endogenous covalently closed RNA molecules, have attracted great attention in the past few years. They are generally derived from back-splicing of precursor mRNA (pre-mRNA), during which the 3′ splice donor sequence is joined to the downstream 5′ splice acceptor sequence (1, 2). In 1976, Sanger et al. (3) first identified the single-stranded viroid RNA in circular formats with high thermal stability via electron microscopy. Subsequently, this kind of circRNA transcript was found in hepatitis delta virus (4), yeast (5), archaea (6), fruit flies (7), and mammals (8). In 1991, Nigro et al. (9) discovered the presence of circRNA transcripts derived from the Deleted in Colon Cancer (DCC) gene in humans for the first time; subsequently, other genes, including ETS-1 gene (10), the human cytochrome P450 gene (11), the human dystrophin gene (12), and the antisense noncoding RNA in the INK4 locus (13), were identified to produce circular transcripts. However, these circRNAs were long considered as aberrant splicing by-products with low abundance and limited biological function (14).

With the development of high-throughput RNA sequencing (RNA-seq) and bioinformatics tools, numerous circRNAs have been identified. Salzman et al. (15) explored the circRNA map in pediatric acute lymphoblastic leukemia samples and revealed that large portions of spliced gene transcripts are circRNAs. Jeck et al. (16) identified >25,000 circRNAs that are not degraded by exonucleases in human fibroblasts. Circular splicing of RNA is accepted to be a general feature of gene expression, but whether these circRNAs are functional is a primary concern of researchers.

Studies to date have reported that circRNAs are dysregulated in the pathophysiologic processes of several diseases, including cardiovascular disease (17), neurodegenerative disease such as Alzheimer's disease (18), metabolic disorder (19), diseases caused by viral infection (20), and cancer, which is the focus of the following sections (21). Abnormal expressed circRNAs can modulate gene transcription via indirect interactions with other transcription factors, such as microRNAs (miRNAs) and RNA binding proteins (RBPs) (22, 23). Sporadic studies have also pointed out that some circRNAs containing translation initiation elements can be translated into functional proteins and peptides (24, 25). Moreover, the competitive splicing mechanism of circRNAs also affects the expression of their parent genes, thus producing biological effects (26). In addition to functioning as regulators of gene expression, circRNAs are also novel promising biomarkers for disease diagnosis and prognosis assessment due to their stable closed circular structure and tissue- and developmental stage-specific expression patterns (27, 28).

However, the understanding of circRNAs is in its infancy, and knowledge of the biological characteristics of these molecules requires further supplementation. More work is needed to explore the emerging roles of circRNAs in cancer. In this review, we introduce the biogenetic model, expression profile, and functional mechanism of circRNAs and summarize recent progress in circRNA research and their application in cancer.



MECHANISMS FOR circRNA GENERATION

circRNAs are divided into three main types according to their sources, namely, exonic circular RNAs (ecircRNAs), circular intronic RNAs (ciRNAs), and exon–intron circular RNAs (elciRNAs), among which ecircRNAs are the most common (29). Several circularization mechanisms produce circRNAs. These elements shorten the spatial distance between the two ends of the loop sequence and provide possibilities for back-splicing.

Intron pairing-driven circularization is mediated by 30–40 nucleotide (nt) reverse complementary sequences in the flanking regions of circularized exons; these sequences form double-stranded RNA structures and therefore promote circRNA production as cis-acting elements (2, 16). Alu is the most common reverse complementary element in mammals. In addition, some specific RBPs can bind to both sides of flanking intron sequences and bring splice donors and splice acceptors sufficiently close through protein–protein interactions (30), such as Quaking (QKI) (31), NF90/NF110 (32), and FUS (33). In contrast, other RBPs may inhibit circRNA production. For example, adenosine deaminase acting on RNA 1 (ADAR1), a common Alu editing element, was identified to deaminate adenosine nucleosides to inosine (A-to-I editing) in regions that complementary and proximal to the splice sites of circularized exons and destabilize intron pairing interactions, thereby antagonizing circRNA biogenesis (34). Lariat-driven circularization occurs in the process of exon skipping. This process produces a lariat intermediate containing introns and exons, which then undergo back-splicing to form circRNAs. The production of ciRNAs is a special situation in the lariat-driven model (35). CircRNA biogenesis in vivo is indeed very complicated. The expression level of a circRNA may be influenced by various circularization mechanisms. In addition, alternative splicing is a key component of circRNA production and gene expression regulation (36, 37).



circRNA EXPRESSION AND CHARACTERISTICS

circRNAs have been identified to be expressed widely in most organisms. The size of circRNAs ranges from <100 to several thousand nucleotides (30), and the common size reported in human cells is a few hundred nucleotides comprising 2–3 exons. The expression of most circRNAs is generally lower than that of their linear transcripts (38), but a few circular transcripts exhibit an expression level slightly or much higher than those of the their linear transcripts, such as the products of the CDR1 and Sry genes (8, 15, 16, 22). In addition, due to their unique closed circular structure, circRNAs are protected from degradation by exonucleases and are more stable than linear RNAs (16). Multiple studies have reported that circRNAs have longer half-lives than linear transcripts both in vitro and in vivo (39, 40). Moreover, circRNA expression is generally tissue- and developmental stage-specific. Several studies have shown that many circRNAs are upregulated in the nervous system (41–44), a characteristic that may be related to their posttranscriptional accumulation in neurons (45–47). Therefore, scientists hypothesized that the intracellular level of circRNAs was negatively correlated with the cell proliferation index (48). This hypothesis may explain why circRNA expression in tumor cells is generally lower than that in normal cells. Moreover, circRNAs may have higher sequence conservation than other types of RNA in mammals (41). Taken together, the high conservation, stability, and specificity of circRNAs imply that circRNAs may have multiple biological functions and clinical applications and are unlikely to be simply splicing by-products.



TECHNIQUES FOR STUDYING circRNAs

Although circRNAs were discovered decades ago, they could not be detected by early routine poly(A)-enriched RNA sequencing technology. Panda et al. (49) proposed a novel method, RNase R treatment followed by polyadenylation and poly (A)+ RNA depletion (RPAD), to enrich highly pure circRNAs. In this method, total RNAs are first treated with RNase R to deplete linear RNAs. The remaining RNAs with 3'-OH ends are polyadenylated and removed by poly (A)+ RNA depletion via oligo (dT) beads. The RPAD method eliminated the interference of linear RNAs and significantly improved the reliability of the data. However, RPAD is unsuitable for joint analysis of circRNAs with other molecules such as miRNAs and mRNAs. Researchers should adopt different methods to optimize RNA sequencing libraries for the specific experimental purpose.

To date, a variety of algorithms have been developed to identify circRNAs. CircRNAs are generated primarily from pre-mRNA back-splicing, not canonical splicing; thus, the mapping algorithms used in early transcriptome analysis cannot directly match the fragments to the genome. Therefore, sequencing reads that span back-splicing sites require further genomic alignment and correction (50, 51). Various bioinformatics algorithms have been developed for circRNA annotation and quantification (51, 52). The use of two or more tools simultaneously is recommended to meet specific research demands for circRNA identification (52). In addition, multiple databases have been developed for circRNA analysis (Table 1). Through these databases, researchers can search basic information about circRNAs, predict interactions of circRNAs with target molecules and their translation potential, and evaluate their relationships with diseases.


Table 1. Databases about circRNAs.
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FUNCTIONS OF circRNAs

Numerous reports have confirmed that circRNAs can regulate gene expression directly or, more commonly, through binding with miRNAs, RBPs, and other gene expression regulators, thereby regulating various biological processes.


miRNA Sponging

miRNAs are a large class of small (~22 nt) noncoding single-stranded RNAs that can bind to their target mRNAs to inhibit their translation or promote their degradation. Recent studies have reported that many circRNAs can act as competitive endogenous RNAs (ceRNAs), binding with miRNAs through miRNA response elements (MREs) to downregulate the function of the target miRNA. The most representative example is CDR1as (antisense to the cerebellar degeneration-related protein 1 transcript), also known as ciRS-7 (22, 62). CDR1as contains 73 binding sites for miR-7, and the interaction of these two RNAs can inhibit the function of miR-7. In addition, their interaction provides a novel mechanism for miR-7 transport. Similarly, circSry, derived from the mouse sex-determining gene Sry, contains 16 binding sites for miR-138 and can act as a miRNA sponge (29). Notably, most ecircRNAs are localized mainly in the cytoplasm, indicating their availability to bind with miRNAs and regulate their function (39). However, most circRNAs do not contain multiple miRNA binding sites (29). Although this mechanism is the most widely studied mechanism of circRNAs, its importance remains to be confirmed. The abundance of most circRNAs is generally low, which also limits the universality of the miRNA sponge hypothesis.



Protein Scaffolding

CircRNAs contain many RBP binding sites in addition to MREs. For example, human antigen R (HuR) has been reported to bind with numerous circRNAs in human cervical carcinoma HeLa cells (63). CircPABPN1, derived from the PABPN1 gene, can compete with PABPN1 mRNA for binding to HuR, thereby inhibiting the translation of PABPN1. In addition, elciRNAs and ciRNAs, predominantly localized in the nucleus, were shown to be able to interact with small nuclear ribonucleoprotein U1 (snRNP U1) and enhance RNA polymerase II (Pol II) transcriptional activity on their parental gene as cis regulators (35, 64). Additionally, the binding of circRNAs to some functional proteins may affect multiple signaling pathways leading to homeostasis changes. Du et al. (65) found that the circRNA circ-Foxo3 interacted with the anti-senescence protein ID-1, the transcription factor E2F1, and the anti-stress proteins FAK and HIF1α and retained them in the cytoplasm to hinder their corresponding functions.



Translational Templates

Although circRNAs have historically been considered noncoding RNAs, several recent studies have indicated that some circRNAs contain translation initiation sites and have translational potential (39). For example, some circRNAs with internal ribosome entry sites (IRESs) can be translated into proteins in vitro and in vivo (24). FBXW7-185aa is a novel protein encoded by circ-FBXW7 and contains an IRES (66). N6-methyladenosine(m6A), the most common RNA base modification, is abundant in circRNA sequences and can facilitate translation initiation by recruiting eIF4G2 and YTHDF3 (67). Another study in 2017 found that circ-ZNF609 contained an open reading frame and could be translated in human skeletal muscle. To date, only a few circRNAs have been reported to be involved in the translation process. Although some bioinformatics tools have been developed to predict the translation potential of circRNAs, their accuracy needs to be further improved and experimentally verified. In addition, whether these proteins or peptides formed from circRNAs have important functions needs exploration.



Other Functions

Moreover, the biosynthesis of circRNAs can compete with the splicing of their linear transcripts, thus affecting their expression and corresponding functions (68). Because of their stability, circRNAs can also accumulate over time and may thus act as memory molecules for the transcriptional history of a cell (69). The presence of circRNAs in vesicles also suggests their function as signaling molecules (70).




THE FUNCTIONS OF circRNA AND CANCER

CircRNAs are abnormally expressed in many cancers, such as lung cancer, breast cancer, digestive system cancers, ovarian cancer, and glioblastoma. Hang et al. (71) identified 185 differentially expressed circRNAs between non-small-cell lung cancer (NSCLC) tissues and adjacent normal tissues through RNA sequencing. In addition, Zeng et al. (72) detected 192 upregulated and 239 downregulated circRNAs in colorectal cancer (CRC) tissues from patients with or without pulmonary metastasis. Whether this differential expression is related to cancer development has been a focus of circRNA research.


Cell Proliferation

Via high-throughput sequencing, Xie et al. (73) screened a circRNA related to bladder cancer (BC), BCRC-3. BCRC-3 is poorly expressed in BC tissues and cell lines, and it can bind to miR-182-5p to act as a ceRNA, thereby upregulating the expression of p27 and inhibiting BC cell proliferation. Liang et al. (74) found that circβ-catenin was upregulated in liver cancer tissues compared to adjacent tissues. Silencing circβ-catenin significantly inhibited malignant phenotypes. Mechanistically, circβ-catenin can be translated into a 370-amino acid (aa) β-catenin isoform. This β-catenin−370aa construct competed with GSK3β to inhibit its degradation of β-catenin, thereby activating the Wnt/β-catenin pathway in liver cancer to promote tumor growth. Moreover, circACC1 has been reported to bind the regulatory β and γ subunits of AMP-activated protein kinase (AMPK), resulting in a ternary complex, which in turn activates AMPK enzyme activity and then promotes fatty acid b-oxidation and glycolysis (75). Overexpression of circACC1 can promote tumorigenesis. A positive correlation between AMPK activation and elevated circACC1 expression was identified in CRC tissues. Zhang et al. (76) revealed that circNRIP1 can sponge miR-149-5p and thus affect the AKT1/mammalian target of rapamycin (mTOR) axis, acting as a tumor promoter in gastric cancer (GC). This study also suggested that circNRIP1 can assemble into exosomes and participate in exosomal communication among GC cells (76).



Invasion and Metastasis

Recently, Hu et al. (77) identified a circRNA, circASAP1, that is associated with pulmonary metastasis after curative resection in hepatocellular carcinoma (HCC) patients. Studies have shown that circASAP1 acts as a sponge of miR-326 and miR-532-5p, which have mitogen-activated protein kinase (MAPK)1 and colony stimulating factor (CSF-1) in common as target genes, thereby promoting HCC cell invasion and macrophage infiltration. In addition, Chen et al. (78) discovered a circRNA, FECR1, derived from Friend leukemia virus integration 1 (FLI1). Overexpression of FECR1 can increase the invasiveness of breast cancer cells. Mechanism studies have shown that FECR1 can recruit TET1 and act in trans to downregulate DNMT1, causing DNA demethylation of FLI1 and promoting cell metastasis. FECR1 may be a potential therapeutic target for metastatic breast cancer. m6A-modified circNSUN2 can form a ternary complex with insulin-like growth factor 2 mRNA binding protein 2 (IGF2BP2) and high-mobility group A2 (HMGA2) to enhance HMGA2 mRNA stability and subsequently promote liver metastasis in CRC (79). CircFoxo3 expression is low in high-grade prostate cancer, and overexpression of circFoxo3 in DU145 cells can inhibit the epithelial–mesenchymal transition (EMT) and reduce cell viability by enhancing Foxo3 expression (26). CircMTO1 (hsa_circRNA_104135) is significantly downregulated in HCC and can affect p21 expression by targeting miR-9 and, in turn, promote cell proliferation and invasion (80).



Cell Cycle

Circ-Foxo3 has been shown to bind with CDK2 and p21, leading to formation of the circ-Foxo3–p21–CDK2 ternary complex (81). CDK2 generally interacts with cyclin A/E to promote cell cycle progression, while p21 inhibits these effects. Formation of this ternary complex enhanced the inhibitory effect of p21 on CDK2, which prevented cell cycle transition from G1 to S phase and thus inhibited cell proliferation. Cheng et al. (82) found significant upregulation of circTP63 in lung squamous cell carcinoma (LUSC) tissues. CircTP63 competitively binds to miR-873-3p, thereby abolishing the inhibitory effect of miR-873-3p on its target gene Forkhead Box M1 (FOXM1). Elevated FOXM1 expression further enhances the expression of centromere protein (CENP)A and CENPB, ultimately promoting cell cycle progression and cell proliferation.



Cell Death

Circ-Foxo3 was reported to be downregulated in tumor tissues and cells (83). On the one hand, transfection of circ-Foxo3 can induce apoptosis as a stress stimulus. On the other hand, highly expressed circ-Foxo3 interacts with p53 and murine double minute 2 (MDM2) and inhibits ubiquitination-mediated degradation of Foxo3 by MDM2. Overexpression of Foxo3 promotes apoptosis via its target Puma. Du et al. (84) detected abnormally increased circ-Dnmt1 expression in breast cancer tissues and cells and found that circ-Dnmt1 interacted with p53 and AUF1, leading to their nuclear translocation, thus mediating cell autophagy. Transfection of circ-Dnmt1 into breast cancer cells can induce autophagy to maintain cell homeostasis and ultimately promote cell proliferation and tumorigenesis. Furthermore, Chen et al. (85) found that circHIPK3 expression was upregulated in STK11 mutant lung cancer cell lines. Silencing circHIPK3 can induce autophagy through the miR124-3p–STAT3–PRKAA/AMPKa axis. Thus, circHIPK3 is a key upstream regulator of autophagy in lung cancer.



Others

CircRNAs can also regulate the drug sensitivity of tumors. By high-throughput sequencing of circRNAs of five pairs of cisplatin-sensitive and cisplatin-resistant ovarian cancer tissues, Zhao et al. (86) found that CDR1as was significantly downregulated in cisplatin-resistant tissues. Mechanism studies confirmed that CDR1as can regulate the sensitivity of ovarian cancer to cisplatin through the miR-1270/SCAI signaling pathway and promote ovarian cancer development. In addition, circRNAs derived from fusion genes have been shown to play a special role in cancers. Recent studies have demonstrated that chromosomal translocations in cancer could not only encode oncogenic fusion proteins but also generate circRNAs. This kind of fusion circRNA (f-circRNA) is unique to cancer and may play an important role in tumorigenesis. F-circRNAs were first identified in a study on leukemia, in which F-circPR and F-circM9 (derived from PML-RARα and MLL-AF9 fusion genes, respectively) were found to promote cellular transformation, cell viability, and drug resistance (87). In addition, F-circEA-2a, derived from the EML4-ALK fusion gene in NSCLC, is located mainly in the cytoplasm and can promote cell migration and invasion (88). The tumor-suppressive effect of circFAT1 (e2) in GC can simultaneously arise through the cytoplasmic circFAT1 (e2)/miR-548g/RUNX1 axis and the nuclear circFAT1 (e2)/YBN1 regulatory network (89). Thus, the mechanism of circRNAs in vivo is very complicated, and our current knowledge of this process is only nascent. Additional studies are listed in Table 2.


Table 2. A list of circRNAs related to cancer.
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circRNAs AS BIOMARKERS IN CANCER

CircRNAs have a covalently closed circular structure, which increases their resistance to exonuclease digestion and their accumulation in body fluids and tissues (131, 132). In addition, circRNAs are often expressed in a tissue- and developmental stage-specific manner. The properties of circRNAs have inspired numerous studies on their application as promising biomarkers in cancer.


Diagnostic Biomarkers


circRNAs in Tissues

Wei et al. (114) found that circ-CDYL and its target genes (HDGF and HIF1AN) were highly expressed in Barcelona Clinic Liver Cancer (BCLC) stages 0 and A of HCC. Their sensitivity and specificity as combined biomarkers were higher than those of alpha-fetoprotein (AFP) in the early stage of HCC. These results indicated that a panel combining circ-CDYL with HDGF and HIF1AN could be used as a monitoring indicator for early HCC or high-risk populations. In addition, Zhong et al. (133) detected highly expressed CDR1as in nasopharyngeal carcinoma (NPC) biopsy samples. However, unfortunately, current methods for detecting circRNAs in tissue are complex and invasive, which greatly limit their roles in the early diagnosis and screening of cancer.



circRNAs in Peripheral Blood

Numerous studies have confirmed that circRNAs can be stably enriched in peripheral blood, urine, and saliva. Therefore, circRNAs could become suitable biomarkers for liquid biopsy. Recently, a study on the use of plasma circRNAs in the diagnosis of hepatitis B virus (HBV)-associated HCC was published (134). This study included 1,195 plasma samples, which were divided into a training set and two validation sets. The researchers found that the plasma expression levels of hsa_circ_0000976, hsa_circ_0007750, and hsa_circ_0139897 in HCC patients were significantly higher than those in healthy controls and patients with chronic hepatitis B or HBV-related liver cirrhosis. They also designed an HCC prediction model named CircPanel through binary logistic regression analysis. CircPanel showed higher sensitivity and specificity (both higher than 80%) than AFP level for distinguishing HCC patients from controls. Notably, CircPanel can also diagnose AFP-negative HCC and AFP-negative small HCC (solitary, diameter ≤3 cm) with high diagnostic accuracy. In another study, Lin et al. (135) found that the plasma levels of circ-CCDC66, circ-ABCC1, and circ-STIL were significantly decreased in CRC patients compared with controls. The combination of these three circRNAs had a sensitivity and specificity of 64.4% and 85.2%, respectively, for diagnosing CRC. Notably, f-circRNAs derived from fusion genes are generally cancer-specific and thus have high specificity in diagnosing cancer, which is a unique advantage for tumor biomarkers. Tan et al. (136) reported a fusion circRNA named F-circEA derived from an EML4-ALK fusion gene that was positively expressed in five of six NSCLC patients with EML4-ALK translocation. F-circEA also exists specifically in the plasma of EMLA4-ALK-positive NSCLC patients.



circRNAs in Exosomes

Exosomal circRNAs have received gradually increasing attention in recent years. Li et al. (137) identified more than 1,000 circRNAs in human serum exosomes for the first time and suggested that these circRNAs could distinguish between colon cancer patients and healthy controls. Pan et al. (138) used qRT-PCR to detect hsa-circ-0004771 in circulating exosomes from 170 patients and 45 healthy controls and confirmed that hsa-circ-0004771 could clearly distinguish between patients with stage I/II CRC and those with benign intestinal diseases. Li et al. (139) detected high expression of circ-PDE8A in liver-metastatic pancreatic ductal adenocarcinoma (PDAC) tissues, and this characteristic was confirmed to be closely related to lymphatic infiltration, T status, and TNM stage. Circ-PDE8A is an independent risk factor for the survival of PDAC patients. Further research confirmed the presence of circ-PDE8A-rich exosomes secreted from tumor cells in the plasma of PDAC patients. Similarly, circ-PDE8A in plasma exosomes may also be a diagnostic and prognostic marker for PDAC.



circRNAs in Other Body Fluids

The use of circRNAs in other body fluid samples has also been studied. For example, gastric juice examination is a highly organ-specific test for the diagnosis of gastric diseases. Shao et al. (140) explored the feasibility of hsa_circ_0014717 in gastric juice as a biomarker for screening patients with GC. The expression of hsa_circ_0014717 in gastric juice from 38 healthy people, 30 patients with gastric ulcers, 15 patients with chronic atrophic gastritis, and 39 patients with GC was measured by qRT-PCR. Hsa_circ_0014717 was significantly downregulated in patients with chronic atrophic gastritis compared with healthy controls, suggesting the potential utility of hsa_circ_0014717 in gastric juice as a biomarker for screening high-risk populations for GC. In addition, saliva is a body fluid used for disease research due to its convenient and noninvasive sampling method. Bahn et al. (141) detected and verified the presence of circRNAs in cell-free saliva, which suggested a new direction for the application of circRNAs as biomarkers. Moreover, Chen et al. (142) detected highly expressed circPRMT5 in exosomes isolated from urine samples from patients with urothelial carcinoma of the bladder (UCB). Additional studies are listed in Table 3.


Table 3. CircRNAs as diagnostic biomarkers in cancer.
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Prognostic Biomarkers


circRNAs Predict Patient Survival

CircRNAs have wide application prospects in monitoring the treatment efficacy and assessing the prognosis of cancer. By using RNA-seq to identify circRNAs related to HCC progression, Qiu et al. (156) determined that circADAMTS13 was significantly downregulated in HCC tissues compared with matched nontumor tissues. Moreover, its expression was positively associated with recurrence-free survival (RFS). Receiver operating characteristic (ROC) curve analysis was used to evaluate the diagnostic value of circADAMTS13 in HCC patients, and the area under ROC curve (AUC) was 0.987. He et al. (157) determined that circGFRA1 was significantly upregulated in triple-negative breast cancer via circRNA microarray analysis. In addition, Kaplan–Meier survival analysis showed that upregulation of circGFRA1 was associated with poorer clinical survival. CircHIPK3 is significantly upregulated in CRC tissues and cell lines and is associated with the T status of tumors, lymph node and distant metastasis, and advanced clinical stage (97). High expression of circHIPK3 in CRC is an independent prognostic factor for poor overall survival (OS). Compared with paired noncancerous tissues, GC tissues exhibit significant downregulation of hsa_circ_0000096; moreover, the AUC increased from 0.82 to 0.91 when hsa_circ_0000096 was combined with hsa_circ_002509 (148). Analysis of 90 paired samples of NSCLC and adjacent normal tissues showed that hsa_circ_0014130 was significantly upregulated in NSCLC and was found to be related to tumor size, TNM stage, and lymphatic metastasis (158). ROC analysis indicated that hsa_circ_0014130 might be a prognostic biomarker in NSCLC.

In addition to identifying the differential expression of hsa_circ_002059 in GC and adjacent tissues, Li et al. (159) also found that the expression levels of hsa_circ_002059 in 36 pairs of matched plasma samples from preoperative and postoperative GC patients were significantly different. Considering that circRNAs can be secreted into the tumor microenvironment and the circulatory system by tumor cells, it is reasonable to speculate that circRNAs can be used as biomarkers to evaluate the tumor-bearing status of patients. As mentioned above, circHIPK3 can regulate the autophagy process in lung cancer through the miR124-3p–STAT3–PRKAA/AMPKa axis (85). In addition, researchers found that the ratio (C:L ratio) of circHIPK3 to linear HIPK3 (linHIPK3) can reflect the level of autophagy in cells—a higher C:L ratio indicates a lower level of autophagy and poorer prognosis.




circRNAs Predict Not Only Tumor Metastasis but Also Drug Resistance

Recent studies have also reported that circRNAs can predict tumor metastasis and drug resistance. Xu et al. (160) analyzed the circRNA expression profile of three pairs of CRC patients with or without liver metastasis. Further verification demonstrated that circRNA_0001178 and circRNA_0000826 were significantly upregulated in metastatic CRC (CRC-m) tissues. The AUCs were 0.945 for circRNA_0001178 and 0.816 for circRNA_0000826, and both two circRNAs could differentiate liver metastases from CRC. CircASAP1 is highly expressed in the tissues of HCC patients with pulmonary metastases after curative resection (77), and its expression is positively correlated with the levels of CSF-1, MAPK1, and CD68+ tumor-associated macrophage. Patients with high circASAP1 expression tend to have relatively low OS and high recurrence rates. Therefore, circASAP1 can be used as a prognostic indicator for HCC.

In addition, cisplatin is one of the main chemotherapeutic drugs used to treat GC. Huang et al. (161) analyzed the correlation between the clinical efficacy of cisplatin and circRNA expression in 105 cisplatin-treated patients, and they found that the expression of circAKT3 in cisplatin-resistant patients was higher than that in cisplatin-sensitive patients. CircAKT3 is an effective predictive biomarker for cisplatin resistance in GC patients (AUC = 0.91). Confirmation of the relationships between circRNA expression and drug sensitivity would provide guidance for reasonable clinical medication and thus improve patient prognosis. Additional studies are listed in Table 4.


Table 4. CircRNAs as prognostic biomarkers in cancer (cohort size ≥50).
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CONCLUSIONS AND PERSPECTIVES

As the understanding of circRNAs has increased, their perception by the scientific community has changed dramatically. CircRNAs are not “splicing noise” but rather a class of structurally stable RNA molecules with multiple biological functions. circRNAs are generally derived from back-splicing of pre-mRNA and are widely expressed across biological systems.

The relationship between circRNAs and cancer has recently become an area of research interest. Numerous circRNAs are dysregulated and play regulatory roles in the development of cancer. Several examples of research on the roles of circRNAs in cancer are given above. In summary, circRNAs, through various signaling pathways, can participate in and affect processes related to cell proliferation, migration and invasion, apoptosis, autophagy, and drug resistance, as well as others. This capacity has inspired researchers to consider the therapeutic possibilities of targeting circRNAs and their associated pathways. In addition, researchers have also tried to synthesize artificial circRNAs for disease treatment. For example, an artificial circRNA with eight miRNA-122 binding sites was used to competitively bind to miRNA-122, which is required for the hepatitis C virus (HCV) life cycle, thereby inhibiting the propagation of HCV, with an efficiency comparable to that of the anti-miR drug miravirsen (179). This study proposed the idea that engineered circRNAs could be used for disease-specific treatments, similar to targeted drugs; however, this idea is far from clinical translation. Due to their stable structure, conservative sequence, and specific expression pattern, circRNAs have the potential to be used as biomarkers for cancer. circRNAs have wide clinical application prospects—from diagnostic assessments to predicting patient prognosis and treatment response. However, most related studies have been single-center and retrospective works.

The study of circRNAs is just beginning, and the mechanism of circRNA biogenesis is not well understood. Even though a few circRNAs have been functionally characterized, our understanding of circRNAs remains incomplete. In addition to the identified functions as miRNA sponges, protein scaffolds, translation templates, and transcriptional regulators, other mechanisms are awaiting discovery, and the cooperation and the relative importance of these mechanisms cannot be evaluated at present. In addition, the transport and degradation mechanisms of circRNAs are poorly understood. Therefore, much work remains to be done. The discovery of circRNAs has undoubtedly enriched the content of RNA regulatory networks and has offered new approaches for the development of clinically translatable diagnostic/prognostic biomarkers and therapeutic targets for cancer.
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Background: An accumulating body of evidence suggests that long non-coding RNAs (lncRNAs) can serve as potential cancer prognostic factors. However, the utility of lncRNA combinations in estimating overall survival (OS) for hepatocellular carcinoma (HCC) remains to be elucidated. This study aimed to construct a powerful lncRNA signature related to the OS for HCC to enhance prognostic accuracy.

Methods: The expression patterns of lncRNAs and related clinical data of 371 HCC patients were obtained based on The Cancer Genome Atlas (TCGA). Differentially expressed lncRNAs (DElncRNAs) were acquired by comparing tumors with adjacent normal samples. lncRNAs displaying significant association with OS were screened through univariate Cox regression analysis and the least absolute shrinkage and selection operator (LASSO) algorithm. All cases were classified into the validation or training group at the ratio of 3:7 to validate the constructed lncRNA signature. Data from the Gene Expression Omnibus (GEO) were used for external validation. We conducted real-time polymerase chain reaction (PCR) and assays for Transwell invasion, migration, CCK-8, and colony formation to determine the biological roles of lncRNA. Gene set enrichment analysis (GSEA) of the lncRNA model risk score was also conducted.

Results: We identified 1292 DElncRNAs, among which 172 were significant in univariate Cox regression analysis. In the training group (n = 263), LASSO regression analysis confirmed 11 DElncRNAs including AC010547.1, AC010280.2, AC015712.7, GACAT3 (gastric cancer associated transcript 3), AC079466.1, AC089983.1, AC051618.1, AL121721.1, LINC01747, LINC01517, and AC008750.3. The prognostic risk score was calculated, and the constructed risk model showed significant correlation with HCC OS (log-rank P-value of 8.489e-9, hazard ratio of 3.648, 95% confidence interval: 2.238–5.945). The area under the curve (AUC) for this lncRNA model was up to 0.846. This risk model was confirmed in the validation group (n = 108), the entire cohort, and the external GEO dataset (n = 203). GACAT3 was highly expressed in HCC tissues and cell lines. Based on online databases, GACAT3 expression independently affects both OS and disease-free survival in HCC patients. Silencing GACAT3 in vitro significantly suppressed HCC cell proliferation, invasion, and migration. Moreover, pathways related to the lncRNA model risk score were confirmed by GSEA.

Conclusion: The lncRNA signature established in this study can be used to predict HCC prognosis, which could provide novel clinical evidence to guide targeted HCC treatment.

Keywords: long non-coding RNAs, hepatocellular carcinoma, prognosis analysis, least absolute shrinkage and selection operator, TCGA


INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common form of liver cancer and has become a global health issue attracting wide attention (1). An increasing number of mutated genes have been implicated in HCC occurrence and development, including mammalian target of rapamycin, vascular endothelial growth factor (VEGF), and tumor protein (TP)53 (2, 3). However, HCC is a highly heterogeneous disease, which adds to the complexity in predicting prognosis. There is an urgent needed to identify novel biomarkers to diagnose HCC and precisely predict prognosis.

Compared with other cancer hallmarks, long non-coding RNAs (lncRNAs) show strong potential in making diagnosis and predicting prognosis thanks to several advantages. Firstly, lncRNA expression is highly variable among different disease stages, diseases, and tissues; as a result, it can better represent disease features (4). Secondly, lncRNAs can regulate gene expression at epigenetic, post-transcriptional, and transcriptional levels (5, 6); consequently, the functions and levels more closely correlate with tumor progression. Many studies have been performed to clarify the clinical value of lncRNAs within tumors including HCC (7). However, the existing lncRNA signatures for HCC prognosis require further optimization.

In this study, different lncRNA expression patterns were examined among appropriately selected HCC cases to identify candidate lncRNA biomarkers based on The Cancer Genome Atlas data (TCGA). The least absolute shrinkage and selection operator (LASSO) algorithm was used in determining key lncRNAs; thereafter, an HCC risk score system was also constructed and the lncRNA signature was validated. Finally, the roles of the target gene were validated in vitro. Our work yielded a signature based on lncRNA expression that can accurately predict HCC prognosis through integrated analysis of genomic data.



METHODS

Patient Datasets and Processing

Data from 377 HCC patients were downloaded from TCGA's database. The Data Transfer Tool of GDC Apps was utilized for downloading gene expression profiles and clinical information (https://tcga-data.nci.nih.gov/, accessed March 2019). Patients with unknown lncRNA expression were excluded (n = 6), leaving 371 HCC cases in the final cohort for analysis (Table 1). Figure 1 displays the analysis flow chart. A total of 371 HCC patients were randomly divided into the validation or training group at the ratio of 3:7 for integrated analysis using the “caret” package (Supplementary Tables 1, 2). Both training and test cohorts were required to meet the following criteria: (1) samples were randomly assigned to training and testing cohorts; (2) the clinical features of subjects in these groups were similar. All data were publicly available and open-access, so it was unnecessary to obtain Ethics Committee approval. Data were processed in accordance with the NIH TCGA human subject protection (http://cancergenome.nih.gov/publications/publicationguidelines) and related data access policies.


Table 1. Baseline data of all HCC patients.
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FIGURE 1. Overall study design.


The lncRNA expression among HCC cases was derived from the Illumina HiSeq RNASeq platform (Illumina, San Diego, CA, USA), which was standardized using TCGA. To examine differential RNA expression, the R software “edgeR” package was utilized for identifying differentially expressed lncRNAs (DElncRNAs), and the thresholds were set as |log2 foldchange (FC) | >2.0, with an adjusted P < 0.05.



lncRNA Signature Construction

The relationship of lncRNA expression with overall survival (OS) was calculated with univariate Cox modeling. lncRNA expression differences were considered statistically significance at P < 0.05. For the training group, the screened lncRNAs were further selected and validated through LASSO regression using the R project “glmnet” package. Finally, the lncRNA-based prognosis risk score was established on the basis of linearly combining the formula below with the expression level multiplied regression model (β). Risk score = βlncRNA1 × lncRNA1 expression + βlncRNA2 × lncRNA2 expression + · ···· +βlncRNAn × lncRNAn expression. We also compared the model lncRNA transcriptomic profiles from HCC and normal tissue samples using TCGA and The Genotype-Tissue Expression (GTEx) data.



Confirmation of the lncRNA Signature

Cases together with their survival information were distributed according to the risk score. Cases were also classified according to the median risk score threshold as high or low risk, and Kaplan–Meier survival curves were plotted for both groups. Thereafter, the univariate Cox proportional hazards regression modeling was employed. The time-dependent receiver operating characteristic (ROC) curves were then used to evaluate the prognostic value, which was achieved through comparing the specificity and sensitivity in predicting survival on the basis of risk score. In addition, multivariate Cox regression was conducted to verify the relationship of lncRNA risk score prediction with other clinical parameters. The predictive accuracy of the lncRNA model was then verified in the validation group (n = 108). The GSE14520-GPL3921 dataset from the GEO database was used as an independent validation cohort (n = 203). Each test was two-sided, and P < 0.05 was deemed statistically significant. R software (version 3.6.0; R Foundation) was adopted for all analyses.



Cell Culture and Tissue Specimens

Three human HCC cell lines (MHCC-97H [97H], HepG2 [G2], and MHCC-LM3 [LM3]) were purchased from the Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences, Shanghai Institute of Biochemistry and Cell Biology. The cell lines were all cultured in Dulbecco's minimum essential media (DMEM) plus 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA). All cell lines were grown without antibiotics in a humidified atmosphere of 5% CO2 and 99% relative humidity at 37°C. Three different HCC cell lines and 26 fresh HCC tumor samples paired with their paratumor tissues were subjected to quantitative real-time polymerase chain reaction (qRT-PCR). This study was approved by our medical institution's Ethics Committee.



RNA Isolation and qRT-PCR Analysis

Total cellular RNA was extracted using TRIzol reagent (Invitrogen). First-strand cDNA was synthesized using random primers. The relative RNA expression levels were determined by qRT-PCR in triplicate on a Bio-Rad CFX96 system (Bio-Rad, Hercules, CA, USA) using the SYBR Green method. The primers were as follows: GACAT3 forward ACAGGCTTTGGTTTCAGGACA, GAPDH forward CCCATCACCATCTTCCAGGAG, GAPDH reverse GTTGTCATGGATGACCTTGGC, and GACAT3 reverse CTGTCCTATGCGCTGGTGAT. Quantifications were normalized by using glyceraldehyde 3-phosphate dehydrogenase RNA as an internal reference and calculated using the comparative Ct method.



Transwell Migration and Wound Healing Assays

Migration assays were performed in a 24-well Millicell chamber. Briefly, 97H (5 × 105 cells per well), G2 (2.5 × 104 cells per well), and LM3 (2.5 × 104 cells per well) cells in 200 μl of serum-free medium were added to coated filters. Then, 700 μl of medium containing 20% FBS was placed in the lower chamber. After different times in an incubator at 37°C, the cells that migrated through the filter were fixed with methanol, stained with 0.5% crystal violet, and counted in three random fields. The invasion assay were conducted using 8-μm pore inserts coated with 30 μg of matrigel (BD Biosciences). 97H (1 × 105 per well), G2 (5 × 104 per well), and LM3 (5 × 104 per well) were added to the coated filters. Additionally, 97H, G2, and LM3 cells were cultured in 6-well-plates and scraped with a 200-μl pipette tip. The cells were cultured in DMEM without FBS. Cell migration was photographed using an inverted microscope (OLYMPUS IX73, Olympus, Tokyo, Japan) at 0 and 24 h after injury.



Cell Viability and Colony Formation Assays

Briefly, 97H (1 × 103 cells per well), G2 (1.5 × 103 cells per well), and LM3 (1 × 103 cells per well) cells were seeded in 96-well-plates. After different incubation times, cell viability was measured with the Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan). Regarding colony formation experiment, 1,000 cells were seeded in cell culture plates and allowed to grow until visible colonies formed. Cell colonies were fixed with methanol, stained with crystal violet, and counted.



Functional Analysis

Underlying mechanisms were investigated within “Molecular Signatures Database” of c2.cp.kegg.v6.2.symbols through gene set enrichment analysis GSEA (8) with a Java program (http://software.broadinstitute.org/gsea/index.jsp). The random sample permutation number was set as 1,000, and the significance threshold was P < 0.05.




RESULTS

DElncRNAs Identification

Significant DElncRNAs were identified among tumor samples compared with non-tumor samples. A total of 1292 DElncRNAs (80 downregulated and 1,212 upregulated) were identified using the R project “edgeR” package. These data were used to build the volcano plot of DElncRNAs (Figure 2A) and the heat map of the top 20 genes (Figure 2B).


[image: Figure 2]
FIGURE 2. Volcano plot and heatmap. (A) Volcano plot depicting the DElncRNAs; the X-axis represents the log-transformed values of false discovery rates, and the Y-axis indicates the average differences in lncRNA expression. Red and green dots indicate the up- and downregulated lncRNAs in tumor, and black dots indicate DElncRNA with nonsignificant differences. (B) Heatmaps demonstrate the DElncRNAs; the X-axis shows the sample category, and the Y-axis represents the DElncRNAs. Green and red indicate down- and up-regulation, respectively.




Construction of the lncRNA Signature

Univariate Cox regression was carried out between DElncRNAs and OS, and the results showed that a total of 172 DElncRNAs were significantly related to OS (P < 0.05. Next, LASSO regression was employed for verifying further variables in the training cohort (Figures 3A,B). Eleven lncRNAs were produced in this process, including AC010547.1, AC010280.2, AC015712.7, GACAT3 (gastric cancer associated transcript 3), AC079466.1, AC089983.1, AC051618.1, AL121721.1, LINC01747, LINC01517, and AC008750.3. Figure 3C shows the forest plot of the relationships of every lncRNA with OS. Then, the following prognostic risk score was calculated: (1.0055 × AC010547.1 expression) + (0.9953 × AC010280.2 expression) + (1.0039 × AC015712.7 expression) + (1.0475 × GACAT3 expression) + (1.0001 × AC079466.1 expression) + (1.0137 × AC089983.1 expression) + (1.0017 × AC051618.1 expression) + (1.0116 × AL121721.1 expression) + (1.0630 × LINC01747 expression) + (1.0154 × LINC01517 expression) + (1.0257 × AC008750.3 expression). Comparison of transcriptome profiles from TCGA and GTEx found that the expression of most lncRNAs was markedly upregulated in HCCs, which is presented in Figure 3D.
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FIGURE 3. Regression coefficient diagram based on LASSO regression. (A) LASSO coefficient profiles for some significant lncRNAs in univariate Cox regression analysis. Coefficient profiles decrease with larger lambda values. (B) Cross-validation for selecting the tuning parameters for the LASSO model. The vertical lines are plotted based on the optimal data according to the minimum criteria and 1-standard error criterion. The left vertical line represents the 11 lncRNAs finally identified. (C) Forest plots showing the relationships of various lncRNA subsets with OS in training cohort. The unadjusted HRs are presented with 95% CIs. (D) Differential gene expression of model lncRNA in TCGA and GTEx database. ***P < 0.001, **P < 0.01, and *P < 0.05.




Confirmation of the lncRNA Signature

The risk score was computed for every case, and all cases were classified as low or high risk based on the median threshold. The distributions of 11 lncRNA expression levels together with groups are shown in Figure 4A. Figures 4B,C display the distributions of risk score and survival time in the training group, respectively. Figure 4D presents the Kaplan–Meier curves for the low- and high-risk groups. Cases with high risk scores had shorter OS compared with low-risk cases (P = 8.489e−9). Time-dependent ROC curves were utilized in assessing the performance of lncRNA biomarkers in prognosis prediction. In addition, the area under the curve (AUC) for the as-constructed lncRNA biomarkers-based prognostic model was 0.846 (Figure 4E). Besides, the hazard ratio (HR) for risk score upon univariate Cox proportional hazards regression was 3.648 (95% confidence interval [CI]: 2.238–5.945; Figure 4F). Consistent results were obtained through multivariate Cox proportional hazards regression (HR = 3.541, 95% CI: 2.072–6.051) adjusted for the clinical covariate (Figure 4G). Figure 4H shows 11 lncRNA expressions grouped by pathological stages. The risk score increased significantly with advanced pathological stage (P = 2.979e−4, Figure 4I).
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FIGURE 4. Verification of the lncRNA signature for predicting HCC prognosis in the training group. (A) LncRNA expression in the high- and low-risk groups. (B) Distribution of lncRNA risk score. (C) Survival status together with OS. (D) Kaplan–Meier curve showing OS in the low- and high-risk groups classified based on the median risk score. (E) The ROC curve of survival discriminated by the lncRNA signature. (F) Univariate Cox regression analyses of OS. (G) Multivariate Cox regression analyses of OS. (H) LncRNA expression grouped by pathological stage. (I) Risk score significantly increased with more advanced stage.




Validation of the lncRNA Model

The formula was further used in the entire cohort and validation cohort to verify the similar prognostic significance of the as-constructed lncRNA model among distinct populations. Figures 5A–C show the distributions of lncRNA expressions, risk score, and survival time in the validation group, respectively. Figure 5D presents the Kaplan–Meier curves for the low- and high-risk groups. The OS for patient benefited from low-risk score in the validation group (P = 2.227e−3). The AUC for the validation group was 0.815 (Figure 5E). In line with results obtained from training cohort, the lncRNA model was an independent prognostic factor in univariable and multivariable analyses for the validation cohort and entire cohort (Figures 5F–I). Figure 5J shows 11 lncRNA expressions grouped by pathological stages; the risk score was significantly higher for advanced pathological stage (p = 0.019, Figure 5K) in the validation cohort.
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FIGURE 5. Further verification of the lncRNA signature for HCC prognosis in the validation group and the entire cohort. (A–E) are validation group results that are consistent with the training cohort results (Figure 4). Cox regression results. (F) Univariate results in the validation group. (G) Multivariate results in the validation group. (H) Univariate results for the entire cohort. (I) Multivariate results for the entire cohort. (J) LncRNA expression grouped by pathological stage in the validation group. (K) Risk score significantly increased for advanced stage cases in the validation group.


To confirm the external validity, the model was applied in the external GEO data. Figures 6A,B show the distributions of risk score, and survival time in the GEO validation group. The high-risk group had a significantly shorter survival than the low-risk group in the GEO cohorts (P = 2.341e−6; Figure 6C). ROC curve analysis showed that risk signature prognosis prediction could attain an AUC value of 0.686 (Figure 6D). Univariate (P < 0.001) and multivariate (P < 0.001) Cox regression analysis confirmed the signature was an independent prognostic factor (Figures 6E,F).


[image: Figure 6]
FIGURE 6. Validation of the lncRNA signature in the Gene Expression Omnibus cohort. (A) Distribution of lncRNA risk score. (B) Survival status together with OS. (C) Kaplan–Meier curves of overall survival. (D) Time-dependent receiver operating characteristic curves. (E) Univariate and (F) multivariate Cox regression analysis further confirmed the signature as an independent factor.




GACAT3 Is Highly Expressed in HCC Tissues and Correlates With Poor Prognosis

GACAT3 expression was the most upregulated of the prognostic lncRNAs. Therefore, the role of GACAT3 with regards to HCC was further assessed. Using qRT-PCR, we evaluated GACAT3 expression levels in 26 HCC tissues and paired adjacent normal tissues. GACAT3 mRNA expression was higher in HCC tissue compared to adjacent normal liver (P < 0.0001, Figure 7A). To assess the potential prognostic ability of GACAT3 in HCC patients, gene expression profiling interaction analysis (GEPIA) (http://gepia.cancer-pku.cn/) was used for survival analysis. As shown in Figures 7B, lower GACAT3 was associated with longer OS (P = 1.2e−10) and better disease-free survival rates (P = 0.011).


[image: Figure 7]
FIGURE 7. The clinical significance of GACAT3 in HCC and in vitro study. (A) GACAT3 are overexpressed in HCC tissues, and higher GACAT3 level predicts poor prognosis (B). (C) Transfection efficiency was verified after transfection of GACAT3 or negative control siRNA. (D) Transwell assays were used to detect HCC invasion and migration. Representative experiments are shown. (E) Images were recorded 0 and 24 h after scratching the cell surface; representative images are shown; (F) HCC cell viability was evaluated with CCK-8 assays at 0, 24, 48, and 72 h post-transfection. **P < 0.001. (G) The number of HCC cell colonies was reduced after GACAT3 knockdown.




Downregulation of GACAT3 Inhibits HCC Cell Migration and Proliferation

We first evaluated the transfection efficiency of the cells by qRT-PCR and found that the relative expression level of GACAT3 was significantly lower after siRNA 1 and 2 transfection (Figure 7C). To further confirm the role of GACAT3 in invasion and migration, Transwell assays were performed. Our results showed that the invasion and migration rates of 97H, G2, and LM3 cells transfected with siRNA were significantly lower than that of the control-transfected cells (Figure 7D). Wound healing assays revealed that silencing GACAT3 significantly repressed wound healing in all three cell lines (Figure 7E). We performed CCK-8 assays to detect the effect of GACAT3 knockdown on cell proliferation. After GACAT3 silencing, 97H, G2, and LM3 cell proliferation significantly decreased compared to control cells (Figure 7F, P < 0.001). Colony formation assay also indicated that GACAT3 silencing significantly suppressed the growth of all three cell cells (Figure 7G). These data suggest that GACAT3 knockdown repressed the proliferative, migratory, and invasive abilities of 97H, G2, and LM3 cells.



Functional Analysis of Prognostic lncRNA Model

GSEA was carried out to examine the biological effects of the as-constructed lncRNA model, and our results suggested that the high score of lncRNA model showed significant enrichment in pathways including, bladder cancer, basal cell carcinoma, non-small cell lung cancer, nicotinamide and nicotinate metabolism, the notch signal transduction pathway, the p53 signal transduction pathway, thyroid cancer, pancreatic cancer, the VEGF signal transduction pathway, and the Wnt signal transduction pathway (Figure 8).


[image: Figure 8]
FIGURE 8. GSEA delineation of the biological pathways related to the risk score values of the lncRNA model using the gene set “c2.cp.kegg.v6.2.symbols”.





DISCUSSION

A small number of lncRNA-based prognostic models have been specifically developed for HCC. To our knowledge, little is known concerning the lncRNA signature for HCC patients. Gu and colleagues constructed a six-lncRNA signature to predict HCC recurrence-free survival, while Wu et al. performed analysis in a specified resectable HCC population (9, 10). Different from previous publications, this study was performed in HCC patients to predict survival using an lncRNA signature. In this study, OS-associated DElncRNAs were comprehensively screened by applying the biostatistics method and univariate Cox analysis. Then, LASSO regression was applied in lncRNA data from TCGA, and 11 lncRNAs were filtered out. Significant lncRNAs were utilized in constructing the prognostic model. Then, Kaplan–Meier analysis, Cox regression analysis, and the time-dependent ROC curves were employed to confirm the prognostic significance of the lncRNA signature, which was recognized to be an independent factor to predict HCC prognosis. Further validation was carried out in both the internal and external validation cohorts.

GACAT3 was closely associated with gastric cancer in previous studies. Lin et al. (11) found that knockdown of GACAT3 significantly decreased gastric cancer cell proliferation. Feng et al. (12) reported that higher GACAT3 levels were significantly associated with shorter OS in gastric cancer patients, and knockdown of GACAT3 significantly inhibited gastric cell functions in vitro. Overexpression of GACAT3 in lung cancer cells promoted cell proliferation and migration (13), and it enhanced their sensitivity to radiotherapy. GACAT3 was recently demonstrated to promote progression of colorectal cancer (14), breast cancer (15), and glioma (16, 17). However, the role of GACAT3 in HCC remains unclear. The present study shows that GACAT3 is upregulated in HCC tissues, could serve as a poor predictor of HCC patients, and promotes progression in cell lines. However, the underlying mechanism needs to be explored in future studies.

Compared with existing articles that examined the lncRNA prognostic effects on HCC, some strengths of this study should be noted. Firstly, all HCC patients in TCGA were enrolled for analysis, and the total sample size was considerable. Secondly, with regard to methodology, LASSO penalized regression was applied to increase the accuracy of the bioinformatic analysis. Different from conventional stepwise regression employed in prior articles, the LASSO algorithm is able to simultaneously analyze each independent variable, and it tends to select the variables of the highest significance (18). Notably, the less significant variable has a correlation coefficient of 0 following introduction of a penalty in accordance with the regularized path (19). Consequently, this approach achieves much higher accuracy than multivariate Cox model stepwise regression; particularly in the case of processing large datasets, such as genomics data (20). Thirdly, the lncRNA signature was produced in a training group, and the model was validated internally and externally, underscoring the reliability of the results.

Pathway enrichment indicated the above lncRNAs potentially affected HCC occurrence and progression via 10 pathways, and their biological effects on HCC had been reported in published articles. Some of them were canonical and important pathways related to HCC initiation and development. The biological effects of those determined lncRNAs on HCC have not been investigated or reported. However, our pathway enrichment results suggested the potential influence of these lncRNAs on HCC occurrence and progression via the notch (21, 22), p53 (23, 24), VEGF (25, 26), or Wnt signal transduction pathways (27–31). These findings offer new evidence to support that lncRNAs whose biological functions have not been reported in published articles could potentially serve as HCC prognostic predictors. Nonetheless, these results should be validated in future studies, and the molecular characteristics should also be investigated.

There are several acknowledged limitations in this study. Firstly, in vivo or further in vitro experimental study was not carried out to validate the prognostic performance of our proposed lncRNA signature for HCCs; instead, it was deduced based on online datasets through bioinformatic approaches. Secondly, Russi et al. (32) found that global gene expression profile of normal tissue adjacent to the tumor are characterized by a peculiar biological behavior different from both healthy and tumor tissues. Therefore, our results require further validation.

In conclusion, we identified a novel lncRNA signature that could be an independent biomarker for predicting HCC prognosis through comprehensive bioinformatic analysis in combination with clinical information and genetic profiles of a carefully screened cohort. Nevertheless, our results should be validated in future studies that examine HCC progression mechanisms as well as the effects of these 11 lncRNAs.
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Thyroid cancer, the most common endocrine malignancy, has become the most commonly diagnosed malignant solid tumor. Moreover, some cases have poor prognosis, and the survival period is only 3–5 months. Long noncoding RNAs (lncRNAs) are a group of functional RNA molecules more than 200 nucleotides in length that lack the ability to encode protein but participate in all aspects of gene regulation. Functionally, many lncRNAs play essential roles in epigenetic regulation at transcriptional and post-transcriptional levels via various molecular mechanisms. Recent studies have discovered important roles for lncRNAs during the complex process of carcinogenesis in thyroid cancer. In this review, we focus on lncRNAs dysregulated in thyroid cancer and summarize recently reported associations between lncRNAs and thyroid cancer in order to demonstrate the significant value of lncRNAs in diagnosis and treatment.
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INTRODUCTION

Thyroid cancer is the most common endocrine tumor. Its incidence is reportedly seventh highest among female malignancies in developed countries and ninth highest among female malignancies in developing countries (1). In recent years, the incidence of thyroid cancer worldwide has increased significantly, which may be attributed to earlier screening. Age-standardized statistics show that the global incidence of thyroid cancer in 2016 was 2.2/100,000 men per year and 4.4/100,000 women per year, and the incidence increased by 50% from 2006 to 2016, the fastest increase for any malignant solid tumor (2). As a female-prone tumor, thyroid cancer ranks first among malignant tumors affecting the female population in various countries and regions. Research shows that by 2019, thyroid cancer will rank third among such tumors (3). Although most thyroid cancers can be effectively controlled by surgery, endocrine inhibition therapy, and iodine radiation, mortality associated with advanced thyroid cancer and iodine-refractory thyroid cancer has not decreased. Understanding the pathogenesis of thyroid cancer, and finding biomarkers for its early diagnosis and effective treatment are current focal points of research.

Studies have shown that only 2% of the genes of many mammals are involved in the protein translation process, while the remaining 98% of RNAs are only involved at the transcriptional level and are called “non-coding RNAs” (ncRNAs). Based on their molecular sizes, ncRNAs are classified as short ncRNAs or long ncRNAs (lncRNAs). Short ncRNAs include miRNAs, tRNAs, interfering small RNAs (siRNAs), RNAs that interact with Piwi proteins (PiRNAs), and certain ribosomal RNAs. lncRNAs have broader research prospects and are a current research focus. lncRNAs, as ncRNAs longer than 200 nt, are not translated to proteins due to their lack of open reading frames. Although lncRNAs are not involved in protein transcription, they can regulate gene expression at multiple levels and are related to tumorigenesis. In recent years, with the emergence of next-generation sequencing, third-generation sequencing, RNA-Seq, RIP-Seq, and RNA arrays, more and more lncRNAs have been discovered. Recent reports and ongoing studies have found that many lncRNAs are closely related to thyroid cancer. This article discusses the recent research progress on lncRNAs and papillary thyroid cancer (PTC) by reviewing the latest research reports.



FUNCTIONAL LNCRNAS INVOLVED IN THYROID CANCER

An increasing number of studies have confirmed that differential expression of lncRNAs is closely related to the biological behavior of thyroid cancer. Yang et al. (4) compared the expression of lncRNAs in three groups of thyroid cancer tissues and paracancerous tissues by microarray analysis and found that there were 675 differentially expressed lncRNAs in PTC, of which 312 were upregulated and 363 downregulated. In addition, some studies have used certain lncRNAs to establish biomarker systems for detecting recurrence and prognosis in patients with PTC (5). However, the value of lncRNAs in the diagnosis, treatment, and prognosis of thyroid cancer warrants further research.

Thus far, many lncRNAs have been found to be closely associated with the occurrence and progression of thyroid cancer. Additionally, the studied mechanisms of action of lncRNAs in thyroid cancer include the following: lncRNA-miRNA-protein, lncRNA(-miRNA)-target genes, epigenetics, and signaling pathways. Representative lncRNAs include NEAT1, HOTAIR, PTCSC2, lncRNA TNRC6C-AS1, GAS8-AS1, PTCSC3, MEG3, BANCR, PVT1, SPRY4-IT1, GAS5, H19, CASC2, and MALAT1.


lncRNA-miRNA-Protein

This is currently the most common mechanism of action associated with lncRNAs, which are regarded as among the most important competing endogenous RNAs (ceRNAs) and participate in the regulation of gene networks by acting on target genes or proteins. lncRNAs promote proliferation of thyroid cancer cells by competitively inhibiting miRNAs through regulation of downstream proteins highly expressed in thyroid cancer tissues.


Neat1

lncRNA-rich nuclear-rich transcript 1 (NEAT1), located on chromosome 11q13.1, was discovered by Hutchinson et al. (6). NEAT1 reportedly acts as a ceRNA in tumorigenesis (7–12). There is increasing evidence that lncRNAs act as molecular sponges in many malignancies (13). NEAT1 is overexpressed in thyroid cancer tissues and cells compared to levels in normal thyroid tissues and cells. Highly expressed NEAT1 reportedly promotes β-catenin expression by interacting with miR-214. β-catenin is a direct target of miR-214 and participates in the malignant behavior of NEAT1-induced thyroid cancer (14). Zhang et al. (15) confirmed that NEAT1 is upregulated in thyroid carcinoma, and that its upregulation can inhibit the action of miRNA-129-5p and upregulate kallikrein-related peptidase 7 (KLK7) expression. As the seventh member of the serine protease family, KLK is increasingly found to be overexpressed in human cancers and facilitates cancer metastasis through degradation of cell junction proteins (15). Its dysregulation is related to tumorigenesis in ovarian, breast and cervical cancers, and melanoma. Overexpression of KLK7 is also closely related to poor prognosis in thyroid cancer. NEAT1 has two isoforms: NEAT1_1 (3.7 kb) and NEAT1_2 (23 kb). As an oncogene, NEAT1_2 is upregulated in thyroid cancer and is linked to tumor size and TNM stage. Sun et al. (16) reported that NEAT1_2 can regulate the expression of ATPase family AAA domain-containing 2 (ATAD2) by downregulating miR-106b-5p in papillary thyroid cancer. The study found that ATAD2 is abnormally expressed in hepatocellular carcinoma, prostate cancer, lung cancer, ovarian cancer, and cervical cancer, and its expression level is associated with tumor stage, histological grade, and lymph node metastasis (17). NEAT-2-targeted therapy may become a treatment option for thyroid cancer in the future.

Typically, postoperative radioactive iodine (RAI, 131I) treatment improves prognosis in some patients with thyroid cancer. However, Liu et al. (18) reported that NEAT1 suppressed the expression of miR-101-3p to upregulate fibronectin 1 (FN1), and ultimately invalidated the effect of RAI treatment. Additionally, overexpression of FN1 promotes activation of the PI3K/AKT signaling pathway, leading to RAI resistance in PTC.

FN1, a basic component of the extracellular matrix, is a biomarker of the epithelial-mesenchymal transition (EMT), which is positively correlated with PTC lymph node metastasis (LNM) (19). Xia et al. (19) indicated that FN1 overexpression was associated with larger PTC tumor size, PTC LNM, and advanced pTNM stage, causing recurrence and affecting prognosis.



Hotair

HOX antisense intergenic RNA (HOTAIR) is a 2.2 kb RNA molecule expressed from the Hoxc cluster located in chromosome 12q13.3 and is among the best-studied lncRNAs in cancer. Overexpression of HOTAIR has been linked to poor prognosis and increased invasiveness in cancer (20), and to the invasion and migration of hepatocellular carcinoma and glioma (21, 22). Thus far, there have been relatively few studies on the relationship between HOTAIR and thyroid cancer. HOTAIR has been found to be significantly upregulated in thyroid carcinoma cells as well as thyroid cancer tissue samples and plasma. Moreover, higher expression levels of plasma HOTAIR were positively correlated with worse 5-year survival rates in patients with thyroid cancer (23). Additionally, in vitro experiments indicated that knocking down HOTAIR can significantly inhibit the growth and invasion of thyroid cancer cells. In a study by Di et al. (24), HOTAIR overexpression in thyroid cancer cells and tissue inhibited miRNA and cyclin D2 (CCND2) protein activation. Silencing HOTAIR expression inhibits thyroid cancer cell growth in vivo and in vitro. HOTAIR negatively regulates miR-1 by direct competitive binding to the miR-1 locus and participates in the regulation of thyroid cancer cell carcinogenesis. CCND2 belongs to the conserved cyclin family, which controls the cell cycle, and has been shown to be highly expressed in ovarian and testicular tumors. The HOTAIR/miR-1-CCND2 axis may be a new direction for lncRNA and thyroid cancer research. There are also other hypotheses about the relationship between HOTAIR and thyroid cancer. Zhu et al. (25) reported that the HOTAIR rs920778T allele, a PTC risk allele, is associated with significantly increased HOTAIR expression. Some studies have explored the relationship between lncRNA and thyroid cancer using bioinformatics, constructing ceRNA regulatory networks using the Gene Expression Omnibus (GEO) database and the Cancer Genome Atlas (TCGA). Chen et al. (26) hypothesized that HOTAIR may be involved in the development of PTC by interrupting neuronal growth. A study based on the TCGA and GEO databases showed that HOTAIR overexpression in PTC is linked to tumor size, lymph node metastasis, and poor prognosis, and may play an oncogenic role through the Wnt pathway (27). The mechanism linking PTC and HOTAIR warrants further study, as the expression of HOTAIR in plasma is being considered a novel diagnostic biomarker in PTC.



lncRNA TNRC6C-AS1

lncRNA TNRC6C-AS1 acts as a ceRNA on miR-129-5p in thyroid cancer. Hou et al. (28) reported that TNRC6C-AS1 sponges miR-129-5p and regulates UNC-5 netrin receptor B (UNC5B) in thyroid cancer, influencing cell proliferation, migration, and invasion. UNC5B is a netrin-1-dependent receptor that participates in axonal migration and angiogenesis by binding to netrin-1, which exerts its function in tumor suppression. The role of UNC5B in other tumors has been confirmed (29), but its role in thyroid cancer has rarely been studied. Studies have also found that TNRC6C-AS1 is upregulated in PTC tissues and increases proliferation, migration, and invasion of TPC1 cells. The expression of TNRC6C-AS1 was negatively correlated with mRNA levels of its coding partner, TNRC6C in PTC tissues. The study also found that knockdown of TNRC6C-AS1 or overexpression of TNRC6C upregulated the expression of iodine metabolism genes, including NIS, TPO, TSHR, and pendrin (30). The TNRC6C-AS1-TNRC6C axis plays an important role in tumorigenesis, invasion, and iodine accumulation in PTC.



PTCSC2

Papillary thyroid cancer susceptibility candidate 2 (PTCSC2) is a 60-nucleotide lncRNA located on chromosome 9q22 (31) and is divided into two subtypes: folded and unfolded. A study involving 65 thyroid cancer tissues found that both folded and unfolded PTCSC2 were expressed at lower levels than in normal thyroid tissues. The locus on chromosome 9q22 contains an SNP closely related to PTC risk (rs965513). The locus also includes the forkhead box E1 (FOXE1) gene associated with thyroid development and PTCSC2 (32). PTCSC2 may work synergistically with rs965513 to cause thyroid cancer. Another recent report found that myosin-9 (MYH9) acts as an lncRNA-binding protein that targets the FOXE1 promoter region through interaction with PTCSC2 and exerts its regulatory function in thyroid cancer via downstream pathways; this may be the molecular mechanism by which the gene and rs965513 act (33). At present, there have been few studies on the role of PTCSC2 in thyroid cancer, and more research is needed to determine their relationship.




lncRNA(-miRNA)-Target Genes

Some lncRNAs act directly on target genes, while others act indirectly through miRNAs. Some lncRNAs act on target genes through both direct and indirect pathways.


GAS8-AS1

GAS8 antisense RNA 1 (GAS8-AS1) is located in the second intron of GAS8 and transcribes a 994 nt ncRNA in the opposite orientation of GAS8, which is reported to be a novel tumor suppressor that affects tumor cell proliferation in PTC. GAS8-AS1 was first reported in PTC by Pan et al. (34), but its regulatory mechanism is still unclear. Using whole exome sequencing, Pan et al. reported that GAS8-AS1 is the most frequently altered gene other than BRAF. Recently, lncRNA GAS8-AS1 was further studied by Zhang et al. (35), who reported that its expression was dramatically lower in the plasma compared with levels observed in benign nodule controls and normal goiter. This study also associated downregulation of GAS8-AS1 with LNM; thus GAS8-AS1 can be used as a biomarker for LNM prediction. In addition, Qin et al. (36) found that the relative expression of GAS8-AS1 was significantly reduced in four PTC cell lines compared to levels in normal thyroid cell lines; they also found that the role of GAS8-AS1 in thyroid cancer may be related to autophagic activity. ATG5 is a key autophagy-related gene (ATG) associated with malignancy. Overexpression of GAS8-AS1 upregulates ATG5 at mRNA and protein levels. Yuan et al. found that GAS8-AS1 affects autophagy and proliferation by regulating the expression of ATG5. Plasma levels of lncRNA GAS8-AS1 may be a promising biomarker for the diagnosis, prognosis, and treatment of thyroid cancer.



PTCSC3

PTCSC3 is an lncRNA on locus 14q13.3 and is highly thyroid-specific (37). Jendrzejewski et al. (37) performed an experimental study including 46 cases of PTC and paracancerous tissues and found that the expression of PTCSC3 in PTC tissues was significantly lower than that in adjacent normal thyroid tissues. Another study found that rs944289 was significantly correlated with benign and malignant thyroid tumors in Japanese patients (38). Additionally, the size of the thyroid tumor and the extrathyroidal invasion of the tumor were significantly correlated with the expression level of rs965513. S100A4 belongs to a large family of EF-hand domain calcium-binding proteins and has become a recognized marker of cancer metastasis in S100 transcripts. Overexpression of the S100A4 gene was first associated with the occurrence, development, and prognosis of breast cancer, gastric cancer, rectal cancer, lung cancer, melanoma, and other cancers (39–43). The same gene was later confirmed to be closely related to thyroid cancers other than medullary cancer. Jendrzejewski et al. (44) found that decreased expression of PTCSC3 in PTC tissue can promote the overexpression of the S100A4 gene and the proliferation, invasion, and metastasis of thyroid cancer cells. Donato (45) found that the expression levels of vascular endothelial growth factor (VEGF) and matrix metalloproteinase-9 (MMP-9) were also abnormal in cells with abnormal expression of S100A4. They found that the levels of VEGF and MMP-9 in BCPAP thyroid cancer cells expressing PTCSC3 were significantly downregulated to inhibit invasion and metastasis. This mechanism of action may be that PTCSC3 inhibits the secretion of VEGF and MMP-9 by inhibiting S100A4 expression, thereby inhibiting the invasion and metastasis of thyroid cancer cells.



MEG3

Maternal expressed gene 3 (MEG3) located on human chromosome 14q32 is usually expressed in many normal tissues. However, downregulation of MEG3 expression is closely related to tumorigenesis. A decrease in MEG3 expression has been found in many human tumors, including in the stomach, tongue, prostate, lung, and bladder, and it exerts its function in tumor cell proliferation, migration, and invasion (46–51). Wang et al. (52) reported that expression of MEG3 is lower in metastatic tissues of PTC than that in non-metastatic thyroid cancer tissues. In human thyroid cancer cell lines, high levels of MEG3 can inhibit invasion and metastasis of thyroid cancer cells. This study showed that the Rac1 gene is negatively regulated by MEG3 at the posttranscriptional level in thyroid cancer. MEG3 inhibits migration and invasion of thyroid cancer cells by acting on Rac1 and is linked with lymph node metastasis. Rac1 is one of the most studied Rho GTPases. It exerts its regulatory function in cell proliferation, participates in the signaling pathway promoting cell survival, and plays a central role in the control of cell adhesion and migration. Additionally, Liu et al. (53) reported that MEG3 inhibits proliferation of 131 I-resistant TC cells by negative regulation of miR-182, induces apoptosis, and enhances DNA damage. These results indicate that MEG3 functions as a tumor suppressor, resulting in the inhibition of tumor growth in thyroid cancer.




Epigenetic Modification

lncRNAs have been reported to directly bind target proteins and conduct post-transcriptional modification in many cancers (54–57). Histone modifications are a type of epigenetic modifications. A variety of lncRNAs are reportedly involved in the biological activities of thyroid cancer through histone modification.


BANCR

BRAF-activated ncRNA (BANCR), a 693 bp-long transcript on chromosome 9q21.12, was first discovered in 2012 by Flockhart et al., and is considered a potential regulator of melanoma cell metastasis (58). BANCR is strongly linked to BRAF V600E, the most prevalent mutation in thyroid cancer genes. Studies have shown that BANCR produced by the BRAF V600E mutation is also associated with the occurrence of thyroid tumors (59). BANCR has both carcinogenic and tumor suppressing effects, and can play different roles in different tumors. It has been reported that BANCR has a tumor suppressing effect in liver and bladder cancers (60, 61), while it acts as an oncogene in gastric, colorectal, and lung cancers (62–64).

Enhancer of zeste homolog 2 (EZH2), an oncogenic histone methyltransferase, is a well-known histone modifier. Overexpression of EZH2 has been strongly associated with several types of cancer (65, 66). Zheng et al. (67) found that the expression of BANCR in PTC tissues was significantly higher than that in adjacent tissues. The study showed that BANCR can be recruited by EZH2 to increase the expression level of thyroid-stimulating hormone receptor (TSHR) and promote the proliferation of IHH-4 thyroid cancer cells. TSH exerts its effects on thyroid cell proliferation by binding to its receptor, TSHR. By silencing BANCR, chromatin recruitment of EZH2 and expression of TSHR can be reduced. Zheng et al. (68) also reported that BANCR may promote the development of malignant thyroid nodules via the modulation of TSHR expression and its downstream effector, cyclin D1. However, Wang et al. found that BANCR promotes EMT in PTC cell lines by activating the Raf/MEK/ERK signaling pathway (69). Liu et al. (70) reported that BANCR affects the proliferation, invasion, and apoptosis of thyroid cancer cells through modulation of autophagy behavior. The expression of BANCR was positively related to the pathological stage of thyroid carcinoma and lymph node metastasis. In their study, Zhang et al. (71) showed that downregulation of BANCR promotes aggressiveness in PTC via the MAPK and PI3K pathways. These studies indicated that BANCR could function as both an oncogene and a tumor-suppressor gene; thus, whether BANCR is bifunctional in PTC warrants further clarifying investigation.



PVT1

lncRNA PVT1, located at chromosome 8q24.21, is highly expressed in many tumors. In a previous study, PVT1 was reported to promote the proliferation of thyroid carcinoma cells by recruiting EZH2 and mediating TSHR expression (72). Recently, Feng et al. (73) found that PVT1 is highly expressed in thyroid cancer tissues and cells, and its expression level is associated with TNM stage and lymph node metastasis in thyroid cancer. The expression level of PVT1 in patients with lymph node metastasis and tumor infiltration presented with significantly higher expression level of PVT1 than their counterparts without these aggressive disease features. lncRNA PVT1, as a ceRNA of microRNA-30a, was proven to enhance the invasion and metastasis of PTC cells by mediating expression of insulin-like growth factor 1 receptor (IGF1R). IGF1R exerts its function in maintaining homeostasis as well as normal thyroid morphogenesis, and papillary thyroid hyperplasia is promoted when certain IGF1R signals are lost. MiR-30a inhibits cell invasion, migration potential, EMT, and metastatic potential by binding and negatively regulating expression of its target gene, lysyl oxidase (LOX), which is associated with higher mortality in undifferentiated thyroid carcinoma. The association between PVT1 and thyroid cancer remains to be studied further.




Signaling Pathways
 
TGF-β Signaling Pathway
 
LncRNA SPRY4-IT1

SPRY4-IT1, a 708 bp lncRNA discovered by Khaitan et al. in 2011, is derived from an intron of the SPRY4 gene residing on chromosome 5q31.3. Studies have confirmed that dysregulation of SPRY4-IT1 is related to many cancers, including osteosarcoma, breast cancer, lung cancer, hepatocellular carcinoma, colorectal cancer, pancreatic cancer, and others (74–79). Zhou et al. (80) found that SPRY4-IT1 was upregulated in thyroid cancer tissues and cell lines, and its high levels were strongly correlated with lymph node metastasis, clinical stage, and poor prognosis of patients with thyroid cancer (80). Additionally, SPRY4-IT1 participates in the progress of thyroid cancer by regulating the TGF-β/Smad signaling pathway, which may provide a new perspective for studies on thyroid cancer and SPRY4-IT1.




PI3K/AKT Signaling Pathway
 
GAS5

The gene coding for lncRNA growth arrest-specific 5 (GAS5) is ~630 nt long and is located on chromosome 1q25. GAS5 is associated with a range of malignancies, including rectal cancer, cervical cancer, glioma, and oral squamous cell carcinoma (81–84). It was first reported by Abudoureyimu et al. (85) in thyroid cancer, in which GAS expression reportedly decreases. Recently, Guo et al. (86) reported that GAS5 expression was lower in thyroid cancer tissues than in benign tumor tissues. Low GAS5 expression is related to TNM staging, lymph node metastasis, multiple cancer foci, and poor prognosis in patients with thyroid cancer. Zhang et al. (87) found that GAS5 is downregulated in thyroid cancer tissues and thyroid cancer cell lines. This study showed that GAS5, as a ceRNA, acts on miR-222-3p in thyroid cancer, leading to activation of the PTEN/AKT pathway and exerting an anti-cancer effect. PTEN is a key inhibitory gene for tumor cell growth that inhibits AKT phosphorylation, and its downregulation is related to tumorigenesis. Therefore, GAS5 may be a potential prognostic marker and therapeutic target in PTC.



H19

lncRNA- H19 is located on human chromosome 11p15.5 and is involved in a great many cancers, including lung cancer, breast cancer, and gastric cancer, among others. One study found that H19 plays a more complex role in tumorigenesis, both carcinogenic and tumor suppressive. Thus far, few studies have examined the relationship between H19 and thyroid cancer. Lan et al. (88) found that decreased expression of H19 in PTC is closely related to lymph node metastasis. In the future, H19 may be used to optimize management in patients with uncertain fine-needle aspiration specimens. In addition, it could be used as a potential tool to distinguish patients with and without lymph node metastasis. Liu et al. (31) and Jiao et al. (89) reported that increased H19 expression levels are associated with tumor diameter, TNM stage, lymph node metastasis, and poor prognosis in TC patients. Wang et al. (90) reported that H19 can inhibit cell proliferation by downregulating IRS-1 in thyroid cancer cells. IRS1 regulates the activation of the PI3K/AKT and nuclear factor κ-β signaling pathways. The PI3K/AKT pathway exerts its function in tumorigenesis. It has been shown to promote malignant transformation of tumors by enhancing cancer cell survival, proliferation, and metabolism (91). Li et al. (92) also found that H19 plays an oncogenic role in thyroid cancer through the PI3K/AKT pathway. However, Liu et al. (93) found that H19 acts as an oncogene in thyroid cancer. H19 can promote invasion and metastasis of thyroid cancer cells in vivo and in vitro. As a ceRNA, lncRNA antagonizes the function of H19/miR-17-5p and upregulates the expression of their target YES1, inducing cell cycle progression. Knocking down H19 can inhibit cell proliferation in vivo and in vitro. YES1 belongs to the protein tyrosine kinase family and is upregulated in many cancers. In addition, the study linked H19 overexpression to poor prognosis in patients with thyroid cancer (93).




EMT Pathway
 
CASC2

lncRNA cancer susceptibility candidate 2 (CASC2), located on chromosome 10q26, has been associated with a variety of malignancies. However, studies on the association between CASC2 and thyroid cancer are rare. Xiong et al. (94) reported that CASC2 is downregulated in thyroid cancer tissues, and its overexpression in vitro can inhibit the proliferation of thyroid cancer cells by interfering with the cell cycle. Downregulation of CASC2 expression was significantly associated with multifocality and TNM staging of tumors, but not with other clinical pathological parameters. CASC2 downregulation indicates poor prognosis in thyroid cancer. Recently, CASC2 has been reported to be significantly downregulated in tissue and plasma samples from patients with PTC compared to levels in patients with nodular goiter, and its expression level is significantly related to LNM (95). In addition, this study demonstrated that CASC2 affects thyroid cancer cell invasion and metastasis by regulating the EMT pathway, and may be a predictor of LNM in patients with thyroid cancer. Compared with that in normal tissues, the expression of CASC2 was significantly decreased in PTC tumors, and the downregulation of CASC2 was significantly associated with tumor size, presence of multifocal lesions, and advanced pathological stage. Overexpression of CASC2 leads to inactivation of AKT and ERK1/2, which can significantly inhibit the proliferation of thyroid cancer cells (96).



MALAT1

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is a lncRNA of more than 8.0 kb in length, and its gene is located at 11q13.1. MALAT1 is associated with many cancers (97–99). Studies have found that MALAT1 can promote the proliferation and metastasis of thyroid cancer cells (100, 101). In a previous study, Huang et al. (102) examined 10 cases of follicular thyroid carcinoma tissue and 10 cases of normal thyroid tissue and found that MALAT1 was upregulated in thyroid cancer tissues. MALAT1 promotes the formation of blood vessels in thyroid cancer by regulating the secretion of the FGF2 protein in tumor-associated macrophages (TAMs), thereby promoting biological behaviors such as proliferation and metastasis in thyroid cancer cells. Chu et al. (101) reported that the expression level of MALAT1 was significantly upregulated in medullary thyroid carcinoma compared with that in normal thyroid tissue. Furthermore, in vitro experiments have shown that inhibition of MALAT1 exerts an anti-tumor effect and inhibits cell proliferation and invasion. Zhang et al. (103) found that MALAT1 expression was upregulated in PTC TPC1 cells induced by transforming growth factor (TGF)-β to the EMT, which provided a new perspective for lncRNA research. This study also found that MALAT1 expression levels in poorly differentiated thyroid carcinomas and anaplastic thyroid carcinomas are significantly lower than those in normal thyroid tissues, with expression in anaplastic thyroid carcinomas (ATCs) showing the lowest levels. This was the first report of MALAT1 being downregulated in any malignancy, and it indicates that MALAT1 may be a potential tool in classification of thyroid carcinoma. Recently, Liu et al. (104) found that MALAT1 expression was upregulated in PTC tissues, and the upregulated MALAT1 expression was correlated with tumor size, lymph node metastases, and disease stage. Wen et al. (105) explored the potential correlation between MALAT1 genetic variations (single nucleotide polymorphism; SNP) and the risk of PTC. They found that MALAT1 SNP rs619586 could directly reduce MALAT1 expression, becoming a potential protective factor that reduces the risk of PTC. MALAT1 may play different roles in different thyroid tumors, and its effect is determined by the type of thyroid cancer. Gene polymorphisms may be a potential focal point in study of the relationship between lncRNA and PTC.




Wnt/β-catenin Signaling Pathway

Certain lncRNAs function in a variety of ways. PTCSC3 can act directly on its target gene S100A4 or through a signaling pathway. Xia et al. (106) found that PTCSC3 reduces the proliferation and invasion of glioma cells by inhibiting the action of the Wnt/β-catenin signaling pathway. Additionally, Wang et al. (107) reported that PTCSC3/miR574-5p promotes proliferation and migration of papillary thyroid carcinoma cells via the Wnt/β-catenin signaling pathway.

The lncRNAs discussed above and listed in Table 1 are likely to function in thyroid cancer.


Table 1. LncRNAs are related to thyroid cancer.
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THE PROMISING FUTURE OF LNCRNAS IN CANCER DIAGNOSIS AND PROGNOSIS

Many studies have found that certain lncRNAs are stably present in human serum/plasma (108, 109), which may be helpful in the study of the role of serum/plasma lncRNAs in diagnosis and prognosis. Circulating markers have been widely used for disease prediction. Shi et al. (109) reported that the expression of lncRNAs in body fluids and serum/plasma have significant value in the diagnosis of many cancers. Zhou et al. (110) reported that the expression of H19 in plasma has high specificity and sensitivity for diagnosis of gastric cancer and was more effective than conventional biomarkers, such as carcinoembryonic antigen (CEA) and carbohydrate antigen 199 (CA199). Tang et al. (111) found that expression of lncRNAs in saliva is associated with the prognosis of oral squamous cell carcinoma and can provide clinics with a non-invasive and convenient screening tool. To date, many circulating lncRNAs have been shown to have diagnostic significance in thyroid cancer, including HOTAIR, H19, MALAT1, GAS5, GAS8-AS1, DLG1-AS1, ENST00000462717, ENST00000415582, TCONS_00024700, and NR_028494 (34, 80, 102, 112). The latter four are considered linked to prognosis of patients with PTC and lung metastases (113). Zhang et al. (35) identified plasma GAS8-AS1 overexpression in the serum of patients with thyroid cancer. He et al. (112) found that plasma DLG1-AS1 was upregulated in patients with PTC but not in patients with benign thyroid nodules or healthy controls. Plasma testing for biomarkers not only enables early diagnosis, avoiding poor prognoses, but also prevents unnecessary treatments. Circulating lncRNAs may be potential tumor markers for PTC diagnosis.

Thus far, many lncRNAs have been associated with PTC. Most patients with PTC have a favorable prognosis with the current therapeutic regimen, which includes surgical resection, thyroid hormone suppression, and radioactive iodine therapy. However, a small proportion of PTC cases have poor prognoses due to metastases. Therefore, it is critical to differentiate these patients from lower risk cases at the early stage. Screening for some lncRNAs could contribute to molecular stratification of aggressive and indolent PTC and accumulating evidence has implicated lncRNAs in PTC LNM. Studies carried out via microarray, TCGA PTC cohorts, or ceRNA networks have found that many previously uncharacterized lncRNAs are associated with poor prognosis or LNM. Song et al. (114) found that high ENS-653 expression is associated with more advanced tumor stage and poorer disease-free survival. RP11-547D24.1 and UNC5B-AS1 could differentiate patients with different stages of PTC, and some lncRNAs play vital roles in determining histological cancer type (115). Additionally, some lncRNAs are associated with LNM (116).

Although the expression of lncRNAs in serum is meaningful for studying certain biological behaviors of thyroid cancer, the measurement of lncRNAs in serum is affected by many factors. Studies have found that lncRNAs contained in blood cells may affect the measurement of lncRNAs in serum (117). The release of lncRNAs from blood cells during coagulation can cause the concentration of lncRNAs in serum to be higher than that in plasma. Factors such as diet and environment of the subjects also affect serum lncRNA concentrations. Food is a key confounding factor, and it is difficult for lncRNAs from food to be distinguished from endogenous lncRNAs once the former enter the circulation (118, 119). There are other factors that may affect circulating lncRNAs. The use of lncRNAs as molecular markers for clinical diagnosis may present significant challenges.

Thus far, several molecular markers, including RAS, RET-PTC, and BRAF (V600E) gene mutations, have been linked to PTC. BRAF mutations are the most common. According to the exome and RNA sequences, proteomic profiles, and epigenetic changes, Agrawal et al. (120) subdivided PTCs into BRAF-like and RAS-like groups. The RET (+) PTCs were much closer to BRAF-like PTCs than to RAS-like ones. A study reported that RAS mutations are more frequent in poorly differentiated thyroid carcinomas and anaplastic ones, but are rare in PTCs (121). BRAF (V600E) is a thyroid cancer-specific gene, and many studies have showed a significant association between the BRAFV600E mutation in PTC and factors characteristic of poor prognosis. Studies found that there are relationships between lncRNAs in PTC and the most common genetic alterations in PTC. Heejei Yoon et al. (122) reported that NAMA underexpression correlates with BRAF mutation. Wang et al. (123) reported that BRAF mutation is associated with the over-expression of many oncogenic molecules in PTC, including CCND1, CDKN1A, PERP, THBS1, and ZMAT3. Further, patients with BRAFV600E mutation had a higher expression of ENS-653 (114). COMET, a new natural antisense lncRNA, maps on chromosome 7q31.2 and is highly expressed in BRAF-like carcinomas (124). COMET is a MET regulator and has been identified as a new MAPK-induced cytosolic lncRNA. Rusinek et al. (125) identified 18 BRAF-induced genes that are specific for BRAF V600E-driven PTC and seven BRAF-induced genes had not been previously reported as being related to BRAF mutation or thyroid carcinoma: MMD, ITPR3, AACS, LAD1, PVRL3, ALDH3B1, and RASA1. These results reported the influence of the BRAFV600E mutation on early PTC gene expression profile. Additionally, the expression of some lncRNAs are associated with BRAF (V600E) mutation. These lncRNAs may be associated with poor prognosis in PTC; thus, lncRNAs with subtype-specific expression stratified by BRAF mutation might be significant in individual molecular subtypes.

Related treatments targeting lncRNAs are under development, including nucleic acid-based therapies and plasmid-based therapies. At least 25 RNAi-based drug candidates are under clinical evaluation (126). Moreover, plasmid-based therapies are also being used in clinical phase III trials of bladder cancer (127). The idea that lncRNAs may be therapeutic targets in thyroid cancer has been proposed, and targeted therapies may be under development (31).



CONCLUSION AND PERSPECTIVE

As molecular markers for tumor diagnosis and treatment, lncRNAs have been shown to participate in the proliferation, invasion, and metastasis of various malignant cells. In thyroid cancer, lncRNAs are potential biomarkers that could be used in diagnosis and in predicting invasion and metastasis. It has been reported that lncRNAs can be detected in plasma, serum, and other liquids with good stability and easy detection, suggesting new avenues for research. However, the regulatory mechanisms of lncRNAs in thyroid cancer remain to be further explored. There are still many difficulties in the extraction of lncRNA and future clinical applications. For example, under existing storage conditions, it is difficult to protect samples from RNA degradation, and the lncRNA database is relatively imperfect.

lncRNA is expected to become a target in gene-targeted therapy. Cancer treatment can be achieved by silencing or knocking down certain oncogenes. With the development of precision medicine, genetic diagnosis and treatment will become the trend, but there are still great challenges in research into lncRNA.
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Accumulated evidences suggested that circular RNAs (circRNA) played critical roles in tumorigenesis and progression. To our knowledge, no study reported the function of circular RNA DGKB (circDGKB, circRNA ID: hsa_circ_0133622) on progression of neuroblastoma (NB). Here, we showed that circDGKB was upregulated in NB tissues compared to the normal dorsal root ganglia. Moreover, the expression level of circDGKB was negatively correlated with the survival rate of NB patients. Mechanically, overexpression of circDGKB promoted the proliferation, migration, invasion, and tumorigenesis of NB cells and reduced cell apoptosis, and vice versa. In addition, qRT-PCR and/or Western blot results showed that circDGKB overexpression inhibited the expression level of miR-873 and enhanced GLI1 expression. Moreover, miR-873 functioned an opposite role to circDGKB and significantly weakened circDGKB role in promoting NB progression. Furthermore, GLI1 upregulation also rescued the miR-873 role in inhibiting NB progression. In conclusion, our work proved that circDGKB promoted NB progression via targeting miR-873/GLI1 axis in vitro and in vivo. Our study provided a new target for NB treatment and indicated that circDGKB could act as a novel diagnostic marker for NB.
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INTRODUCTION

Neuroblastoma (NB) is a malignant tumor mainly occurring in children (1), which commonly arises in adrenal glands, and also occurs in the abdomen, neck, spine, or chest (2). The most malignant tumors have amplification of the MYCN oncogene encoding a transcription factor, which is associated with poor survival of NB, even in localized diseases (3). NB is divided into two classifications in clinic, low-risk disease and high-risk disease. Patients with low-risk disease respond positively to therapy and even can recover without any treatment. Unfortunately, 40% of NB patients suffer from high-risk disease which is easy to relapse and lethal (1, 4). Various kinds of therapeutic methods have been adopted to treat high-risk NB, including surgical treatment, chemotherapy, radiotherapy, immunotherapy, cis-retinoic acid, and proton therapy (5), but the prognosis of NB is still poor due to the complex mechanisms underlying NB occurrence and development. Therefore, it is urgent to further reveal the molecular mechanisms of NB in order to find novel and potent targets for the treatment of NB.

Circular RNAs (circRNAs) are a class of non-coding RNA molecules generated from exons or introns by forming covalently-closed loops (6). Previous studies have suggested that circRNAs can serve as the sponges of microRNAs (miRNAs) to inhibit the function of miRNAs. For example, circATP82A2 repressed the expression of miR-443 via binding to miR-443 directly (7). circRNAs are abundantly expressed in eukaryotic organisms and closely implicated in a variety of disease, such as diabetes, cardiovascular diseases (CVDs), and cancers (8, 9). Numerous studies demonstrated that circRNA/miRNA axis played critical roles in the progression of cancers. For instance, circ0103552 significantly promoted cell proliferation and invasion via sponging miR-1236 in breast cancer (10). Mao et al. (11) demonstrated that circ0068871 could accelerate the progression of bladder cancer by targeting miR-181a-5p and then regulate the expression of FGFR3 and activate STAT3. Huang et al. (12) identified that circ100338 was highly expressed in hepatocellular carcinoma (HCC) and functioned as an inhibitor of miR-141-3p to promote the proliferation of HCC cells. However, the functions of lots of circRNAs are waiting for us to explore.

MiRNAs are short non-coding transcripts with 22 nucleotides in length (13). Numbers of studies have demonstrated that miRNAs played significant roles in RNA translation and degradation via binding to the 3′UTR of mRNA (14). MiRNAs were proved to participate in progress of many kinds of cancers by acting as the targets of circRNAs and then regulating the expression of oncogenes or tumor suppressive genes (15). In the present study, we found that circDGKB (circRNA ID: hsa_circ_0133622) was highly expressed in NB. In addition, circDGKB could act as an oncogene in NB by targeting miR-873/GLI1 (Glioma-associated oncogene 1) axis. Our study provided a novel potential target for the diagnosis and treatment of NB in clinical.



MATERIALS AND METHODS


Tissue Collection

Thirty NB tissues were obtained from 30 NB patients at Second Affiliated Hospital of Nanchang University during 2015 to 2017. Meanwhile, 10 human normal dorsal root ganglia were collected from interrupted pregnancies, which were used as a normal control group. Patients participated in this study never received any other therapeutic method but surgery and the informed consents were signed by their parents. This study was approved by the Research Ethics Committee of Second Affiliated Hospital of Nanchang University.



circRNA Microarray

After being obtained from surgical specimens, 3 NB tissues and 3 normal dorsal root ganglia were immediately frozen using liquid nitrogen. Sample preparation and microarray hybridization were carried out in accordance with the protocols of Arraystar (Rockville, MD, USA). circRNAs were enriched through removing linear RNAs with Rnase R (Epicentre, Madison, WI, USA), followed by amplification and labeling with Arraystar Super RNA Labeling Kit (Arraystar). Then, the Arraystar Human circRNA Array (8 × 15 K) was used for hybridization and scanned by the Agilent Scanner G2505C (Jamul, CA, USA). circRNAs demonstrating fold-changes of ≥2 and P-values of < 0.05 were considered as significantly differentially expressed.



Cell Culture

Two NB cell lines SK-N-SH and SH-SY5Y were bought from American Type Culture Collection (ATCC, VA, USA) and cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco, CA, USA), with 10% fetal serum (FBS, Gibco, CA, USA) and 1% penicillin/streptomycin (Invitrogen, CA, USA).



Cell Infection

The lentiviral vectors used to upregulate circDGKB (Lentiv-circDGKB), miR-873 (mimic-miR-873), and GLI1 (Lentiv-GLI1) in SK-N-SH and SH-SY5Y, and the lentiviral vectors used to downregulate circDGKB (shRNA-circDGKB), miR-873 (inhibitor-miR-873), and GLI1 (shRNA-GLI1), in addition to the negative control vector (Lentiv-NC, inhibitor-NC, mimic-NC), were all designed and synthesized by GenePharma (Shanghai, China). These vectors were introduced into SK-N-SH and SH-SY5Y cells by cell infection with the help of polybrene (Hanbio, Inc, Shanghai, China), followed by incubation with G418 or puromycin for 14 days to establish the stable transfection cell lines used in in vivo experiments.



Cell Growth Assay

Cell Counting Kit-8 (CCK-8) (Beyotime, Beijing, China) was adopted to assess the proliferation of NB cells. The cells were seeded into 96-well plates at the density of 2,000 cell/well and incubated at 37°C. Following 24 h, the cells were infected with lentiviral vectors instantaneously. Forty-eight hours later, 10 μl CCK-8 solution was added into each well and incubation at 37°C for another 2 h. The absorbance was detected by a plate reader (model 680; Bio-Rad, Hertfordshire, UK) at 450 nm.



Cell Migration Assay

NB cells were seeded into six-well plates at the density of 3,000 cells/group. The wounds were scraped by pipettes following cell infection. The width of the wound was captured at 0 and 24 h following scratch by DM2500 bright field microscope (LEICA, Wetzlar, Germany) and the imageJ software was used to quantify the migration distance.



Transwell Invasion Assay

The upper chamber of the transwell chambers (8 μm, BD Bioscience, USA) were first coated with matrigel. Then, the infected SK-N-SH and SH-SY5Y cells were suspended with FBS-free medium and seeded into the upper chamber at the density of 3,000 cells/group. At the same time, in the bottom chamber were added 600 μl complete medium containing 10% FBS (Gibco). Following 48 h of incubation at 37°C, the inversed cells were fixed with 4% paraformaldehyde and stained with crystal violet. The number of inversed cells from 6 randomly selected fields were counted.



Cell Apoptosis Assay

Cell apoptosis detection was performed by using flow cytometry with the help of Annexin V-FITC/PI Apoptosis Detection Kit (Vazyme, Biotech, Jiangsu, China) according to the instructions of the manufacturer.



Luciferase Reporter Assay

The wild type (circDGKB-WT) and mutated type (circDGKB-MUT) vectors between the binding sites in circDGKB were synthesized by GenePharma. Then, SK-N-SH cells were co-transfected with mimic-NC/mimic-miR-873 and circDGKB-WT/circDGKB-MUT using Lipofectamine (Invitrogen) or polybrene. Following 48 h, the relative luciferase activity was detected by Dual Luciferase Assay System (Promega, Madison, WI, USA) according to the manufacturer's instructions.



Western Blot

The cells were lysed with RIPA lysis buffer (Thermo Fisher Scientific, NYC, USA) supplemented with protease inhibitor cocktail (APExBIO, AL, and USA) on ice. Then, the supernatant was transferred into new microphage tubes (Eppendorf, Hamburg, Germany), followed by centrifugation at 12,000 rpm for 30 min at 4°C. The concentrations of protein samples were measured with BCA Protein Quantification Kit (YEASEN, Shanghai, China). Next, 30 μg protein of each sample was used for electrophoresis. After transferring the protein to PDVF membrane, the membranes were blocked with 5% milk in TBST for 1 h. Primary antibodies included anti-ZBE1 antibody (No. ab203829, Abcam, Cambridge, MA, USA), anti-GLI1 (No. ab49314, Abcam), and anti-GAPDH antibody (No. ab011-040, Multi sciences, Zhejiang, China). The secondary antibodies was used as follows: anti-Mouse IgG-HRP (No. RA230188, Thermo Fisher Scientific).



Reverse Real-Time Quantitative Polymerase Chain Reaction (qRT-PCR)

Total RNA extraction from cells and tissues was carried out with Trizol reagent (Invitrogen). Then, the RNAs were reversed into cDNAs by using the high capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). TaqMan Universal Master MixII (Takara, Dalian, China) was adopted to perform real-time quantitative PCR and the internal reference was GAPDH/U6.

Primers are shown as follows:

circDGKB-forward: 5′-AGACTCTGCCCACTTCAGGA-3′,

circDGKB-reverse: 5′-AGGCACTGGGTCTCCTTTCT-3′;

miR-873-forward: 5′-TGTGCATTTGCAGGAACTTGT-3′,

miR-873-reverse: 5′-GGGAACTCATCAGTCTCCTGTTC-3′;

GAPDH-forward: 5′-CCACCCCCAATGTCTCTGTT-3′,

GAPDH-reverse: 5′-ATGGATGAACGGCAATCCCC-3′.



In vivo Tumorigenicity Assay

Animal study was performed in accordance with the Research Ethics Committee of Second Affiliated Hospital of Nanchang University. In brief, 4-week nude mice were purchased from Shanghai Slac Laboratory Animal Company (Shanghai, China) and the flanks of mice were injected with 1 × 107 stably infected SK-N-SH cells, including shRNA-circDGKB, Lentiv-circDGKB, shRNA-NC, Lentiv-NC, mimic-NC, mimic-miR-873, inhibitor-miR-873, inhibitor-NC, Lentiv-GLI1, shRNA-GLI1. After 4 weeks, mice were euthanized and tumor weights were measured.



Statistical Analysis

Date from three independent experiments are shown as mean ± standard deviation (SD). Comparison among 2 groups or > 2 groups was executed by using the Student's t-test or one-way analysis of variance (ANOVA) using SPSS 17.0 software. P < 0.05 was considered as statistically significant. ROC (receiver operating characteristic) curve was established to evaluate clinical diagnostic value of circDGKB in NB, with larger area under the curve meaning the higher prognostic. The relationship between circDGKB expression levels and the overall survival rates of NB patients was assessed by using Kaplan-Meier analysis with log rank test.




RESULT


circDGKB Was Highly Expressed in NB Tissue Specimens

To find the specific circRNAs which are differentially expressed in NB specimens, 3 NB tissues obtained from NB patients and 3 normal dorsal root ganglia collected from interrupted pregnancies were subjected to circRNA microarray assay. A total of 235 circRNAs were found to be differentially expressed in NB specimens compared with the dorsal root ganglia, among which 138 circRNAs were upregulated and 97 circRNAs were downregulated (Figures 1A,B). And circDGKB expression was increased, highest among the 138 upregulated circRNAs. The qRT-PCR assay was carried out to confirm the expression pattern of circDGKB in 30 paired NB tissues and 10 normal dorsal root ganglia. The results showed that the expression level of circDGKB in NB tissues was significantly increased (Figure 1C). Figure 1D demonstrated the relative expression levels of circDGKB in 30 NB tissues to normal dorsal root ganglia. Taken together, these results demonstrated that circDGKB was overexpressed in NB tissues.
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FIGURE 1. CircDGKB was overexpressed in NB specimens. (A) Heat map of genes in 3 NB tissue specimens and 3 human normal dorsal root ganglia. Red represented the upregulated genes while green were the downregulated genes. (B) Volcano plot of genes in 3 NB tissues and 3 human normal dorsal root ganglia. Red represented the upregulated genes while green were the downregulated genes. (C) QRT-PCR was taken to evaluate the expression of circDGKB in 30 NB tissue specimens and 10 human normal dorsal root ganglia, *P < 0.05. (D) QRT-PCR was taken to detect the relative expression levels of circDGKB in 30 NB tissue specimens to 10 normal dorsal root ganglia.




circDGKB Accelerated the Progression of NB

To investigate the role of circDGKB in the progression of NB, gain of function and loss of function experiments were conducted in NB cell lines SK-N-SH and SH-SY5Y. QRT-PCR assay was taken to test the infection efficiencies of shRNA-circDGKB and Lentiv-circDGKB. Compared with the control group, circDGKB expression was obviously reduced after the cells were infected with shRNA-circDGKB in both SK-N-SH and SH-SY5Y cell lines (Figures 2A,B). CCK-8 assay demonstrated that downregulation of circDGKB prominently attenuated cell proliferation in SK-N-SH and SH-SY5Y cells (Figures 2C,D). Flow cytometry showed that circDGKB downregulation increased cell apoptosis (Figures 2E,F). In addition, we found that circDGKB downregulation could lead to S phase reduction (Figures 2G,H). Moreover, the wound healing assay and transwell invasion assay were performed to examine the migration and invasion of SK-N-SH and SH-SY5Y cells. As shown in Figures 2I–L, downregulation of circDGKB significantly impaired cell invasion and migration abilities in SK-N-SH and SH-SY5Y cells. Furthermore, the in vivo assay was carried out to explore the function of circDGKB in tumor formation. The result showed that downregulation of circDGKB reduced tumor formation in SK-N-SH cells (Figure 2M).
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FIGURE 2. Evaluation of the roles of circDGKB knockdown in NB cell proliferation, apoptosis and cell cycle, migration, invasion, and tumorigenesis. (A,B) QRT-PCR was taken to detect the infected efficiencies of shRNAs-circDGKB in SK-N-SH and SH-SY5Y cell lines. (C,D) CCK-8 assay was used to detect the proliferation of SK-N-SH and SH-SY5Y cells. (E,F) Flow cytometry was adopted to detected cell apoptosis. (G,H) Flow cytometry was used to determine the distribution of cell cycle. (I,J) Transwell experiment was performed to evaluate the invasion of SK-N-SH and SH-SY5Y cells. (K,L) Wound healing assay was performed to detect the migration of SK-N-SH and SH-SY5Y cells. (M) Nude mice tumorigenicity experiments was adopted to test the tumorigenesis of SK-N-SH cells in vivo (*P < 0.05 vs. shRNA-NC group).


To the contrary of shRNA-circDGKB infection, circDGKB expression was markedly increased when the cells were infected with Lentiv-circDGKB in both SK-N-SH and SH-SY5Y cell lines (Figures 3A,B). CCK-8 assay demonstrated that overexpression of circDGKB obviously enhanced the proliferative capacity of SK-N-SH and SH-SY5Y cells (Figures 3C,D). Flow cytometry showed that circDGKB overexpression significantly inhibited cell apoptosis (Figures 3E,F). In addition, we found that overexpression of circDGKB could induce cell S phase arrest (Figures 3G,H). Moreover, the wound healing assay and transwell invasion assay showed that overexpression of circDGKB significantly promoted cell invasion and migration in SK-N-SH and SH-SY5Y cells (Figures 3I–L). Furthermore, the in vivo assay showed that overexpression of circDGKB obviously promoted the tumorigenesis of SK-N-SH cells (Figure 3M). These results showed that circDGKB could accelerate the progression of NB.
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FIGURE 3. Evaluation of the roles of circDGKB overexpression in NB cell proliferation, apoptosis and cell cycle, migration, invasion, and tumorigenesis. (A,B) QRT-PCR was taken to detect the infected efficiencies of Lentiv-circDGKB in SK-N-SH and SH-SY5Y cell lines. (C,D) CCK-8 assay was used to detect the proliferation of SK-N-SH and SH-SY5Y cells. (E,F) Flow cytometry was adopted to detected cell apoptosis. (G,H) Flow cytometry was used to determine the distribution of cell cycle. (I,J) Transwell experiment was performed to evaluate the invasion of SK-N-SH and SH-SY5Y cells. (K,L) Wound healing assay was performed to detect the migration of SK-N-SH and SH-SY5Y cells. (M) Nude mice tumorigenicity experiments was adopted to test the tumorigenesis of SK-N-SH cells in vivo (*P < 0.05 vs. Lentiv-NC group).




miR-873/GL1-3 Axis Was a Target of circDGKB in NB Cells

Previous studies proved that circRNA could act as a sponge of miRNA. To explore the underlying targets of circDGKB, we performed miRNA prediction with miRanda. As shown in Figure 4A, results of the luciferase reporter assay showed that miR-873 overexpression dramatically reduced the luciferase activity of circDGKB-WT, whereas the mutation of binding sites abolished this effect. The further bioinformatics analysis predicted that GLI1 was a target for miR-873. To verify the foreclosed results, we conducted “gain” and “lost” experiment in SK-N-SH cells. The results of western blot indicated that circDGKB increased the expression of GLI1 and ZEB1 under the regulation of GLI1 (16) (Figure 4B), while circDGKB downregulation reduced GLI1 and ZEB1 expression (Figure 4C). In addition, miR-873 overexpression downregulated GLI1 and ZEB1 expression (Figure 4D), while knockdown of miR-837 upregulated the expression of ZEB1 and GLI1 (Figure 4E). These results suggested that circDGKB increased the expression of ZEB1 and GLI1 via targeting miR-873.


[image: Figure 4]
FIGURE 4. circDGKB targeted miR-873/GLI1 axis in NB SK-N-SH cells. (A) Luciferase reporter gene assay was adopted to confirm the interaction between circDGKB and miR-873. (B) Western blot was taken to calculate the relative protein levels of ZEB1 and GLI1 in SK-N-SH cells after circDGKB overexpression, *P < 0.05. (C) Relative protein levels of ZEB1 and GLI1 in SK-N-SH cells were detected following circDGKB downregulation, *P < 0.05. (D) Relative protein levels of ZEB1 and GLI1 in SK-N-SH cells were calculated after miR-873 was upregulated, *P < 0.05. (E) Relative protein levels of ZEB1 and GLI1 in SK-N-SH cells were examined by western blot after miR-873 was downregulated, *P < 0.05.




miR-873 Played a Vital Role in the Progression of NB

To explore the role of miR-873 in the progression of NB, the gain of function and loss of function experiments were carried out in SK-N-SH cells. MiR-873 overexpression significantly reduced the proliferation of SK-N-SH cells, while downregulation led to the opposite results (Figure 5A). Cell apoptosis and S phase arrest were induced by miR-873 upregulation in SK-N-SH cells, and knockdown of miR-873 caused the opposite effects (Figures 5B,C). The results of transwell experiments and wound healing assay showed that overexpression of miR-873 promoted the invasion and migration of SK-N-SH cells, and vice versa (Figures 5D,E). In addition, the in vivo assay demonstrated that overexpression of miR-873 inhibited the tumor formation ability of SK-N-SH cells, and vice versa (Figure 5F). These results suggested that miR-873 inhibited the progression of NB.


[image: Figure 5]
FIGURE 5. MiR-873 played critical roles in the progression of NB. (A) Proliferation of SK-N-SH cells was detected by CCK-8 assay. (B) Apoptosis of SK-N-SH cells was detected by flow cytometry. (C) Cell cycle of SK-N-SH cells was assessed by flow cytometry. (D) Cell invasion and (E) migration were determined by transwell experiment and wound healing assay in SK-N-SH cells. (F) Xenograft model was established to detect the tumorigenesis of SK-N-SH cells in vivo (*P < 0.05, vs. inhibitor-NC group, #P < 0.05, vs. mimic-NC group).




circDGKB Promoted NB Progression via Targeting miR-873

Then, we explored whether miR-873 was involved in circDGKB-mediated NB progression. The results showed that miR-873 overexpression significantly weakened circDGKB roles in promoting cell proliferation (Figure 6A), S phase arrest (Figure 6C), invasion (Figure 6D), and migration (Figure 6E), as well as inhibiting cell apoptosis (Figure 6B). These results demonstrated that circDGKB promoted NB progression via targeting miR-873.


[image: Figure 6]
FIGURE 6. circDGKB promoted NB progression by targeting miR-873. (A) Proliferation of SK-N-SH cells was detected by CCK-8 assay. (B) Apoptosis of SK-N-SH cells was detected by flow cytometry. (C) Cell cycle of SK-N-SH cells was assessed by flow cytometry. (D) Cell invasion and (E) migration were determined by transwell experiment and wound healing assay in SK-N-SH cells. (*P < 0.05, vs. Lentiv-NC+mimic-NC group, #P < 0.05, vs. Lentiv-circDGKB+mimic-NC group).




miR-873 Promoted NB Progression via Targeting GLI1

Next, we explored GLI1 role in the progression of NB in SK-N-SH cells. Western blot assay was used to verify the efficiency of lentiv-GLI1 and shRNA-GLI1 (Figures 7A,B). As expected, overexpression of GLI1 obviously promoted the proliferation of SK-N-SH cells, while downregulation of GLI1 caused the opposite effect (Figure 7C). GLI1 upregulation significantly inhibited apoptosis and induced S phase arrest in SK-N-SH cells, and vice versa (Figures 7D,E), as well as promoted cell invasion, migration, and tumorigenesis in vivo, and vice versa (Figures 7F–H). These results indicated that GLI1 accelerated the progression of NB.


[image: Figure 7]
FIGURE 7. GLI1 served as an oncogene in NB progression. (A,B) Western blot was taken to detect the infected efficiencies of Lentiv-GLI1 and shRNAs-GLI-shRNAs in SK-N-SH cells, *P < 0.05. (C) CCK-8 assay was taken to detect the proliferation of SK-N-SH cells. Flow cytometry assay was adopted to detect (D) cell apoptosis and (E) cell cycle. (F) Cell invasion and (G) migration in SK-N-SH cells were detected by using the transwell chambers and wound healing assay. (H) Xenograft model was established to detect the tumorigenesis of SK-N-SH cells. (*P < 0.05, vs. Lentiv-NC group, #P < 0.05, vs. shRNA-NC group).


To explore whether GLI1 was implicated in miR-873-mediated NB progression inhibition, the rescued assays were carried out. Compared with the mimic-miR-873+lentive-NC group, cell proliferation (Figure 8A), invasion (Figure 8D), and migration (Figure 8E) abilities were significantly enhanced, while cell apoptosis were reduced (Figure 8B) and cell numbers in S phase were increased (Figure 8C) in mimic-miR-873+lentiv-GLI1 group. These findings suggested that miR-873 promoted NB progression via targeting GLI1.


[image: Figure 8]
FIGURE 8. miR-873 inhibited NB progression by targeting GLI1. (A) Proliferation of SK-N-SH cells was detected by CCK-8 assay. (B) Apoptosis of SK-N-SH cells was detected by flow cytometry. (C) Cell cycle of SK-N-SH cells was assessed by flow cytometry. (D) Cell invasion and (E) migration were determined by transwell experiment and wound healing assay in SK-N-SH cells. (*P < 0.05, vs. mimic-NC+Lentiv-NC group, #P < 0.05, vs. mimic-miR-873+Lentiv-NC group).




circDGKB Acted as a Potential Marker for NB Diagnosis

To investigate whether circDGKB could act as a diagnostic marker for NB, we detected the expression of circDGKB in the blood samples of NB patients and healthy subjects. The results of qRT-PCR showed that circDGKB expression in blood was prominently upregulated in NB patients compared with normal subjects (Figure 9A). The results of ROC analyses demonstrated that the level of circDGKB had an important clinical value in the diagnosis of NB with an AUC (area under the curve) of 0.7778 (Figure 9B). The results of Kaplan-Meier analysis showed that patients with high level of circDGKB had lower survival rates (Figure 9C).


[image: Figure 9]
FIGURE 9. circDGKB showed potential in the diagnosis of NB. (A) Expression level of circDGKB in blood samples of NB patients was detected by qRT-PCR, *P < 0.05. (B) ROC curve was established to evaluate the clinical value of circDGKB in the diagnosis of NB. (C) The effect of circDGKB expression level in predicting the overall survival rates of NB patients was assessed by using Kaplan-Meier analysis with log rank test (n = 45, P = 0.034).





DISCUSSION

circRNA produced from exons or introns is stable existing and was first found in RNA viruses in the 1970s (17, 18), at which time the circRNA was thought to have no biological function (19–23). To date, a great deal of studies proved that circRNAs were ubiquitous in mammalian cells and played critical roles in regulating gene expression by targeting miRNA or other molecules including linear slicing and proteins (24–26). Growing evidences have proved that circRNAs play a key role in many diseases, including systemic lupus erythematous (27), atherosclerosis (28), Neuropsychiatric Disorders (29), Alzheimer's disease (30), cardiovascular diseases (31), and cancers (32). Qiu et al. (33) identified that the expression level of circ000911 could promote the proliferation and invasion of non-small-cell lung cancer (NSCLC) cells by interacting with miR-22-3p directly and then enhanced the expression level of galectin-1 (Gal-1), p-AKT, and p-ERK1/2. Fang et al. (34) indicated that circ100290 was highly expressed in colorectal cancer (CRC) tissues and cell lines; silence of circ100290 inhibited the proliferation, migration, and invasion of CRC cells, but promoted cell apoptosis. In addition, Fang et al. (34) also proved that circ100290 expression level showed positive correlation with CRC metastasis and negative correlation with patients' prognosis. Gao et al. (35) illustrated that circ0006528 promoted the proliferation, migration, and invasion of breast cancer cells by targeting miR-7-5p/raf1/MAPK/ERK pathways. In the present study, we found that circDGKB expression was prominently unregulated in NB tissues; overexpression of circDGKB promoted the proliferation, migration, and invasion of SK-N-SH cells, and inhibited cell apoptosis and induced S phase arrest, while circDGKB downregulation showed the reverse effects.

MiRNAs, a class of non-coding RNA with ~22 nucleotides, have been proved to play a vital role in tumorigenesis by regulating the expression of oncogenes or tumor suppressive genes. For instance, miR-776 was downregulated in colon cancer, and low expression level of miR-776 was associated with low survival rate of patients. In addition, the authors proved that overexpression of miR-776 obviously inhibited cell proliferation and initiated cell apoptosis in colon cancer cells by targeting MDM4/p53 pathway (36). miR-20a-5p was identified to be highly expressed in triple-negative breast cancer (TNBC) tissues, which promoted TNBC progression by targeting Runt-related transcription factor 3 (RUNX3) (37). In our work, we proved that miR-873 was a direct target of circDGKB, and inhibition of the expression of miR-873 enhanced the proliferation, migration, invasion, and S phase arrest of SK-N-SH cells and reduced cell apoptosis. This results were consistent with previous studies, which indicated the suppressive role of miR-873 in cancers including CRC (38, 39), breast cancer (40), NSCLC (41), and gastric cancer (42). Furthermore, we found that miR-873 overexpression significantly rescued circDGKB role in promoting NB progression, illustrating that circDGKB promoted NB progression by targeting miR-873.

It's well-known that Hedgehog (HH) signaling pathway plays critical roles in amount of cancers, including NB (43–46). GLI1, a terminal effectors of the HH factors, was reported to serve as an oncogene in wide ranges of cancers, such as breast cancer (47), CRC (48), prostate cancer (49), glioma (50), pancreatic cancer (51), gastric cancer (52), and cervical cancer (53). Noticeably, GLI1 was reported to be a direct target of miR-873-5p in gastric cancer (42). Similarly, in our work, GLI1 was also demonstrated as a direct target of miR-873 in NB cells, and GLI1 overexpression could markedly weaken miR-873 roles in inhibiting cell proliferation, migration, and invasion of SK-N-SH cells and inducing cell apoptosis and S phase arrest, suggesting that miR-873 inhibited NB progression via targeting GLI1.

Collectively, our work demonstrated that circDGKB acted as an oncogene in NB progression by targeting miR-873/GLI1 axis. In addition, we found the high expression level of circDGKB was associated with the poor prognosis of NB patients, suggesting that circDGKB could be used as a diagnostic marker for NB. Our study suggested that circDGKB was a potential therapeutic target and diagnostic marker for NB.
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Cancer type DANCR-binding miRNA Downstream target of miRNA (validated) References

miR-634 RABI (6)
miR-216a LGRS )
Esophageal squamous cell miR-33a-5p zEB1 @9)
carcinoma
Non-smallcell lung cancer miR-758-3p = (22,50)
miR-216a EIF4B, JAK2, MALAT1
Breast cancer miR-216a-5p Nanog, OCT4 and SOX ©“2)
Hepatocellular carcinoma miR-216a-5p KLF12 (19)
miR-27a-3p LMKt (©6)
Pancreatic ductal miR-33a-5p AXL (@6)
adenocarcinoma miR-214-5p E2F2 @
Pancreatic cancer miR-33b MMP16 ©8)
miR-135a NLRP3 ©7)
Cenical cancer miR-665 TGFBR1 @)
miR-335-5p ROCK1 (@0)
Endometrial carcinoma miR-214 - ©0)
Ovarian cancer miR-145 VEGF @3)
Colorectal cancer miR-577 HsP27 ©)
Bladder cancer miR-149 MsI2 ©9)
Prostate cancer miR-135a = 9
miR-34a-5p JAGH [€0)
miR-214-5p E2F2 @0
Osteosarcoma miR-33a-5p AXL 649
miR-1972p
Cancer type DANCR-interacting mRNA Competitive miRNA References

Retinoblastoma MMP-9 miR-34c and miR-613 @7

Hepatocellular carcinoma CTNNBI miR-214, miR-320a, miR-19%a (70)
Cervical cancer TGFBR1 miR-665 (@0)
Cancer type DANCR-interacting protein Consequence References

Nasopharyngeal Carcinoma NFSO/NF45 Stabilizing HIF-1-o ©5)

STAT3 Enhancing IL-6/JAK1/STATS signaling. @)
Lymphatic carcinoma CDKN1A Limited expression of p21 ©7)
Non-small lung cancer EZH2 Silencing promoter of p21 ©2)
Triple negative breast cancer RXRA Activating serine phosphorylation of RXRA and @)
upregulates PIBK/AKT

EZH2 Promote transcription of CD44 and ABCG2 @)
Cholangiocarcinoma EZH2 Silencing promoter of FBP1 @)
Gastric cancer EZH2, HDAC3 Silencing IncRNA-LET 72

Prostate cancer EzH2 Siencing TIMP2/3-promoter ©8)
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SNHG12
MiR-129-5p
MDM4
GAPDH

us

Forward (5'-3))

TCTGGTGATCGAGGACTTCC
ACACTCCAGCTGGGCTTTTTGCGGTCTGG
TCTCGCTCTCGCACAGGATCACA
GCACCGTCAAGGCTGAGAAC
CTCGCTTCGGCAGCACA

Reverse (5'-3)

ACCTCCTCAGTATCACACACT
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGCAAGCCC
AAACCACCAAGGCAGGCCAGCTA

GGATCTCGCTCCTGGAAGATG

AACGCTTCACGAATTTGCGT
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Characteristics

Age at diagnoss, years
<60

260

Gender

Female

Male

MS! status
MSI-

MSI-L

Mss

Histologic grade
Gt

G2

@3

G4

TNM stage

Al (N = 223)

77 (84.53%)
146 (65.47%)

101 (45.20%)
122 (54.71%)

28(15.82%)
9(5.08%)
140 (79.10%)

30 (17.14%)

95 (54.20%)

48 (27.43%)
2(1.14%)

31 (14.22%)
166 (76.15%)
15 (6.88%)
6(2.75%)

Training cohort (N = 107)

35 (15.70%)
72 (32.29%)

50 (22.42%)
57 (25.56%)

14 (7.91%)
2(1.13%)
91(51.41%)

22 (12.57%)
55 (31.43%)
28 (16%)
1(057%)

12 (5.50%)
88 (40.37%)
2(0.92%)
4(1.83%)

Detailed data

Validation cohort (N = 70) Fudan cohort (N = 46)
19 (8.52%) 23 (10.31%)

51(2287%) 23(10.31%)

30 (13.45%) 21(0.42%)

40 (17.94%) 25 (11.21%)
14 (7.91%) =
7(3.95%) -

49 (27.68%) -
8(4.57%) -

40 (22.86%) -

20 (11.43%) -
1(0.57%) -
9(4.13%) 10 (4.59%)

57 (26.15%) 21(9.63%)
2(0.92%) 11(5.05%)
1(0.46%) 1(0.46%)

MSI, Microsatellite instability; MSS, Microsatellite stable; MSI-I, MSl-indeterminate; MSI-L, MSI-low; TNM, Tumor node metastasis.
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Gene type
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P-value

0.001618
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Hazard ratio
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Clinicopathological Numberof ~ ADAMTS9-AS2 P-value
parameters cases

High Low
Sex 0776
Male 35 17 18
Female 19 10 9
Age (years) 0584
265 30 16 14
<65 24 11 13
Histologic differentiation 0.004
Well or moderate 36 23 13
Poor 18 4 14
TNM stage 0014
Hi 29 19 10
-V 25 8 17
Serum CEAlevel 0785
>5ng/ml 2 12 13
<5ng/mi 29 15 14
Lymphovascular invasion 0068
Negative a5 20 25
Positive 9 7 2
Perineural invasion 1
Negative 48 24 24
Positive 6 3 3

CEA, carcinoembryonic antigen; TNM, Tumor-Node-Metastasis stage.





OPS/images/fonc-09-00912/fonc-09-00912-g001.gif
TCGA Transcriptome profiles of GC|

log2FC|>2, FOR <001

‘—'{i

DEINCRNAS

DE miRNAS| DEmRNAS

miRcode!

I

MiRNA-mI

IncRNA-MIRNA-MRNA O
ceRNAnetworkand axes | -

GO &KEGG
analysis

RNA

Survval analysis | [Experimentalvalidation]






OPS/images/fonc-09-00912/fonc-09-00912-g002.gif





OPS/images/fonc-09-00912/fonc-09-00912-g003.gif





OPS/images/fonc-09-00912/fonc-09-00912-g004.gif





OPS/images/fonc-09-00920/fonc-09-00920-t001.jpg
Name

AFO75069
Bacel-AS
BC009800
BC058830
ceaTt
Falcor
FER1L4
HOTAIR
H19

H19
LincANA-p21
MALAT1
NEAT1
PTENpg1
SPRY4-IT1
SAGT
Uchi1-AS
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miR-21
miR-221/222
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miR-92b

Type

IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
IncRNA
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mMiRNA
mMiRNA
mMIRNA
mMIRNA
mMiRNA
mMIRNA
mMiRNA
mRNA
mMiRNA
mIRNA

Functionality

Post-transcriptional regulation
Post-transcriptional regulation
Post-transcriptional regulation
Post-transcriptional regulation
Post-transcriptional regulation
Transcriptional regulation

Post-transcriptional regulation
Transcriptional regulation

Post-transcriptional regulation
Post-transcriptional regulation
Post-transcriptional regulation
Post-transcriptional regulation
Post-transcriptional regulation
Transcriptional regulation

Post-transcriptional regulation
Transcriptional regulation

Post-transcriptional regulation
Transcriptional regulation

Post-transcriptional regulation
Post-transcriptional regulation
Post-transcriptional regulation
Post-transcriptional regulation
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Post-transcriptional regulation
Post-transcriptional regulation
Post-transcriptional regulation
Post-transcriptional regulation
Post-transcriptional regulation
Transcriptional regulation

Post-transcriptional regulation

Mechanism

mMRNA turnover

mRNA turnover

mMRNA turnover

MRNA turnover

miRNA sponge

Transcribed within distal enhancer
miRNA sponge

Interaction with histone methyltransferase
MIRNA reservoir

miRNA sponge

mRNA translation

mRNA spliing

mIRNA sponge

Interaction with DNA methyltransferase
miRNA sponge

Transcribed within adjacent gene promoter
mRNA translation

Interaction with histone methyltransferase
miRNA sponge

Targeting gene

Targeting gene

Halt protein translation

Targeting INcRNA

Targeting gene

Targeting gene
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Name Panelsize  Study type

7-miR 7 Mulicenter, retrospective,
panel longitudinal study

6-miR 6 MicroRNA expression
panel analysis

MiROVaR 35 Cohort study

6-miR 6 Phase Il clinical trial
panel

Study size

257 patients for discovery, 352 and 139
patient from two cohorts for validation

40 patients for discovery, 138 for validation

179 patients for discovery, 263 and 452
patients from two cohorts for validation

2 celllines for discovery, 97 patients for
validation

Clinical use
Early detection

Risk of disease
progression
Early relapse or
progression
Early relapse or
progression

Cancer type

Hepatocelular
carcinoma
Stage Il colon
cancer
Epithelial
ovarian cancer
Prostate
cancer
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Univariate analysis?

Multivariate analysis?

HR (95% ClI) P-value HR (95% CI) P-value
GSE29622 testing set (n = 65)
Gender (male vs. female) 1.586 (0.682-3.687) 0.284
Pathologic T stage (T3-4 vs. T1-2) 1.678 (0.394-7.141) 0.484 0.559 (0.099-3.162) 0.511
Pathologic N stage (NO vs. N1 vs. N2) 2.744 (1.562-4.820) <0.001 1.322 (0.559-3:128) 0.526
Pathologic M stage (present vs. absent) 5.059 (2.243-11.410) <0.001 3.09 (1.231-7.757) 0.016
TNM stage (llland IV vs. I and Il) 5.290 (1.813-15.436) 0.002 2.331 (0.421-12.911) 0.332
Risk Score (continuous value) 1.272 (1.159-1.396) <0.001 1.232 (1.115-1.363) <0.001
TCGA-COAD validation set (n = 406)
Gender (male vs. female) 1.299 (0.727-2.321) 0.376
Pathologic T stage (T34 vs. T1-2) 3.081 (1.393-6.818) 0.005 2.188 (0.919-5.210) 0.077
Pathologic N stage (NO vs. N1 vs. N2) 1.541 (1.092-2.175) 0.014 1.654 (0.897-3.050) 0.107
Pathologic M stage (present vs. absent) 3.919 (2.080-7.383) <0.001 3.335 (1.511-7.358) 0.003
TNM stage (llland IV vs. I and Il) 1.839 (1.027-3.292) 0.040 0.602 (0.189-1.916) 0.390
Risk score (continuous value) 1.415 (1.262-1.587) <0.001 1.455 (1.287-1.645) <0.001

aThe data were subjected to the Cox proportional hazards regression model. ®Multivariate analysis used stepwise addition and removal of clinical covariates found to be
associated with survival in univariate models (P < 0.05), and final models include only those covariates that were significantly associated with survival (\Wald statistic,
P < 0.05). Bold indicate statistically significant values (P < 0.05).
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LncRNA
name

LINK-A

meloe
HOTAIR
NKX2-1-
AS1
LINC00473
MALAT1
SNHG20
NEAT1

NKILA

Inc-sox5
HOTAIR
Olfr29-pst

Inc-chop

IncRNA
Pvt1

Inc-MC
RUNXOR
HOTAIRM1
Inc-Smad3
Inc-EGFR
SNHG1
Linc-

POUSF3
Lnc-INSR

Cancer type

TNBC

Melanoma

Gastric/Cervical
cancer

Lung
adenocarcinomas

Pancreatic
cancer

DLBCL
Esophageal
squarmous cell
carcinoma

Hepatocellular
carcinoma

Breast and lung
carcinoma

Colorectal cancer
Leukemia
Melanoma

Melanorma
Lung ~ carcinoma
breast cancer

Lung carcinoma

Lung caner
Acute

promyelocytic
leukemia

Hepatocellular
carcinoma

Breast cancer
Gastric cancer

Acute
lymphoblastic
leukemia

Function(s)

Induces antigen loss including PLG components (TPSN, TAP1, TAP2, and
CALR)

$2-microglobul(B2M) and MHC olass | and decrease CD8+ T cells

and APC infiltration

Produces the most immunogenic MELOE antigens(MELOE-1, MELOE-2,
and MELOE-3)

Promotes human leukocyte antigen (HLA)-G expression via inhibiting
miR-162, miR-148a, respectively

Downregulates CD274/PD-L1

Upregulates PD-L1 and thus inhibiting activation of CD8+ T cells

Upregulates PD-L1 expression via miR-195 and regulates CD8+ T cells
Promotes growth and metastasis via ATM- JAK - PD - L pathway

Attunes activity and promotes apoptosis of D8+ T cells via
regulating miR-155/Tim-3

Improves the sensitivity to (activation-induced cell death) AICD of
tumor-specific CTLs and TH1 cells

Reduces infilration and cytotoxicity of CD3+CD8-+T cells via IDO1
Leads to decreased ratio of CD4+/CD8+ T-cell subsets

Promotes the differentiation and function of MDSCs via the meA-
modified Olfr29-ps1/miR-214-3p/MyD88 regulatory network
Promotes the function and differentiation of MDSC

IncRNA Pyt is expressed on G-MDSCs and regulates the
impressive activity of G-MDSC

Promotes the differentiation of monocyte/macrophage into THP-1
cells and CD34(+) HSPCs via miR-199a-5p
Accelerates MDSC-mediated immunosuppression

HOTAIRM1 expression showed a markable association with myeloid
differentiation

Suppresses iTregs polarization and inhibits T-cell autoimmunity
stimulates Tregs differentiation, suppresses CTL activity

Inhibits the differentiation of Tregs by Promoting miR-448 expression and
reducing IDO level

Elevates the distribution of Tregs resulting in increasing

cell proliferation by recruiting TGF-beta

Promotes Treg distribution and decreases the percentage of cytotoxic T
ymphocytes

Immune
results

References

(14)

(28)
(29,30)
©1)
(2
@3
34
(39)
[€5)
@7
[€2)
(39

(40)

@)
“2)
“3)
4
(45)
(“9)
“n
(“8)

(49)

Immune results + represents the IncRNA regulating the immune response positively and negatively, respectively.

LINK-A, long intergenic non-coding RNA for kinase activation; TNBS, trile-negative breast cancer; PLC, peptide-loading complex; HOTAIR, HOX transcript antisense intergenic RNA;
MALAT1, metastasis-associated lung adenocarcinoma transcript; DLBCL, diffuse large B-cell lymphoma; SNHG20, small nucleolar ANA host gene 20; NEAT, nuclear enriched
autosomal transcript 1; NKILA, NF-« B-interacting long non-coding RNA; IDO, indoleamine 2,3-dloxygenase; Inc-chop, long non-coding RNA C/EBPB homologous protein; IncRNA
Pvt1, long non-coding RNA plesmacytoma veriant translocation 1; Inc-MC, long non-coding RNA MonoCyte; RUNXOR, RUNX1 overiepping RNA; HOTAIRM1, HOX transcript antisense

intergenic RNA myeloid1; EGFR, epidermal growth factor receptor; SNHG1, small nucleolar RNA host gene 1; IncRNA, long non-coding RNA; INSR, Inc insulin receptor precursor.
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Cancer type

Hepatocellular
carcinoma

Gastric cancer

Lung cancer

Breast cancer

Colorectal
cancer

Bladder cancer

Pancreatic
cancer

Ovarian cancer

Osteosarcoma

Nasopharyngeal
carcinoma

Glioma

CircRNA

circADAMTS13

SCD-circRNA 2
circRNA_100338

circRNA 101368
cire-10720
circSMARCAS
circLARP4
hsa_circ_0001368
circPVT1
cireNRIP1

circ-KIAA1244.

CircAKT3
ciRS-7

circ-PRMTS

circPTK2
circ_0016760

hsa_circ_0000064
hsa_circRNA_002178
circ_0005230

circKIF4A
circGFRA1T
CircCCDC66

circHIPK3
CircVAPA
cireMTO1
cTFRC
circ-IARS
circ-PDESA
circPLEKHM3
circWHSC1

hsa_circ_0081001
CDRf1as

circ_0034642

Source Cohort
size

Tissue

Tissue
Tissue

Tissue

Tissue

Tissue

Tissue

Tissue
Tissue
Tissue

Plasma

Tissue
Tissue

Tissue

Tissue
Tissue

Tissue
Tissue
Tissue

Tissue
Tissue
Tissue

Tissue
Tissue
Tissue
Tissue
Tissue
Plasma

exosomes

Tissue
Tissue

Tissue
Biopsy

Tissue

102

151
80

51

381

197

187
80

149
132

76

240
51
229

178

80

17

220

79

56

86

92

82
64

68

Expression
in cancer

Down

Up
Up

Up
Up
Down
Down
Down
Up
Up

Down

Up
Up

Up

Down
Up

Up
Up
Up
Up
Up
Up
Up

Up
Up
Up
Up
Up
Down
Up
Up

Up

Up

Clinical significance

Negatively associated with tumor size, BCLC stage; Positively
associated with RFS

Negatively associated with RFS and OS; Positively associated with RFS

Negatively associated with OS; Positively associated with TNM stage,
vascular invasion and lung metastasis

Negatively associated with OS; Positively associated with distant
metastasis, TNM stage, tumor size

Negatively associated with survival; Positively associated with cinical
stage, pathology grade, AFP level and hepatitis B markers

Negatively associated with TNM stage, tumor invassion and tumor size;
Positively associated with tumor diferentiation

Negatively associated with tumor size and lymphatic metastasis;
Posttively associated with OS

Positively associated with prognosis
Positively associated with OS and DFS

Negatively associated with OS and DFS; Positively associated with
tumor size and lymphatic invasion

Negatively associated with OS; Positively associate with TNM stage
and lymphatic metastasis, and poor overall survival time

Positively associate with cisplatin resistance

Negatively associated with OS and DFS; Positively associated with
tumor size, lymph node metastasis and TNM stage

Negatively associated with OS and progression-free survival; Positively
‘associated with tumor size, lymph node metastasis and TNM stage

Positively associated with metastatic NSCLC Tissues

Negatively associated with OS; Positively associated with TNM stage
and lymph node metastasis

Positively associated with TNM stage and lymphatic metastasis
Negatively associated with survival

Negatively associated with OS; Positively associated with tumor size,
TNM stage and lymph node metastasis

Negatively associated with survival
Negatively associated with survival
Negatively associated with OS

Negatively associated with OS; Positively associated with metastasis
and advanced clinical stage

Positively associated with lympho-vascular invasion, depth of invasion,
lymph node metastasis, distant metastasis and TNM stage

Negatively associated with OS and DFS; Positively associated with
lymph node metastasis

Negatively associated with prognosis; Positively associated with tumor
grade and T stage

Negatively associated with survival; Positively associated with liver
metastasis, vascular invasion, and TNM stage

Negatively associated with survival; Positively associated with duodenal
invasion, vasoular invasion, T factor and TNM stage

Posttively associated with OS and RFS
Negatively associated with differentiation

Negatively associated with clinical outcome

Positively associated with survival

Negatively associated with survival; Positively associated with tumor
size and advanced WHO grade

AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; circRNA, circular RNA; DFS, disease-free survival; OS, overall survival; RFS, recurrence-free survival.
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Cancertype  CircRNA Source  Cohort Expression ~ AUC  Sensitivity Specificity Relationship with other References

size in cancer % % biomarkers
HCC CircZKSCAN1 Tissue 102 Down 0.834 82.2 72.4 - (143)
circ_104075 Tissue 89 Down 0973 96.0 98.3 Perform better than DANCR, (144)

HULC, miR-223, miR-21,

UCA1, AFP, DCP, and AFP-L3-
circSMARCAS Plasma 489 Down 0.938 - - When combined with AFP, the (145)

AUC increased to 0.903 and

0.858 in detecting HCC from

hepatitis and cirthosis,
respectively
hsa_circ_0000976, Plasma 1195 Up 0863 - - Perform better than AFP in (134)
hsa_circ_0007750 0843 diagnosing HCC and SmalHGC
and 0864
hsa_circ_0139897
Circ-CDYL. Tissue 149 Up 0.73 75.36 66.67 Perform better than AFP in (114)
diagnosing early stage of HCC
Gastric hsa_circ_0000745  Plasma 120 Down 0683 8.5 450 When combined with CEA, the (146)
cancer AUC increased to 0.775, while
the sensitivity and specificity
changed to 0.800 and 0.633
hsa_circ 0000520 Tissue 56 Down 06120 5357 871 - (147)
hsa_circ_0000520  Plasma 62 Down 08967 8235 84.44  Associated with CEA (147)
hsa_circ_0014717  Tissue 9% Down 0696 5938 8125  Associated with CEAand (140)
CA19-9
hsa_circ_0000096  Tissue 101 Down 0.82 - - When combined with (148)
hsa_circ_002509, the AUC
increased to 0.91, while the
sensitivity and specificity
changed to 0.800 and 0.633
Lung cancer  hsa_circ_0013958  Tissue 49 Up 0815 755 796 - (149)
hsa_circ_0075930  Tissue %2 Up 0756 762 721 - (150)
CircRNA_102231  Tissue 57 Up 0897 812 887 - (151)
CircFARSA Plasma 100 Up 071 - - - 1)
Colorectal  circ-CCDC66, Plasma 106 Down 078 64.4 852 When combined with CEA and (135)
cancer circ-ABCCland CA19-9, the AUC increased to
circ-STIL 0.855 in detecting CRC
GiroVAPA Plasma 103 Up 0724 - - - (152)
CircITGA7 Tissue 69 Down 08791 275 6667 - (159)
hsa-circ-0004771  Circulating 215 Up 088 80,91 8286 - (138)
exosome
Pancreatic  circ-LDLRAD3 Plasma 62 Up 067 57.38 7049 When combined with CA19-9, (154)
cancer the AUC was increased to 0.87
and the sensitivity and
specificity were 0.8033 and
0.9355, respectively
Osteosarcoma ~ circPVT1 Serum ) Up 0871 - - Perform better than ALP and (155)
LDH

AFP, alpha-fetoprotein; circRNA, circular RNA; HCC, hepatocellular carcinoma.
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IncRNAs

HULC

LNMICC

LINCO1138

HAGLR

HOTAIR

Pvt1
NEAT1

MACC1-AST

Metabolism-
related
gene

ACSL1
FASN, ACC1

ACOX1, CPT1
SREBP1

FASN

FASN

FASN
ATGL

ACS, CPT1A

Tumor types

Hepatocellular
carcinoma
Cervical
cancer

Clear cell

renal cell
carcinoma
Non-small cell
lung cancer
Human
nasopharyngeal
carcinoma
Osteosarcoma
Hepatocellular
carcinoma
Gastric

cancer

Year of
publication

2015

2017

2018

2017

2017

2016

2018

2018

References

76)

75)

@n

78)

79

(80)
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Cancer
type

Lung
cancer

Colorectal
cancer

Gastric
cancer

Breast
cancer

Ovarian
cancer

Prostate
cancer

Pancreatic
cancer

Gilioblastoma

Bladder
cancer
Esophageal
squamous
cel
carcinoma
Gallbladder
cancer

CircRNA

hsa_circ_0007059

hsa_circ_103809
circRNA 100146

CircPTK2

circHIPK3

CESRP1

cMras
CircNSUN2
circACC1
€ircCCDCE6
circHIPK3

circPPP1R12A

circlgrd

hsa_circ_0053277
hsa_circ_0001178

CircNRIP1
circPSMC3
circ-DONSON

circYAP1
GircLARP4
GircFAT1 (e2)

circDLST

circ-HUR
¢ircOSBPL10
circKIF4A
FECR1
circ-Dnmt1

CircANKS1B

circEPSTI1
CircIRAK3

CircAGFG1
circFBXW7

cSMARCAS

circMTO1
circ-CDYL

circp-catenin
GirSLC3A2
GircHIPK3

circRHOT1
GircTRIM33-12

circPLEKHM3
hsa_circ_0061140
hsa_circ_0051240
CircWHSC1

circFoxo3

CircZNF609
¢irc0005276

circZMYM2

hsa_circ_0000977
circ-ASH2L

CircNT5E
circMMP9
BCRC-3

ciRS-7

circERBB2

Mechanism

MIRNA sponge

MIRNA sponge
MIRNA sponge

MIRNA sponge
MIRNA sponge
MIRNA sponge

MIRNA sponge
Protein scaffolds
Protein scaffolds
MIRNA sponge
MIRNA sponge

Translation
template

Translation
template

MIRNA sponge
MIRNA sponge

MIRNA sponge
MIRNA sponge
Protein scaffolds

MiRNA sponge
MIRNA sponge
MIRNA sponge

MIRNA sponge

Protein scafolds
MIRNA sponge
MIRNA sponge
Protein scaffolds
Protein scaffolds

MIRNA sponge

MIRNA sponge
MIRNA sponge
MIRNA sponge

Translation
template
MIRNA sponge

MIRNA sponge
MIRNA sponge

Translation
template

MIRNA sponge
MIRNA sponge
Protein scaffolds
MIRNA sponge

MIRNA sponge

MIRNA sponge
MIRNA sponge
MIRNA sponge

Modulators of
transcription
MIRNA sponge
Modulators of
transcription
MIRNA sponge

MIRNA sponge
MIRNA sponge

MIRNA sponge

MIRNA sponge

MIRNA sponge

Protein scaffolds.

Target

miR-378/Wnt/B-catenin
miR-378/ ERK1/2

miR-4302/ZNF121/MYC
miR-361-3p,
miR-615-5p/SF3B3
miR-429, MiR-200b-3p/
TIF1y/TGF-B

miR124-3p/STAT3/PRKAA
and AMPKa

MiR-93-5p/CDKN1A
/TGF-p
miR-567/PTPRG
IGF2BP2/ HMGA2
AMPK

miR-33b, miR-93

miR-7/ FAK, IGF1R, EGFR,
Yvi

GircPPP1R12A-
73aa/Hippo-YAP
circLgré-peptide
Wnt/p-catenin
miR-2467-3p/MMP14

miR-382, miR-587,
miR-616/ZEB1

miR-149-5p/AKT1-mTOR
miR-296-5p/PTEN
NURF/SOX4

miR-867-5p/p27 Kip1
miR-424/LATS

miR-548g/RUNX1
YBX1

miR-502-
5p/NRAS/MEK1/ERK1/2
CNBP/HUR
MIR-136-5pWNT2
GircKIFAA-miR-375-KIF4A
FU1/TET1

PSI/AUF1

miR-148a-3p, miR-152-
3p/USFA/TGF-B1/Smad
miR-4753, 6809/BCL11A
miR-3607/FOXC1
miR-195-5p/ CONE1

FBXW7-185aa/c-Myc

miR-17-3p,
mIR-181b-5p/TIMP3
miR-9/p21

miR-892a/HDGF,
miR-328-3p/HIFIAN

p-catenin/Wnt

miR-490-3p/PPM1F
miR-124/AQP3
TIP60/NR2F6
miR-191/TET1

miR-9/BRCA1/DNAJBE
JKLFA/AKTA
miR-370/FOXM1
miR-637/KLK4
miR-145/ MUC1
miR-1182/hTERT
Foxo3

miR-186-5p/YAP1/AMPK
FUS/XIAP

miR-836-5p/JMJID2C

miR-874-3p/PLK1
miR-34a/Notch 1

miR-422a
MIR-124/CDKA/AURKA
miR-182-5p/p27

MIR-7/HOXB13/NF-
«B/p6S

PA2G4/TIFIA

Expression Function

in cancer
Down

Up
Up

Down

Up

Down

Down
Up
Up
Up
Up

Up

Up

Up
Up

Up
Down
Up

Down
Down
Down

Up

Down
Up
Up
Up
Up

Up
Up
Up
Up
Down

Down

Down
Up

Up
Up
Up
Up
Down
Down
Up
Up
Up

Down

Up
Up

Up

Up
Up

Up
Up
Down

Up

Up

Inhibit cel prolferation and EMT, promote apoptosis

Promote cell proliferation and invasion

Inhibit cell proliferation and invasion, promote
apoptosis

Inhibit EMT and metastasis

Promote call proliferation, migration and invasion,
inhibit macroautophagy and autophagy

Increase chemotherapy sensitiity

Inhibit LUAD growth and metastasis

Promote liver metastasis and cells invasion
Promote cell prolferation

Promote cell proliferation, migration, and metastasis

Promote cell proliferation, migration and invasion,
inhibit cell apoptosis

Promote cell proliferation, migration and invasion

Promote colorectal cancer stem cells (CSCs)
self-renewal, colorectal tumorigenesis and invasion

Promote cell proliferation, migration, and EMT
Promote cell migration and invasion

Promote cell proliferation, migration, invasion
Inhibit the tumorigenesis in vivo and in vitro
Promote cell proliferation, migration and invasion,
inhibit apoptosis

Inhibit cell growth and invasion in vitro and in vivo
Inhibit cell proliferation and invasion

Promote cell proliferation, migration, and invasion

Promote the tumorigenesis and metastasis

Inhibit cell growth, invasion, and metastasis
Promote cell growth, migration, and invasion
Promote cell proliferation and migration
Enhance invasiveness of breast cancer cells

Promote the proiferative and survival capacities of
breast cancer cells by stimulating cellular autophagy

Promote breast cancer invasion and metastasis

Promote cell proliferation, inhibit apoptosis
Promote cell migration, invasion and metastasis
Promote triple-negative breast cancer (TNBC) cell
proifferation, mobilty and invasion as wel as
tumorigenesis and metastasis in vivo

Inhibit proliferation and migration abities of TNBC
cells

Inhibit cell proliferation and migration of HCC cells

Inhibit cell proliferation and invasion
Promote tumor growth

Promote malignant phenotypes in vitro and in vivo

Promote HCC cell proliferation and invasion
Promote cell proliferation and migration
Promote proliferation and metastasis

Inhibit proliferation, migration, invasion and immune
evasion abilties of HCC cells

Inhibit cell growth, migration and EMT

Promote cell proliferation and migration

Promote cell proliferation, migration and invasion
Promote cell proliferation, migration and invasion,
inhibit cell apoptosis

Inhibit prostate cancer viability and EMT

Promote growth, migration and invasion
Promote cell proliferation, migration and EMT

Promote cell proliferation and invasion, inhibit cell
apoptosis

Promote pancreatic cancer growth

Promote tumor invasion, proliferation and
angiogenesis

Promote call proliferation, migration and invasion
Promote cell prolferation, migration and invasion
Inhibit cell proliferation

Inhibit cell proliferation, migration and invasion

Modulate ribosomal DNA transcription and cell
proliferation

CircRNA, circular RNA; EMT, epithelial-mesenchymal transition; HCC, hepatocellular carcinoma; LUAD, lung adenocarcinoma.
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IncRNAs

HAND2-AS1
IncRNA Ftx

Inc-p23154

IncRNA-NEF

HOTAIR

MACC1-AST

SNHG3

LINC00470
TUG1T

TUG1
Pvt1
Pvtt

HOTAIR

YIYA
FEZF1-AS1

LINCO1554

CRYBG3
CASC8

PDIA3P

PCGEM1

Metabolism-
related
enzyme

GLUT1, GLUT3
GLUT1, GLUT4
PFK, LDH, CS
IDH, OGDH
GLUT1

GLUT1

GLUT1

GLUT1

PFK, PKM, CS
IDH, OGDH

HK1
HK2

HK2
HK2
HK2

HK2

PFKFB3
PKM2

PKM2

LDHA
LDHA

G6PD

G6PD

Tumor/cell
types

Osteosarcoma

Hepatocellular

carcinoma
oral
squamous
cell
carcinoma
Non-smal cell
lung cancer
cells
Hepatocellular
carcinoma
Gastric
cancer
Ovarian
cancer
glioblastoma
Hepatocellular
carcinoma
Osteosarcoma
Osteosarcoma
Gallbladder
cancer
Oesophageal
squamous
cell

carcinoma
Breast cancer
Colorectal
cancer
Hepatocellular
carcinoma
Lung cancer
Bladder
cancer
Muliple
myeloma
Prostate
cancer

Year of
publication

2018
2018

2018

2019

2017

2018

2018

2018
2018

2018
2017
2019

2017

2018
2018

2019

2018
2017

2018

2014
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Database

Circbase

CIRCpedia v2

DeepBase 2.0

CircRNADD

TSCD
Circlnteractome

CSCD

Circ2Traits

MiOncoCirc

ExoRBase

Website
http://www.circbase.org/

hitpy//www.pich.ac.cr/momics/
circpedia

httpe//ma.sysu.edu.cn/
deepBase/
http://202.195.183.4:8000/
ciremadb/circRNADb.php
hitp://gb.whu.edu.cn/TSCD
http://circinteractome.nia.nih.
gov/
httpe//gb.whu.edu.cn/CSCD/

hitpu//gyanxet-beta.com/circdb/

https://nguyenjoshvo.github.io/

http://www.exorbase.org/

circRNA, circular RNA; RBP. RNA binding protein.

Function

Gircbase collects and integrates published circRNA data and identifies
GircRNAS in sequencing data by find_circ software

CIRCpedia contains transcriptome data from approximately 180 samples
across six species and systematically annotates alternative back-splicing
and altemnative splicing events of CircRNAS

DeepBase v2.0 collects a total of 107,913 GircRNAS, of which 92.5% were
found in human

CircRNADb provides not only basic information about the chromosormal
position and sequences of circRNAs but also the information about their
protein-coding potential

TSCD collects tissue-specific circular RNAs in humans and mice
Girclnteractome provides information about microRNA and RBP binding
sites on circRNAs and can design specific primers and SIRNA for GrcRNA
experiment verification

GSCD collects circRNA data from 87 cancer celllines and 141 normal cells,
describing cancer-specific GircRNA

Girc2Traits integrates 1,954 circular RNAs related to human diseases. The
included circRNA contains disease-related SNPs or can interact with
disease-related mRNAS

MiOncoCirc colects the data of circRNA expression in different cancer
dlinical samples

ExoRBase collects 58330 GircRNAS from 92 serum exosomal RNA
sequencing samples
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Adverse event

rLVEF

alVEF

AlT increase

AST increase

ALP increase

Blood bilirubin increase
Creatinine increase
Leukemia
Neutropenia
Thrombocytopenia
Anemia

Peripheral neuropathy
Nausea

Vomiting

Alopecia

Constipation

Diarthea

Fatigue

N

36
36
59
59
59
59
59
59
59
59
59
59
59
59
59
59
59
59

Serum miR-222-3p

OR

0.410
0.394
1.340
0.938
1.072
1177
0.820
0.852
0.675
1.072
0.408
0.938
1.488
1.161
1.935
2234
1.024
0.761

95% ClI

0.175-0.962
0.166-0.937
0.565-3.465
0.462-1.948
0.148-7.750
0.591-2.342
0.383-1.757
0.439-1.653
0.350-1.230
0.148-7.750
0.201-0.828
0.477-1.843
0.728-3.040
0.561-2.448
0.893-4.193
0.940-5.308
0.523-2.006
0.368-1.572

P

0.040
0,035
0.467
0.855
0945
0,643
0.610
0635
0.240
0.945
0013
0.852
0276
0.694
0.004
0.069
0.944
0.460

OR, odds ratio, Cl, confidence interval; rLVEF, relative drop of left vetrucular ejection
fraction from baseline; alVEF, absolute drop of left vetrucular ejection fraction
from baseline; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALF.

alkaline phosphatase.
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Parameters

Age (years)
<60
260
Gender
Male
Female
Differentiation grade
Wel/moderate
Poor/undifferentiated
Tumor size (om)
<5
=5
Tumor location
Right hemicolon
Left hemicolon
Rectum
Lymphovascular invasion
Present
Absent
TNM stage
m
v
MS/MMR
PMMR/ MSI-LMSS
AMMR/MSI-H

53
37

49
41

58
32

44
46

24
32
34

62
28

56
34

7
13

LncRNA MIR4435-2HG

High (n = 45)

25
20

23
22

26
19

16
29

8
18
19

32
13

21
2%

36
9

Low (n = 45)

28
17

26
19

22
23

28
17

16
14
15

30
15

35
10

41
4

P-value

0.520

0.525

0.398

0.011

0.162

0649

0.002

0.134

PMMR, proficient mismatch  repai; MSI-L, microsatelite instability low; MSS,

microsatelite stable; dMMR, deficient mismatch  repair;

instabilty high.

MSI-H, - microsatellite
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Characteristics Multivariate survival analysis

HR 95% CI P value
MR-222-3p (highvs.low) 5778 1196  27.906 0,029
T stage (13-4 vs. T1-2) 1472 0274 5019 0831
N stage (N2-3 vs. NO-1) 2580 0259 25736 0.419
ER (positive vs negative) 2318 0336 15969 0398
PR (positive vs negative) 0730 0097 65474 0.759
Ki67 (>40% vs. <40%) 0791 0202 3098 0736

DFS, disease-free sunvival; ER, estrogen receptor; PR, progesterone receptor; HR, hezard
ratio; Cl, confidence interval,
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Variable  Total no. Relative SNHG12 expression Pvalue
(n=207)

Low (n = 103) High (n = 104)

Correlation between SNHG12 expression and clinicopathological variables
of ccRCC patients

Gender P=0362
Female 80 43 37
Male 127 60 67
Diagnosis age (years) P=0234
<60 % 43 52
=60 112 60 52
Grade P=0840
G1+G2 91 46 45
G3+G4 116 57 59
Pathologic M P=0285
Mo 171 88 83
M1 36 15 21
Pathologic N P =0.031
NO 196 101 9%
N1 11 2 9
Pathologic T P=0714
T14T2 122 62 60
T3+T4 85 4 44
Person neoplasm cancer status P=0499
Tumor free 134 69 65

With tumor 73 34 39
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Characteristics Multivariate logistic analysis

OR 95% CI Pvalue
MiR-222-3p (ighvs.low) 0258 0070 0958 0043
T stage (T3-4 vs. T1-2) 0627 0142 2762 0537
N stage (N2-3 vs. NO-1) 0474 0024 1284 0086
ER (positive vs. negative) 0050 0007 0347 0002
PR (positive vs. negative) 4239 0743 24186 0.104
Ki67 (>40% vs. <40%) 7455 1857 27.566 0004

PCR, pathological complete response; ER, estrogen receptor; PR, progesterone receptor;
OR, odds ratio; Cl, confidence interval.
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Characteristics

Age (years)
<50

>50

Menopausal status
Premenopausal
Postmenopausal
Presenting clinical T stage
™

T2

3

T4

Presenting clinical N stage
NO

N1

N2

N3

Presenting ER status
Negative

Positive

Presenting PR status
Negative

Positive

Presenting Ki67 level
<40%

>40%

pCR

Yes

No

DFS event

Yes

No

Death

Yes

No

miR-222-3p low  miR-222-3p high

10 (41.67)
14 (58.33)

10(41.67)
14(58.33)

2(4.88)

7(17.07)
20 (48.78)
12 (29.27)

9(21.95)
26 (63.41)
2(4.88)
4(9.76)

23 (56.10)
18 (43.90)

18 (43.90)
23(56.10)

22 (53.66)
19 (46.34)

22 (53.66)
19 (46.34)

3(732)
38 (92.68)

0(0.00)
41 (100.00)

N (%)

16 (39.02)
25 (60.98)

15 (36.59)
26 (63.41)

0(0.00)
7(9.47)
8(33.33)
9(37.50)

0(0.00)
23(95.83)
0(0.00)
14.47)

14(58.33)
10 (41.67)

9(87.50)
15 (62.50)

12 (50.00)
12 (50.00)

9(37.50)
15 (62.50)

6(25.00)
18 (75.00)

3(12.50)
21(87.50)

P value

0834

0.684

0.402%

0.016*

0.861

0613

0.776

0.208

0.066*

0.046"

ER, estrogen receptor; PR, progesterone receptor; pCR, pathological complete response;

DFS, disease-free survival,
*Fisher's test.
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Phenotypes

Upregulated circRNAs
Tumorigenicity

Drug-esistance

Metastasis

Downregulated circRNAS
Tumorigenicity

CircRNA

Hsa_circ_0001564
Hsa_circ_0009910
CDRfas

circPVT1
Has_circ_001569
Hsa_circ_0004674

Hsa_circ_0001258
circTADA2A
Has_circ_0016347
CiIrcNASP

circHIPK3
Hsa_circ_0002052

Pathway/target

Hsa_circ_0001564/miR-29¢-3p
Has_circ_0000910/miR-449a/IL6R axis.
CDRt1as/miR-7 signals

Increasing the expression of ABCB1
Activating Wnt/ catenin signaling

Has circ 0004674/miR-490-3p/ABCC2
Has circ 0004674/miR-1254/EGFR

Hsa_circ_0001258/hsa-miR-744-3p/GSTM2
circTADA2A/mIR-203a-3p/CREB3
Has_circ_0016347/miR-214/caspase-1
circNASP/miR-1263/FOXF1

Hsa_circ_0002052/miR-1205/APC2

References
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Group

60 patients(training)

59 patients (validation 1)

60 patients (validation 2)

Total 179 patients

80 patients from TCGA

Factors

Mets

Six-IncRNA signature
Mets

Six-IncRNA signature
Mets

Six-IncRNA signature
Mets

s

Six-IncRNA signature

IncRNA signature

HR

426
3.49
9.82
721
238
3.00
267
3.97
5.37

Overall survival (OS)

95% ClI

1.13-16.03
157-7.77
1.96-49.10
2.02-25.76
0.76-7.54
1.18-7.62
1.48-4.83
2.47-6.36
1.02-28.41

‘p < 0.001; HR, hazard ratio; 95% Cl, 95% confidence interval.

P

0.031*
0.002"
0.005™
0.002**
0.141
0.02%
0.001**
0.0001***
0.047%

Recurrence-free survival (RFS)

HR

5.87
527
84.26
104.08
1.32
3.37
2.40
323
3.47

95% CI

1.20-28.62
1.56-17.75
5.67-1263.30
7.90-1370.66
0.42-4.16
0.96-11.81
1.25-4.60
1.95-6.35
1.04-11.62

P

0.028*
0.007*
0.001*
0.0004"*
0.635
0.068
0.008"
0.0001***
0.043*
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Variable

Age

Gender
Tobacco use
Alcohol use
Adjuvant therapy
T stage

N stage

TNM stage

Tumor location

Tumor grade

MetS

BMI
Hyperglycemia
Hypertension
Triglycerides
HDL-C

LDL-C
Arthythmia
Peumonia
Anastomotic leak

<560/50-59
60-69/50-59
70-79/50-59
>80/50-59
Female/male
Yes/no
Yes/no
Yes/no
T3

273

T43

N1/NO
N2/NO
N3/NO

T2

T8/12
Upper/middie
Lower/middie
Wel/moderately
Poorly/moderately
With/without
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no
Yes/no

Hazard ratio

1.36
075
0.97
1.13
075
1.18
1.31
8.50
113
0.80
238
251
3.26
6.56
1.15
3.67
1.60
0.85
0.76
1.00
1.7
124
1.68
1.14
1.04
0.68
0.93
0.99
1.10
1.03

Univariable

95% confidence interval

0.74-2.51
0.45-1.26
0.43-2.21
0.15-8.32
0.41-1.39
0.74-1.88
0.83-2.06
3.69-19.55
0.48-2.65
0.39-1.64
1.41-4.04
1.47-4.29
1.67-6.39
3.08-14.00
0.34-3.89
2.18-6.18
0.79-2.83
0.52-1.39
0.39-1.46
0.60-1.66
0.99-2.96
0.77-2.00
1.02-2.46
0.72-1.79
0.57-1.93
0.38-1.24
059-1.48
0.59-1.66
0.48-2.53
0.42-2.54

P

0.325
0.283
0.947
0.901
0.359
0.492
0.247
0.0001***
0.776
0.548
0.001**
0.0001***
0.0001**
0.0001***
0.822
0.0001***
0.217
0.513
0.403
0.989
0.065
0.373
0.040%
0.574
0.888
0.211
0.759
0.981
0.821
0.952

Hazard ratio

1.83
0.83
1.06
226

5.34
1.18
1.03
1.40
1.03
T
2.21
1.18
2.72
1.37
0.58
1.02
0.86
239

Multivariable

95% confidence interval

0.90-3.70
0.46-1.48
0.43-2.62
0.28-17.89

223-12.77
0.36-3.82
0.44-2.39
0.74-2.64
0.45-2.35
0.41-2.99
0.74-6.61
0.28-5.02
1.12-6.61
0.66-2.86
0.34-1.00
0.47-2.21
0.49-1.51
1.29-4.43

P

0.004
0525
0.892
0.445

0.0002***
0.787
0.946
0.303
0.940
0.833
0.156
0.824
0.027*
0.406
0.051
0.959
0.597

0.005™
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Name

SNHG17 forward (human)
SNHG17 reverse (mouse)
B-actin forward

B-actin reverse

CD51 forward

CD51 reverse

miR-144 forward
miR-144 reverse

U6 forward

UG reverse

Sequence

5 -TGCTTGTAAGGCAGGGTCTC-3
5'-ACAGCCACTGAAAGCATGTG-3
5'-GGCGGCACCACCATGTACCCT-3"
5'-AGGGGCCGGACTCGTCATACT-3'
5'-AAGCTGAGCTCATCGTTTCC-3
5'-GCACAGGAAAGTCTTGCTAAGG-3'
5-GGCCCTGGCTGGGATATCAT-8'
5'-GGTGCCCGGACTAGTACATC-3
5'-CTCGCTTCGGCAGCACA-3'
5'-AACGCTTCACGAATTTGCGT-3"
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Variable

Age

Gender
Tobacco use
Alcohol use
Adjuvant therapy
T stage

N stage

TNM stage

Tumor location

Tumor grade

MetS

BMI
Hyperglycemia
Hypertension
Triglyoerides
HDL-C

LDL-C
Arthythmia
Peumonia
Anastomotic leak

<50/50-59
60-60/50-59
70-79/50-59
>80/50-59
Female/male
Yes/no

Yes/no

Yes/no

TIM3

273

T4

N1/NO

N2/NO

N3/NO

Tim2

TaT2
Upper/middie
Lower/middie
Wel/moderately
Poorly/moderately
With/without
Yes/no

Yes/no

Yes/no

Yes/no

Yes/no

Yes/no

Yes/no

Yes/no

Yes/no

Hazard ratio

091
1.35
1.91
5.39
1.28
075
0.86
1.93
0.97
1.05
1.64
204
205
2.97
0.56
203
1.47
0.88
0.99
1.63
173
1.30
1.24
1.24
111
0.95
1.07
1.12
1.43
1.30

Univariable

95% confidence interval

0.46-1.78
0.87-2.11
1.01-3.61
1.64-17.69
0.80-2.05
051-1.10
0.69-1.27
1.22-3.04
0.44-2.12
0.60-1.82
1.00-2.67
1.31-3.18
1.14-3.70
1.42-6.19
0.17-1.82
1.35-3.06
0.83-2.59
0.57-1.35
0.57-1.70
1.08-2.50
1.06-2.82
0.86-1.96
0.83-1.83
0.83-1.84
0.65-1.89
0.59-1.54
0.72-1.59
0.73-1.72
0.72-2.83
0.60-2.80

P

0.776
0.185
0.047*
0.005*
0.306
0.144
0.457
0.004*
0.935
0.870
0.048*
0.001***
0.017*
0.003*
0.336
0.0006***
0.186
0.561
0.961
0.024*
0.027*
0.220
0.294
0.290
0.701
0.848
0.752
0.608
0.309
0.503

Hazard ratio

0.99
141

2.08
12.96

1.24
1.40
1.26
1.69
1.37
1.20
174
0.56
1.68
2.03
0.66
141
1.68
221

Multivariable

95% confidence interval

1.48-2.06
0.88-2.35
1.02-4.25
3.62-46.44

0.74-2.10
0.48-4.08
0.65-2.45
0.93-3.08
0.68-2.75
0.48-2.97
0.65-4.64
0.13-2.33
0.77-3.68
1.07-3.86
0.41-1.07
0.76-2.66
1.05-2.71
1.27-3.86

P

0.979

0.150

0.044%
0.0001***

0.413
0532
0.501
0.083
0379
0.694
0270
0.418
0.191
0.029%
0.088
0.287
0.082%
0.005*
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Name

Lv-SNHG17 sense
Lv-SNHG17
antisense

Lv-CD51 sense
Lv-CD51 antisense
Lv-control sense
Lv-control
antisense
SNHG17 siRNA-1
sense

SNHG17 siRNA-1
antisense
SNHG17 siRNA-2
sense

SNHG17 siRNA-2
antisense

CD51 siRNA sense
CD51 siRNA anti
sense

NC siRNA sense
NC siRNA
antisense

miR-144 mimics
miR-144 inhibitors
miR-144 NC

Sequence

5'-AGGTGA-CCGGTGCCATGTTGATTGTCGCTTTTG-3
5'-CACAG-GATCCAGCCTAAGTCCGAAGACTCGAT-3'

5'-AGGTGA-CCGGTCCGTGTCACGAGATACCTTTAA-3
5'-CACAG-GATCCGTCTTACGCTACCCTGTGAGAGAT-3'
5'-AGGGTACCCCTGGGACCCGGCACCGGAGACG-3'
5'-TCCACTAGGTGCGGACCGCTCCCAATGAG CA-8'

5'-GAUUGUCAGCUGACCUCUGUCCUGU-3’

5'-ACAGGACAGAGGUCAGCUGACAAUC-3'

5'-AUCCUCAUGUCACUGUCUUGUUCCTT-3

5'-UGAACGCCGAGCUGCGCCUUAAGUUA-8'

5'-CCAACUUCAUUAUAGAUUUTT-3
5'-AAAUCUAUAAUGAAGUUGGTA-3'

5"-UUCUCCGAACGUGUCAGGUTT-3
5'-AGGUGACACGUUCGGAGAATT-3'

5"-UACAGUAUAGAUGAUGUACU-3"
5'-AGUACAUCAUCUAUACUGUA-3'
5 -UUUGUACUACACAAAAGUACUG-3'
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Variable Without MetS With MetS

No. of patients 153 26
Age

<50 21 (18.73%) 2(7.69%)
50-59 60 (39.22%) 6(23.08%)
60-69 58(37.91%) 12 (46.15%)
70-79 1.(7.19%) 6(23.08%)
>80 3(1.96%) 0(0.00%)
Gender

Male 127 (83.01%) 19 (73.08%)
Female 26 (16.99%) 7 (26.92%)
Tobacco use

No 52 (33.99%) 13 (50.00%)
Yes 101 (66.01%) 13 (60.00%)
Alcohol use

No 60 (39.22%) 13 (60.00%)
Yes 93 (60.78%) 13 (50.00%)
Arhythmia

No 116 (75.82%) 20 (76.92%)
Yes 37 (24.18%) 6(23.08%)
Preumonia

No 139 (90.85%) 25 (96.15%)
Yes 14 (9.15%) 1(3.85%)
Anastomotic leak

No 144 (94.12%) 23 (88.46%)
Yes 9(5.88%) 3(11.64%)
Adjuvant therapy

No 49 (32.03%) 9(34.62%)
Yes 104 (67.97%) 17 (65.38%)
T stage

il 10 (6.54%) 2(7.69%)
2 21 (18.73%) 6(23.08%)
T3 97 (63.40%) 13 (50.00%)
T4 25 (16.34%) 5(19.23%)
N stage

NO 70 (45.75%) 13 (60.00%)
N1 53 (34.64%) 9(34.62%)
N2 18 (11.76%) 4(15.38%)
N3 12 (7.84%) 0(0.00%)
TNM stage

I 8(5.23%) 2(7.69%)
n 67 (43.79%) 10 (38.46%)
in 78 (50.98%) 14 (63.85%)
Tumor location

Upper 19 (12.42%) 1(3.85%)
Middle 86 (55.56%) 12 (46.15%)
Lower 49 (32.03%) 13 (50.00%)
Tumor grade

Wel 31(20.26%) 1(3.85%)
Poorly 43(28.10%) 6(23.08%)
Moderately 79 (51.63%) 19 (73.08%)
Whether death

No 67 (43.79%) 6(23.08%)
Yes 86 (56.21%) 20 (76.92%)
0s 37.81 £ 23.01 27.10 £+ 20.00
Whether recurrence

No 88 (57.52%) 10 (38.46%)
Yes 65 (42.48%) 16 (61.54%)
RFS 3058 & 25.49 2020 & 21.06

*p < 0.05.

p value

0.061

0.227

0.116

0.301

0.903

0.367

0.286

0.794

0.553

0.501

0.809

0.142

0.066

0.047*

0.027*
0.071

0.051
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Characteristics

Age (y)

TNM stage

Lymph node metastasis
Pathologic grade
TBULC

Single-factor
P

0.049
0.008
0.04
0.012
0.019

Multi-factor

P

0.096
0.198
0.876
0210
0.030

OR

1.631
1.906
1.081
0.657
0.513

95% CI

Lower Upper

0917
0714
0.406
034

0.281

2.901
5.089
2.883
1.267
0.936
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Characteristics

Gender

Male

Female

Age (v)

<60

=60

Pathologic stage
Adenocarcinoma
Squamous
Pathologic grade
Poor

Medium and well
Lymph node metastasis
Positive

Negative

TNM stage

L

n, v

Tumor size
<8em

=3om

Smoking

<30

230

TBULC relative expression

High

expression (53) expression (53)

37 (60.7)
16 (48.5)

29(51.8)
24 (45.3)

27 (509)
26 (49.1)

32(54.2)
2144.7)

26 (50.0)
27 (50.0)

30 (50.8)
23 (48.9)

17 (54.8)
36 48.0)

27 (48.2)
26 (52.0)

Low

36(49.3)
17 (61.5)

27(48.2)
26(54.7)

26 (49.1)
27 (50.9)

27 45.8)
26(55.9)

26(50.0)
27 (50.0)

29(49.2)
24(51.1)

14.(45.2)
39(52.0)

29(51.8)
24 (48.0)

chi-
square

0.044

0.151

0.038

0.956

0.000

0.038

0.410

0.151

P

0.834

0.697

0.846

0.328

1.000

0.845

0.522

0.697
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LncRNA

PICSAR

TINCR

LINC00520

LINCO0319

THOR

AK144841

MALAT1

LINCO1048

GAS5

HOTAIR

C. location

Chr21g22.3

Chr.19p13.3

Chr.14022.3

Chr21g22.3

Chr2q14.2

ChrdqC.4

Chr.11q13.1

Chr.13q18.3

Chr.1q25.1

Chr.12q13.13

Cells

Primary NHEKs

A431 cells

A431 cells

SCL-1 cells A431
cells

A431 cells primary
human skin SCC
cells

mSCC-20, mSCC-
38-mSCC-20, and
mSCC-38 cells
A431 cells

A431 cells, HSC-1
cells, HSC-5 cells

SCC13 cells,
SCL-1 cells

A431 cells

Ad31cells, HSC-5
cells, SCC13 cells,
and SCL-1 cells

Tissues

oSCC
patients mice

<SCC
patients

Expression
in cSCCs

Upregulated

Downregulated
Downregulated

Upreguiated

Upreguiated

Upreguiated

Upreguiated

Upreguiated

Downregulated

Upreguiated

Confirmation in vitro
and in vivo

GPCR and FISH
verification in primary
NHEKs and patients’
tissues

GPCR verification in
A431 cells

GPCR verification in
A431 cells

GPCR verification in
A431 cells and SCL-1
cells PCR and FISH
verification in patients’
tissues

GPCR verification in
A431 cells and primary
human skin SCC cells

GPCR verification in
A431 cells

GPCR verification in
A431 and HSC-1 cells.
FISH verification in
patients’ tissues.

GPCR verification in
SCC18 and SCL-1
cells and patients’
tissues

GPOR verification in
A431 cells

GPCR verification in
A431 cells, HSC-6
cells, SCC13 cells, and
SCL-1 cells

Related
gene

PBB/MAPK
ERK1/2

ERK1/2-SP3

EGFR
PISK-AKT

CDK3

IGF2BP1

c-MYC KTN1
EGFR

TAF16 YAP1

miR-326
PRAF2

Functional role

Proliferation and
migration

Apoptosis and
autophagy

Invasion and
metastasis

Proliferation, migration,
and adhesion

Proliferation

Proliferation, migration,
and invasion

Prolferation and
apoptosis

Prolferation and
apoptosis

Migration, profieration,
and EMT process

References

(6,27)

(33)

[E)

(“2)

(43)

(63)

(74)
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Approved
symbol

BANCR

PTCSC2

PVT1

NEAT1

HOTAIR

TNRC6C-AS1

MEG3
GAS8-AS1
PTCSC3

SPRY4-IT1
GASS
H19

CASC2

MALAT1

IncRNA name

BRAF-activated non-coding
RNA

Papillry thyroid carcinoma
susceptibilty candidate 2
PVT1 oncogene

Nuclear-enriched abundant
transcript 1

Hox transcript antisense
intergenic RNA

TNRC6C antisense transcript
1

Maternally expressed gene 3

Papillary thyroid carcinoma
susceptibility candidate 3

SPRY4 intronic transcript 1

Growth arrest specific 5
H19

Cancer susceptibiity
candidate 2
Metastasis-associated lung
adenocarcinoma transcript 1

Gene locus

Chr. 9621.12

Chr9q22

Chr.8q24.21

Chr11q13.1

Chr.12g13.3

Chr.14q32.2

chr.14q13.3
Chr5q31.3
Chr.1g25.1
Chr.15p.15.5

Chr.10626

Chr.11q13.1

Expression
level in
patient

Overexpression

Underexpression

Overexpression

Overexpression

Overexpression

Overexpression

Underexpression
Underexpression
Underexpression

Overexpression

Underexpression

Overexpression
Underexpression

Overexpression

Molecules and pathways
interacting with IncRNA in
thyroid cancer

EZH2, EMT, the Raf/MEK/ERK
signaling pathway

MYH9

Insulin like growth factor 1
receptor, EZH2, microRNA-30a

miR-120-6p, miR-214
Wt pathway, COND2
UNGCSB, TNRCEC

miR-182, Rac1
ATGs

S100A4 protein, miR674-5p,
Wnt/-Catenin Signaling

The-receptor-transduced
mitogen-activated protein kinase
pathway

miR-222-3p
miR-17-5p, TNFR2
EMT

EMT, TAM

References

(67,69)
@3
(72,79)
(14, 15)
(24, 25)
(28)
(52,59)
(38)
(44, 45)
(©0)
(86,87)
(90, 93)

(95, 96)

(102, 103)
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Clinicopathological parameters

Age (>60 vs. <60 years)
Gender (male vs. female)

Tumor size (arge vs. smal)

Differentiation gradle (poorly and moderately VS wel)
Lymph node metastasis (yes vs. no)

Tumor stage (II-IV vs. I-l)

Depth of invasion

Distant metastasis

Studies (1)

Patients (1)

1,330
1,207
1,117
1,161
702
1,248
292
378

OR (95% Cl)

1.05 (0.84-1.33)
098 (0.76-1.26)
1.28 (0.73-2.25)
1.45 (0.95-2.21)
1.92 (0.93-3.98)
205 (0.99-4.27)
3.95 (2.35-6.63)
2.87 (1.60-5.16)

P value

0.649
0.879
0.386
0.082
0.049
0.045
<0.001
<0.001

2%

158
0.00
745
50.6
70.0
85.6
0.00
0.00

Heterogeneity
P

0.289
0.856
0.000
0.04
0.001
0.000
0.381
0.393

Model

Fixed
Fixed
Random
Random
Random
Random
Fixed
Fixed
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Subgroup analysis No. of cohorts

Type of cancer
Non-digestive system carcinoma 3
Digestive system carcinoma 5

Sample size
=100 5
<100 6

NOS scores
=7 5
<7 6

Follow-up time
<60 4

>60 7

Pooled OR
Random

1.32(0.68-2.56)
2.25 [1.46-3.45)

1.87 (0.96-3.62)
1.640.96-2.80]

1.63[1.31-2.03]
1.56 [0.76-3.20]

1.61(0.68-3.81)
1.80 [1.08-3.00)

Meta regression (p value)

P(%)

80.8
58.7

88.0
63.4

00.0
88.0

758
83.4

Heterogeneity

p value

0.000
0.046

0.000
0.018

0.453
0.000

0.006
0.000
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Study Region  Tumor type Detection  Samplesize Follow-up Endpoints Expression  Cut-off NOS  Method

method (high/low)  (month) associated  value score
with poor
prognosis
Huangetal.  China  Cervical squamous  GRT-PCR 38/30 (68) 8 08 High High: fold 6 1
(30) cell carcinoma change>4.7
Jangetal (31) China  Pancreatic ductal  GRT-PCR 17/1431) NA  Os High NA 6 2
adenocarcinoma we
Hanetal. (21) China  Non-smallcelllung ~ qRT-PCR 70/70 (140) 60 os Low Mean 6 1
cancer wB
IHC
Luetal. (32) China  Colorectal cancer QRT-PCR 62/62 (124) 60 os High Median 6 1
wB
Maetal. (17) China  Gastric cancer GRT-PCR 73/27 (100) 3  OS,DFS  High NA 7 1
PengandFan China  Hepatocelular GRT-PCR 326/156(482) 60  OS,TIR  High NA 7 2
(19) carcinoma
Lietal. (17) China Colorectal cancer qRT-PCR 51/51 (102) 60 0s High Median 7 1
Xuetal.(20)  China  Renal cell carcinoma  GRT-PCR 34/28 (62) w0 oS High Median 6 1
wB
Xuetal.(18) ~ China  Cholangiocarcinoma  qRT-PCR 40/27 (67) 60  0S High NA 7 1
wB
Zhan et al. (33) China Bladder cancer qRT-PCR 37/18 (85) NA 0os High Mean 6 2
Jin (34) China  Renal cell carcinoma  qRT-PCR 22/26 (48) 60  Os High NA 7 2
Huangetal.  China  Oralsquamouscell  GRT-PCR 4745 (92) 60  OS High NA 7 1
(35) carcinoma
Nie et al. (36) China Non-small cell lung gRT-PCR 27/67 (94) 48 0S8, PFS Low NA 6 4
cancer

Method: 1 denoted as obtaining HRs directly from publications; 2 denoted as HRs calculated from the total number of events, corresponding p-value and data from Kaplan-Meier curves;
IHC, immunohistochemistry; PCR, polymerase chain reaction; WB, westem blot; OS, overall survival; TTR, time to recurrence; DFS, disease-free survival; NOS, Newcastle-Ottawa Scale;
NA, not available.
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Characteristic

Total
Median follow-up (days)
Age
Sex

Race

Tumor grade

Stage

Tstage

N stage

M stage

557 (1-3,675)
595+ 13.0
Male

Female
White

Others

I

[

Unknown

I

I

I

1%

Unknown

Without metastasis
With metastasis
Unknown

Without metastasis
With metastasis
Unknown

371
371
371
251
120
230
141
54
178
122
12

174
86
84

22
183
94
80
12

254

113
268

99
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Parameter No. (%) LINC00993 expression level ~ p-value

High in cancer  Low in cancer

(n=23)no. (n=15)no.
(%) %)

Age (year)

<40 14 (14.3) 5(21.7) 9(12.0)

>40 84(85.7) 18(78.3) 66 (88.0) 0.243

Menopause

Yes 4849.0) 10 (43.5) 38(50.7)

No 50(51.0) 13(56.5) 37(493) 0546

Subtypes of Cancer

Ductal 94.(96.0) 22(95.7) 72(96.0)

Lobular 3(3.0) 1@.3) 2(2.7)

Others 1(1.0) 0(0.0) 10.9) 0.791

Tumor Size

<2cm 33(33.7) 9(39.1) 24(32.0)

>2cm<dem  59(60.2) 14 (60.9) 45(600)

>4om 6(6.1) 0(0.0) 6(8.0) 0.349

Clinical nodal status

Positive 46 (46.9) 14.(60.9) 32(42.7)

Negative 52(53.1) 9(30.1) 43(57.9) 0.126

Histological Grade

| 704 287) 5(6.7)

I 73(74.5) 20(87.0) 53(70.7)

1 18 (18.4) 1(4.3) 17 (22.6) 0.139

Pathology Molecular Typing

Luminal A 19 (19.4) 12(52.2) 703

Luminal B 23(235) 7(30.4) 16 (21.3)

HER2 3131.6) 3(13.1) 28(37.3)

Triple-neg 25(25.5) 14.3) 24(32.1) <0.001

Neoadjuvant Chemotherapy

Yes 18 (18.4) 5(21.7) 13(17.9)

No 80(81.6) 18(78.9) 62(82.7) 0.633

ER status

Positive 41(41.8) 19 (82.6) 22(29.3)

Negative 57 (58.2) 4(17.4) 53(70.7) <0.001

PR status

Positive 40 (40.8) 18 (78.3) 22(203)

Negative 58(59.2) 5@1.7) 53(70.7) <0.001

HER? status

Positive 43(43.9) 8(34.8) 35(46.7)

Negative 55 (56.1) 15(65.2) 40(53.9) 0315

Ki67 status

<14% 29(40.8) 14 (60.9) 15 (20.0)

>14% 69(59.2) 9(30.1) 60(80.0) <0.001

ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor
receptor 2. Fisher’s exact test.
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Parameters Description No.of miR-335 x2 P-value
patients expression

Low High

Gender Male 19 18 6 0578 0447
Female 6 5

Age (years) <50 8 7 1 2744 0098
250 22 12 10

Depth of invasion (pT) T, T2 7 2 5 4751 0.029"
3,74 28 17 6

Lymph node metastasis (bN)  No 3 5 8 6111 0018
Yes 17 14 3

TNM stage 1 7 2 5 7364 0025
[ 6 2
in 718 1

*P < 0.05 indicated significant differences.
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Gene  Forward Reverse

miR-335 TCAAGAGCAATAACGAAAAATGT GCGAGCACAGAATTAATACGAC
ue CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
ROCK1 TCCTGCCAATTGTGATGCCT GGGGAAGCACGAACAAAACC
CCND1 TCTACACCGACAACTCCATCCG ~ TCTGGCATTTTGGAGAGGAAGTG
CASP3  GGAAGCGAATCAATGGACTCTGG GCATCGACATCTGTACCAGACC
GAPDH TCROCKCAROCKCTTCCAGG GATGACCCTTTTGGCTCCC
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Types of cancer/cells Alteration of Function of miR-186 Validated targets References

miR-186
Endometrial cancer Upregulated Oncomir P2RX7, FOXO1 ©, 10
Cutaneous squamous cell carcinorma Upregulated Oncomir APAF1, RETREG1 (11,12)
Cervical cancer Upregulated Oncomir P2RX7 ©
Non-small cell lung carcinoma Upregulated Oncomir PTEN (13)
Non-small cell lung carcinoma Downregulated Tumor suppressor miRNA COND1, CDK2, CDK8, SIRT6, (14-19)
ROCK1, MAP3K2, YY1, Cded2, ©0)
CDK1
Prostate cancer Upregulated Oncomir AKAP12 ©1)
Prostate cancer Downregulated Tumor suppressor mIRNA Twist 1, GOLPHS, YY1,CDK6 (22-24)
Bladder cancer Upregulated Oncomir RETREG1 (25)
Bladder cancer Downregulated Tumor suppressor mIRNA NSBP1, VEGF-C (6, 27)
Colorectal cancer Upregulated Oncomir FAM1348 (8)
Colorectal cancer Downregulated Tumor suppressor mIRNA ZEB1 9
Pancreatic ductal adenocarcinoma Upregulated Oncomir NRSA2 (30)
Pancreatic cancer Downregulated Tumor suppressor miRNA YAPY @1
Hepatocelular Carcinoma Downregulated Tumor suppressor MIRNA YAP1, HMGA2, (7,32,33)
MAP4K3, ROCK1, MCRS1 (34-36)
Gastric cancer Downregulated Tumor suppressor mIRNA Twist!, NEK2 (87,38)
Breast cancer Downregulated “Tumor suppressor mIRNA Twist1 (39)
Cholangiocarcinoma Downregulated Tumor suppressor mIRNA Twistt (40)
Ovarian cancer Downregulated tumor suppressor MIRNA PIK3R3 [3))
Glioma vascular endothelial cells Downregulated Tumor suppressor mIRNA Atg7, Beciint ®
Glioma stem cells Downregulated Tumor suppressor MIRNA XIAP, PAK7 (42)
Globlastoma multiforme Downregulated Tumor suppressor MIRNA FGF2, RelA “3)
Pituitary tumors Downregulated Turmor suppressor miRNA SKP2 (44)
Esophageal squamous cell carcinoma Downregulated Tumor suppressor MIRNA SKP2 (45)
Oral squamous cell carcinoma Downregulated Tumor suppressor MIRNA SHP2 (46)
Folicular thyroid carcinoma Downregulated Tumor suppressor miRNA ST6GAL2 “n
Multiple myeloma Downregulated Tumor suppressor MIRNA Jagged1 (48)
oML Downregulated Tumor suppressor mIRNA DDX43 (49)
Retinoblastoma Downregulated Tumor suppressor mIRNA DIXDCH, (50)
ATAD2 (51)
Osteosarcoma Downregulated Tumor suppressor mIRNA TBLIXR1, FOXK1 (52)
(69)
Renal Cell Carcinoma Downregulated Tumor suppressor mIRNA SENP1 (54)
Cisplatin-resistant glioblastoma cells. Downregulated Reverse resistance Yvi (55)
Cisplatin-resistant ovarian cancer/ cells Downregulated Reverse resistance Twist1, ABCB1 (56, 57)
Taxol-resistant ovarian cancer cells Downregulated Reverse resistance ABCB1 67)
Paciitaxel-resistant non-small cell Downregulated Reverse resistance MAPT (68)

lung cancer
MTX-resistant colorectal cancer Downregulated Reverse resistance CPEB2 (59)
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HR (5% C) P Value
TOGA-LAML 1.0620.681-1.656) 0789
TCGA-ACC 0407(0.192-0.862) o017
TCGA-BLCA 1.317098-1.769) 0064
TCGA-BRCA 1.481(1.036-2:123) 002
TCGA-CESG 0557(0351-0.885) o014
TCGA-CHOL 09180364-2319) 0856
TOGA-COAD 1.4030.94-2000) 0.109
TCGA-ESCA 07440.453-1.22) 0218
TCGAHNSC. 09950.762-1.298) 097
TCBAKICH 0850203-3.181) 022
TCGAKIRG 1.56701.167-2:121) 0008
TCGA-GBM NA NA
TCGAKIRP 08150451-1.473) 05
TCBAUHC 1.4670845-2.548) 024
TCGALUAD 0738(0.552-0.908) 004
TCGALUSG 0790:603-1.035) 0085
TCGA-DLEG 44250500-38.56) 0059
TCGAMESO 05670352-0.913) oota
TCGAOV 0921(0711-1.199) 058
TCGA-PAAD 0890:591-1.399) 0574
TCGAPCPG 26480526-13.329) 0231
TCGA-PRAD 0:51(0.165-1.889) 0362
TCGAREAD 1501(0.711-3.387) 029
TCGA ARG 1.664(1.03-269) 00a2
TOGA-SKCM 0642031-1.329 023
TCGASTAD 1.82(1.195-2.771) o002
TCGATGCT 22690314-16.419) 0455
TCGATHYM 7.049(1.404-36.155) 0001
TCGATHCA 3954(0.929-16.837) 0004
TCGALCS 2393(1.012-5.656) 008
TOGA-UCEC 2142(1.145-4.004) 0002
TCGA-UM 1.4610645-0:311) 0385
TCGALGG 0662(0.465-0.941) o019

The data were subjeced (o the Kapian-Meier method and g rank tet.
HR, hazard ato: i, conidonce itervat: O, overal survval: NA, o avaiable.

Bold indicate staisicaly sgnifcan vales (P < 0.05).

ACC, acvenocortal cancer; BLCA, bkl cancer; BRCA, breast cancer; CESC, oanve
cances; CHOL, b duct cancer; GOAD, cobon cancer; DLBC, 0o Large B-cel Lymphom;
ESCA, esophageal cancer; GBM, gfoblstoma mtomo; HNSC, hoad and nck squamas
cet carciom; KICH, kcney Civomophobe; KIRC, Key rend csar cef caoinom; KIRP,
ey rene papikey cel Garchoms; LAV, acute myetod kukensa; LGG, gfoma, UG, v
cancer; LUAD, kg acnocascinoma; LUSC, g squamous ool Garchoms; MESO,
mesaiheloma; OV, oasan cancer; PAAD, pancreats cancer; PCPG, pheoctvomocytorma and
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Group

BT-549-sh
BT-549-NC
BT-549-SIANXAT
BT-549-siNC
BT-549-sh+pANXA1
BT-549-sh+pNC

ICso value (1M mean = SD)

Doxorubicin

4.33 £0.30
8.43 £ 0.37
2.70 £ 0.08
598 £ 0.14
7.81£031
3.03 £0.27

P

<0.001

<0.001

<0.001

Paclitaxel

3.40£0.18
6.78 + 0.50
2.66 +0.08
5.07 £0.14
9.01 £0.25
443 £0.15

P

<0.001

<0.001

<0.001
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MicroRNA Log2FC  Diff. exp. adj Survival HR Survival adj.

p-value p-value
hsa-miR-145-3p 334 403627 3934 0.00516
hsa-miR-145-5p 322 8.00E-25 1.681 1
hsa-miR-195-5p 1.81 1.66E-05 2808 00522
hsa-miR-221-3p 241 6.62E-16 2.407 0.156
hsa-miR-221-5p 1.62 6.96E-08 58 0.000192
hsa-miR-222-3p 1.87 1.38E-08 1.049 1

MicroRNAs inhibiting migration (Z-score < ~1).

MicroRNAs differentially expressed between in primary and metastatic prostate cancer
samples in the Taylor dataset (og2 Fold Change, log2FC > 1).

Survival—hazard ratios (HR) and  corresponding Bonferroni-adjusted p-values for
differences in survival between low- and high-expressing patients (univariate analysis, Cox
Proportional Hazard model).
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searching other resources.
PublMed (56) EMBASE (64) Cochrane (1)

122 records before duplicates 49 duplicates
removed excluded

¥
E— g 39 records excluded due to
Tecards screen titles/abstracts exclude

Eigiiity ) Screening J(_identifcation

21 fulltext artcles excluded
No useable numerical data (17)
Meta-analysis and review (2)
Data not generalizable (2)

34 fulltext articles
assessed for eligibity
13 fulltext included in

qualative synthesis
13 studies included into
meta-analysis.
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Feature Total Expression of MEG3 P

Low High
Gender
Female 35 25 10 1
Male 45 33 12
Age (years)
<60 39 31 8 0214
>60 41 27 14
Clinical grade
land i 42 25 17 0011
lland IV 38 33
T
tand2 19 14 5 1
3and4 61 44 17
0 41 24 17 0016
1 19 17
2 20 17 3
M
No 76 54 22 0571
Yes 4 4 o
Tumor size (cm)
<5 59 43 16 1

5 21 15
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LncRNA Type of cancer Type of cell that express IncRNAs  Detected samples Molecules or pathways involved with References.

IncRNA
XisT BOBM Tumor cell Tissue, cel ine Exosome mRNA-503 (@4
Lnc-BM BCBM Tumor cell Cellline JAK2-STAT3-ICAM1, GCL2, IL-6, (35)
oncostatin M
Lnc-BM/JAKZ/STATS pathway
LNMAT1 Bladder cancer Tumor cell Tissue, cel ine COL2, hnRNPL, VEGF-C signaling )
NKILA Breast cancer CTLand Thi cel Tissue NF-«B (“6)
Lung cancer
SNHG1 Breast cancer Treg cell Tissue miR-448, Foxp3, IDO @4
HISLA Breast cancer TAM Cellline HIF-1a, lactate (“0)
HOTAIR Cervical cancer Tumor cell Tissue, cel ine miR-148a, HLA-G “n
CASCY Cervical cancer Tumor cell Tissue, cell ne miR-215/TWIST2 signaling, TGF-p “8)
GAS5 CRC Tumor cell Tissue, serum, cell line NF-«B, ERK1/2 pathways “9)
MALAT1 CRC Tumor cell Cellline COLS, MALAT-1/Snail pathway “2)
Inc-s0x5 CRC Tumor cell Tissue, cel line ['e) (50)
MALAT1 DLBCL Tumor cell Tissue, cell ne miR-195, PD-L1 1)
NIFK-AS1 Endometrial cancer  TAM Tissue miR-146a, Notch1 62
SNHG20 ESCC Tumor cell Tissue, cel line ATM-JAK-PD-L1 pathway 3)
DNM3OS ESCC Tumor cell Tissue PDGFB-DGFRE/FOXO1 pathway 64
UCA1 Glioblastoma Tumor cell Cellline oxcLi4 (5)
CASC2e GBM Tumor cell Tissue, cel ine Coagulation factor X, miR-338-3p, (56)
ERK1/2, AKT
HOTAIR Gastric cancer Tumor cell Tissue miR-162, HLA-G ©7)
UCA1 Gastric cancer Tumor cell Tissue miR-193a, miR-214, PD-L1 ©8)
Lne-SGK1 Gastric cancer Infitrating lymphocyte Tissue SGK1 69
Linc-POUSF3  Gastric cancer Treg cel PBMCs TGF-p (©0)
FENDRR HCC Tumor cell Tissue miR-423-5p 1)
IncTCF7 Hoe Tumor cell Cellline IL-6, STAT3 (©2)
TUC339 HOC Tumor cell, macrophage Cellline NA €0}
Lne-Tim3 HCe CD8* Tcel Tissue -3 (63)
Inc-EGFR HCC Treg Tissue EGFR, Foxp3 (64)
NEAT1 HoC cos*t T PBMCs miR-155, TIM-3 (©5)
incANA-Cox2 ~ HCC M1 and M2 macrophage Macrophages NA (66)
GAS5 Liver cancer NK cel Tissue miR-544, RUNX3 ©7)
Pt uc Granulocytic MDSC Tissue NA (©8)
MALAT1 Lung cancer Tumor cell Tissue miR-200a-3p, PD-L1 (©9)
NKX2-1-AS1  Lung cancer Tumor cell Tissue, cell ine NKX2-1, PD-L1 (70)
MALAT1 Lung cancer MDSC PBMCs NA 1)
HOTAIRM1 Lung cancer MDSC MDSCs and PBMCs HOXA1 72)
RUNXOR Lung cancer MDSC Tissue and PBMCs RUNX1 73)
AFAP1-AS1 NPC Infltrating lymphocyte Tissue PD-1 (74)
v Ovarian cancer Tumor cell Cellline EGF, EGFR-ERK signaling pathway (75)
Lnc-CAF oscc CAF and tumor cell CAFs from tissue IL-33 ©8)
LnoRNA-MM2P  Osteosarcom M2 macrophage Callline NA 76)
LINC00473 Pancreatic cancer  Tumor cell Tissue, cel line mIRNA-195-5p, PD-L1 (@)
MALAT1 Prostate cancer Tumor cell Tissue IL-8, STAT3 78
CCAT1 Prostate cancer M2 macrophage Cellline miR-148a, PKCy 79
MALAT1 Thyroid cancer TAM Tissue, cel ine FGF2 (©0)
LINK-A NBC Tumor cell Tissue Ptdins(3.4,6)P3, GPOR-PKA pathway,  (26)
TRIM74
Inc-chop Variable MDSC MDSCs CHOP, C/EBPB ©1)

Veriable, 1D8 ovarian cancer, 4T1 breast cancer, B16 melanoma, and Lewis lung cancer cells; CRC, Colorectal cancer; DLBCL, diffuse lerge B cell lymphoma; ESCC, Esophageal
squamous cell carcinoma; TNBC, Triple-negative breast cancer; HCC, hepatocelluler carcinoma; GBM, Glioblestoma multiforme; NPC, Nesopharyngeal carcinoma; OSCC, oral
squamous cell carcinoma; LLC, Lewis lung carcinoma; BCBM, Breast cancer brain metastasis.
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Characteristics

Age (years)
<40
40-60

Female
Family history of cancer
Yes
No
Smoking
Never
Ever
Pathology of nscle
Adenocarcinoma
Squamous
Differentiation
Good
Intermediate
Poor
Stage
1
I
n

25
85
53

64
%

74
89

14
49

17
46

47
85
31

42
89
52

NsCLC

%

153
52.1
326

39.3
60.7

454
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69.9
30.1
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28.2
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Training Phase

Validation Phase Testing Phase

Verification Phase

Download 170 CRC and 172 normal samples in 3 datasets from GEO
(GSE48267, GSE38389, GSE28364)

!

Meta-analysis by combining P value
300 permutation test to eliminate batch effect

!

68 miRNAs (FDR < 0.001)
! | '
Selection with LASSO algorithm Selection with SVM-RFE algorithm
I |

}

Incorporation of the selected 9 miRNAs

! !

Building of a risk score with logistic Building of a risk score with Cox
diagnosis model prognosis model
(GSE49246) (GSE29622)
Validation of diagnosis capacity of Validation of prognosis capacity of candidate
candidate miRNAs in GSE115513 MiRNAs in TCGA-COAD Datasets
miRNA-200a

!

Prediction of downstream target genes in 4 datasets
(PicTar, DIANA, TargetScan, miRDB)

!

mMiRNA-200a target FOXA1

!

In vitro verification in CRC cell lines
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miRNAs Alteration Function Confirmed targets References

miR-21 Up Promote the cell growth, invasion and migration; PISK/AKT/PTEN, PDCD4, BCL-2, FASL, (©7-101)
prognostic factor, Chemo-resistant TGF-B1, P85a, VHL

miR-165 Up Promote tumor progression, invasive and migration, TPSINP1, SOCST, SOGS3 (102-104)
mediate apoptosis; therapeutic and
prognostic factor

miR- Up Promote tumor progression, proliferation and MMP-2, MMP-9, TIMP-2, PTEN, (105-107)

221/222 invasion, inhibit apoptosis; Chemo-resistant P274P1, P57KP2, PUMA

miR-320a Up Promote progression, Chemo-resistant PDCDA (108)

miR-10a Up Promote proliferation, invasion and metastatic; HOXA1, HOXA3, TFAP2C (109-111)
Chemo-resistant, therapeutic and prognosis factor

miR-31 Up Promote tumor development and progression, RASAT, ARIDTA, Pancreatic stellate cells (112-114)
promote invasion and migration; Chemo-resistant,
prognostic factor

miR-210 Up Promote migration; diagnosis and prognostic factor Pancreatic stellate cells (115, 116)

miR-196b Up Promote tumor progression and invasion; diagnosis CADM1 (17-119)
and prognostic factor

miR-23a Up Promote tumor progression, promote cell ESRP1, APAF1, FOXP2 (120-122)
prolferation, invasion, inhibit apoptosis;
prognostic factor

miR-451 Up Promote cell proliferation and metastasis cAB39 (123)

miR-34a Down Inhibit cell growth, migration, invasion, progression, CCND1, E2F1, E2F3, BCL-2, C-MYC, (124-128)
induce apoptosis; diagnosis, therapeutic and SNAIL1, CDK6, SIRT1, NOTCH1/2/4,
prognostic factor SMADS

miR-100 Down Inhibit tumor cell profieration; increase FGFR3 (129)
drug sensitivity

miR-217 Down Inhibit cell growth, invasion, induce apoptosis; KRAS, E2F3, TPD512, SIRT1 (130-132)
diagnosis and prognostic factor

miR-143 Down Inhibit tumorigenesis, inhibit tumor cell migration, KRAS, RREB1, GEF1, GEF2, COX2, (133-136)
invasion, metastasis and xenograft TAKT

miR-141 Down Inhibit cell proliferation, invasion, migration and YAP1, WIPF1, TMASF1, MAP4KA4, (137-141)
metastasis, induce apoptosis; prognostic factor NRP-1

miR-200 Down Inhibit metastasis; Chemo-resistant, prognostic PTEN, MT1-MMR, ZEB1, ZEB2, SOX2 (142-145)
factor

miR-375 Down Inhibit cell growth; prognostic factor PDK1, ZFP36L2, IGFBPS, CAV1 (146-148)

miR-148a Down Inhibit cell proliferation, migration and invasion, CCKBR, BCL-2, PHLAD2, CDC258, (149-153)
promote apoptosis; diagnosis, prognostic factor WNT10b, ERBB3, AMPKe1, DNMT1

miR-let? Down Inhibit cell growth, proliferation; Chemo-resistant, HMGAT, HMGAZ, IGF2BP1, IGF2BP3, (154-157)
therapeutic and prognostic factor KRAS, SOCS3, RRM2,

N-cadherin/ZEB1

miR-216 Down Inhibit cell growth, promote apoptosis; JAK2, BECLIN-1 (158, 159)
therapeutic factor

miR-146a Down Inhibit cell invasion and metastasis EGFR, MTA-2, IRAKT (160)

TMA4SF1, transmembrane-4-L-6-family-1; MAPK4, mitogen-activated protein kinase isoform 4; TIMP-2, tissue inhibitor of metalloproteinases-2VHL, Von Hippel-Lindau tumor
suppressor; SOCS, suppressors of cytokine signaling; FGFRS, fibroblast growth factor receptor 3; RREB1, Ras-responsive element-binding protein; GEFs, guanine nucleotide exchange
factors; COX, cyclooxygenase; TAK1, TGF-p-activating kinase 1; TFAP2C, transcription factor activating protein 2 gamma; ARIDTA, ATich interective domain 1A; ESRP1, epithelial
splicing reguiatory protein 1; APAF1, apoptotic protease activating factor 1; FOX, forkhead box; CAB3Y), calcium-binding protein 39; NRP-1, neuropin-1; MT1-MMF, membrane type-1
matrix metalloproteinase; IRAK1, interleukin 1 receptor-associated kinase 1; CCKBR, cholecystokinin-B receptor; JAK2, Janus kinase 2:1GF2BPs, insulingrowth factor 2 binding proteins.






OPS/images/fgene.2019.01385/table2.jpg
Feature.

Gendr
Mo

Fomale.

Age

<50 years

> 50 years
Tumor size
s5cm
>5cm
Diferentiaton
Wellmoderate
Poor

N status
Negative
Positve

TNM stage
el

Y

2

21
EJ

£
2

3
21

2
2

2
3

LncRNA 00662 relative oxpression

High
18
10

9
19

18
10

18
15

10
18

7
21

Low

2

16

2
1

1
1

18
10

P value®

0108

0.408

0280

0013

0016

0.008
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circRNAs Alteration Function Targeted miRNA Involved genes/pathways References

ciRS7 Up Promote invasion miR-7 EGFR/STATS signaling @
and metastasis pathway

circ_0030235 Up Promote tumor progression; miR-1253 and miR-1294 - 8
prognostic marker

CIrcRNA_100782 Up Promote cell prolferation miR-124 IL6-STATS pathway 79

circ-LDLRAD3 Up Promote tumor invasion, and miR-187-3p PTN (80,81)
metastasis;
diagnosis biomarkers

circ_0007534 Up Promote tumor progression; miR-625 and miR-892b - ©2)
diagnosis and prognostic factor

GIcRHOT1 Up Promote tumor cel proliferation,  miR-26b, miR-125a, - ©3)
invasion, and metastasis miR-330 and miR-382

cireZMYM2 Up Promote prolferation and miR-355-5p JMID2C ©4)
invasion, and inhibit apoptosis

circ-PDEBA Up Promote tumor progression; miR-338 MACC/MET/ERK pathway ©5)
prognostic factor

circ-IARS Up Promote metastasis; prognostic ~ miR-122 - ©6)
factor

circ-ASH2L. Up Promote tumor invasion, miR-34a - @n
prolfferation and angiogenesis

chr14:101402109-  Up Chemo-resistant Unknown Unknown ©8)

101464448+,

chrd:52729603-

52780244+

has_circ_0001649 Down Inhibit cell prolfiferation, Unknown Unknown ©9)

prognostic factor
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p-actin;
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miR-497-5p; F'

miR-497-5p: R'

ALS: F

ALD: R

sh-LINC00662-1
sh-LINCO0662-2

miR-497-5p inhibitor

miR-497-5p negative control (NC)
AVLY-SRNA

Sequences.

5-CACGCTICTGAACTGGTGT-3"
5-TGTACAGCCTGGTGACAGAG-3'
5-CGCTCTCTGCTOCTCCTGTTC3"
5-ATCCGTTGACTCCGACCTICAC -3
5-AGCGAAGTTTTGAGCCGATCGGGC-3
5-GCCGTGAGTCAGAGGTGGT-3
5-GTGAGGCACGTGACTGAGAA 3"

5- TIGTTGCTGTICCACACCCT-3'
5-GOUGCUGCCACUGUAAUAATT-3'
5-CCAGCACCAAUUGUUAUAATT-3'
5-ACAMACCACAGUGUGCUGCUG-3'
5-CAGUACUULUGUGUAGUACAA3"
5-GOCACATTTACCTGAAGAATGG-3'
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(IncRNA+CA199)
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Name

HULC

HOTAIR
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PINT
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SNHG15

HOTAIR/PVT1
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PINT
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Up

Up
Up
Up
Up
Up
Up
Up

Down
Up

Up

Up

Up
Up

Down

Study
sample

PCvs. HC

PCvs. BPD
PCvs. HC
PCvs. HC
PCvs. BPD
PCvs. HC
PCvs. BPD
PCvs. HC

PCvs. HC
PCvs. HC

PCvs. HC

PCvs. HC

PCvs. BPD
PCvs. HC

PCvs. HC

Sensitivity
(%)

93.33

87.50
89.40

7820

81.80
98.50

85.90
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(%)

96.67

85.60
90.00
63.60
96.00
72.00

77.10
88.60

89.60

90.90

96.00
100.00

82.90

Clinicopathological
association

Tumor size, T
staging, M staging,
and vascular invasion

Tumor stage
Unknown
Unknown
Unknown
Unknown

Tumor size, clinical
stage, lymph node
metastasis, distant
metastasis

Tumor recurrence

Early pancreatic
cancer

Tumor differentiation,

lymph node
metastasis and tumor

stage
Unknown

Unknown

Early pancreatic
cancer

Tumor recurrence

EV, extracellular vesicle; CA199, carbohydrate antigen 199; PC, pancreatic cancer; HC, healthy control; BPD, benign pancreatic disease.
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Mirbase name Mature sequence seed Migration score Eccentricity score Log2FC

hsa-mir-302d-3p UAAGUGCUUCCAUGUUUGAGUGU AAGUGC -1.06 -1.36 1.36
hsa-mir-373-3p GAAGUGCUUCGAUUUUGGGGUGU AAGUGC -1.56 -1.98 8.78

Seed sequence—position 2-7.
Migration Z-score < 1 and viabiliy > 0.8,

Eccentricity (morphology) Z-score < ~1 and viabilty > 0.8.

Log2FC (Fold Change) (ARCaPE vs. ARCaPM microRNA expression) > 1.
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MicroRNA Log2FC Diff. Exp. Eccentricity Survival ~Survival

Adjp-value  score HR  adj. p-value
hsalet-7e-5p 129  6.06E-05 ~1.18 295 00432
hsa-miR-101-3p  1.07 1.25€E-08 -1.75 270 0.078
hsamiR-130a-8p 196  242E-17 ~152 231 0.198
hsa-miR-148a-3p 1.45 1.07E-06 =227 1.60 1
hsa-miR-214-3p  1.11 1.51E-07 =176 1.02 1
hsamiR-221-5p 162  6.96E-08 —1.62 580 0000192

MicroRNAs differentially expressed between in primary and metastatic prostate cancer
samples in the Taylor dataset log2 Fold Change, Iog2FC > 1).

MicroRNAs indlucing rounded morphology (eccentricity Z-score < ~1).

Survival—hazard ratios (HR) and corresponding Bonferroni-adfusted p-values  for
differences in survival between low- and high-expressing patients (univariate analysis, Cox
Proportional Hazard model).
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