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Editorial on the Research Topic 

Human and Oncoviral Non-Coding RNAs as Modulators of Cancer Aggressiveness and Disease Progression


Non-coding RNAs (ncRNAs) include a variety of molecules that modulate complex cellular networks with roles in normal physiology and cancer pathogenesis (1). Several types of ncRNAs, such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs)—either endogenous or from viral origin—have been widely investigated in human cancers. They are diagnostic, prognostic, and predictive biomarkers, detectable in biofluids (2). Human and viral ncRNAs contribute to the hallmarks of cancer, modulating target genes participating in disease development and tumor progression (3–6).

This Research Topic compiles original research and review papers that shed light on the role of human or viral ncRNAs in the molecular and cellular processes leading to cancer progression. The ncRNAs orchestrate malignant invasion and the dissemination of neoplastic cells, notably by metastasis, by targeting genes within several signaling pathways, such as those in the Epithelial-Mesenchymal Transition program. The 13 papers on this Research Topic highlight ncRNAs as key players in cancer pathogenesis, some proposed as biomarkers applicable to clinical management of patients.

Mou et al. showed that the lncRNA Lymph Node Metastasis Associated Transcript 1 (LNMAT1) is upregulated in malignant melanoma. Mechanistically, LNMAT1 enhances cancer cell migration and invasion by suppressing the Cell Adhesion Molecule 1 (CADM1) tumor suppressor gene. In colorectal carcinoma (CRC), Lin et al. demonstrated that the miR-506 targets the epigenetic modifier UHRF1 via the KISS1/PI3K/NF-κB signaling axis, inhibiting the proliferation, migration, and invasion of CRC cells in vitro and in vivo, suggesting new therapeutic targets for CRC. In gastric cancer (GC), Sun et al. showed that the lncRNA AK025387 was upregulated in metastatic GC cells, putatively by regulation of the Raf-1/MAPK/MEK/ERK signaling. Zhao et al. reviewed the role of lncRNAs and miRNAs in regulating the Programmed Cell Death 4 (PDCD4) tumor suppressor gene, which is involved in a variety of cellular regulatory mechanisms, to disclose relevant information for the development of novel therapies for targeting cancers disrupted in PDCD4 suppression.

Drugs and natural compounds have been widely explored regarding their activity and cytotoxicity against various cancers for decades. In this regard, Liu et al. reported that the natural glycoalkaloid Solasonine (SS) inhibited the growth of HepG2 and QGY-7703 hepatocellular carcinoma (HCC) cells, and this effect was attributed to regulatory interaction between miR-375-3p and the lncRNA CCAT1, leading to reduction of IRF5 mediated by the SP1 transcription factor. Yan et al. showed a novel mechanism of Temozolomide resistance in glioblastoma cells based on activity of lnRNA ADAMTS9 and the AS2/FUS/MDM2 signaling axis. LncRNA alterations may lead to the acquisition of resistance to chemotherapy. Abildgaard et al. present the landscape of lncRNA alterations associated with the hallmarks of ovarian carcer (OC), concluding that OC pathogenesis and acquisition of treatment resistance may occur through highly complex mechanisms in which ncRNAs have prominent roles.

In chronic myeloid leukemia (CML), allogeneic-hematopoietic stem cell transplantation (allo-HSCT) may be the treatment of choice for patients with resistant forms of the disease. Martins et al. evaluated the miRNA expression profiles in CML in 28 patients equally divided into groups with untreated cases of chronic phase-CML and cases with cytogenetic remission after allo-HSCT. Among the differentially expressed miRNAs, the miR-1260a and miR-409-3p were identified as the top downregulated and upregulated miRNAs, respectively. Interestingly, the signaling pathways involving MAPKs, RAS, and ROCK were enriched with components encoded by genes targeted by these miRNAs, suggesting that they may have regulatory functions in the clinical evolution of CML.

A significant fraction of human cancers is linked to infection by oncogenic viruses, such as the Human Papilloma Virus (HPV) and the Epstein-Barr virus (EBV). Tornesello et al. describe complex interactions between miRNAs, lncRNAs, and circular RNAs (circRNAs) in the pathogenesis of cervical carcer strongly linked to HPV infection. The lncRNAs HOTAIR, MALAT1, GAS5, and MEG3 were reported to regulate tumor invasion and therapeutic resistance in cervical cancer. Additionally, the circRNA, circ-0018289 contributes via a miRNA-sponging mechanism. This network of interacting ncRNAs may also include HPV microRNAs (e.g., HPV-16-miR-H1-1 and HPV-16-miR-H2-1), but further investigation of this matter is required to clarify their role in HPV-associated cancers. Nonetheless, viral ncRNAs encoded by EBV are already recognized as key players of EBV-induced carcinogenesis. Verhoeven et al. reported that the BART region of the EBV genome encodes lncRNAs that not only contribute to EBV latency in nasopharyngeal carcinomas (NPC) cells, but also regulate genes that ultimately may cause immune evasion and contribute to NPC progression.

The discovery of previously unannotated miRNAs in several tissue types (7) has prompted the identification of new ncRNAs with biological and clinical relevance in cancers. Rock et al. reported that 146 novel miRNAs specific to head and neck squamous cell carcinomas (HNSCC) were identified from small RNA sequence data in silico. Interestingly, 135/146 miRNAs were found increased in HNSCC samples compared to non-neoplastic head and neck tissues. The novel miRNAs identified were validated with HNSCC samples; furthermore, a prognostic-model combining novel and known miRNAs and using multivariate Cox regression analysis was proposed, allowing improved stratification of survival and recurrence risk of patients. In pancreatic cancer, Ros et al. reported new antisense lncRNAs associated with High Mobility Group A (HMGA1 and HMGA2) genes, and HMGA2-AS1 lncRNA regulates the expression of its own sense gene, with implications for tumorigenesis. Finally, Wu and Chen reviewed the role of super-enhancers (SE) molecules and se-ncRNAs, which may have potent activities as effectors in the determination of cell identity and their crosstalk with immune checkpoints. SEs associated with ncRNAs have shown to play a role in several regulatory mechanisms, including immune checkpoint expression in cancer cells, and the authors highlight a number of studies that explored the use of SE blockers for improved cancer therapies.

Altogether, these papers included in this Research Topic by Frontiers shed more light on the characterization of known and novel ncRNAs with relevant roles in cancer biology and that may be valuable as biomarkers to assess prognosis, response to treatment, and monitoring of patients with aggressive cancers.
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The invasion-metastasis cascade is one of the most important factors relating to poor survival and prognosis of malignant melanoma (MM) patients. Long non-coding RNA lymph node metastasis associated transcript 1 (LNMAT1) is a key regulator in lymph node metastasis of multiple cancer types, but the roles and underlying mechanisms of LNMAT1 in the invasion-metastasis cascade of MM remain unclear. In the present study, we aimed to investigate the expression and function of LNMAT1 in MM. Here, we found that LNMAT1 was upregulated in MM tissues and cells, and its expression levels were further enhanced in MM patients with lymph node metastasis and metastatic MM cells. Using loss-of-function assays, we found that LNMAT1 promoted cell migration and invasion and lung metastasis in MM in vitro and in vivo. Moreover, we found that cell adhesion molecule 1 (CADM1), the established tumor suppressor in MM, was the downstream target of LNMAT1. Mechanistically, LNMAT1 epigenetically suppressed CADM1 expression by recruiting EZH2, the key regulator of trimethylation of histone H3 at lysine 27 (H3K27me3), to the CADM1 promoter, resulting in transcriptional inhibition of CADM1. Lastly, rescue assays demonstrated that LNMAT1 promoted cell migration and invasion of MM by suppressing CADM1 expression. Our findings elucidate a new mechanism for LNMAT1-mediated invasion-metastasis cascade in MM and suggest that LNMAT1 may be a new therapeutic target and prognostic predictor for MM.

Keywords: LNMAT1, EZH2, CADM1, invasion-metastasis cascade, malignant melanoma


INTRODUCTION

It is estimated that there will be 96,480 newly diagnosed malignant melanoma (MM) cases in 2019 in the United States following a drastically increased incidence throughout the last decade (1). Despite continuous improvement in diagnosis and treatment, the current recommended maintenance schedules, from radical resection to molecular-targeted drugs, are only effective in a subset of patients (2, 3). Tumors spread to distant sites or visceral organs in some early diagnosed patients, and the 5-year overall survival rate remains extremely disappointing for this subset of patients (4). Hence, it is highly important to explore new detailed mechanisms that account for the invasion-metastasis cascade in MM.

Long non-coding RNAs (lncRNAs) are reported to play pivotal roles in a wide range of vital biological processes (5, 6). More importantly, lncRNAs have also been identified as crucial regulators in the metastasis of multiple cancer types and function as oncogenes or tumor suppressors depending on the cancer type or circumstance (7). Regarding MM, it was reported that lncRNAs could function as molecular scaffolds to regulate the expression levels and functions of established oncogenes or tumor suppressors by interacting with RNA-binding proteins (8–10). Nevertheless, only a few lncRNAs have been functionally characterized in MM, and the mechanisms underlying their biological functions are yet to be fully elucidated. Long intergenic non-coding RNA 01296 (Linc01296), also known as lymph node metastasis associated transcript 1 (LNMAT1), is located in chromosome 14q11.2 and was identified as a metastasis-promoting gene in multiple cancer types (11, 12). It was reported that LNMAT1 could promote invasion and metastasis by either functioning as a ceRNA (13) or by interacting with RNA-binding proteins (14). However, the expression pattern and functions of LNMAT1 in MM remain unclear.

CADM1, a member of the cell adhesion molecule family, has been proven to be a tumor suppressor in many cancers, including breast cancer (15), esophageal squamous cell carcinoma (16), and hepatocellular carcinoma (17). In MM, it was reported that the expression of CADM1 was also significantly downregulated and functions as a tumor suppressor by suppressing matrix metalloproteinases (MMPs) in MM (18, 19). However, the regulating mechanism of CADM1 in MM is not fully elucidated.

In the current study, we determined that LNMAT1 was upregulated in MM tissues and cells, with enhanced expression in patients with lymph node metastasis and metastatic MM cell lines. More importantly, we found that LNMAT1 inhibited invasion and lung metastasis by suppressing CADM1 expression by recruiting EZH2 to its promoter. Our study indicates that LNMAT1 promotes the invasion-metastasis cascade and may be a potential therapeutic target in MM.



MATERIALS AND METHODS


Clinical Specimens

This study was carried out in accordance with the recommendations of Ethical Committee of the First Affiliated Hospital of Xi'an Jiaotong University. The protocol was approved by the Ethical Committee of the First Affiliated Hospital of Xi'an Jiaotong University. All subjects gave written informed consent in accordance with the Declaration of Helsinki. A total of 13 human MM tissues of diagnosed MM patients and 13 benign nevi (BN) tissues of healthy controls were resected and collected at the First Affiliated Hospital of Xi'an Jiaotong University from 2010 to 2017. Written informed consent was obtained from the participants enrolled in this study. Detailed information about the MM patients is provided in Supplementary Table 1.



Cell Culture

Human malignant melanoma cell lines WM35, A375, A2058, and mouse malignant melanoma cell line B16/F10 were purchased from GeneChem (Shanghai, China), and human epidermal melanocytes HEMa-LP were purchased from ThermoFisher (ThermoFisher, MA, USA). HEMa-LP cells were cultured in Medium 254 (ThermoFisher, MA, USA) supplemented with human melanocyte growth supplement, and WM35, A375, A2058, and B16/F10 cells were cultured in Dulbecco's modified eagle medium (DMEM, Gibco, NY, USA) supplemented with 10% fetal bovine serum (Cellmax, Beijing, China) at 37°C in a humidified atmosphere of 5% CO2.



shRNA Infection and siRNA Transfection

Lentiviral small hairpin RNA (shRNA) directed against LNMAT1 in human and mouse-derived cells and scrambled negative control (NC) shRNA were designed and provided by GeneChem (Shanghai, China). Briefly, the LNMAT1 shRNAs targeting human LNMAT1 and NC shRNAs were cloned into the Bam I and Age I sites of the CV146 core vector (Ubi-MCS-SV40-firefly-Luciferase-IRES-Puromycin). The LNMAT1 shRNAs targeting mouse LNMAT1 and NC shRNAs were cloned into the Bam I and Age I sites of the GV260 core vector (hU6-MCS-Ubi-firefly-Luciferase-IRES-Puromycin). Then, 20 μg CV146-LNMAT1 shRNAs/NC shRNAs for human LNMAT1 knockdown or GV246-LNMAT1 shRNA/NC shRNAs for mouse LNMAT1 knockdown along with lentiviral packaging helper plasmid Helper 1.0 (15 μg) and Helper 2.0 (10 μg) were co-transfected into 293T cells by Lipofectamine 2000. The cell supernatant was collected 48 h later and then centrifuged to concentrate and purify human and mouse LNMAT1 shRNAs and NC shRNAs. LNMAT1 siRNA, CADM1 siRNA, and scrambled NC siRNA were synthesized and provided by Ribobio (Guangzhou, China). The sequences for shRNAs and siRNAs used in our study are provided in Supplementary Table 2.

For shRNA infection, MM cells were seeded in six-well plates and infected by HiTransG A (Genechem) according to the manufacturer's protocol. Then, MM cells were selected with puromycin for 2 weeks to remove uninfected MM cells and obtain stable LNMAT1 knockdown cells. The stable LNMAT1 knockdown MM cells were collected for qRT-PCR, western blot (WB), transwell assays, wound healing assays, and animal experiments.

For siRNA transfection, MM cells were seeded in six-well plates and transfected by Lipofectamine 2000 (ThermoFisher) according to the manufacturer's protocol. After 48 h, cells were collected for qRT-PCR, WB, transwell, and wound healing assays.



Migration and Invasion Assays, Wound Healing Assays, and WB

The number of migratory and invasive cells with LNMAT1 NC and LNMAT1 shRNA were measured by transwell assay (Corning, NY, USA) with or without Matrigel (BD, CA, USA), and the migratory distance of cells with LNMAT1 NC and LNMAT1 shRNA was measured by wound healing assays. CADM1 protein levels in MM cells infected with LNMAT1 NC and LNMAT1 shRNA were measured by WB. All procedures for transwell assays, wound healing assays, and WB were performed as described in our previous study (20).



Chromatin Immunoprecipitation (ChIP)-qPCR Assay

ChIP-qPCR assays were performed using the EZ-Magna ChIP A/G kit (Millipore, MA, USA) following the manufacturer's instructions. First, 1 × 106 MM cells were fixed in formaldehyde for 10 min, cell lysates were sonicated and sheared to generate chromatin DNA between 100 and 200 bp in length, and then the lysates were immunoprecipitated with anti-EZH2 (Cell Signaling Technology, USA) or anti-H3K27me3 (Abcam, UK). IgG served as the control. Then, the precipitated chromatin DNA was analyzed by qRT-PCR.



RNA Immunoprecipitation (RIP)

RIP assays were performed using the EZ-Magna RIP kit (Merck Millipore, USA) following the manufacturer's protocol. MM cells were lysed in RIP lysis buffer, and cell extracts were incubated with anti-EZH2 (Cell Signaling Technology, USA) or IgG for 6 h. Then, purified RNA was analyzed by qRT-PCR to identify the presence of LNMAT1.



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

RNA extraction and qRT-PCR were performed as described in our previous study. The primers used in this study were purchased from Sangon Biotech (Shanghai, China) and are displayed in Supplementary Table 3.



Animal Experiment

This study was carried out in accordance with the recommendations of Animal Care and Use Committee of Xi'an Jiaotong University. For lung metastasis assays, B16/F10 cells were seeded in six-well plates, and LNMAT1 shRNA targeting mouse LNMAT1 was infected by HiTransG A (Genechem) according to the manufacturer's protocol. Then, B16/F10 cells were selected with puromycin for 2 weeks to remove uninfected B16/F10 cells and obtain stable LNMAT1 knockdown B16/F10 cells. LNMAT1 stably silencing B16/F10 cells (1 × 106) or control cells were injected into the tail vein of 6-week-old C57/B6 mice (Animal Center of Xi'an Jiaotong University, Xi'an, China; n = 5 for each group). All mice were housed and maintained under specific pathogen-free conditions, and all experiments were approved by the Animal Care and Use Committee of Xi'an Jiaotong University and performed in accordance with institutional guidelines. Lung metastases were monitored and quantified by the Xenogen IVIS Kinetic Imaging System (PerkinElmer, MA, USA).



Statistical Analysis

IBM SPSS statistical software (version 22.0) was used to perform statistical analyses. Student's t-test was used for data analysis, and P-values were determined using 2-sided tests. P < 0.05 was considered to have statistical significance.




RESULTS


LNMAT1 Is Upregulated in MM Cells and Tissues With High Metastasis Potential

qRT-PCR analysis indicated that LNMAT1 is upregulated in MM tissues (cutaneous and acral melanoma) compared to BN tissues (Figure 1A, P < 0.05). Furthermore, LNMAT1 was found in higher levels in MM patients with lymph node (LN) metastasis than those without LN metastasis (Figure 1B, P < 0.05). Accordingly, the TCGA database from GEPIA (http://gepia.cancer-pku.cn) also showed enhanced LNMAT1 expression in MM (P < 0.05, Figure 1C), and enhanced LNMAT1 levels were observed in metastatic MM (P < 0.05, Figure 1D). Furthermore, LNMAT1 was also higher in MM cells than in HEMa-LP cells, and enhanced LNMAT1 levels were observed in MM cell lines with high metastatic potential (A375 and A2058) compared to primary MM cells (Figure 1E, P < 0.05). More importantly, after silencing LNMAT1 expression in MM cells with shRNAs (Figure 1F, P < 0.05), the mRNA expression levels of MMP-2, MMP-9, and N-cadherin, which are markers of tumor invasion-metastasis cascade, were found to be downregulated by qRT-PCR. Meanwhile, the expression of E-cadherin, one of the most important tumor metastasis suppressors and epithelial–mesenchymal transition (EMT) markers, was upregulated (Figures 1G,H). These results indicated that LNMAT1 may play an oncogenic role in the invasion-metastasis cascade in MM.
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FIGURE 1. LNMAT1 is upregulated in MM cell and tissues with high metastasis potential. (A) The expression of LNMAT1 in BN and MM (8 cutaneous melanoma and 5 acral melanoma); (B) The expression of LNMAT1 in MM patients with or without lymph node metastasis; (C) The expression of LNMAT1 in 461 patients with skin cutaneous malignant melanoma (SCKM, red box) and 558 healthy controls (Benign nevi (n = 346) and normal skin (n = 212), black box). TCGA data was analyzed by GEPIA (http://gepia.cancer-pku.cn/). (D) The expression of LNMAT1 in 101 patients with primary cutaneous MM (Red box) and 360 patients with metastatic cutaneous MM (Blue box). TCGA data was analyzed by GEPIA (http://gepia.cancer-pku.cn/). (E) The expression of LNMAT1 in human epidermal melanocytes and primary and metastatic MM cells; (F) The silencing effects of LNMAT1 shRNA in MM cells; (G,H) The expression of MMP-2, MMP-9, E-cadherin, and N-cadherin in A375 (G) and A2058 (H) cells infected with LNMAT1 shRNA or NC. Data are shown as the mean ± S.E. *P < 0.05, ns: not significant. The representative results of three independent experiments are shown.





LNMAT1 Promotes the Invasion-Metastasis Cascade in MM in vitro and in vivo

To further elucidate the functions of LNMAT1 in the invasion-metastasis cascade of MM, wound healing, transwell, and B16/F10 pulmonary metastasis models were employed. Wound healing assays demonstrated that the migratory distance was decreased in MM cells infected with LNMAT1 shRNA lentivirus compared to that in control cells (Figure 2A, P < 0.05). Furthermore, silencing LNMAT1 expression in MM cells could attenuate cell migratory and invasive abilities (Migration assays: Figures 2B,C, invasion: Figures 2D,E; all P < 0.05), Then, we infected B16/F10 cells with LNMAT1 shRNA to stably silence LNMAT1 expression in B16/F10 and investigate the effects of LNMAT1 on lung metastasis in B16/F10 in vivo (Figure 2F). As shown by the Bioluminescence imaging (BLI) data (Figures 2G,H) and ex vivo photography of lung tissues (Figures 2I,J), LNMAT1 depletion significantly decreased lung colonization of B16/F10; this was consistent with the in vitro results. These results indicated that LNMAT1 promotes the migration and invasion of MM in vitro and in vivo.
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FIGURE 2. LNMAT1 promotes the invasion-metastasis cascade in MM in vitro and in vivo. (A) MM cells were infected with LNMAT1 NC or shRNA. Wound healing assays were performed to detect the migratory distance in the indicated groups. The representative results of three independent experiments are shown; (B,C) Transwell assays were performed to detect the number of migratory cells in the indicated groups. The representative results of three independent experiments are shown; (D,E) Transwell assays were performed to detect the number of invasive cells in the indicated groups. The representative results of three independent experiments are shown; (F) The silencing effects of LNMAT1 shRNA in B16/F10 cells; (G,H) Bioluminescence images at day 0 and day 10 (G) and statistical analysis (H) of bioluminescence at day 10 (lung colonization) in C57/B6 mice (n = 5) that were intravenously injected with LNMAT1 stably silencing B16/F10 cells or NC cells; (I,J) Bright field imaging (I) and number of metastatic nodules (J) at day 10 in the lungs of C57/B6 mice (n = 5) that were intravenously injected with LNMAT1 stably silencing B16/F10 cells or NC cells. Data are shown as the mean ± S.E. *P < 0.05, ns: not significant.





CADM1 Is the Downstream Target of LNMAT1 in MM

Previously, it was found that CADM1, an established metastasis suppressor gene, could inhibit cell migration and invasion in MM by suppressing the expression of MMP-2 and MMP-9 (18). Thus, we investigated whether a regulatory mechanism existed between LNMAT1 and CADM1 in MM. As shown by qRT-PCR and WB, mRNA (Figure 3A, P < 0.05) and protein (Figure 3B) levels of CADM1 were enhanced after silencing LNMAT1 expression in MM cells. Additionally, CADM1 expression was downregulated in MM tissues compared to BN tissues (Figure 3C, P < 0.05). More importantly, CADM1 expression was inversely correlated with LNMAT1 expression in MM tissues (Figure 3D, P < 0.05).
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FIGURE 3. LNMAT1 epigenetically suppresses CADM1 expression by recruiting EZH2 to its promoter. (A,B) The mRNA (A) and protein (B) levels of CADM1 in response to LNMAT1 silencing were detected in MM cells by qRT-PCR and WB; (C) The relative expression of CADM1 was detected in BN and MM tissues of by qRT-PCR; (D) Correlations between CADM1 and LNMAT1 expression in MM tissues; (E) RIP with anti-EZH2 and IgG from extracts of MM cells infected with LNMAT1 NC or shRNA and qRT-PCR were performed to confirm the interactions between LNMAT1 and EZH2/IgG; (F) Schematic diagram showing mechanism of LNMAT1 at the EZH2 binding site on LNMAT1 gene promoters. (G) ChiP-qPCR assays of MM cells infected with LNMAT1 NC or shRNA were performed to reveal the effects of LNMAT1 on EZH2 and H3K27me3 occupancy in the CADM1 promoter. Data are shown as the mean ± S.E. *P < 0.05, ns: not significant. The representative results of three independent experiments are shown.





LNMAT1 Epigenetically Suppresses CADM1 Expression by Recruiting EZH2 to Its Promoter

It has been reported that LNMAT1 could epigenetically suppress KLF2 expression by interacting with EZH2, an RNA-binding protein and crucial regulator for the trimethylation of histone H3 at lysine 27 (H3K27me3) (14). Thus, we hypothesized that LNMAT1 might suppress CADM1 expression by recruiting EZH2 to its promoter. RIP assays determined that LNMAT1 could directly bind with EZH2 in MM cells (Figure 3E, P < 0.05). Chip-qPCR assays further revealed that LNMAT1 depletion decreased EZH2 binding and H3K27me3 modification in the CADM1 promoter (Figures 3F,G; P < 0.05). These results indicated that LNMAT1 suppressed CADM1 expression by recruiting EZH2 to its promoter and inducing the modification of histone methylation to mediate epigenetic silencing.



CADM1 Mediates the Function of LNMAT1 in MM Cells

Lastly, we performed rescue experiments to further identify whether LNMAT1 promoted the invasion-metastasis cascade by inhibiting CADM1 expression. Overall, qRT-PCR (Figures 4A,B; all P < 0.05), wound healing (Figures 4C,D; all P < 0.05), and transwell assays (Migration: Figures 4E,F, invasion: Figures 4G,H; all P < 0.05) demonstrated that silencing CADM1 expression could partly rescue the inhibitory effects on cell migration and invasion induced by LNMAT1 depletion in MM cells. These results indicated that CADM1 mediates the function of LNMAT1 in MM.
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FIGURE 4. CADM1 mediates the function of LNMAT1 in MM cells. MM cells were transfected with siRNA NC, LNMAT1 siRNA + siRNA NC, or LNMAT1 siRNA + CADM1 siRNA. (A,B) LNMAT1 and CADM1 mRNA expression levels in A375 (A) and A2058 (B) cells of the indicated groups; (C,D). Wound healing assays were used to determine the migratory distances of A375 (C) and A2058 (D) cells in the indicated groups; (E,F) Transwell assays were used to determine the number of migratory A375 (E) and A2058 (F) cells in the indicated groups; (G,H) Transwell assays were used to determine the number of invasive A375 (G) and A2058 (H) cells in the indicated groups. Data are shown as the mean ± S.E. *P < 0.05, ns: not significant. The representative results of three independent experiments are shown.






DISCUSSION

LncRNAs have been identified as crucial regulators and biomarkers in multiple cancers, including MM, and LNMAT1 has been confirmed as an oncogenic lncRNA in various cancers. In non-small-cell lung cancer and cholangiocarcinoma, LNMAT1 could function as a competitive endogenous RNA (ceRNA) and promote cell proliferation and migration by sponging miR-5095 (21, 22). In colorectal cancer, LNMAT1 promoted liver metastasis and tumorigenesis and activated the PI3K/AKT cascade by competitively binding with miR-26a (23). In esophageal squamous cell carcinoma, LNMAT1 promoted cell proliferation and invasion by epigenetically suppressing KLF2 (14). In bladder cancer, LNMAT1 was found to be upregulated in patients with lymph node metastasis and was a potential lymphatic metastasis promoter. Mechanistic experiments confirmed that LNMAT1 upregulated CCL2 expression by interacting with hnRNPL and enhancing H3K4me3 modification (11). Consistent with these previous studies, we also identified that LNMAT1 plays a role in promoting metastasis in MM. We found that LNMAT1 was upregulated in MM tissues and cells compared to those of BN and melanocytes. Moreover, we also found that LNMAT1 expression was further upregulated in patients with lymph node metastasis and cells with highly metastatic potential. Lastly, we determined that silencing LNMAT1 inhibited cell migration and invasion in MM in vitro and in vivo. Combined with previous studies concerning the functions of LNMAT1, our study further confirmed that LNMAT1 plays an oncogenic role in carcinogenesis and cancer progression.

CADM1 expression is relatively lower in metastatic breast cancer (24) and lung adenocarcinoma (25) patients than in patients with non-invasive cancer. In MM, it was reported that CADM1 expression was significantly downregulated in melanoma tissues (19). Furthermore, CADM1 upregulation inhibited MM cell motility and invasiveness (18). It was also found that the expression levels of matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9) were downregulated by CADM1 over-expression (18). As MMP-2 and MMP-9 are key regulators of extracellular matrix (ECM) degradation and tumor invasion (26), CADM1 is therefore a metastasis susceptibility gene and is involved in the invasion-metastasis cascade in MM. In the current study, we found that silencing LNMAT1 resulted in the inhibition of MMP-2 and MMP-9 expression. An increase in E-cadherin and decrease in N-cadherin were also found after silencing LNMAT1 in MM, indicating that LNMAT1 potentially plays an important role in EMT and the invasion-metastasis cascade in MM. As both LNMAT1 and CADM1 are key regulators of MMP expression and EMT and induced the invasion-metastasis cascade, we further investigated the relationships between CADM1 and LNMAT1 in MM. We found that LNMAT1 expression was inversely correlated with CADM1 in MM tissues and cells. In addition, LNMAT1 could suppress CADM1 expression by recruiting EZH2 to its promoter and induce modifications of histone methylation. Thus, we conclude that the metastasis-promoting role of LNMAT1 in MM is mediated by CADM1 suppression.

In conclusion, we revealed that LNAMT1 is a potential oncogene in MM. LNAMT1 was upregulated in MM tissues and cells with highly metastatic potential. Furthermore, LNAMT1 could promote the invasion-metastasis cascade of MM in vivo and in vitro. Studies on the underlying mechanism showed that LNAMT1 epigenetically suppressed CADM1 expression by recruiting EZH2 to its promoter, and silencing CADM1 expression rescued the inhibitory effects on MM cell migration and invasion induced by LNAMT1 depletion. Our study helps to reveal the regulatory mechanism of LNMAT1 and CADM1 in MM and may provide a novel target for MM treatment in the future.
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Programmed cell death 4 (PDCD4) is a tumor suppressor gene implicated in many cellular functions, including transcription, translation, apoptosis, and the modulation of different signal transduction pathways. The downstream mechanisms of PDCD4 have been well-discussed, but its upstream regulators have not been systematically summarized. Noncoding RNAs (ncRNAs) are gene transcripts with no protein-coding potential but play a pivotal role in the regulation of the pathogenesis of solid tumors, cardiac injury, and inflamed tissue. In recent studies, many ncRNAs, especially microRNAs (miRNAs) and long noncoding RNAs (lncRNAs), were found to interact with PDCD4 to manipulate its expression through transcriptional regulation and function as oncogenes or tumor suppressors. For example, miR-21, as a classic oncogene, was identified as the key regulator of PDCD4 by targeting its 3′-untranslated region (UTR) to promote tumor proliferation, migration, and invasion in colon, breast, and bladder carcinoma. Therefore, we reviewed the recently emerging pleiotropic regulation of PDCD4 by ncRNAs in cancer and inflammatory disorders and aimed to shed light on the mechanisms of associated diseases, which could be conducive to the development of novel treatment strategies for PDCD4-induced diseases.

Keywords: PDCD4, miRNA, lncRNA, cancer, inflammation


INTRODUCTION


The Function and Structure of PDCD4

The main functions of Programmed cell death 4 (PDCD4)(NCBI GeneID: 27250) are reflected in the following two aspects. First, it acts as a suppressor in tumor progression; second, it is an inflammatory factor that participates in inflammation (1–3). An alteration in PDCD4 expression is pivotal to the pathogenesis of cancer and inflammation diseases. The expression of PDCD4 is downregulated in many kinds of human cancers, such as breast carcinoma, hepatocellular carcinoma, oral carcinoma, and ovarian cancer (4–7). The overexpression of PDCD4 induces apoptosis or cell cycle arrest, inhibits the invasion, proliferation and migration of cancer cells, and increases the sensitivity of cancer cells to antineoplastic drugs (8–11). In addition, knockdown of PDCD4 expression by an siRNA or shRNA stimulates invasion and migration in nasopharyngeal and lung cancer cells (12, 13). In brief, aberrant PDCD4 expression levels are associated with the progression of multiple diseases. Understanding the regulatory mechanisms of PDCD4 expression and targeting the homeostasis of PDCD4 is beneficial for related treatment. Thus, therapeutic strategies based on PDCD4 manipulation are promising treatments for cancer or inflammatory disorders.

The human gene PDCD4 is located at human chromosome 10q24 (14). The PDCD4 protein was identified independently from different species, including humans, mice, and chickens. The deduced amino acid sequences are highly conserved among these species (15). PDCD4 encodes a 469-amino acid peptide composed of two conserved alpha helical MA3 domains (amino acids 164–275 and 329–440). These two domains are also present in eukaryotic translation initiation factors, eIF4G I, and eIF4G II (16). A yeast two-hybrid assay (16), a mammalian two-hybrid assay and analyses of the PDCD4-eIF4A cocrystal structure revealed that PDCD4 interacts with eIF4A by its MA-3 domains, limits ribosomal recombination and protein synthesis and inhibits malignant behaviors (17). eIF4A1(NCBI GeneID: 1973) is an RNA helicase that catalyzes the unwinding of the secondary structure at the 5′-untranslated region (UTR) of mRNAs. PDCD4 binds to two molecules of eIF4A through its MA3 domains to inhibit translation initiation by preventing eIF4G from binding to eIF4A (18). The PDCD4 protein contains two nuclear export signals (NESs), suggesting that the protein might be able to shuttle between the nucleus and cytoplasm (19). The phosphorylation of PDCD4 by Akt and S6K1 at Ser67 and Ser457 causes the nuclear translocation of PDCD4, contributing to its ubiquitination via an E3 ligase β-transducin repeat-containing protein (β-TRCP) and subsequent proteasome-dependent degradation (20, 21). It has also been reported that PDCD4 binds to RNA through its two positively charged amino acid clusters, RBM1 and RBM2, at the N-terminal domain [(22); Figure 1].


[image: image]

FIGURE 1. Structure and functional sites of PDCD4. The two conserved MA-3 domains are in green, the phosphorylation sites are shown in red, and the RNA-binding site in blue.






DOWNSTREAM SIGNALS OF PDCD4

PDCD4 are reported to participate into the control of several cellular signaling pathways. PDCD4 interacts and inhibits eIF4A and activator protein 1 (AP-1)-dependent transcription in a concentration-dependent manner through many transcription factors, including JNK, MAP4K1, c-Myc, E-cadherin, β-catenin, and Snail. The overexpression of PDCD4 in mouse epidermal JB6 cells inhibits both basal and 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced AP-1 transactivation through the inhibition of c-Jun activation (23). In colon tumor cells, PDCD4 regulates the expression of the JNK upstream kinase MAP4K1 by c-Myc, resulting in the activation of JNK and c-Jun, to control the activation of AP-1. A mutation in the c-Myc binding site of the MAP4K1 promoter could reduce MAP4K1 promoter activity, and the downregulation of c-Myc can restore MAP4K1 expression and the activation of AP1 in PDCD4-knockdown colon tumor GEO and HT29 cells (24). In addition, PDCD4 knockdown suppresses E-cadherin expression through elevated protein levels of Snail, causing the activation of β-catenin-dependent transcription and stimulating the expression of c-Myc and urokinase-type plasminogen activator (u-PAR) (25). u-PAR is a 55–60 kDa glycosylated receptor for the degradation of extracellular matrix components by binding to its ligand and allowing human osteosarcoma cells to penetrate the basal membrane during invasion (26). Snail is a transcriptional repressor that binds to E-boxes on the E-cadherin promoter for transcription inhibition (27). The regulation of Snail by PDCD4 was demonstrated through Akt, and the knockdown of Akt abolishes PDCD4 knockdown-induced Snail expression in colon cancer (28). Akt can also activate NF-κB to upregulate Snail (29). PDCD4 was also found to inhibit carbonic anhydrase type II (CAII) expression in HEK-293 (human embryonic kidney) cells. CAII is an important substrate for the synthesis of amino acids, lipids, and pyrimidine for tumor growth (30). In addition, PDCD4 could decrease CDK4/6 (cyclin-dependent kinase 4/6) via the upregulation of p21Waf1/Cip1 and repress the CDK1 and cdc2 (cell division cycle 2) promoter in a neuroendocrine cell line, thus leading to reduced cell proliferation (31). By manipulating these pathways, PDCD4 ultimately inhibits cell survival, proliferation, and metastasis (Figure 2).
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FIGURE 2. Different ncRNAs regulate PDCD4 in mutiple ways. (i) miRNAs target PDCD4 directly to promote tumor progression via several pathways. Briefly, PDCD4 reduces the expression of Snail directly or by NF-κB/Akt pathway and leads to up-regulation of E-cadherin, inhibition of β-catenin dependent transcription, and decrease of the expression of c-Myc and uPAR. Down-regulated c-Myc subsequently inhibits MAP4K1 expression, thereby inhibiting AP-1 transcription to impede proliferation, promotion, and invasion. PDCD4 could decrease CDK4/6 via the upregulation of p21, thus leading to reduced cell proliferation. (ii) LncRNAs could function as oncogene and downregulate PDCD4 expression by recruiting EZH2. (iii) LncRNAs could also function as tumor suprefessor to sponge miRNAs, which may counteract the effects of miRNAs on PDCD4.





NCRNAS AS UPSTREAM REGULATORS OF PDCD4

The downstream mechanisms of PDCD4 have been well-discussed, but its upstream regulators have not been systematically summarized. In recent years, most studies have focused on the regulation of PDCD4 expression by noncoding RNAs (ncRNAs). In the following review, we will emphasize the regulation of PDCD4 expression by ncRNAs, which should provide a reference for upcoming clinical and laboratory studies on PDCD4 regulation.

Recent reports have revealed that ncRNAs contribute to the regulation of PDCD4 expression and function. ncRNAs are RNA molecules that cannot code proteins and were found to engage in the regulation of multiple cellular activities, including proliferation, differentiation, apoptosis, stress, and immune responses (32–36). ncRNAs consist of microRNAs (miRNAs), long noncoding RNAs (lncRNAs) and circular RNAs (circRNAs), which regulate specific gene expression through regulating transcriptional, posttranscriptional, and posttranslational processes. miRNA are 20–25 nucleotides in length, and mature miRNAs usually bind to the 3′-UTR of their target mRNAs through their seed sequences to cause the degradation of target mRNAs and to block translational protein synthesis. The seed sequence is usually located 2–7 nucleotides from the 5′-end of the miRNA and is complementary to a site in the 3′-UTR of its target mRNA (37). LncRNAs have more than 200 nucleotides in length with little protein-coding potential, which have been defined to regulate gene expression by transcriptional regulation, genetic imprinting, chromatin remodeling, posttranscriptional regulation, and translational regulation (38). In recent years, ncRNAs have been demonstrated to manipulate the availability of PDCD4 via different ways (Figure 2), including directly targeting the 3′-UTR of PDCD4 by a miRNA or epigenetic modification and miRNA sponging on PDCD4 by a lncRNA. ncRNAs, including miRNAs and lncRNAs, are key regulators of PDCD4 dosage, and delicately modulate PDCD4 expression (Table 1).



Table 1. The summary of ncRNA that regulate PDCD4 in different cancers and inflammatory disorders.
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MIRNA-REGULATED PDCD4 PROMOTES TUMOR PROGRESSION

Most recent studies of PDCD4 have focused on miRNAs, and now we will focus on regulatory mechanisms in tumors. More than 30 miRNAs were reported to be direct negative regulators of PDCD4, and many of them showed enhanced expression in tumors (40, 60). Furthermore, bioinformatics analyses predict that more than 80 miRNAs potentially target PDCD4, implying an essential role for miRNAs in regulating PDCD4 expression (61). These miRNAs downregulate PDCD4 levels and function by binding to the 3′-UTR of PDCD4 mRNA. Among these miRNAs, studies conducted on miR-21(NCBI GeneID: 406991) are the most extensive. The human gene miR-21 was one of the first identified mammalian miRNAs and is located at chromosome 17q23.2 within the highly conserved gene encoding TMEM49 (62). Through early lineage tracing studies, miR-21 was found to be upregulated in various diseases, such as oropharyngeal cancer (63) and salivary adenoid cystic carcinoma (64). Asangani et al. performed a bioinformatic search and uncovered a potentially conserved site for miR-21 within the 3′-UTR of PDCD4 mRNA and demonstrated that miR-21 inhibited PDCD4 levels to reduce the ability of invasion, intravasation and metastasis (65). miR-21 is associated with therapeutic outcome and poor survival in malignant cancer (66). For instance, miR-21 is overexpressed in salivary adenoid cystic carcinoma (SACC) cells, and the suppression of miR-21 with a miR-21 inhibitor in SACC cells could increase the activity of the PDCD4 promoter and the expression of PDCD4 protein, suppress p-STAT3 protein expression, through further feedback, reduce miR-21 expression, and finally lead to the inhibition of cell invasion and migration (64). Moreover, further recent studies confirmed the regulation of PDCD4 by miR-21 in colon, breast, and bladder carcinoma (67).

In colorectal cancer (CRC) cells, activated IL-6/STAT3 signals increased the expression of miR-181, which leaded to downregulating the expression of PDCD4 and promoting cell proliferation and metastasis and inhibit the apoptosis of CRC cells (46). In cervical cancer, overexpressed miR-150 can also promote the proliferation, migration and invasion of cervical cancer cells in vitro by directly targeting the expression of PDCD4 (47). miR-155(NCBI GeneID: 406947) decreases PDCD4 levels by binding to the 3′-UTR of PDCD4. PDCD4 is a functional target of miR-155 and regulates proliferation or invasion by targeting PDCD4 in non-small-cell lung cancer (52). In human hepatocellular carcinoma (HCC), the downregulation of PDCD4 by miR-93 (NCBI GeneID: 407050) promotes HCC cell migration and invasion via the epithelial-mesenchymal transition (EMT) pathway (68). In laryngeal squamous cell carcinoma, miR-744-3p (NCBI GeneID: 100126313) could activate the MMP-9 regulatory axis by provoking the signaling pathway controlled by NF-κB p65 by suppressing PDCD4 (40). The inhibition of miR-1260b induces a decrease in PDCD4 expression, as well as phosphorylated Akt (p-Akt) and phosphorylated extracellular signal-regulated kinase (p-ERK) (45). In glioblastoma, miRNA-503 (NCBI GeneID: 574506), induced by TGF-α1, inhibits apoptosis and increases the proliferation of glioblastoma cells by directly targeting PDCD4 (54). miR-421 (NCBI GeneID: 693122) regulates the proliferation, migration, invasion and apoptosis of breast cancer cells, including MCF-7 and MDA-MB-231 cells, by targeting PDCD4 (10). miR-433 (NCBI GeneID: 574034) is significantly overexpressed in osteosarcoma tissues and cell lines. The transfection of miR-433 mimics into osteosarcoma cell lines could decrease apoptosis by PDCD4. In contrast, the inhibition of miR-433 enhanced the apoptosis of tumor cells (51). Similarly, miR-23a/b (NCBI GeneID: 407010) (41), miR-208a-3p (NCBI GeneID: 406990) (42), miR-150 (NCBI GeneID: 406942)(47), miR-96 (NCBI GeneID: 407053) (69), miR-503 (NCBI GeneID: 574506) (39), miRNA-183-5p (NCBI GeneID: 406959) (48), and miR-196 (NCBI GeneID: 406972) also decrease protein levels by binding to the 3′-UTR of PDCD4 (44).



MIRNA-MEDIATED PDCD4 DOWNREGULATION PROTECTS AGAINST INFLAMMATION

In addition to carcinogenesis, the regulation of PDCD4 by miRNAs also plays an important role in various inflammatory responses. Das et al. demonstrated that the miR-21/PDCD4 axis plays a key role in the process of turning on an anti-inflammatory phenotype in efferocytosis-the digestion and elimination of dead or dying cells by phagocytes. Elevated miR-21 in LPS-activated macrophages promotes efferocytosis and silences the target gene PDCD4, which in turn results in the elevated production of anti-inflammatory IL-10 and accounts for a net anti-inflammatory phenotype (70). The miR-21/PDCD4 axis also regulates mesenchymal stem cells (MSCs) to secrete stanniocalcin 1 (STC1) and other neuroprotective factors to inhibit retinal ganglion cell (RGC) apoptosis and microglial activation and promote RGC survival in a mouse model of acute glaucoma (71). The increased miR-21 expression level following spinal cord injury (SCI) may enhance neurite outgrowth to promote the repair of injured spinal cords by inhibiting the expression of PDCD4 (72). miR-16 targets and inhibits PDCD4 expression in atherosclerosis to suppress the activation of inflammatory macrophages through mitogen-activated protein kinase (MAPK) and NF-κB signaling, and suppresse the expression of proinflammatory factors, including interleukin (IL)-6 and tumor necrosis factor-α (TNF-α), whereas it enhanced the expression of the anti-inflammatory factor IL-10. Thus, the miR-16-PDCD4 axis suppresses the activation of inflammatory macrophages in atherosclerosis (73). In another study, the overexpression of miR-499 (NCBI GeneID: 574501) protected cardiomyocytes against LPS-induced apoptosis by inhibiting PDCD4. However, the experiment was performed in rats, and the experimental results may not be directly extrapolated to humans (74). Increased miRNA expression has also been reported in diseases caused by inflammation, including colitis and atherosclerosis. In these cases, triggering a regulatory response through miRNA would be beneficial. These findings suggest that the regulation of PDCD4 by miRNAs, in addition to its negative effects on tumors, can also play a positive role in other diseases.



LNCRNAS ACT AS ONCOGENES TO REGULATE PDCD4 BY EPIGENETIC MODIFICATION

LncRNAs have also been identified as critical regulators in a variety of cancer types [4], including epigenetic modification, transcriptional regulation, RNA decay, and miRNA sponging. Bioinformatic analysis revealed that the promoter region of PDCD4 was enriched in the repressive marker histone H3 lysine 27 trimethylation (H3 K27me3) and enhancer of zeste homolog 2 (EZH2) binding sites, demonstrating that PDCD4 expression is under the regulation of epigenetic modification (58). EZH2, an important catalytic subunit of polycomb repressive complex 2 (PRC2), is a histone methyltransferase that epigenetically represses target gene expression by promoting H3 K27me3 (57). Cancer susceptibility candidate 15 (CASC15) (NCBI GeneID: 401237), also named linc00340, is located on chromosome 6p22.3 and was initially identified as a highly active lncRNA (75). The expression of CASC15 is upregulated in melanoma, hepatocellular carcinoma and gastric cancer. It acts as an oncogene in cancer progression and phenotype switching. In melanoma, CASC15 may recruit EZH2, and EZH2 could subsequently directly bind to the promoter of PDCD4 in melanoma cells and inhibit PDCD4 expression (49). Wu et al. found that CASC9 (NCBI GeneID: 101805492) knockdown decreased the enrichment of EZH2 and H3K27me3 in the PDCD4 promoter region, which resulted in the upregulation of PDCD4 (58). Downregulation of the lncRNA HOTAIR (NCBI GeneID: 100124700) was demonstrated to activate the expression of PDCD4 at the transcriptional level in glioma stem cells by reducing the recruitment of downstream molecules, including EZH2 and LSD1 (76). The lncRNA taurine upregulated gene 1 (TUG1) (NCBI GeneID: 55000) was also demonstrated to suppress PDCD4 by recruiting EZH2 in esophageal squamous cell carcinoma (ESCC) through epigenetic modification (57, 59).



LNCRNAS ACT AS TUMOR SUPPRESSORS TO REGULATE PDCD4 THROUGH MIRNA SPONGING

The regulation of PDCD4 by lncRNAs is also promoted by another mechanism by which the dysregulated lncRNAs could sponge special miRNAs to suppress their target genes, such as PDCD4, through a competing endogenous RNA (ceRNA) mechanism. The ceRNA hypothesis accounts for the fact that specific RNAs are able to attenuate miRNA activity through sequestration and elevate miRNA target gene expression. The hypothesis potentially accounts for the function of a substantial proportion of the thousands of yet uncharacterized lncRNAs (77). LncRNAs block the effects of miRNAs via the competition for the seed sites of miRNAs with their target mRNAs. For instance, the lncRNA maternally expressed gene 3 (MEG3) (NCBI GeneID: 55384) is located at chromosome 14q32 and could enhance the sensitivity of colorectal cancer (CRC) cells to oxaliplatin via the upregulation of PDCD4 by sponging miR-141 and overcoming oxaliplatin resistance in CRC (78). In addition to its role in cancer, MEG3 also functions as a ceRNA for miR-21 to regulate PDCD4 expression in ischemic neuronal death followed by reperfusion (79). The lncRNA growth arrest-specific transcript 5 (GAS5) (NCBI GeneID: 60674) is downregulated in several kinds of cancers, including cervical cancer and breast cancer, and HCC tissues. The knockdown of GAS5 leads to the repression of cell viability. GAS5 as a ceRNA competes with PDCD4 to bind to miR-21, and the depletion or overexpression of GAS5 could lead to the downregulation or upregulation of PDCD4 levels in tumor cells. In HCCs, GAS5 acts as a tumor suppressor through the negative regulation of miR-21 and its target PDCD4 to suppress the migration and invasion of cancer cells (80). Similarly, GAS5 deficiency by siGAS5 also reduced miR-21 target protein PDCD4 expression in cervical cancer cells. The malignant behaviors of cervical cancer cells, manifested by cell migration and invasion, were enhanced by siGAS5 (81). Linc00472 (NCBI GeneID: 79940) is downregulated in CRC tissues and cells, and it acts as a tumor suppressor by upregulating PDCD4 by sponging miR-196a (56). miR-93-5p, a direct target of linc00472, directly targets PDCD4. The miR-93-5p/PDCD4 pathway mediated the suppressive role of linc00472 in HCC cells (82). The lncRNA DGCR5 and miR-320a regulate each other in a reciprocal manner, and DGCR5 could reverse the inhibition of PDCD4 by miR-320a, which is involved in the regulation of the pancreatic ductal adenocarcinoma cell phenotype (83). The expression of the lncRNA NBAT1 is downregulated in osteosarcoma tissues and cell lines. NBAT1 (NCBI GeneID: 729177) functions as a ceRNA against miR-21 to increase the expression of the miR-21 target gene PDCD4 and then suppresses osteosarcoma growth and metastasis in vitro and in vivo (84). Similarly, the lncRNA XIST inhibits cell growth and mobility by competitively binding to miR-21-5p for PDCD4 up-regulation in osteosarcoma (55).

These findings show that PDCD4 expression and activity are controlled by the network of ncRNAs, and the dysregulation of these ncRNAs can contribute to changes in PDCD4 function in various diseases.



TARGETING THE NCRNA/PDCD4 SIGNALING PATHWAY: THERAPEUTIC APPLICATIONS

Since drug resistance commonly occurs in cancer patients, it is critical to develop alternative therapeutic strategies to resensitize resistant cancer cells and patient-derived models (PDX) (85, 86). Recently, published studies have demonstrated that the miRNA/PDCD4 axis could modulate chemosensitivity in resistant cancers. Treatment with a combination of drugs and miRNA inhibitors is a viable strategy for enhancing chemosensitivity though their synergistic effects. PDCD4 can downregulate the 5-fluorouracil (5-FU) resistance induced by miR-21 in pancreatic cancer cells and rescue the phenotypic characteristics disrupted by miR-21 (87). The role of miR-21/PDCD4 in drug resistance also concerns gemcitabine resistance in breast cancer, glioblastoma cancer, and pancreatic cancer.

In addition to affecting the resistance of cancer cells, there are also some drugs that can directly regulate the level of miRNA/PDCD4, thus serving as a potential therapeutic application. Treatment with isoalantolactone remarkably increased the expression of PDCD4 via the downregulation of miR-21, which exerts anticancer effects against esophageal squamous cell carcinoma (88). Quercetin is a kind of flavonoid that was reported to inhibit both acute and chronic Cr(VI)-induced miR-21 elevation and PDCD4 reduction in human bronchial epithelial cells. Besides, the Cr(VI)-induced binding of miR-21 to the 3′-UTR of PDCD4 was reduced by treatment with quercetin (89). It has been demonstrated that curcumin can inhibit tumor proliferation, invasion and metastasis by inhibiting the miR-21 transcription to stabilize the PDCD4 expression in CRC (90). In addition, the long intergenic noncoding RNA 152 (linc00152) was upregulated and promoted tumor progression and conferred oxaliplatin resistance in colon cancer by functioning as a ceRNA to release erb-b2 receptor tyrosine kinase 4 (ERBB4) by sponging miR-193a-3p (91).

The abovementioned evidence illustrates that targeting these transcription factors through small molecule drugs that regulate miRNA/PDCD4 expression may be effective in treating cancers.



CONCLUSIONS

We here summarize the roles of miRNAs and lncRNAs in PDCD4 regulation. Recent studies have demonstrated that ncRNAs interact with PDCD4 at the transcriptional and posttranscriptional levels. Several miRNAs directly target PDCD4 to repress the PDCD4 protein level and function, which promotes tumorigenesis. Then, the miRNA/PDCD4 axis could exert a protective effect in inflammation by downregulating miRNA levels. lncRNAs have been reported to regulate PDCD4 in multiple ways. By epigenetic modification, a lncRNA could down-regulate PDCD4 expression by recruiting EZH2 to its promoter region and increasing the H3K27me3 enrichment of its promoter. In addition, as a miRNA sponge, lncRNAs also counteract the effects of miRNAs on their target mRNAs. The regulation of miRNAs by ceRNAs has added a new layer of complexity to PDCD4 regulation by miRNAs. However, there is also controversy about the ceRNA hypothesis. The essence of the doubt against the ceRNA hypothesis is that any change in the expression of an individual miRNA target would constitute only a small fraction of the target site abundance (77), implicating that physiological changes of one individual lncRNA might be insufficient to suppress miRNA activity.



DISCUSSION

The abovementioned studies deepen our understanding of the diverse roles of the ncRNA/PDCD4 pathway in inflammation and cancer. An urgent issue for clinicians is whether the ncRNA/PDCD4 pathway can be used as a potential target for therapeutic intervention; however, related clinical studies are lacking. Interestingly, miRNAs targeting PDCD4, including miR-21 and miR-23, have been tested in clinical trials via liposomes or other strategies for the treatment of inflammatory diseases and cancer (92). For example, treatment with anti-miR-21 oligonucleotides reduced breast cancer MCF-7 xenograft growth (93); therefore, PDCD4 might also be a new therapeutic target for cancer. However, based on the dual role of the ncRNA/PDCD4 pathway in tumor and inflammatory diseases, research on anticancer interventions must ensure that targeting ncRNA/PDCD4 would not render the side effects that induce an inflammatory response, such as endothelial inflammatory damage through the NF-κB/TNF-α signaling pathway (1). Since certain elevated levels of miRNAs and lncRNAs may also contribute to cancer promotion, more consideration should be taken in targeting of the ncRNA/PDCD4 pathway during the treatment of inflammatory diseases. Further dissection of ncRNAs in the PDCD4 pathway at the molecular and cellular levels will provide insights into the underlying mechanisms of PDCD4 in tumor suppression and devise novel avenues in drug development against cancer and other PDCD4-associated diseases.
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Background: LncRNAs have been shown to play essential roles in cancer therapeutic response. However, the detailed mechanism of lncRNAs in temozolomide (TMZ) resistance in glioblastoma (GBM) remain to be elucidated.

Methods: To elucidate the mechanism maintaining TMZ resistance, we constructed two TMZ-resistant GBM cell lines (T98G-R/U118-R). LncRNAs from four public datasets were reanalyzed, and the candidate lncRNA ADAMTS9-AS2 was evaluated in TMZ-treated GBM patients and in vitro cell lines.

Results: Reanalysis of lncRNA expression profiles identified ADAMTS9-AS2 as significantly overexpressed in TMZ-resistant GBM cells and as positively associated with the IC50 of TMZ in GBM cells. Overexpression of ADAMTS9-AS2 was also significantly associated with poor TMZ response and shorter progression-free survival (PFS) in TMZ-treated GBM patients. Knockdown of ADAMTS9-AS2 inhibited proliferation and attenuated the IC50 of TMZ, as well as mitigating invasion and migration in TMZ-resistant GBM cells. Subsequent investigations indicated that reduced expression of ADAMTS9-AS2 significantly suppressed expression of the FUS protein, which was predicted as a direct substrate of ADAMTS9-AS2. Expression trends of FUS were directly correlated with those of ADAMTS9-AS2, as shown by increasing concentrations and prolonged treatment with TMZ. RNA pull-down and RIP assays indicated that both endogenous and exogenous ADAMTS9-AS2 directly binds to the RRM and Znf_RanBP2 domains of FUS, consequently increasing FUS protein expression. Knockdown of ADAMTS9-AS2 reduced the half-life of FUS and decreased FUS protein stability via K48 ubiquitin degradation. Moreover, the E3 ubiquitin-protein ligase MDM2 interacts with and down regulates FUS, while the RRM and Znf_RanBP2 domains of FUS facilitate its binding with MDM2. ADAMTS9-AS2 decreased the interaction between MDM2 and FUS, which mediates FUS K48 ubiquitination. Additionally, knockdown of the ADAMTS9-AS2/FUS signaling axis significantly alleviated progression and metastasis in TMZ-resistant cells.

Conclusion: ADAMTS9-AS2 possessed a novel function that promotes TMZ resistance via upregulating the FUS/MDM2 axis in GBM cells. The RRM or Znf_RanBP2 domains of FUS facilitate the combination of ADAMTS9-AS2 and FUS, competitively inhibiting MDM2-dependent FUS K48 ubiquitination and resulting in enhanced FUS stability and TMZ resistance. Our results suggest that the ADAMTS9-AS2/FUS/MDM2 axis may represent a suitable prognostic biomarker and a potential target in TMZ-resistant GBM therapy.
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INTRODUCTION

Glioblastoma (GBM), the most lethal form of primary intrinsic brain tumor in both pediatric and adult populations, has the highest mortality rate among all malignant nervous system neoplasms, with a median survival of only 12–15 months. In 2005, the US Food and Drug Administration (FDA) approved combination temozolomide (TMZ) and radiotherapy treatment in adults with newly diagnosed glioblastoma, as well as the use of TMZ alone as a maintenance treatment (Hombach-Klonisch et al., 2018). TMZ remains the most widely used and effective first-line chemotherapeutic for GBM patients, with high bioavailability and tolerability. However, over time, the majority of patients with GBM gradually develop resistance to TMZ during treatment, leading to GBM recurrence and treatment failure (Kaur et al., 2018; Teng et al., 2018).

Several pathways have been elucidated that regulate TMZ resistance, and expression of the DNA repair protein O6-methylguanine-DNA-methyltransferase (MGMT) is considered the predominant cause of TMZ resistance. MGMT expression can be silenced by methylation of the promoter/enhancer region, and polymorphisms in MGMT gene promote MGMT expression and TMZ resistance (Wang et al., 2017; Chen X. et al., 2018). Other plausible mechanisms are involved in TMZ resistance as well, including activation of base excision repair (BER), reduced activity of mismatch repair (MMR) genes, histone posttranslational modifications, GBM stem cells and dysregulation of other effectors (Garnier et al., 2018). Epigenetic variations have been shown to play major roles in mediating the resistance to targeted therapies and conventional cytotoxic agents. Aberrant miRNA expression, such as in mIR-93, noted in clinically relevant tumor subtypes of GBM, influences tumor response to therapy through epigenetic miRNA-based silencing or sensitizing effects (Huang et al., 2019). Recent studies suggest that long non-coding RNAs (lncRNAs) are indispensable for the regulation of cellular processes in glioma tumorigenesis and in therapeutic responses (Yan et al., 2017). Specifically, several clinically relevant lncRNAs have been correlated with patient outcome in GBM and mediate biological functions, including stemness, immunity, development, regulation of gene expression, and regulation of protein synthesis (Schmitt and Chang, 2016). Thus, understanding the most relevant mechanisms of TMZ resistance may help identify novel drug targets and more effective therapies.

The discovery of lncRNAs has provided insight into the underlying biological mechanisms of glioma phenotypes, which is mediated through their interactions with other cellular macromolecules, including proteins, RNA and DNA (Peng et al., 2018). LncRNA nuclear-enriched abundant transcript 1 (NEAT1) contributes to glioma cell growth and invasion through the WNT/β-catenin pathway by scaffolding the EZH2 protein (Chen Q. et al., 2018). Findings from Sa’s group have shown that lncRNA homeobox transcript antisense intergenic RNA (HOTAIR) promotes drug delivery across the blood tumor barrier (BTB) in glioma treatment by sponging miR-148b-3p (Sa et al., 2017). Chen reported that lncRNA AC003092.1 may act as an endogenous “sponge” of miR-195, promoting expression of TFPI-2 and overcoming TMZ resistance in glioma cells (Xu et al., 2018). Through chromatin modification, LncPRESS1 disrupts deacetylation of H3K56 by sequestering SIRT6 from chromatin to safeguard pluripotency-specific stem cells (Jain et al., 2016). Using RNA expression profiling, Mazor G et al. found that lncRNA TP73-AS1 comprises a clinically relevant lncRNA that influences metabolism-related genes and ALDH1A1, conferring TMZ resistance to GBM stem cells (Mazor et al., 2019). In addition, studies have shown that lncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) plays a promising role in TMZ therapeutic response to GBM (Amodio et al., 2018). Nanocomplex-mediated silencing of MALAT1 effectively sensitizes glioma cells to temozolomide therapy (Kim et al., 2018). Furthermore, ML Zhang et al. showed that circRNAs generated from lncRNA LINC-PINT, containing short open reading frames, encode functional peptides that suppress oncogenic transcriptional elongation in glioblastoma (Zhang et al., 2018). However, it remains largely unknown how specific lncRNAs influence in the mechanical properties of glioma cells in response to TMZ exposure.

To address these challenges, we reanalyzed lncRNA profiles in TMZ-resistant glioma cells using four public glioma-associated lncRNAs datasets. Our data identified 12 differentially expressed lncRNAs in TMZ-resistant glioma cells. Among these, lncRNA ADAMTS9-AS2 (ADAM metallopeptidase with thrombospondin type 1 motif 9 antisense RNA 2) was significantly overexpressed. Moreover, alterations in ADAMTS9-AS2 were correlated with TMZ response in glioma patients. Using subsequent functional assays, ADAMTS9-AS2 was found to be involved in fused in sarcoma (FUS)/MDM2 mediated progression in TMZ-resistant GBM.



MATERIALS AND METHODS


Cell Culture

T98G and U118 human glioma cell lines, identified by the short tandem repeat (STR) analysis (Supplementary Data Sheet S1), were obtained from the Cancer Research Institute, Central South University, China, and have been authenticated by short tandem repeat genotyping (Genesky Biotechnologies Inc., Shanghai). As described in our previous study (Dai et al., 2017), we established T98G-R and U118-R TMZ-resistant cell lines with continuous stepwise selection using increasing concentrations of TMZ for greater than 6 months. Next, the half maximal inhibitory concentration (IC50) was determined to confirm stable resistance to TMZ. Glioma cells and HEK 293T cells were maintained in DMEM supplemented (C11995500, HyClone) with 10% fetal bovine serum (10099141C, Gibco) and 1% penicillin/streptomycin (10378016, Gibco) at 37°C with 5% CO2.



Reagents

TMZ was purchased from Sigma-Aldrich Corporation Chemicals (PHR1437). Cycloheximide (CHX) was purchased from MedChemExpress (HY-12320). The proteasome inhibitor MG132 was purchased from Selleck Chemicals (S2619). All reagents were dissolved in dimethylsulfoxide (Amresco). Specific siRNAs and smart silencer (smsiRNAs) RNAs were purchased from Ribo (China) with sequences shown in Supplementary Table S1. Full-length ADAMTS9-AS2 and MDM2 were PCR-amplified from human cDNA and subcloned into pcDNA3.1(+) to create ADAMTS9-AS2 expression plasmids. A FUS expression plasmid, along with truncation constructs used in this study, were purchased from Addgene (29609, 29610, 29611, 29612) and Vigene Biosciences. The constructs His-Ubiquitin (WT) and His-Ubiquitin (K48R) were kind gifts from Prof. Gang Huang (Cincinnati Children’s Hospital, Cincinnati, OH, United States). Overexpressing plasmids (1 μg) or smsiRNAs/siRNAs (100 nM) of indicated genes were transfected into cells using Lipofectamine 3000 (L3000015, Invitrogen) for overexpression and knockdown of indicated genes, respectively, followed by analysis 48–72 h later.



Human Tissues

One hundred forty-four glioma tissues were collected between 2015 and 2018 from the Department of Neurosurgery, Xiangya Hospital of Central South University. This project was approved by the Chinese Clinical Trial Register (ChiCTR-RPC-16008569) and the ethics committee of Xiangya Hospital (Changsha, China). Data do not contain any information that could identify patients. Detailed clinical information was collected from patient records and is listed in Supplementary Table S2. Samples were obtained from patients during surgery and were immediately snap-frozen in liquid nitrogen until use. Chemotherapy response status was assigned to patients based on progression-free survival (PFS) in GBM patients with TMZ treatment (Stupp et al., 2015, 2017) denoted as TMZ response (no recurrence within 4 months after surgical resection) and TMZ non-response (recurrence within 4 months after surgical resection).



MTS Assays and IC50

T98G, U118, and their TMZ-resistant cell lines were seeded in 96-well plates (2 × 103 cells/well) and cultured overnight. Various concentrations of TMZ (0, 0.2, 2, 20, 200, 2,000 μM) or/and indicated transfection reagents were added into the medium for 72 h. Then, MTS assays were performed to determine cell viability following the manufacturer’s protocols. Briefly, 20 μl MTS solution (G358C, Promega) was added into each well and incubated for 6 h. Absorbance was detected at 490 nm using a VICTOR X2 microplate reader (PerkinElmer, United States). IC50 was determined using sigmoidal concentration-response curve-fitting mode using SPSS software. Variable slope was employed to calculate IC50 values [non-linear regression; dose-response-inhibition; log(inhibitor) vs. response- variable slope (4 parameters)]. Cell proliferation was determined by treating TMZ-sensitive or TMZ-resistant glioma cells (1 × 103 cells/well) with 100 μM TMZ for 5 days in 96-well plates. Cell proliferation of TMZ-sensitive or TMZ-resistant glioma cells (1 × 103 cells/well) after indicated transfection was determined for 5 days in 96-well plates.



Cell Cycle Analysis

After serum starvation and cell cycle synchronization for 12 h, cells were seeded into T25 flasks at 1 × 106 cells each. As cells adhered to the plate, drug treatments were added to the flask, and cells were incubated for 48 h. For each condition, detached and adherent cells were harvested, fixed in 70% ethanol at −20°C for at least 12 h, and incubated with propidium iodide (20 μg/ml), phosphate-buffered saline (PBS) and RNase A (50 μg/ml) in the dark. Stained cells were detected using flow cytometry (Guava easyCyte 8HT, Millipore, United States).



Scratch Assay

The scratch assay was used to measure cell migration in vitro. In brief, cells were seeded into 60 mm dishes (2.5 × 105 cells/well) and cultured until they formed a fused monolayer for 24 h. The smsiRNAs or/and siRNAs treatments were administered for each group according to the experimental design. A P200 pipette tip was used to create a scratch. After 48 h, wound closure was imaged using a microscope with mounted camera. Relative migration distance was measured, using ImageJ software, by determining the fraction of cell coverage across the scratch. Relative migration distance was calculated as follows: (%) = migration area/total area × 100%.



Transwell Assay

The transwell assay was used to measure cell invasion in vitro. Matrigel (BD Biosciences, NJ, United States) was mixed with medium in a ratio of 1:8 and placed on the upper surface of each insert in 24-well transwell plates (BD Biosciences, NJ, United States). The chambers were held 6 h in the incubator. In brief, 1 × 104 cells were added to the upper chamber, and 10% FBS was added to the lower chamber. The smsiRNAs or/and siRNAs treatments were administered for each group according to the experimental design. After 48 h, chambers were fixed and stained with 0.05% crystal violet for 2 h. Cells on the upper surface were gently scraped, and stained cells were imaged and quantified under the microscope. The ImageJ software was used to assist cell counting in cell invasion assays.



RNA Extraction and qPCR

Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. The RNA quality was checked after 1% agarose gel electrophoresis with ChemiDoc XRS system (Bio-Rad, United States) and using Protein nucleic acid spectrophotometer (Beckman Coulter, United States). The A260/A280 ratios of RNA are allowed between 1.8 and 2.2. Total RNA was then reverse-transcribed to cDNA using the PrimeScriptTM strand cDNA synthesis kit (6210, Takara). The PARIS Kit (AM1921, Invitrogen) was used to separate nuclear and cytoplasmic RNAs in GBM cells. The qPCR reaction was then performed by CFX96 Touch Real-Time PCR Detection System (Bio-Rad, United States) to determine the expression levels of targets, and performed in triplicate in three independent experiments. The primer sequences of qPCR are shown in Supplementary Table S1. Changes in target mRNA levels relative to a reference gene (β-actin) were determined using the 2–ΔΔct method with iTaq Universal SYBR green Supermix as previous reported (1725121, Bio-Rad) (Song et al., 2019).



RNA Pull-Down Assay

LncRNA ADAMTS9-AS2 was transcribed in vitro from the pcDNA3.1(+) vector using the T7 RiboMAX large-scale RNA production system (P1300) and was biotin labeled using the Pierce RNA 3′ end biotinylation kit (20160). Two milligrams of protein extract from T98G-R cells were then mixed with 100 pmol biotinylated RNA, incubated with nucleic-acid-compatible streptavidin magnetic beads and washed (Pierce magnetic RNA-Protein pull-down kit, 20164). Proteins that bound to the streptavidin-coupled dynabeads were resolved using reducing sample buffer and then subjected to western blot.



RNA Immunoprecipitation (RIP)

RIP analysis was performed using the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Bedford, MA, United States) according to the manufacturer’s instructions. Antibodies to FUS and the V5-tag used for RIP were the same as those used for western blot. C-immunoprecipitated RNAs were detected by strand specific qPCR.



Western Blot Analysis

Whole cell protein was isolated using Pierce IP Lysis Buffer (Thermo Fisher Scientific, United States). The PARIS Kit (AM1921, Invitrogen) was used to separate nuclear and cytoplasmic protein fractions in GBM cells. Protein concentrations were quantified using the Micro BCA Protein Assay Kit (23229, Thermo Scientific). Purified proteins were boiled with 4 × loading buffer, and denatured protein samples were separated by SDS-PAGE on 10% polyacrylamide gels. Then, samples were transferred to NC membranes (HATF00010, Millipore). After blocking with 5% non-fat milk for 1 h, membranes were probed with appropriate primary antibodies overnight at 4°C. The next day, membranes were washed with PBS/Tween (PBST) and incubated with appropriate secondary antibodies for approximately 1 h at room temperature. Protein bands were visualized by Immobilon Western chemiluminescent reagents (WBKLS0500, Millipore). Information for utilized primary antibodies is shown in Supplementary Table S3.



Immunoprecipitation (IP)

For ubiquitination assays, cells were transfected according to the experimental requirements followed by treatment with 1 μM MG132 for 6 h. Then, 500 μg protein lysates were incubated with 1 mg/ml specific primary antibody with gentle rocking for 3 h at 4°C. Protein A/G beads (10002D, Invitrogen) were subsequently added to precipitate protein complexes and further incubated with gentle rocking overnight at 4°C. Precipitates were collected, and supernatants were discarded. Pellets were fixed and resuspended in SDS sample loading buffer before boiling. Samples were then subjected to SDS-PAGE for western blot analysis.



Data Acquisition and Reanalysis Using Different Bioinformatics Methods

The bioinformatics analysis of lncRNA profiling in GBM tissues was conducted through several independent bioinformatics databases. LncRNA Modulator Atlas in Pan-cancer (LncMAP) is a user-friendly web platform, providing lncRNA-mediated transcriptional signatures in human cancer tissues (Li et al., 2018). Using the Cancer RNA-Seq Nexus (CRN), we selected two studies (CRN Glioma and CRN Glioblastoma) to explore the lncRNA profiles between the normal and GBM tissues (Li J. R. et al., 2016). The Atlas of Non-coding RNAs in Cancer (TANRIC) was used for the further confirmation of the changes of lncRNAs in GBM (Li et al., 2015). Then, the consistently dysregulated genes were identified using a Venn analysis and Heatmap diagram.

In addition, to evaluate the roles of lncRNAs in protein complexes, we used the RAID database to version 2.0 (RAID v2.0) (Yi et al., 2017), which integrated diverse RNA-associated interactions. Using this tool, we explore the proteins that bind to disregulated lncRNAs. Furthermore, another integrated bioinformatics platform, UbiBrowser (Li et al., 2017), was used to investigate the human E3 ubiquitin-protein ligase-substrate interaction network.



Statistical Analysis

Statistics were calculated using SPSS 20.0 (SPSS Inc., United States). One-way ANOVA (Kruskal–Wallis test) and Chi-square tests were employed to analyze differences in demographic characteristics and clinical data among different groups. Receiver operating characteristic (ROC) curves were established to discriminate GBM response patients from non-response patients. Area under the ROC curve was used as an accuracy index for evaluating the predictive performance of the hypothesized lncRNA. ∗p < 0.05 and ∗∗p < 0.01 were regarded as statistically significant.




RESULTS


Establishment of T98G-R and U118-R TMZ-Resistant GBM Cell Lines

To confirm resistant phenotypes, T98G-R and U118-R cancer cells were exposed to various doses of TMZ. After approximately 72 h, we measured cell viability and IC50 using MTS assay. Compared to the parental cells, T98G and U118, cell viability rates in T98G-R and U118-R cells were much higher in response to TMZ treatment (Figure 1A and Supplementary Figure S1A). IC50 values of TMZ-resistant cells were increased more than fourfold compared to parental cells (T98G vs. T98G-R: 163.4 μM vs. 1850.7 μM; U118 vs. U118-R: 87.6 μM vs. 383.6 μM) (Figure 1A and Supplementary Figure S1A). To further compare the proliferation capacity of parental and TMZ-resistant GBM cells, the cells were treated with 100 μM TMZ for 3 or 5 days. Significantly different cell cycle distribution was observed between TMZ-resistant cells and their parental cell lines. Upon TMZ treatment, T98G and U118 cells caused marked cell cycle arrest in G2/M phase in a time-dependent manner, while there were no significant changes in T98G-R and U118-R cells (Figure 1B and Supplementary Figure S1B). These findings are consistent with the TMZ-resistant phenotype of T98G-R and U118-R cell lines.
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FIGURE 1. Establishment and characterization of TMZ-resistant GBM cell lines. (A) Cell viability and IC50 analysis was performed to evaluate cytotoxicity of TMZ to T98G and T98G-R cells in response to the indicated concentrations of TMZ for 72 h. (B) T98G and T98G-R cells were treated with 100 μM TMZ for 3 and 5 days, and cell cycle was examined by flow cytometry. The above experiments were repeated independently three times with similar results. Each data point represents mean ± SD.





LncRNA ADAMTS9-AS2 Is Overexpressed in TMZ-Resistant GBM Cell Lines

LncRNAs are essential epigenetic regulators with critical roles in tumor initiation and malignant progression. To examine whether changes in lncRNA are involved in therapeutic response to TMZ in GBM cells, we first performed data mining using CRN Glioma (Li J. R. et al., 2016), CRN Glioblastoma (Li J. R. et al., 2016), TANRIC-GBM-CHINA (Li et al., 2015), and LncMAP GBM (Li et al., 2018) datasets and evaluated overlapping lncRNAs in GBM samples. The Venn diagram revealed that approximately 68 lncRNAs are common among these four published datasets (Figure 2A). After a preliminary screen through strand-specific qPCR, we identified 12 co-differentially expressed lncRNAs in TMZ-resistant T98G-R and U118-R cells. Among these, nine lncRNAs were frequently upregulated, and three were frequently downregulated (Figures 2B,C). Furthermore, the ADAMTS9-AS2 was the most consistently and markedly overexpressed RNA transcript in TMZ-resistant T98G-R and U118-R cells (p < 0.01, p < 0.05, respectively) (Figures 2D,E). Thus, in subsequent experiments, we primarily evaluated the functional roles of ADAMTS9-AS2 in TMZ response in GBM samples.
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FIGURE 2. ADAMTS9-AS2 is significantly overexpressed in TMZ-resistant GBM cells. (A) Venn diagram of four datasets from different databases. (B) Changes in 68 glioma-related lncRNAs were examined between T98G/T98G-R and U118/U118-R. (C) The Venn diagram indicates the co-upregulated and co-downregulated lncRNAs in TMZ-resistant cells, T98G-R and U118-R. (D) Heatmap showing the 12 co-differentially expressed lncRNAs in TMZ-resistant cells, T98G-R and U118-R. (E) qPCR assay of ADAMTS9-AS2 transcript expression in TMZ-resistant GBM cell lines. Quantitative results are from three independent experiments and are shown as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01.





Overexpressed ADAMTS9-AS2 Predicts Poor TMZ Response in GBM Patients

To investigate whether ADAMTS9-AS2 expression is associated with TMZ response in GBM patients, we assessed ADAMTS9-AS2 transcriptional levels in TMZ response and TMZ non-response GBM tissues. The results revealed that ADAMTS9-AS2 was significantly upregulated in non-responding tissues compared to responding tissues (7.13 ± 1.07 vs. 1.21 ± 0.12, p < 0.001) (Figure 3A). A ROC curve was drawn to investigate the potential diagnostic value of ADAMTS9-AS2 expression in differentiating response status in GBM patients. The AUC was 0.84, with the diagnostic sensitivity and specificity reaching 63.87 and 69.99%, respectively (Figure 3B). Moreover, we observed improved PFS among patients with lower ADAMTS9-AS2 expression compared to those with higher ADAMTS9-AS2 expression (6.77 vs. 2.66 months, p < 0.001) (Figure 3C). Collectively, these clinical data on our patients support the conclusion that ADAMTS9-AS2 represents a significant prognostic marker in GBM patients after TMZ treatment.
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FIGURE 3. Altered expression of ADAMTS9-AS2 is associated with TMZ response in 144 GBM patients. (A) qPCR assay of ADAMTS9-AS2 transcript expression in patients with differential TMZ response status. (B) ROC curves were established to discriminate TMZ responding patients from non-responding patients. (C) PFS among patients with ADAMTS9-AS2 low (green, median PFS: 6.77 mouths) and ADAMTS9-AS2 high (red, median PFS: 2.66 mouths) groups. ∗∗p < 0.01 were regarded as statistically significant.





ADAMTS9-AS2 Induces TMZ Resistance by Regulating Metastasis

To investigate the effects of ADAMTS9-AS2 on TMZ-resistant behaviors, we determined the Spearman correlation between ADAMTS9-AS2 levels and TMZ sensitivity (IC50) in 6 GBM cell lines (T87G, U118, MGR2, U251, U87, C6). IC50 values of TMZ were positively correlated with ADAMTS9-AS2 expression levels in these glioma cells (Spearman r = 0.98, p < 0.001) (Figure 4A). Next, we used a smsiRNAs-mediated knockdown strategy to inhibit ADAMTS9-AS2 expression in TMZ-resistant cells, T98G-R and U118-R (Figure 4B and Supplementary Figure S2A). Upon knockdown of ADAMTS9-AS2, T98G-R cells showed enhanced sensitivity to TMZ, which manifested as reduced cell proliferation rates (Figure 4C) and about an 40-fold decrease in IC50 (Figure 4D). Similar results were observed in U87-R cells (Supplementary Figures S2B,C). In addition, given one of the well-documented mechanisms in TMZ response involves elevated methylation of O6MeG DNA methyltransferase (MGMT) (Yan et al., 2016), we further want to evaluate whether the ADAMTS9-AS2 modulated TMZ-resistant behaviors was dependent on the MGMT methylation status in different GBM cells. Interestingly, ectopic expression of ADAMTS9-AS2 significantly upregulated the IC50 values of TMZ in both MGMT-positive cell lines T98G and U118 (Supplementary Figures S2D,E) and MGMT-negative cell lines U251 and U87 (Supplementary Figures S2F,G). These data collectively support that ADAMTS9-AS2 might represent a predictive marker of TMZ chemosensitivity in GBM cells in MGMT-independent mechanisms.
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FIGURE 4. ADAMTS9-AS2 supports TMZ resistance in T98G-R GBM cells. (A) The correlation between ADAMTS9-AS2 mRNA expression and IC50 values in six GBM cells was quantified by Spearman’s rank correlation. (B) qPCR confirmed that smsiRNAs mediate knockdown of ADAMTS9-AS2. Relative cell number (C), TMZ IC50 value (D), invasion ability (E) and migration ability (F) were examined in T98G-R cells after knockdown of ADAMTS9-AS2. Quantitative results of three independent experiments are shown as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01.



In addition, it has been previously demonstrated that the cancer cells with chemoresistance phenotype exhibit a mesenchymal phenotype with increased migration and invasion capacity compared with the parental cells. Given that metastasis might have promising roles in chemotherapeutic responses (Park et al., 2016; Ingham and Schwartz, 2017), we further assessed whether ADAMTS9-AS2 might influence invasion and migration. As expected, compared to the untreated group, ADAMTS9-AS2 knockdown significantly inhibited invasion in chemoresistant T98G-R and U118-R cells (Figure 4E and Supplementary Figure S2H). Scratch analysis showed reduced migratory ability in ADAMTS9-AS2 knock down T98G-R and U87-R cells (Figure 4F and Supplementary Figure S2I). Taken together, these finding illustrate that ADAMTS9-AS2 expression induces TMZ resistance via modulation of metastasis, and inhibition of ADAMTS9-AS2 resensitizes TMZ-resistant GBM cells to TMZ.



ADAMTS9-AS2 Binds to FUS and Reduces Its K48-Linked Ubiquitination

To screen for interactions between ADAMTS9-AS2 and protein complexes that potentially act as protein scaffolds, we used the RAID algorithm (Yi et al., 2017) to identify proteins that bind to ADAMTS9-AS2. FUS, an RNA-binding protein, was identified as the main protein associated with ADAMTS9-AS2 (Figure 5A). First, we applied nuclear and cytoplasmic extraction to visualize the cellular localization and relative abundance of ADAMTS9-AS2 and FUS in TMZ-resistant cells, T98G-R and U118-R. We found that ADAMTS9-AS2 and FUS are primarily distributed in the nuclear region (Figure 5B and Supplementary Figure S3A). Furthermore, knockdown of ADAMTS9-AS2 by smsiRNAs downregulated FUS protein levels in T98G-R and U118-R cells (Figure 5C and Supplementary Figure S3B). However, no significant changes in ADAMTS9-AS2 were seen in FUS siRNA-treated cells (Figure 5D and Supplementary Figure S3C). These data indicate that FUS is a downstream effector of ADAMTS9-AS2. Resistance to TMZ is partly implicated to the low MGMT promoter methylation status and enhanced DNA repair function. To illustrated the mechanism, ADAMTS9-AS2 and FUS expression were analyzed in both MGMT-negative cell lines U251 and U87 and MGMT-positive cell lines U118 and T98G (Supplementary Figure S3D). The results showed higher expression of ADAMTS9-AS2 and FUS in relative TMZ-resistant cells than the sensitive GBM cell lines. In addition, we evaluated the effects of ADAMTS9-AS2/FUS on TMZ response in GBM cells. In response to different doses or durations of TMZ treatment, the variation of ADAMTS9-AS2 was very similar to that of FUS in the parent cells, T98G and U118 (Figures 5E,F and Supplementary Figures S3E,F), supporting the idea that the ADAMTS9-AS2/FUS axis is involved in TMZ chemotherapy.
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FIGURE 5. ADAMTS9-AS2 interacts with the co-localized FUS protein. (A) The RAID algorithm was used to predict the binding affinity of ADAMTS9-AS2 to FUS. (B) Subcellular localization of ADAMTS9-AS2 and FUS analyzed from nuclear and cytoplasmic extracts. (C) Protein levels of FUS determined by western blot analyses of lysates from ADAMTS9-AS2 knockdown cells T98G-R. (D) qPCR assay of ADAMTS9-AS2 and FUS transcript expression in ADAMTS9-AS2 or FUS knock down T98G-R cells. Upon different durations (E) or doses (F) of TMZ treatment, the variation tendency of ADAMTS9-AS2 and FUS was analyzed in T98G cells. (G) Proteins isolated from the RNA pull-down assays with biotinylated ADAMTS9-AS2 RNA were identified by western blot analyses using specific anti-FUS antibodies. mRNA isolated from the RIP assays with anti-FUS antibody was identified by qPCR using specific ADAMTS9-AS2 primers in T98G-R and U118-R cells without (H) or with (I) ADAMTS9-AS2 knockdown. (J) Truncated versions of V5-FUS were produced according to the predicted ADAMTS9-AS2/FUS binding domain. mRNA isolated from the RIP assays with anti-V5 tag antibody was identified by qPCR analysis using specific ADAMTS9-AS2 primers in HEK293T cells. All images displayed are representatives of three independent experiments. ∗p < 0.05, ∗∗p < 0.01.



Next, to confirm the association between ADAMTS9-AS2 and FUS, we used proteins isolated from the RNA pull-down assays and found that ADAMTS9-AS2 directly interacts with both endogenous and exogenous FUS (Figure 5G). Moreover, RIP was performed using a specific FUS antibody to ensure that ADAMTS9-AS2 was specifically immunoprecipitated from cell lysates. The binding capacity in TMZ-resistant cells was much stronger than in parent cells (Figure 5H), and knockdown of ADAMTS9-AS2 significantly weakened the association between ADAMTS9-AS2 and FUS (Figure 5I). In addition, based on the predicted binding sites of ADAMTS9-AS2 in the FUS protein sequence (Figure 5A), we obtained a series of vectors encoding V5-tagged FUS deletion mutants. RIP was performed using a specific V5 antibody to determine that ADAMTS9-AS2 specifically immunoprecipitates FUS through both the RRM and Znf_RanBP2 domains (Figure 5J). Thus, these data confirm that ADAMTS9-AS2 directly binds to FUS in vitro.

As FUS transcriptional levels did not change in ADAMTS9-AS2-downregulated T98G-R or U118-R cells (Figure 5D and Supplementary Figure S3C), we performed CHX chase assays to determine the protein stability of FUS. While knockdown of ADAMTS9-AS2 surprisingly attenuated the half-life of the FUS protein in TMZ-resistant cells, T98G-R and U118-R (Figure 6A), its overexpression promoted it (Supplementary Figure S4). Moreover, global and K48-linked ubiquitination of FUS in ADAMTS9-AS2-downregulated T98G-R and U118-R cells was more augmented than in controls (Figures 6B,C). In HEK293T cells transfected with ADAMTS9-AS2, V5-FUS, and K48-Ubiquitin, ADAMTS9-AS2 knockdown robustly enhanced FUS K48-linked ubiquitination, but this effect was compromised in the presence of the K48R mutant (Figure 6D). These data indicate that ADAMTS9-AS2 inhibits proteasome-dependent degradation of FUS.
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FIGURE 6. ADAMTS9-AS2 enhances FUS stability by weakening its K48-linked ubiquitination. (A) After treatment with CHX (20 μg/ml) for indicated times, protein levels of FUS were determined by western blot analyses of lysates from ADAMTS9-AS2 knockdown cells T98G-R and U118-R. Western blot analysis of ubiquitin (B) and K48-ubiquitin (C) immunoprecipitated with anti-FUS antibodies in T98G-R and U118-R cells. (D) Western blot analysis of K48-ubiquitin immunoprecipitated with anti-FUS antibodies in ADAMTS9-AS2 downregulated HEK293T cells. Experiments were repeated three times with similar results.



To identify characteristics of the E3 ligase that interact with FUS, we used a computational predictive system, UbiBrowser (Li et al., 2017). As shown in Figure 7A, FUS interacts most strongly with the murine double minute 2 (MDM2) E3 ligase, with a confidence score of 0.843. Western blot analysis revealed that low MDM2 levels and high FUS levels are clearly seen in T98G-R and U118-R cells (Figure 7B). Furthermore, FUS expression was upregulated in MDM2-downregulated cells, whereas there was no significant change in ADAMTS9-AS2 transcription (Figure 7C). Moreover, the FUS-MDM2 interaction was decreased in T98G-R and U118-R cells (Figure 7D). Knockdown of MDM2 weakened its FUS binding ability, leading to upregulated FUS expression (Figure 7E). We further scanned the interaction between MDM2 and FUS when ADAMTS9-AS2 was knocked down. The FUS/MDM2 interaction was enhanced in ADAMTS9-AS2 knock down T98G-R and U118-R cells (Figure 7E). Then, after full-length and truncated FUS proteins were expressed in HEK293T cells, IP analysis determined that all of FUS fragments containing the RRM or Znf_RanBP2 domains specifically immunoprecipitated MDM2 (Figure 7F). Together, these results demonstrate that ADAMTS9-AS2 might attenuate the interaction between FUS and MDM2, inhibiting MDM2-mediated FUS K48-ubiquitination and degradation.


[image: image]

FIGURE 7. ADAMTS9-AS2 attenuates MDM2-mediated FUS ubiquitination and degradation. (A) The UbiBrowser tool identified the E3 ligase that interacts with FUS. (B) Protein levels of FUS and MDM2 were determined by western blot analyses of lysates from T98G-R and U118-R TMZ-resistant cells. (C) Expression levels of ADAMTS9-AS2 and FUS were analyzed in MDM2 knockdown cells T98G-R and U118-R. (D) IP analysis revealed the FUS/MDM2 interaction in T98G-R and U118-R cells. (E) IP analysis revealed the FUS/MDM2 interaction in ADAMTS9-AS2 and MDM2 downregulated cells T98G-R and U118-R. (F) After transfection with the truncated versions of V5-FUS in HEK293T cells, proteins isolated from IP assays using anti-V5 tag antibody were identified by western blot analyses using a specific MDM2 antibody. All data are representative of three independent experiments, and representative images are shown.





The Effect of Modulating ADAMTS9-AS2/FUS on TMZ Chemosensitivity

To further determine the role of ADAMTS9-AS2/FUS in regulating therapeutic response to TMZ, we used T98G-R and U118-R cell lines stimulated with RNA interference silencing technology to downregulate the ADAMTS9-AS2/FUS signaling pathway. Under these conditions, IC50 values and cell proliferation rates were both significantly inhibited in ADAMTS9-AS2 or FUS downregulated cells (Figures 8A,B and Supplementary Figures S5A,B), indicating enhanced TMZ chemosensitivity. In addition, transwell and scratch assay showed similar effects for ADAMTS9-AS2 and FUS knockdown with significant inhibition of migration and invasion in both T98G-R and U118-R cells (Figures 8C,D and Supplementary Figures S5C,D). Moreover, combined knockdown of ADAMTS9-AS2 and FUS further promoted the sensitivity of TMZ-resistant cells to TMZ (Figures 8A–D and Supplementary Figures S5A–D). However, overexpression of FUS could rescue the inhibitory effects of ADAMTS9-AS2 knockdown in both T98G-R and U118-R cells (Figure 8E and Supplementary Figure S5E). These data indeed support the conclusion that ADAMTS9-AS2 inhibition enhances the antitumor effect of TMZ in GBM cells by down-regulating FUS expression.
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FIGURE 8. Knockdown of ADAMTS9-AS2/FUS promotes TMZ chemosensitivity in T98G-R cells. TMZ IC50 value (A), relative cell number (B), invasion (C), and migration (D) were examined in T98G-R cells after knockdown of ADAMTS9-AS2 and FUS. (E) FUS overexpression could rescue the inhibitory effects of ADAMTS9-AS2 knockdown in T98G-R cells. The above experiments were repeated independently three times with similar results. ∗p < 0.05 were regarded as statistically significant.






DISCUSSION AND CONCLUSION

Over the last decade, it has been increasingly demonstrated that the majority of the mammalian genome is pervasively transcribed, resulting in the production of numerous lncRNAs (Kopp and Mendell, 2018). Accumulating evidence indicates that abnormal lncRNAs play multiple roles in maintaining tumor initiation and progression, demonstrating their crucial clinical potential as biomarkers and therapeutic targets (Slaby et al., 2017; Xu et al., 2017). However, the detailed functions of lncRNAs in GBM resistance to TMZ remains to be elucidated in detail. In this present study, we demonstrated that ADAMTS9-AS2 could directly bind to FUS and interfere with its MDM2-mediated K48 polyubiquitination. FUS stabilization by ADAMTS9-AS2 overexpression promotes the cell metastatic behavior, which is required for the TMZ resistance of GBM cells (Figure 9).
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FIGURE 9. A schematic for FUS stabilization by ADAMTS9-AS2, which promotes TMZ resistance in GBM cells. ADAMTS9-AS2 binds to FUS and interferes with its MDM2-mediated K48 polyubiquitination and degradation. The FUS protein is stabilized by ADAMTS9-AS2 overexpression and promotes cell metastasis, which is required for development of TMZ resistance in GBM cells.



Growing evidence indicates that lncRNAs regulate the expression of target genes in glioma cells. While dependent upon the cellular and environmental context, interesting conflicting outcomes have been shown regarding lncRNAs in cancer diagnose and prognosis. For example, the lncRNA MALAT1 was categorized as a tumor-suppressive gene in glioma via ERK/MAPK-mediated growth and MMP2-mediated invasiveness, while Xiong et al. found that MALAT1 enhances glioma stem cell viability and promotes gliomagenesis through suppressing miR-129 and facilitating SOX2 expression (Han et al., 2016; Xiong Z. et al., 2018). ADAMTS9-AS2 was first identified as a novel tumor suppressor that is regulated by DNA methyltransferase-1 (DNMT1). Knockdown of ADAMTS9-AS2 by siRNA inhibited the migration of glioma cells (Yao et al., 2014). Recent studies have revealed ADAMTS9-AS2 is a double-edged sword in the initiation and malignant progression of human cancers. Compared to adjacent normal tissue, ADAMTS9-AS2 is downregulated in colorectal cancer and predicts improved prognosis in colorectal cancer patients (Li Q. et al., 2016). In contrast, ADAMTS9-AS2 levels have been found at significantly higher levels in epithelial ovarian cancer than in normal ovaries and benign ovarian cysts shown by lncRNA microarray profiling (Wang H. et al., 2016). Upregulation of ADAMTS9-AS2 facilitates cell migration and invasion via targeting miR-143-3p/integrin α6 signaling in salivary adenoid cystic carcinoma (Xie et al., 2018). However, the roles of ADAMTS9-AS2 in TMZ-resistant GBM remain unclear. We performed the first ADAMTS9-AS2/FUS combination analysis in GBM and identified ADAMTS9-AS2 as a proto-oncogene that promotes TMZ resistance through stabilizing the FUS protein. Further clarifying the functions of ADAMTS9-AS2 might uncover the nature of GBM and provide novel targets for treatment.

The RNA-binding-protein FUS, also known as translocated in liposarcoma (TLS), is a critical regulator during the characteristic pathological features of amyotrophic lateral sclerosis (Sun et al., 2015). Recently, studies have found that FUS mRNA or protein expression is upregulated in liposarcoma (Spitzer et al., 2011), breast cancer (Ke et al., 2016), cervical cancer (Zhu et al., 2018), and FUS promotes malignant progression in non-small cell lung cancer (Xiong D. et al., 2018). Functioning as an oncoprotein, FUS has been proven to be essential for the growth of prostate cancer cells by activating androgen receptor signaling (Haile et al., 2011). Reducing FUS expression significantly abrogated lncRNA NEAT1 mediated cell survival in breast cancer cells (Ke et al., 2016). FUS also regulates the expression of 19 circRNAs by binding to introns in the splice regions, such as for circ_3279 and circ_5306. In glioma, silencing of the FUS gene inhibits the proliferation and migration of neuroblastoma cells and increases their chemical sensitivity to cisplatin by promoting expression of miRNA-141 (Wang Z. et al., 2016). In glioma-exposed endothelial cells (GECs), the FUS protein combines with circ_002136, which acts as a miR-138-5p molecular sponge, upregulating SOX13 and SPON2 and increasing angiogenesis of GECs (He et al., 2019). However, the biological significance of the FUS-mediated therapeutic response is not fully understood. Our study is the first to demonstrate that ADAMTS9-AS2 interacts with FUS in the nucleus to inhibit MDM2-medicated FUS K48-ubiquitination and degradation, which inhibits migration and proliferation in GBM TMZ-resistant cells. Identifying cellular mechanism that drive GBM to be recur and TMZ resistant is critical to improving outcomes in patients. Additional studies are needed to focus on how this resistance developed during the course of GBM progression, especially the development of TMZ resistance at different time interval. Also, the addition of primary GBM cells obtained from patients are needed to determine ADAMTS9-AS2 mediated FUS/MDM2 ubiquitination axis in future studies.

This is the first study to provide a detailed characterization of the ADAMTS9-AS2/FUS/MDM2 axis in GBM TMZ resistance. A better understanding of the potential roles of lncRNAs in GBM biology, especially the characteristics of glioma patients, is of great significance for the progression of gene-targeted therapy.
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FIGURE S1 | Establishment and characterization of the U118-R TMZ-resistant GBM cell line. (A) Cell viability and IC50 analysis was performed to evaluate cytotoxicity of TMZ to U118 and U118-R cells in response to treatment with indicated concentrations of TMZ for 72 h. (B) U118 and U118-R cells were treated with 100 μM TMZ for 3 and 5 days, and cell cycle was examined by flow cytometry. The above experiments were repeated independently three times with similar results. Each data point represents mean ± SD.

FIGURE S2 | ADAMTS9-AS2 supports TMZ resistance in GBM cells U118-R. (A) qPCR confirmed smart silencer-mediated knockdown of ADAMTS9-AS2. Relative cell number (B) and IC50 values (C) were examined in U118-R cells after knockdown of ADAMTS9-AS2. (D,E) Ectopic expression of ADAMTS9-AS2 significantly upregulated IC50 values of TMZ in MGMT-positive cell lines T98G and U118. (F,G) Ectopic expression of ADAMTS9-AS2 significantly upregulated IC50 values of TMZ in MGMT-negative cell lines U251 and U87. Invasion ability (H) and migration ability (I) were examined in U118-R cells after knockdown of ADAMTS9-AS2. Quantitative results shown are of three independent experiments and represent the mean ± SD. ∗p < 0.05, ∗∗p < 0.01.

FIGURE S3 | ADAMTS9-AS2 upregulates the FUS protein, which is involved in TMZ response in U118-R cells. (A) Subcellular localization of ADAMTS9-AS2 and FUS analyzed from nuclear and cytoplasmic extracts in U118-R cells. (B) Protein levels of FUS were determined by western blot analyses of lysates from U118-R ADAMTS9-AS2 downregulated cells. (C) qPCR assay of ADAMTS9-AS2 and FUS transcript expression in U118-R ADAMTS9-AS2 or FUS knock down cells. (D) ADAMTS9-AS2 and FUS Protein levels were evaluated in both MGMT-negative cell lines U251 and U87 and MGMT-positive cell lines U118 and T98G. Upon different durations (E) or doses (F) of TMZ treatment, the variation tendency of ADAMTS9-AS2 and FUS was analyzed in U118 cells.

FIGURE S4 | ADAMTS-AS2 regulate the FUS protein stability in parental cells. After treatment with CHX (20 μg/ml) for indicated times, protein levels of FUS were determined by western blot analyses of lysates from ADAMTS9-AS2 over-expressed cells T98G and U118.

FIGURE S5 | ADAMTS9-AS2/FUS knockdown promotes TMZ chemosensitivity in U118-R cells. TMZ IC50 value (A), relative cell number (B), invasion (C), and migration (D) were examined in U118-R cells after knockdown of ADAMTS9-AS2 and FUS. (E) FUS overexpression could rescue the inhibitory effects of ADAMTS9-AS2 knockdown in U118-R cells. The above experiments were repeated independently three times with similar results. ∗p < 0.05, ∗∗p < 0.01.

TABLE S1 | The sequences for the primers, siRNAs and smsiRNAs.

TABLE S2 | Baseline demographic and clinical characteristics according to ADAMTS9-AS2 expression.

TABLE S3 | The information of indicated primary antibodies.

DATA SHEET S1 | The certificates of cell authenticity by STR analysis. The data sheet contains original STR analysis results, as well as final certification report of glioma cells.



ABBREVIATIONS

ADAMTS9-AS2, ADAM metallopeptidase with thrombospondin type 1 motif 9 antisense RNA 2; BER, Base excision repair; DNMT1, DNA methyltransferase-1; FUS, Fused in sarcoma; GBM, Glioblastoma; IC50, Half maximal inhibitory concentration; lncRNAs, Long non-coding RNAs; IP, Immunoprecipitation; MALAT1, Metastasis-associated lung adenocarcinoma transcript 1; MGMT, O6-methylguanine-DNA-methyltransferase; MMR, Mismatch repair; PFS, Progression-free survival; RIP, RNA immunoprecipitation; smsiRNAs, Smart silencer; TMZ, Temozolomide
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Solasonine (SS), a natural glycoalkaloid component, has been shown to have potent inhibitory activity and cytotoxicity against many cancer types. However, the precise mechanisms underlying this, particularly in hepatocellular carcinoma (HCC) are poorly understood. In this study, we showed that SS inhibited growth of HCC cells. Mechanistically, we observed that SS increased the expression of miR-375-3p, whereas reducing levels of long non-coding RNAs (lncRNAs) CCAT1 was noticed in HepG2 HCC and other cells. In addition, we found that SS repressed transcription factors, SP1 and interferon regulatory factor 5 (IRF5), protein expressions. There was a reciprocal interaction among miR-375-3p, CCAT1, and SP1. Moreover, SS inhibited IRF5 promoter activity, which was not observed in cells transfected with excessive expressed SP1 vectors. Interestingly, exogenously expressed IRF5 was shown to reverse expressions of SS-inhibited CCAT1 and induced-miR-375-3p; and neutralized SS-inhibited growth of HCC cells. Similar results were also found in vivo mouse model. Collectively, our results show that SS inhibits HepG2 HCC growth through the reciprocal regulation between the miR-375-3p and lncRNA CCAT1, and this results in transcription factor SP1-mediated reduction of IRF5 expression. The regulations and interactions among miR-375-3p, CCAT1, SP1, and IRF5 axis unveil a novel molecular mechanism underlying the anti-HCC growth by SS. IRF5 may be a potential target for treatment of HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common malignancies with high frequencies of recurrence and metastasis. The treatment of HCC requires multidisciplinary treatment modalities (1). Although substantial treatment improvements have been made, HCC still remains to have a poor prognosis (1). Currently, there are limited treatment options for advanced HCC. The novel therapeutic advances with several small molecules kinase inhibitors and immunotherapy, such as programmed death-ligand 1 (PD-L1)/programmed cell death 1 (PD-1) pathway, may likely change the treatment scenario of HCC (2, 3). Thus, searching and exploring novel strategies for the treatment of HCC is of great importance.

Numerous anti-cancer agents have been isolated from natural products, such as plants including their semi-synthetic and synthetic derivates. Among these, solasonine (SS), one major glycoalkaloid extracted from S. lycocarpum and found Solanum species, has been demonstrated anti-proliferative activity against many cancer types (4–7). SS could inhibit cell proliferation, migration and colony formation of glioma cells through targeting the anti-inflammatory molecules, NF-κB and mitogen-activated protein kinase (MAPK) signaling axis cascade (8). Another report investigated the anti-proliferative activity of SS against several cancer types and demonstrated that SS may be a potential anticancer drug candidate (5). Nevertheless, the precise molecular mechanism underlying the anti-cancer effects of SS still remains to be determined.

Long non-coding RNAs (lncRNAs), which lack a complete open reading frame and play an important role in biological processes, have been illustrated to function as important regulators in several biological functions, such as cell proliferation, differentiation and apoptosis, in cancer (9). Many lncRNAs are dysregulated and involved in tumorigenesis, progression, metastasis, prognosis, or diagnosis and even treatment in HCC (10). Among these, the expression of lncRNA, CCAT1, was markedly increased in the HCC tissues compared to that in the pair-matched non-cancerous tissues. CCAT1 promoted the proliferation and migration of HCC cells by functioning as a molecular sponge for miRNA let-7, and led to the control of endogenous targets, such as high-mobility group protein A2 (HMGA2) and c-Myc, suggesting that CCAT1 played a critical role in the growth and progression of HCC via competitively sponging to let-7 (11). In addition, Kaplan–Meier analysis found that the patients with reduced CCAT1 levels showed better overall survival compared to those with increased CCAT1 expression. Moreover, Cox proportional hazards analyses demonstrated that CCAT1 could be used as an independent prognostic indicator in patients with HCC (12). This finding, together with other reports, indicated that the aberrant expression of CCAT1 promoted proliferation, migration and invasion in HCC both in vivo and in vitro (13). However, the role of CCAT1 and the detailed molecular mechanism underlying the involvement of HCC development and progression still remain unknown.

MicroRNAs (miRNAs) have been involved in many types of diseases, including human cancer. A large body of evidence has demonstrated that miRNAs regulate multiple biological functions, such as cancer cell differentiation, growth, apoptosis and metastasis (14). MiR-375, which acted as a candidate tumor suppressor miRNA, has been showed to suppress growth and induce apoptosis in several cancer types (15–17). Studying the expression of miR-375 and its target gene SMAD family member 7 (SMAD7) polymorphisms (rs4939827) in colorectal cancer (CRC) patients found that there was a significant association between miR-375 and the susceptibility to CRC, and that miR-375 and rs4939827 SNP in SMAD7 could be considered as a potential biomarker for early diagnosis of CRC (18). MiR-375 was among the most downregulated miRNAs in resistant breast cancer cells. Forced expression of miR-375 could sensitize tamoxifen-resistant cells to tamoxifen and reversed epithelial-to-mesenchymal transition (EMT) in breast cancer cells, suggesting that miR-375 might be used for potential therapeutic approaches for the treatment of tamoxifen-resistant breast cancer (19). The lncRNA-miRNA regulatory networks, such as CCAT1 interacted with miRNAs, have been implicated to regulate tumorigenesis and progression in cancers including HCC (11, 14, 20). CCAT1 functions as a molecular regulator for miRNA by competitively sponging, and leading to regulate endogenous target gene expression and subsequent biological function (11, 21, 22).

Transcription factor interferon regulatory factor 5 (IRF5) has been shown to regulate the expression of genes involved in the inflammatory responses and the stimulation of the immune system (23). Moreover, studies have demonstrated that IRF5 negatively regulated cell growth and oncogene activation, favoring cell differentiation, apoptosis, and sensitivity to oncolytic therapy (24–26). IRF5 proved to be an adverse independent prognostic factor for overall survival (OS) and recurrence free survival (RFS) in clear cell renal cell carcinoma (ccRCC) cells (27). On the contrary, IRF5 also acts as a tumor suppressor in several human cancers (28, 29). Thus, the true role of this transcription factor in tumor biology remains to be undetermined. Given the role of IRF5 in pathogenesis, its clinical and prognostic value in cancer, IRF5 may represent a potential therapeutic target for cancer. The connection and interaction of miRNA and IRF5 have also been studied. MiR-146b was shown to target IRF5, resulting in the regulation of macrophage activation (30). miR-let7a also directly targeted pro-inflammatory gene high-mobility group protein A2 (HMGA2), thereby suppressing anti-citrullinated protein antibodies (ACPAs)-induced IRF5 expression through phosphoinositide 3-kinase (PI3-K) signaling in macrophages (31). However, until now, there has been less information demonstrating the links between IRF5 and lncRNA expression and function.

In the current study, we explored the potential mechanism underlying the anti-HCC cell growth by SS. We observed that SS inhibited HCC cell growth through the reciprocal regulation of miR-375-3p and CCAT1; this resulted in transcription factor SP1-mediated inhibition of IRF5 gene expression.



MATERIALS AND METHODS


Reagents and Cell Culture

Liver cancer cell line, HepG2, was obtained from the Cell Line Bank at the Laboratory Animal Center of Sun Yat-sen University (Guangzhou, China), Cell line, QGY-7703, and human normal hepatocyte (LO2) cells were obtained from Cell Bank of Chinese Academy of Science (Shanghai, China). All cell lines had no HCV infection. Monoclonal antibodies against SP1 and IRF5 were purchased from Cell Signaling Technology Inc. (Beverly, MA, USA) and AB Colonel Technology Inc. (Wuhan, China), separately. 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetra-zolium bromide (MTT) powder was provided by Sigma-Aldrich (St. Louis, MO, USA). 5-Ethynyl-2′-deoxyuridine (EdU) detection kit and miR-375-3p mimics were purchased from Ribo Biological Co., Ltd. (Guangzhou, China). Lipofectamine 3000 reagent was obtained from Life Technologies (Carlsbad, CA, USA). The pcDNA3.1 (control vector) and the SP1 overexpression plasmid were kindly provided by Dr. Thomas E. Eling (NIEHS, Research Triangle Park, NC, USA). The detailed information for the critical reagents used was summarized in Table 1 (Supplementary Material). SS was purchased from Chengdu Must Biotechnology Company (Chengdu, Sichuan, China). Cells were cultured at 37°C in 5% CO2 in RPMI-1640 medium (GIBCO, Life Technologies, Grand Island, NY, USA) supplemented with 10% FBS (HyClone, Invitrogen, Camarillo, CA, USA), 100 U/mL penicillin and 100 μg/mL streptomycin (Invitrogen, Carlsbad, CA, USA). In addition, the medium grown HepG2-Luc was added with Geneticin G-418 Sulfate (Life Technologies, Carlsbad, CA, USA) (200 μg/mL).


Table 1. The information of critical reagents used in this study.
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Cell Viability Assay

HepG2 and QGY-7703 cells (3–5 x 103 cells/well) and normal hepatocyte (LO2) cells (3–5 x 103 cells/well) were seeded into a 96-well microtiter plate and treated with increasing concentrations of SS for up to 72 h. Cell viability was detected by MTT assay. The operational approach has been reported in a previous study (32). Lastly, an ELISA reader (Perkin Elmer, Victor X5, Waltham, MA, USA) was used to measure the absorbance at 570 nm. The calculation formula of cell viability (%) was as follows: (absorbance of test sample/absorbance of control) × 100. The cells treated with vehicle only (DMSO, 0.1% in media) was served as a zero control and the control values were set to 1 by default.



EdU Incorporation Assay

HepG2 and QGY-7703 cells (5 x 103 cells/well) were seeded into 96-well plates followed by treating with SS (45 μM) for 24 h. After 24 h, the medium was removed and the cells was cultured in a resuspended RPMI-1640 medium with 50 μM EdU for 2 h at 37°C, stained with Apollo reaction reagent. All DNA contents of the cells were stained with Hoechst 33342. At last, an inverted fluorescence microscope (Nikon, Ts2RFL, Tokyo, Japan) was used to take pictures at × 400 magnifications. Three captured fields were selected randomly and the EdU-positive cells were calculated. The calculation formula was as follows: percentage of EdU-positive cells = (EdU-positive cells/Hoechst stain cells) × 100.



Quantitative Real-time PCR

Total RNA of HepG2 and QGY-7703 cells from different treatment were extracted by using Trizol reagent (Invitrogen). RNA was reversed transcribed into cDNAs using the RT-PCR kit (TaKaRa, Dalian, China). The reverse-transcription step was carried out in triplicate and the total RNA concentration was the same in every sample. A quantitative real-time RT-PCR (qRT-PCR) assay was performed on an ABI 7500 Real-Time PCR System (Applied Biosystems, Grand Island, NY, USA) for the quantification of miR-375-3p and CCAT1 transcript using the SYBR Premix Dimmer Eraser kit (TaKaRa) and fluorescent RNA-binding dyes. All conductions were in accordance with the instructions provided by the manufacturer. Each sample was tested in triplicate, and reference genes were applied to normalize the results. The PCR conditions were as follows: 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, and 1 min at 60°C. Threshold quantification cycle (Cq) was determined for each sample/primer pair and the 2–ΔΔCt method was used to calculate the relative levels of specific molecules. The copy numbers were consistent with the anticipated result. The amplification efficiency for miR-375-3p and CCAT1 was 100.95 and 100.35%, respectively. The forward and reverse primer sequences used in qRT-PCR are shown in Table 2 (Supplementary Material). The procedure was based on the guidelines of the minimum information for publication of qRT-PCR experiments (MIQE) (33).


Table 2. The primer sequences of gene amplification by qRT-PCR.
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Western Blot Analysis

HepG2 and QGY-7703 cells were seeded into 6-well plates at a density of 4 × 105 cells/well or 2 × 105 cells/well and treated with different conditions of SS for up to 48 h. The cells were lysed with 1 × RIPA buffer, which contained proteinase inhibitor cocktail, and the protein concentrations were measured. Equal amounts of protein were mixed in volumetric 3 × SDS sample buffer and separated on 10% SDS polyacrylamide gels. Primary antibody was incubated at 4°C overnight. Afterwards, secondary antibody raised against rabbit IgG conjugated to horse-radish peroxidase (Cell Signaling, Beverly, MA, USA) was incubated for 1 h at room temperature. Finally, signals were detected using a freshly prepared enhanced chemiluminescence solution (Millipore, Burlington, MA, USA) with a ChemiDoc XRS +System (Bio-Rad, Hercules, CA, USA). ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to quantify and compare the intensity of single band between the control and proteins of interest.



Transient Transfection Assays

HepG2 and QGY-7703 cells (2 × 105 cells/well) were seeded into 6-well plates and reached to 50–60% confluence before treatment. The mimics, inhibitors and the negative control of miR-375-3p were mixed with the ribo FECT™ CP transfection reagent (RiboBio Co., Guangzhou, China) in accordance with the instructions provided by the manufacturer; compounds were added to the cells and maintained for 48 h at 37°C. In separate experiments, HepG2 and QGY-7703 cells were seeded into 6-well plates at a density of 3 × 105 cells/well and transfected with the pcDNA3.1 (control plasmid), pcDNA3.1-SP1, overexpression plasmids of CCAT1 and IRF5 (EX-NEG-M02-CCAT1, EX-NEG-M02-IRF5), and the respective controls obtained from GeneCopoeia, Inc. (Rockville, MD, USA) with Lipofectamine 3000 reagent at a final concentration of 2 μg/mL for 6 h at 37°C followed by treatment with SS for the indicated time for all other experiments.



Luciferase Reporter Assay

HepG2 and QGY-7703 cells were seeded into 24-well plates at a density of 6.5 × 104 cells/well and reached to 50–60% confluence before treatment. The control plasmid pEZX-PL01 and pEZX-PL01-IRF5 promoter plasmids purchased from GeneCopoeia (Rockville, MD, USA) were transfected into the cells with Lipofectamine 3000 for 6 h, followed by treating with SS for an additional 24 h. The wild and mutation types of CCAT1 3′-UTR luciferase vectors were designed and synthesized by GeneCopoeia, Inc. (Rockville, MD, USA). These vectors were co-transfected into the cells with either miR-375-3p mimic or a negative control using Lipofectamine 3000 Reagent, followed by exposure of the cells to SS for an additional 24 h. The preparation of cell lysis and the measurement of luciferase activities were determined using the Luc-Pair™ Dual-Luminescence Assay Kit (GeneCopoeia), in accordance with the instructions provided by the manufacturer. In a separate experiment, the control and IRF5 promoter were transfected into the cells for 6 h before transfecting with the pcDNA3.1 and SP1 overexpression plasmids, and treated with SS for 24 h, followed by measuring luciferase activity using the Luc-Pair™ Dual-Luminescence Assay Kit (GeneCopoeia).



RNA Immunoprecipitation (RIP) Assay

The RNA immunoprecipitation (RIP) assay was performed using the Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA, USA), according to the manufacturer's instructions. Briefly, HepG2 and QGY-7703 cells (2.0 × 107) were rinsed and scraped with cold PBS, then lysed in complete RIP lysis buffer containing protease and RNase inhibitors. The cell lysis was incubated with RIP immunoprecipitation buffer containing magnetic beads conjugated with human anti-Ago2 antibody (Millipore, Billerica, MA, USA) (5 μg of total antibody used per immunoprecipitation) at room temperature for 30 min, and negative control IgG (Millipore, Billerica, MA, USA). The beads were then thoroughly washed and digested with proteinase K (30 min at 55°C) to disengage Ago2, containing ribonucleoprotein (RNP) complexes. Purified RNA was obtained and then applied to quantitative PCR with reverse transcription analysis. The expression of Ago2 was measured by Western blot.



Xenograft Tumor Study

Female nude mice (weight of 18–20 g), which were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China), were kept in a SPF environment at the Animal Center of Guangdong Provincial Hospital of Chinese Medicine. All animal experimental procedures were performed in accordance with the protocol approved by the Animal Care and Use Committee of Guangdong Provincial Hospital of Chinese Medicine and the National Institutes of Health Guide for the Care and Use of Laboratory Animals (the Ethics Approval Number 2018067). HepG2-Luc cells carrying luciferase reporter gene (HepG2-Luc, obtained from the Guangzhou Land Biological Technology Co., Guangzhou, China) were resuspended in 0.2 mL of phenol red-free RIPM 1640 with 2% FBS in a number of 2.0 × 106. The resuspended cells were then injected into the upper hind limb of the nude mice. Xenografts were expected to grow for 1 week when starting the first measurements. Mice were randomly divided into three groups: the control, low-dose group (SS, 5 mg/kg), and high-dose group (SS, 20 mg/kg), and were injected with reference substance or SS once a day via intraperitoneal injection for up to 15 days (n = 9 per group). Mice were then anesthetized by inhalation of 2% isoflurane and injected with the substrate D-Luciferin (Caliper Life Sciences, Hopkinton, MA, USA) at a dose of 150 mg/kg in 100 μL into the peritoneal cavity of the nude mice. The bioluminescence imaging signal was determined using the IVIS200 Imaging System (Xenogen/Caliper, Alameda, CA, USA) at the first and end of the experiments (on day 2 and 15) and expressed as photons/sec. Tumor volume was calculated using the formula for a spheroid: volume = (width2 × length) × 0.5 and the mice weights were measured once a week. All mice were sacrificed on the 15th day in accordance with the Guidelines for the Care and Use of Laboratory Animals. At the end of the experiments, xenograft tumors were isolated and expressions of miR-214-3p, CCAT1, SP1, and IRF5 were determined by qRT-PCR and Western blot, respectively.



Statistical Analysis

Data were generated from at least three separated experiments. Continuous variable of the date are presented as the mean ± SD. One-way ANOVA was used to detect the differences between groups, and significance of difference between particular treatment groups was analyzed by Dunnett's multiple comparison tests. GraphPad Prism software was used to create the diagram, and asterisks which indicated P < 0.05, showed the significant differences between experimental groups and the corresponding control condition.




RESULTS


Solasonine (SS) Inhibited Growth of HCC Cells

Previous studies from ours and others have shown that bioactive glycoalkaloids, such as SS, solasodine, and solamargine, inhibited growth of different cancer cells (8, 34, 35). In the current study, we showed that SS inhibited the growth of HCC cells in time-and dose-dependent manner as determined by MTT assay (Figure 1A). The IC50 values were 37.70, 33.88, 35.48 μM and 29.17, 31.83, 35.01 μM from 24 to 72 h in HepG2 and QGY7703 cells, respectively. This finding was also proven by another method for detecting cell proliferation-EdU incorporation assay. Please note that much lower toxicity profiles were observed when human hepatocytes LO2 cells were exposed to the same concentration of SS (IC50 values were 62.43, 49.84, 51.91 μM) from 24 to 72 h (Figure 1A). We demonstrated that the percentage of EdU positive HCC cells was significantly reduced in the SS-treated group compared to the control one (Figure 1B). These results suggested that SS inhibited the growth of HCC HepG2 and QGY7703 cells.


[image: Figure 1]
FIGURE 1. SS inhibited growth of HCC cells. (A) HCC HepG2 and QGY-7703 cells (3–5 x 103 cells/well), normal hepatocyte (LO2) cells (3–5 x 103 cells/well) were treated with different concentrations of SS for up to 72 h. The cells were collected and processed for MTT assay as described in the Materials and Methods section. (B) HepG2 and QGY7703 cells were treated with SS (45 μM) for 24 h, followed by processing for measuring the cell growth by EdU DNA cell proliferation kit described in the Materials and Methods section. The image was magnified 10×. Hoechst was used to stain all the nuclei. At least 5 captured fields were randomly selected, and the percentage of EdU positive cells = (EdU positive cells/Hoechst stain cells) × 100. Scale bars, 50 μM. Values are given as the mean ± SD, from three independent experiments performed in triplicate. *Indicates significant difference as compared to the untreated control group (P < 0.05).




SS Increased the Expression of miR-375-3p and Inhibited the Levels of lncRNA CCAT1, and There Was Reciprocal Interaction of CCAT1 and miR-375-3p in HCC Cells

We next examined the possible targets that may be involved in the inhibitory effect of SS on cell growth. Studies have demonstrated the important roles of lncRNAs and miRNA, such as CCAT1 and miR-375, in different types of cancers, including HCC, and aberrant expressions of CCAT1 and miR-375 have been involved in several biological processes, such as cell proliferation, migration, and invasion, via regulating different target genes and signaling pathways (36–40). However, the biological role of either CCAT1 or miR-375 in HCC remains to be incompletely characterized. It was for these reasons that we explored the role of CCAT1 and miR-375 in mediating the anti-HCC effect of SS. Herein, our results unveiled that SS significantly increased miR-375-3p, while reduced lncRNA CCAT1 expression levels were observed in HepG2 and QGY7703 cells (Figures 2A,B). Of note, either the inhibitors of miR-375-3p or exogenously expressed CCAT1 significantly stimulated the growth of HepG2 and QGY7703 cells as determined by MTT assay (Figures 2C,D). Bioinformatics analyses have found that miR-375-3p could physical bind to CCAT1, we therefore want to examine whether miR-375-3p regulated expression of CCAT1. We found that the mimics of miR-375-3p reduced the luciferase activity in 3-UTR region of CCAT1 in HepG2 and QGY7703 cells (Figure 2E), and suppressed the expression of CCAT1 (Figure 2F). In addition, AGO2 RIP assays showed that CCAT1 could bind with miR-375-3p (Figure 2G). Interestingly, we showed that exogenously expressed CCAT1 reduced the expression of miR-375-3p in HepG2 and QGY7703 cells (Figure 2H). Together, our results demonstrated that CCAT1 was a target of miR-375-3p and there was a reciprocal interaction between CCAT1 and miR-375-3p, which may be important targets of SS. Furthermore, inhibition of CCAT1 and induction of miR-375-3p were involved in the SS-mediated inhibition of HepG2 and QGY7703 cell growth.
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FIGURE 2. SS increased the expression of miR-375-3p and inhibited the levels of lncRNA CCAT1, and there was reciprocal interaction of CCAT1 and miR-375-3p in HCC cells. (A,B) HepG2 and QGY7703 cells were treated with SS (45 μM) for 24 h, and the expression levels of miR-375-3p and CCAT1 were measured via qRT-PCR. (C,D) HepG2 and QGY7703 cells were transfected with the control or miR-375-3p mimics (100 nM), CCAT1 expression vectors for up to 48 h followed by determining cell growth via MTT assays. (E) The luciferase reporter constructs containing the wild type and mutant binding sites in 3′-UTR region of CCAT1 were shown (upper panel). HepG2 and QGY7703 cells were transfected with the CCAT1 3'UTR-WT or CCAT1 3′-UTR-Mut vectors (1.25 μg/mL each) for 24 h, then treated with the miR-375-3p mimics (100 nM) or miR-negative control (NC) for an additional 48 h. Afterwards, the luciferase activity was detected using Secrete-Pair™ Dual Luminescence Assay Kit as described in the Materials and Methods section (lower panel). (F) HepG2 and QGY7703 cells were treated with the control or miR-375-3p mimics (100 nM) for up to 48 h followed by determining the expression levels of CCAT1 via qRT-PCR. (G) Cell lysates from HepG2 and QGY7703 cells were incubated with Ago2 antibody-coated magnetic beads. Precipitates ware subjected to Western blot for Ago2 protein and qRT-PCR for detecting CCAT1 and miR-375-3p expression levels. Preimmune IgG and input from cell extracts were used as controls. (H) HepG2 and QGY7703 cells were transfected with the control or CCAT1 overexprssion vectors for up to 48 h followed by determining the expression levels of miR-375-3p via qRT-PCR. Values in bar graphs were given as the mean ± SD from three independent experiments. *Indicates significant difference as compared to the untreated control group (P < 0.05).




SS and the Mimics of miR-375-3p Reduced SP1 Protein Expression Whereas Overexpressed CCAT1 Enhanced SP1 Protein Expression

To investigate the mechanism underlying the SS-regulated CCAT1 and miR-375-3p expressions, and identify relevant downstream target, we next began to test the biological significance of the interaction of CCAT1 and miR-375-3p in mediating the effect of SS. Transcription factors, such as SP1, have been shown to regulate the expression of multiple genes implicated in several biological functions, such as cell proliferation, progression, and cell death (41). More importantly, bioinformatics analysis and other experimental procedures showed that SP1 was a direct target of miR-375-3p (42–44). We found that SS reduced SP1 protein expressions (Figure 3A). Moreover, the mimics of miR-375-3p reduced, whereas excessive expression of CCAT1 enhanced SP1 protein expression in HepG2 and QGY7703 cells (Figures 3B,C). Interestingly, exogenously expressed SP1 was found to feedback resist SS-inhibited CCTA1 expression (Figure 3D), and SS-stimulated miR-375-3p (Figure 3E). These findings indicated that both CCAT1 and miR-375-3p acted as upstream factors, regulated the expression of SP1, and there were feedback regulatory loops between CCAT1, miR-375-3p and SP1, leading to the reciprocal interactive axis in this process.
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FIGURE 3. SS and the mimics of miR-375-3p reduced SP1 protein expression whereas overexpressed CCAT1 enhanced SP1 protein expression. (A) HepG2 and QGY7703 cells were treated with different concentrations of SS for 24 h. The expression of SP1 protein was detected by Western blot. GAPDH was used as a loading control. (B,C) HepG2 and QGY7703 cells were treated with mimics of miR-375-3p or transfected with the control and excessive expressed CCAT1 vector for up to 24 h before exposing the cells to SS (45 μM) for an additional 24 h. Afterwards, the expressions of SP1 proteins were detected by Western blot. GAPDH was used as a loading control. The figures are representative cropped gels/blots that have been run under the same experimental conditions. (D,E) HepG2 and QGY7703 cells were transfected with the control or SP1 expression vectors for 24 h before exposing the cells to SS (45 μM) for an additional 24 h followed by measuring the expression levels of CCAT1 and miR-375-3p via qRT-PCR. Values in bar graphs were given as the mean ± SD from three independent experiments. *Indicates significant difference as compared to the untreated control group (P < 0.05); **Indicates significant difference from SS treated alone (P < 0.05).




SS Reduced IRF-5 Protein Expressions and Promoter Activity, Which Were Reversed by Excessive Expressed SP1

The master transcription factor IRF5 has been involved in the occurrence and progression of numerous diseases, including cancer (45). Bioinformatics analyses showed that the IRF5 promoter region contained putative SP1 binding sites, and a series of gain and off-functional experiments suggested that the SP1 transcription factor was the primary determinant for activating the basal transcription of the IRF5 (46). Herein, we further delineate the association and role of IRF5 in this process. We showed that SS inhibited IRF5 protein expression in a dose-dependent fashion (Figure 4A) and the promoter activity in HepG2 and QGY7703 cells (Figure 4B), which was overcome in cells overexpressed SP1 gene in HepG2 and QGY7703 cells (Figures 4C,D). These findings confirmed that SP1, which acts as upstream factor of IRF5, regulated the expression of IRF5 in this process.


[image: Figure 4]
FIGURE 4. SS reduced IRF-5 protein expressions and excessive expressed IRF5 neutralized SS-inhibited cell growth. (A,B) HepG2 and QGY7703 cells were treated with different concentrations of SS for 24 h or a wild type human IRF5 promoter reporter construct ligated to luciferase reporter gene and the internal control for 24 h, followed by treating with the SS (45 μM) for an additional 24 h. The expression of IRF5 protein and promoter activities were determined by Western Blot (A) and Dual-Luciferase Reporter Assay System (B) described in the Materials and Methods section. The figures are representative cropped gels/blots that have been run under the same experimental conditions. (C,D) HepG2 and QGY7703 cells were transfected with the control or SP1 expression vectors for 24 h, or a wild type human IRF5 promoter reporter construct ligated to luciferase reporter gene and the internal control for 24 h, followed by treating with the SS (45 μM) for an additional 24 h. Afterwards, The expression of IRF5 protein and promoter activities were determined by Dual-Luciferase Reporter Assay System (C) and Western Blot (D) and described in the Materials and Methods section. The figures are representative cropped gels/blots that have been run under the same experimental conditions. Values in bar graphs were given as the mean ± SD from three independent experiments. *Indicates significant difference as compared to the untreated control group (P < 0.05); **Indicates significant difference from SS treated alone (P < 0.05).




IRF5 Feedback Regulated CCAT1 Expression and Neutralized SS-Inhibited Cell Growth

To further delineate the role and illustrate the function of IRF5 in HCC growth, we assess the possibility of feedback regulatory loops. We showed that exogenously expressed IRF5 unexpectedly antagonized the SS-inhibited CCAT1, and SS-induced miR-375-3p expressions (Figures 5A,B), and more importantly, neutralized SS-inhibited HCC cell growth (Figure 5C). Three findings indicated that there were feedback regulatory loops and IRF5 played a critical role in mediating the SS-inhibited HCC cell proliferation.


[image: Figure 5]
FIGURE 5. IRF5 feedback regulated CCAT1 and miR-375-3p expression and neutralized SS-inhibited cell growth. (A–C) HepG2 and QGY7703 cells were transfected with the control or IRF5 expression vectors for 24 h followed by treating with the SS (45 μM) for an additional 24 h. Afterwards, The expression of CCAT1 and miR-375-3p, and cell growth were determined by qRT-PCR and MTT described in the Materials and Methods section, respectively. Values in bar graphs were given as the mean ± SD from three independent experiments. *Indicates significant difference as compared to the untreated control group (P < 0.05); **Indicates significant difference from SS treated alone (P < 0.05).




The Anti-HCC Effects by SS in a Mouse Xenograft Tumor Model

Finally, we further examined the role of SS on tumor growth in vivo. Mice bearing xenografted HCC HepG2-Luc cells were treated via intraperitoneal injection with either the control or SS for up to 15 days, followed by being given D-luciferin via intraperitoneal injection. The xenografts were assessed by in vivo bioluminescence imaging at the start and end of the experiments (on day 2 and 15). Through the Xenogen IVIS200 system, we found that the high doses of (20 mg/kg) SS-treated mice had a substantial inhibitory effect on tumor growth as compared to that in the control group (Figure 6A). In addition, compared to that in the control group, a significant reduction in the xenografted tumor weight and size (volume) was observed in the high dose of SS-treated group (Figures 6B–D). Moreover, consistent with the results from the in vitro, we observed the induction of miR-375-3p and reductions of CCAT1 expressions and SP1 and IRF5 protein levels from xenografted tumors obtained from the above experiments in the high dose SS-treated group, as compared to that in the control one, as determined by qRT-PCR and Western Blot, respectively (Figures 6E–G).
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FIGURE 6. The anti-HCC effects by SS in a mouse xenograft tumor model. (A) HepG2-Luc cells carrying luciferase reporter gene (HepG2-Luc, obtained from the Guangzhou Land Biological Technology Co., Guangzhou, China) were resuspended in 0.2 mL of phenol red-free RIPM 1640 with 2% FBS in a number of 2.0 × 106. Then, the resuspended cells were injected into the upper hind limb of the nude mice. Xenografts were expected to grow for 1 week when starting the first measurements. Mice were randomly divided into three groups: the control, low-dose group (SS, 5 mg/kg), and high-dose group (SS, 20 mg/kg), and were injected with reference substance or SS once a day via intraperitoneal injection for up to 15 days (n = 9 per group). The xenografts were assessed by in vivo bioluminescence imaging at the first and end of the experiments (on day 2 and 15). The tumor growth was monitored by injecting luciferin in the mice followed by measuring bioluminescence using IVIS Imaging System. Imaging and quantification of signals were controlled by the acquisition and analysis software living image as described in the Materials and Methods section. Representative images are shown. (B,C) The xenografts were harvested on day 15, and the weight (B) and volume (C) of tumors were measured. (D) The photographs of the vehicle- and drugs-treated xenografts derived from nude mice are shown. (E–G) At the end of the experiments, xenograft tumors were isolated from individual animals, and the corresponding lysates were processed and detected miR-375-3p and CCAT1 levels, SP1 and IRF5 protein expressions by qRT-PCR and Western blot, respectively. GAPDH was used as a loading control. The figures are representative cropped gels/blots that have been run under the same experimental conditions. The bar graphs represented the tumor weight and volume of mice results of as mean ± SD. *Indicates the significant difference from the untreated control (p < 0.05). (H) The diagram shows that SS inhibits HCC growth through the reciprocal regulation between the miR-375-3p and lncRNA CCAT1, this result in transcription factor SP1-mediated reduction of IRF5 gene expression. The interactions among miR-375-3p, CCAT1, SP1, and IRF5 axis unveil a novel molecular mechanism underlying the anti-HCC growth by SS.





DISCUSSION

Several natural compounds and phytochemicals demonstrated many biological activities, such as antibacterial and anticancer (47). Previous studies from ourselves and others have shown that bioactive glycoalkaloids, such as SS, solasodine, and solamargine, inhibited growth of several different cancer cells (8, 34, 35). These results suggested the therapeutic potential of SS in cancer treatment. However, the underlying molecular mechanisms in controlling human cancer proliferation by this agent still need to be determined. In the current study, we provided new evidence demonstrating the anti-HCC effect of SS. We observed that SS inhibited growth of HCC HepG2 cells through the reciprocal regulation between the miR-375-3p and lncRNA CCAT1, and this resulted in transcription factor SP1-mediated reduction of IRF5 gene expression. Our results showed relatively high IC50 values of SS in HepG2 and QGY7703 cells, respectively. We believe that the cell culturing and growth conditions when cells are exposed to SS, the genetic and biological variation of the HCC cell line itself and other unknown factors may have contributed to this relatively high dose response, although this may be the result of physiological ranges without noticeable toxicity. Consistent with this, one recent study showed that SS had cytotoxicity on HepG2 cells with IC50 of 91.8 ± 9.4 μM, while solamargine showed comparable potency against HepG2 cells with IC50 of 10.8 ± 0.1 μM, suggesting relatively weak cytotoxicity of SS in HCC cells (34). Of note, low IC50 value was reported in other cancer cell types using SS (5). Regardless, more experiments are strongly required to confirm potential anti-proliferative/cytotoxic effects of SS against cancer.

In this study, we demonstrated a role of miR-375-3p and lncRNA CCAT1 in mediating the anti-HCC cell growth. Our results indicated that the induction of miR-375-3p and reduction of CCAT1 involved in the SS-inhibited growth of HCC HepG2 cells and QGY7703 cells. MiR-375, acting as tumor suppressor, significantly inhibited cell proliferation and induced apoptosis in cancer cells via different mechanisms (36, 48, 49). However, the role of miR-375 in HCC has not been reported. Consistent with this, our results confirmed the tumor suppressor role and suggested the involvement of this miRNA in mediating the anti-HCC cell growth by SS. Our results also implied the oncogenic role of CCAT1 in this study. Studied have shown that CCAT1 played important roles in many cancers by stimulating cell proliferation, migration, invasion and metastasis (50). Interestingly, we demonstrated a reciprocal regulation between the miR-375-3p and CCAT1 in mediating the SS effect in this process suggesting that there is direct binding of miR-375-3p to CCAT1, and CCAT1 was a direct target of miR-375-3p. The interaction of CCAT1 with miRNAs, other than miR-375, have been largely reported in other studies in different cancer types (38, 51, 52). CCAT1 was highly expressed in HCC tissues and cells, and involved in growth and metastasis. CCAT1 stimulated proliferation of HCC cells via regulation of CCNE1 expression by acting as a ceRNA to sponge miR-30c-2-3p (38). Our findings suggested that the CCAT1/miR-375-3p regulatory axis could be a potential target for HCC treatment. Other regulatory axes, such as CCAT1/let-7/high mobility group A2 (HMGA2) and c-Myc, have been reported to be involved in the HCC growth and invasion and metastasis (11). We believed that this would add the significant role of CCAT1, and implicate the potential application of CCAT1 for the prognosis and treatment of HCC. These also suggest that multiple targets and regulatory pathways have been involved in the anti-HCC effects. More importantly, we have observed how CCAT1 acted as ceRNA to sponge miR-375-3p, and there was a physical binding of CCAT1 to miR-375-3p affected in the presence of SM, resulting in the inhibition of CCAT1 expression. The true significance of this association and detailed mechanism underlying this process still needs to be determined in the future research.

We observed the role of transcription factor SP1. Our results suggested that both CCAT1 and miR-375-3p acted as upstream factors, regulating the expression of SP1 in this process. As a common transcription factor, SP1 has been associated with many biological processes, such as growth, apoptosis, metastasis, drug resistance, differentiation, DNA damage response and angiogenesis (41, 53, 54). Studies using bioinformatics analysis and other experimental procedures, such as 3′-UTR luciferase activity assays, have confirmed that SP1 is a target of miR-375-3p (42–44). Consistent with this, our results suggested the oncogenic role of SP1 in mediating the anti-HCC effect of SS. We also demonstrated the feedback role of SP1 on CCAT1 and miR-375-3p expressions, suggesting a potential complex regulatory loops, which needs to be determined in the future. As a critical transcription factor, IRF5 regulated immune and inflammatory responses in host defense and disease (55). Studies also showed the role of this transcription factor in cancer biology (56–58). IRF5 expression and function in hepatocytes infected with HCV virus, HCV replicon cells, and human primary tissues from patients with HCV-positive and -negative HCC were examined and identified that IRF5 was a new negative regulator of HCV-associated HCC pathogenesis. IRF5 induced apoptosis, inhibited autophagy, and suppressed migration, invasion of hepatocytes infected with HCV virus and HCV replicon cells. Thus, IRF5 acted as an important suppressor of HCV replication and HCC pathogenesis (45). On the contrary, IRF5 played an adverse role in predicting both OS and RFS in patients with non-metastatic ccRCC (27). Although limited data demonstrated the dual role of IRF5, our results suggested that repression of IRF5 contributed to the overall effect of SS in HCC inhibition. More specifically, our results indicated that the inhibition of HCC by SS was partly due to the observation that SP1 could bind to the promoter regions of IRF5, thereby directly regulating the expression of the IRF5 gene. Consistent with these findings, one study demonstrated the association between SP1 and IRF5. Bioinformatic analyses showed that the promoter region of IRF5 contained several putative SP1 binding sites. Excessive expression of SP1 enhanced the promoter activity and increased the expression of IRF5, suggesting that SP1 transcription factor is the primary positive determinant for increasing the expression of IRF5 (46). Overall, our findings demonstrated that the regulation, interplay and potential regulatory mechanisms among CCAT1 and miR-375-3p, and SP1 and IRF5, converge in the anti-HCC effect of SS. More studies are still required to further elucidate the in-depth mechanism underlying these correlations that contributed to overall effect of SS in HCC growth inhibition.

Moreover, our in vivo results were consistent with the findings in vitro, confirming the suppressive effects of SS on HCC HepG2 tumor growth and regulations of CCAT1, miR-375-3p, SP1, and IRF5 expressions. The doses of SS used were based on previous studies (8, 59), which demonstrated remarkable inhibitory effects without noticeable toxicities. Our findings suggested that SS suppressed growth of human HCC HepG2 cells, via targeting CCAT1/miR-375-3p/SP1/IRF5 signaling regulatory axis.

Of note, one major limitation in this study was that the only true HepG2 HCC cell line was used, as the previously considered HCC cell line, QGY-7703, was recently identified to be an unreliable cell line model for HCC due to the potential contamination of other human cell lines. Although similar results were also obtained from this cell lines in the current study. We believe that using other reliable HCC cell lines, such as Hep3B, HCCLM3, and MHCC-97H, is required to confirm our findings.

In summary, our results show that SS inhibited growth of HepG2 HCC and QGY-7703 cells through the reciprocal regulation between the miR-375-3p and lncRNA CCAT1, which leads to transcription factor SP1-mediated reduction of IRF5 expression (Figure 6H). The interactions and inter-regulations among miR-375-3p, CCAT1, SP1, and IRF5 axis unveil a novel molecular mechanism underlying the anti-HCC growth by SS. IRF5 may be a potential target for HCC therapy. Additional experiments using other reliable cell line models for HCC are strongly desirable to support the conclusion. Moreover, the available data of correlations among IRF5, CCAT1, and miR-375 and HCC patient survival were scarce and the public datasets had little such information thus far, although the differential expressions of these molecules between HCC tumor and normal tissues have been shown and associated with the prognosis, and patient survival (27), and have acted as potential biomarkers in diagnosis and prognosis of HCC (11, 12, 60). Regardless, future, well-designed, large-size, and high quality patient cohort studies are required to elucidate the clinic-pathological implications of IRF5, CCAT1, and miR-375 in patients with HCC. For example, overall survival using GEPIA (Gene Expression Profiling Interactive Analysis) web server (http://gepia2.cancer-pku.cn/) is a valuable resource for gene expression analysis based on tumor and normal samples from The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) datasets, and will be one of the most preferred tools for biologists and clinicians to explore cancer genomics data (61).
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Epstein-Barr virus (EBV) establishes lifelong latent infection in humans and is associated with several lymphoid and epithelial cancers. In nasopharyngeal carcinoma (NPC), EBV expresses few viral proteins but elevated levels of Bam-HI A rightward transcripts (BARTs) RNA, which includes viral microRNAs and long non-coding RNAs (lncRNAs). BART lncRNAs localize within the nucleus of EBV-infected cells and knockdown of BART lncRNAs significantly affects the expression of genes associated with cell adhesion, oxidoreductase activity, inflammation, and immunity. Notably, downregulation of IKAROS family zinc finger 3 (IKZF3/Aiolos), which plays a role in lymphocyte development and cell attachment, occurred in NPC C666-1 cells following BART lncRNA-knockdown. Since Aiolos expression is normally restricted to lymphoid cells and rarely observed in epithelial cells, induction of Aiolos by BART lncRNA was confirmed by expressing the major BART lncRNA isoform, RPMS1, in EBV-positive and -negative cells. BART lncRNA associated with the CBP/p300 complex and RNA polymerase II (Pol II) in the nucleus, suggesting that BART lncRNAs may mediate epigenetic regulation of gene expression through interaction with the chromatin remodeling machinery. This contention is further supported by evidence that BART lncRNA appears to stall Pol II at the promoter region and may regulate IFNB1 and CXCL8 expression by inhibiting transcription by Pol II in NPC. We hypothesize that EBV BART lncRNA expression modulates host gene expression and maintains EBV latency by interfering with histone methylation and acetylation processes. Aberrant expression of affected host genes mediated by BART lncRNA may lead to immune evasion, progression, and metastasis of NPC.
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INTRODUCTION

Epstein-Barr virus (EBV) infects more than 95% of the human population. Primary infection with EBV is usually asymptomatic, however, if infection first occurs in young adulthood, mononucleosis may develop (1). EBV remains latent in memory B cells and is kept in check by a competent immune surveillance system which continuously removes EBV-infected cells in which EBV has become activated from its stringent latency program (2). When the human immune system is compromised, latently EBV-infected cells may be transformed into lymphoblasts, which are characterized by increased cell proliferation, as seen in lymphoproliferative diseases. Reactivation of EBV occurs regularly in vivo, as demonstrated by virus shedding in the saliva of EBV-positive individuals. While latent infection of resting B cells with EBV and virus shedding from oral pharyngeal tissues normally cause no serious risk to the health of immunocompetent individuals, the presence of EBV can give rise to certain epithelial cancers, including nasopharyngeal carcinoma (NPC), when combined with genetic abnormalities or undefined environmental factors. We postulate that infection with activated EBV in nasopharyngeal epithelial cells predisposed toward establishment of viral latency may lead to the origin or development of NPC. The questions of how EBV-infected NPC cells can evade immune surveillance in apparently immune competent individuals and what the exact contribution of EBV is to the oncogenesis of NPC remain unanswered. However, in NPC cells EBV is known to turn off the expression of most of its latency genes which are critical for B cell transformation, presumably to avoid immune surveillance. But how does EBV maintain latency in NPC cells without these viral functions? It is likely that the mechanism regulating the EBV latency program in NPC cells also drives EBV oncogenesis.

In NPC cells, EBV mainly expresses EBNA1, EBV-encoded RNAs (EBERs), and elevated levels of BamHI-A rightwards transcripts (BARTs). EBNA1 is essential for EBV replication and EBERs have been reported to play a role in antagonizing host antiviral innate immunity. While EBV LMP1 is a recognized viral oncogene, expression of LMP1 protein is not consistently observed in EBV-infected NPC cells. EBV BARTs were first identified as multi-spliced transcripts in NPC tissues and were later found to be expressed in all types of EBV-infected cells and EBV-associated tumors (3–6). However, no clear role could be attributed to BARTs in EBV infection until it was revealed that BARTs encode two clusters of EBV microRNAs with versatile functions in all forms of EBV latency (7). It is now clear that EBV BARTs comprise two groups of non-coding RNAs; a group of microRNAs (miRNAs) which are produced from introns prior to splicing and a complex family of alternatively spliced polyadenylated RNAs (7, 8). BART RNAs and miRNAs are both highly expressed in NPC, and to a lesser extent in EBV-positive gastric carcinoma and EBV-infected B cells. Our previous studies have characterized the promoters driving transcription of BARTs and show that this abundant transcription is driven by C/EBP and aberrant NF-κB signaling, and that BART miRNAs in turn modulate NF-κB activation through LMP1 in an auto-regulatory loop in NPC cells (9, 10). Expression of C/EBP is mainly found in epithelial cells while aberrant NF-κB signaling has been reported in NPC cells (10–12), which may contribute to the elevated level of BARTs in NPC cells. Alternative splicing of BARTs results in multiple spliced forms of BART RNA, with putative open reading frames in BARF0, RK-BARF0, RPMS1, and A73 (3, 13). However, attempts to identify proteins translated from these transcripts have been unsuccessful. Previous reports indicated that BART RNAs are restricted to the nucleus, which supports the idea that these BART RNAs may function as regulatory RNAs, rather than coding for a protein (14, 15). One recent study reported that ectopic expression of one isoform of BART RNA altered transcription of cellular genes in AGS cells, suggesting that BART RNAs may function as long non-coding RNAs (lncRNAs) (14). However, the role of BART RNAs in EBV latency and NPC, including whether they act as lncRNAs, is yet to be defined in detail.

To determine if EBV BART RNAs function as lncRNAs in NPC, this study first confirmed that BART RNAs are predominantly localized within the nucleus, as many lncRNAs tend to be nuclear. RNA-seq analysis revealed that knockdown of BART RNAs in NPC cells resulted in altered expression of genes associated with host immune/inflammatory responses, and oxidoreductase and cell adhesion activities, supporting the idea that they function as lncRNAs in NPC. Our data suggest that BART lncRNAs may affect host gene expression through epigenetic regulation and chromatin remodeling. Expression of the host transcription factor, Aiolos, is normally restricted to lymphoid cells, but it is aberrantly expressed in NPC and appears to be regulated by BART lncRNAs (16, 17). This study highlights a mechanism in which EBV expresses BART lncRNAs to modulate host gene expression, generating a cellular environment that supports EBV latency, and driving the oncogenic process in NPC.



MATERIALS AND METHODS


Cell Lines and Cell Culture Conditions

Human embryonic kidney (HEK) 293T cells, CNE2, and HeLa-Bx1 cells were maintained in Dulbecco's Minimal Essential Medium (Gibco) supplemented with 10% fetal bovine serum (FBS) and 1% P/S. The EBV-positive NPC cell line C666-1 and the Burkitt's lymphoma lines Mutu III, Mutu I and DG-75 were grown in RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS) and 1% P/S. The hTERT immortalized NP epithelial cell lines NP361-hTERT-EBV and NP460-hTERT-EBV were grown in a 1:1 mixture of Defined Keratinocyte-SFM (Gibco) and Epilife™ medium (Gibco) supplemented with 1% P/S. The EBV-positive and -negative gastric cancer cell line AGS-Bx1 and AGS, respectively, were cultured in F-12K Nutrient Mixture (Gibco) supplemented with 10% fetal bovine serum (FBS) and 1% P/S. Cells were cultured at 37°C with 5% CO2.



Plasmids

The MAVS expression plasmid pEF-BOS MAVS was a gift from Kate Fitzgerald (Addgene, plasmid 27224). The pcDNA3-BART expression plasmid contains a full-length BART clone representing the major isoform of BART RNA, RPMS1 (13). The BART clone, almost 4-kb in length, contains exons I, IIIa, IIIb, IV, V, VI, and VII, which was confirmed by sequencing. The oriPtL expression plasmid was created by amplifying and cloning the oriPtL sequence spanning nucleotides 7,143–9,247 of the EBV genome from cell line C666-1 (GenBank: KJ411974.1) into pcDNA3.



ChIP Assay

Briefly, C666-1 cells transfected with LNA™ BART or negative control A GapmeRs (Exiqon) and HEK 293T cells transfected with pEF-BOS MAVS and pcDNA3-BART or empty vector were harvested after 48 h. The ChIP extract was sonicated into DNA fragments sized between 100- and 1000-bp using a Sonicator S-4000 (Misonix). For immunoprecipitation, 5 μg of rabbit anti-Pol II (sc-899, Santa Cruz Biotechnology) or 5 μg of normal rabbit IgG (sc-2027, Santa Cruz Biotechnology) was used and antibody-protein-DNA complexes were pulled-down using Dynabeads Protein A (Invitrogen). The level of immunoprecipitated DNA was determined by qPCR.



Luciferase Reporter Assay

HEK 293T cells were seeded at a density of approximately 70% in 24-well plates a day before transfection, and subsequently co-transfected with 100 ng of pEF-BOS-MAVS, 500 ng of pcDNA3-BART or pcDNA3-oriPtL, and 100 ng of a Firefly luciferase reporter plasmid driven by the IFN-β promoter (Promega), using Lipofectamine® 2000 (Invitrogen). For data normalization purposes, 10 ng of the plasmid phRL-TK (Promega) expressing Renilla luciferase was co-transfected with the Firefly reporter plasmid in each experiment. Cells were harvested 2 days after transfection.



Immunoblotting

Membranes were incubated overnight with primary antibodies in 3% milk in PBST. The antibodies used for immunoblotting included rabbit anti-IKZF3 (ab139408, Abcam), rabbit anti-CDK8 (A302-501A, Bethyl Laboratories), and mouse anti-β-tubulin (T8328, Sigma-Aldrich) at a 1:2,000 dilution and rabbit anti-SHC (ab24787, Abcam), rabbit anti-SEPT9 (sc-899, Santa Cruz Biotechnology), and mouse anti-MAVS (sc-166583, Santa Cruz Biotechnology) at a 1:1,000 dilution. Membranes were then incubated with IRDye700-labeled donkey anti-mouse or anti-rabbit or IRDye800-labeled donkey anti-mouse (LI-COR Biosciences) at a 1:5,000 dilution. Blots were detected using an Odyssey® Infrared Imaging System (LI-COR Biosciences).



Reverse Transcription and qPCR Amplification

RNA was extracted from cells using RNAiso Plus reagent (TaKaRa) and reverse transcribed with random primers using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-time PCR reactions were performed using SYBR Premix Ex Taq (Tli RNase H Plus) mix (Takara) in a LightCycler 480 instrument (Roche). Primers used in this study are listed in Supplementary Table 2 and gene expression was normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).



RNA FISH and Immunofluorescence

Stellaris fluorescent in situ hybridization (FISH) probes were designed and purchased from Biosearch Technologies with Quasar 570 fluorophore to detect BART lncRNA and CAL Fluor Red 635 to detect GAPDH mRNA. FISH combined with indirect immunofluorescence (IF) was performed according to the Biosearch Technologies online protocol for sequential IF + FISH in adherent cells. Cells were fixed, permeabilized, and incubated overnight at 37°C with 125 nM FISH probes and a 1:100 dilution of primary antibody in hybridization buffer (100 mg/mL dextran sulfate, 10% formamide in 2X SSC). After incubation, cells were washed with wash buffer (10% formamide in 2X SSC) and then incubated with secondary antibodies conjugated with FITC at a 1:200 dilution in wash buffer for 30 min at 37°C. Finally, the cells were washed and mounted using mounting medium with DAPI (Vectashield) and the signals were visualized using a Carl Zeiss LSM 710 confocal microscope.



Histone Acetyltransferase Activity Assay

Nuclear extracts were prepared by lysing cells in phosphate buffered saline (PBS) containing 1% NP-40 and after a short centrifugation the supernatant (cytoplasmic fraction) was removed. The nuclear extracts were washed twice with 1% NP-40 in PBS and lysed using RIPA lysis buffer. HAT assay was performed using a Histone acetyltransferase activity assay kit (ab65352, Abcam) according to the manufacturer's protocol. For each assay 30 μg nuclear extract was used and the OD was measured at 450 nm at 1-h intervals.



RNA Sequencing

Two total RNA extracts from C666-1 cells were independently prepared 2 days after transfection with BART or control GapmeRs, using the NucleoSpin RNA II kit (Macherey Nagel) in accordance with the manufacturer's instructions. Four micrograms of total RNA was used as starting material for ribosomal RNA (rRNA) depletion, performed using the human Ribo-Zero Gold rRNA Removal Kit (Illumina). Library preparation and sequencing was performed by the University of Hong Kong Center of Genomic Sciences using the HiSeq SBS Kit v4 (Illumina) and the HiSeq PE Cluster Kit v4 cBot (Illumina) on an Illumina HiSeq 1500 instrument for pair-end 101 bp sequencing. Sequencing reads were first filtered for adapter and low-quality sequences, followed by retaining only reads with a read length ≥ 40 bp by using Cutadapt (http://code.google.com/p/cutadapt/). Low quality reads were defined as reads with more than 5% unknown bases (N) and reads having more than 50% of bases with a quality value ≤ 10. Sequence reads were subsequently filtered for rRNA sequences and the remaining reads were used for downstream analysis.



Computational and Statistical Analyses

Filtered RNA sequencing reads were first aligned to the human genome (GRCh38, gencode v24), downloaded from GENCODE (18), and the remaining unaligned reads then aligned to the wild type EBV genome (GenBank: NC_007605) using STAR version 2.5.2a (19). Quantification of expression and identification of differential gene expression was performed using Partek Genomics Suite (version 6.6). Annotation for the EBV genome was manually edited into the GenBank record before importing alignment files into Partek Genomics Suite. Statistical analysis of RT-qPCR data was performed using GraphPad Prism 5 software. Significance values (P-values) were calculated using the two-tailed Student's t-test, with Welch's correction, where appropriate.




RESULTS


BART lncRNA Is Localized in the Nucleus of EBV-Infected Cells

The EBV BamHI-A region encodes BART-miRNAs and BART RNA, which are derived from the introns and exons, respectively (Figure 1A). EBV BART RNA comprises multiple spliced forms of transcripts; RPMS1 BART RNA has a size of about 4 kb and is the most abundant of the BART transcript species expressed in NPC cells (3). We and others have previously described EBV-derived miRNAs in EBV positive epithelial and B cell lines (9, 20). Here we compared the levels of the BART RNA, RPMS1, in the C666-1 NPC cell line and other EBV-infected cell lines. EBV expresses the highest levels of BART RPMS1 in C666-1, which is naturally infected with EBV, while relatively lower levels of RPMS1 are detected in HeLa-Bx1 and AGS-Bx1, which have been artificially infected with EBV in vitro, and in both latency I and III Mutu cell lines, which are derived from Burkitt's lymphoma (Figure 1B). It has been suggested that BART RNAs may represent a group of viral lncRNAs with as yet undefined functions (14). BART lncRNAs are predominantly detected in the nuclear fractions of EBV-harboring C666-1 and EBV-infected AGS cell lines (15). We confirmed the localization of BART lncRNAs in the nuclear fraction of all tested EBV-positive cell lines by quantitative RT-PCR (Figures 1C,D). The nuclear localization of BART lncRNA was further analyzed by RNA fluorescent in-situ hybridization (FISH) assay in C666-1 cells and pcDNA3-BART-transfected HEK 293T cells. RNA FISH clearly demonstrated distinctive dotted patterns of BART RNA exclusively in the nucleus (Figures 1E,F). These results further confirm that BART lncRNA is expressed at elevated levels in the nucleus of NPC cells.
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FIGURE 1. BART RNA expression and localization. (A) Position and structure of the BART RNA RPMS1 variant. Exons are indicated by yellow boxes while the black line in between represents intronic sequences, with miRNA clusters indicated by green (cluster 1) and red (cluster 2) vertical bars. (B) Relative expression of RPMS1 RNA in various EBV-positive cell lines with different latency programs, analyzed by RT-qPCR. Gene expression is shown as RNA expression relative to that of GAPDH. The average and SEM of three independent experiments are shown. (C) RT-PCR and agarose gel analysis of nuclear and cytoplasmic RNA from different EBV-positive epithelial cell lines. AGS is an EBV-negative cell line, included as a control. (D) Nuclear to cytoplasmic ratio of BART RNA variants in Mutu I and C666-1 cell lines, analyzed by RT-qPCR. KCNQ1OT1 was analyzed as a nuclear transcript control, and ACTB was analyzed as a cytoplasmic control. Data shown represent the average and SEM of three independent experiments. (E,F) RNA FISH showing localization of BART RNA in C666-1 and HEK 293T cell lines, respectively. RNA FISH probes against GAPDH mRNA were used as a cytoplasmic control.




GapmeR-Mediated Targeting of BART lncRNA in C666-1 Cells

To characterize the effect of BART RNA on host gene expression in NPC cells, knockdown of BART RNA was achieved by targeting it for GapmeR-mediated RNase H cleavage to disrupt its function. Three different GapmeRs targeting different locations within the BART region were tested in C666-1 cells, and all showed equal cleavage efficiency (Figure 2A). Pilot experiments with the RPMS1 expression plasmid revealed that BART lncRNA overexpression and IL6 gene expression were negatively correlated. Expression of IL6 mRNA was used to determine the impact of targeting BART RNA with GapmeRs in C666-1. Consistently, GapmeR targeting of the splicing junction at the start of exon III, exon V, and VII all caused the significant change in host IL6 gene expression. Gap-BART exon III was then used in subsequent experiments to knockdown endogenous expression of BART RNA in C666-1 cells (Figure 2B). The expression of various BART miRNAs from BART miRNA clusters 1 and 2 was also analyzed to determine how targeting BART RNA affects their expression. Of the 21 BART miRNAs tested, the 14 miRNAs with the greatest changes in expression are shown in Figure 2C. Only miR-BART6-5p and miR-BART9-3p showed clearly lowered expression, with only the miR-BART9-3p result being statistically significant; other tested BART miRNAs demonstrated a moderate and statistically insignificant reduction in expression following knockdown of BART lncRNA (Figure 2C). Since the BART GapmeR used does not target a region near the sites from which BART miRNAs are produced, it is likely that miRNA production remains largely intact.
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FIGURE 2. Targeting of BART RNA with LNA™ longRNA GapmeRs. C666-1 cells were transfected with 100 nM LNA™ longRNA GapmeRs and RNA extracted 48 h later. (A) Three GapmeRs targeting different sequences within the BART region were analyzed to check their ability to cleave their target sequence and reduce BART RNA expression. Gene expression is shown as fold change in RNA expression relative to that of GAPDH. (B) Validation of the effect of GapmeRs targeting BART RNA on host gene expression in C666-1 cells. Expression of IL6 was estimated by RT-qPCR following Gap-BART targeting of exons III, V, and VII. Gene expression is shown as fold change in RNA expression relative to that of GAPDH. (C) Analysis of BART miRNA expression in C666-1 cells after Gap-BART transfection. Expression is shown as fold change in miRNA expression relative to that of miR-Hsa-16. Results represent the average and SEM of three independent experiments. Statistical significance was calculated using the two-tailed Student's t-test. *P < 0.05, ***P < 0.001, ns, not significant.




BART lncRNA Modulates Host Gene Expression

Using the GapmeR knockdown strategy described above, we analyzed the transcriptional profile in C666-1 cells treated with either Gap-BART exon III (from here on referred to as Gap-BART) or control GapmeRs (Gap-CTL) by RNA-seq. Sequence reads generated by pair-end 101-bp sequencing on the Illumina HiSeq 1500 sequencer were first aligned to the human genome (hg38), after which the unmapped reads were manually aligned to the wild type EBV genome (GenBank: NC_007605). The vast majority of filtered reads, between 94.9 and 95.5%, were mapped to the human genome, while only 0.11–0.30% were mapped to EBV (Supplementary Tables 1A,B). The low frequency of EBV sequences is consistent with the fact that EBV infection in NPC C666-1 is latent. Notably, transcripts mapped to EBV were mainly derived from the BamHI-A region (Supplementary Figure 1).

Targeting BART lncRNA with GapmeRs resulted in the downregulation of 54 genes and the upregulation of 90 genes in C666-1 cells (>2-fold change for both upregulation and downregulation), when a false discovery rate (FDR) threshold of <0.1 was applied (Figure 3A). The influence of BART RNA on expression of other genes, together with its nuclear location, indicates that it most likely functions as lncRNA in NPC, and will henceforth be referred to as BART lncRNA. Differentially expressed genes identified through RNA-seq analysis were further analyzed using Partek Genomics Suite (version 6.6), which revealed gene ontology groupings with high enrichment scores and low P-values that are relevant to cancer (e.g., cell adhesion) and EBV infection (e.g., inflammatory and immune responses) (Figure 3B). The largest functional group consists of genes involved in the inflammatory response, which were all upregulated when BART lncRNAs were knocked down using GapmeRs. Similarly, most of the genes related to the immune response (6/7) and cell adhesion (6/8) were upregulated following targeting of BART lncRNA. Representative genes from the four gene ontology groups most relevant to EBV infection and cancer, namely inflammatory response, oxidoreductase activity, immune response, and cell adhesion were examined by quantitative RT-PCR (RT-qPCR) analysis to validate their response to BART lncRNA-knockdown (Supplementary Figure 2).
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FIGURE 3. Differential host gene expression following BART lncRNA knockdown, analyzed by RNA-seq. C666-1 cells were transfected with 100 nM LNA™ longRNA GapmeRs and RNA extracted for RNA-seq analysis 48 h later. (A) Upregulated (red) and downregulated (green) genes with a more than 2-fold change in expression with an FDR threshold of 0.1. (B) Gene ontology (GO) enrichment analysis of the up- and down-regulated genes was performed to group genes affected by BART lncRNA-targeting according to their involvement in biological processes and molecular functions. (C) RT-qPCR and immunoblot validation of mRNA and protein expression of CDK8, SEPT9, and IKZF3, which are downregulated following knockdown of BART lncRNA. Gene expression is shown as fold change in mRNA expression relative to that of GAPDH. CP value > 35 were considered unreliable. The average and SEM of three independent experiments are shown. **P < 0.01, ***P < 0.001.


Among the differentially expressed genes, three genes from the downregulated group (CDK8, SEPT9, and IKZF3) were validated by both RT-qPCR and immunoblot (Figure 3C) to confirm the effect of BART lncRNA on the expression of these genes. These affected genes are associated with tumor progression, migration, and aberrant signaling in cancers (21–25). In particular, IKZF3, which encodes Aiolos and is normally not expressed in epithelial cells (26), was identified as being a potentially important target of BART lncRNA and was further examined in subsequent experiments.



Aiolos Is Expressed in NPC and Regulated by BART lncRNA

Aiolos, encoded by the IKZF3 gene, is a lymphocyte-restricted transcription factor which is normally not expressed in epithelial cells (26). However, Aiolos expression has been detected in various malignant solid tumor cell lines and was found to downregulate adhesion-related genes in lung cancer cells (17). Since BART lncRNA expression seems to positively regulate IKZF3 expression in C666-1 cells and negatively regulate cell adhesion-associated genes like PCDHAC2 (Figures 3A,C), we first determined whether Aiolos is truly expressed in NPC cells. Indirect immunofluorescence with HEK 293T and C666-1 cells confirmed that Aiolos is expressed in the nucleus of NPC cells, but not in HEK 293T cells (Figure 4A). This result was further supported by immunoblotting, where moderate Aiolos expression could only be detected in C666-1 cells, with barely perceptible expression in AGS-Bx1 and none in any of the other epithelial cell lines tested, which included both EBV-positive and -negative cell lines (Figure 4B). As expected, both EBV-positive and -negative Burkitt's lymphoma cell lines exhibited high levels of Aiolos protein. In addition, all Aiolos-expressing cell lines exhibited no or very low p66Shc expression levels, which is consistent with a previous observation in lung cancer cells (17), and suggests that expression of Aiolos may also facilitate anchorage independence in NPC. This inverse relationship between IKZF3 and p66Shc expression was also observed at the mRNA level (Supplementary Figures 3A,B). To further confirm regulation of Aiolos expression by BART lncRNA, we examined HEK 293T cells and AGS-Bx1 cells after transfection with a BART lncRNA expression vector. Compared to C666-1, AGS-Bx1 normally expresses relatively low levels of BART lncRNA and Aiolos (Figures 1B, 4B). When transfected with pcDNA3-BART, expression of Aiolos is activated in HEK 293T cells, and significantly enhanced in AGS-Bx1 cells (Figure 4C). While GapmeR targeting of BART lncRNA not only results in downregulation of IKZF3 expression, but also upregulates p66Shc mRNA expression, increased expression of p66Shc at the protein level is not apparent (Figures 4A,D). Next, we examined Aiolos expression by immunohistochemistry and observed positive staining in about 60% of NPC biopsies (17/26). Aiolos staining was apparent in tumor cells, but not in infiltrated non-cancerous cells (Figure 4E). It seems that EBV BART lncRNA may be involved in the regulation of host gene expression associated with anchorage independence in NPC cancers. These results suggest that modulation of Aiolos expression and associated pathways by EBV BART lncRNA may play an important role in NPC oncogenesis.
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FIGURE 4. Aiolos expression in NPC. (A) Aiolos protein expression was analyzed by indirect immunofluorescence in HEK 293T and C666-1 cells. (B) Immunoblot analysis showing Aiolos and p66Shc expression in various cell lines. AGS, AGS-Bx1, CNE2, NP361-hTERT-EBV, NP460-hTERT-EBV, and C666-1 are epithelial cell lines, while DG75, Mutu I, and Mutu III are Burkitt's lymphoma cell lines. All cell lines are EBV-positive, except for AGS, CNE2, and DG75. (C) Effect of BART lncRNA on Aiolos expression. A plasmid containing one of the major species of BART lncRNAs (RPMS1) was transfected into HEK 293T and AGS-Bx1 cells. (D) Effect of targeting BART lncRNA with GapmeRs on levels of p66Shc mRNA expression and Aiolos protein expression. The average and SEM of three independent experiments are shown. Gene expression is shown as fold change in mRNA expression relative to that of GAPDH. *P < 0.05. (E) Immunohistochemistry for Aiolos was performed on 26 NPC biopsies. A representative image shows Aiolos staining (brown) in NPC cells at 100× and 400× magnification. I, cellular infiltrate; N, NPC cells.




BART lncRNA Modulates Immune-Related Genes

Besides modulating expression of IKZF3 and a variety of cell adhesion genes, we also found that BART lncRNA affects inflammatory and immune response-related genes, such as IL6, IL13, and IL7R (Figure 3A). Analysis of the RNA-seq data revealed that several immune-related genes were differentially expressed following targeted knockdown of BART lncRNA, and although the differences were not statistically significant in the RNA-seq analysis, they could be validated by RT-qPCR (Figure 5). Expression of two type III (IFNL1 and IFNL2) and two type I (IFNB1 and IFNA1) interferon genes was clearly upregulated, and various interferon-stimulated genes (ISGs) (OAS2, ISG20, IFIT2, and IFIT1), cytokine genes (IL5, CXCL8, and IL10), and a chemokine-related gene (CXCR2) were also upregulated by BART lncRNA-specific GapmeR treatment in C666-1 cells, indicating that EBV BART lncRNA may modulate the host immune response to facilitate immune evasion. The CXCL8 gene, which encodes IL-8, and its corresponding receptor gene, CXCR2, are interesting targets of BART lncRNA because IL-8 is regulated by LMP1, functions as a chemotactic factor, and has been reported to promote metastasis of NPC by inducing epithelial-mesenchymal transition and downregulating E-cadherin through activation of Akt signaling (27, 28). While knockdown of BART lncRNA seems to cause upregulation of most interferons, ISGs, cytokines, and chemokine-related genes, it is interesting to note that CXCL10 and IFIH1, which encodes MDA5, a cytoplasmic sensor of viral nucleic acids in host antiviral responses, were downregulated.
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FIGURE 5. Targeting BART lncRNA affects immune-related gene expression. Differential expression of various interferon, interferon-stimulated, cytokine and chemokine genes not fitting the RNA-seq analysis criteria (>2-fold up- or down-regulation, 0.1 FDR) was analyzed by RT-qPCR. Gene expression is shown as fold change in mRNA expression relative to that of GAPDH. Results represent the average and SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.


We then sought to confirm the effect of BART lncRNA on the expression of immune-related genes by overexpressing the BART lncRNA isoform RPMS1 together with mitochondrial anti-viral signaling protein (MAVS) in HEK 293T cells. A plasmid expressing the EBV-encoded nuclear lncRNA, oriPtL, was used as a control in these experiments (29). We found that BART lncRNA significantly inhibited MAVS-induced IFN-β promoter activity, while oriPtL did not show any effect (Figure 6A). Analysis of mRNA levels by RT-qPCR showed that expression of BART lncRNA downregulates a range of MAVS-induced interferons and ISGs in HEK 293T cells (Figure 6B). These results confirm an immunomodulatory role for BART lncRNA, consistent with the data from C666-1 cells treated with GapmeRs targeting EBV BART lncRNA.


[image: Figure 6]
FIGURE 6. BART lncRNA expression modulates immune-related gene expression. (A) HEK 293T cells were co-transfected with an empty vector or an MAVS expression vector, with or without a BART or oriPtL expression vector, plus an IFN-β promoter reporter. Luciferase activities are expressed as fold change in luciferase activity, calculated by normalizing firefly/renilla ratios to the vector control. The expression of MAVS and β-tubulin was detected by immunoblotting using specific antibodies. (B) RT-qPCR analysis of the expression of various immune-related genes following transfection of HEK 293T cells with an empty vector or an MAVS expression vector, with or without a BART or oriPtL expression vector. Gene expression is shown as fold change in mRNA expression relative to that of GAPDH. The average and SEM of three independent experiments are shown. *P < 0.05, **P < 0.01.




BART lncRNA Inhibits Gene Expression by Affecting Transcription by RNA Polymerase II

The results described above indicate that BART lncRNA regulates expression of host genes associated with innate immunity and the oncogenesis process, so we then investigated how BART lncRNA regulates host gene expression. Using indirect immunofluorescence and RNA FISH, we found that BART lncRNA co-localizes with RNA polymerase II (Pol II) in HEK 293T cells (Figure 7A), indicating that BART lncRNA may play a role in transcriptional regulation by interacting with the Pol II complex. To verify that BART lncRNA may be involved with the Pol II-promoter complex, HEK 293T cells were transfected with pcDNA3-BART, followed by chromatin-immunoprecipitation (ChIP) of the promoter or coding regions of the IFNB1 gene, which is negatively regulated by BART lncRNA. ChIP analysis with anti-Pol II showed a higher enrichment at the promoter region (−22) of the IFNB1 gene, but this higher enrichment was not observed downstream near the end of the IFNB1 gene (+662) (Figure 7B). It is tempting to hypothesize that elongation of transcription by Pol II from the promoter region (−22) may be blocked or stalled, resulting in reduced transcription of the BART lncRNA-targeted gene. To further test this hypothesis, we analyzed Pol II occupation at the promoter regions of IFNB1 and CXCL8 in C666-1 cells and observed that knockdown of BART lncRNA resulted in significantly less Pol II enrichment at the promoters of both genes (Figure 7C). The reduced enrichment of Pol II following targeting of BART lncRNA with GapmeRs is in line with the increase in IFNB1 and CXCL8 gene expression shown in Figure 5. These findings suggest a mechanism by which BART lncRNA can downregulate gene expression by interfering with Pol II-mediated transcription (Figure 7D).
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FIGURE 7. BART lncRNA affects gene transcription through Pol II. (A) Combined RNA FISH and indirect immunofluorescence was performed to detect BART lncRNA and Pol II expression in HEK 293T cells transfected with the BART expression vector. (B) ChIP analysis of IFNB1 promoter (−22) and downstream (+662) DNA with Pol II antibodies in HEK 293T cells where MAVS was expressed alone, or together with BART lncRNA. The average and SEM of three independent experiments are shown. (C) ChIP analysis of IFNB1 and CXCL8 promoter and downstream DNA with Pol II antibodies in BART lncRNA-knockdown C666-1 cells. The average and SEM of three independent experiments are shown. (D) A model suggesting how IFNB1 and CXCL8 expression is increased following knockdown of BART lncRNA. (E) Combined RNA FISH and indirect immunofluorescence analysis of HEK 293T cells transfected with the BART expression vector and C666-1 cells, showing expression of BART lncRNA and CBP. (F) MAVS-induced HAT activity in HEK 293T cells transfected with a MAVS expression vector, with or without a BART expression vector. For transfection experiments, extracts were obtained 48 h after transfection. The average and SEM of three independent experiments are shown.


To further examine our hypothesis that EBV BART lncRNA is involved in epigenetic regulation of gene expression, we explored a possible association between BART lncRNA and the CREB-binding protein (CBP), which interacts with various transcription factors. CBP belongs to the p300/CBP co-activator family and plays a key role in the transcriptional activation of IFNB1 and many other cellular genes. In HEK 293T cells transfected with pcDNA3-BART, RNA-FISH, and co-staining of CBP showed that BART lncRNA and CBP co-localize in the nucleus (Figure 7E). Similarly, co-localization of BART lncRNA and CBP was observed in C666-1 cells which harbor EBV and express abundant levels of BART lncRNA endogenously (Figure 7E). These results suggest a mechanism by which BART lncRNA regulates host gene expression through interaction with CBP in EBV infected cells. To further test this contention a histone acetyltransferase (HAT) assay was performed, which showed that BART lncRNA expression can inhibit MAVS-induced HAT activity, further indicating that BART lncRNA may play a role in regulating chromatin remodeling during the gene transcription process (Figure 7F).




DISCUSSION

EBV is recognized as one of the etiological factors for nasopharyngeal carcinoma, in addition to genetic predisposition and putative environmental factors (30). While considerable attention has been focused on oncogenesis in EBV-associated lymphomas, the role of EBV in nasopharyngeal carcinoma is less well-understood. Studies into the role of EBV in NPC may have been hampered by the perception that NPC is a rare cancer, a lack of suitable in vitro and in vivo models and, most importantly, the fact that EBV expresses very few viral proteins in NPC cells, despite all cancer cells harboring the EBV genome. Nevertheless, it has long been known that EBV expresses elevated levels of BART non-coding RNAs, including miRNAs, and lncRNAs, in NPC cells (3, 31). The biological significance of EBV BART miRNA has been extensively analyzed and various functions associated with cell growth, immune evasion and anti-apoptotic activities have been revealed or are being actively explored (32). However, little is known regarding the role of BART lncRNAs expressed from the same transcripts. Here we present results from analysis of RNA expression profiles from NPC C666-1 cells where BART lncRNA is knocked down. Our findings show that BART lncRNA is involved in modulation of host cell expression of genes involved in cell adhesion, and those encoding interferons, ISGs, cytokines, and chemokines. Notably, BART lncRNA was found to activate expression of IKZF3 (Aiolos), which is normally restricted to lymphocytes. We further showed that nuclear BART lncRNA associates with Pol II and the CBP/p300 complex. These results suggest that EBV BART lncRNA may play a role in epigenetic modulation of host gene expression through interaction with the host DNA methylation machinery and chromatin remodeling process during gene transcription.

EBV adopts different latency programs to evade immune surveillance in vivo. The hallmark of EBV latency in NPC is expression of elevated levels of EBV BARTs, including miRNAs, and lncRNAs. It is possible that EBV BARTs perform latency-associated functions in NPC cells that are performed by EBV latency proteins in B cells. Advances in recognizing the function of lncRNAs in modulating gene expression has opened up new directions for exploring the biological significance of EBV BARTs in EBV infection and EBV-associated tumors. The expression of one of the isoforms of BART lncRNA can modulate cellular gene expression in a manner similar to that of EBV infection in AGS cells (33). Cellular lncRNAs have been found to interact with chromatin, protein, and RNA in both the nucleus and cytoplasm to modulate gene expression in cancer pathways (34). We have confirmed nuclear localization of BART lncRNA in both epithelial and lymphoid EBV-infected cell lines in different forms of latency by cellular fraction and RNA FISH analyses, supporting the idea that BART RNAs function as non-protein-coding transcripts in the nucleus. It seems likely that EBV has developed a strategy to shut off expression of most viral proteins to avoid immune surveillance, while utilizing BART lncRNAs to modulate host gene expression and enable establishment of latency in NPC cells. Consequently, this altered cellular gene expression may generate an environment that drives the oncogenesis process in NPC.

One of the interesting findings in this study is that IKZF3 expression is downregulated upon knock down of BART lncRNA. Aiolos, encoded by IKZF3, is a member of the Ikaros zinc-finger protein family and its expression is usually restricted to lymphoid cells (26). Expression of Aiolos is accompanied by a sustained loss of lymphocyte adhesion to its matrix-rich microenvironment, enabling lymphocyte entry into the bloodstream and subsequent circulation to other organs (35). High levels of Aiolos expression have been reported in both liquid and solid tumors, where it promotes tumor cell survival and acts as an epigenetic driver of lymphocyte mimicry in metastatic epithelial cancers (24, 36). Aiolos promotes anchorage independence in lung cancer by downregulating several adhesion-related genes, and also by blocking anoikis through the silencing of the anchorage reporter gene p66Shc, an isoform of the SHC1 gene (17). Notably, we detected Aiolos expression in vitro in C666-1 cells and in vivo in NPC biopsies, but not in many other epithelial cell lines (Figure 4B). We suspected that expression of Aiolos may be caused by BART lncRNA, and indeed found that ectopic expression of BART lncRNA induces Aiolos expression in HEK 293T cells and upregulates expression of Aiolos in AGS-Bx1 cells. Apart from BART lncRNA expression, high NF-κB and STAT3 activity also occurs in NPC cells (11, 37, 38); these two cell signaling pathways are known to activate the IKZF3 promoter and may also contribute to Aiolos expression (16, 39). The upregulation of adhesion genes, as well as p66Shc, following targeting of BART lncRNA may therefore be explained in part by lower expression of Aiolos (Figure 4D). It seems possible that expression of BART lncRNAs inhibits cell adhesion and anoikis and may thereby facilitate anchorage independence and metastasis of cancer cells. Still unanswered is how altered cellular expression of genes, such as IKZF3, may contribute to the EBV latency program in NPC cells.

Most data obtained in this study seems to suggest that EBV BART lncRNA has a role in epigenetic activation. Septin 9, a well-established biomarker for colorectal cancer that is hyper-methylated in several cancers (21), is upregulated by EBV BART lncRNA. However, epigenetic suppression of GAPLINC, DTX3, and ELF3 were also observed (Figure 3A). The biological significance of the epigenetic modulation of these cancer-associated genes needs to be further evaluated. The role of BART lncRNA in epigenetic regulation of host genes is further supported by evidence that BART lncRNA associates with p300/CBP and Pol II in the nucleus. Both IFNB1 and CXCL8 genes were upregulated in C666-1 cells by knocking down BART lncRNA; this also resulted in increased Pol II occupation at the promoter region, but not near the 3' end of these genes. It seems that BART lncRNA may stall Pol II at the promoter region, preventing transcription of the targeted genes, and resulting in lower gene expression. Other mechanisms of BART lncRNA regulation may involve histone methylation and acetylation through interaction with p300/CBP. Further studies are necessary to reveal the molecular basis of epigenetic regulation of host genes by BART lncRNA, and how consequently altered cellular gene expression may facilitate EBV latency and drive oncogenesis in EBV-associated tumors.

Our findings clearly suggest that BART lncRNAs are involved in epigenetic regulation of host gene expression in NPC. While more work needs to be done to fully characterize the role of BART lncRNA in EBV-associated tumors, it seems reasonable to postulate that EBV adopts a strategy to turn off expression of most antigenic latency proteins and instead express abundant levels of BART lncRNA to suppress the immune response in NPC cells. In NPC cells, most of the latent genes are highly methylated with only EBNA1 being expressed. BART lncRNA functions as an epigenetic modulator to generate a microenvironment that is conducive to EBV latency in NPC. Consequently, aberrant expression of genes mediated by BART lncRNA may lead to evasion of the immune response, cancer progression, and metastasis in NPC.
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Background: The UHRF1 gene is an epigenetic modification factor that mediates tumor suppressor gene silencing in a variety of cancers. Related studies have reported that UHRF1 can inhibit the expression of the KISS1 gene. However, the regulatory mechanism underlying UHRF1 expression in colorectal cancer (CRC) is still unclear. The aim of this study was to gain a better understanding of the regulation of UHRF1 expression in CRC and to determine whether it regulates the mechanism by which KISS1 promotes CRC metastasis.

Methods: In the present study, the levels of miR-506, UHRF1 and KISS1 expression in CRC tissues and in human CRC cell lines were studied using quantitative real-time PCR (qRT-PCR) and Western blotting. Cell proliferation, migration, and invasion assays are used to detect cell proliferation, migration, and invasion. A dual-luciferase reporter system was used to confirm the target gene of miR-506.

Results: This study found that UHRF1 protein is highly expressed in CRC tissues and negatively correlated with KISS1 protein expression. UHRF1 overexpression activates the PI3K/NF-κB signaling pathway by inhibiting the mRNA expression levels of pathway mediators. Bioinformatics analysis and luciferase reporter gene assays confirmed that miR-506 targets UHRF1.

Conclusion: This study identified the regulation of UHRF1 expression in CRC and the mechanism of CRC metastasis. UHRF1 may be a new potential target molecule for future CRC metastasis treatment.

Keywords: CRC, miR-506, UHRF1, proliferation, invasion


INTRODUCTION

Colorectal cancer (CRC) is a common malignant tumor of the digestive tract. Globally, the incidence of CRC ranks third among malignancies, below lung cancer and breast cancer (Bray et al., 2018). The lack of typical clinical symptoms is one of the reasons for the low rate of early CRC diagnosis. Comprehensive treatments such as surgery, radiation therapy, chemotherapy, biological targeting, and immunotherapy are currently the standard treatment approaches for CRC (Ni et al., 2018; Ganesh et al., 2019; Li S. et al., 2019; Siravegna et al., 2019). However, CRC metastasis remains an urgent problem, as metastasis negatively affects patient prognosis. Gene-targeted therapy has great potential, and finding effective therapeutic targets is the focus of current research (de Mel et al., 2019; Erel-Akbaba et al., 2019; Schiza et al., 2019). Studies have shown that the occurrence and development of CRC involve the activation of proto-oncogenes and the inactivation of tumor suppressor genes (Sanz-Garcia et al., 2017; Zhang and Shay, 2017), as well as microRNA changes in the tumor microenvironment (Vu and Datta, 2017; De Robertis et al., 2018; Lin X. et al., 2019; Yu et al., 2019).

The UHRF1 (ubiquitin-like with plant homeodomain and RING finger domains 1) gene is an epigenetic modification factor (Harrison et al., 2016; Xie and Qian, 2018). Studies have shown that UHRF1 recognizes hemi-methylated DNA, which appears at DNA replication forks, and assists DNMT1 in DNA methylation (Lu and Wang, 2013; Ferry et al., 2017). A large number of studies have shown that UHRF1 is highly expressed in a variety of malignant tumor tissues, including breast cancer, bladder cancer, and prostate cancer (Geng et al., 2013; Ying et al., 2015; Wan et al., 2016; Li J. et al., 2019) and that it is involved in tumorigenesis and cancer progression (Alhosin et al., 2011, 2016). In addition, UHRF1 can inhibit cell apoptosis through the ROS-related signaling pathway in gastric cancer (Zhang et al., 2018), and UHRF1 was found to enhance the invasive ability of tumor cells through the Keap1-Nrf2 pathway in pancreatic cancer (Abu-Alainin et al., 2016). A recent study found that UHRF1 silencing can inhibit retinoblastoma proliferation and promote apoptosis through the PI3K/AKT signaling pathway (Liu et al., 2019). Studies have found that the expression of UHRF1 in CRC is related to the depth of invasion of the tumor and that knocking down the expression of UHRF1 can inhibit the proliferation of CRC cells (Kofunato et al., 2012). Additionally, UHRF1 silences PPARG expression and mediates the progression of CRC (Sabatino et al., 2012). Furthermore, UHRF1 may promote CRC growth and metastasis by inhibiting p16 (ink4a) (Wang et al., 2012). Ashraf et al. (2017) highlighted the deregulation of UHRF1 in various cancers, including CRC, and its prognostic value in cancers. This highlights UHRF1 dysregulation and the importance of identifying different strategies to target UHRF1 in cancers, as well as the prognostic value of UHRF1 (Ashraf et al., 2017). Therefore, UHRF1 may be an important biomarker in the diagnosis, treatment, and prognosis of CRC.

KISS1 was first discovered in melanoma; subsequently, KISS1 was reported to affect the growth, invasion, and migration of tumor cells and confirmed to be an important tumor suppressor gene in multiple types of malignant tumors (Manley et al., 2017; Liu et al., 2018; Platonov et al., 2018). Suppression of KISS1 expression is closely related to DNA methylation in CRC tissues (Chen et al., 2014), while KISS1 overexpression has been reported to inhibit the invasion of CRC cells by blocking PI3K/AKT signaling (Chen et al., 2016; Chipman and Pasquinelli, 2019). Studies have also shown that overexpression of UHRF1 can inhibit the expression of KISS1 mRNA in bladder cancer (Zhang et al., 2014). However, whether UHRF1 can inhibit KISS1 and activate the PI3K/NF-κB signaling pathway in CRC remains unclear.

MicroRNAs are a class of non-coding RNAs that are abundantly found in various organisms ranging from viruses to humans. They are approximately 22 nucleotides in length. One of the functions of miRNAs is to bind to the 3′-non-coding regions of target mRNAs [3′ untranslated region (3′UTR)] to inactivate the genes (Chipman and Pasquinelli, 2019). Studies have found that at least one-third of protein-coding genes are regulated by miRNAs, including those involved in cellular differentiation, proliferation, metabolism, apoptosis, and migration (Farazi et al., 2013; Hayes et al., 2014). Studies have found that miR-501-3p promotes CRC progression via activation of Wnt/β catenin signaling (Wu et al., 2019), that miR-4319 suppresses CRC progression by targeting ABTB1 (Huang et al., 2019), and that miR-144 suppresses aggressive phenotypes of tumor cells by targeting ANO1 in CRC (Jiang et al., 2019). These studies have shown that miRNA plays an important role in CRC. Previous studies have found that miR-202 inhibits CRC proliferation and invasion by targeting UHRF1 (Lin Y. et al., 2019). MiR-9 targets UHRF1 and inhibits the proliferation and apoptosis of CRC cells (Zhu et al., 2015). Choudhry et al. (2018) reported the importance of the miRNA/UHRF1 strategy for targeting various cancers. The study revealed the importance of miRNA therapy targeting UHRF1, particularly in CRC. Therefore, it is important to identify miRNAs that target UHRF1 and to study their mechanisms of action in cancer. MiR-506 is located on the X chromosome and is a member of the miR-506-514 sequence family (Bentwich et al., 2005). Increased expression of miR-506 inhibits tumor cell proliferation and promotes tumor cell senescence and apoptosis, and it has been reported to exert anticancer effects in ovarian cancer, breast cancer, and liver cancer (Wang et al., 2014; Sun et al., 2015; Yu et al., 2015). However, studies have also confirmed that miR-506 acts as a carcinogenic factor in melanoma (Streicher et al., 2012). At present, miR-506 has been reported to be differentially expressed in different tumors and to play oncogenic or tumor-suppressive roles in different tumors. To date, the expression and mechanism of miR-506 in CRC remains unclear.

This study demonstrates that UHRF1 activates the PI3K/AKT/NF-κB signaling pathway by inhibiting KISS1 mRNA expression in CRC. Furthermore, miR-506 targets UHRF1 via the KISS1/PI3K/NF-κB signaling axis to inhibit CRC proliferation, migration, and invasion both in vivo and in vitro. Our findings provide new insights into the underlying mechanisms of UHRF1 in CRC and provide potential therapeutic targets for the treatment of CRC.



MATERIALS AND METHODS


Human Tissues

A total of 121 CRC tissues and 121 adjacent normal tissues were collected from the First Affiliated Hospital of Fujian Medical University in 2017 and 2018. All tissue samples were immediately frozen in liquid nitrogen for histological examination. Tumor burden was determined using the American Joint Committee on Cancer TNM staging system. Patients provided informed consent for the use of human materials in the study, which was approved by the Ethics Committee of Fujian Medical University.



Immunohistochemical Staining and Analysis

Immunohistochemistry was performed on 4-μm-thick paraffin-embedded sections of both CRC tissues and adjacent normal tissues. Sections were stained to determine the expression levels of the UHRF1 and KISS1 proteins. The slides were incubated overnight at 4°C with an anti-UHRF1 antibody (Sigma, United States) or anti-KISS1 antibody (Sigma, United States) diluted 1:200. After incubation, the slides were washed with phosphate-buffered saline (PBS) and incubated with a fluorescein isothiocyanate-conjugated goat anti-mouse IgG secondary antibody (ZSGB-BIO, Beijing, China) for 30 min. The slides were washed with PBS and then mounted with anti-fade reagent (Invitrogen, Carlsbad, CA, United States). Finally, the stained slides were observed using an Olympus CX41 fluorescence microscope (Olympus, Tokyo, Japan). The stained tumor sections were examined for positively stained tumor cells and the intensity of immunohistochemical signals and scored independently by two observers. According to the proportion of positively stained tumor cells, the sections were scored as follows: (0) no positive tumor cells; (1) <10% positive tumor cells; (2) 10–50% positive tumor cells; and (3) >50% positive tumor cells. The staining intensity was graded according to the following criteria: (0) no staining; (1) weak staining (light yellow); (2) moderate staining (yellow brown); and (3) strong staining (brown). A total score of > 3 points was considered high expression, and ≤ 3 points was considered low expression.



Detection of miR-506 and UHRF1 mRNA Expression in Human Specimens

Human tissue specimens were ground into a powder using liquid nitrogen. Tissue RNA was extracted with TRIzol reagent (TransGen Biotech, Beijing, China), and then, miR-506 and UHRF1 mRNA expression levels were analyzed by quantitative real-time PCR (qRT-PCR). The qRT-PCR assay was performed as follows: RNA was detected using a reverse transcription kit (TaKaRa, Dalian, China) and an amplification kit (TaKaRa) following the manufacturer’s instructions. U6 was used as the internal control for miR-506 expression levels, and GAPDH was used as the internal control for the UHRF1 gene. The reaction mixture contained 10 μl of SYBR Premix Ex Taq 2, 1 μl of each primer, 2 μl of the cDNA template, and 6 μl of ddH2O for a final volume of 20 μl. The thermal cycling parameters for amplification were as follows: a denaturation step at 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and a final holding step at 60°C for 34 s. Relative gene expression was evaluated with Data Assist software version 3.0 (Applied Biosystems, Foster City, CA, United States). The relative expression levels were determined according to the 2–Δ Δ CT method. The assays were performed in triplicate. Primer sequences for each gene were shown in Table 1.


TABLE 1. Primer sequences for each gene.
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Cell Culture

The four human CRC cell lines HCT116, LoVo, HT29, and SW480 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). HCT116 cells and HT29 cells were grown in McCOY’s 5A medium, LoVo cells were grown in F12K medium, and SW480 cells were grown in L-15 medium (Gibco, Carlsbad, CA, United States) containing 10% fetal bovine serum (FBS) (Gibco), and cells were incubated at 37°C with 5% CO2.



Screening of Cell Lines

Cells from each cell line were plated on six-well plates (2 × 105 cells per well) and incubated for 48 h to achieve a cell density of 80%. One milliliter of TRIzol reagent was added to lyse the cells. RNA was extracted with TRIzol reagent (TransGen Biotech, Beijing, China). MiR-506 and UHRF1 mRNA expression levels were detected by qRT-PCR. The assays were performed in triplicate.



Vector Construction and Cell Infection

Pre-miR-506 lentivirus, miR-506 inhibitor lentivirus, UHRF1-overexpressing lentivirus, sh-UHRF1 lentivirus, KISS1-overexpressing lentivirus and PI3K-overexpressing lentivirus were purchased from GeneChem (Shanghai, China). Infection was performed using polybrene (GeneChem). A lentivirus infection efficiency of more than 80% was considered successful. According to the manufacturer’s instructions, the multiplicity of infection for HCT116 cells was 10, and the multiplicity of infection for SW480 cells was 30. After 48 h of infection, the cells were digested for further cell culture. All experiments were performed according to the manufacturer’s instructions.



Detection of miR-506, UHRF1, and KISS1 mRNA Expression

Cells from each cell line were plated on six-well plates (2 × 105 cells per well) and then incubated for 48 h to achieve a cell density of 80%. One milliliter of TRIzol reagent was added to lyse the cells. Then, miR-506, UHRF1, and KISS1 mRNA expression levels were analyzed by qRT-PCR. All assays were performed in triplicate.



Western Blot Analysis

Radioimmunoprecipitation assay buffer was added to each group of transfected cells for protein extraction, and approximately 60 μg of total protein was loaded onto an 8% SDS-PAGE gel (Beyotime) and transferred to a PVDF membrane at 300 mA for 1.5 h. The PVDF membrane was blocked with 5% skim milk for 2 h at room temperature and then incubated with anti-UHRF1, anti-KISS1 or anti-GAPDH (1:1000; Sigma, St. Louis, MO, United States) and anti-p-PI3K, anti-AKT, anti-p-AKT, anti-NF-κB (p65) or anti-MMP9 (1:1000; Abcam, United States) antibodies overnight at 4°C. After washing, the membrane was incubated with HRP-conjugated goat anti-mouse IgG (1:5000; Beyotime) at room temperature for 90 min, washed three times in PBS and then visualized using ECL reagent. All assays were performed in triplicate.



Proliferation Assay

Each group of transfected cells (1 × 105 cells per well) was seeded in 24-well plates and then incubated for 24 h at 37°C and 5% CO2. The reagent 5-ethynyl-2′-deoxyuridine (EdU; Beyotime, Haimen, China) was added to each well, and then, the cells were incubated for another 2 h. The cells were subsequently fixed with paraformaldehyde and stained with 4,6-diamidino-2-phenylindole (DAPI) and Alexa Fluor 555 azide (Beyotime). Proliferating cells were stained red with Alexa Fluor 555 azide, and all nuclei were stained blue with DAPI. Five fields of view were randomly photographed under a microscope for statistical analysis and measurement. The statistical method used was as follows: cell proliferation rate = number of proliferating cells/total number of cells. All assays were performed in triplicate.



Migration Assay

Transwell chambers (Corning, NY, United States) were used for the migration assay. Infected HCT116 cells (6 × 104 cells per well) or SW480 cells (9 × 104 cells per well) were suspended in serum-free culture medium and seeded into the upper chamber, and 800 μl of complete medium was added to the lower chamber. After incubation for 48 h at 37°C and 5% CO2, the cells were fixed with paraformaldehyde and stained with crystal violet. Five random fields of view were photographed under a microscope for statistical analysis and measurements. Images were obtained using an Olympus CX41 microscope (Nikon, Tokyo, Japan), and the number of cells in different treatment groups was assessed by manual counting. All assays were performed in triplicate.



Invasion Assay

Transwell chambers (Corning, NY, United States) were used for the invasion assays. Matrigel (100 μl) (Becton Dickinson, Franklin Lake, NJ, United States) was placed into the upper chamber. Transfected HCT116 cells (9 × 104 cells per well) or SW480 cells (12 × 104 cells per well) were suspended in serum-free culture medium and seeded into the upper chamber, and 800 μl of complete medium was added to the lower chamber. After incubation for 48 h at 37°C and 5% CO2, the cells were fixed with paraformaldehyde and stained with crystal violet. Five random fields of view were photographed under a microscope for statistical analysis and measurements. Images were obtained using an Olympus CX41 microscope (Nikon, Tokyo, Japan), and the number of cells in different treatment groups was assessed by manual counting. All assays were performed in triplicate.



Target Gene Screening Assay

TargetScan1, MiRanda2, and PicTar3 online tools were applied to jointly predict miRNAs that bind to UHRF1. Through predictive analysis, we obtained four miRNAs, of which miR-124-3p and miR-9-5p had been previously reported, and we therefore excluded them from our analysis. We found that the function of miR-2836 had not been reported in the literature, so it was also excluded from our analysis. As miR-506 is known to act as a tumor suppressor in other cancer tissues, we speculated that UHRF1 may be the target of miR-506.



Luciferase Assay

MiR-506 mimics and miR-506 negative control vectors were purchased from GenePharma (Shanghai, China). The UHRF1 wild-type vector with a potential binding sequence and the mutant vector were purchased from GeneChem (Shanghai, China). Transfection was performed using Lipofectamine 3000 (Invitrogen). HCT116 cells transfected with miR-506 mimics (5′-UAAGGCACCCUUCUGAGUAGA-3′, 5′-UACUCAGAAGGGUGCCUUAUU-3′) or miR-506 negative control vectors (sense 5′-UUCUCCGAACGUACGUTT-3′, antisense 5′-ACGUGACACGUUCGGAGAATT-3′) were cultured for 24 h. Firefly/Renilla luciferase activity was used as an internal control. The wild-type vector and mutant vector (1 μg) were transfected into the cells, and the cells were collected after 48 h of culture. A fluorescein assay kit (Beyotime) was used to extract fluorescein from each group, and then, the fluorescence level of each group was determined by a multi-function microplate reader. All assays were performed in triplicate.



Tumor Formation in a Nude Mouse Model

Athymic male BALB/c nude mice (SLAC, Shanghai, China) were bred in the absence of specific pathogens. The trial protocol was approved by the Experimental Animal Ethics Committee of Fujian Medical University. MiR-506-overexpressing cells and vector control cells were trypsinized, and then, the cells were resuspended in medium at a concentration of 3 × 107 cells/ml. HCT116 cells (0.2 ml) were injected subcutaneously into the left flanks of 5-week-old mice (4 mice per group). MiR-506 inhibitor cells and the vector control cells were trypsinized, and then, the cells were resuspended in medium at a concentration of 3 × 107 cells/ml. SW480 cells (0.2 ml) were injected subcutaneously into the left flank of 5-week-old mice (4 mice per group). The subcutaneously growing tumors were evaluated twice weekly after transplantation. The mice were sacrificed 4 weeks (HCT116 cells) or 6 weeks (SW480 cells) later, and the weights of the subcutaneous tumors were recorded. The tissues were embedded in paraffin, sectioned, and then stained to determine the protein expression of UHRF1, KISS1, p-PI3K, NF-κB, and MMP9 via immunohistochemistry.



Statistical Analysis

Data were statistically analyzed using SPSS 16.0 software. Quantitative data were analyzed by Student’s t-test, and the results are expressed as the mean ± SD. The results of immunohistochemistry were tested by an independent sample χ2 test. p < 0.05 was considered significant.



RESULTS


UHRF1 Is Highly Expressed in CRC Tissues Compared to Adjacent Normal Tissues

In our investigations into the expression of UHRF1 in CRC, we found that UHRF1 was highly expressed in CRC according to The Cancer Genome Atlas (TCGA) database (p < 0.001; Figure 1A). Next, we collected human CRC specimens (T1, n = 28; T2, n = 26; T3, n = 31; and T4, n = 36) and adjacent normal tissues (n = 27) and examined the expression of UHRF1 in each sample by qRT-PCR. The results showed that the expression of UHRF1 was significantly higher in T1 than in adjacent normal tissues (p < 0.001; Figure 1B). Additionally, no significant difference in UHRF1 expression was found between T1 and T2 (p = 0.356); UHRF1 expression in T4 and T3 was significantly higher than that in T2 (p < 0.001; Figure 1B), but UHRF1 expression was significantly higher in T4 than in T3 (p < 0.001; Figure 1B). The immunohistochemistry results revealed that among CRC tissues, 87 cases were positive for UHRF1 expression, and 34 cases were negative for UHRF1 expression; among the adjacent normal tissues, 29 cases were positive for UHRF1 expression, and 92 cases were negative for UHRF1 expression. Altogether, these results demonstrate that UHRF1 expression is significantly higher in CRC than in adjacent normal tissues (p < 0.001; Figure 1C and Table 2).
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FIGURE 1. Expression of UHRF1 and KISS1 in CRC. (A) Expression of UHRF1 mRNA in CRC and adjacent normal tissues from the TCGA database. (B) The expression level of UHRF1 mRNA in tissues was detected by qRT-PCR. (C) Immunohistochemistry results showed that UHRF1 protein expression was significantly different between cancer tissues and adjacent normal tissues. (D) Immunohistochemistry showed that UHRF1 protein and KISS1 protein expression were negatively correlated in colorectal cancer. ∗∗∗p < 0.001.



TABLE 2. Relationship between the UHRF1 levels and clinicopathological features of 121 patients with CRC.
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UHRF1 Inhibits KISS1 Expression in CRC

To investigate the association between the UHRF1 and KISS1 proteins in CRC, immunohistochemistry was used to detect the expression of KISS1 in 121 CRC specimens. The results showed that in 87 CRC tissues with high UHRF1 protein expression, 23 cases were positive for KISS1 protein expression, and 64 cases were negative. Among the 34 cases of CRC with low levels of UHRF1 protein, 21 and 13 cases were positive and negative, respectively, for KISS1 protein expression. Thus, UHRF1 protein and KISS1 protein expression were found to be negatively correlated in CRC (p < 0.0001; Figure 1D and Table 2). Next, we investigated whether UHRF1 inhibits KISS1 expression. We detected the expression of UHRF1 mRNA in four colorectal cell lines (HCT116, LoVo, HT29, and SW480) by qRT-PCR. The results showed that the expression of UHRF1 mRNA was highest in HCT116 cells and lowest in SW480 cells (Figure 2A). SW480 cells were infected with UHRF1-overexpressing lentivirus, and HCT116 cells were infected with sh-UHRF1 lentivirus. The results of the qRT-PCR analyses showed that UHRF1 expression was significantly higher in the UHRF1-overexpressing group than in the negative control group and that the expression of UHRF1 was significantly lower in the sh-UHRF1 group than in the negative control group (Figure 2B), confirming that the cells were successfully infected. KISS1 mRNA expression was decreased in the UHRF1-overexpression group, while it was increased in the sh-UHRF1 group (Figure 2C).
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FIGURE 2. UHRF1 inhibits KISS1 mRNA expression. (A) qRT-PCR was used to detect the expression of UHRF1 mRNA in four colorectal cancer cell lines. The expression of UHRF1 mRNA in HCT116 cells was significantly higher than that in SW480 cells (∗∗∗∗p < 0.0001). (B) SW480 and HCT116 cells were infected with UHRF1-overexpressing and knockdown lentivirus. The expression of UHRF1 mRNA and protein in each group was detected by qRT-PCR. (C) The overexpression of UHRF1 significantly inhibited the expression of KISS1 mRNA, and the knockdown of UHRF1 expression significantly promoted KISS1 mRNA expression. ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.




UHRF1 Promotes the Proliferation, Migration, and Invasion of CRC Cells by Inhibiting KISS1-Induced Activation of the PI3K/NF-κB Signaling Pathway

Next, we explored the mechanism of UHRF1 in CRC metastasis. Western blotting results revealed that the overexpression of UHRF1 inhibits KISS1 protein expression and promotes the expression of PI3K/NF-κB signaling pathway-related proteins; when we activated KISS1 protein expression in cells infected with the UHRF1 overexpression vector, the expression of PI3K/NF-κB signaling pathway-associated proteins was subsequently inhibited (Figure 3A). Infection of CRC cells with sh-UHRF1 promoted the expression of the KISS1 protein and inhibited the expression of PI3K/NF-κB signaling pathway-related proteins. When we activated the expression of PI3K protein in cells infected with the sh-UHRF1 vector, the expression of the PI3K/NF-κB signaling pathway-associated proteins was then activated (Figure 3B). This result revealed that UHRF1 activates the PI3K/NF-κB signaling pathway by inhibiting KISS1 in CRC. To further explore whether this mechanism is involved in the malignant behavior of CRC, we performed proliferation, migration, and invasion assays and further verified that UHRF1 promotes the proliferation, migration, and invasion of CRC; however, the activation of KISS1 reversed this trend. Additionally, sh-UHRF1 inhibited the proliferation, migration and invasion of CRC, but the activation of PI3K reversed this trend (Figures 4A–C). Therefore, the results of this study revealed that UHRF1 inhibits the proliferation, migration, and invasion of CRC by inhibiting KISS1-induced activation of the PI3K/NF-κB signaling pathway.


[image: image]

FIGURE 3. UHRF1 activates the PI3K/NF-κB signaling pathway by inhibiting KISS1 protein expression. (A) UHRF1 overexpression inhibits KISS1 protein expression and activates PI3K/NF-κB signaling pathway-related proteins. When KISS1 protein is activated, PI3K/NF-κB signaling axis-related protein expression levels are reversed. (B) Similarly, the knockdown of UHRF1 promotes KISS1 protein expression and inhibits PI3K/NF-κB signaling pathway-related proteins. When PI3K protein is activated, PI3K/NF-κB signaling axis-related protein expression levels are reversed. ∗p < 0.05.
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FIGURE 4. UHRF1 promotes the proliferation, migration, and invasion of CRC through the KISS1/PI3K/NF-κB signaling axis. (A) The proliferation of cells in each group is shown. (B) The migration of cells in each group is shown. (C) The invasion of each group of cells is shown. This result demonstrates that KISS1 overexpression reverses the proliferation, migration, and invasion of CRC cells transfected with UHRF1-overexpressing lentivirus. sh-UHRF1 inhibits the proliferation, migration, and invasion of colorectal cancer cells in HCT116 cells; the overexpression of PI3K reverses the proliferation, migration, and invasion of CRC cells transfected with sh-UHRF1. ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.




MiR-506 Is Expressed at Low Levels in CRC and Targets UHRF1

To further explore the mechanism of UHRF1 expression in CRC, this study used data from three databases to predict miRNAs that might bind to UHRF1. The results revealed that four miRNAs (miR-1283, miR-506, miR-9-5p, and miR-124-3p) may bind to UHRF1 (Figure 5A). A review of the literature revealed that low miR-506 expression has been reported in a variety of tumors. Moreover, by qRT-PCR, we found that miR-506 was downregulated in CRC and negatively correlated with UHRF1 mRNA expression (Figures 5B,C). Potential binding sites were predicted by the TargetScan database (Figure 5D). Finally, the results of a luciferase reporter assay revealed that h-UHRF1-WT significantly inhibited luciferase expression in HCT116 cells and SW480 cells, whereas h-UHRF1-MU failed to inhibit luciferase expression (Figure 5E).
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FIGURE 5. MiR-506 targets UHRF1 and is negatively correlated with UHRF1 expression in CRC. (A) Three databases were used to jointly predict miRNAs that may bind to UHRF1. (B) The expression level of miR-506 in adjacent normal tissues (n = 27) was significantly higher than that in CRC tissues (n = 32). (C) A negative correlation was found between miR-506 and UHRF1 expression in CRC. (D) The prediction of potential binding sites for miR-506 and UHRF1 by bioinformatics and the design of mutant vector sequences. (E) WT or MU UHRF1 luciferase constructs were transfected into HCT116 cells and SW480 cells with the miR-506 mimics or miR-NC, and luciferase activity was detected 48 h later. MiR-506 reduced the intensity of the luciferase-UHRF1 reporter vector in HCT116 cells (∗∗∗∗p < 0.0001) and SW480 cells (∗∗∗p < 0.001).




MiR-506 Inhibits CRC Proliferation, Migration, and Invasion via the UHRF1/KISS1 Signaling Axis

Next, we investigated whether miR-506 targets UHRF1 in CRC and found that the proliferation, migration, and invasion of CRC are affected by the KISS1/PI3K/NF-κB signaling axis. We detected the expression of miR-506 in four colorectal cell lines (HCT116, LoVo, HT29, and SW480) by qRT-PCR. The results showed that the expression of miR-506 was highest in SW480 cells and lowest in HCT116 cells (Figure 6A). Therefore, this study used miR-506 knockdown lentivirus to infect SW480 cells and infected HCT116 cells with pre-miR-506 lentivirus. The qRT-PCR results showed that miR-506 expression was significantly higher in the pre-miR-506 group than in the negative control group and significantly lower in the miR-506 inhibitor group than in the negative control group (Figure 6B). These results confirmed that the cells were successfully infected with lentivirus. The Western blotting results further showed that pre-miR-506 inhibited the expression of the UHRF1 protein and activated KISS1 expression to suppress the expression of PI3K/NF-κB signaling pathway-related proteins. When the expression of UHRF1 was activated, the expression of the KISS1/PI3K/NF-κB signaling axis was reversed. The miR-506 inhibitor led to the opposite effect (Figures 6C,D). Finally, the results of the proliferation, migration, and invasion experiments further confirmed that miR-506 inhibited the proliferation, migration, and invasion of CRC and that the activation of UHRF1 reversed this trend (Figures 7A–C).
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FIGURE 6. MiR-506 activates KISS1 expression and inhibits the PI3K/NF-κB signaling axis by targeting UHRF1. (A) qRT-PCR was used to detect the expression level of miR-506 in four CRC cells. (B,C) HCT116 cells and SW480 cells were infected with pre-miR-506 lentivirus and miR-506 knockdown lentivirus. The expression level of miR-506 in each group was examined by qRT-PCR. (C) Pre-miR-506 activated KISS1 to repress PI3K/NF-κB signaling pathway-associated proteins by inhibiting UHRF1 protein; when UHRF1 protein was activated, KISS1/PI3K/NF-κB signaling axis-related protein expression levels were reversed. (D) The miR-506 inhibitor inhibited KISS1 activation of PI3K/NF-κB signaling pathway-related proteins by promoting UHRF1 protein expression; when KISS1 protein was activated, PI3K/NF-κB signal transduction axis-related protein expression levels were reversed. ∗p < 0.05, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.
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FIGURE 7. MiR-506 inhibits the proliferation, migration, and invasion of CRC through the UHRF1/KISS signaling axis. (A–C) Pre-miR-506 inhibits the proliferation, migration, and invasion of HCT116 cells. UHRF1 overexpression reversed the proliferation, migration, and invasion of CRC cells infected with the pre-miR-506 lentivirus. The miR-506 inhibitor promoted the proliferation of SW480 cells. Regarding migration and invasion, the overexpression of KISS1 reversed the proliferation, migration, and invasion of CRC cells transfected with the miR-506 inhibitor. ∗∗∗∗p < 0.0001.




MiR-506 Inhibits Cell Proliferation and Invades CRC Cells in Xenograft Nude Mice

Finally, we further verified the previous results through in vivo experiments. Compared with the negative control group, CRC proliferation was significantly inhibited in the miR-506 group (Figure 8A), and CRC proliferation was significantly enhanced in the miR-506 inhibitor group (Figure 8B). Immunohistochemistry revealed that miR-506 inhibits UHRF1, p-PI3K, NF-κB, and MMP9 protein expression and promotes KISS1 protein expression in xenograft nude mice. In contrast, the miR-506 inhibitor promotes UHRF1, p-PI3K, NF-κB, and MMP9 protein expression and inhibits KISS1 protein expression (Figure 8C).
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FIGURE 8. MiR-506 inhibits the proliferation and invasion of CRC in vivo. (A) Pre-miR-506 significantly inhibited CRC proliferation compared with the negative control group. (B) The miR-506 inhibitor significantly promoted CRC proliferation compared with the negative control group. (C) Immunohistochemistry was used to detect the expression of UHRF1, KISS1, p-PI3K, NF-κB, and MMP9 proteins in each group of tumors. Compared with the negative control group, pre-miR-506 significantly promoted KISS1 protein expression and inhibited UHRF1, p-PI3K, NF-κB, and MMP9 protein expression. Compared with the negative control group, the miR-506 inhibitor significantly promoted UHRF1, p-PI3K, NF-κB, and MMP9 protein expression and inhibited KISS1 protein expression. ∗∗∗p < 0.001, ∗∗∗∗p <0.0001.




DISCUSSION

Colorectal cancer is a type of malignant tumor with high invasive and metastatic abilities. CRC is currently ranked third among all cancer deaths, and CRC metastasis is an important factor in increasing mortality (Bray et al., 2018). Although multimodal treatments improve the prognosis of CRC (Ganesh et al., 2019; Li S. et al., 2019; Siravegna et al., 2019), the distant metastasis of cancer cells remains the chief culprit of treatment failure. Therefore, a better understanding of the mechanisms of CRC metastasis is essential for the development of new therapeutic strategies.

The occurrence and development of CRC is accompanied by the activation of proto-oncogenes and the loss of tumor suppressor genes (Sanz-Garcia et al., 2017; Zhang and Shay, 2017). DNA methylation has been found to play an important role in the inactivation of tumor suppressor genes (Schubeler, 2015; Li Z. et al., 2019), and studies have shown that DNA methylation requires the involvement of UHRF1 (Nishiyama et al., 2013; Ferry et al., 2017; Li et al., 2018b). High expression of UHRF1 in tumor tissues has been reported to promote tumor metastasis (Oh et al., 2018; Hu et al., 2019). Related studies have also found that UHRF1 is highly expressed in breast cancer, bladder cancer, prostate cancer, and CRC (Jenkins et al., 2005; Zhu et al., 2015; Wan et al., 2016; Saidi et al., 2017). In this study, UHRF1 was found to be highly expressed in CRC tissues through the TCGA database. The expression of UHRF1 in T1- and T2-stage tumors was significantly higher than that in adjacent normal tissues but significantly lower than that in T3- and T4-stage tumors. In addition, UHRF1 overexpression was found to promote the proliferation, migration and invasion of CRC, which suggests that the high expression of UHRF1 in CRC is closely related to CRC initial and development. However, the specific mechanism by which UHRF1 regulates CRC metastasis remains unclear.

The KISS1 gene is an important tumor suppressor. The loss of KISS1 expression in CRC has been reported (Chen et al., 2014); KISS1 expression is low in various tumor tissues, which can enhance the growth, invasion, and migration of tumor cells (Chen et al., 2016). In this study, immunohistochemical analysis revealed that KISS1 protein expression in CRC was negatively correlated with UHRF1 expression. Moreover, UHRF1 overexpression promotes CRC proliferation, migration, and invasion by inhibiting KISS1 gene expression and activating the PI3K/NF-κB signaling pathway. Conversely, knockdown of UHRF1 expression can promote KISS1 gene expression to block the PI3K/NF-κB signaling pathway, inhibiting the proliferation, migration, and invasion of CRC.

The aim of gene-targeted therapy is the design of a therapeutic drug that is appropriate at the cellular and molecular level and that exhibits specificity to a well-defined carcinogenic site. After entering the body, the drug should target a carcinogenic site and cause tumor cell-specific death. Previous studies have found that the drug targeting- and drug encapsulation-related challenges in designing targeted drugs are the high molecular weight and the difficulty in encapsulating these drugs to keep them stable in body fluids prior to reaching the target cancer cells.

MiRNAs are a class of non-coding RNAs that are approximately 22 nucleotides in length. These molecules play an important role in tumor metastasis because they are involved in tumor cell proliferation, apoptosis, invasion, and autophagy (Chipman and Pasquinelli, 2019). Previous studies have shown that in a variety of tumor tissues, targeted binding of miRNAs to mRNAs leads to gene silencing and can thus affect the biological behavior of tumor cells (Farazi et al., 2013). Related studies have found that miRNAs can be encapsulated into nanoparticles by exosomes, which can remain stable in the blood and that miRNAs encapsulated by exosomes can affect the metastatic ability of cancer cells in nude mice. MiRNAs have the advantages of their small molecular weights and ease of packaging and are currently being researched for targeted therapy. Therefore, miRNAs are highly promising for targeted therapy. Studies have shown that miR-92a-3p is upregulated in CRC and promotes the migration of CRC by targeting NF2 (Alcantara and Garcia, 2019). MiR-452 activates Wnt/β-catenin to promote CRC metastasis (Li et al., 2018a). In addition to upregulated miRNAs, downregulated miRNAs such as miR-144, miR-548c-5p, and miR-198 also play important roles in tumorigenesis. MiR-144 has been reported to target GSPT1 to inhibit the metastasis of CRC (Xiao et al., 2015), and miR-548c-5p has been found to act as a tumor suppressor in CRC by targeting PGK1 (Ge et al., 2019). The above results indicate that dysregulated miRNA expression has been observed in CRC and that the abnormal expression of specific miRNAs is associated with metastasis and prognosis in CRC.

The results of our study revealed that the expression of UHRF1 in CRC is closely related to pathological stage (Figure 1B) and that UHRF1 can promote the metastasis of CRC (Figure 4), but a miRNA targeting UHRF1 expression in CRC has not yet been reported. Through bioinformatics analysis, we found that miR-506 has a potential binding site on UHRF1. Related studies have reported that miR-506 targets ZEB2 to inhibit gastric cancer invasion and is associated with the poor prognosis of gastric cancer (Wang et al., 2019). In pancreatic cancer, the overexpression of miR-506 blocks the SPHK1/AKT/NF-κB signaling pathway and inhibits pancreatic cancer metastasis (Li et al., 2016). However, the expression of miR-506 in CRC and its mechanism of action are still unclear. We detected miR-506 in CRC and adjacent normal tissues by PCR and found that miR-506 was downregulated in normal tissues adjacent to cancer tissues. In addition, the expression of miR-506 was negatively correlated with the expression of UHRF1, suggesting that UHRF1 is the target molecule of miR-506. Luciferase reporter assays confirmed that miR-506 targets UHRF1. Then, we performed Western blotting and cell proliferation assays. Migration and invasion assays further confirmed that miR-506 targets UHRF1 to inhibit the proliferation, migration, and invasion of CRC cells via the KISS1/PI3K/NF-κB signaling axis. The opposite results were found with the knockdown of miR-506. Finally, through in vivo ectopic tumor formation experiments, we further confirmed that miR-506 targets UHRF1 to inhibit the proliferation and invasion of CRC by the KISS1/PI3K/NF-κB signaling pathway.

Current studies in the literature have indicated that UHRF1, as an oncogene in CRC, activates the PI3K/NF-κB signaling pathway by inhibiting the expression of KISS1 to promote tumorigenesis and progression. In this work, the expression of UHRF1 was found to be regulated by miR-506, which affects the biological behavior of CRC. As precision medicine continues to advance, gene-targeted therapy is an important next step. MiRNA-based targets are promising and may be important potential molecules in future targeted therapies for CRC.
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Super-enhancers (SEs) are clusters of enhancers that play a key role in regulating genes that determine cell identity. Enhancer RNAs (eRNAs) are non-coding RNAs transcribed from enhancers that function to promote the enhancer's functions via multiple mechanisms, such as recruiting transcription factors to specific enhancers, promoting enhancer-promoter looping, directing chromatin accessibility, interacting with RNA polymerase II and facilitating histone acetylation. Understanding how super-enhancer RNAs (seRNAs) contribute to specific gene regulation has thus become an area of active interest. Immune checkpoint deregulation is one of the key characteristics of tumors and autoimmune diseases, and is also closely related to cell identity. Recent studies revealed a potential pathway for seRNA's involvement in regulating the expression of immune checkpoints. The present study reviews the current knowledge of eRNA function, immune checkpoint blockage mechanism, and its effect. In addition, for the first time, we explore the direct and indirect roles of seRNAs in regulating immune checkpoint expression in cancer and autoimmune diseases.

Keywords: super-enhancer, non-coding RNA, cell identity, immune checkpoint, cancer, autoimmune disease


INTRODUCTION

The identification of substantial amounts of non-protein coding transcripts and their versatile functions is one of the most striking findings of contemporary genomic research. Only ~2% of the transcribed human genome is accounted for by protein coding exons, thus non-coding RNAs constitute the majority of transcripts (1). Long non-coding RNAs (lncRNAs) are non-coding RNAs that are longer than 200 nucleotides, which play a significant role in the regulation of gene expression, splicing, translation, and epigenetic regulation.

Enhancers are DNA elements of a few hundred base pairs in length that are characterized by acetylation. Enhancers interact with transcription factors (TFs) and promoters. A mammalian cell contains thousands of active enhancers and ~1 million active enhancers have been found in all human cells (2). Super-enhancers (SEs), also known as stretch enhancers, are regions where multiple enhancers are clustered together. They exert more potent effects than typical enhancers and are associated with genes that are involved in determining cell identity in both the physiological and pathological state. Cell identity genes are a cluster of functionally interconnected genes that jointly establish the unique phenotype of a given cell type on epigenomic, transcriptomic, proteomic, and metabolomic level. For instance, NPC1L1, APOC3, and LCT in enterocytes, FOXP3, CTLA1, and IL2RA in T regulatory cells (3, 4). OCT4, NANOG, and PRDM14 are cell identity genes of ESC, they encode core transcription factors of embryonic stem cell (ESC) (5). These genes function together to enable expression of genes necessary to maintain its ESC pluripotency. The suppression of their expression leads to loss of pluripotency and self-renewal ability in ESC. Super-enhancers are required for cell type-specific processes and are linked with disease-associated genomic variations. Enhancer RNAs (eRNAs), another marker of active enhancers, are a novel species of non-coding RNA molecules that are transcribed from enhancer regions. Two types of eRNAs have been identified, comprising short, bi-directional and non-polyadenylated eRNAs and long, unidirectional, and polyadenylated eRNAs. The exact function of eRNAs is not clearly understood, and it has been hypothesized that eRNAs are transcription noise that do not contribute to gene expression (6). However, recent findings suggested that at least some eRNAs have a role in enhancer function by recruiting TFs to specific enhancers, promoting enhancer-promoter looping, directing chromatin accessibility, interacting with RNA polymerase II (RNAP II), and stimulating histone acetylation (7–12). Research into enhancers has expanded over the last decade and the biological function of enhancers has become increasingly clear. However, the exact function and mechanism of eRNAs are currently under investigation.

The immune system comprises innate and adaptive immunity. Immune checkpoints, consisting of co-stimulatory checkpoints and co-inhibitory checkpoints, are vital for the maintenance of self-response and prevention of autoimmunity. They are paired molecules that act as a double check before the stimulation or inhibition of an immune response. Immune checkpoints are expressed in a tissue or cell subset-specific manner. The application of immunotherapy in a wide variety of cancers has led to significant tumor shrinkage and improved clinical outcomes in patients by revitalizing the anti-tumor immune response (13, 14). The mostly widely studied inhibitory checkpoints are programmed cell death receptor-1 (PD-1), programmed cell death ligand (PD-L1), and cytotoxic T lymphocyte-associated molecule-4 (CTLA-4).

Recent studies have shown that SEs play key roles in determining cell identity in both healthy and pathological states. Over 25,000 enhancers were identified as deferentially activated in renal, breast, and prostate tumor cells, as compared with normal cells (15). This suggested a potential network between malignancy and enhancer activity. In addition, SEs are located at oncogenes and other genes that are essential for tumor pathogenesis in cancer cells, indicating their possible utility as biomarkers for tumor-specific pathologies (2). Considering the notion that evading immune destruction as a hallmark of malignancy, it is suspected that SEs in immune cells may be involved in the regulation of inhibitory checkpoint expression (16). In this review, we summarize the current understanding of eRNA function, their mechanism of action, and immune checkpoints. Then, we focus on the crosstalk between eRNA and immune checkpoints in pathological stages. A better understanding of the link between SEs, eRNAs, and immune checkpoints, may lead to eRNAs being developed as potential markers or therapeutic targets in the future.



SUPER ENHANCER NON-CODING RNA

Enhancers are often occupied by multiple signature TFs. The typical chromatin signature of enhancers includes a high H3K4me1 to H3K4me3 ratio, histone H3 lysine 27 acetylation, P300 acetyltransferase binding, CREB binding protein (CBP) binding, mediator complex subunit 12 binding, and a high sensitivity to nucleases (17–22). A typical enhancer activates its target gene transcription via its cis-acting function along with interactions with the promoter and multiple TFs, including Yin-Yang 1 (YY1) and myogenic differentiation 1 (MYOD) (9, 23). Enhancers can exert their function in an orientation and distance-independent manner, being capable of targeting both upstream and downstream genes (24). RNAP II occupation at some enhancers leads to the transcription of eRNAs, which is considered as another hallmark of an active enhancer (12). SEs are tissue specific regulatory regions of DNA consisting of clusters of enhancers. In various murine cell types (macrophages, Th cells, pro-B cells, embryonic stem cells, and myotubes), SEs and their target genes, which encode cell-type specific TFs, have been identified (20). By investigating the distribution of disease-associated DNA sequence variation in enhancers and SEs in human cells and tissues, Hnisz et al. found that trait-associated single-nucleotide polymorphisms (SNPs) were highly enriched in SEs, indicating their potential disease-associated role (2). In addition, SEs are characterized by specific histone modifications and they bind with a higher level of mediators, nipped-B-like protein, P300, chromodomain-helicase-DNA-binding protein 7 (CHD7), Bromodomain-containing protein 4 (BRD4), kruppel-like factor 4, estrogen-related receptor beta, and cohesin compared with typical enhancers (2, 20). The level of histone modifications H3K27ac and H3K4me1 at SEs exceeded those at typical enhancers significantly (20). Moreover, RNAP II is clustered at SEs at a greater density than at typical enhancers, resulting in a higher level of super-enhancer RNA (seRNA) production (25) (Figure 1).


[image: Figure 1]
FIGURE 1. Comparison of a typical enhancer and super enhancer. Compared with typical enhancers, super enhancers are enriched with more transcription factors, mediators, and RNAP II. Hence, the transcription activity at a super enhancer is usually higher than at a typical enhancer. Functionally, super enhancers have a higher potential to promote target cell-identity-related gene transcription.


RNAs transcribed from enhancers can be classified as short, bi-directional, and non-polyadenylated eRNAs, and long, unidirectional, and polyadenylated eRNAs. The majority of seRNAs are capped and polyadenylated RNAs (25). This feature makes seRNAs more stable and capable of having a wider effect in physiological and pathological conditions. eRNAs are transcribed by the binding of RNAP II to enhancer DNA in various types of cells, such as macrophages, neurons, keratinocytes, and breast cancer cells (26, 27). It was proposed that TFs that are bound at enhancers interact directly or indirectly with the promoter via a cofactor to exert a stimulatory effect on RNAP II. Upon this dynamic interaction, RNAP II and its accessory effectors come close to enhancer DNA, resulting in initiation of eRNA transcription (28).

The exact function of eRNAs is incompletely understood; nevertheless, evidence suggests that at least some eRNAs play an active part in the regulation of enhancer activity and gene expression. Nicholas et al. found that the synthesis of eRNAs precedes the transcription of target gene transcription in lipopolysaccharide-activated macrophages (29). This indicated that eRNAs might be associated with transcription activation of target gene. The transcript level of the majority eRNAs correlates highly correlated with the mRNA expression level of the nearby target gene, suggesting an activating function in promoting mRNA synthesis (27, 30). Consistently, knockdown of eRNAs leads to decreased expression of nearby target genes (31, 32).



THE ROLE OF eRNAs IN ENHANCER FUNCTION

The actions of eRNAs have been widely studied in recent decades and several functional mechanisms have been proposed. The biological functions of eRNA are associated with TF recruitment, enhancer-promoter looping, chromatin conformation, and histone acetylation (Figure 2) (7–12, 33, 34). In addition to their functional contributions, eRNAs are also markers of enhancer activity. As an independent indicator of enhancer activity, the presence of eRNAs can distinguish whether the enhancer is active or silent. In macrophages, nearly all SEs express seRNAs (93.3%) within intergenic regions, which indicated that the presence of seRNAs could be used to mark SEs (35).
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FIGURE 2. eRNA-driven gene regulation in cis. Cis-regulatory elements, distal enhancers, and proximal promoters interact with transcription-associated proteins by forming an enhancer-promoter loop. The looping conformation brings the eRNA near to the promoter of the target gene, allowing it exert its function in cis. eRNAs exert their gene regulation function via interaction with a variety of transcription-associated proteins, including transcription factors, cohesin, mediators, RNAP II, and CBP.


First, recent studies showed that eRNAs can promote the recruitment of TFs. YY1 is a TF that not only binds to active enhancers and promoters, but also binds to eRNA and RNA transcribed from promoters in murine embryonic stem cells. Further investigations revealed that YY1 binding to DNA is stabilized by an eRNA that is tethered by RNAP II (23). It is possible that the eRNA captures free YY1, which allows this TF to bind to a nearby DNA locus. This creates a positive feedback loop in the stimulation of local transcription and allows more TFs to bind the genomic locus. Recently, Weintraub et al. found that YY1 could form dimers and bind to enhancers and promoters to facilitate enhancer-promoter looping (36), which suggested an indirect facilitation effect of the eRNA on enhancer-promoter looping. Similarly, Charles et al. found a novel group of interferon gamma (IFNG) eRNAs that bind nuclear factor kappa B (NF-κB) to enhance its function. Treatment of chromatin with ribonuclease led to decreased NF-κB binding to the IFNG genomic sites. Using cell transfection techniques, the authors illustrated that knockout of IFNG-R-49, an IFNG eRNA, resulted in the reduction of NF-κB binding to the IFNG-D-49 genomic site, which demonstrated that IFNG eRNAs contribute to maintaining the binding between NF-κB and the IFNG locus (7).

Second, Amartya et al. identified a significant correlation between promoter-enhancer looping, the presence of eRNAs, and gene expression, which suggested that eRNAs are involved in the interaction between enhancers and promoters (37). As part of the gene regulatory mechanism, enhancer-promoter looping is necessary for gene activation (38). A previous study showed that enhancer-promoter looping was modulated in part by the mediator complex and cohesin (21). Following the binding of the mediator complex and cohesin to the enhancer and promoter, looping of the enhancer and promoter brings the eRNA close to the target gene promoter to allow coordination and activation. Knockdown of specific eRNAs reduced enhancer-promoter looping and limited the interplay between transcription effectors that are located within the loop, such as mediator 1, P300 and early growth response 1 (8, 31, 39, 40). Knockdown of the growth regulating estrogen receptor binding (GREB) eRNA led to suppression of enhancer-promoter looping and inhibition of GREB1 gene induction. Further investigations showed a reduction in cohesin recruitment after eRNA knockdown. This finding suggested that eRNAs promote enhancer-promoter looping via collaborating with cohesin (33).

Third, eRNAs also contribute to directing chromatin accessibility and thus promote specific gene expression. Mousavi et al. identified two seRNAs transcribed from CE and DRR enhancers in MYOD1, a recently labeled SE, in skeletal muscle satellite cells. Depletion of these eRNAs caused reduced chromatin accessibility and RNAP II occupancy at the MYOD1 and MYOG (Myogenin) loci, respectively. Normally, the MYOG locus remains inaccessible to nucleases, and chromatin remodeling is needed for the transcription activation of this locus. Using deoxyribonulcease I (DNase I) accessibility as an indicator for remodeling, the authors detected a reduction of DNase I accessibility at specific loci in eRNA-depleted cells. Additionally, they hypothesized that eRNAs are involved in regulating the assembly of transcriptional systems by observing that eRNAs affects RNAP II residency at target genes (9).

Fourth, studies have suggested that eRNAs exert various roles in the interaction with RNAP II. For example, eRNAs strengthen the binding of RNAP II to enhancer regions and promoters (9). Maruyama et al. disclosed the attenuation of diethyl maleate-induced RNAP II binding to promoters in eRNA knockdown cells (41). Moreover, eRNA promotes the paused RNAP II transition into the gene body by acting as a decoy. Arc eRNA depletion resulted in a decrease in the elongating form of RNAP II, which indicated that eRNAs promote the state transition of RNAP II. This hypothesis was further supported by the finding that knockdown of Arc eRNA led to maintenance of the negative elongation factor complex (NELF) on the promoter. NELF induces RNAP II pausing by binding to RNAP II, the promoter, and the newly generated RNA. Katie et al. suggested that eRNAs bind to NELF via competing with the nascent RNA, leading to the detachment of NELF from RNAP II, thereby enabling RNAP II elongation and mRNA synthesis (11). The state transition of RNAP II from paused to productive elongation is extremely important for target transcript production.

Last but not the least, eRNAs can bind to CBP and modulate the acetyltransferase activity at the enhancer, thus increasing the transcription of target genes. CBP binding to P300 and the resulting high levels of H3K27ac, are hallmarks of enhancers. Having noticed that there was more active transcription from loci with CBP bound to eRNAs than from the no-RNA binding control CBP binding sites, Daniel et al. found that this effect is stimulated by eRNAs binding to the histone acetyltransferase (HAT) domain of CBP. This domain determines the HAT enzymatic activity and this process promotes CBP acetyltransferase activity. The authors demonstrated that eRNA binding exposes the activation loop in CBP/P300. Thus, there is an increase of H3K27ac and H3K18ac at the enhancer and promoter, which increases transcription of the target genes (12). Taken together, eRNAs stimulate target gene transcription in part by stimulating histone acetylation.



HOW SUPER-ENHANCER RNAs REGULATE GENE EXPRESSION: CIS REGULATION AND TRANS REGULATION

The functions of seRNAs can be classified as cis-regulation and trans-regulation. The cis regulation by eRNAs has been widely accepted, in which the enhancer-promoter looping structure brings the eRNA close to the target gene. Using chromosome conformation capture (3C) technology, this looping model has been supported by a wide range of studies. As previously discussed, the cis-acting function of eRNAs is accomplished via their dynamic interactions with TFs, modifiers, and cohesin subunits within or near the enhancer-promoter loop. Depletion of seRNAs from distal super enhancers at the NANOG locus led to significantly decreased expression of DPPA3 (encoding developmental pluripotency associated 3). DPPA3 is the nearest gene to the NANOG super enhancer apart from NANOG itself. Using 3C, the authors demonstrated that the looping of the distal super-enhancer at the DPPA3 promoter decreased by ~50%, suggesting that the distal seRNA stabilizes the looping and chromatin interactions in cis, thereby regulating the expression of DPPA3 (31). Similarly, the transcription of another seRNA, named CARMEN (Cardiac mesoderm enhancer-associated non-coding RNA), was found to cause activation the expression of direct downstream genes (42). Taken together, these results demonstrated that seRNA functions as a scaffold that guides TFs and looping-associated protein complexes in cis.

Intriguingly, some recent studies suggested seRNAs might also function interchromosomally (trans activity) to direct target gene expression (Figure 3) (8, 25, 32, 43). For instance, the MYOD Upstream Non-coding RNA (MUNC), an eRNA originating from the distal regulatory region enhancer of MYOD, was observed to induce the transcription of specific myogenic genes [e.g., MYOD, MYOG, and MYH3 (myosin heavy chain 3)] in trans. Overexpression of MUNC in MYOD−/− cells caused MYOG and MYH3 transcription and expression. Notably, these two genes are located on different chromosomes, validating MUNC's trans activity (32). Alcarez-Dominguez et al. reported that a polyadenylated-eRNA-producing Band 3 SE transcribes an seRNA called Bloodlinc that can facilitate gene expression and stimulate red cell production in trans (25). Strikingly, they found that Bloodlinc diffused beyond its domain of transcription and 81 direct gene targets located across multiple chromosomes were identified as regulated reciprocally upon Bloodlinc depletion or overexpression. This is quite different from typical eRNAs, which usually remain in proximity to their parent enhancers. Many of the regulated genes were located outside the super-enhancer domain. Further investigations showed that Bloodlinc binds to trans-chromosomal loci that encode key erythroid modulators and TFs. Using mass spectrometry [comprehensive identification of RNA-binding proteins by mass spectrometry (ChiIRP-MS)] techniques, the authors found that Bloodlinc interacted with multiple protein complexes that function as RNA helicases (e.g., DExD-box helicase 21), RNA transporters (e.g., heterogeneous nuclear ribonucleoprotein A1), RNA splicers (e.g., KH-type splicing regulatory protein), chromatin organization regulators (e.g., marker of proliferation Ki-67 (MKI67), and Lamin A/C), and transcription coactivators or co-repressors [e.g., MYB binding protein 1a (MYBBP1A) and heat shock protein family A member 8 (HSPA8)]. Moreover, immunoprecipitates of endogenous heterogeneous nuclear ribonucleoprotein U (HNRNPU), a nuclear matrix protein that stabilizes RNA-chromatin associations, were specifically enriched for Bloodlinc, which confirmed the interaction between Bloodlinc and HNRNPU (25). Thus, these findings suggested a model for how Bloodlinc acts in trans. Specifically, Bloodlinc accesses its trans target genes via chromatin interactions stabilized by HNRNPU. Bloodlinc stimulates or represses target genes expression via interacting with transcription coactivators (e.g., MYBBP1A) or transcriptional repressors (e.g., HSPA8). This process is stabilized by chromatin organization regulators that also interact with Bloodlinc.
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FIGURE 3. eRNA-driven gene regulation in trans. Recent studies identified that eRNAs could regulate gene transcription in trans, which means that an eRNA could affect gene regulation in a distal target gene in a different chromosome. This distal regulation function is accomplished via interactions with RNA-binding proteins (RBPs) and other transcription-associated proteins. The trans regulation by eRNAs can be classified as repressive or activating depending on their interaction with transcription repressors (TRs) or transcription activators (TAs).




CANCER ASSOCIATED SUPER ENHANCER RNA

To determine whether enhancers or eRNAs correlate with disease-associated DNA sequence variations, Hnisz et al. investigated the distribution of SNPs within enhancers and super-enhancers. They found that SNPs were enriched in enhancers and SEs, with trait-associated SNPs occurring in SEs at a strikingly higher rate than in enhancers. Analysis in a colorectal cancer cell line demonstrated that more than one-third of SE genes have functions that are closely related with cancer hallmarks, such as evading growth suppressors (e.g., Cyclin D1, Epiregulin), avoiding immune destruction (e.g., F2R like trypsin receptor 1) and sustaining proliferative signaling (e.g., insulin receptor substrate 1, KIT ligand) (2, 16). Consistently, other studies found that SEs are associated with critical tumor oncogenes in various types of cancers. Lovén et al. found that in multiple myeloma, disruption of BRD4 (bromodomain-containing Protein-4) and mediator occupancy in an SE led to inhibition of tumor oncogenes, including MYC (44). Recently, eRNAs were found to participate in regulating gene transcription and cell-cycle progression with TP53 (p53 tumor suppressor). Melo et al. found some of the TP53 binding regions encompass enhancer activity and produce eRNAs in a p53-dependent manner. Knockdown of these eRNAs significantly inhibited downstream target gene transcription upon TP53 activation, suggesting the eRNAs produced from TP53 bound enhancer regions that are required for efficient TP53 transcription enhancement and p53-dependent cell-cycle arrest (45). Moreover, Jiao et al. found a heparanase eRNA that is elevated in cancer cell lines, and enhances tumorgenesis and aggressiveness of cancer cells by facilitating chromatin looping between a super enhancer and the HPSE (heparanase) promoter (39). The results from these studies indicated that seRNAs might have significant roles in tumorgenesis and could serve as potential targets for cancer clinical therapy.



IMMUNE CHECKPOINT

Immune checkpoints, including stimulatory and inhibitory pathways, are regulatory signals that play vital roles in the maintenance of the delicate balance between activation of adaptive immunity and retaining self-tolerance from autoimmunopathy. Stimulatory checkpoint molecules encompass CD28 and the inducible T cell costimulator (both from the B7-CD28 superfamily) as well as CD27, CD40, OX40 (TNF receptor superfamily member 4), and CD137 (TNF receptor superfamily member 9), which are all from the tumor necrosis factor (TNF) receptor superfamily. Inhibitory checkpoint molecules include members of the B7-family [such as CTLA-4 (CD 152), PD-1 (CD 279)], Lymphocyte Activation gene-3, and nicotinamide adenine dinucleotide phosphate. Through unique and non-redundant pathways, these molecules work as secondary signals to determine the activation or inhibition of immune cells upon antigen recognition, which modulates the duration and amplitude of physiological immune responses.

Cancer cells are capable of evading immune recognition and immune-mediated destruction by downregulating the expression of tumor antigens, seizing inhibitory immune checkpoints, and inducing immune exhaustion, which leads to the increased expression of inhibitory receptors on T cells, such as CTLA-4 and PD-1 (16). Exhausted T cells often feature CTLA-4 expression. CTLA-4, as a B7/CD28 family member, is involved in tumor immune evasion via down-regulation of CD4+ effector cells (Teff) and promotion of Treg cell activity (13). PD-1, another marker of T cell exhaustion, is expressed at a characteristically high level in tumor infiltrating T cells, which is in consistent with a reduction in interleukin (IL)-2 and IFNγ production and cell cycle arrest in T cells (46). In addition, tumor cells and tumor associated antigen presenting cells (APCs) often express higher levels of co-inhibitory molecules than co-stimulatory molecules, which enhances the activation threshold of T cell and leads to T cell anergy (47).

Rheumatic diseases are characterized by abnormal activation of the immune system, which leads to chronic inflammation and tissue damage. Immune checkpoints are actively involved in the manifestation of rheumatic disease. Genetic polymorphisms in the PD-1 gene (PDCD1) in humans correlate with a variety of autoimmune diseases, including type 1 diabetes (T1D), rheumatoid arthritis (RA), multiple sclerosis, and systemic lupus erythematosus (SLE) (48). Mice deficient for a single inhibitory receptor (such as CTLA-4 or PD1) often display enhanced susceptibility to experimentally-induced autoimmune diseases or may spontaneously develop a lupus-like disease (49). CTLA-4 has a fundamental role in establishing immune tolerance. Ctla4 knockout mice showed premature death caused by the development of lymphoproliferative disease with multiple organ involvement (50), while human patients with mutations that caused loss of function of CTLA-4 also manifested widespread immune dysregulation (51). Jury et al. identified CTLA-4 dysfunction as a possible cause of abnormal T-cell activation in patients with SLE (52). In addition, autoimmunity activation and inflammatory toxicities, such as colitis, hepatitis, pneumonitis, dermatitis, and myasthenia gravis, are major adverse events caused by the use of immune-checkpoint blockers in tumor immunotherapy (53–56). The use of Ipilimumab, a CTLA-4-blocking antibody, was reported to cause inflammatory exacerbation in 25% of patients who had preexisting autoimmune diseases (57). This led to the hypothesis that enhancing inhibitory pathways would be beneficial to treat autoimmune disease. Abatacept, a CTLA4–Fc fusion protein, is the first checkpoint-targeting drug to be approved to treat rheumatic diseases. CTLA-4 Fc prevents costimulatory signaling, thus reducing T cell activation in RA, SLE, and psoriatic arthritis (58–60).

PD-1 and CTLA-4 are the most widely studied inhibitory checkpoint molecules because of their superior performance in the treatment of tumors (Table 1). PD-1 is expressed on T cells, B cells, dendritic cells (DCs), monocytes, natural killer (NK) T cells, exhausted cells, and Treg cells. When engaged to its receptor PD-L1, which is widely expressed on antigen-presenting cells, CD4+ T cells, and non-lymphoid tissues, PD-1 delivery an inhibitory signal via direct and indirect pathways. In the direct pathway, PD-L1-engaged PD1 potently counteracts CD28-co-stimulation and T cell receptor (TCR) signal transduction via terminating zeta chain of T cell receptor associated protein kinase 70 and phosphoinositide-3-kinase (PI3K) phosphorylation, leading to recruitment of protein tyrosine phosphatase non-receptor type 11 (PTPN11), which in turn inhibits IL2 production and reduces the transcription of pro-survival factor BCL-2-like protein 1 (73). In the indirect inhibitory mechanism, engaged PD1 decreases casein kinase 2 alpha 1 expression and activity, which results in the maintenance of phosphatase and tensin homolog activity, shutting off both the protein kinase B (AKT) pathway and subsequent T cell growth (73). In addition, the inhibitory function of PD-1 is exemplified by the promotion of TCR endocytosis and shifting the metabolic status of T cells toward fatty acid beta-oxidation, which leads to metabolic restriction (73). While CTLA-4 plays a pivotal role in attenuating the activation of naïve and memory T cells via competing with CD28-mediated signaling (74). Downstream of both CTLA-4 and PD-1 abrogates AKT activity, which is related to limiting cellular metabolism (70).


Table 1. Overview of PD-1/PD-L1 and CTLA-4 blockage.
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CLINICAL IMPLICATIONS OF IMMUNE CHECKPOINTS

Immunotherapy, especially PD-1/PD-L1 blockage and CTLA-4 blockage, has revolutionized the landscape of cancer treatment in recent years. The FDA has approved immune checkpoint inhibitors for the treatment of a range of tumor types, such as melanoma, non-small cell lung cancer, renal cell carcinoma, Hodgkin lymphoma, and head and neck squamous cell carcinoma.


PD-1/PD-L1 Blockage: Mechanism and Effect

By counteracting the pathological function of PD-1, antibodies that block PD-1 (e.g., Pembrolizumab and Nivolumab) and its ligand PD-L1 (e.g., Atezolizumab, Avelumab, and Duralumab) inhibit adaptive immune resistance and reinvigorate the immune response against cancer cells. PD-1 mediates immune suppression via a variety of mechanisms in cancer. In T cells, PD-L1-bound PD-1 inhibits TCR signaling by recruiting PTPN11 to the immunoreceptor tyrosine-based switch motif domain, which results in dephosphorylation of downstream signaling molecules, decreased IL-2 production, reduction in cell cycle progression, and reduced expression of TFs involved in effector function (T-bet and eomesodermin) (74). An elevated level of circulating IFNγ and its associated chemokines [C-X-C motif chemokine ligand (CXCL)-9 and CXCL-10] and T cell activation markers (MKI67 and major histocompatibility complex, class II, DR) were detected in the serum of patients undergoing anti-PD-1 and anti-PD-L1 treatment (61). PD-1 blockage restores T cell activation and an influx of CD8+ T cells was detected in the tumor microenvironment (62). In addition, PD-1 signaling interferes with CD28-mediated activation of PI3K and AKT, which in turn limits glucose metabolism (70). The resulting bioenergetic insufficiencies inhibit mammalian target of rapamycin (mTOR) activity and IFNγ production, impair EZH2 (enhancer of zeste 2 polycomb repressive complex 2 subunit) expression in T cells, and reduce the level of phosphoenolpyruvate, which is linked with a lack of activation of CD4+ tumor-infiltrating lymphocytes (61). The process of metabolic restriction is a driver of T cell exhaustion. Antagonists of PD-1 cause T cell metabolic reprogramming and restore their glycolytic capacity, as well as the subsequent effector function (63). PD-1 and PD-L1 blockage also decrease E3 ubiquitin ligase CBL-B expression thus inhibiting the downregulation of TCR (64).

PD-L1 expression is especially high in tumor cells and tumor-associated APCs (e.g., tumor environment DCs, macrophages, and fibroblasts) (75). As a result of adaptive immune resistance, PD-L1 overexpression on tumor cells is induced by IFNγ that is produced by activated T cells. High levels of PD-L1 expression have been associated with poor prognosis in many types of cancer. PD-L1 antibodies exert their antitumor effect partly by blocking the PD-1–PD-L1 interaction. Manish et al. found that PD-L1 also interacts with B7-1 (CD80) to inhibit T cell activation and proliferation (67). Therefore, PD-L1 blockage also may restore T cell activation by inhibiting the CD80–PD-L1 interaction. A recent study showed that tumor-expressed PD-L1 has tumor-intrinsic effects in addition to delivering an inhibitory signal to PD-1 on T cells. PD-L1 promotes cell-intrinsic growth in an immune-independent manner in both melanoma and ovarian cancer. PD-L1 represses tumor autophagy and enhances the mTOR pathway in both ovarian cancer and melanoma (68). Thus, PD-L1 blockage may exert its effect by mediating PD-L1-related intrinsic tumor signaling. PD-L1 expression on macrophages may result in active extrusion of T cells from the tumor microenvironment, indicating another possible pathway for PD-L1 blockage (69).




CROSSTALK BETWEEN seRNAs AND IMMUNE CHECKPOINTS

Super-enhancers play a critical role in the regulation of genes that define cell identity, and increasing evidence suggests that SEs and eRNAs have functions in tumorgenesis. However, the exact function and mechanism of seRNAs in the regulation of tumorgenesis and tumor immunotolerance is not fully understood. Lovén et al. found that cancer cells acquire SEs at oncogenes and at genes that are important for tumor pathogenesis. They found that SEs assist the high level transcription of genes [e.g., MYC, IRF4 (interferon regulatory factor 4), XBP1 (X-box binding protein 1), CCND2 (Cyclin D2)] that are deregulated in multiple myeloma cells (44). Ding et al. revealed the oncogenic role of eGREB1, an eRNA of an estrogen-responsive gene enhancer, growth regulating estrogen receptor binding 1 (GREB1), in bladder cancer. Upregulated eGREB1 is associated with higher level TNM stages of bladder cancer. Consistently, proliferation, migration, and invasion were inhibited upon eGREB1 knockdown, while apoptosis was promoted (76). In addition, for a variety of cancer cells (e.g., pancreatic cancer and T cell leukemia), SEs were identified around the MYC gene in cancer cells. However, these SEs were not identified in their healthy counterparts (2). Besides, Hnisz et al. provided a list of tumor-specific SEs that fall into different categories of hallmark cancer genes in colorectal cancer. For instance, the identified SEs of PCDH7 (protocadherin 7), CCND1 (Cyclin D1), and F2RL1 are associated with activating invasion and metastasis, evading growth suppressors, and avoiding immune destruction, respectively (2). Taken together, these findings indicated that SEs might act as keys for amplified oncogene expression. This hypothesis was supported by the results of Wong et al., who found that multiple oncogenic TFs are regulated by SEs in acute T cell lymphoblastic leukemia. Disruption of SE-related gene expression and cancer cell death were identified after treating cancer cells with RNAP II activation blocker (77). SeRNAs play an active role in promoting SE function; therefore, we suspected seRNAs could also function in this inhibitory process.


Super-Enhancer RNA Induces PD-L1 Expression via Enhancing MYC Expression

MYC is an oncogene that has been studied in depth. The activation and overexpression of MYC is a characteristic feature of tumorgenesis and cancer maintenance. As a TF, MYC activates the expression of many pro-proliferative genes by binding at enhancers and recruiting HATs (78). One of the mechanisms by which the MYC gene is believed to maintain cancer cell survival is to exempt itself from immune surveillance and the anti-tumor immune response (79). This hypothesis was supported by the finding that MYC expression correlated highly with PDCD1L1 (PD-L1) gene expression in non-small cell lung cancer cell (79). Kim et al. also identified poorer clinical outcome for patients with both MYC and PD-L1 dysregulation and overexpression (79). Consistently, Casey et al. demonstrated that MYC upregulates the expression of immune checkpoints, CD47 and PDCD1L1, on cancer cells by direct interaction with the promoters of these two genes. In multiple types of cancer, silencing of MYC leads to a significant reduction in the transcription and expression of CD47 and PDCD1L1, both in vitro and in vivo (80). Therefore, MYC may be a key regulator for immune checkpoint expression in cancer. For a variety of cancer cells, SEs are found specifically clustered at genes surrounding the MYC gene (2). SEs tend to express seRNAs at higher levels than typical enhancers; therefore, we wondered whether seRNAs participate in the regulation of immune checkpoint expression. Human colorectal cancer-specific nucleus retained Colorectal Cancer Associated Transcript 1-long isoform (CCAT1-L) is a 2,600 nucleotide long lncRNA that is transcribed from an SE and therefore is considered as an seRNA. A recent study suggested that the seRNA CCAT1-L contributes to the regulation of MYC expression in cis in colorectal cancer. CCAT1-L is transcribed from a locus 515 kb upstream of the MYC gene (MYC-515) in the human 8q24 region. This SE forms an enhancer-promoter loop with the MYC promoter, thus bringing CCAT1-L in to close proximity with the promoter. Such chromatin interactions are present specifically in colorectal, breast, and prostate cancer (81). Xiang et al. reported that CCAT1-L assists in the maintenance of chromatin looping between the SE and the MYC promoter (82). Previous studies revealed that eRNAs participate in gene regulation by stabilizing enhancer-promoter looping and by dynamic interactions with TFs and mediators in the surrounding area. The accumulation of CCAT1-L surrounding its SE indicates its possible function in the regulation of its target gene. By examining the expression of mRNA after CCAT1-L knockdown, reduced MYC transcription and expression were detected. However, overexpression of CCAT1-L from a plasmid showed no apparent activation of MYC expression. This could be explained by the possibility that extrinsic CCAT1-L localized to many nuclear sites but not its in cis site. To confirm this hypothesis, Xiang et al. (82) used transcription activator-like engineered nucleases to achieve in cis overexpression of CCAT1-L in a low CCAT1-L expression cell line. CCAT1-L overexpression resulted in higher MYC expression and faster cell growth than that in the control cancer cell group. Thus, CCAT1-L enhances MYC expression in cis. The most common form of seRNA function is in cis regulation; however, how is CCAT1-L brought close to its target gene from 515 kb away? To answer this question, Xiang et al. applied the 3C technique to investigate the interaction frequencies between possible enhancers and MYC promoter segments. Intriguingly, they found an interaction between a locus 335 kb upstream of the MYC promoter (MYC-335), and the MYC promoter showed the highest interaction frequency with this site, while the interaction between MYC-515 and MYC-355 ranked as second. Earlier Pomerantz et al. found an enhancer located at MYC-355, which forms a loop between the MYC promoters to promote its transcription (83). The result of 3C analysis suggested that CCAT1-L locates to MYC-335, bringing it closer to MYC. Knockdown of CCAT1-L resulted in a prominent decrease in the chromatin interactions between MYC-335 and the MYC promoter and between MYC-515 and MYC-335. Taken together, the results suggested that a looping conformation is formed between MYC and MYC-335 and between MYC-335 and MYC-515. In addition, CCAT1-L is required to maintain the specific loops between the MYC enhancers and the MYC promoter. Further investigation into the exact mechanism by which CCAT1-L functions to promote enhancer-promoter looping revealed that TFs transcription factor 4 and CCCTC-binding factor (CTCF) are enriched at the loops of the MYC promoter, and the MYC-335 and MYC-515 segments. Moreover, knockdown of CTCF is associated with decreased transcription of MYC and CCAT1-L, suggesting that the enhancer-promoter looping at MYC is CTCF-mediated. In addition, RNA immunoprecipitation showed a specific interaction between CTCF and CCAT1-L. Reduced CTCF occupation of the loop region at MYC was detected after depletion of CCAT1-L, indicating that CCAT1-L assists the binding of CTCF to chromatin and contributes to the looping formation at the MYC locus (82). In summary, Xiang et al. demonstrated the involvement of seRNA CCAT1-L in the regulation of key oncogene MYC in colon rectal cancer. CCAT1-L regulates the expression of MYC by interacting with CTCF and assisting its binding with chromatin to sustain the enhancer-promoter looping conformation between the MYC promoter and MYC-335 and between MYC-335 and MYC-515. MYC expression has been linked to the regulation of a variety of cancer hallmark-related genes in tumors. As mentioned above, MYC upregulates the expression of immune checkpoints CD47 and PDCD1L1 on cancer cells by direct interaction with promoters of these two genes. Therefore, it is possible that seRNA CCAT1-L participates in the regulation of CD47 and PDCD1L1 expression indirectly by promoting MYC gene expression in cis.

Additionally, Jiang et al. recently demonstrated that CCAT1 interacts with the TFs tumor protein p63 (TP63) and SRY-box 2 (SOX2) to regulate the expression of the epidermal growth factor receptor (EGFR) in esophageal squamous cell carcinoma (ESCC) (84). With identification of TP63 and SOX2 co-occupied at an SE, the authors wondered whether there is interplay between the seRNA and TP63 and SOX2. Further investigation showed that transcription of seRNA CCAT1 is activated or inhibited by TP63 and SOX2 co-binding or depletion at the promoter and SE of CCAT1. Thus, seRNA CCAT1 was validated as the downstream interaction target for TP63 and SOX2. Moreover, seRNA CCAT1 forms a complex with TP63 and SOX2 and then binds to SEs of EGFR to enhance its transcription and expression. The transcription of EGFR activates the downstream PD-L1 expression related pathways, including RAS/mitogen activated protein kinase (MAPK) and PI3K/AKT signaling pathways (84). Consistently, the expression of PD-L1 is elevated significantly in response to EGFR signaling activation in esophageal squamous cancer cells. By contrast, inhibition of the EGFR pathway led to a sharp decline in PD-L1 expression (85, 86). Further investigation showed that EGFR-dependent expression of PD-L1 in ESCC is affected by EGFR/PI3K/AKT, EGFR/RAS/MAPK and EGR-phospholipase C gamma 1 (PLC-γ) signaling pathways (84). Many studies have revealed the close connection between PD-L1 expression and EGFR mutation (87–89). Higher PD-L1 expression usually indicates poor prognosis (88, 89). For instance, in non-small-cell lung cancer, mutation in EGFR lead to upregulation of PD-L1 by activating PI3K/AKT and RAS/extracellular signal-regulated kinase (ERK) signaling (90). Notably, the EGFR gene is located in the 7p11 region in the human genome, indicating that CCAT1 promotes EGFR transcription in trans. Taken together, we propose that seRNA CCAT1 could be involved in the regulation of PDCD1L1 transcription in trans by forming a seRNA-TF complex to promote EGFR expression and activate the downstream signaling pathways (Figure 4).


[image: Figure 4]
FIGURE 4. Models of seRNA CCAT1 in the regulation of PD-L1 expression. CCAT1 is an oncogenic seRNA that can regulate the expression of PD-L1 via cis and trans actions. (A) SeRNA CCAT1-L induces the expression of PD-L1 via enhancing the expression of MYC in cis. With the help of CTCF, CCAT1-L is brought close to the MYC promoter via MYC-515-MYC-335-MYC looping. This looping conformation promotes MYC transcription, which allows its further promotion of PD-L1 expression. (B) TP63 and SOX2 are two transcription factors that promote seRNA CCAT1 transcription. CCAT1 interacts with TP63 and SOX2 to further act in trans on another chromosome to promote the transcription of EGFR. EGFR promotes PD-L1 expression via its downstream pathways, PI3K/AKT and RAS/MAPK.


CDK7 affects transcription initiation and elongation by blocking SE normal function. As for its potential clinical application, Chipumuro et al. found cyclin-dependent kinase 7 (CDK7) inhibitor, THZ1, selectively downregulates SE-regulated MYCN overexpression and MYCN-driven transcription amplification in neuroblastoma (91). Similarly, other researchers revealed THZ1 suppressed SE-driven oncogenic transcriptional amplification in other cancers (92, 93).



Relationship Between BRDs, seRNAs, and PD-L1

BRD4 is a member of BET family, which includes BRD2, BRD3, and bromodomain testis-specific proteins (BRDT). As a transcription co-activator, BRD4 is often required for the expression of oncogenes, including MYC (94–96). The functions of BET proteins include initiation and elongation of transcription, and cell cycle control. BRD4 recruits a variety of transcription complexes, including mediator and positive transcriptional elongation factor b (P-TEFb), to acetylated chromatin, leading to the activation of gene expression via phosphorylation of RNAP II (97, 98). Studies showed accumulation of BRD4 at SEs, which facilitated eRNA transcription via interacting with acetylated histones to assist RNAP II progression (99). Recently, BET inhibitors (i.e., JQ1) have been developed for anticancer treatment. JQ1 displaces BRD4 from chromatin, breaks the cell cycle, and induces apoptosis in tumor cells. JQ1 also inhibits BRD4-associated seRNA synthesis by targeting SEs preferentially (44, 99). When treated with JQ1, SEs displayed a higher level of loss of BRD4 accumulation than typical enhancers (44). eRNAs have a role in enhancer function; therefore, it is possible that BRD4 might regulate target gene expression indirectly via its effect on eRNA synthesis. A recent study demonstrated co-occupancy of BRD4 and mediator at MYC SEs, and the use of BET inhibitor JQ1 resulted in transcription elongation defects in MYC (44). JQ1 displacement of BRD4 from the MYC promoter/enhancer also led to suppression of MYC-driven malignancies, such as multiple myeloma and acute myeloid leukemia (95, 96). Zhu et al. found that treatment with a BET inhibitor suppressed PD-L1 expression in ovarian cancer (100). In a mouse model, the authors observed a dose- and time-dependent reduction in the level of PDCD1L1 transcription and expression during treatment with JQ1 in tumor cells, macrophages and tumor-associated DCs. Knockdown of BRD4 decreased PD-L1 expression, indicating that PD-L1 expression is at least partly regulated by BRD4. Further investigation demonstrated that the PD-L1 encoding gene, PDCD1L1 (also known as CD274), is a direct target of BRD4. In addition, the application of JQ1 increased CD8+ cytotoxic T cell activity; thus promoting anti-tumor immunity, limiting ovarian cancer progression, and improving mouse survival (101). The mechanism by which BRD4 regulates PDCD1L1 expression in cancer cell has been determined. Hogg et al. demonstrated that the inhibition of PDCD1L1 transcription by the BET inhibitor is independent of MYC expression, which is usually involved in PD-L1 expression regulation and is also as a target for BET inhibitors in hematologic malignancies (102, 103). The authors found that downregulation of PDCD1L1 under JQ1 treatment was not associated with changes in MYC regulation. Ectopic overexpression of MYC did not affect JQ1's suppression of PD-L1 expression. In addition, depletion of BRD4 led to PDCD1L1 transcription inhibition in the absence of putative changes in MYC expression. Using chromatin immunoprecipitation sequencing and analysis of RNAP II occupancy, the authors further identified a distal SE proximal to the PDCD1L1 gene. Moreover, this distal SE bridged to the PDCD1L1 transcription start site (TSS), forming a chromatin loop. The accumulation of BRD4 at the PDCD1L1 TSS decreased substantially upon JQ1 treatment, indicating that disruption of the TSS and SE loop might contribute to JQ1-mediated PD-L1 expression inhibition (103). As mentioned previously, BRD4 promotes eRNA transcription by interacting with acetylated histones. A recent study demonstrated that the BRD4–eRNA interaction promotes the binding of BRD4 to acetylated histone. This interaction further potentiates BRD4 recruitment to enhancers and promotes subsequent transcription events (104). Therefore, we hypothesized that seRNAs might be involved in BRD4-mediated PD-L1 regulation by contributing to stability of the chromatin loop formed by the distal SE and the PDCD1L1 TSS, which promotes RNAP II progression. BRD4 regulates the expression of PDCD1L1 indirectly by promoting the transcription of an SE, and the resulting seRNA contributes to promoting enhancer activity, thus affecting the transcription of PDCD1L1 (Figure 5).
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FIGURE 5. A model of seRNA in the regulation of PD-L1 expression via BRD4. BRD4 is enriched at super enhancers and contributes to seRNA transcription. PDCD1L1 (also known as CD274; encoding PD-L1) is a direct target of BRD4. BRD4 recruits mediator and P-TEFb to acetylated chromatin, leading to the activation of gene expression via phosphorylating RNAP II. An seRNA transcribed from a distal super enhancer proximal to CD274 is found to loop with the CD274 transcription start site (TSS). This seRNA enhances the chromosome looping stability and interacts with BRD4 to promote CD274 expression.




Super-Enhancer RNA and PD-L1 Expression in Autoimmune Disease

The application of immune checkpoints in oncology sometimes triggers auto-inflammatory adverse effects, which has prompted further investigations of the contribution of immune checkpoints to autoimmunity. The expression and functions of inhibitory immune checkpoints are often dysregulated in autoimmune diseases. Promoting the inhibitory function of immune checkpoints should be beneficial to restore the immune balance in rheumatic disease. However, Farh et al. found that distinct enhancers and eRNAs are involved in autoimmune disease (Table 2). Genome-wide association studies revealed that risk loci for autoimmunity are enriched in immune cell-specific SEs and enhancers (111). Peeters et al. revealed a disease-specific super-enhancer signature in CD4+ memory/effector cells in the synovial fluid of patients with juvenile idiopathic arthritis (105). These SEs are associated with inflammatory arthritis SNPs, indicating the contribution of SEs and, possibly, seRNAs in the control of disease pathogenesis. Moreover, the application of BET inhibitors suppressed SE-associated gene expression subsequent to a reduction in proinflammatory markers (105). A previous study found that in T cells, one-third of the non-coding RNAs are transcribed from SEs, indicating their potential role in regulating the T cell immune response (112). In T cells, cytokine receptors and cytokines are the predominant type of genes that have an SE architecture (112). ADAM like decysin 1 (ADAMDEC1) is a member of the ADAMs (A Disintegration And Metalloproteinase) protein family. ADAMDEC1 and ADAM28, which is located upstream of ADAMDEC1, are overexpressed in SLE and are upregulated in inflammatory states. Further investigation showed that the interaction between eRNAs and P300 is involved in ADAMDEC1 expression regulation (106). One of the functions of eRNAs is to bind CBP and modulate the acetyltransferase activity at enhancers. NF-κB is recruited to the enhancer upon activation of the inflammatory signal cascade. The accumulation of NF-κB leads to assembly of P300 on the enhancer, which can be activated by eRNAs. Activation of P300 leads to increased histone acetylation and transcription elongation (106). That study revealed the participation of eRNAs in the regulation of autoimmune-associated gene expression. Therefore, it was suggested that there is crosstalk between immune checkpoints and seRNAs in the context of autoimmunity. BTB domain and CNC homolog 2 (BACH2), a TF that functions to suppress effector programs to maintain the Treg-mediated immune homeostasis, has the most prominent super-enhancer in its gene locus in T cells (113). BACH2 regulates the expression of a variety of cytokines in T cells. Genetic variation in the BACH2 locus is associated with autoimmune-related diseases, such as Crohn's disease, RA, and T1D (114–116). Vahedi et al. found that the BACH2 locus is SE-regulated, with high P300 occupancy. Knockdown of BACH2 led to a significant increase in the expression of genes with an SE architecture in T cells, including those encoding cytokines and cytokine receptors (112). In addition, seRNA-related transcription is inhibited by BACH2 (112). Therefore, the authors identified a network in which the expression levels of genes and eRNAs are negatively regulated by BACH2, which itself is also SE-regulated (112). Recent research found that BACH2 promotes tumor immunosuppression via IFNγ and Treg-mediated intratumoral CD8+ T cell inhibition. Elevated levels of IFNγ were observed in tumors of mice with BACH2 deficiency. Further analysis revealed that suppression of IFNγ is caused by BACH2-mediated Treg-dependent tumor immunosuppression (117). Thus, the results demonstrated a pathway for BACH2 to regulate the expression of IFNγ immunosuppression. There are two interferon regulatory factor-1 (IRF-1) binding sites on the promoter of PDCD1L1. Diaz et al. revealed that IFNγ signaling is the primarily regulating signal for PDCD1L1 expression in melanoma cells. Diaz et al. identified the IFNγ-Janus kinase (JAK)-signal transducer and activator of transcription (STAT)-IRF1 axis that regulates PD-L1 expression (118). Such findings link BACH2 with PD-L1 expression, indicating its potential influence on immune checkpoint expression. Similarly, in the context of autoimmune disease, Osum et al. demonstrated that IFNγ drives PD-L1 expression on islet beta cells in T1D (119). T cell-directed beta cell destruction is the main cause of T1D. In vivo and in vitro experiments showed that T cell infiltration-dependent islet beta cell PD-L1 upregulation is mediated by IFNγ (119). In addition, the increased PD-L1 expression correlated with the level of T cell infiltration and insulitis, indicating that elevated PD-L1 expression is a salvage response to islet destruction (119). These findings led us to hypothesize that SE-regulated TF BACH2 might play a role in regulating the expression of PD-L1 indirectly by mediating the expression of IFNγ in autoimmune disease. Moreover, seRNAs might also contribute to this regulation by promoting SE function. However, little research has been performed on the contribution of seRNAs to the regulation of immune checkpoint expression in autoimmune diseases, and the exact contribution of seRNAs to autoimmune diseases remains poorly understood. Further investigation and more direct evidence are required to reveal the details of the crosstalk between seRNAs and immune checkpoints in autoimmune diseases.


Table 2. Involvement of SE in autoimmune diseases.
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CONCLUSIONS

Current knowledge of immune checkpoints and SEs has increased our understanding of immune checkpoint expression in oncology and autoimmunity. Evading immune destruction is a major hallmark of cancer, suggesting that the expression of inhibitory immune checkpoints could be a critical identity character of tumor cells (16). Super enhancers are clusters of enhancers that facilitate gene expression that is important for cell identity. eRNAs contribute to enhancer function via multiple approaches, including enhancing promoter-enhancer looping, facilitating TF assembly, and promoting RNAP II activation. In the present review, we proposed several ways by which seRNAs contribute to immune checkpoint regulation indirectly by mediating the expression of key genes that regulate immune checkpoint expression, and play critical roles in determining cell identity.

As a potential therapeutic target, many researchers had focus on exploring the application of SE blockers in cancers and autoimmune diseases (Figure 6). He et al. recently summarized the role of SE as therapeutic target in cancer treatment. By using BET inhibitor, CDK7 inhibitor, AKT inhibitors, demethylases, and acetyltransferase, researchers target carcinogenic SEs to inhibit cancer growth, invasion, immune escape and progression (121).


[image: Figure 6]
FIGURE 6. SE as a therapeutic target in cancer treatment: from preclinical to clinical. CDK7 inhibitor targets SE to suppress SE-regulated MYCN driven oncogenic transcription amplification, including E2F, MCL-1, XIAP (93). CDK7 inhibitor blocks SE functioning by affecting RNAP II and Mediator complex. Use of CDK7 inhibitor induces tumor regression, cancer cell apoptosis and reduces metastasis both in vivo and in vitro (120). CT7001, a CDK7 inhibitor, has been approved for phase I clinical trial in patients with advanced malignancies.


Although remarkable process has been made in revealing the regulation of immune checkpoint expression and eRNA function, many questions and challenges remain. For instance, the exact function and mechanism of seRNAs have not been clearly demonstrated. Additional and direct evidence of seRNA function in immune checkpoint expression is required to further support the indirect gene regulation effect by seRNAs. Recent findings also revealed that the exact boundaries between eRNAs and lncRNAs are not absolute, suggesting that some eRNAs might have been mistakenly identified as lncRNAs (28). Despite having a similar frequency of transcription to protein-coding genes, eRNAs have a shorter half-life compared with that of mRNAs and lncRNAs, which represents an obstacle for their thorough study (122). Such characteristics and uncertainty of seRNA make research into the interaction between seRNAs and TFs or chromatin a challenge. Joint efforts should be made by biologists and immunologists to further identify the correlations between SEs, seRNAs, and immune checkpoints. We are only starting to comprehend the full panoply of eRNAs' functions. In the future, a thorough understanding of the mechanism by which seRNAs regulate gene expression and their contribution to disease pathogenesis might help to identify new therapeutic targets and disease biomarkers.
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Head and neck squamous cell carcinoma (HNSCC) has a poor survival rate mainly due to late stage diagnosis and recurrence. Despite genomic efforts to identify driver mutations and changes in protein-coding gene expression, developing effective diagnostic and prognostic biomarkers remains a priority to guide disease management and improve patient outcome. Recent reports of previously-unannotated microRNAs (miRNAs) from multiple somatic tissues have raised the possibility of HNSCC-specific miRNAs. In this study, we applied a customized in-silico analysis pipeline to identify novel miRNAs from raw small-RNA sequencing datasets from public repositories. We discovered 146 previously-unannotated sequences expressed in head and neck samples that share structural properties highly characteristic of miRNAs. The combined expression of the novel miRNAs revealed tissue and context-specific patterns. Furthermore, comparison of tumor with non-malignant tissue samples (n = 43 pairs) revealed 135 of these miRNAs as differentially expressed, most of which were overexpressed or exclusively found in tumor samples. Additionally, a subset of novel miRNAs was significantly associated with HPV infection status and patient outcome. A prognostic-model combining novel and known miRNA was developed (multivariate Cox regression analysis) leading to an improved death and relapse risk stratification (log rank p < 1e-7). The presence of these miRNAs was corroborated both in an independent dataset and by RT-qPCR analysis, supporting their potential involvement in HNSCC. In this study, we report the discovery of 146 novel miRNAs in head and neck tissues and demonstrate their potential biological significance and clinical relevance to head and neck cancer, providing a new resource for the study of HNSCC.

Keywords: microRNAs, non-coding RNA, gene expression profiling, head and neck cancer, computational biology


INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the eighth most common cancer worldwide (1) and has a poor survival rate, mainly due to late stage diagnosis, and frequent disease recurrence (2). Despite advances in surgical techniques, chemotherapy, radiation therapy, and targeted therapy, the 5-years survival rate of patients remains at 50% (3). Hence there is a need to expand the repertoire of head and neck specific diagnostic and prognostic biomarkers. Furthermore, in order to improve patient outcome a better understanding of the genetic and epigenetic events associated with disease progression are needed.

MicroRNAs (miRNAs) are a class of single-stranded small non-coding RNAs (sncRNAs) ~21–23 nucleotides in length, which act as regulators of gene expression by binding to complementary sequences within mRNAs (4). A single miRNA transcript can act on multiple mRNA targets, and therefore, miRNAs are involved in many biological and pathological processes. In fact, miRNA dysregulation has been shown as a frequent and important event across all stages of cancer (5–8), as well as in many different cancer types (9–15). Their stability in biofluids and tissue biopsies presents opportunities for biomarker discovery (4, 16) and subsequently drug target detection (17–19). Among the dysregulated miRNAs in HNSCC, miR-21, miR-34, miR-93, miR-155, miR-196, and miR-211 are the most studied (20). Functional assays and target prediction have demonstrated that these miRNAs play important roles in regulation of cell proliferation, immune invasion, and resistance to cell death (21–24), corroborating their role as regulators in HNSCC (20, 25). Furthermore, miRNAs have demonstrated utility as biomarkers in the diagnosis and prognostication of HNSCC. For example, under-expression of let-7d and miR-205 are associated with poor survival in HNSCC (26), and circulating miR-142, miR-186, miR-195, miR-374b, and miR-574 have been shown to be promising markers for monitoring therapy in HNSCC patients (27).

While current miRNA repositories contain ~2,500 unique miRNA sequences, they are primarily comprised of those that are either conserved across several tissues or abundantly expressed, for the most part discounting lineage- and tissue-specific miRNAs (28). However, recent studies show that numerous miRNAs may be expressed only in specific tissues or contexts (29–33), and may have utility as clinical markers of disease (8, 34).

Mining of large-scale datasets using bioinformatic algorithms has become an important tool for expanding the current annotation of miRNA repositories and discovering these tissue/context-specific miRNAs, particularly due to the data's high coverage depth and sample size. The discovery of novel miRNAs not only provides a novel resource for the research community, but may also guide future clinical efforts on the design of new drug targets and disease biomarkers. Thus, we hypothesize the existence of previously-unannotated and tissue-specific miRNAs in head and neck samples, which may have been overlooked due to their tissue/context specificity. In this study, we use a large-scale analysis of high-throughput sequencing data to uncover these novel miRNAs and explore their relevance to HNSCC tumourigenesis.



MATERIALS AND METHODS


Clinical Data Sets

A discovery cohort consisting of publicly available high-throughput raw small-RNA sequencing data from 523 tumors along with 43 paired non-malignant samples was retrieved from The Cancer Genome Atlas (TCGA) on the cgHUB data repository (dbgap Project ID: 6208), available at: https://cancergenome.nih.gov/ (accessed October 2018). Clinical information on the cases, summarized in Table 1, was obtained from the University of California Santa Cruz Xena Browser, available at: https://xenabrowser.net/ (accessed August 2018). HPV status was obtained from the Cancer Genome Atlas Network (35).


Table 1. Clinicopathological information of the HNSCC patients from TCGA*.

[image: Table 1]

Publicly available small-RNA sequencing data from an independent cohort (n = 20) of oral squamous cell carcinoma samples were obtained from the Gene Expression Omnibus (GEO) repository (Accession GSE52663) (36).

Validation was carried out using formalin-fixed paraffin-embedded (FFPE) tissue from 25 oral squamous cell carcinoma (OSCC) tumors and 5 non-malignant oral tissue samples.



Data Processing and Novel MicroRNA Discovery

The data were analyzed using a customized in-silico analysis pipeline. The study design is summarized in Figure 1, and the data subsets used for the step-wise comparisons that were conducted are summarized in Table 2.


[image: Figure 1]
FIGURE 1. Study Flow Chart. High throughput small RNA-sequencing data from head and neck squamous cell carcinoma (HNSCC) (n = 523, dataset A) and matched non-malignant tissue (n = 43, dataset B) were obtained from The Cancer Genome Atlas (TCGA). Raw sequence data (BAM files) were converted into unaligned reads (FASTQ) and inputted into miRMaster for miRNA detection and quantification. A threshold criteria of ≥1 read per million (RPM) in ≥10% of samples per group was employed. To determine whether these novel sequences have potential biological relevance group comparison and association analyses were performed. Tissue specificity of the novel candidate sequences was assessed by comparing non-malignant samples (dataset B) with those from 12 other non-malignant tissue types from TCGA Pan-Cancer Atlas (dataset C) using non-linear t-Distributed Stochastic Neighbor Embedding. Differentially expressed novel miRNAs were detected by comparing tumor and matched non-malignant samples (dataset D). Clinicopathological features of the novel miRNA transcripts (n = 130) that were found to be expressed exclusively in tumor samples (dataset A) were compared. Survival analysis was performed to further characterize the novel sequences. Cox regression analysis showed that candidate novel miRNA sequences behave similarly to known miRNAs and may have prognostic value. Validation was performed on an independent dataset (Gene Expression Omnibus GSE52633) (dataset E) and by performing RT-qPCR of the most relevant miRNA candidates in formalin-fixed paraffin-embedded (FFPE) tissues (dataset F).



Table 2. Description of clinical data sets.

[image: Table 2]

Raw sequence data from both HNSCC tumors and non-malignant head and neck tissue samples (Table 2, datasets A and B) obtained from TCGA in the form of BAM files were converted into unaligned (FASTQ) files using Partek Flow® (http://www.partek.com/partek-flow/). FASTQ files were then analyzed for novel miRNA expression using the online analysis platform miRMaster (https://ccb-compute.cs.uni-saarland.de/mirmaster) (accessed October 2018). This platform predicts novel miRNAs based on the miRDeep2 algorithm, a well-established novel miRNA discovery tool which identifies miRNA-like configurations by considering relative free-energy and the probability of random folding (37). Default parameters were used to perform quality filtering and read collapsing. The adapters were trimmed (Illumina TruSeq small RNA 3p), followed by the alignment of the reads to the hg38 build of the human genome (38). Sequences previously annotated in miRBase v.22 were excluded. The list of candidate novel miRNA transcripts was then further curated to include only sequences with a detectable expression of ≥1 read per million (RPM) in at least 10% of samples, for each group. Those miRNA candidates that remained after filtering were considered putative novel miRNAs.

To verify their designation as true miRNA sequences, we assessed whether these novel miRNA candidates shared structural properties and sequence features with known miRNA sequences. Nucleotide composition of the seed sequence and guanine-cytosine (GC) content were compared between the novel candidates and currently-annotated miRNAs, as well as their distribution across the genome.



Group Comparison and Association Studies

To determine the tissue-specificity of these novel miRNA candidates, normalized expression levels of the 146 candidate novel miRNA sequences from the non-malignant head and neck tissues (Table 2, datasets B and D) were queried against non-malignant samples from 12 different organ sites from TCGA Pan-Cancer Atlas using non-linear t-Distributed Stochastic Neighbor Embedding (t-SNE) dimensionality reduction. The tissues investigated included bile duct (n = 9), bladder (n = 19), brain (n = 5), cervix (n = 3), colon (n = 9), kidney (n = 71), liver (n = 47), lung (n = 91), pancreas (n = 4), prostate (n = 52), stomach (n = 45), thyroid (n = 59) and head & neck (n = 43).

To assess their involvement in HNSCC development, we sought to determine whether these novel transcripts are dysregulated in corresponding tumor samples.

An unsupervised hierarchal clustering analysis (Pearson correlation and complete linkage) was performed including novel miRNAs present in both tumor and non-malignant sample groups (Table 2, dataset D). Paired sample t-test (Benjamini-Hochberg [BH] adjusted p < 0.05 and fold change [FC] > 1.5) was applied to compare the novel miRNA expression between malignant and non-malignant samples (n = 43 pairs).

Clinical-pathological associations, examining anatomical site (oral cavity, pharynx, and larynx), smoking status (lifelong non-smoker versus continuing smoker) and HPV status (negative vs. positive), were observed for the novel miRNAs (n = 130) expressed exclusively in tumor samples (Table 2, dataset A) (t-test BH adjusted p < 0.05 and FC > 1.5).

To explore a potential prognostic relevance of the sequences discovered, the miRNA expression was associated with overall (OS) and recurrence-free survival (RFS) using the TCGA tumor samples (Table 2, dataset A). MicroRNAs associated with survival (p < 0.01) in a univariate log-rank test were included in a multivariate Cox proportional hazard model.



Target Prediction and Pathway Enrichment

To investigate the possible genes targeted by our recently discovered miRNAs and their biological roles, we performed target prediction and pathway enrichment analysis. Target prediction was performed using the miRanda v 3.3a algorithm, against all human genes 3′ UTR sequences acquired from Ensembl through Biomart tool (https://www.ensembl.org/) (39). The prediction algorithm was executed using strict alignment, alignment score ≥180 and energy threshold ≤ -20 kcal/mol parametrizations. Next, to gain further functional insights into the pathways these targets may be involved, we submitted the gene symbols identified to a comprehensive pathway enrichment analysis using pathDIP, which includes 15 distinct pathways resources (Extended pathway associations. Experimental plus orthologs plus FpClass – High Confidence; Minimum confidence level for predicted associations: 0.99) (40).



Confirmation Using an Independent Cohort

Publicly available small-RNA sequencing data from a second cohort (n = 20) (Table 2, dataset E) of oral squamous cell carcinoma (OSCC) tissue samples were downloaded from GEO (Accession GSE52663) (36). SRA files were converted to FASTQ and mapped to human genome build 38 using the STAR aligner in Partek Flow® (41). Novel miRNA candidates were then quantified by their genomic loci. Expression values were averaged to create an average expression value per sample. A detection threshold ≥10 reads across the averaged samples was employed.



Confirmation by RT-qPCR

To further confirm the presence of these miRNAs in HNSCC, we selected five of the most highly-expressed HNnov-miRNAs and confirmed their expression by PCR in an independent cohort of OSCC. Formalin-fixed paraffin-embedded (FFPE) tissue blocks (n = 25 OSCC and 5 normal oral tissue from the buccal mucosa) (Table 2, dataset F) were obtained from the British Columbia Oral Biopsy Service using written informed consent and a study protocol approved by the University of British Columbia—BC Cancer Research Ethics Board. Five 10 μm sections were cut from each block, and immediately placed into clean 1.5 mL microtubes. Deparaffinization was performed in xylene, and extraction was performed using the miRNeasy FFPE kit (QIAGEN, Hilden Germany) following manufacturer's guidelines.

Custom reverse-transcription and PCR primers were designed using the Custom TaqMan® Small RNA Assay Design Tool from Thermo Fisher. Primers were designed specific to the mature miRNA sequences for five of the highest-expressing novel HNnov-miRNAs, including HNnov-miR-59-5p (UGAGUUCUGGGCUGUAGUGUGCU), HNnov-miR-3-5p (AAUUACAGAUUGUCUCAGAGA), HNnov-miR-45-5p (GGGGGUGUAGCUCAGUGGUAGA), HNnov-miR-19-5p (CCCUGAUGAGCUUGACUCUAG), and HNnov-miR-48-3p (AAGUUUCUCUGAACGUGUAGAGC), according to Table S1. Reverse transcription of miRNA species was performed using the TaqMan™ MicroRNA Reverse Transcription Kit (Applied Biosystems™, Cat#4366596) and RT-qPCR in TaqMan™ Universal Master Mix II, with UNG (Applied Biosystems™, Cat#4440044) according to protocols established by the manufacturer. RT-qPCR was performed in an Applied Biosystems® 7500 Real-Time PCR System, and expression of mature miRNA transcripts in tumors was calculated in reference to normal oral epithelium using the 2(−ΔΔCt) method and normalized to U6 (TaqMan Cat#4427975, Assay ID: 001973).




RESULTS


Discovery of Novel miRNA Sequences in Head and Neck Samples

In order to identify novel miRNAs in HNSCC non-malignant and tumor tissues, we submitted the raw HNSCC sncRNA sequence data from TCGA (Table 2, datasets A and B) to the online platform miRMaster and applied a miRNA-discovery algorithm as described in Materials and Methods. This initial analysis resulted in a list of miRNA candidates that were curated to exclude sequences highly homologous to those previously annotated in miRBase v.22. After curation, 146 previously unannotated miRNAs were identified (Table S1). These novel miRNA sequences are herein referred to as HNnov-miRs. The discovery of these 146 miRNAs represents a 5.5% increase to the total number of 2,656 currently-annotated miRNAs quantified by miRMaster, and an outstanding increase of 25% to the 583 currently-annotated miRNAs that were also found to be expressed at our threshold levels (1 RPM in 10% of the samples) in the TCGA HNSCC cohort (Figure 2A). Like currently-annotated miRNAs, the HNnov-miRs where shown to be widely distributed across the genome (Figure 2C). Additionally, they were found to have similar overall molecular features compared to annotated miRNAs, further supporting their identity as miRNA sequences (Table S1).
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FIGURE 2. (A) Venn diagram summarizing the relative proportion of novel vs. previously identified miRNAs expressed to the same levels in the TCGA cohort compared to the current annotation of miRNA repositories. An addition of 146 novel miRNAs to 583 previously annotated sequences expressed to the same d level in the TCGA increases the transcriptome head and neck tissues substantially. (B) Venn diagram of novel miRNAs identified in head and neck squamous cell carcinoma tumor tissue (n = 523) and non-malignant (n = 43) tissue. Our results revealed 146 novel miRNA candidates; 80 and 16 were observed exclusively in non- malignant and tumor tissues, respectively, with 50 miRNA candidates detected in both groups. (C) Circos plot displaying the genomic localization of the novel miRNAs. The outermost circle displays the human autosomal chromosomes, and the inner layers show the expression fold changes (logged) of the novel miRNAs in head and neck squamous cell carcinoma tumors in relation to matched non-malignant tissue [created by ClicO FS: An interactive web-based service of Circos (42)].




Tissue- and Context-Specific Expression Patterns of the Novel miRNAs

Next, we sought to investigate the tissue-specificity of the HNnov-miRs by comparing their combined expression patterns in head and neck against other tissue types. This analysis showed that the HNnov-miRs are indeed head and neck-specific and their combined expression patterns were able to clearly distinguish non-malignant head and neck samples from other types of non-malignant tissue (bile duct, bladder, brain, cervix, colon, kidney, liver, lung, pancreas, prostate, stomach, and thyroid), as evidenced by t-Distributed Stochastic Neighbor Embedding (t-SNE) analysis (Figure 3). This tissue-specific nature highlights their potential relevance to head and neck biology.


[image: Figure 3]
FIGURE 3. Tissue-specific expression patterns of unannotated miRNA transcripts. t-Distributed Stochastic Neighbor Embedding (t-SNE) analysis T-SNE shows tissue specificity of head and neck non-malignant tissue compared to other non-malignant tissue from The Cancer Genome Atlas (TCGA); bile duct (n = 9), bladder (n = 19), brain (n = 5), cervix (n = 3), colon (n = 9), were compared to head & neck (n = 43), kidney (n = 71), liver (n = 47), lung (n = 91), pancreas (n = 4), prostate (n = 52), stomach (n = 45), and thyroid (n = 59).




Differential Expression in HNSCC Tumor and Non-malignant Head and Neck Tissue

From our curated list of 146 HNnov-miRs, a total of 16 HNnov-miR sequences were exclusively expressed in non-malignant samples, 80 in tumors only, and 50 shared between both sample types (Figure 2B, Table S2). Of the 50 HNnov-miRs detected in both matched tumor and non-malignant tissue samples (n = 43 pairs), 39 were differentially expressed (BH-p < 0.05). Most sequences (n = 38) were found to be significantly over-expressed in HNSCC, while only one was under-expressed in tumors compared to non-malignant tissue (Table S2). Hierarchical clustering analysis of the HNnov-miRs detected in both tumor and matched non-malignant tissue samples demonstrated a clear difference in expression patterns between the two groups (Figure 4), which highlights that the HNnov-miRs are not only tissue-specific but also context-specific.


[image: Figure 4]
FIGURE 4. Unsupervised hierarchal clustering analysis comprising 39 HNnov-miR expressed in both tumors and non-malignant tissue. The dendogram shows two clusters, the first enriched by non-neoplastic samples (novel miRNA expression predominantly low) and the second by tumor samples (novel miRNA expression predominantly high). Heatmap annotation bars show some of the clinical parameters associated with each tissue sample, including gender, disease site and stage, smoking history, and tissue type.


To further explore the role of these 39 HNnov-miRNAs found to be significantly over-expressed in HNSCC, we performed target prediction analysis. This analysis revealed a total of 10,221 possible unique protein-coding gene targets (Table S2), in which 3,273 were targeted by at least 10% of the 39 miRNAs. We also performed pathway enrichment analysis on the 10,221 gene targets to investigate the biological pathways they may be involved and reported the top 20 enriched pathways (Table S6). In this analysis, none of the pathways were found to be significantly enriched after Benjamini-Hochberg correction, however it suggests the target genes to be involved mainly with interleukin signaling.

We also investigated if HNnov-miRs expression patterns differed according to different clinical parameters. Expression patterns of the novel miRNAs did not differ significantly between oral cavity and pharynx/larynx subsites. Likewise, expression between smokers and non-smokers did not differ significantly. Interestingly, three of the predicted novel miRNAs (HNnov-miR-2, HNnov-miR-30, and HNnov-miR-125) were significantly associated with HPV status (BH-p < 0.05 and fold change>1.5), where their downregulation was associated with the presence of HPV infection (Table S3).



Potential Prognostic Relevance of the Novel miRNAs

The prognostic impact of novel and known miRNAs was assessed in the TCGA cohort (n = 523) (dataset A in Table 2). Three predicted novel miRNAs were significantly associated with overall survival (OS; HNnov-miR-104, HNnov-miR-120, and HNnov-miR-136) and three were significantly associated with recurrence free survival (RFS; HNnov-miR-3, HNnov-miR-87, and HNnov-miR-135) in univariate analyses (Table S4, Figure S1). In a multivariate Cox proportional hazard model including both novel and known miRNAs, one novel miRNA remained independently associated with OS (HNnov-miR-120), and two with RFS (HNnov-miR-3 and HNnov-miR-135). We then established scores for OS and RFS using either known miRNAs alone or both novel and known miRNAs. Scores using novel and known miRNAs were more powerful in the segregation of patients within prognostic groups (Table S4, Figure S2).



Confirmation of the Novel miRNAs in an Independent Cohort

To confirm the existence of our novel miRNAs, we also investigated their presence in an additional RNA-sequencing dataset using the same analysis and filtering criteria performed in our discovery cohort. In the validation dataset (Table 2, dataset E), 102 of the 146 HNnov-miRs were detected (Table S5, Figure S3), including all three of the HNnov-miRs that were found to be overexpressed in HPV negative samples and all six of the HNnov-miRs that were associated with OS or RFS.



Validation by RT-qPCR

For this verification, we found that, compared to normal tissues, the 5 miRNA selected were all more highly expressed in OSCC, confirming not only their existence within the tumor, but their importance to tumor biology (Figure S4).




DISCUSSION

In this study, we report a comprehensive analysis of undiscovered miRNAs that has led to the expansion of the head and neck transcriptome. By analyzing raw small-RNA sequencing data for both quantity and secondary RNA structure, we discovered 146 HNnov-miRs previously undescribed in head and neck tissues. Our characterization of these novel transcripts has revealed not only their tissue-specific nature and their context-specific expression patterns relevance to head and neck cancer biology, but also their diagnostic and prognostic potential.

The current annotation of the human miRNA transcriptome mainly contains miRNA sequences that are abundant and conserved. Therefore, cell lineage- and tissue-specific miRNAs, especially those that are less abundant, may not be included in current miRBase annotations (29). This study, like several recent studies of other organs, has shown that re-analyses of high-throughput sequencing data, can lead to large-scale discoveries of novel miRNAs that are expressed in a tissue-specific manner, thus expanding the human miRNA transcriptome (29–33).

In order to validate the expression of the 146 HNnov-miRs, we analyzed an independent dataset of HNSCC (n = 20). High throughput sequencing data of small-RNAs are scarce, and despite the limited sample size of this validation set, 102 of our HNnov-miRNAs were detected in this independent cohort. To provide an additional layer of verification, experimental validation of the miRNAs was carried out by performing RT-qPCR of the most relevant miRNA candidates in OSCC tissues, thereby strengthening the position that these novel miRNAs may serve as a new resource for the exploration of head and neck cancer specific transcripts in future investigations.

Interestingly, our study did not show a difference in expression pattern of HNnov-miRNA between HNSCC tumors from smokers and non-smokers. These observations are sustained by similar studies. Kolokythas et al. have reported similar miRNA expression in oral squamous cell carcinoma in never-smokers and ever-smokers (43). Similarly, a study that looked at genome wide analysis in 30 oral potentially malignant lesions that progressed to cancer and a study that examined loss of heterozygosity at 9p, 17p, and 4q in 455 lesions with oral epithelial dysplasia showed similar genetic alterations between smokers and nonsmokers (44, 45). However, Irimie et al. have reported that the overall variation in gene expression profiles was different for patients who smoked compared to those who have never smoked. The interaction between genetics and exposure to non-tobacco environmental carcinogens complicates the identification of a single effect, such as smoking, related to HNSCC.

Our results showed that three of the predicted novel miRNAs (HNnov-miR-2, HNnov-miR-30, and HNnov-miR-125) were significantly associated with HPV status. Interestingly, all of these novel genes map to chromosome 12, and both HNnov-miR-2 and HNnov-miR30 lie within the genes KRT6C and KRT6B, respectively. This is interesting as both KRT6C, and B, have previously described to have roles in various cancers, and are included in a gene signature separating lung adenocarcinoma, from lung squamous cell carcinoma (46, 47). Further, we also find expression of these genes to be associated with HPV status. Additional studies will be needed to determine if these novel miRNAs work in conjunction with, or have specific functions independent of these cancer associated protein coding genes (Figure 5).
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FIGURE 5. Expression of HNnov-miR-2 and HNnov-miR-30 is significantly associated with negative HPV status in tumors (Mann Whitney U-test).


The potential utility of the HNnov-miRNAs is highlighted by our observations that a subset of these transcripts is significantly associated with patient outcome (Figure S1), and that combining novel and known miRNAs improved the prognostic signature (Figure S2). The expression of HNnov-miR-120, HNnov-miR-3 and HNnov-miR-135 have prognostic relevance regarding recurrence-free and overall survival in patients with HNSCC and may improve the current prognostic risk stratification of HNSCC.

Here, to investigate if the unannotated miRNAs discovered in head and neck tissue were tissue specific, we assessed a number of non-malignant datasets generated by TCGA, including some cohorts with low sample numbers. In general, the more samples of a tissue type analyzed, the greater likelihood of discovering additional unannotated miRNA transcripts, especially those with non-constitutive or low expression levels. Therefore, a caveat of this analysis is that some of the HNnov-miRs may have not been detected in the additional tissues analyzed because of the low sample numbers, particularly in the cohorts such as brain and cervix. However, it can indicate that they if present in these other tissues, they display different expression levels and their combined patter of in head and neck are quite tissue specific. While this study represents the first-generation analysis of these unannotated miRNAs, and focuses on head and neck tissue, future studies with additional samples will be needed to comprehensively catalog these species across human tissues.

Although we cannot weigh the HNnov-miRNAs newly discovered in this study against literature, we can assess whether the expression and function of the known miRNA observed within our custom pipeline are consistent with what is found in the literature. Our findings are consistent with a systematic review of 21 studies by Jamali et al. which indicated that overexpression of miR-18a, miR-19a, miR-21, miR-134a, and miR-155, miR-181a, miR-210, were associated with poor survival, and that significantly decreased expression of let-7d, let-7g, miR-17, miR-34a, and miR-125b, miR-126a, miR-153, miR-200c, miR-203, miR-205, miR 218, miR-363, miR-375, miR-491-p5, miR-451, were associated with poor prognosis (48). In our study, we analyzed miRNA expression in the TCGA dataset (n = 523, dataset A), and found that among the abovementioned miRNAs, miR-134a, miR-153, miR-200c, miR-205, and miR-125b were significantly associated with overall survival in univariate analysis. After controlling for heterogeneity, Jamali's fixed model meta-analysis indicated that a significantly increased expression of miR-21 is associated with poor survival (Pooled HR = 1.57–95% CI: 1.22–2.02, P < 0.05) (48). In multivariate analysis, we found that only miR-205 remained significantly associated with overall survival. These findings add weight to the relevance and legitimacy of the novel miRNA discovered within our pipeline.

In conclusion, annotated miRNAs represent only a fraction of all the miRNAs encoded by the human genome. Here we identified 146 HNnov-miRs expressed in head and neck tissues with potential relevance to HNSCC biology, as well as diagnostic and prognostic potential. While our study was performed on a predictive platform and mainly relied on small-RNA sequencing data, the validation of 5 of these novel miRNAs by RT-qPCR supported their existence. Likewise, to understand their biological role and potential clinical utility, further functional assays will be required. An important next step would be to query the presence of these HNnov-miRNAs in liquid biopsies, such as serum samples. Here, we expand the current repertoire of head and neck miRNAs and provide an important new resource for the exploration of organ and disease specific transcripts that may guide future discoveries in head and neck cancers.
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Background: Natural antisense long non-coding RNAs (lncRNAs) are regulatory RNAs transcribed from the opposite strand of either protein coding or non-coding genes, able to modulate their own sense gene expression. Hence, their dysregulation can lead to pathologic processes. Cancer is a complex class of diseases determined by the aberrant expression of a variety of factors, among them, the oncofetal chromatin architectural proteins High Mobility Group A (HMGA) modulate several cancer hallmarks. Thus, we decided to investigate the presence of natural antisense lncRNAs in HMGA1 and HMGA2 loci, and their possible involvement in gene expression regulation.

Methods: We used FANTOM5 data resources, FANTOM-CAT genome browser and Zenbu visualization tool, which employ 1,829 human CAGE and RNA-sequencing libraries, to determine expression, ontology enrichment, and dynamic regulation of natural antisense lncRNAs in HMGA1 and HMGA2 loci. We then performed qRT-PCR in different cancer cell lines to validate the existence of HMGA2-AS1 transcripts. We depleted HMGA2-AS1 transcripts with siRNAs and investigated HMGA2 expression by qRT-PCR and western blot analyses. Moreover, we evaluated cell viability and migration by MTS and transwell assays, and EMT markers by qRT-PCR and immunofluorescence. Furthermore, we used bioinformatics approaches to evaluate HMGA2 and HMGA2-AS1 correlation and overall survival in tumor patients.

Results: We found the presence of a promoter-associated lncRNA (CATG00000088127.1) in the HMGA1 gene and three antisense genes (RPSAP52, HMGA2-AS1, and RP11-366L20.3) in the HMGA2 gene. We studied the uncharacterized HMGA2-AS1 transcripts, validating their existence in cancer cell lines and observing a positive correlation between HMGA2 and HMGA2-AS1 expression in a cancer-derived patient dataset. We showed that HMGA2-AS1 transcripts positively modulate HMGA2 expression and migration properties of PANC1 cells through HMGA2. In addition, Kaplan-Meier analysis showed that high level of HMGA2-AS1 is a negative prognostic factor in pancreatic cancer patients.

Conclusions: Our results describe novel antisense lncRNAs associated with HMGA1 and HMGA2 genes. In particular, we demonstrate that HMGA2-AS1 is involved in the regulation of its own sense gene expression, mediating tumorigenesis. Thus, we highlight a new layer of complexity in the regulation of HMGA2 expression, providing new potential targets for cancer therapy.

Keywords: natural antisense non-coding RNAs, HMGA, cancer, gene expression regulation, FANTOM5, HMGA2-AS1


INTRODUCTION

The advent of next-generation high throughput sequencing highlighted a new regulation layer in which RNA is a fundamental player. In fact, despite proteins were considered as final effectors in all cell regulation aspects, RNA molecules and especially non-coding RNAs have emerged as crucial and active players in cell orchestration, in particular in gene expression regulation (1–3). Non-coding RNAs are usually classified based on their length, with an artificial cutoff of 200 nucleotides (nt), in small non-coding RNAs (sncRNA) shorter than 200 nt and in long non-coding RNAs (lncRNAs) longer than 200 nt (4). LncRNAs represent a heterogeneous family and can be classified according to their position and transcription direction relative to nearby genes. Among them, natural antisense lncRNAs are characterized by being transcribed from the opposite strand of a protein-coding gene (5–8). Natural antisense lncRNAs can stimulate or reduce the gene expression of the sense transcripts at multiple levels, assuming a functional role in physiological and pathological processes (8–11).

The FANTOM5 Consortium has profiled almost 2,000 human samples from cell lines, primary cells, and tissues, using Cap Analysis of Gene Expression (CAGE) coupled to single-molecule sequencing (12), to accurately map Transcription Start Sites (TSS) and gene regulatory elements and to compile a comprehensive promoter-level mammalian expression atlas. Recently, the FANTOM5 Consortium has further expanded expression datasets, profiling thousands of samples with RNA and short RNA sequencing and paired-end CAGE (CAGEscan) protocols, to generate additional atlases of lncRNAs and miRNAs, mapping their promoters, improving annotation and providing cues of their regulatory functions (8, 13). Altogether, data from the FANTOM5 provide an invaluable tool to identify novel antisense lncRNAs with potential regulatory functions and disease association.

HMGA (High Mobility Group A) proteins are chromatin architectural factors involved in modulating the expression of a broad range of genes (14, 15). Despite HMGA proteins are not able to intrinsically trans-activate gene expression, their plasticity in binding DNA and/or transcription factors (16, 17), makes them key elements in a wide variety of biological processes (18). In physiological conditions, HMGA proteins exert their role of architectural transcription factors during embryogenesis, where they are mainly expressed. In adult tissues these proteins are almost undetectable except in cancer cells, where HMGA are over-expressed and crucial for tumor onset and progression (19, 20). In fact, HMGA drive tumor progression through the modulation of several hallmarks of cancer, such as cell proliferation, metastatic processes, drug resistance and stem cell properties (21–30). Human HMGA proteins are encoded by two distinct paralogous genes: HMGA1, that extends for 10 kb on chromosome 6 (6p21) and HMGA2 that is a 160 kb long gene located on chromosome 12 (12q14-15) (20). The expression of these two genes is orchestrated both at transcriptional and post-transcriptional level (28, 31, 32). In addition, very recently, two research groups revealed that ribosomal protein SA pseudogene (RPSAP52) antisense lncRNA at the 5′ of HMGA2 gene is able to modulate HMGA2 both at transcriptional (33) and post-transcriptional level (34, 35).

Considering the increasing importance of the antisense lncRNAs in the regulation of coding genes and their involvement in cancer progression through the modulation of crucial oncogenes and oncosuppressors and taking advantage of the genome-wide expression datasets of the FANTOM5 Consortium, we decided to evaluate the presence, expression profile and functional potentials of previously unidentified antisense lncRNAs in HMGA1 and HMGA2 loci. We found novel antisense lncRNAs at both genes. In particular, we showed that a natural antisense lncRNA gene in HMGA2 locus, HMGA2-AS1, expresses a number of transcript variants involved in the regulation of sense protein-coding HMGA2 gene. Moreover, we demonstrated that they have a role in tumorigenesis via an HMGA2-dependent mechanism. The findings reported in this paper add a further layer of complexity to the regulation of HMGA2 expression by previously uncharacterized natural antisense lncRNAs.



MATERIALS AND METHODS


Cell Culture

Human breast cancer MDA-MB 231 and MDA-MB 157, pancreatic cancer BX-PC3 and PANC1, colon cancer SW480 and HCT116, thyroid tumor ARO and TPC1, liver cancer HepG2 and Hep3B, and prostate cancer DU145 cell lines were cultured in DMEM (EuroClone: ECB7501L), whereas prostate cancer PC3 were cultured in RPMI (EuroClone: ECB9006L). Both media were supplemented with 10% tetracycline-free FBS (EuroClone: ECS0182L), L-Glutamine 2 mM (EuroClone: ECB3000D), Penicillin 100 U/ml and Streptomycin 100 μg/ml (EuroClone: ECB3001D).



Cell Transfections and Treatments

For silencing experiments in PANC1 cells, 2.1*104 cells/cm2 were treated with 12 nM of siRNA and LipofectamineTM RNAiMAX reagent (Invitrogen: 13778075) according to manufacturer instructions, for 24, 48, 72 h, depending to experiment. siCTRL was already used before (26), siHMGA2-AS1-AGI (5′-GGTGATGTATGGCCCATAA-3′) and siHMGA2-AS1-all (5′-GGGCCAACATGACACCAAA-3′) were designed using Primer Designer Tool from Thermo Fisher Scientific.

We used the following plasmids: pcDNA3.1, pEGFP-N1 (Invitrogen), pEGFP-N1-HMGA2, already available in the laboratory (36), pcDNA3.1-A2-AS1_H and pcDNA3.1-A2-AS1_G. To clone A2-AS1_H (FTMT24500018418.1), and A2-AS1_G (ENST00000536648.1) we amplified them, using primer forward 5′-CCCGCAAGCTTATAACTGGATCTTTCCATTACTTGGTAGC-3′ and primer reverse 5′-AAAGGTACCCTGAGATGCAGCTGACATGTACCA-3′, from cDNA retrotranscribed from PANC1 total RNA, then we purified the two PCR products after separation on agarose gel and we cloned them into pcDNA3.1. For A2-AS1_H and A2-AS1_G overexpression, 3.6*104 cells/cm2 PANC1 cells were transfected with 1.25 μg/ml of pcDNA3.1 as control and pcDNA3.1-A2-AS1_H or pcDNA3.1-A2-AS1_G, using LipofectamineTM 3000 (Invitrogen: L3000008) according to manufacturer instructions, for 30 h.

For rescue functional analysis, 4.0*104 cells/cm2 PANC1 cells were plated. Then cells were cotransfected, at 24 and 48 h from seeding, with 12 nM siRNA (siCTRL or siHMGA2-AS1-all) and 1.2 μg/ml of plasmid DNA (pEGFP-N1 or pEGFP-N1-HMGA2), using LipofectamineTM 3000 (Invitrogen). Experiments were done 72 h from the first transfection.

All transfections were performed in DMEM 10% tetracycline-free FBS, L-Glutamine 2 mM (EuroClone).



Immunoblotting

Cells were washed in chilled PBS and lysed using TRIzol® Reagent (Ambion® by Life Technologies: 15596026) or SDS sample buffer [62.5 mM Tris pH 6.8; 2% SDS; 10% glycerol; 50 mM DTT; Na3Vo4 1 mM; NaF 5 mM; PIC mammals (Sigma: P8340)]. In the case of TRIzol® Reagent usage, proteins were extracted accordingly to manufacturer instructions. The use of TRIzol® Reagent allowed to extract both RNA and proteins from the same sample. Lysates were separated by SDS-PAGE, prior to transfer to nitrocellulose membranes (GE-healthcare: GEH10600001). Western blot analyses were performed according to standard procedures using the following antibodies: anti-HMGA2 (37) and anti-β-actin (Sigma: A2066).



Immunostaining

Immunostaining was performed as described previously (30). E-Cadherin (BD: 610182), N-Cadherin (Sigma: C-2542), and Vimentin (Dako: M0725) were used as primary antibodies and anti-Mouse Alexa 488 (Invitrogen: A-11008) was used as secondary antibody. Images were visualized by a Nikon Eclipse e800 microscope and acquired by Nikon ACT-1 software.



Migration Assay

For transwell migration assay, 24-well PET inserts were used (8.0 μm pore size, Falcon: L003971 F3097) and 4*104 cells were seeded. Migrated cells were fixed after 18 h in PFA 4% and stained with Crystal Violet 0.5% (Sigma: C0775). At least 4 images for insert were captured by OLYMPUS CK2 inverted optical microscope at 10× magnification through the digital camera Canon PowerShot A630. Cells were counted with ImageJ software.



MTS Cell Growth Analysis

2.1*104 cells/cm2 were seeded in 96 well and every 24 h cell growth was revealed using CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega: G358C) according to manufacturer's instructions. For detection, at each time point, medium was replaced with a solution composed of 100 μl of PBS/glucose 4.5 g/L (Sigma: G7021) and 20 μl of CellTiter 96® AQueous One Solution in each well.



Gene Expression Analysis

Total RNA was processed as previously described (26). All RNA samples were checked for genomic contamination via qPCR. qRT-PCR was performed using IQ™ SYBRsGreen Supermix (Bio-Rad: 1708887). The CFX96 Real-Time PCR detection system (Bio-Rad) was used to perform PCR; all the primers (Supplemental Table 1) were designed using Primer3Plus software according to NCBI, Ensembl, and FANTOM-CAT sequence databases. For relative quantification, the GAPDH (Supplemental Table 1) or 18S (38) genes were used as internal standard reference. All experiments were performed at least in duplicate technical replicates. Analyses were done using DDCT method, unless otherwise specified. For classic RT-PCR we used Maxima Hot Start Green PCR master Mix 2X (Thermo Fisher Scientific: FERK1062) and BIOER xp thermal cycler (Genetouch). Amplification products were analyzed on polyacrylamide TBE gel.



Bioinformatics Analysis

HMGA1 and HMGA2 loci analysis was performed using Zenbu browser genomic data visualization tool from FANTOM-CAT (http://fantom.gsc.riken.jp/cat/). Zenbu was used to visualize transcripts whereas sample ontology association, dynamic expression and genetic trait association coding potential analysis were achieved in FANTOM-CAT Browser (http://fantom.gsc.riken.jp/cat/v1/#/), gene section. For correlation analysis between HMGA2 and HMGA2-AS1 we used Gene Expression Profiling Interactive Analysis (GEPIA) database (39) (http://gepia.cancer-pku.cn/) in BRCA (Breast invasive carcinoma), COAD (Colon adenocarcinoma), LIHC (Liver hepatocellular carcinoma), PAAD (Pancreatic adenocarcinoma), PRAD (Prostate adenocarcinoma), and THAC (Thyroid carcinoma) datasets. Spearman correlation coefficient was employed. For the overall survival analysis, Kaplan–Meier survival analysis of HMGA2 (90-cases) or HMGA2-AS1 (85-cases) was obtained from GEPIA (http://gepia.cancer-pku.cn/) in the PAAD dataset, using quartile (75% cutoff-high, 25% cutoff-low) as group cutoff. For Pathological Stage analysis in PAAD dataset, violin plots in major tumor stages were obtained from GEPIA (http://gepia.cancer-pku.cn/). The method for differential gene expression analysis used was one-way ANOVA.




RESULTS


HMGA1 and HMGA2 loci Contain Several Natural Antisense RNAs

We used FANTOM5 data resources (40) to investigate antisense transcription in HMGA1 and HMGA2 loci, across 1,829 human samples and identify novel antisense lncRNAs that may have regulatory functions. FANTOM-CAT data visualization in Zenbu (http://fantom.gsc.riken.jp/cat/) of HMGA1 and HMGA2 loci revealed the presence of novel antisense transcripts with consistent Relative log expression (rle) in both loci (Supplemental Figure 1 and Figure 1). HMGA1 antisense transcription is concentrated in the promoter region of HMGA1 where CATG00000088127.1 gene is located and annotated in FANTOM-CAT as “Promoter-associated lncRNAs” (p_lncRNA_divergent) (Supplemental Figure 1), characterized to be bidirectional transcribed. We analyzed transcriptional start site (TSS) usage from FANTOM5 datasets and observed that CATG00000088127.1 expression is mainly enriched in cells of the hemolymphoid and immuno systems (Supplemental Figure 1, 5′ zoom). Moreover, dynamic expression analysis highlighted the induction of this natural antisense lncRNA in macrophage upon influenza infection (Supplemental Figure 1, 5′ zoom).


[image: Figure 1]
FIGURE 1. FANTOM-CAT analyses reveal the presence of several natural antisense RNAs in HMGA2 locus. A Zenbu genome browser view of gene locus for human HMGA2. Genes and transcripts are color-coded according to their orientation in the genome (+ strand, green; – strand, purple). Upper panel reports from top to bottom: Genomic coordinates (Chr 12:66,201,582–66,374,008); NCBI Gene bodies; FANTOM-CAT Gene Annotation. Annotated UCSC transcripts and Robust FANTOM-CAT transcripts, with exon (thick lines) and intron (thin lines) boundaries. FANTOM5 promoters (robust CAT clusters and robust DPI) are indicated as arrowheads. Expression profile visualized as quantitative histogram by FANTOM5 CAGE TSS as the mean of rle (all libraries, n = 1,829 samples, at least three tag in a sample). Purple arrows pointed the TSS of RPSAP52, HMGA2-AS1, and RP11-366L20.3. Lower panel contains a zoom of ZENBU visualization of FANTOM-CAT analyses of HMGA2-AS1 natural antisense RNAs that localize in the first part of the HMGA2 third intron. The panel reports from top to bottom: FANTOM-CAT Gene Annotation; Robust FANTOM-CAT transcripts. We report transcript variant name, summarized in Figure 2. FANTOM5 promoters (robust CAT clusters and robust DPI) are indicated as arrowheads. Expression profile is reported as quantitative histogram in all FANTOM5 libraries (rle). Expression profile is shown as quantitative histogram derived from Dynamic expression in Saos-2 calcification and adipogenic induction libraries (tpm).


HMGA2 locus showed a more complex pattern of antisense transcription than HMGA1. Indeed, we observed three independent TSS in antisense orientation relative to HMGA2 transcription, which promoted the transcription of three genes, annotated in FANTOM-CAT as “Other RNAs” (RPSAP52 and RP11-366L20.2, also named HMGA2-AS1), and “Enhancer lncRNA” (RP11-366L20.3) (Figure 1). The first natural antisense gene present in the HMGA2 locus, named RPSAP52 (ENSG00000241749), includes a head-to-head divergent to 5′ HMGA2 antisense RNA (Figure 1) and has already been described to be involved in HMGA2 gene expression regulation (33–35). The second natural antisense gene, originally named RP11-366L20.2 (uncharacterized LOC100129940: ENSG00000197301) and now HMGA2-AS1 according to HGNC (HUGO Gene Nomenclature Committee), is located in the first part of the HMGA2 third intron and has not been investigated so far, as well as the third gene, RP11-366L20.3 (ENSG00000256083. 1), that is localized at the end of the same intron. The highest level of antisense transcription, in terms of positive expression number of libraries, is represented by RPSAP52-TSS (14% of FANTOM5 libraries), with a sum of rle CAGE signal equal to 730. On the contrary, the lowest expression is detected in RP11-366L20.3-TSS (2% of FANTOM5 libraries) with an rle sum of 33.9 (Table 1). RP11-366L20.3 is expressed at a very low level, in quantitative terms, compared to RPSAP52 and HMGA2-AS1. In fact, the highest CAGE signals and the mean of expression underlined that RP11-366L20.3 is poorly expressed (2.6 and 1.0, respectively), in contrast with RPSAP52 and HMGA2-AS1, which have higher and very similar values (Table 1). Considering that RPSAP52 has been already described and RP11-366L20.3 expression was low, we decided to focus on HMGA2-AS1.


Table 1. Expression parameters of HMGA2, RPSAP52, HMGA2-AS1, and RP11-366L20.3.
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HMGA2-AS1 Transcript Variants Include Natural Antisense lncRNAs

FANTOM-CAT data visualization in Zenbu of HMGA2-AS1 revealed the presence of nine new transcript variants, not yet annotated in public databases and still uncharacterized. HMGA2-AS1 variants display different exon composition (Figure 1) that, for simplicity, we named from A to I as reported in Figure 2. From robust promoter analysis, we observed that HMGA2-AS1 transcript variants are transcribed from different TSS (Figure 1, HMGA2-AS1 zoom), which could be differentially used in different cell conditions. Indeed, analysis of all FANTOM5 libraries compared to dynamic expression in Saos-2 calcification and adipogenic induction libraries clearly highlighted a different TSS usage (Figure 1, HMGA2-AS1 zoom), suggesting a specific role for each transcript variant in space (cell type) and time (differentiation/response to external stimuli). Notably, in these time course experiments, HMGA2-AS1 is dynamically regulated similarly to HMGA2 (Supplemental Table 2). Moreover, GWAS analysis underline that both HMGA2 and HMGA2-AS1 associate with Polycystic Ovary Syndrome and Type 2 Diabetes Mellitus (Supplemental Table 3).


[image: Figure 2]
FIGURE 2. HMGA2-AS1 natural antisense RNAs unraveled by FANTOM-CAT analysis. From left to right: transcript IDs reported in FANTOM-CAT; transcript variant names assigned in this work; abbreviations used throughout the text; and schematic representation (5′ 3′) of the HMGA2-AS1 transcripts.


FANTOM-CAT catalog of human genes annotates HMGA2-AS1 within the category of potentially protein-coding CAT gene class. The same gene is included within lncRNAs in NCBI and ENSEMBL. Given the complexity of transcript variants that we observed within this locus and the alternative expression in different cell types and during differentiation/response to external cues, we decided to further deepen this aspect and firstly analyzed the coding potential for each transcript variant individually. We took in consideration different tools based on RNA intrinsic characteristics (cPAT) or on phylogenetic conservation (RNACode, phyloCSF, and sORF ribose). Despite RNACode, phyloCSF and sORF ribose calculated no coding potential for all the transcript variants (Supplemental Table 4), cPAT calculated a significant coding potential for A2-AS1_C, A2-AS1_D, and A2-AS1_E (Supplemental Table 5), identifying A2-AS1_A, A2-AS1_B, A2-AS1_F, A2-AS1_G, A2-AS1_H, and A2-AS1_I as natural antisense lncRNAs. LncRNAs are poorly evolutionary conserved (41), thus tools based on comparative sequence analysis software, such as RNACode, phyloCSF, and sORF ribose could be less informative to predict coding potential than alignment-free programs as cPAT (42). Indeed, we analyzed the evolutionary conservation of HMGA2-AS1 across 35 mammalian genomes using the EPO Multiple Alignment and we found that HMGA2-AS1 DNA sequence was strongly and limitedly conserved in primates (Supplemental Figure 2), whereas no conservation was observed in other mammalian species suggesting an importance of HMGA2-AS1 in this Order and supporting the results of cPAT. With these analyses we found a novel locus of natural antisense transcripts in HMGA2 gene composed by six lncRNAs and three potentially coding transcripts.



HMGA2-AS1 Transcript Variants Are Expressed in Cancer Cell Lines

As a first step in characterizing the RNAs present in the HMGA2-AS1 locus, we analyzed their expression in human cell lines derived from breast (MDA-MB 231, MDA-MB 157), pancreatic (BX-PC3, PANC1), colon (SW480, HCT116), thyroid (ARO, TPC1), hepatic (HepG2, Hep3B), and prostatic (DU145, PC3) carcinoma. Given the complexity of the locus we subdivided HMGA2-AS1 transcripts in three detection-groups (Group ABGI, Group CDE, and Group FH) based on their common exons composition (Figure 3A), and we analyzed their expression by qRT-PCR. Results showed that all the groups of transcripts were expressed in several cell lines although at different levels (Figure 3A). The Group ABGI is the most expressed, whereas the Group CDE, which is composed by potential coding transcript variants, is almost undetectable in most cell lines (Figure 3A). Interestingly, in pancreatic tumors the highest expression of HMGA2-AS1 transcripts was found in PANC1 cell line, which is considered more aggressive than BX-PC3 (43–45). Similarly, we observed a higher expression of HMGA2-AS1 transcripts in prostatic cancer cell line PC3 with respect to DU145 cell line (Figure 3A). In this case PC3 cell line has also a behavior that indicates a more metastatic potential than DU145 cell line, in fact it exhibits a stellate phenotype in 3D culture instead of DU145 that is characterized by a 3D round structure (46). Considering the pro-tumorigenic role of HMGA2 in pancreatic and prostatic cancer (47–50), we checked HMGA2 mRNA and protein levels in these cell lines. Both HMGA2 mRNA and protein are more expressed in PANC1 and PC3 than BX-PC3 and DU145, respectively (Figure 3B) and, interestingly, HMGA2 expression parallels HMGA2-AS1 transcripts expression. Moreover, we observed a significant positive correlation between HMGA2 and HMGA2-AS1 expression in TCGA (The Cancer Genome Atlas) data derived from breast invasive carcinoma, colon adenocarcinoma, liver hepatocellular carcinoma, pancreatic adenocarcinoma, prostate adenocarcinoma, and thyroid carcinoma patient datasets (Figure 3C). Given these results, we reasoned about a possible role of HMGA2-AS1 transcripts in the modulation of HMGA2 expression and tumorigenesis focusing on the non-coding transcript variants (i.e., Group ABGI and Group FH).
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FIGURE 3. HMGA2-AS1 transcript variants are expressed in cancer cell lines. (A) Upper part shows a schematic representation of primer localization (cyan, red and green arrows) used for amplifying HMGA2-AS1 transcript variants, grouped in Group ABGI (cyan), Group CDE (red), and Group FH (green). Lower part shows qRT-PCR analysis of the three transcript groups in a panel of cancer cell lines. 18S was used for normalization. Data are presented as the mean of 2∧–DCt ± range between replicates (n = 2). (B) qRT-PCR and western blot analyses of HMGA2 in BX-PC3, PANC1, DU145, and PC3 cancer cell lines. For qRT-PCR 18S was used for normalization. Data are presented as the mean ± range between replicates (n = 2). For protein analysis a representative western blot is reported. β-actin was used as loading control (n = 2). Also see uncropped figure scan in Supplemental Images 1, 2. (C) Plot of correlation of HMGA2 and HMGA2-AS1 expression in a TCGA dataset that includes BRCA (Breast invasive carcinoma), COAD (Colon adenocarcinoma), LIHC (Liver hepatocellular carcinoma), PAAD (Pancreatic adenocarcinoma), PRAD (Prostate adenocarcinoma), and THAC (Thyroid carcinoma) datasets. Data were presented in log2 scale and Spearman correlation coefficient was used.




Natural Antisense lncRNAs From HMGA2-AS1 locus Regulate HMGA2 Expression

Many evidences demonstrated that natural antisense lncRNAs could regulate their own sense genes, assuming a crucial role in pathological condition when their expression is impaired (51). We thus investigated whether HMGA2-AS1 natural antisense lncRNAs are involved in HMGA2 expression regulation. Firstly, we analyzed the expression of each transcript variants in PANC1 cell line demonstrating the presence of A2-AS1_G, A2-AS1_A, A2-AS1_I, and A2-AS1_H via qRT-PCR (Figure 4A). Since it was not possible to design suitable primers to analyze specifically A2-AS1_B, we performed classical RT-PCR able to amplify this transcript variant together with A2-AS1_G and A2-AS1_F/H. The amplified products were sequenced, confirming the expression of A2-AS1_G and A2-AS1_F/H and excluding the expression of A2-AS1_B (Figure 4B). Then, we silenced HMGA2-AS1 natural antisense lncRNAs in PANC1 with a small interfering RNA (siRNA) designed to target all transcript variants (siHMGA2-AS1-all) (Figure 4C). We observed a strong reduction of A2-AS1_H and A2-AS1_I amount and a slight decrease of the A2-AS1_A, surprisingly we detected an up-regulation of A2-AS1_G levels (Figure 4D), suggesting no inhibitory action on this transcript variant by siHMGA2-AS1-all. Concomitantly, we highlighted a strong reduction of HMGA2 mRNA and protein levels 72 h after siRNA transfection that was already detectable at 24 h (Figure 4E). Then, we used a second siRNA to confirm the results observed. Unfortunately, it was not possible to design a siRNA in a different region able to target all the four transcript variants analyzed with siHMGA2-AS1-all. Thus, we designed a siRNA, siHMGA2-AS1-AGI, able to target 3 out of the 4 transcript variants, i.e., A2-AS1_A, A2-AS1_G, and A2-AS1_I (Supplemental Figure 3A). We observed the silencing of A2-AS1_I and A2-AS1_A and the up-regulation of A2-AS1_G also with the second siRNA (Supplemental Figure 3B). Moreover, we confirmed the concomitant decrease of HMGA2 levels at 24 and 72 h both for mRNA and protein levels (Supplemental Figure 3C). The down-regulation of HMGA2 upon HMGA2-AS1 silencing, with both siRNAs, was also confirmed in PC3, a prostatic cancer cell line that exhibits high levels of HMGA2-AS1 (Supplemental Figure 4A). Since it was not possible to specifically target the A2-AS1_H with a second siRNA, on a different exon, without hitting A2-AS1_C, A2-AS1_D, and A2-AS1_E, we decided to assess its relevance in regulating HMGA2 expression overexpressing A2-AS1_H in PANC1 cells and we demonstrated that endogenous HMGA2 mRNA expression was up-regulated (Supplemental Figure 4B). As shown above (Figure 4D and Supplemental Figure 3B) upon siRNA treatment against HMGA2-AS1 we observed an unexpected up-regulation of A2-AS1_G. We are not able to explain this modulation, but we tested whether it could regulate HMGA2 expression. Therefore, we overexpressed A2-AS1_G in PANC1 cells and we did not detect any changes in HMGA2 expression levels, demonstrating that A2-AS1_G is not involved in HMGA2 regulation (Supplemental Figure 4C). This data clearly indicates the involvement of HMGA2-AS1 natural antisense lncRNAs, in particular A2-AS1_H, A2-AS1_I, and A2-AS1_A transcript variants, in HMGA2 gene expression regulation.
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FIGURE 4. Natural antisense lncRNAs from HMGA2-AS1 locus regulate HMGA2 expression. (A) qRT-PCR analyses of A2-AS1_G, A2-AS1_A, A2-AS1_I, A2-AS1_H, and A2-AS1_F expression in PANC1 cells. 18S was used for normalization; the data are compared to A2-AS1_G and are presented as the mean ± SD (n = 4). (B) Left part, schematic representation of primers localization used for amplifying A2-AS1_B, A2-AS1_F, A2-AS1_G, and A2-AS1_H via classical RT-PCR. Right panel shows representative RT-PCR amplification products, * indicates an unspecific product. NTC: no template control. (C) Schematic representation of siHMGA2-AS1-all targeting (green line) on each HMGA2-AS1 transcript variants. (D) Evaluation of the expression of different variants after siHMGA2-AS1-all transfection. qRT-PCR analysis of A2-AS1_A, A2-AS1_G, A2-AS1_I, and A2-AS1_H levels after 72 h of siHMGA2-AS1-all silencing in PANC1 cell line. 18S was used for normalization. The data are compared to siCTRL and are presented as the mean ± SD (n = 3), **p ≤ 0.01; two-tailed Student's t-test. (E) qRT-PCR and western blot analyses of HMGA2 in PANC1 cells silenced with siHMGA2-AS1-all for 24 and 72 h. For qRT-PCR GAPDH was used for normalization, the data are compared to siCTRL and are presented as the mean ± SD (n = 3), **p ≤ 0.01, ***p ≤ 0.001; two-tailed Student's t-test. For protein analysis, a representative western blot is reported (n = 3). β-actin was used as a loading control. Also see uncropped figure scan in Supplemental Images 3–6.




HMGA2-AS1 lncRNAs Are Involved in Cancer Promotion

The role of several lncRNAs in cancer onset and progression has been demonstrated (52), underlying that alteration in their expression could be crucial in this disease. Moreover, the involvement of HMGA2 in promoting cancer hallmarks connected with the tumorigenic processes is widely described (20, 28, 53). Therefore, we asked whether changes in the expression of HMGA2-AS1 natural antisense lncRNAs may have a role in the tumorigenic process, in particular we started analyzing cell proliferation. PANC1 cells were silenced (siHMGA2-AS1-all) or not (siCTRL) for the expression of HMGA2-AS1 natural antisense lncRNAs and cell growth was analyzed at different time points (24, 48, and 72 h). No difference in cell growth was observed in silenced with respect to control cells (Figure 5A). Despite PANC1 cells showed some epithelial features (54), upon HMGA2-AS1 silencing these characteristics were exacerbated. Indeed, cells were flatter exhibiting a cobblestone shape and cell culture appeared more organized (Figure 5B). In addition, we observed an increase of the epithelial marker E-Cadherin (Figures 5C,D). We analyzed also two mesenchymal markers, N-Cadherin and Vimentin, and while we did not observe changes at the RNA level (Figure 5C) we found a delocalization of N-Cadherin from cell membrane and a decreased perinuclear density of Vimentin (Figure 5D), which is connected to a decrease in cell motility (55). On the basis of these results and considering the involvement of HMGA2 in cell migration (24, 48, 56), we tested whether HMGA2-AS1 natural antisense lncRNAs were involved in this key tumor feature. Thus, we analyzed cell motility by transwell assay after siHMGA2-AS1-all treatment in PANC1 cells, highlighting a strong decrease in the ability of cells to move across the membrane pore (Figure 5E), suggesting an involvement of HMGA2-AS1 in metastatic process. All these results were confirmed silencing HMGA2-AS1 using the second siHMGA2-AS1-AGI (Supplemental Figures 5A–D). Moreover, we demonstrated the involvement of HMGA2-AS1 in cancer cell motility using PC3 cell line silenced with both siRNAs (Supplemental Figure 6A) and overexpressing A2-AS1_H transcript variant in BX-PC3 (Supplemental Figures 6B,C), a pancreatic cell line that we showed expressing low level of all HMGA2-AS1 transcript variants (see Figure 3A). Taking into account these results, we explored the relationship between HMGA2-AS1 and the prognosis of pancreatic adenocarcinoma patients in terms of overall-survival (OS). Kaplan-Meier analysis shows that a higher HMGA2-AS1 expression was associated with a shorter OS (P = 0.03) (Figure 6A). In addition, we observed in the same dataset an enrichment of HMGA2-AS1 expression in pathological Stage IV (Pr ≥ 0.035) (Figure 6B). All these data clearly suggest a tumorigenesis function of HMGA2-AS1 in pancreatic cancer.
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FIGURE 5. Natural antisense lncRNAs from HMGA2-AS1 locus are involved in cancer promotion. (A) MTS proliferation assay in PANC1 cells silenced or not for HMGA2-AS1 transcript variants with siHMGA2-AS1-all. The data are presented as mean ± SD (n = 4). (B) Representative pictures of cell morphology of PANC1 cell culture in control condition and after 72 h of siHMGA2-AS1-all transfection. (C) qRT-PCR analysis of HMGA2-AS1, E-Cadherin, N-Cadherin, and Vimentin after 72 h of siHMGA2-AS1-all silencing in PANC1 cell line. Primers used to detect HMGA2-AS1 amplify together A2-AS1_A, A2-AS1_G, and A2-AS1_I. GAPDH was used for normalization. The data are compared to siCTRL and are presented as the mean ± SD (n = 3), **p ≤ 0.01, ***p ≤ 0.001; two-tailed Student's t-test. (D) Representative immunofluorescence images of the epithelial marker E-Cadherin and the mesenchymal markers N-Cadherin and Vimentin localization in PANC1 control cells vs. cells silenced with siHMGA2-AS1-all. Images were taken at 40× magnification for E- and N-Cadherin and at 60× magnification for Vimentin. (E) Transwell assay of PANC1 cells silenced with siHMGA2-AS1-all for 72 h. On the left, quantification of the transwell assay. The data are represented as the mean of percentage of migrated cells respect to siCTRL ± SD (n = 4), ***p ≤ 0.001; two-tailed Student's t-test. On the right, representative images of cells migrated across the porous membrane, stained with crystal violet.
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FIGURE 6. HMGA2-AS1 and HMGA2 expression is relevant for Overall Survival (OS) in pancreatic cancer patients. (A) Kaplan–Meier survival curves of OS in a dataset of pancreatic adenocarcinomas patients. The patients were stratified based on the expression of HMGA2-AS1. (B) Violin plot of HMGA2-AS1 enrichment expression in pancreatic adenocarcinomas patients from PAAD dataset, subdivided accordingly to cancer stage. (C) Kaplan–Meier survival curves of OS in a dataset of pancreatic adenocarcinomas patients. The patients were stratified based on the expression of HMGA2. (D) Violin plot of HMGA2 enrichment expression in pancreatic adenocarcinomas patients from PAAD dataset, subdivided accordingly to cancer stage.




HMGA2-AS1 lncRNAs Regulate Cell Migration Ability Through HMGA2

HMGA2 protein has a relevant and causal role in cancer onset and development, supporting metastatic process and its involvement in pancreatic cancer has been already described (48, 57). Exploring the relationship between HMGA2 and OS of pancreatic adenocarcinoma patients, we observed that higher HMGA2 expression was associated with a shorter OS (P = 0.0013) (Figure 6C), similarly to what observed for HMGA2-AS1 (Figure 6A), in addition, a trend in the increase of expression of HMGA2 through the different stages was found (Figure 6D). Our results show that natural antisense lncRNAs HMGA2-AS1 modulate motility of PANC1 cells and they regulate HMGA2 expression. We therefore asked whether the effect of HMGA2-AS1 on cell motility was mediated by HMGA2. To this aim, we silenced the expression of HMGA2-AS1 (siHMGA2-AS1-all) and we overexpressed HMGA2 (pEGFP-N1-HMGA2) to assess whether HMGA2 was able to rescue PANC1 cell migration abilities. Whereas PANC1 cells depleted for HMGA2-AS1 showed a strong decrease in cell migration compared to control, the overexpression of HMGA2 was able to completely rescue cell migration (Figure 7), demonstrating that HMGA2-AS1 are important players in tumorigenesis and that this function is mediated by HMGA2.
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FIGURE 7. HMGA2-AS1 lncRNAs regulate cell migration ability through HMGA2. Transwell assay in PANC1 cells transfected with empty vector (pEGFP-N1) or with a vector expressing HMGA2 (pEGFP-N1-HMGA2), treated with siCTRL or siHMGA2-AS1-all. The data are presented in pEGFP-N1 and in pEGFP-N1-HMGA2 conditions as the mean of the percentage of siHMGA2-AS1-all migrated cells relative to the siCTRL ± SD (n = 3) set to 100% in each condition. Lower part, a representative western blot of HMGA2 overexpression and endogenous protein is presented. β-actin was used as a loading control. **p ≤ 0.01, NS: Not Significant; two-tailed Student's t-test. Also see uncropped figure scan in Supplemental Images 7–9.





DISCUSSION

Deregulation of HMGA proteins in adult tissue is strictly associated with neoplastic transformation, in fact high expression levels of these proteins have been found in several types of tumor (19, 20, 58). Therefore, the fine modulation of their expression is crucial and several literature data underline that HMGA expression is controlled at different regulatory levels, from transcriptional to post-translational, and by several players (28, 59, 60). Remarkably, over the past decade, a large number of non-coding RNA molecules have been found to belong to the HMGA-expression control network (32, 60, 61). A key step derives from regulation operated by miRNA, considering that both HMGA1 and HMGA2 are targets of the tumor suppressor let-7 (62). However, the comprehension of HMGA expression regulation is still far from being completely understood.

Natural antisense lncRNAs are often expressed from cancer-associated gene loci together with the concordant expression of their own sense genes (63). In this context, antisense transcription is increasingly being recognized as a crucial regulator of sense gene expression in response to pathological stimuli. Therefore, with the aim to investigate the presence of sense and antisense transcripts pairing (S/AS pairs) in HMGA loci and the possible control of HMGA expression by antisense lncRNAs, we interrogated the FANTOM5 and FANTOM-CAT catalogs. FANTOM5 project enormously increased the number of ncRNA annotated, especially lncRNA, generating a comprehensive atlas of 27,919 human lncRNA genes (40). Now, a huge effort is required to understand the function of these lncRNAs. Indeed, recently, it has been demonstrated the relevance of antisense transcription in loci associated with hereditary neurodegenerative disease, providing evidences for the existence of additional regulatory mechanisms of the expression of neurodegenerative disease-causing genes (64).

Here, we show a complex picture of antisense transcription in HMGA2 gene, increasing the number of molecules possibly involved in HMGA2 expression regulation, while HMGA1 locus exhibited a lower antisense transcription. Among antisense transcription genes in HMGA2 locus, we have found the previously characterized head-to-head natural antisense lncRNA RPSAP52 (33–35). In this study, in addition to RPSAP52, we provide, for the first time to our knowledge, evidences for the existence of previously unknown natural antisense lncRNAs within HMGA2 gene with a function in HMGA2 expression regulation and neoplastic transformation. Indeed, our analyses on FANTOM-CAT data revealed robust antisense transcriptional activity concentrated in the third intron of HMGA2 gene and several uncharacterized transcript variants (HMGA2-AS1_A-I) associated. Dynamic expression analysis of FANTOM5 samples showed that transcription of HMGA2-AS1 gene is significantly up-regulated during mesenchymal stem cells differentiation to adipocyte and down-regulated throughout Saos-2 calcification similarly to what happens for HMGA2, suggesting a coordinated role of both genes in these processes. Notably, this observation fits very well with the well-studied role of HMGA2 in adipogenesis and osteogenesis (65–67).

We demonstrated that some HMGA2-AS1 variants are expressed in different cancer cell lines, in particular in cells from pancreatic adenocarcinoma. Moreover, we found that HMGA2-AS1 positively correlated with HMGA2 expression in a TCGA dataset of cancer patients, and, in in vitro experiments, we demonstrated that HMGA2-AS1 increased HMGA2 expression. Given the relevance of fine regulation of HMGA2 expression for a normal development and a correct tissue homeostasis and considering the role of natural antisense lncRNAs in sense-gene expression regulation, the identification of these novel natural antisense lncRNAs can have significant implications in studying cancer pathogenesis. Interestingly, we found that HMGA2-AS1 promoted changes in the expression and localization of markers involved in cell-cell adhesion that support the HMGA2-mediated modulation of cell motility observed in PANC1 cells. These in vitro observations of the role of HMGA2-AS1 in promoting pancreatic neoplastic transformation are further reinforced by primary tumor data, showing that HMGA2-AS1 is enriched in patients with high-grade pancreatic adenocarcinoma and its high expression level correlated with poor prognosis in cancer patients.

It is still an open question how HMGA2-AS1 can regulate HMGA2 expression. Natural antisense lncRNAs can modulate their own sense gene expression at multiple levels (68). Indeed, these molecules can regulate the transcription of sense genes by controlling the epigenetic state (69–71), by forming DNA:RNA hybrids (33) or by competing for the same promoter (68, 72, 73). S/AS pairs, instead, mainly mediate post-transcriptional and translational regulation. In fact, S/AS pairs regulate RNA maturation and stability by establishing a physical obstruction to regulatory factors that induces splicing (74) or by influencing RNA stability (63, 75–77). At translational level, antisense transcript lncRNAs can compete with sense RNA for translation initiation factor (78) or induce translation by 5′UTR sense RNA binding (38, 79). Notably, using the RNAup package (80, 81), we observed a 16 nucleotides region of hybridization, localized in the 5′UTR of HMGA2 and in the common exon of natural antisense lncRNAs transcribed by HMGA2-AS1 locus, suggesting the existence of a possible HMGA2-AS1:HMGA2 mRNA interaction. Further studies will be needed to clarify if HMGA2-AS1 regulates HMGA2 expression through S/AS pairs.

In conclusion, the present study adds a further level of complexity to the regulation of HMGA2 expression in cancer and, considering the huge amount of data derived from the high-throughput sequencing era, it contributes to increase our knowledge of the function of lncRNAs in regulating cellular functions.
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Ovarian cancer (OC) accounts for more than 150,000 deaths worldwide every year. Patients are often diagnosed at an advanced stage with metastatic dissemination. Although platinum- and taxane-based chemotherapies are effective treatment options, they are rarely curative and eventually, the disease will progress due to acquired resistance. Emerging evidence suggests a crucial role of long non-coding RNAs (lncRNAs) in the response to therapy in OC. Transcriptome profiling studies using high throughput approaches have identified differential expression patterns of lncRNAs associated with disease recurrence. Furthermore, several aberrantly expressed lncRNAs in resistant OC cells have been related to increased cell division, improved DNA repair, up-regulation of drug transporters or reduced susceptibility to apoptotic stimuli, supporting their involvement in acquired resistance. In this review, we will discuss the key aspects of lncRNAs associated with the development of resistance to platinum- and taxane-based chemotherapy in OC. The molecular landscape of OC will be introduced, to provide a background for understanding the role of lncRNAs in the acquisition of malignant properties. We will focus on the interplay between lncRNAs and molecular pathways affecting drug response to evaluate their impact on treatment resistance. Additionally, we will discuss the prospects of using lncRNAs as biomarkers or targets for precision medicine in OC. Although there is still plenty to learn about lncRNAs and technical challenges to be solved, the evidence of their involvement in OC and the development of acquired resistance are compelling and warrant further investigation for clinical applications.
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INTRODUCTION

Ovarian cancer (OC) is the fifth most lethal cancer in women and accounts for more than 150,000 deaths annually worldwide (1). According to molecular and pathological features, epithelial OCs are stratified into type I or type II (2). Type I OC's (including endometrioid, clear cell, mucinous, and low-grade serous carcinomas) are genetically stable with frequent mutations in KRAS, BRAF, CTNNB1, and PTEN. In contrast, type II (mainly HGSC) comprises more aggressive tumors with high-grade and propensity for invasion and metastasis leading to high mortality rates (3). These tumors are genetically unstable, presenting a high frequency of TP53 mutations and BRCA1/2 alterations. Originally HGSC was thought to arise from the squamous epithelial cell layer of the ovary. However, recent findings demonstrate that the molecular profile of HGSCs has a closer resemblance to the epithelium of the distal fallopian tube, suggesting that this tissue is an alternative site of origin (4, 5). HGSC is the most common and deadliest type of OC and will be the main focus of this review.

Due to the aggressive and invasive nature of HGSC around 70% of the patients have metastatic disease (FIGO stage III-IV) at the time of diagnosis. Surgery combined with chemotherapy is the primary treatment. Platinum-based chemotherapy is the cornerstone of chemotherapeutic treatment, namely cisplatin or carboplatin, combined with a taxane, such as paclitaxel or docetaxel (6). Initially, most patients respond well to the treatment; however, the majority of them will eventually acquire resistance and experience relapse (7, 8). To improve the prognosis, targeted therapies can be applied either as adjuvant or second-line treatments. Bevacizumab, an inhibitor or of vascular endothelial growth factor (VEGF) can be administered as first-line treatment in combination with carboplatin and paclitaxel. Inhibitors of Poly (ADP-ribose) polymerase (PARP) proteins are often used as second-line treatment for recurrent disease, mainly in patients with BRCA mutations. A recent randomized phase 3 trial performed in patients with a germline BRCA mutation has shown that the addition of oral PARP inhibitor (Olaparib) as maintenance therapy after chemotherapy prolongs the median progression free survival (PFS) by at least 3 years (9).

Despite the comprehensive combination of chemotherapy and maintenance treatment with targeted therapies, most patients develop resistance to treatment. Consequently, patients with disseminated HGSC have an extremely poor prognosis with a 5-year survival rate of only ~20% (10). The knowledge of the underlying molecular mechanisms involved in the development of resistance to chemotherapy is crucial for treatment decisions and the discovery of novel anticancer drug targets.

Advances in sequencing technologies and large-scale genomic projects such as Encyclopedia of DNA elements (ENCODE) (11) and The Cancer Genome Atlas Program (TCGA) (12) have opened avenues to improve our understanding of the mechanisms of response to treatment, development of therapeutic resistance and cancer progression (13–15). Initial studies focused on describing the small percentage of DNA transcribed into RNA encoding for proteins, whereas the non-coding RNA (ncRNA) was regarded as irrelevant and with unknown function for cellular health and disease. However, compelling evidence now reveals the involvement of these transcripts in the regulation of several cellular processes (16, 17). Furthermore, several cancer types have been associated with dysregulated expression of lncRNAs (18).



LncRNAs IN CANCER

NcRNA comprises several different classes of molecules involved in gene regulation and chromatin modification. MicroRNA (miRNA), endogenous small interfering RNA (endo-siRNA) and piwi-interacting RNA (piRNA) are different classes of small ncRNAs involved in heterochromatin formation, histone modification, DNA methylation targeting, and gene silencing. Long non-coding RNAs (lncRNAs) are a subclass of non-translated RNA-sequences defined by an arbitrary length of more than 200 base pairs. These structurally complex RNA molecules interact directly with both DNA, RNA, and proteins affecting various cellular processes including genomic imprinting, gene transcription, mRNA splicing and protein activity (19–21). We are only beginning to understand how these molecules regulate cellular function, and how dysregulation can lead to malignant transformation.

The majority of lncRNAs are physically located in the proximity of protein-coding genes. Furthermore, lncRNAs are often classified according to their position relative to those genes as sense, antisense, intronic, intergenic, and bidirectional (22). Their expression levels are usually low and often compartmentalized to the cytoplasm or nucleus (23). Many lncRNAs exhibit low inter-species homology, and their expression signatures are often tissue-specific, indicating the importance of lncRNAs in cellular differentiation and embryonic development (24–26).

The lncRNA mechanisms of action usually fall into three categories, decoys, guides, or scaffolds (Figure 1). The decoys function as competing endogenous RNAs (ceRNAs) and modulate gene expression by sequestering transcription factors or miRNAs (also called sponging). Consequently, the availability of the targeted molecule is limited and the downstream effect reduced. The guide lncRNAs help to localize transcription factors or chromatin modifiers to specific areas of the genome, whereby transcription can be modulated. Dynamic scaffolds support transient assembly of protein complexes that bind genomic regions to affect chromatin structure (27, 28). The functions are not mutually exclusive, and many lncRNAs have more than one function. The single-stranded circular RNA (circRNA) is a sub-group of lncRNA recently discovered (29). Although the function of circRNA is still poorly understood, evidence indicates a role in miRNA regulation by sponging and intracellular transportation. LncRNAs are also stratified into cis- and trans-acting regulators, where the cis-regulators, exert their effect on neighboring genes on the allele from which they are transcribed, and the trans-regulators control gene expression at distant genomic sites.
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FIGURE 1. Functions of lncRNAs in gene regulation. (A) Decoys can sequester transcription factors (TF) or complementary RNA transcripts, such as miRNAs (also called miRNA sponging). The consequence of TF sequestration is attenuated expression of the genes regulated by that TF. The effect of miRNA sponging is the release of the molecule e.g., mRNA which is targeted by that miRNA. The mRNA is then translated. (B) Guides recruit molecules, such as TFs or chromatin-modifying enzymes to their target areas of the genome, which leads to the regulation of gene expression. (C) Scaffolds support transient assembly of protein complexes at genomic regions, which can promote histone modifications and DNA methylation.


Unsurprisingly, aberrant expression of lncRNAs has been associated with several diseases, including cancer. Dysregulated lncRNAs can exert oncogenic or tumor suppressor functions through transcriptional regulation impacting cellular proliferation, differentiation, invasiveness, apoptosis, and metabolism (30).

Many cancer-associated lncRNAs display similar expression patterns in different cancer types. Overexpression of Hox transcript antisense RNA (HOTAIR) was first described in breast cancer, where it was associated with increased invasiveness and metastasis (31). Subsequent studies revealed an association of increased expression of HOTAIR with disease progression and poor prognosis in colorectal (32), non-small cell lung (33), hepatocellular (34–36), gastric (37, 38), pancreatic (39), and ovarian (40) carcinomas. Single nucleotide polymorphisms (SNPs) in HOTAIR were recently correlated with increased susceptibility to develop OC in a Chinese population (41, 42). In ovarian cancer, HOTAIR overexpression was associated with poor differentiation, advanced FIGO stage and lymph node metastasis (40, 43).

Metastasis associated lung adenocarcinoma transcript 1 (MALAT1) is another lncRNA widely overexpressed in various solid tumor types (44, 45), including OC (46–49). Several studies on OC cell lines showed that depletion of MALAT1 suppresses viability, proliferation, migration, and invasion (46, 47, 50). MALAT1 is highly conserved among mammals and is primarily known to localize to nuclear splicing speckles, where it interacts with splicing factors to regulate alternative splicing (51). In OC, MALAT1 was demonstrated to suppress alternative splicing of pro-apoptotic factors, causing apoptotic and anoikis resistance (50).

HOTAIR and MALAT1 are examples of widely expressed lncRNAs with oncogenic potential. Several other well-studied lncRNAs are found to be involved in the regulation of cellular processes such as proliferation, genomic stability, metabolism, and apoptosis to ensure homeostasis. These functions are executed through the lncRNAs directly or indirectly influence on the transcription of various proteins, which can lead to context-dependent oncogenic or tumor-suppressive properties. For a comprehensive overview of lncRNA's involved in cancer see (52–54).

A better understanding of the interplay between coding- and non-coding RNA and the integration of more molecular markers could potentially improve the predictive value of the molecular subtypes and provide a stronger tool for personalized therapeutic approaches.



THE MOLECULAR LANDSCAPE OF HGSC

The most prominent molecular feature of HGSC is high genomic instability (55), possibly initiated by TP53 dysregulation and its associated effects in DNA damage repair (56). Mutations of TP53 were reported in up to 96% of HGSC cases, mostly missense mutations (70.4%), which can result in a dominant-negative effect, gain or loss of protein function. Frameshift (12%), non-sense (8.67%), and splice site (5%) mutations, leading to loss of protein function have also been described (57). Only a few other genes were reported as commonly mutated in HGSC, including BRCA1 (12.5%) and BRCA2 (11.5%) (58).

Genetic predisposition is recognized in a minority of the patients with HGSC, with around 70% of familial cases presenting inherited pathogenic mutations in BRCA1 and BRCA2 (59). These mutations contribute to an increased risk of developing ovarian cancer (44% for BRCA1 and 27% for BRCA2 carriers), compared to the normal population. Mutations in other genes with low penetrance also have an important role in ovarian cancer development. The increased lifetime risk for women harboring mutations in genes involved in the DNA damage repair by homologous recombination (HR), such as BRIP1 (5.8%) (60), RAD51C (5.2%), and RAD51D (12%) have been reported in OC (61). Alterations in genes involved in DNA mismatch repair associated with Lynch syndrome (MSH2, MLH1, PMS2, and MSH6), in rare cases prompt HGSC development (59, 62, 63).

The deficiency in DNA damage repair pathways is compatible with the high genomic instability observed in epithelial OC, with copy number alterations (CNA) affecting a significant fraction of the genome. Recurrent focal amplification of CCNE1, MYC, and MECOM genes are frequently identified in the TCGA cohort (58). Cases showing CCNE1 amplification are mutually exclusive with BRCA mutated cases suggesting the involvement of different pathways in the tumorigenesis of HGSC (58). Deficiency of the HR pathway was described in around 50% of HGSC cases, which has been associated with BRCA1 (20% of cases) and BRCA2 (5%) germline or somatic mutations and, BRCA1 promoter hypermethylation (10%). Genomic alterations in other genes involved in the HR repair pathway, such as amplification or mutation of EMSY (8%), focal deletion or mutation of PTEN (7%), hypermethylation of RAD51C (3%), mutation of ATM/ATR (2%), and mutation of Fanconi Anemia genes (58) have also been reported.

Some sporadic ovarian tumors share the phenotypic traits with tumors harboring germline mutations in BRCA1/2 (BRCAness phenotype), which may reflect molecular similarities. The BRCAness phenotype predicts responsiveness to platinum-based chemotherapy (64) and PARP inhibitors (65). In a population-based study that evaluated the mutational profile of HR genes, a better overall survival in BRCAness patients was described (66). Another approach to identifying HR deficiency was performed based on scores of the CNA profile of tumors, named “genomic scars,” which was very high in HGSC, and also correlated to PARP inhibitors or platinum-based chemotherapy sensitivity (67).

The integrative analysis of CNA, mutations, and gene expression alterations of HGSC identified RB1 and PI3K/Ras pathways deregulated in 67% and 45% of the cases, respectively (58). Amplification of PIK3CA, PIK3CB, and PIK3K4 was correlated to the decreased overall survival of OC patients. The analysis of PIK3CA protein product p110α and p-Akt confirmed the involvement of the PIK3/AKT pathway in survival (68). The PIK3A/AKT/mTOR pathway was also shown to be implicated in therapy resistance. Advanced OC patients who did not respond to subsequent chemotherapy presented activation of the pathway compared to responsive patients (69). Besides, GAB2, a signaling intermediate of PI3K and MAPK pathways, was reported as amplified in 44% of ovarian cancer samples (70). Although HGSC rarely exhibits mutations in KRAS or BRAF, the main activators of the MAPK pathways, almost half of tumors display an expression of active downstream MAPKs (71).

In addition to the specific pathways and genes altered in HGSC, distinct molecular subtypes were identified based on the differential expression profiles (72). The expression analysis of 489 tumors performed by TCGA and compared to an external cohort revealed four HGSC subtypes: proliferative, mesenchymal, immunoreactive, and differentiated (58). The proliferative subtype was characterized by low expression of ovarian tumor markers and high expression of transcription factors and proliferation markers. The mesenchymal subtype presented a high expression of HOX genes and markers suggestive of increased stromal components. The immunoreactive subtype was characterized by T-cell chemokine ligands, CXCL11 and CXCL10, and the receptor, CXCR3. The differentiated subtype was related to high expression of MUC16, MUC1, and SLPI (the secretory fallopian tube maker), suggesting a more mature stage of development (58). Patients with the HGSC immunoreactive subtype presented better prognosis, while patients with the mesenchymal or proliferative subtypes showed worse overall survival (73, 74).



LNCRNAS SIGNATURE OF OVARIAN CANCER

Lately, the predictive value of differentially expressed lncRNAs has received increased attention due to their presence in liquid biopsies and potential as biomarkers for therapeutic response and prognosis (49, 75, 76). A meta-analysis including 1,333 OC patients established that altered lncRNAs are, in general, associated with decreased overall survival (76). In this analysis, 11 lncRNAs (HOTAIR, TC010441, AB073614, ANRIL, MALAT1, NEAT1, CCAT2, UCA1, HOXA11-AS, SPRY4-IT1, and ZFAS1) were identified with significantly increased expression in OC patients (76). Additional data have been reported to support the role of lncRNAs in OC. Eight lncRNAs were significantly correlated with overall survival, in a comprehensive analysis of lncRNA expression profiles of 544 OC patients from TCGA (75). Six of them (RP4-799P18.3, RP11-57P19.1, RP11-307C12.11, RP11-254I22.1, RP1-223E5.4, and GACAT3) were positively correlated with overall survival, while the last two (PTPRD-AS1 and RP11-80H5.7) were inversely correlated. The eight-lncRNA signature showed prognostic value and was able to stratify patients according to clinical outcome into high- and low-risk groups. Furthermore, this signature demonstrated predictive value for the response to platinum-based chemotherapy (75). A prognostic signature was identified for recurrent disease based on datasets extracted from the Gene Expression Omnibus (GEO). The signature comprised four well-known cancer-related lncRNAs, RUNX1-IT1, MALAT1, H19, and HOTAIRM1, and two less well-described transcripts LOC100190986 and AL132709.8. These lncRNAs were confirmed as differentially expressed in validation cohorts independently of tumor stage, tumor grade and histology type (49).

In silico analysis of RNA sequencing data derived from 391 patients retrieved from TCGA revealed three additional lncRNAs (NBR2, ZNF883, and WT1-AS) associated with recurrent OC (77). Based on the results, two interesting interactions were predicted; WT1-AS-miR-375-RBPMS and WT1-AS-miR-27b-TP53, suggesting that WT1-AS regulates two important tumor suppressors RBPMS and TP53, through miRNA sponging (77).

Several lncRNAs identified in large-scale studies have also been validated individually (46, 78–82), and across different cancer types (83). Also, functional studies have revealed that many of the dysregulated lncRNAs associated with OC are involved in one or several hallmarks of cancer such as increased proliferation, altered metabolism, evasion of apoptosis, migration or invasion (Figure 2) (79, 84–86).
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FIGURE 2. LncRNAs described in OC associated with the hallmarks of cancer. The hallmarks of cancer include increased proliferation (gray), migration/invasion (red), evasion of apoptosis (blue), and altered metabolism (green). The Venn diagram shows the lncRNAs associated with these four hallmarks with several of them involved in more than one hallmark of cancer.


Two lncRNAs are described specifically in ovarian cancer, ovarian adenocarcinoma amplified (OVAL) (87) and human ovarian cancer-specific transcript 2 (HOST2) (88). An intergenic region encompassing the full OVAL gene was found amplified in higher frequency in OC patients in comparison to other cancers. OVAL amplification and its increased expression suggest an oncogenic function in OC (87). So far no mechanisms or functional interactions have been described for OVAL. The expression of HOST2 is dramatically increased in OC tissues and cell lines, compared to normal ovarian tissues and non-ovarian cell lines (88). Furthermore, HOST2 was associated with increased proliferation, migration and invasion in OC. The mechanism of action of this potential driver is suggested to be through sequestration of miRNA let-7b, which is known to promote the expression of several oncogenes (89).

The involvement of dysregulated lncRNAs in the development of OC is well-documented. Considering the described oncogenic and tumor suppressor functions of lncRNA, their role in the development of resistance to therapy is expected (90–92). Differential lncRNA expression profiles were demonstrated in cisplatin-resistant and cisplatin sensitive OC, supporting their role in acquired resistance to chemotherapy (93). However, the mechanism by which lncRNAs contribute to acquired resistance remains incompletely understood. More detailed insights might lead to discoveries of new biomarkers or therapeutic targets. Signatures with the potential to predict therapeutic resistance would be valuable tools for clinicians, aiding the selection of the optimal treatment strategies for individual patients. In the following section, the involvement of lncRNAs in the development of therapeutic resistance will be highlighted, with a focus on platinum and taxane-based treatment regimens.



LNCRNAS INVOLVED IN PLATINUM-RESISTANCE

The development of anti-cancer drug resistance is often complex and multifactorial, depending on the specific drug and the histological subtype of cancer. Carboplatin and cisplatin are the most commonly used drugs for the first-line treatment of advanced stages of HGSC. These platinum-based agents interact with DNA forming mono adducts or interstrand, intrastrand, and protein crosslinks mainly at guanine. The crosslinking affects DNA repair and synthesis and leads to the accumulation of single and double-strand breaks, which results in cell cycle arrest and apoptosis (94, 95). Moreover, the release of reactive oxygen species that activates inflammatory pathways may also contribute to the cytotoxic effects of these compounds (96).

Resistant clones can arise through a clonal selection of cells able to prevent, repair, or withstand DNA damage. The tumor suppressor p53 and its related nuclear transcription factors are important mediators of the cytotoxic effects of platinum therapy. DNA damage normally leads to a p53-dependent release of pro-apoptotic factors. Consequently, reduced activity of p53 or the related pathways is associated with platinum-resistance (97). Platinum-induced DNA damage can also be repaired by HR, and hence, the activity of the BRCA1/2 genes reduces the responsiveness to platinum therapy (98). In accordance, reversions of BRCA1/2 germline mutations have previously been reported as a mechanism of resistance to therapy (8). The mismatch repair system is another mechanism by which the cell can detect platinum induced lesions. Loss of mismatch repair-related genes such as MLH1 and MSH2 prevents the cells from recognizing the damage caused by platinum therapy. Consequently, apoptosis is not initiated and the cells are therefore less sensitive to the treatment (99, 100). Furthermore, platinum resistance was associated with epithelial to mesenchymal transition (EMT) (101), implying a range of molecular alterations promoting invasive properties and resistance to oncogene-induced senescence. The major pathways involved in EMT are TGF-β, HIF1-α, Wnt/β-catenin, and Notch, which have also been associated with platinum resistance (102, 103). General resistance mechanisms include reprogramming of metabolism and mitochondrial dysregulation, suppression of apoptotic mediators, up-regulated efflux pumps, reduced drug uptake, or intracellular detoxification (104). The molecular alterations leading to the platinum-resistant phenotype rarely include single nucleotide mutations in the known driver or resistance genes. Instead, it appears that the resistance arises from a highly patient-specific and adaptable pattern of altered methylation, gene amplifications, reversion of BRCA1/2 mutations, promotor fusion, and translocation, and differential expression of ncRNAs (8, 105, 106).

Although several lncRNAs have been associated with platinum resistance in OC (Table 1), the resistance-associated molecular mechanisms have been elucidated in only a few of them (Figure 3). Next, we will present the current knowledge of the functions and roles of a set of lncRNAs associated with platinum resistance in OC.


Table 1. List of lncRNAs associated with platinum-resistance in ovarian cancer.
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FIGURE 3. The lncRNAs involved in platinum resistance in OC. Aberrant expression of the lncRNAs depicted on top (green circles) leads to platinum resistance through four main mechanisms: improved DNA damage response, upregulation of drug transporters leading to efflux of the drug, epithelial-mesenchymal transition or evasion of apoptosis. The molecular mechanisms suggested linking the lncRNAs to these resistance mechanisms involve interactions with miRNAs (light blue) and direct or indirect regulation of transcription factors and signaling pathways (black), as illustrated above.


HOTAIR located within the HOXC gene cluster (mapped on12q13.13) was previously introduced due to its involvement in OC. HOTAIR recruits lysine-specific demethylase 1 (LSD1) and Polycomb Repressive Complex 2 (PRC2) and guide them to promote epigenetic silencing of HOXD genes (126). Additionally, HOTAIR regulates other HOX genes including HOXA7, which is consistently overexpressed in several tumor types (40, 127, 128). The knockdown of HOTAIR led to reduced expression of HOXA7, which increased susceptibility to apoptosis and restored cisplatin sensitivity in resistant OC cells (107). In general, HOTAIR is more abundant in advanced OC tissues and was also overexpressed in cisplatin-resistant OC cell lines, compared to sensitive controls (108). Furthermore, HOTAIR expression was correlated with poor survival in patients who received carboplatin compared with untreated patients (109). Knockdown of HOTAIR in a mouse xenograft model, enhanced the effect of treatment with cisplatin, suggesting its potential as a target to re-sensitize ovarian cancer cells to platinum treatment. This effect has been attributed to reduced activation of the Wnt/β-catenin pathway, which is known to promote excess stem cell renewal and EMT (110). Thus, overexpression of HOTAIR might contribute to platinum resistance by increased transcription of HOXA7 and Wnt/β-catenin dependent induction of EMT. Overexpression of three additional lncRNAs DNM3OS, MEG3, and MIAT have been associated with EMT in ovarian cancer (129). However, the direct link between dysregulation of these transcripts and the development of platinum resistance is unexplored.

As previously mentioned, MALAT1 plays an important oncogenic role in multiple cancers (44, 45). Recently, MALAT1 has also been associated with resistance to therapy (130). In OC, MALAT1 knockdown increased cell death during treatment with cisplatin, indicating its potential involvement in resistance (111). MALAT1 was demonstrated to correlate with NOTCH1 expression, which is also up-regulated during platinum resistance in OC (112). NOTCH1 knockdown attenuates cisplatin resistance by directly down-regulating the expression of the multidrug resistance-associated protein 1 (ABCC1) in OC (131). ABCC1 encodes a transporter of molecules across cellular membranes, including the efflux of a range of drugs (132). In lung adenocarcinoma and colorectal cancer, MALAT1 promotes resistance to taxane- and platinum-based drugs, respectively. In these cases, EMT was identified as a mechanism of resistance (130, 133); however, this effect has not yet been investigated in OC.

The imprinted maternally expressed transcript H19 gene is located in a well-conserved gene cluster also containing the insulin-like growth factor 2 (IGF2). Both genes are regulated by genomic imprinting, and H19 is only transcribed from the maternal allele, whereupon it plays an important role in embryonic development and growth control (134). Aberrant expression of H19 has been demonstrated in several different cancers (135, 136); although its exact carcinogenic role is still under debate (137). The understanding of its function is challenged by the variety of transcriptional products deriving from the H19 gene locus and its complex regulation. As an example, the miR-675 is transcribed from the first exon of H19 (138) and has been associated with EMT and metastatic progression in colorectal and pancreatic cancers (139, 140). Furthermore, H19 is directly induced by the c-Myc oncogene (141) and its expression has been associated with the hypoxic stress response, involving p53 and hypoxia-inducible factor 1-α (HIF1-α) (142). Transcriptome analysis revealed differential expression of H19 in cisplatin-resistant OC cells compared to their sensitive progenitors. The involvement of H19 in platinum resistance was validated in tissues from 41 cases of HGSC treated with either cisplatin or carboplatin. The patients were divided into two groups according to their recurrence-free survival (threshold of 12 months), where H19 expression was shown to be significantly higher in patients with early recurrence (113). The role of H19 in cisplatin resistance was related to oxidative stress and induction of the glutathione (GSH) pathway, where H19 regulates several targets (GSR, G6PD, GCLC, GCLM, GSTP1, and NQO1) of the nuclear factor erythroid 2 (NRF2), an important factor in the antioxidant defense (113). The glutathione pathway has been suggested as a detoxifying mechanism to platinum-induced oxidative toxicity and is often up-regulated during the development of resistance (143, 144). H19 overexpression has also been correlated with cisplatin resistance in other cancers, including seminomas (145) and non-small cell lung cancer (146), where it was associated with evasion of apoptosis.

ZNFX1 antisense RNA 1 (ZFAS1) is transcribed from the antisense strand close to the protein-coding gene ZNFX1, including three C/D box small nucleolar RNAs (Snord12, Snord12b, and Snord12c) (147). The role of the lncRNA ZFAS1 (zinc finger antisense 1) varies among human cancers. ZFAS1 is downregulated in breast tumors compared to normal mammary tissue (147), whereas it is overexpressed in colorectal cancer (148), indicating tissue-specific functions. In OC, ZFAS1 overexpression was identified as part of an eight-lncRNA expression signature predictive of platinum-sensitivity, based on transcriptome data from 258 patients with HGSCs (114). The authors also found increased ZFAS1 expression in cisplatin-treated OC cell lines. Functional studies in OC cell lines revealed that the ZFAS1 knockdown resulted in increased sensitivity to cisplatin. This effect was shown to involve sequestration of miR-150-5p, which prevents binding of the transcription factor specific protein 1 (SP1) (80). SP1 has been appointed an important oncogene and a potential therapeutic target in several tumor types (149). Additionally, SP1 is involved in DNA damage response (150), and regulation of a copper transporter (hCtr1), which is associated with platinum drug transport (151).

Urothelial carcinoma associated 1 (UCA1) is expressed during embryonic development and subsequently abolished in most tissues, including ovarian epithelia. In OC tissue and several other cancers, UCA1 is re-activated and overexpressed (115, 152). In cancer tissues, UCA1 is regulated by HIF1-α, indicating its involvement in the response to hypoxia (153). Through sponging of miR-143, UCA1 prevents the repression of FOSL2, a subunit of the Activator protein 1 (AP-1) also involved in the hypoxic regulation. Consequently, UCA1 overexpression might lead to the up-regulation of the hypoxic response involving AP-1. Hypoxia has been shown to promote cisplatin resistance, through HIF1-α and p53 activation (154). A significant UCA1 overexpression in OC tissues from cisplatin-resistant patients (116) was reported. In vitro assays revealed that stable transfection of OC cells with UCA1 promotes resistance toward cisplatin (115). In addition, UCA1 was shown to affect the activity of the serine/arginine-rich protein-specific kinase 1 (SRPK1), an oncogene that suppresses apoptotic factors (115).

UCA1 is also associated with resistance to Paclitaxel in OC (155, 156), which can be reverted by UCA1 knockdown in cell lines (156). This effect was related to reduced sponging of miR-129 and, subsequently down-regulation of the ABCB1 gene that encodes an efflux pump previously correlated with multidrug resistance in cancer (156, 157). These findings suggested that the mechanism of resistance involving UCA1 is multifactorial, and could include improved response to DNA damage, reduced activation of apoptotic factors and increased efflux of the drugs.

The promoter of CDKN1A Antisense DNA damage Activated RNA (PANDAR) is a widely acknowledged oncogene mainly involved in regulating the response to DNA damage (158). The transcription of PANDAR is p53-dependent and promotes cell survival by impeding apoptosis through sequestering of the NF-YA transcription factor (159). In OC cell lines, an inverse relationship was demonstrated between PANDAR expression and cisplatin sensitivity. This effect involved interaction between PANDAR and the splicing factor arginine/serine-rich 2 (SFRS2), which led to negative feedback regulation of TP53 (118). Patients with wild type TP53 showed increased expression of PANDAR and SFRS2 at disease recurrence, compared to the time of diagnosis (118). The PANDAR-dependent suppression of p53 in resistant cells prevents the normal DNA damage response, whereby the cells can evade apoptosis. Since HGSCs have a very high occurrence of inactivating TP53 mutations, the role of PANDAR in platinum resistance remains to be elucidated.

Plasmacytoma variant translocation 1 (PVT1) is a well-established oncogene in OC (160, 161), as well as other cancers such as gastric (162) and breast (163). PVT1 is located in proximity to the MYC locus, where it encodes several alternative splice isoforms. In addition, the PVT1 locus contains a cluster of at least six miRNAs (miR-1204,−1205,−1206,−1207-3p,−1207-5p, and−1208) (164). Transcription of PVT1 can be regulated by p53 through a canonical binding site, indicating its involvement in the response to DNA damage. PVT1 is often co-expressed with MYC, with which it interacts and stabilizes to potentiate its activity (165). MYC has been suggested as a potential therapeutic target in platinum-resistant OC, as its overexpression confers resistance toward cisplatin (166). The role of PVT1 in the development of therapeutic resistance in OC is ambiguous since it was both demonstrated to promote cisplatin resistance by suppressing apoptotic factors (119), but also to be an effector in the cytotoxic response to treatment with carboplatin and docetaxel, by activating p53 and potentially promoting apoptosis (167). However, since p53 is often affected by the loss of function mutations in HGSC, the cytotoxic effect of PVT1 in response to carboplatin and docetaxel might be blunted in these cases. Studies in other cancers support the involvement of PVT1 in cisplatin resistance (168, 169). The opposing effects described for PVT1 could be due to the differences in the mechanisms of action of the two treatment regimens and underlines the need for further investigation.

Other mechanisms of resistance than the ones reported here have been suggested to involve lncRNAs. As an example, the lncRNAs MPRL (170), LINC00312 (122), and SNHG3 (84) are involved in mitochondrial function and altered expression of these have been associated with platinum resistance, either through effects on energy metabolism or mitochondrial-dependent apoptosis. In general, the interactions between lncRNA and the mitochondrial genome is not yet well-understood and should be further investigated.



LNCRNAS INVOLVED IN THE TAXANE RESISTANCE

Taxanes are microtubule-stabilizing agents that bind to the β-subunit of tubulin dimers to promote and stabilize polymerization. This mechanism inhibits microtubule disassembly that is a necessary event in mitosis; consequently, mitotic arrest and eventually apoptosis are promoted (171, 172). Paclitaxel is most often used in combination with the platinum-based chemotherapy as a first-line treatment, or as a single agent in platinum-resistant OC patients. Unfortunately, repeated exposure often leads to acquired resistance. Docetaxel, a second-generation taxane, can be used in some cases; however, shared resistance mechanisms result in low response rates. In vitro experiments have demonstrated that an inverse relationship exists between resistance to platins and taxanes, suggesting separate resistance mechanisms and emphasizing the benefits of combined treatments (173). The most common resistance mechanisms to taxanes comprise structural changes in the β-tubulin target region, altered expression of apoptotic and mitotic factors and overexpression of the multidrug resistance genes (ABC-transporters) (174, 175).

Since the taxanes are rarely used as a single agent in the treatment of OC, only a few studies have investigated the role of lncRNAs in the development of paclitaxel resistance in tissues. A combined analysis of two expression datasets comparing (1) patients with complete and incomplete response to chemotherapy and (2) two OC cell lines with paclitaxel resistance with two sensitive OC cell lines was performed. The combined analysis identified a panel of seven lncRNAs (XR_948297, XR_947831, XR_938728, XR_938392, NR_103801, NR_073113, and NR_036503) differentially expressed in both cell lines and tissues, and had predictive value for resistance to therapeutic regimens containing paclitaxel (176). However, the signature described in this study needs further validation and the functional implications for differential expression of the selected lncRNAs should be explored.

A list of lncRNAs associated with taxane resistance in OC is detailed in Table 2. Few of these lncRNAs have well-described functions and will be presented below. The interplay between the described lncRNAs, their molecular pathways, and resistance mechanisms are illustrated in Figure 4.


Table 2. List of lncRNAs associated with taxane-resistance in ovarian cancer.
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FIGURE 4. The lncRNAs involved in taxane resistance in OC. Aberrant expression of the lncRNAs depicted on top (green circles) leads to taxane resistance through three main mechanisms: cell cycle regulation, upregulation of drug transporters leading to efflux of the drug, or epithelial-mesenchymal transition. The molecular mechanisms linking the lncRNAs to these resistance mechanisms involve interactions with miRNAs (light blue) and regulation of transcription factors or signaling pathways (black), as illustrated above.


The Fer-1-like family member 4 (FER1L4) pseudogene is a lncRNA associated with tumor-suppressive properties in cancer (183). FER1L4 acts as a decoy for miR-106a-5p which also interacts with the tumor suppressor PTEN (184). In OC, FER1L4 is expressed at low levels compared to normal ovarian epithelial cells and, at even lower levels in paclitaxel-resistant cell lines. Transfection with FER1L4 led to MAPK pathway suppression and restored the sensitivity to paclitaxel, indicating an important role in the development of resistance (177). Overall, PTEN-AKT-mTOR and MAPK are major cancer driver pathways deeply involved in resistance to chemotherapy (including paclitaxel) in several cancers (185).

Long Intergenic Non-Coding RNA 1118 (LINC01118) was recently identified as overexpressed in paclitaxel and cisplatin-resistant cell lines and OC compared with normal and benign tissues (178). These findings were supported by in vitro studies showing that knockdown conferred increased sensitivity to paclitaxel, whereas overexpression led to resistance. MiR-134 was predicted as a direct target, and functional assays showed that LINC01118 was able to regulate the ABCC1 gene through miR-134 repression (178). As previously described, ABCC1 upregulation is associated with multidrug resistance in cancers (132). No additional studies have been performed correlating LINC01118 with drug resistance or even cancer, warranting further investigations of this lncRNA.

Nuclear paraspeckle assembly transcript 1 (NEAT1) is transcribed from the MEN1 (familial tumor syndrome multiple endocrine neoplasia type 1) locus on chromosome 11 and is a well-described oncogene (186). NEAT1 is overexpressed in OC tissue and cell lines accordingly and is correlated with metastatic potential and poor prognosis (79, 187). In paclitaxel-resistant OC cells, NEAT1 acts as a decoy for miR-194, promoting upregulation of ZEB1 (zinc finger E-box-binding homeobox 1) (179). ZEB1 is an important transcription factor and mediator of EMT and was previously associated with drug resistance (188). Besides, paclitaxel resistance was attenuated by NEAT1 knockdown, which was associated with suppression of the efflux pump P-glycoprotein encoded by the ABCB1 gene. This effect was also related to the interaction between NEAT1 and miR-194, since the suppression of the efflux pump was rescued by miR-194 knockdown. The involvement of NEAT1 in resistance to paclitaxel was validated in OC xenografts in mice, where knockdown restored paclitaxel sensitivity (179). These results substantiate the role of NEAT1 in paclitaxel resistance and indicate the potential for therapeutic targeting.



PERSPECTIVES AND FUTURE DIRECTIONS

Collectively, the present review provides compelling evidence of the association between lncRNA expression pattern and therapeutic response in OC, indicating that the etiology of acquired resistance is more complex than originally described. We are just beginning to understand the biological role and function of some of these lncRNAs, and how they can be exploited for clinical purposes.

Two of the most obvious applications for lncRNAs in OC is the establishment of biomarker panels with predictive value for prognosis and/or drug response, or for therapeutic targeting to prevent or reverse resistance to chemotherapy. The presence of circulating lncRNAs in body fluids such as blood and urine at detectable levels, suggests that they could represent excellent biomarkers (189, 190). Several lncRNA signatures with predictive value for platinum-sensitivity in OC have recently been identified (49, 114, 120). However, further studies are needed to determine their clinical applicability.

The oncogenic behavior of some lncRNAs, combined with their tissue specificity and content of targetable residues, emphasize their potential as targets for therapeutic intervention. Furthermore, lncRNA targeting is one of the only therapeutic approaches to upregulate tumor suppressors in a locus-specific manner (191). Artificially synthesized polymers of nucleic acids, known as peptide nucleic acids (PNAs) are thermally stable, not affected by nucleases and can be modified for in vivo administration. Also, PNAs specific for RNA targets is much easier to design and synthesize than small-molecule oncogene inhibitors (192). For example, HOTAIR was targeted with a PNA, designed to prevent the interaction between HOTAIR and the EZH2 subunit of PRC2, in mice with platinum-resistant ovarian tumor xenografts. The treatment reduced HOTAIR expression and re-sensitized the tumors to treatment with cisplatin, which resulted in prolonged survival. The study provided proof of concept for targeting oncogenic lncRNAs as a strategy for precision medicine (193). However, more conclusive evidence of the complex molecular interactions of individual lncRNAs is paramount to determine the physiological impact of targeted treatments before clinical testing.

So far, the molecular profiling of lncRNAs and the identification of functional interactions have proved to be difficult to replicate in different studies. The main platforms for high throughput analysis of lncRNAs, such as RNA sequencing and expression arrays, offer different advantages and drawbacks, and the downstream bioinformatics is not yet standardized. Although RNA sequencing offers the advantage of including all potential lncRNA transcripts, the complexity of the following sequence assembly often hampers the correct annotation (194). In contrast, array-based methods provide a more standardized workflow and a much simpler downstream analysis but are limited to a selection of annotated transcripts. Several studies revise old data sets from publically available sources to perform in silico investigations. However, the experimental setup behind these data sets was rarely designed for the identification of lncRNAs. The low expression of lncRNA transcripts requires specific methodological considerations for optimal results. Furthermore, computational prediction of functional interactions should always be validated experimentally in the specific tissue of interest.

The studies investigating lncRNAs are increasing exponentially and both, experimental and bioinformatic methods are constantly improving. Several lncRNA-targeting therapeutics are already in the clinical pipeline (191), and some have reached clinical trials (195, 196). GENCODE (23), a spin-off from ENCODE is currently attempting to annotate all non-coding transcripts of the entire human genome. Complete annotation of human lncRNAs, standardization of experimental procedures and bioinformatic analysis combined with improved insights into the functional roles of lncRNAs in the development of resistance, will provide a novel paradigm for biomarker discovery and precision medicine in OC.
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Prolonged infection of uterine cervix epithelium with human papillomavirus (HPV) and constitutive expression of viral oncogenes have been recognized as the main cause of the complex molecular changes leading to transformation of cervical epithelial cells. Deregulated expression of microRNAs (miRNA), long non-coding RNAs (lncRNA), and circular RNAs (circRNA) is involved in the initiation and promotion processes of cervical cancer development. Expression profiling of small RNAs in cervical neoplasia revealed up-regulated “oncogenic” miRNAs, such as miR-10a, miR-21, miR-19, and miR-146a, and down regulated “tumor suppressive” miRNAs, including miR-29a, miR-372, miR-214, and miR-218, associated with cell growth, malignant transformation, cell migration, and invasion. Also several lncRNAs, comprising among others HOTAIR, MALAT1, GAS5, and MEG3, have shown to be associated with various pathogenic processes such as tumor progression, invasion as well as therapeutic resistance and emerged as new diagnostic and prognostic biomarkers in cervical cancer. Moreover, human genes encoded circular RNAs, such as has_circ-0018289, have shown to sponge specific miRNAs and to concur to the deregulation of target genes. Viral encoded circE7 has also demonstrated to overexpress E7 oncoprotein thus contributing to cell transformation. In this review, we summarize current literature on the complex interplay between miRNAs, lncRNAs, and circRNAs and their role in cervical neoplasia.
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INTRODUCTION

Cervical cancer is the fourth most frequently diagnosed tumor and the fourth leading cause of cancer death in women in the world with ~570,000 cases and 311,000 deaths in 2018 (1). The persistent infection with carcinogenic human papillomaviruses (HPV) has shown to be the necessary cause of ~95% of invasive cervical cancer, including cervical squamous cell carcinoma (SCC) and adenocarcinoma (AC) histotypes (2). Cervical SCC is generally preceded by persistent squamous intraepithelial lesions (SIL) caused by HPV infection, therefore the detection of viral nucleic acids has shown to be valuable for the effective prevention of cervical cancer development in oncologic screening programs (3).

The E6 and E7 oncoproteins encoded by high risk HPVs are considered the main players of the multistep transformation process affecting the infected cervical cells. Indeed, they are able to inhibit p53 and pRb oncosuppressors, respectively, and to interact with a plethora of cell signaling factors regulating cell cycle, genome stability and epigenetic modifications (4, 5). Moreover, the HPV E5 protein has also a relevant role in tumor cell invasion and metastasis for its ability to increase the expression of the epidermal growth factor receptor (EGFR) and c-MET, the latter being also critical for viral gene expression (6, 7).

Nevertheless, the gradually accumulation of genetic and epigenetic alterations in HPV infected cells is also crucial for the ultimate progression to cervical cancer. The mutational profile of cervical carcinoma showed the presence of non-synonymous somatic nucleotide changes in PIK3CA, PTEN, TP53, STK11, and KRAS genes (8–11). Recent advances in cancer genome sequencing allowed to identify further unknown mutations in MAPK1, HLA, EP300, FBXW7, NFE2L2, ERBB3, CASP8, TGFBR2, and SHKBP1 genes as well as sequence amplifications in CD274 (PD-L1), PDCD1LG2 (PD-L2), and BCAR4 (lncRNA BCAR4) genes (12, 13). In addition, activating mutations creating de novo transcription factor binding sites in regulatory regions, such as the TERT promoter sequence, have been identified in a significant fraction of cervical SCC (14).

Epigenetic modifications, including deregulation of microRNA (miRNA), long non-protein coding RNA (lncRNA) and circular RNA (circRNA) levels, have shown to play important roles in cell transformation during distinct stages of cervical intraepithelial neoplasia and cervical carcinoma development [Figure 1; (15–17)].
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FIGURE 1. Mechanisms of miRNas/lncRNAs/circRNAs regulating mRNA translation. (A) Up regulated miRNAs bind to mRNA 3′UTR and inhibit translation depending on the sponging effect of lncRNAs and circRNAs. (B) miRNAs down regulation induces protein translation from diverse types of transcripts (mRNA, lncRNA, and circRNA); several lncRNAs and circRNAs can be translated into small proteins and peptides.


MiRNAs are small (19–25 nucleotides long), single-stranded non-coding RNAs that regulate gene expression mainly by binding to sequence motifs located within the 3′ untranslated region (UTR) of mRNA transcripts (18, 19). Other regulatory functions include their reciprocal interaction on primary miRNA transcription processes, binding to double-stranded DNA to form triple helixes as well as interaction with RNA G-quadruplex structures that interfere at specific gene regulatory sites (20). The differential expression of the ~2,500 miRNAs encoded by the human genome has an important role in the embryo development and in the physiological functioning of tissues and organs (21, 22). Several miRNAs have oncogenic or tumor suppressor activities and play a fundamental role in cancer development, progression and dissemination (23). A recent meta-analysis of miRNA profiles in cervical neoplasia cases and normal cervical epithelium samples identified 42 up regulated and 21 down regulated miRNAs among different stages of cervical neoplasia (24). The pathway enrichment analysis of genes targeted by these miRNAs revealed the alteration of p53, ErbB, MAPK, mTOR, Notch, TGFβ, and Wnt pathways all contributing to hallmarks of cancer (24).

lncRNAs are regulatory transcripts longer than 200 nucleotides mostly transcribed by RNA pol II and characterized by a 5′ 7-methylguanosine cap and a 3′ poly (A) tail similarly to messenger RNAs (25). Despite being not translated into full-length proteins, lncRNAs are implicated in a variety of biological activities such as regulation of gene transcription mediated by their interaction with chromatin-modifying complexes at specific regulatory regions, decoy for transcription factors and miRNAs as well as scaffolding for functional ribonucleoprotein complexes organization (26, 27). Deregulation of lncRNAs expression is associated with cardiovascular and neurodegenerative diseases as well as with cancer development (27, 28). Around 14 lncRNAs have shown to be altered in cervical carcinoma affecting important metabolic pathways such as STAT3, wnt/β-catenin, PI3K/AKT, and Notch signaling (29). Moreover, some lncRNAs, including MALAT1, CCEPR, and TMPOP2, are reciprocally regulated by HPV16 E6 and E7 expression hence enhancing the oncogenic effect of viral oncoproteins in the progression of cervical neoplasia (30, 31).

The single-stranded closed RNA molecules (circRNA) are a new class of non-coding RNAs, originating from back-splicing of pre-mRNAs, that have several biological functions in normal cells including the ability to act as sponges to efficiently subtract microRNAs and proteins (32). CircRNAs have shown to be aberrantly expressed in a tissue-specific manner in cancer cells and to contribute to cancer development by perturbing cell proliferation, migration, and angiogenesis processes (33). Several studies indicated that circRNAs play a significant role in cervical cancer development by different molecular mechanisms, which among them miRNA sponging is the most important (34). A recent study investigating circRNA expression in cervical cancer tissues by microarray analysis showed that 45 circRNAs were upregulated and that the most expressed has_circ_0018289 was involved in the direct binding of miR-497 (35).

The aim of this review is to summarize the recent studies on the role of miRNAs, lncRNAs, and circRNAs as well as their reciprocal regulation in different stages of cervical neoplasia. Moreover, it provides an overview of the potential impact of non-coding RNAs in the diagnosis and therapy of cervical cancer.



THE ROLE OF miRNAs IN CERVICAL NEOPLASIA

Many studies have evaluated the expression levels of miRNAs in cervical neoplasia biopsies as well as in exfoliated cervical cells, in cervical mucus and in the serum of women diagnosed with cervical cancer (Table 1). The first study describing the differential expression of six miRNAs (let-7b, let-7c, miR-21, miR-23b, miR-196b, and miR-143) in human cervical carcinoma cell lines in comparison with normal cervical samples was published by Lui et al. (107). Numerous investigations since then have been conducted in order to characterize the mechanisms causing miRNAs deregulation as well as their expression pattern in cervical cancer tissues vs. normal cervical epithelia. Indeed, genetic alterations of miRNA loci such as gene deletions, amplifications, or mutations as well as epigenetic silencing such as DNA methylation or deregulation of miRNA processors and transcription factors have been all associated with aberrant expression of miRNAs in cervical cancer (108). For example, Wilting et al. identified 89 deregulated miRNAs in cervical SCC with miR-9 over expression significantly associated with chromosome 1q gain and with increased cell viability, anchorage-independent growth and cell migration (36). Moreover, Muralidhar et al. identified 16 deregulated miRNAs, including miR-21, miR-29a, miR-31, and miR-203, in advanced cervical SCC which were associated with the up regulation of miRNA processor Drosha transcript and gain of chromosome 5p (109).


Table 1. miRNAs identified in cervical tissues, cell exfoliates, and mucus as well as in the serum of high grade SIL and cervical cancer patients.
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Numerous studies over the past decade have analyzed the miRNAs expression to identify significant variations during the transition from low to high grade cervical neoplasia and to invasive cervical cancer in order to define novel biomarkers for cervical cancer diagnosis, prognosis and cancer stage (24, 37). Pereira et al. described eight down regulated miRNAs (miR-26a, miR-29a, miR-99a, miR-143, miR-145, miR-199a, miR-203, miR-513) and five upregulated miRNAs (miR-148a, miR-302b, miR-10a, miR-196a, and miR-132) in low SIL, high SIL and cervical SCC in comparison with normal samples (110). Only five miRNAs (miR-106a, miR-197, miR-16, miR-27a, and miR-142-5p) were found specifically deregulated in pre-neoplastic lesions but not in cervical carcinoma (110). Subsequently, many research groups reported the identification of specific miRNA signatures during the transition from SIL to cervical cancer with variable results mainly due to the small sample size, the type of specimens (i.e., formalin fixed paraffin embedded vs. fresh biopsies), the number of miRNAs included in each panel (ranging from one to 7788 miRNAs) as well as the diverse methods used to quantify (37, 96, 111, 112).

He et al. performed a systematic study to identify miRNAs with statistically significant expression changes among 827 CIN and 3,095 cervical carcinomas as well as 2,099 non-tumor tissues from 85 selected studies (24). All studies analyzing miRNA profile in human cancerous and non-cancerous cervical tissues were included in such analysis. This approach allowed to identify 42 up regulated and 21 down-regulated miRNAs in different stages of cervical neoplasia. In particular, seven miRNAs (miR-29a, miR-34a, miR-99a-5p, miR-100-5p, miR-199a-3p, miR-203, and miR-218-5p) were found down-regulated and five miRNAs (miR10a-5p, 16-5p, 25-5p, 92a-3p, and 196a-5p) up regulated in CIN1 as well as in CIN 2–3 and cervical SCC compared to cervical non-tumor tissues. In CIN2-3 there were eight additional down regulated miRNAs and 27 new upregulated miRNAs with the miR-376c-3p specifically down regulated in CIN3 compared to CIN2. The functional target of miR-376c-3p is the BMI1 polycomb ring finger proto-oncogene which is highly expressed in several cancer types, including cervical cancer (113). Thus, the miR-376c-3p and the BMI1 factor may represent novel biomarkers for diagnosis as well as for target therapy in cervical cancer patients. Moreover, five new down regulated (miR-1, miR-99b-5p, miR-126-3p, miR-140-5p, miR-196b-5p) and ten additional up-regulated miRNAs (miR-20a-5p, miR-31-5p, miR-96-5p, miR-142-5p, miR-189-5p, miR224-5p, miR-200b, miR-944, miR-1246, and Let-5p) were identified in cervical carcinoma compared to CIN3 miRNA profile (24). Among these, miR-96-5p and miR-126-3p, which are predicted to target PTEN and MARK1 tumor-associated genes, have shown to be associated with metastatic potential of cervical cancer and to have a great potential as prognostic biomarkers or therapeutic targets (114, 115).

The expression levels of miRNAs consistently altered in all stages of cervical neoplasia may be directly deregulated by early viral proteins produced soon after infection. Gocze et al. performed the miRNA profiling of cervical neoplasia biopsies and identified the over expression of miR-21, miR-34a, miR-196a, miR-27a, and miR-221 as specific signature of HPV positivity irrespective of the clinical tumor grading (38). Indeed, the E6 protein encoded by oncogenic HPVs has shown to down regulate both the tumor suppressors miR-34a, through the viral E6-mediated degradation of the oncosuppressor p53 (116, 117), and the miR-218, in a p53-independent manner thus causing over expression of its target laminin 5 β3 (LAMB3) gene in cervical SCC cells (63, 118). Furthermore, the HPV E6 was demonstrated to up regulate miR-20a thereby enhancing cell proliferation, through the AKT/p38 pathway activation, and tumor growth by down regulation of the target gene PDCD6 (119). The E6 protein has also shown to increase miR-20b levels which in turn inhibits metastasis suppressor TIMP-2 expression and promotes epithelial-mesenchymal transition, migration and invasion of cervical cancer cells (120). Both E6 and E7 oncoproteins have shown to strongly suppress miR-424 levels in HPV16 and HPV31-positive cells causing increased expression of its target gene CHK1 encoding a damage repair factor (25).

Integration of HPV DNA into host genome, with disruption of E2 viral gene and host chromosomal loci, is a critical event in cancer development and progression. Interestingly, the viral status has shown to affect the levels of several miRNAs. Mandal et al. reported that cervical cancer biopsies either carrying integrated or episomal HPV16 genomes have a common expression signature of miR-200a associated with HPV16 genotype. Conversely, down regulation of miR-181c and expression of its target gene CKS1B was observed only in cases harboring HPV16 episomes but not in cancer tissues with the integrated virus (121). Therefore, miR-200a and miR-181c could represent useful biomarkers of cervical neoplasia progression if will be validated in clinical studies.

The HPV genome encodes the HPV-16-miR-H1-1 and HPV-16-miR-H2-1 which, besides being essential for viral infection and maintenance, are able to target critical cell genes, including those regulating cell cycle progression, migration, and immunological response (122). On the other hand, the miR-375 has shown to suppress HPV E6 and E7 expression and to induce increased levels of p53 and p21, higher activity of caspase-3 and caspase-9, suppression of E6AP, IGF-1R, cyclin D1, and survivin protein expression (123). Development of therapeutic strategies able to increase miR-375 levels and re-expression of tumor suppressors may be effective to improve the clinical outcomes in cervical cancer patients.

Recently, Pardini et al. performed a comprehensive evaluation of those miRNAs found deregulated in more than one study in order to identify consistent signatures occurring during the progression from normal cervical epithelium to SIL stages and cervical SCC. Among the 24 studies included in the analysis 17 and 13 miRNAs were found up or down regulated, respectively, in relation to cervical carcinoma progression (37). Among the over expressed miRNAs, one (miR-21) was found associated with cervical carcinogenesis in five studies, and nine (miR-9, miR-16, miR-25, miR-10a, miR-20b, miR-31 miR-92a, miR-106a, and miR-155) in three studies. Among under expressed miRNAs, miR-218 was described in six studies, miR-375 and miR-203 in four studies and six miRNAs (miR-99a, miR-29a, miR-195, miR-125b, miR-34a, and miR-100) in three studies. These findings suggest that specific panels including commonly deregulated miRNAs may serve as effective diagnostic biomarkers for early diagnosis and disease progression as well as for therapy in cervical cancer patients.

Identification of novel cancer biomarkers in cervical exfoliated cells as well as biological fluids may have an important role in early cancer detection and/or recurrence monitoring following therapy. Interestingly, Tian et al. showed that the expression level of miR-424, miR-375, miR-34a, and miR-218 in cervical exfoliated cells was statistically significant lower in high grade lesions than in low-grade lesions with a sensitivity superior to the cytology, suggesting that their detection may provide a new triage choice for the follow up of HPV-positive women (95). Moreover, the levels of miR-34a, miR-125, and miR-375 were also found deregulated in cervical exfoliated cells in association with cancer progression (37). Accordingly, Ye et al. observed that the relative low expression of miRNA-195 and miRNA-29a and the high expression of miRNA16-2 and miRNA20a in the cervical exfoliated cells was predictive of high grade SIL in the women group diagnosed with low grade SIL. Among these, miR-29a expression achieved the highest sensitivity (92.6%) and specificity (80.7%) in the identification of high grade SIL (94). These results indicate that miRNA expression profiles may represent promising biomarkers for the early diagnosis of high grade cervical lesions and cervical cancer.

Profiling of miRNAs in cervical mucus has also shown to be a good strategy for the identification of cervical neoplastic lesions (96). Indeed, four miRNAs (miR-126-3p, miR-20b-5p, miR-451a, and miR-144-3p) detected in cervical mucus have been shown effective for diagnosis of cervical adenocarcinoma and high-grade intraepithelial lesions. However, more investigations are needed in order to establish the clinical value of miRNA detection in cervical mucus.

Few studies evaluated the parallel expression of miRNAs in cervical cancer biopsies and in serum samples and the potential of circulating miRNAs as cancer biomarkers. Chen et al. examined the levels of 1,450 miRNAs in cervical carcinoma tissues as well as in sera and identified 62 up regulated and 27 down regulated in comparison with normal controls (39). Among these, the miR-1246, miR-20a, miR-2392, miR-3147, miR-3162-5p, miR-4484, and miR-4667-5p were all over expressed in patients sera consistently with their high levels in cervical cancer tissues (39). More recently, Shukla et al. identified 14 miRNAs differentially expressed in cervical cancer tissue and serum specimens by performing sequencing analysis and real time PCR (124). Among them, miR-17-5p, miR-32-5p, and miR-454-3p were over expressed while miR-409-3p was down regulated both in serum samples and tumor biopsies of cervical cancer patients. Moreover, an inverse correlation was observed between the miR-409-3p and miR-454-3p levels and the expression of their target genes MTF2 and ST18, respectively, in cervical cancer biopsies. The MTF2 is a polycomb-like (PCL) protein which, in association with the polycomb repressive complex 2 (PRC2), mediates transcriptional repression and regulates several biological processes including cell differentiation (125). The ST18 genes has shown to inhibit colony formation of cancer cells in soft agar and to regulate pro-apoptotic and pro-inflammatory gene expression in fibroblast and in pancreatic B-cells (126, 127). Further studies need to be performed to fully characterize the role of such genes in cervical carcinogenesis.

Few studies investigated the expression of specific circulating miRNAs in distinct stages of cervical carcinoma. Yu et al. detected lower levels of miR-218 in cervical cancer patients sera compared to healthy women matched by age. Importantly such reduction was significantly associated with lymph node metastasis suggesting its potential use as circulating prognostic marker for cervical cancer invasion and metastasis (104). Several other circulating miRNAs have been proposed to be predictive of lymph node metastasis in patients with early stages cervical cancer (39, 97, 128). Among these, promising candidate biomarkers for their limited variations between tumor tissue and serum are represented by miR-1246, miR-20a, miR-2392, miR-3147, miR-3162-5p and miR-4484 (39).



DEREGULATED lncRNAs IN CERVICAL CANCER

lncRNAs have the ability to bind proteins, mRNAs or miRNAs, are involved in multiple biological functions and have an important role in cancer development. Several lncRNAs, including HOTAIR, H19, MALT1, CCAT2, SPRY4-IT1, GAS5, CCHE1, MEG3, LET, EBIC, and PVT1, are recognized to play crucial functions in cervical cancer progression, invasion and metastasis as well as in radio-resistance [Table 2; (29, 165)].


Table 2. lncRNAs that are reported to have oncogenic or tumor suppressor functions in cervical cancer.
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The 2.2 kb HOX transcript antisense intergenic RNA, namely HOTAIR, is a lncRNA encoded by the antisense strand of the HOXC gene located in the chromosome 12 q13.13 (166). Similarly to other lncRNAs, HOTAIR has shown to recruits chromatin-modifying proteins and to affect cancer epigenome modulation (81, 167). Indeed, the HOTAIR 5′ domain binds the zeste homolog 2 (EZH2) and concurs to the silencing of the target gene nemo-like kinase (NLK) (168). In cervical cancer HOTAIR levels have shown to be strictly controlled by the HPV E7 protein (129). Furthermore, HOTAIR has shown to act as sponge for several miRNAs and to cause deregulation of the respective target genes. Indeed, HOTAIR has shown to alter the miR-143-3p/BCL2 axis favoring cervical cancer cell growth (130) and miR-23b/MAPK1 axis contributing to cell proliferation and metastasis (139). Moreover, the over expression of HOTAIR has demonstrated to regulate diverse metabolic functions such as the activation of mTOR pathway in cervical carcinoma cell lines Hela, CaSki, and C33A (131), as well as the activation of Notch-Wnt signaling in SiHa cells (132). HOTAIR expression causes the up regulation of the vascular endothelial growth factor (VEGF), matrix metalloproteinase-9 (MMP-9) and EMT-related genes thus promoting tumor aggressiveness in cervical carcinoma (133). HOTAIR levels have observed to be consistently high in cervical cancer tissues and associated with lymph node metastasis and reduced overall survival (133). Moreover, the HOTAIR levels are higher also in the serum of cervical cancer patients and significantly associated with increased tumor size, lymph vascular space invasion, lymph node metastasis, and reduced survival (132). These data indicated that HOTAIR might represent a novel diagnostic circulating biomarker as well as a promising therapeutic target in cervical cancer. The single nucleotide polymorphism rs920778 T located in the HOTAIR enhancer has shown to be associated with elevated expression of HOTAIR and with cancer susceptibility (169). In addition, the frequency of the rs920778 C HOTAIR allele is reported to be significantly higher in HPV-positive cervical cancer cases while its expression level is observed to be low due to the ability of miR-22 to bind rs920778 C sequence and to suppress the HOTAIR expression (170).

The lncRNA H19, encoded by the H19 gene located in the chromosome loci 11p15.5, is expressed only from the maternally-inherited chromosome (171). It was the first lncRNA identified as a riboregulator and shown to be expressed in fetal tissues and adult muscles as well in many kinds of cancer (172, 173). The lncRNA H19 is modulated by the HPV16 E6 oncoprotein and demonstrated to act as a molecular sponge for miR-138-5p in epithelial cells (160, 174). Kim et al. reported that the lncRNA H19 which is abnormally expressed in cervical cancer may be associated with the cervical cancer progression (140).

The metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), first identified in non-small cell lung cancer, is an 8,000 nucleotides lncRNA located in the chromosome 11q13.1. MALAT1 has shown to promote epigenetic changes and to modulate gene expression, nuclear organization as well as regulation of alternative splicing by acting as decoy for splicing factors (175). It is found largely expressed in many cancer types in relation to the accumulation of aberrant splicing products (176). The MALAT1 is over expressed in cervical cancer cell lines and cancer tissues infected with high risk HPVs (177), acts as a sponge for several miRNAs, including miR-124, miR-145, and miR-206, and favors cervical cancer progression (178). Accordingly, down regulation of MALAT1 in cervical cancer cell lines and in cervical cancer tissues reduces invasion and metastasis through the inhibition of epidermal mesenchymal transition and modulation of the MALAT1-miR-124-RBG2 axis (141). The sponging of miR-145 by MALAT1 has suggested to be involved in the mechanisms of radio-resistance in cervical cancer radiotherapy (178). Moreover, MALAT1 expression has recognized to be an independent prognostic factor in addition to tumor size, FIGO stage, and lymph node metastasis (179). The knockdown of MALAT1 in CaSki cell line caused decrease of cell cycle regulators, such as cyclin D1, cyclin E, and CDK6, leading the cells to accumulate in G1 phase (180).

LncRNA colon cancer-associated transcript 2 (CCAT2) is a 1,752 nucleotide sequence located in the chromosome 8q24 and expressed in microsatellite-stable colorectal cancers (181). Next, CCAT2 has shown to be over expressed and defined as biomarker of poor prognosis in gastric, bladder, non-small cell lung, small cell lung, breast, and ovary cancers as well as in esophageal squamous cell carcinoma and glioma (182). CCAT2 has found to be up regulated in HeLa, CaSki, and SiHa cervical cancer cells as well as in cervical cancer tissues (183). The inhibition of CCAT2 expression by siRNA in cervical cancer cells has shown to suppress cell proliferation. In cervical cancer patients the high expression of CCAT2 is correlated to advanced FIGO stage, lymph node metastasis, deep cervical invasion and reduced survival (183). However, the molecular mechanism mediating the activity of CCAT2 in cervical cancer remain uncharacterized.

SPRY4 intronic transcript 1 (SPRY4-IT1) derives from the intron two of the SPRY4 gene and has shown to act as an oncogenic factor or a tumor suppressor in different cancer types (19, 184). Indeed, it is reported to be over expressed in melanoma, non-small cell lung, esophageal cancer and under expressed in gastric cancer (19, 185, 186). The expression levels of SPRY4-IT1 have been found higher in cervical cancer than in normal tissues and associated with advanced clinical stages and shorter overall survival of cervical cancer patients (187). More recently, the silencing of SPRY4-IT1 in cervical cancer cell lines has shown to inhibit migration and invasion through the SPYR4-IT1/miR-101-3p/ZEB1 axis. This effect is associated with suppression of EMT changes, increased E-cadherin levels and decreased the N-cadherin and vimentin expression (143).

Growth arrest-specific transcript 5 (GAS5) is 651 nucleotide lncRNA encoded by a sequence located in the chromosome 1q25 (188). GAS5 has tumor suppressor activity in several cancer types (189). Accordingly, its decreased expression has a strong association with tumor development and worse clinical outcome in cervical cancer patients (190). Moreover, inhibition of GAS5 in cervical cancer cells has shown to increase the proliferation, migration and invasion confirming its oncosuppressor activity in the cervical cancer progression (190). Gao et al. reported that GAS5 acts as miR-106b sponge causing up regulation of IER3 expression and enhanced radio-sensitivity of cervical cancer cells (144).

Cervical carcinoma high-expressed 1 (CCHE1) lncRNA is 2,500 nucleotide sequence transcribed from a region located in the chromosome 10. It is over expressed in cervical cancer in association with advanced tumor stages, increasing tumor size, invasion and poor prognosis (191). The CCHE1 has demonstrated to bind and stabilize the mRNA of proliferating cell nuclear antigen (PCNA) thus promoting its over expression and increased cervical cancer cell proliferation (145). Peng and Fan, demonstrated that CCHE1 inhibition causes inactivation of the ERK/MAPK pathway, growth arrest and apoptosis (146).

Maternally expressed gene (MEG3) is a 1,600 nucleotide lncRNA derived from the DLK1-MEG3 locus located on the chromosomal region 14q32.3, first identified as the ortholog of gene trap locus 2 (Gtl2) in mice (192). MEG3 is expressed in many normal tissues and its loss has been reported in many cancer types. The over expression of MEG3 can inhibit proliferation and increase apoptosis in cancer cells either in a p53 dependent or independent manner (193). Expression of MEG3 is low both in cervical cancer tissues and in cervical cancer cell lines. Increased levels of MEG3 in cervical cancer cell lines have shown to inhibit cell proliferation, induce cell cycle arrest and cause apoptosis (194). MEG3 has shown to act as a cancer suppressor through its ability to down regulate the miR-21-5p levels in cervical cancer cell lines (147). Indeed, knockdown of MEG3 in HeLa and CaSki cells induced significant up regulation of miR-21-5p expression (147). Thus, could act as a tumor suppressor able to inhibit tumor growth in cervical cancer.

LncRNA-Low Expression in Tumor (LET), is a 2,600 nucleotide long RNA transcribed from a region located in the chromosome locus 15q24.1. It is down-regulated in hepatocellular, gallbladder, esophageal and cervical carcinoma (182, 195). In cervical cancer patients has been reported a significant correlation between LET expression levels and clinico-pathological parameters suggesting that it might be considered a prognostic biomarker if confirmed by more clinical studies (196).

EZH2-binding lncRNA (EBIC) is a 1,500 nucleotide RNA encoded by a sequence located in the chromosome locus 12q22. The over expression of EBIC has shown to deregulate the Wnt/β-catenin signaling pathway and to promote cell proliferation, invasion and migration as well as to increase cisplatin resistance in ovarian cancer (148). EBIC has been described as an oncogenic lncRNA also in cervical cancer, indeed it was demonstrated to promote tumor cell invasion by binding to EZH2 and inhibiting E-cadherin expression (149).

Plasmacytoma variant translocation 1 (PVT1) is a highly conserved lncRNA, which is located downstream of MYC gene and is frequently co-amplified with MYC in several cancer types (150–152, 193). Iden et al. utilized siRNA and LNA-mediated knockdown to analyze the effect of reduced levels of PVT1 in cervical cancer cells obtaining inhibition of cell proliferation, migration, invasion and cisplatin resistance (153). Furthermore, PVT1 has shown to decrease miR-195 and miR-200b expression in cervical cancer either by enhancing histone H3K27me3 in the miR-195 and miR-200b promoters or by direct binding of miR-195 and miR-200b (154, 155). MiR-195 is associated with epithelial-mesenchymal transition and chemo resistance, whereas miR-200b is associated with cell proliferation, invasion and migration of cervical cancer cells. Yang et al. reported that serum levels of PVT1 positively correlate with PVT1 expression in cancer tissues indicating that it could serve as a biomarker for diagnosis of cervical cancer (156).

Along with the above-mentioned lncRNAs, many other novel sequences, such as LINC00675, C5orf66-AS1, FAM83H-AS1, CCAT1, NOC2L-4.1, PAX8 AS1, and RSU1P2, have identified as playing multiple roles in cervical tumorigenesis (Table 2). Their ability to sponge specific miRNAs and to deregulate metabolic pathways have been mainly investigated in cell culture models. Therefore, clinical studies are needed to determine the possible use of these novel lncRNAs as biomarkers for diagnosis and prognosis of cervical cancer.



CIRCULAR RNAs IN CERVICAL CANCER

CircRNAs are highly expressed in many cancer types, such as breast, lung and colorectal cancer (197–200). Several circRNAs are abnormally expressed in cervical cancer tissues as well as derived cell lines and contribute to tumorigenesis mostly by sequestering miRNAs [Table 3; (34)]. Among these, hsa_circ_0141539 (circRNA-000284), encoded by the Clorf116 gene, was found significantly over expressed in cervical cancer tissues compared to adjacent non-tumor tissues and directly associated with tumor size, FIGO stage as well as myometrium invasion (202). The hsa_circ_0141539 is able to sponge miR-518d-5p/519-5p causing increased expression of the target gene CBX8 and promotion of malignant transformation of cervical cells (202). This circRNA was also demonstrated to sponge miR-506 causing an increased expression of Snail-2 which is a direct target of miR-506 (201). Silencing of hsa_circ_0141539 has been proposed as a novel treatment strategy for cervical cancer patients.


Table 3. CircRNA that were reported to be deregulated in cervical neoplasia.
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The circRNA Hsa_circ_0023404, derived from the RNF121 gene located on the chromosome 11, was significantly over expressed in cervical cancer and associated with poor prognosis (203). Hsa_circ_0023404 has shown to sequester miR-136 thus promoting over expression of target gene TFCP2, consequent activation of YAP signaling pathway and consequent cervical cancer development and progression (203). More recently, Guo et al. reported a novel biological effect of hsa_circ_0023404 relying on the subtraction of miR-5047 with consequent induction of VEGFA expression and increased cervical cancer metastasis and chemoresistance. Moreover, hsa_circ_0023404 and VEGFA were found concordantly up regulated in cervical tumors, while miR-5047 was under expressed (213).

Gao et al. performed a microarray analysis of 35 cervical cancer cases and identified 45 significantly up regulated circRNAs with hsa_circ_0018289 as the most deregulated (35). Hsa_circ_0018289 was observed to directly bind miR-497 causing increased cell proliferation, migration and invasion of cervical cancer cells (35). Thus, hsa_circ_0018289, similarly to other circRNA, has demonstrated to have an oncogenic role in cervical cancer development. Cai et al. reported that also hsa_circ_0000263 has an oncogenic role being significantly up regulated in cervical cancer cells, able to bind miR-150-5p and to promote cell proliferation and migration through the hsa_circ_0000263/miR-150-5p/MDM4/p53 regulatory network affecting p53 activity (204). Conversely, the hsa_circ_0001445 (circSMARCA5) is able to sponge the miR-620 and to act as an oncosuppressor being its expression decreased in cervical cancer cells and its over expression causing inhibition of cell proliferation, invasion and migration (205).

Very recently, Song et al. by performing in silico analyses detected higher expression of hsa_circRNA_101996 in cervical cancer and observed a correlation with tumor stage, tumor size, lymph node metastasis, and poor outcomes (214). The oncogenic activity of hsa_circRNA_101996 has shown to be mediated by sequestration of miR-8075 and deregulation of TPX2 gene expression which represents a new mechanism of cervical cancer development (214). Others up regulated circRNAs in cervical cancer cells are circATP8A2 promoting cervical cancer progression through the circATP8A2/miR-433/EGFR axis, and circ_0067934 which binds miR-545 and is associated with advanced cancer stage, lymph node metastasis, and poor prognosis (208, 209). Moreover, Mao et al. identified the circEIF4G2 as over expressed in cervical cancer cells and able to interact with miR-218 causing enhancement of cervical cancer progression through the circEIF4G2-miR-218/HOXA1 axis (210). Recently, the circCLK3, which is a novel circRNA found over expressed in cervical carcinoma, has demonstrated to sponge miR-320a and to abolish its ability to suppress FoxM1 transcription factor expression as well as to promote cell proliferation, epidermal mesenchymal transition, migration, and invasion of cervical cancer cells (211). A recent study evaluating the expression profile of circRNAs by high-throughput RNA sequencing in three HPV16 positive cervical cancer cases identified 99 deregulated circRNAs (58 over expressed and 41 under expressed circRNAs) of which 44 have not been previously described and their role in cancer has not yet established (215). All these findings clearly show that many circRNAs play key roles in cervical cancer development and that they can be used as novel diagnostic and prognostic biomarkers as well as for targeted therapies. However, more studies are needed to establish their significance as biomarkers of early disease and clinical outcome indicators.

High risk HPVs have recently demonstrated to encode a circRNA encompassing the E7 oncogene (circE7) (212). Such viral circRNA has shown to be modified by the N6-methyladenosine (m6A), to localize in the cytoplasm, to associate with polysomes, and to produce E7 oncoprotein. CircE7 is expressed in HPV16 positive CaSki cells and its targeted disruption causes reduction of E7 oncoprotein levels and cell growth inhibition (212). These results provide evidence of a new molecular mechanism of viral related tumorigenesis in HPV-related human malignancies and the possibility to search for new types of viral nucleic acids in order to discriminate progressing vs. regressing cervical lesions.



CONCLUSION

The discovery of aberrantly expressed miRNAs, lncRNAs, and circRNAs in cervical cancer have defined new molecular mechanisms of cervical cancer tumorigenesis and provided considerable opportunities for translating the non-coding RNAs research into clinical settings. Data from emerging studies clearly highlight the significance of specific miRNA signatures in the diagnosis and prognosis of cervical cancer. Particularly, miRNAs with oncogenic potential differently expressed in different stages of cervical cancer and those associated with high risk HPV infection might represent promising biomarkers for oncologic screening and cancer recurrence monitoring. Indeed, the analysis of specific miRNA panels have demonstrated a greater diagnostic value, higher sensitivity and specificity, in patients with cervical lesions and cancer. More importantly, circulating miRNAs appear valuable for the early detection of cervical cancer and for monitoring the clinical outcome of advanced cancer considering that the majority of cancer associated deaths are caused by metastases to distant organs. In addition, miRNA testing may reduce the need for invasive cervical biopsies and are useful in predicting the prognosis of cervical cancer. However, larger studies are required to validate miRNA assays as diagnostic marker in comparison with cytology and HPV screening methods. Several molecules able to target oncogenic miRNAs have been developed such as the synthetic antisense oligonucleotides encoding miRNA complementary sequences. Hypomethylation agents such as decitabine or 5-azacitidine have also shown effective to induce epigenetic silencing of miRNAs and they are the approved treatments for downregulating the expression of several non-coding RNAs and mRNAs in myelodysplastic syndromes. Therefore, such therapeutic approaches, although in the early stage of clinical translation, might become effective drugs providing insight into the treatment of all types of cancers.

lncRNAs are important as potential biomarkers for cervical prognosis, invasion, metastasis, chemo-radio-resistance. Several lncRNAs can be detected in the serum and other biological fluids. Indeed, circulating HOTAIR, MALAT1, and MEG3 transcripts were found significantly higher in cancer patients compared to healthy subjects suggesting their potential as diagnostic biomarkers. Moreover, the increased HOTAIR levels in the serum of cervical cancer patients is also indicative of the metastatic tumor phase, adenocarcinoma, lymphatic node metastasis and tumor recurrence. The molecular mechanisms of lncRNAs in cervical cancer need further characterization. Particularly the interplay with miRNAs and circRNAs needs to be fully discovered. Inhibition of the oncogenic activity of lncRNAs is also in the early phase of research since no RNA-interference drugs have been approved for clinical use.

CircRNAs have been recently discovered and their role in cervical cancer pathogenesis recognized. Massive parallel sequencing and bioinformatics techniques allowed uncovering many circRNAs differentially expressed in cervical cancer tissues compared to normal cells suggesting that they have relevant roles in this cancer type. Their activity is mainly mediated by the sponging of specific miRNAs. The study of circRNAs potentially represents a new promising strategy for diagnosis and treatment of cervical cancer. However, the characterization of biological functions of circRNAs in cancer cells is in a nascent stage and most activities have not been fully elucidated.

More studies mainly based on high-throughput sequencing technologies, which simultaneously evaluate the network of miRNAs, lncRNAs, and circRNAs are needed to further reveal the complexity of the interplay between diverse classes of non-coding RNAs and deregulation of new actionable metabolic pathways for treatment of cervical cancer.
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Gastric cancer is one of the most common cancers in the world, and long non-coding RNAs (lncRNAs) play a crucial role in proliferation, metastasis, and invasion of gastric cancer. However, there are very few researches focusing on the effects of lncRNAs on metastatic gastric cancer. In this research, we identify one kind of lncRNA, called AK025387, which is highly expressed in metastatic gastric cancer samples compared with non-metastatic gastric cancer samples. The expression of AK025387 is significantly positively correlated with lymph node metastasis. The in situ hybridization demonstrates that AK025387 is located in both nucleus and cytoplasm, but mostly in cytoplasm. AK025387 promotes gastric cancer cells migratory and invasive ability, but it inhibits apoptosis in vitro. Furthermore, AK025387 regulates Raf-1, mitogen-activated protein kinase/extracellular signal-regulated kinase (MEK), and extracellular signal-regulated kinase (ERK) and is involved in mitogen-activated protein kinase (MAPK) signaling pathway to perform its biological functions. We conclude that AK025387 is highly expressed in metastatic gastric cancer, and its biological functions suggest the potential of AK025387 to be a biomarker of metastatic gastric cancer.

Keywords: long non-coding RNA, gastric cancer, AK025387, migration and invasion, MAPK signaling pathway


INTRODUCTION

Gastric cancer is the fifth most commonly diagnosed cancers and the third most common cause of cancer death worldwide (1). Despite the global downward trends in gastric cancer mortality rates, further efforts are still needed (2). The two main features of gastric cancer, tumor invasion and metastasis, cause poor prognosis (3). Therefore, proposition of new treatments via the exploration of the molecular mechanisms of gastric cancer tumorigenesis and development, especially invasion and metastasis, are stringent.

Long non-coding RNAs (lncRNAs) are defined as transcriptional products that are composed of more than 200 nucleotides in length with little or no protein-coding potential (4). LncRNAs were initially thought to be spurious transcriptional noise with little biological function. However, widespread functionality of lncRNAs has been discovered and investigated in recent studies, and some new methods to research lncRNAs were used (5, 6). LncRNAs regulate gene expression at various levels, such as transcriptional regulation, post-transcriptional, protein localization, and RNA interference (7–10). Aberrant lncRNA expression is also involved in tumor proliferation, invasion, and metastasis process (11). For example, the lncRNA Hox transcript antisense intergenic RNA (HOTAIR) promotes migration and invasion of gastric cancer cells by performing as a competing endogenous RNA to regulate HER2 expression (12). In this research, we first identify an lncRNA called AK025387, which is overexpressed in metastatic gastric cancer sample. Then, we investigate migration, invasion, proliferation, and apoptosis ability of gastric cancer cells by downregulating or upregulating AK025387 level. We further explore underlying signaling pathways of AK025387 in gastric cancer cells.



MATERIALS AND METHODS


Human Gastric Cancer Samples

Fresh-frozen tissues of 37 metastatic and 33 non-metastatic gastric cancers between 2013 and 2014 were obtained from the Qilu Hospital of Shandong University. All samples were collected for RNA expression analysis. Methods were performed according to the approved guidelines. All the participants have provided informed consents. The research was approved by the Ethical Committee of Shandong University, China.



Real-Time Quantitative PCR

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's recommended protocol, and was reverse transcribed into complementary DNA (cDNA) using a Rever Tra Ace qPCR RT Kit (Toyobo, Osaka, Japan). SYBR Green Real-Time PCR Master Mix (Roche Diagnostic GmbH, Mannheim, Germany) and Applied Biosystems 7900HT were used to perform the real-time quantitative PCR. The relative expression of RNAs was standardized by glyceraldehyde 3-phosphate dehydrogenase (GAPDH).



Cell Culture and Transfection

The human gastric cancer cell lines MKN45 and SGC7901 were obtained from the Shanghai Cancer Institute. Gastric cancer cells were grown in Roswell Park Memorial Institute (RPMI) 1640 supplemented with 10% fetal bovine serum (FBS, Gibco BRL, Grand Island, NY, USA). X-tremeGENE transfection reagent (Roche Applied Science, Indianapolis, IN, USA) was used to transfect small interfering RNA (siRNA) (siRNA target sequence: GCTATCATTTCCCAGGTTT) or the negative control (RiboBio, Guangzhou, China) into gastric cancer cells according to the manufacturer's instructions. The pcDNA3.1 and pcDNA3.1-AK025387 plasmids (BioSune, Shanghai, China) transfected gastric cancer cells using TurboFect transfection reagent (Thermo Scientific, Shanghai, China) according to the manufacturer's instructions.



RNA in situ Hybridization

The digoxin-labeled in situ hybridization (ISH) probe used for detecting AK025387 was designed and synthesized by BioSune Co., Ltd. (Shanghai, China). Cells were seeded on polylysine-processed coverslips. The fresh-frozen tissue was cut at a thickness of 4 μm per section in a cryostat microtome and then was fixed on coverslips with formaldehyde. Coverslips were processed using the Enhanced Sensitive ISH Detection Kit I (POD) (cat: MK1030; Boster, Wuhan, China) according to the manufacturer's protocol. The Biotin-Mouse Anti-Digoxin was used after hybridization. The cell coverslips were visualized with fluorescein isothiocyanate (FITC)-streptavidin–biotin complex (SABC) (Boster, Wuhan, China) for probe and 4′,6-diamidino-2-phenylindole (DAPI) for nucleus. The positive results were stained in green and visualized under a fluorescent microscope (Olympus, Japan). The tissue-frozen sections were processed with SABC and biotin peroxidase and then visualized with 3,3′-diaminobenzidine (DAB) stain for probe and hematoxylin for nucleus. The positive results were stained in yellow.



RNA Stability Assay

The cells were grown in 12-well plates (Corning, NY, USA) until adherence. All cells were treated with Actinomycin D (Solarbio, Beijing, China) for 0 h, 30 min, 1 h, and 4 h and collected for real-time quantitative PCR (RT-qPCR). C-myc level was used as control.



Cell Migration and Invasion Assays in vitro

Migration assays were performed in Transwell chambers inserts with 8.0-μm pore size membrane (24-well plate, Coster, Corning Inc., Corning, NY, USA), and in invasion assays, membranes of Transwell chambers were coated with the Matrigel matrix (BD Science, Sparks, MD, USA). Gastric cancer cells (loss-of-function experiment, 8 × 104 in migration assays and 1.2 × 105 in invasion assays; gain-of-function experiment, 6 × 104 in migration assays and 1 × 105 in invasion assays) in 200 μl RPMI 1640 media were transferred into the upper chamber 24 h after transfection, and 600 μl RPMI 1640 media with 10% FBS was transferred into the lower chamber. Then, the 24-well plate was transferred into a CO2 incubator at 37°C for 24 h. The non-migrating or non-invading cells stayed on the upper surface of the membrane, while the migrated or invaded cells reached the lower surface. The cotton swabs were used to remove non-migrating or non-invading cells; migrated or invaded cells were fixed, stained, and counted under the microscope (Olympus, Japan).



MTS Assay

Cell proliferation was measured at 24, 48, and 72 h after transfection in 96-well plates (Corning, NY, USA). First, 20 μl of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) solution (5 mg/ml) was added to the culture medium in each well, and absorbance was read at 490 nm using a microplate reader (Bio-Rad, Foster City, CA, USA).



EdU Assay

The transfected gastric cancer cells were seeded into 96-well plates for use. Proliferation of cells was also assessed by a Cell-Light™ EdU DNA Cell Proliferation (RiboBio, Guangzhou, China) assay according to the manufacturer's instructions. Gastric cancer cells were treated with DAPI (mark nucleus) after the 5-ethynyl-2′-deoxyuridine (EdU) incubation and counted under a fluorescent microscope (Olympus, Japan).



Apoptosis Assay

Gastric cancer cells were obtained 48 and 72 h after transfection and were stained using Annexin V-FITC/PI Apoptosis Detection Kit (BestBio, Shanghai, China) according to the manufacturer's instructions and immediately analyzed by flow cytometry.



Western Blot

Western blot was performed according to standard methods. Proteins were collected 48 h after transfection. Primary antibodies used included h-Ras (1:1,000, Sangon Biotech), Raf-1 (1:1,000, Cell Signaling), mitogen-activated protein kinase/extracellular signal-regulated kinase (MEK) (1:1,000, Cell Signaling), extracellular signal-regulated kinase (ERK) (1:2,000, Cell Signaling), p90RSK (1:1,000, Cell Signaling), AKT (1:10,000, Abcam), AKT3 (1:2,000, Proteintech), PIK3-CD (1:2,000, Proteintech), and β-actin (1:1,000, OriGene). The antibody binding was detected using a FluorChem Q system (Cell Biosciences, San Jose, CA, USA).



Statistical Analysis

All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA). The significance of the differences was determined by the Student's t-test between two groups. Non-parametric test was used in calculating RNA expression in samples. The chi-square test was used to analyze the relationship between clinicopathological factors and AK025387 expression. The receiver operating characteristics (ROC) curve was used to measure the diagnostic value of AK025387 expression in gastric cancer. The survival analysis was assessed by the Kaplan–Meier method, and the differences between groups were examined by the log-rank test. In this study, all in vitro experiments were repeated for at least three times. P < 0.05 was considered to be statistically significant.




RESULTS


LncRNA AK025387 Is Upregulated in Metastatic Gastric Cancer Sample

In our previous study, we had assessed the expression profiles of 33,045 lncRNAs through microarray analysis on five gastric cancer samples with lymphatic metastasis and five gastric cancer samples without lymphatic metastasis (array data were available in the GEO database, GSE72307; Probe name, ASHG19A3A038370). The result revealed that lncRNA, AK025387, was upregulated in metastatic gastric cancer sample with a 2.9-fold change (P = 0.04). To verify the microarray result, qRT-PCR was used to test AK025387 relative expression in both metastatic and non-metastatic gastric cancer samples (37 in metastatic group, 33 in non-metastatic group). The relative expression of AK025387 was higher in metastatic group than that in non-metastatic group (P = 0.010, Figure 1A), which was consistent with the microarray result. Furthermore, we analyzed the correlation between AK025387 expression and clinicopathological features in metastatic and non-metastatic gastric cancer (Table 1). A ROC curve was used to evaluate the AK025387 expression in predicting metastasis and non-metastasis (sensitivity = 69.0%, specificity = 73.3%, P = 0.008). AK025387 expression was found to be positively correlated with lymph node metastasis (P = 0.025). No significant correlation was observed between AK025387 expression and age, gender, tumor size, depth of invasion, and differentiation (P = 0.763, P = 0.700, P = 1.000, P = 0.369, P = 1.000, respectively). This result indicates a strong relationship with gastric cancer metastasis but not other clinicopathological factors. Furthermore, we evaluated the association of AK025387 expression with the prognosis of gastric cancer patients. However, the survival analysis indicates no significant correlation between overall survival and AK025387 expression (P = 0.161, Figure 1D).
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FIGURE 1. Expression of AK025387 in gastric cancer tissues and intracellular location of AK025387. (A) The relative expression of AK025387 was higher in the metastatic (M) group than that in the non-metastatic (N) group (P = 0.010). (B) Gene information of AK025387. AK025387 is transcribed on chromosome 9 p23, with a length of 1,892 nucleotides, containing two exons and one intron. (C) Coding Potential Calculator (CPC) results of AK025387 (coding potential score: 0.024, weak coding potential). (D) Correlation of AK025387 expression with survival of patients with gastric cancer. No significant correlation was observed between overall survival and AK025387 expression (P = 0.161). (E) Fluorescence in situ hybridization results of AK025387 in gastric cancer cell lines. AK025387 was located in both nucleus and cytoplasm, but mainly in cytoplasm in both MKN45 and SGC7901 cell lines. (F) The in situ hybridization results of AK025387 in metastatic and non-metastatic gastric cancer tissues (200×). AK025387 was located mainly in the cytoplasm.



Table 1. Association between AK025387 expression and clinicopathological factors in primary gastric cancer.
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Next, we used UCSC Genome Browser (http://genome.ucsc.edu/) to search genetic information of AK025387 (Figure 1B). AK025387 is transcribed on chromosome 9 p23, with a length of 1,892 nucleotides. Coding Potential Calculator (https://opendata.pku.edu.cn/dataset.xhtml?persistentId=10.18170/DVN/8BO9C9) (13) was used to estimate protein-coding potential. The result illustrated that AK025387 had a low coding potential (Figure 1C). In order to investigate the subcellular localization of AK025387, we designed in situ hybridization in gastric cancer cells and tissues. The result showed that AK025387 was located in both nucleus and cytoplasm, mostly in cytoplasm (Figures 1E,F). This finding may demonstrate the potential function of AK025387 in gastric cancer cell.



AK025387 Promotes Migration and Invasion of Gastric Cancer Cell in vitro

To evaluate the biological functions of AK025387 in vitro, we chose two gastric cancer cell lines, MKN45 and SGC7901, for further experiments (Supplementary Figure 4). RNA stability assay was used to test the stability of AK025387 in gastric cancer cells. Compared with c-myc, AK025387 expression was stable in 0 h, 30 min, 1 h, and 4 h in MKN45 (Figures 2A,B). The same results were also seen in other gastric cancer cell lines (data not shown). Then, a small interfering RNA (siRNA) was designed to knock down AK025387 in MKN45 and SGC7901 (P = 0.038 in MKN45; P < 0.001 in SGC7901, Figures 2C,D). Transwell experiments were performed to investigate migratory ability of MKN45 and SGC7901 cells. The migratory ability was inhibited with the silence of AK05387 in both MKN45 and SGC7901 cell lines, which means that AK025387 may promote migration of gastric cancer cells (P < 0.001 in MKN45; P = 0.005 in SGC7901, Figures 2E,F; Supplementary Figures 1A,B). In addition, we tested invasive ability of MKN45 and SGC7901 cells using Matrigel-coated Transwell experiments to determine whether AK025387 could promote invasive behavior or not. The invasive ability was inhibited in MKN45 and SGC7901 cell lines with downregulated AK025387 (P = 0.010 in MKN45; P = 0.004 in SGC7901. Figures 2E,F for MKN45; Supplementary Figures 1A,B for SGC7901).
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FIGURE 2. AK025387 promoted migratory and invasive ability of gastric cancer cells. Actinomycin D could inhibit the synthesis of RNA. AK025387 maintained its expression level in MKN45 after treated (A) with Actinomycin D (B) compared with c-myc. (C,D) The small interfering RNA (siRNA) could sufficiently downregulate the expression level of AK025387 in both MKN45 and SGC7901 cell lines (P = 0.038 in MKN45; P < 0.001 in SGC7901). (E,F) Transwell experiments showed an inhibition of migration (P < 0.001) and invasion (P = 0.010) with knockdown of AK025387 in MKN45 cell line. (G,H) Upregulation of AK025387 in MKN45 and SGC7901 cell lines (P = 0.006 in MKN45; P < 0.009 in SGC7901). (I,J) The overexpression of AK025387 promoted migration (P < 0.001) and invasion (P = 0.007) in MKN45 cell line. *P < 0.05, **P < 0.01, and ***P < 0.001.


Then, AK025387 was overexpressed in MKN45 and SGC7901 cell lines (P = 0.006 in MKN45; P = 0.009 in SGC7901, Figures 2G,H). The migratory and invasive abilities were enhanced with the upregulation of AK05387 in MKN45 cell line (P < 0.001 in migration; P = 0.007 in invasion, Figures 2I,J). An increased tendency but not significant difference of migration and invasion was observed in SGC7901 cell line with AK025387 upregulated (P = 0.336 in migration; P = 0.081 in invasion, Supplementary Figures 1C,D). Altogether, these results confirm that AK025387 could promote gastric cancer cell migratory and invasive ability.



AK025387 Promotes Growth of Gastric Cancer by Inhibiting Apoptosis in vitro

To investigate the effect of AK025387 on growth, MTS assay was performed in both MKN45 and SGC7901 cell lines. An inhibition of cell growth ability was shown in AK025387-downregulated expression group (Figures 3A,B; Supplementary Figures 2A,B). To verify this result, cell proliferation ability was further detected via EdU assay. However, we found that there was no difference between control and AK025387-downregulated group in two gastric cancer cell lines (P = 0.352 in MKN45; P = 0.402 in SGC7901, Figures 3C,D; Supplementary Figures 2C,D). As cancer cell growth involved proliferation and apoptosis, we detected the effect of AK025387 on the apoptosis rate of gastric cancer cell lines. The result indicates that both MKN45 and SGC7901 cell lines transfected with AK025387 siRNA show a tendency of higher apoptosis ability compared with control group (Figure 3E; Supplementary Figures 2E, 5A,C).


[image: Figure 3]
FIGURE 3. AK025387 promoted gastric cancer growth via inhibiting apoptosis in vitro. (A,B) 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay showed an inhibition of growth ability with AK025387 knockdown in MKN45 cell line. The absorbance of siAK025387 group had no difference with the control group in 24 h (P = 0.082) but was lower in 48 h (P = 0.020) and 72 h (P = 0.017) in MKN45 cell line. (C,D) The 5-ethynyl-2′-deoxyuridine (EdU) assay showed no difference between the control and siAK025387 groups in MKN45 (P = 0.352). (E) Flow cytometry indicated a higher apoptosis rate with AK025387 knockdown in MKN45 cell line. FL1: Annexin V-FITC. FL3: PI. (F,G) The overexpression of AK025387 promoted growth ability in the MKN45 cell line. The absorbance of AK025387-upregulated group was higher in 72 h (P = 0.020) but not in 24 h (P = 0.090) and 48 h (P = 0.051) in MKN45. (H,I) The EdU assay showed no difference between the control and pcDNA3.1-AK025387 groups in MKN45 (P = 0.408). (J) Upregulation of AK025387 inhibited apoptosis in the MKN45 cell line. FL1: FITC. FL3: PI. *P < 0.05.


Next, we overexpressed AK025387 in MKN45 and SGC7901 cell lines. A promotion of cell growth ability was observed in both cell lines with AK025387 upregulated by MTS assay (Figures 3F,G; Supplementary Figures 2F,G). No significant differences were found between control and AK025387-upregulated group by EdU assay (P = 0.408 in MKN45; P = 0.247 in SGC7901, Figures 3H,I; Supplementary Figures 2H,I). In addition, a lower apoptosis tendency was observed in AK025387-upregulated group in both cell lines (Figure 3J; Supplementary Figures 2J, 5B,D). All the above results suggests that AK025387 promotes growth of gastric cancer by inhibiting apoptosis without promoting proliferation directly.



AK025387 Performs Its Biological Function via MAPK Pathway

To explore how AK025387 regulated migration and invasion of gastric cancer cell, we first focused on the expression change of neighboring gene of AK025387, but no significant association was observed as AK025387 downregulated (data not shown). Then, several classical signaling pathways were tested via qRT-PCR and Western blot analysis. MAPK pathway mediated invasion and proliferation in many types of human cancers (14), and lncRNAs might be involved in this signaling pathway. Several genes in MAPK pathway were tested in MKN45 and SGC7901 gastric cancer cell lines with different levels of AK025387. The messenger RNA (mRNA) expression levels of Raf-1, MEK2, and ERK showed a parallel change with AK025387 downregulation (Figure 4A, P = 0.022, P < 0.001, P = 0.015, respectively) and AK025387 upregulation (Figure 4B, P = 0.042, P = 0.023, P = 0.043, respectively). Additionally, Western blot was performed to confirm this result at protein level (Figures 4C-F). In addition, we tested several representative genes in the PI3K-AKT pathway, but no significant difference was observed between the AK025387 and PI3K-AKT pathway ((Supplementary Figures 3A-C). All the above results imply that AK025387 may play a role in MAPK signaling pathway to perform its biological function.
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FIGURE 4. AK025387 was involved in mitogen-activated protein kinase (MAPK) signaling pathway. (A,B) The expression levels of some RNAs in MAPK pathway in the MKN45 cell line. (A) Raf-1 (P = 0.022), MEK2 (P < 0.001), and ERK (P = 0.015) were significantly downregulated with knockdown of AK025387. (B) Raf-1 (P = 0.042), MEK2 (P = 0.023), and ERK (P = 0.043) were significantly upregulated with overexpression of AK025387. (C–F) The Western blot results of some proteins in MAPK pathway in the MKN45 cell line. (C,D) Raf-1, MEK, ERK, and p90RSK1 were significantly downregulated with knockdown of AK025387 (P = 0.004, P = 0.018, P = 0.003, P = 0.002, P = 0.001, respectively). (E,F) Raf-1, MEK, ERK, and p90RSK1 were significantly upregulated with overexpression of AK025387 (P = 0.031, P = 0.023, P = 0.002, P = 0.032, P = 0.001, respectively). *P < 0.05, **P < 0.01, and ***P < 0.001.





DISCUSSION

As gastric cancer is one of the most common carcinomas worldwide, it is essential to research on the mechanism of gastric cancer occurrence and development. LncRNA is one of the indispensable molecules involved in this process. Zhang et al. identified the lncRNA HOXC-AS3 that regulated gastric cancer cell proliferation and migration via interacting with YBX1 (15). LncRNA ZFPM2 antisense RNA 1 (ZFPM2-AS1) was reported to promote proliferation and suppress apoptosis of gastric cancer cells via a novel ZFPM2-AS1/MIF/p53 signaling axis (16). Besides, lncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) was overexpressed in gastric cancer cells and promote cell proliferation in gastric cancer by recruiting SF2/ASF (17). Another famous lncRNA HOTAIR was also associated with gastric cancer (12). HOTAIR might act as competing endogenous RNA and interact with microRNA (miRNA), such as miR-331-3p and miR-152, to regulate human epidermal growth factor receptor 2 (HER2) and human leukocyte antigen-G (HLA-G) expression in gastric cancer cells (12, 18–20).

Since most lncRNAs were found between cancer and non-cancerous tissue in gastric cancer, there was a lack of attention on the aberrant lncRNAs between metastatic and non-metastatic cancer. We thus focused on this area, which might be more significant in metastasis and invasion of tumor. In this study, we validated that AK025387 expression was significantly increased in metastatic gastric cancer sample compared with the non-metastatic gastric cancer samples. The clinicopathological analysis elaborated a strong relationship between AK025387 expression and gastric cancer metastasis, ruling out other factors. However, no correlation was observed between overall survival of gastric cancer patients and AK025387 expression. We also testified that AK025387 was located in both nucleus and cytoplasm, but mainly in cytoplasm. Then, the expression of AK025387 was downregulated in gastric cancer cell lines using siRNA transfection, and a reduction in migration and invasion was found. Interestingly, the migratory and invasive ability was significantly promoted with AK025387 upregulated in MKN45 but not in SGC7901 cell lines. We consider that SGC7901 cell line represents gastric cancer cells with limited migration and invasion due to AK025387 upregulation. Thus, the enhancement of migration and invasion by upregulating AK025387 in SGC7901 is limited.

The function of AK025387 in proliferation and apoptosis was also investigated. Different results performed by MTS and EdU assays indicated that AK025387 promoted growth of gastric cancer in another way. An apoptosis assay was explored, and it was demonstrated that AK025387 promoted growth of gastric cancer by inhibiting apoptosis but not promoting proliferation directly. Additionally, some apoptosis-relative markers were tested [such as BCL2 and BCL2-antagonist of cell death (BAD), data not shown], and no significance was found. More researches on the mechanism of apoptosis are still required.

MAPK cascades regulate several cellular processes such as cell proliferation, differentiation, metabolism, motility, survival, apoptosis, etc. and contribute to many physiological and pathological processes (21). The ERK pathway is one of the most well-known MAPK pathways in mammals. The ERK is activated upon phosphorylation by MEK, which is itself activated when phosphorylated by Raf (22). The ERK/MAPK pathway is also one of the most frequently affected pathways in cancer (23, 24). In recent years, more researches have proposed that lncRNAs regulate signaling pathways in cancer, including ERK/MAPK pathway (25). It is reported that lncRNA MALAT-1 inactivates ERK/MAPK pathway to mediate tumor suppression in glioma cells (26) and may promote the proliferation and metastasis of gallbladder cancer cells by activating the ERK/MAPK pathway (27). LncRNA CCHE1 (cervical carcinoma expressed PCNA regulatory lncRNA) promoted carcinogenesis and indicated a poor prognosis of hepatocellular carcinoma via activation of ERK/MAPK pathway (28). In this study, we discovered a reduction in the expression level of Raf-1, MEK2, and ERK with AK025387 knockdown. However, some upstream and downstream molecules in MAPK pathway, such as growth factor receptor-bound protein 2 (GRB2), c-myc, and Erb-B2 receptor tyrosine kinase 2, showed no expression level change with AK025387 interfered. These results indicate that AK025387 might activate the Raf-MEK-ERK pathway to promote migration and invasion and inhibit apoptosis of gastric cancer cells, but a specific signaling pathway to regulate its biological function is still unknown. Further research on molecular mechanism of AK025387 in gastric cancer, such as direct or indirect interaction with MAPK pathway, is still needed.



CONCLUSIONS

In summary, we find that AK025387 is significantly upregulated in metastatic gastric cancer samples. The expression of AK025387 is confirmed to be significantly positively correlated only with lymph node metastasis and is not associated with overall survival of gastric cancer patients. AK025387 is located in both nucleus and cytoplasm, but mainly in cytoplasm. AK025387 promotes gastric cancer cells' migratory and invasive ability but inhibited apoptosis in vitro. Moreover, AK025387 increases the expression level of Raf-1, MEK2, and ERK. Therefore, AK025387 may activate the Raf-MEK-ERK pathway to perform its biological function. Taken together, AK025387 is a potential molecule and needs to be further investigated to determine if it can be used as a biomarker of metastatic gastric cancer.
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Chronic myeloid leukemia (CML) results from a translocation between chromosomes 9 and 22, which generates the Philadelphia chromosome. This forms BCR/ABL1, an active tyrosine kinase protein that promotes cell growth and replication. Despite great progress in CML treatment in the form of tyrosine kinase inhibitors, allogeneic-hematopoietic stem cell transplantation (allo-HSCT) is currently used as an important treatment alternative for patients resistant to these inhibitors. Studies have shown that unregulated expression of microRNAs, which act as oncogenes or tumor suppressors, is associated with human cancers. This contributes to tumor formation and development by stimulating proliferation, angiogenesis, and invasion. Research has demonstrated the potential of microRNAs as biomarkers for cancer diagnosis, prognosis, and therapeutic targets. In the present study, we compared the circulating microRNA expression profiles of 14 newly diagnosed patients with chronic phase-CML and 14 Philadelphia chromosome-negative patients after allo-HSCT. For each patient, we tested 758 microRNAs by reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis. The global expression profile of microRNAs revealed 16 upregulated and 30 downregulated microRNAs. Target genes were analyzed, and key pathways were extracted and compared. Bioinformatics tools were used to analyze data. Among the downregulated miRNA target genes, some genes related to cell proliferation pathways were identified. These results reveal the comprehensive microRNA profile of CML patients and the main pathways related to the target genes of these miRNAs in cytogenetic remission after allo-HSCT. These results provide new resources for exploring stem cell transplantation-based CML treatment strategies.

Keywords: miRNAs, chronic myeloid leukemia, allogeneic hematopoietic stem cell transplantation, biomarkers, Philadelphia chromosome


INTRODUCTION

Chronic myeloid leukemia (CML) is a myeloproliferative disease accounting for ~20% of diagnosed adult cases (1, 2). CML was the first human malignant disease to be linked to a chromosomal abnormality. A translocation between chromosomes 9q34 and 22q11 generates the Philadelphia chromosome. This encodes the BCR/ABL1 oncoprotein, an active tyrosine kinase protein that is the main driver of CML pathogenesis (2, 3). There have been great developments and improvements in anticancer targeted therapy associated with CML (4). Imatinib was the first member of a class of small molecules that prevent tyrosine kinase activity to be developed, and acts by binding to the BCR-ABL1 protein. Tyrosine kinase inhibitors (TKIs) act upon the interaction between the BCR-ABL1 oncoprotein and ATP, blocking cellular proliferation of the malignant clone. However, ~2% of patients become resistant to TKIs. Allogeneic-hematopoietic stem cell transplantation (allo-HSCT) is the only curative treatment for CML and provides an important alternative for TKI-resistant or advanced phase CML patients (2). However, the mortality and morbidity of this method, as well as a lack of suitable donors, limits the application of allo-HSCT (5).

The natural course of CML begins in the chronic phase and progresses to the blast phase, passing through the accelerated phase. The transformation mechanisms involved with this process are varied and not yet fully understood. The interruption of differentiation, genomic instability, shortening of telomeres, and loss of tumor suppressor functions are among the steps of this transformation that have already been described (6, 7).

Recent advancements in gene expression profiling technology have demonstrated that microRNAs (miRNAs) are promising prognostic predictors of different types of cancers. miRNAs, which modulate post-transcriptional gene expression, are 18–25-nucleotide non-coding RNAs (8–10). They regulate gene expression and modify cancer processes such as differentiation, proliferation, and apoptosis. Previous studies have suggested that miRNAs play important roles in regulating angiogenesis and metastasis (11, 12). Additionally, miRNAs are very stable molecules in the blood, suggesting that they can be applied as molecular markers (13).

Bioinformatics is an important research approach that can be applied for understanding gene regulation pathways. Cancer bioinformatics is an emerging field that integrates knowledge from cancer and information technology. Integrating cancer research and bioinformatics is important for advancing the diagnosis, prognosis, and treatment of cancer (14). Additionally, bioinformatics analyses have contributed to the identification of candidate genes and miRNA-mRNA target pairs (15).

This study was conducted to determine the profiles of miRNAs and their target genes in CML patients treated with allo-HSCT. These profiles were then compared to those of a newly diagnosed and untreated patient group.



PATIENTS AND METHODS

The study was previously approved by the Research Ethics Committee of the Dr. Amaral Carvalho Hospital, Jahu, SP, Brazil (CEPHAC-−2.917.389). The patients provided informed consent to participate in the study, in accordance with the Declaration of Helsinki.


Patients and Samples

A total of 28 patients diagnosed with chronic phase-CML and treated at the Dr. Amaral Carvalho Hospital were included in the study. The patients were separated into two groups: (1) 14 patients newly diagnosed with Philadelphia chromosome-positive (Ph+) CML who had not been treated with TKIs; and (2) 14 patients who achieved complete cytogenetic remission (Philadelphia chromosome-negative) post-allo-HSCT. Patient characteristics are described in Table 1. The present study used a leukocyte pool of 14 healthy blood donors as a control group. To determine the miRNA profiles of each patient group, the control group was compared to the patient groups to determine which miRNAs were upregulated or downregulated. All transplanted patients received BuCy-2 as a conditioning regimen and cyclosporine and methotrexate as graft-vs.-host disease prophylaxis (16, 17).

Table 1
Patient clinical data.
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Total RNA Isolation and RT-qPCR

Total RNA isolation was performed using a QIAamp® RNA Blood Mini Kit (QIAGEN, Hilden, Germany) with 5 mL peripheral blood. RNA integrity and quantity were evaluated by NanoDrop (Thermo Scientific, Waltham, MA, USA) and RNA 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's instructions.

The total RNA was reverse-transcribed using a Taqman MicroRNA Reverse Transcription Kit, and a TaqManTM MGB probe was used for real-time qPCR according to the manufacturer's instructions. RT-qPCR and TaqMan® Low Density Array Human MicroRNA Arrays A v2.0 and B v3.0 (ABIV®, Life Technologies, Carlsbad, CA, USA) were performed on a ViiA7 platform (ABIV®) following the manufacturer's instructions. miRNAs were quantified using the comparative Ct-method (18). Each Human Pool Set contains 377 unique human miRNAs, three internal controls, and one negative control. A total of 758 miRNAs were analyzed.



Bioinformatic Analysis

The study followed the experimental procedure detailed in Figure 1. Expression Suite Software Version 1.1 Program was used to identify differentially expressed miRNAs. To identify possible differentially expressed miRNA targets, we conducted RT-qPCR using miRWalk 2.0, which includes target prediction data generated by different algorithms (including own algorithm) (19). The following algorithms were selected: miRWalk, miRDB, Micro T4, miRanda, RNAhybrid, and Targetscan. Only targets predicted by at least three of the selected algorithms were accepted. We then verified whether the predicted targets have been identified as being differentially expressed in CML using microarray data available from Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo), accession number GSE 43225. Microarray data were analyzed using the GEO2R script(https://www.ncbi.nlm.nih.gov/geo/geo2r/).


[image: Figure 1]
FIGURE 1. Flowchart showing the experimental procedure.


We considered genes to be differentially expressed when they showed a fold-change of at least 1.5. Gene Ontology (GO) (http://www.geneontology.org/) was used to search for enriched terms among differentially expressed genes, accepting only terms with P ≤ 0.05 and using Bonferroni's correction. Differentially expressed genes related to upregulated and downregulated miRNAs were analyzed according to EnrichR (https://amp.pharm.mssm.edu/Enrichr/) for enrichment analysis. Reactome was used for analysis. To assess the protein-protein interaction (PPI) network based on a list of genes, the online tool STRING Version 11.0 (https://string-db.org/) was utilized. Experiments, databases, co-expression data, neighborhood, and co-occurrence were considered active interaction sources. The minimum required interaction score was 0.700. Finally, we used Cytoscape Version 3.8.0 (http://www.cytoscape.org) software to visualize the enrichment results. Network nodes represent genes, while edges represent protein-protein associations.



Statistical Analysis

Comparative CT analysis was used to quantify miRNA gene expression. The differences were estimated by Student's t-test. Values of P < 0.05 were considered statistically significant.




RESULTS


Differentially Expressed miRNAs

The miRNA expression data set is available in the NCBI GEO database (accession number GSE 148567). A total of 758 miRNAs were analyzed by RT-qPCR in peripheral blood samples from 14 newly diagnosed patients and untreated chronic phase CML patients, and 14 patients in cytogenetic remission after allo-HSCT. According to the cut-off criteria (fold-change ≤ 0.5 and fold-change ≥ 2.0), 46 differentially expressed miRNAs were identified. Sixteen (34.8%) miRNAs were upregulated, and thirty (65.2%) were downregulated (Table 2). Among them, miR-1260a was the most downregulated miRNA, whereas miR-409-3p was the most upregulated miRNA. The main functions of all differentially expressed miRNAs are listed in Table 3.


Table 2. Dysregulated miRNAs in chronic myeloid leukemia.
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Table 3. Functions of dysregulated miRNAs in chronic myeloid leukemia.
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MiRNA Target Genes

Upregulated and downregulated miRNAs were analyzed in miRWalk to identify the miRNA target genes. Using microarray analysis, 1,069 genes were identified.



Gene Expression

We evaluated whether the identified target genes were previously differentially expressed in CML using available microarray data in the Gene Expression Omnibus. The microarray data were analyzed using GEO2R script. The identified genes were compared to our results. Of the 822 genes related to downregulated miRNA, 789 (96%) were also identified among the Gene Expression Omnibus microarray data genes. Among the genes associated with upregulated miRNAs, 247 genes were found in the patients included in the experiment, and 234 (95%) were found in the data searched.



Pathway Enrichment Analysis and PPI Network Construction

GO analysis (including Molecular Function, Biological Process and Cellular Component) was performed on 1,069 target genes. A total of 461 results were obtained from GO analysis. The top 30 terms are shown in Figure 2.


[image: Figure 2]
FIGURE 2. Ontology analysis of differentially expressed genes in CML patient blood samples, performed to determine the main altered pathways. Horizontal bars represent the number of genes found in each term. The fold-enrichment and P-values are displayed on the sides of the horizontal bars, and are separated by a vertical line.


EnrichR is a free web-based gene signature search tool. It was used to evaluate the 247 target genes of upregulated miRNAs, among which 573 terms were identified. Among the 822 target genes of downregulated miRNAs, 1,017 terms were found. EnrichR provides a visualization summary of the pathways based on a collective gene function list. The free pathway database tool Reactome is available for online use, and provides biological interpretation and visualization models for network analysis. STRING analysis was performed on the target genes of upregulated miRNAs (Figure 3) and downregulated miRNAs (Figure 4). The results were visualized using Cytoscape.


[image: Figure 3]
FIGURE 3. Protein-protein interaction network analysis of the target genes of upregulated miRNAs. Gene interactions were constructed using the STRING online database and Cytoscape. Network nodes represent genes, and the edges represent protein-protein associations.



[image: Figure 4]
FIGURE 4. Protein-protein interaction network analysis of the target genes of downregulated microRNAs. Gene interactions were constructed using the STRING online database and Cytoscape. Network nodes represent genes, and the edges represent protein-protein associations.





DISCUSSION


Differentially Expressed miRNAs

MiRNAs can act as oncogenes or tumor suppressor genes in CML, contributing to the pathogenesis, disease progression, and therapeutic responses (1, 52). Following the advent of TKIs as specific target drugs, hematopoietic stem cell transplantation began to play an important role in treating CML patients that are in the disease phase or are resistant to TKIs. This study investigated the miRNA profile of a group of 14 CML patients treated with allo-HSCT, who were in complete cytogenetic remission at the time of sample collection. Among the evaluated group, five patients underwent transplantation due to disease progression (patients 1, 3, 7, 10, and 14) and four others underwent transplantation due to a failed therapeutic response (patients 2, 5, 8, and 9). These comprised a total of 64.3% of the evaluated patients.



miR-10a

MiR-10a has been extensively studied due to its potential as a CML marker. Flamant et al. suggested the relevance of miR-10a as a drug response biomarker. By means of microarray analysis, a significant increase in miR-10a was observed in patient samples 2 weeks post-imatinib treatment (34). miR-10a downregulation was also detected in the transplanted patient group in the present study.



miR-17/92 Cluster

The miR-17/92 cluster is another potential biomarker for CML progression, and may be detected from the chronic phase to the blastic phase. This cluster is comprised of miR-17, miR18a, miR-19a, miR19b-1, miR20a, and miR92a-1 (32). In our study, a downregulation in the expression of miR-18a and miR-19a was observed, both of which are present in this cluster.



miR-328 and miR150

miR-328 and miR-150 are also related to disease progression (32, 48, 54, 64). Eiring et al. (48) have previously demonstrated the loss of miR-328 in blastic crisis CD34+ cells, which did not otherwise occur in chronic phase CD34+ myeloid cells. Poláková et al. (52) detected a negative correlation between the levels of BCR-ABL transcript and miR-150, further substantiating previous findings by Agirre et al. (64) and Fallah et al. (54) suggested that the downregulation of miR-150 is a potential diagnostic marker of CML. RT-PCR was performed for 50 samples from patients newly diagnosed with CML, revealing a downregulation in miR-150. In our study, both miRNAs were found to be upregulated, suggesting that miR-328 and miR-150 are useful as molecular biomarkers of the treatment response.



miR-486

The results of previous studies have also suggested miR-486 as an effective treatment response marker. Wang et al. compared miRNA expression in normal human CD34+ cells with that in CML CD34+ cells, using human leukemia cell lines and CD34+ cells isolated from chronic phase CML patients who had not been treated with imatinib. The results showed that miR-486 was overexpressed in CML cells, especially in megakaryocytes and erythroid progenitor cells (36). In our study, miR-486 was downregulated, further suggesting the potential of this miRNA to act as a biomarker of the treatment response.



miR-181c and miR-30

According to studies carried out in the K562 cell line, miR-181c, and miR-30 downregulation is related to imatinib resistance (30, 31). Yu et al. demonstrated that the downregulation of miR-30 in this CML cell line was related to the autophagy process and imatinib resistance mechanisms (30, 31). These results were reflected in the current study, with our findings demonstrating that miR-181c and miR-30 were downregulated.



Let-7g and miR-16

Let-7a and miR-16 also have important functions in myeloid leukemogenesis, such as regulating the cell cycle and apoptosis. Let-7a regulates oncogenes such as RAS and HMGA, while Mir-16 targets MCL1, BCL2, WNT3A, and CCNDI (35). Let-7a is also a member of the let-7 family, and it has been found that it may suppress CML via CRKL (20). Zuo et al. (35) examined the plasma levels of miR-16 and let-7a in a group of 50 patients with myelodysplastic syndrome (MDS). After comparing these results with those from a group of 76 healthy donors, it was found that both miRNAs were significantly lower in MDS patients than in healthy controls. In the present study, we found that let-7g and miR-16 were downregulated.



Pathway Enrichment Analysis and PPI Network Construction

In the analysis conducted using STRING and EnrichR, it was possible to determine which pathways were enriched by observing the target genes of unregulated miRNAs. Through our analysis, we found that MAPK, NRAS, KRAS, and ROCK had important functions related to CML regulation pathways.

The mitogen-activated protein kinase (MAPK) pathway is an important signaling cascade in several types of cancer, including CML (65). This pathway controls fundamental cellular processes such as cell proliferation, migration, growth, differentiation, and death (66). The MAPK pathway therefore plays a fundamental role in cell growth and survival, and irregularities in this pathway can lead to cells developing cancerous properties. This may include exacerbated cell proliferation, metastasis, and evasion of apoptosis (67).

RAS proteins are involved in signal transduction, and are mutated in different types of human cancer. The RAS family comprises three genes associated with carcinogenesis: HRAS, KRAS, and NRAS (68). These three genes encode a protein located on the inner cell membrane, which has GTPase activity. This protein participates in extracellular signal transduction into the cell, and the signal is transmitted by a cascade of kinases. As a result, MAPK is activated, which then activates transcription factors. Mutations in the RAS genes in human cancer inhibit GTP hydrolysis, and mutated RAS proteins remain in their GTP-linked active form. This, leads to disordered cell proliferation (69). KRAS and NRAS mutations are frequently found in myeloid disorders, including CML (70).

ROCK proteins perform different functions in cells. They are involved in organization of the actin cytoskeleton, human tumor pathogenesis, and in the signaling pathways that lead to cell proliferation. The RAS and ROCK pathways are interconnected, with RAS activating PI3K, which then activates the ROCK pathway. This interaction network can lead to continuous cell proliferation and survival (68).

The MAPK, RAS, and ROCK genes had increased expression in the patient group of our study. As these genes are involved in cell proliferation during leukemogenesis, it can be concluded that these genes play an important role in post-transplant evolution. Nine of the 14 patients (64.3%) had leukemia relapse, and the other five (35.7%) did not achieve a deep molecular response (BCR-ABL transcript level ≤ 0.01%).

This study explored miRNAs in CML patients and their target genes, and analyzed the pathways involved. Our study was based on original and clinical samples. However, as there were scarce samples available and these were insufficient to validate the 46 altered miRNAS, the study was limited by this factor. The bioinformatics analyses predicted interactions that require further biological validation before their therapeutic application.

Despite the small sample size, these findings showed that aggressive therapy such as transplantation did not alter the disease course in these group of CML patients. Furthermore, the demonstrated pattern of gene expression is suggestive of disease progression.




DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



ETHICS STATEMENT

This study was reviewed and approved by Research Ethics Committee of Dr. Amaral Carvalho Hospital–Jahu-SP- Brazil (CEPHAC—2.917.389). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

PH, NH, and CN designed and coordinated the study and prepared the manuscript. JM, LM, and SC performed bioinformatics analysis and prepared the manuscript. JD and JC collected and analyzed the data. RC offered laboratory support and helped with discussions about the study. All authors critically reviewed and approved the final version of the manuscript.



FUNDING

This study received financial support by São Paulo Research Foundation (FAPESP 2011/50629-7).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2020.01544/full#supplementary-material



REFERENCES

 1. Wang K, Xu Z, Wang N, Tian Y, Sun X, Ma Y. Analysis of microRNA and gene networks in human chronic myelogenous leukemia. Mol Med Rep. (2016) 13:453–60. doi: 10.3892/mmr.2015.4502

 2. Jabbour E, Kantarjian H. Chronic myeloid leukemia: 2018 update on diagnosis, therapy and monitoring. Am J Hematol. (2018) 93:442–59. doi: 10.1002/ajh.25011

 3. Spagnuolo M, Regazzo G, De Dominici M, Sacconi A, Pelosi A, Korita E, et al. Transcriptional activation of the miR-17-92 cluster is involved in the growth-promoting effects of MYB in human Ph-positive leukemia cells. Haematologica. (2019) 104:82–92. doi: 10.3324/haematol.2018.191213

 4. Baccarani M, Pane F. A critical history of chronic myeloid leukemia. Mediterr J Hematol Infect Dis. (2014) 6:1 doi: 10.4084/MJHID.2014.010

 5. Goldman JM. Chronic myeloid leukemia: a historical perspective. Semin Hematology. (2010) 47:302–11. doi: 10.1053/j.seminhematol.2010.07.001

 6. Garcia-Manero G, Faderl S, O'Brien S, Cortes J, Talpaz M, Kantarjian HM. Chronic myelogenous leucemia: a review and update of therapeutic strategies. Cancer. (2003) 98:437–57. doi: 10.1002/cncr.11520

 7. Chakraborty C, Sharma AR, Patra BC, Bhattacharya M, Sharma G, Lee SS. MicroRNAs mediated regulation of MAPK signaling pathways in chronic myeloid leukemia. Oncotarget. (2016) 7:42683–97. doi: 10.18632/oncotarget.7977

 8. Liang L, Wei DM, Li JJ, Luo DZ, Chen G, Dang YW, et al. Prognostic microRNAs and their potential molecular mechanism in pancreatic cancer: a study based on The cancer genome atlas and bioinformatics investigation. Mol Med Rep. (2018) 17:939–51. doi: 10.3892/mmr.2017.7945

 9. Keklikoglou I, Koerner C, Schmidt C, Zhang JD, Heckmann D, Shavinskaya A, et al. MicroRNA-520/373 family functions as a tumor suppressor in estrogen receptor negative breast cancer by targeting NF-κB and TGF-β signaling pathways. Oncogene. (2012) 31:4150–63. doi: 10.1038/onc.2011.571

 10. Cao Z, Moore BT, Wang Y, Peng XH, Lappe JM, Recker RR, et al. MiR-422a as a potential cellular microRNA biomarker for postmenopausal osteoporosis. PLoS ONE. (2014) 9:e97098 doi: 10.1371/jornal.pone.0097098

 11. Guessous F, Velez MA, Marcinkiewicz L, Zhang Y, Kim J, Heister S, et al. Oncogenic effects of miR-10b in glioblastoma stem cells. J Neurooncol. (2013) 112:153–63. doi: 10.1007/s11060-013-1047-0

 12. Garofalo M, Croce CM. Role of microRNAs in mantaining cancer stem cells. Adv Drug Deliv Rev. (2015) 81:53–61. doi: 10.1016/j.addr.2014.11.014

 13. Li A, Yu J, Kim H, Wolfgang CL, Canto MI, Hruban RH, et al. MicroRNA array analysis finds elevated serum miR-1290 accurately distinguishes patients with low-stage pancreatic cancer from healthy and disease controls. Clin Cancer Res. (2013) 19:3600–10. doi: 10.1158/1078-0432.CCR-12-3092

 14. Banwait JK, Bastola DR. Contribution of bioinformatics prediction in microRNA-based cancer therapeutics. Adv Drug Deliv Rev. (2015) 81:94–103. doi: 10.1016/j.addr.2014.10.030

 15. Gao C, Zhou C, Zhuang J, Liu L, Wei J, Liu C, et al. Identification of key candidate genes and miRNA-mRNA target pairs in chronic lymphocytic leukemia by integrated bioinformatics analysis. Mol Med Rep. (2019) 19:362–74. doi: 10.3892/mmr.2018.9636

 16. Tutscha PJ, Copelan EA, Klein JP. Bone marrow transplantation for leukemia following a new busulfan and cyclosphosphamide regimen. Blood. (1987) 70:1382–8. 

 17. Storb R, Deeg HJ, Whitehead J, Appelbaum F, Beatty P, Bensinger W, et al. Methotrexate and cyclosporine alone for prophylaxis of acute graft versus host disease after marrow transplantation for leukemia. N Engl J Med. (1986) 314:729–35. doi: 10.1056/NEJM198603203141201

 18. Schmittgen T, Livak K. Analyzing real-time PCR data by the comparative CT method. Nat Protoc. (2008) 3:1101–8. doi: 10.1038/nprot.2008.73

 19. Dweep H, Gretz N. MiRWalk2.0: a comprehensive atlas of microRNA-target interactions. Nat Methods. (2015) 12:697. doi: 10.1038/nmeth.3485

 20. Rokah OH, Geva P, Divon MS, Shpilberg O, Aronov SL. Network analysis of microRNAs, genes and their regulation in diffuse and follicular B-cell lymphomas. Oncotarget. (2018) 9:7928–41. doi: 10.18632/oncotarget.23974

 21. Li X, Xu M, Ding L, Tang J. miR-27a: A novel biomarker and potential therapeutic target in tumors. J Cancer. (2019) 10:2836–48. doi: 10.7150/jca.31361

 22. Song B, Wang Y, Xi Y, Kudo K, Bruheim S, Botchkina G I, et al. Mechanism of chemoresistance mediated by miR-140 in human osteosarcoma and colon cancer cells. Oncogene. (2009) 28:4065–74. doi: 10.1038/onc.2009.274

 23. Xia N, Tan WF, Peng QZ, Lai HN. MiR-374b reduces cell proliferation and cell invasion of cervical cancer through regulating FOXM1. Eur Rev Med Pharmacol Sci . (2019) 23:513–21. doi: 10.26355/eurrev_201901_16863

 24. Takai T, Tsujino T, Yoshikawa Y, Inamoto T, Sugito N, Kuranaga Y. Synthetic miR-143 exhibited an anti-cancer effect via the downregulation of K-RAS networks of renal cell cancer cells in vitro and in vivo. Mol Ther. (2019) 27:1017–27. doi: 10.1016/j.ymthe.2019.03.004

 25. Zhao L, Li Y, Song X, Zhou H, Li N, Miao Y, et al. Upregulation of miR-181c inhibits chemoresistance by targeting ST8SIA4 in chronic myelocytic leukemia. Oncotarget. (2016) 7:60074–86. doi: 10.18632/oncotarget.11054

 26. Verghese ET, Drury R, Green CA, Holliday DL, Lu X, Nash C. MiR-26b is down-regulated in carcinoma-associated fibroblasts from ER-positive breast cancers leading to enhanced cell migration and invasion. J Pathol. (2013) 231:388–99. doi: 10.1002/path.4248

 27. Wu X, Chen H, Zhang G, Wu J, Zhu W, Gu Y, et al. MiR-212-3p inhibits cell proliferation and promotes apoptosis by targeting nuclear factor IA in bladder cancer. J Biosci. (2019) 44:80. doi: 10.1007/s12038-019-9903-5

 28. Fiserova B, Kubiczkova L, Sedlarikova L, Hajek R, Sevcikova S. The miR-29 family in hematological malignancies. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. (2015) 159:184–91. doi: 10.5507/bp.2014.037

 29. Wen L, Cheng F, Zhou Y, Yin C. MiR-26a enhances the sensitivity of gastric cancer cells to cisplatin by targeting NRAS and E2F2. Saudi J Gastroenterol. (2015) 21:313–9. doi: 10.4103/1319-3767.166206

 30. Zimmerman EI, Dollins CM, Crawford M, Grant S, Sinkam SPN, Richards KL, et al. Lyn kinase-dependent regulation of miR181 and myeloid cell leukemia-1 expression: Implications for drug resistance in myelogenous leukemia. Mol Pharmacol. (2010) 78:811–7. doi: 10.1124/mol.110.066258

 31. Yu Y, Yang L, Zhao M, Zhu S, Kang R, Vernon P, et al. Targeting microRNA-30a-mediated autophagy enhances imatinib activity against human chronic myeloid leukemia cells. Leukemia. (2012) 26:1752–60. doi: 10.1038/leu.2012.65

 32. Venturini L, Battmer K, Castoldi M, Schultheis B, Hochhaus A, Muckenthaler MU, et al. Expression of the miR-17-92 polycistron in chronic myeloid leukemia (CML) CD34+ cells. Blood. (2007) 109:4399–405. doi: 10.1182/blood-2006-09-045104

 33. Song B, Yan J, Liu C, Zhou H, Zheng Y. Tumor suppressor role of miR-363-3p in gastric cancer. Med Sci Monit. (2015) 21:4074–80. doi: 10.12659/MSM.896556

 34. Flamant S, Ritchie W, Guilhot J, Holst J, Bonnet ML, Chomel JC, et al. Micro-RNA response to imatinib mesylate in patients with chronic myeloid leukemia. Haematologica. (2010) 95:1325–33. doi: 10.3324/haematol.2009.020636

 35. Zuo Z, Calin GA, de Paula HM, Medeiros LJ, Fernandez MH, Shimizu M, et al. Circulating microRNAs let-7a and miR-16 predict progression-free survival and overall survival in patients with myelodysplastic syndrome. Blood. (2011) 118:413–5. doi: 10.1182/blood-2011-01-330704

 36. Wang LS, Li L, Li L, Chu S, Shiang KD, Li M, et al. MicroRNA-486 regulates normal erythropoiesis and enhances growth and modulates drug response in CML progenitors. Blood. (2015) 125:1302–13. doi: 10.1182/blood-2014-06-581926

 37. Mou T, Xie F, Zhong P, Hua H, Lai L, Yang Q, et al. MiR-345-5p functions as a tumor suppressor in pancreatic cancer by directly targeting CCL8. Biomed Pharmacother. (2019) 111:891–900. doi: 10.1016/j.biopha.2018.12.121

 38. Hannafon BN, Cai A, Calloway CL, Xu YF, Zhang R, Fung KM, et al. miR-23b and miR-27b are oncogenic microRNAs in breast cancer: evidence from a CRISPR/Cas9 deletion study. BMC Cancer. (2019) 19:642. doi: 10.1186/s12885-019-5839-2

 39. Ji R, Zhang X, Gu H, Ma J, Wen X, Zhou J, et al. miR-374a-5p: A new target for diagnosis and drug resistance therapy in gastric cancer. Mol Ther Nucleic Acids. (2019) 18:320–31. doi: 10.1016/j.omtn.2019.07.025

 40. Xia J T, Chen L Z, Jian W H, Wang K B, Yang Y Z, He W L. MicroRNA-362 induces cell proliferation and apoptosis resistance in gastric cancer by activation of NF-κB signaling. J Transl Med. (2014) 12:33. doi: 10.1186/1479-5876-12-33

 41. Chadrashekar K, Jayaram S. Role of let-7 family microRNA in breast cancer. Non-Cod RNA Res. (2016) 1:77–82. doi: 10.1016/j.ncrna.2016.10.003

 42. Sun GL, Li Z, Wang WZ, Chen Z, Zhang L, Li Q. miR-324-3p promotes gastric cancer development by activating Smad4-mediated Wnt/beta-catenin signaling pathway. J Gastroenterol. (2018) 53:725–39. doi: 10.1007/s00535-017-1408-0

 43. Choe MH, Yoon Y, Kim J, Hwang SG, Han YH, Kim JS. miR-550a-3-5p acts as a tumor suppressor and reverses BRAF inhibitor resistance through the direct targeting of YAP. Cell Death Dis. (2018) 9:640. doi: 10.1038/s41419-018-0698-3

 44. Pan L, Zhou L, Yin W, Bai J, Liu R. miR-125a induces apoptosis, metabolism disorder and migration impairment in pancreatic cancer cells by targeting Mfn2-related mitochondrial fission. Int J Oncol. (2018) 53:124–136. doi: 10.3892/ijo.2018.4380

 45. Ni S, Weng W, Xu M, Wang Q, Ian C, Sun H. miR-106b-5p inhibits the invasion and metastasis of colorectal cancer by targeting CTSA. Onco Targets Ther. (2018) 11:3835–45. doi: 10.2147/OTT.S172887

 46. Xue J, Yang M, Hua L-H, Wang Z-P. MiRNA-191 functions as an oncogene in primary glioblastoma by directly targeting NDST1. Eur Rev Med Pharmacol Sci. (2019) 23:6242–9. doi: 10.26355/eurrev_201907_18443

 47. Ji WB, Liu X, Luo Y, Zhang WZ. High expression of miR-15b predicts poor prognosis for hepatocellular carcinoma after curative hepatectomy. Oncol Rep. (2016) 36:1901–8. doi: 10.3892/or.2016.4982

 48. Eiring AM, Harb JG, Neviani P, Garton C, Oaks JJ, Spizzo R, et al. MiR-328 functions as an RNA decoy to modulate hnRNP E2 regulation of mRNA translation in leukemic blasts. Cell. (2010) 140:652–65. doi: 10.1016/j.cell.2010.01.007

 49. Garofalo M, Quintavalle C, Romano G, Croce CM, Condorelli G. miR221/222 in cancer: their role in tumor progression and response to therapy. Curr Mol Med. (2012) 12:27–33. doi: 10.2174/156652412798376170

 50. Zhang H, Jiang L, Sun D, Li J, Tang J. MiR-139-5p: promising biomarker for cancer. Tumor Biol. (2015) 36:1355–65. doi: 10.1007/s13277-015-3199-3

 51. Li M, Guan X, Sun Y, Mi J, Shu X, Liu F, et al. miR-92a family and their target genes in tumorigenesis and metastasis. Exp Cell Res. (2014) 323:1–6. doi: 10.1016/j.yexcr.2013.12.025

 52. Poláková KM, Lopotová T, Klamová H, Burda P, Trněný M, Stopka T, et al. Expression patterns of micro-RNAs associated with CML phases and their disease related targets. Mol Cancer. (2011) 10:41. doi: 10.1186/1476-4598-10-41

 53. Chen L, Jiang X, Chen H, Han Q, Liu C, Sun M. microRNA-628 inhibits the proliferation of acute myeloid leukemia cells by directly targeting IGF-1R. Onco Targets Ther. (2019) 12:907–19. doi: 10.2147/OTT.S192137

 54. Fallah P, Amirizadeh N, Poopak B, Toogeh G, Arefian E, Kohram F, et al. Expression pattern of key microRNAs in patients with newly diagnosed chronic myeloid leukemia in chronic phase. Int J Lab Hematol. (2015) 37:560–8. doi: 10.1111/ijlh.12351

 55. Zheng J, Zhou Y, Li XJ, Hu JM. MiR-574-3p exerts as a tumor suppressor in ovarian cancer through inhibiting MMP3 expression. Eur Rev Med Pharmacol Sci. (2019) 23:6839–48. doi: 10.26355/eurrev_201908_18723

 56. Zearo S, Kim E, Zhu Y, Zhao JT, Sidhu SB, Robinson BG, et al. MicroRNA-484 is more highly expressed in serum of early breast cancer patients compared to healthy volunteers. BMC Cancer. (2014) 14:200. doi: 10.1186/1471-2407-14-200

 57. Guo LH, Li H, Wang F, Yu J, He JS. The tumor suppressor roles of miR-433 and miR-127 in gastric cancer. Int J Mol Sci. (2013) 14:14171–84. doi: 10.3390/ijms140714171

 58. Labbaye C, Testa U. The emerging role of MIR-146A in the control of hematopoiesis, immune function and cancer. J Hematol Oncol. (2012) 5:13. doi: 10.1186/1756-8722-5-13

 59. Chen J, Gao S, Wang C, Wang Z, Zhang H, Huang K, et al. Pathologically decreased expression of miR-193a contributes to metastasis by targeting WT1-E-cadherin axis in non-small cell lung cancers. J Exp Clin Cancer Res. (2016) 35:173. doi: 10.1186/s13046-016-0450-8

 60. Wang H, He H, Yang C. miR-342 suppresses the proliferation and invasion of acute myeloid leukemia by targeting Naa10p. Artif Cell Nanomed Biotechnol. (2019) 47:3671–6. doi: 10.1080/21691401.2019.1596930

 61. Ravichandran K, Sekar D, Subramanian G, Devanathan S. Role of microRNA-7-1-3p in prostate cancer progression. HIV Adv Res Dev. (2014) 1:1–4. doi: 10.14437/HARDOA-1-103

 62. Pan JY, Zhang F, Sun CC, Li SJ, Li G, Gong FY, et al. miR-134: A human cancer suppressor? Mol Ther Nucl Acids. (2017) 6:140–9. doi: 10.1016/j.omtn.2016.11.003

 63. Zhang C, Wang B, Wu L. MicroRNA-409 may function as a tumor suppressor in endometrial carcinoma cells by targeting Smad2. Mol Med Rep. (2019) 19:622–8. doi: 10.3892/mmr.2018.9642

 64. Agirre X, Velasco AJ, Enériz ESJ, Garate L, Bandrés E, Cordeu L, et al. Down-regulation of hsa-miR-10a in chronic myeloid leukemia CD34+ cells increases USF2-mediated cell growth. Mol Cancer Res. (2008) 6:1830–40. doi: 10.1158/1541-7786.MCR-08-0167

 65. Koul HK, Pal M, Koul S. Role of p38 MAP kinase signal transduction in solid tumors. Genes Cancer. (2013) 4:342–59. doi: 10.1177/1947601913507951

 66. Meister M, Tomasovic A, Banning A, Tikkanen R. Mitogen-activated protein (MAP) kinase scaffolding proteins: a recount. Int J Mol Sci. (2013) 14:4854–84. doi: 10.3390/ijms14034854

 67. Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in cancer. Oncogene. (2007) 26:3279–90. doi: 10.1038/sj.onc.1210421

 68. Rocca S, Carrà G, Poggio P, Morotti A, Brancaccio M. Targeting few to help hundreds: JAK, MAPK and ROCK pathways as druggable targets in atypical chronic myeloid leukemia. Mol Cancer. (2018) 17:40. doi: 10.1186/s12943-018-0774-4

 69. Zhang F, Cheong JK. The renewed battle against RAS-mutant cancers. Cell Mol Life Sci. (2016) 73:1845–58. doi: 10.1007/s00018-016-2155-8

 70. Wang AS, Hasserjian RP, Fox PS, Rogers HJ, Geyer JT, Chabot-Richards D, et al. Atypical chronic myeloid leukemia is clinically distinct from unclassifiable myelodysplaastic/myeloproliferative neoplasms. Blood. (2015) 123:2645–52. doi: 10.1182/blood-2014-02-553800

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.

The handling editor declared a shared affiliation, though no other research collaboration, with the authors.

Copyright © 2020 Martins, Moraes, Cury, Dadalto, Capannacci, Carvalho, Nogueira, Hokama and Hokama. 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.





[image: image]


OPS/images/fonc-10-00150/fonc-10-00150-t003.jpg
CircRNAs

Hsa_circ_000284
Hsa_circ_0141539
Hsa_circ_0023404
Hsa_circ_0018289
Hsa_circ_0000263
Hsa_circ_0001446
Hsa_circRNA_101996
Hsa_circ_0031288
Hsa_circ_0004015
CircATP8A2
Circ_0067934
CircEIF4G2
CircCLK3

CircE7

Targets

miR-506, Snail-2
miR-5180-5p, miR-519-5p, CBX8
miR-136, TFCP2, YAP

miR-497

miR-150-5p, MDM4, p53
miR-620

miR-8075, TPX2

HuR, PABPN1

miR-1183, and PDPK1

433, EGFR

miR-545

miR-218, HOXA

miR-320a, FoxM1

PRb

mil

Effect in cervical cancer and/or cell lines

Promote proliferation and invasion

Promote proliferation, migration and invasion
Promote proliferation and invasion

Promote cell prolferation, migration and invasion
Promote cell prolfferation, migration

Suppress prolfration and invasion

Decrease cell prolferation
Promote cell migration, angiogenesis and radio-resistance
Promote cervical cancer progression

Promote cervical cancer progression

Promote cll prolfferation and migration

Promote cervical cancer progression

HPV encoded circular E7 RNA promoting cell transformation

References

(201)
(202)
(209)
©5)
(204)
(205)

(206)
(207)
(208)
09
10
@11)
©12)






OPS/images/fonc-10-00633/crossmark.jpg
©

2

i

|





OPS/images/fonc-10-00633/fonc-10-00633-g001.gif
go

1081008





OPS/images/fonc-10-00633/fonc-10-00633-g002.gif





OPS/images/fonc-10-00150/crossmark.jpg
©

2

i

|





OPS/images/fonc-10-00150/fonc-10-00150-g001.gif
A

et S i &
T Y
,_-,;-:mﬁmm%.f

- \ J—






OPS/images/fonc-10-00150/fonc-10-00150-t001.jpg
Deregulated miRNAs*  HSIL** Cervical Cancer References
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miR-92a-3p; miR-101; miR-125a-5p; miR-141b; miR-145b; miR-146a; miR-150; miR-1 iR-181b;
miR-135b; miR- 143; miR-145; miR-182; miR-185; miR-196a-5p; miR-199a; miR-199a;
miR-196a-5p; miR-223; miR-338;  miR-199b; miR-199-s; miR-208b; miR-205; miR-215; miR-221;

miR-301b; miR-345; miR-424; miR-222; miR-223; miR-301b; miR-320a; miR-361-5p; miR-37:
miR-466; MiR-512-5p; miR-518a miR-378; miR-425-5p; miR-449; miR-451a; miR-466;

miR-486-5p miR-494; miR-500; miR-505; miR-519d; miR-543;
miR-590-5p; miR-711; miR-720; miR-886-5p; miR-888;
miR-892b; miR-944; miR-1290; miR-2392; miR-3147; miR-3162;
miR-4484; miR-6852;

Down regulated miRNAs miR-1; miR-99b-6p; miR-126-3p: miR-140-6p; miR-196b-6p; (24,36, 37, 39, 40, 55, &

in tissue biopsies

, 63-93)

Let-7a; miR-22; miR-29a; miR-34a;  Let-Ta; Let-7b; Let-7c; Let-7g; miR-7; miR-10b; miR-17-5p;
miR-99a-5p; miR-100-5p; miR-22; miR-24; miR-26a; miR-27b; miR-29a; miR-29;
miR-129b-5p; miR-193a-3p; miR-30a; miR-30e; miR-34a; miR-99a-5p; miR-100-5p
miR-199a-3p; miR-208; miR-205;  miR-101; miR-103b; miR-107; miR-124-3p; miR-126a-5
miR-125b; miR-120b-5p; miR-132; miR-133a; miR-138
IR-139-3p; miR-141; miR-142-3p; miR-143; miR-144;
R-145; miR-149; miR-152; miR-154; miR-181; miR-182;
miR-183; miR-186; miR-187; miR-193a; miR-193b; miR-195;
miR-199a-3p; miR-199b; miR-200b; MiR-200c; MiR-202;
miR-203; miR-204; MiR-205; miR-211; miR-212; miR-214;
MiR-216-5p; miR-218; miR-223; miR-296; miR-320; miR-326;
miR-328; miR-329; miR-331-3p; miR-335; miR-337; miR-338-3p;
miR-342; miR-362; iR-374c-5p; miR-375; miR-3760; miR-379;
miR-383; miR-376a; miR-424; miR-429; miR-451; miR-4
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miR-503; miR-506; miR-544; miR-630; miR-634; MiR-638;

miR-720; miR-758; miR-892b; miR-1297; miR-1246; miR-2861;

miR-3185; miR- 3156-3p; miR- 3666; miR-3960; MiR-4262;

MIR-4467; miR-4488; miR-4525

Up regulated mRNAs i miRNA-16-2; miRNA-20a (©4)
cenvical exfoliated cells

Down regulated miRNAS  miR-424; miR-375; miR-34a; miR-758 (93-95)

in exfoliated cervical cells miR-218; miRNA-195; miRNA-29%a

Up regulated miRNAs in miR-20a-5p (89, 59, 61, 96-103)
the serum
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miR-191-5p; miR-196a-5p; miR-200c-3p; miR-203a-3p;
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Down regulated miRNAS ~ Let-7a-5p; miR-101; miR-142-3p  Let-7a-5p; miR-17-5p; miR-24; miR-101; miR-103a-3p; (93,99, 102, 104-106)
in the serum miR-106a-5p; miR-106a-5p; miR-139-3p; miR-142-3p
miR-144-3p; miR-191-5p; MiR-195-5p; miR-212-3p;
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Up regulated miRNAs in  Let-7a-5p; miR-10a-5p; miR-21-5p;  Let-7a-5p; miR-10a-5p; miR-17-5p; miR-21-5p 106a-5p; (©8)
cervical mucus miR-141-3p; miR-144-3p; miR-141-3p; miR-144-3p; miR-155-5p; miR-205-5p; miR-451a;

miR-165-5p; MiR-206-5p; miR-451a miR-758;
Down regulated miRNAs  Not reported Not reported

in cervical mucus

*miRNAs up-regulated or down regulated in more than one study as determined by Pardini et al. (37) have been highlighted in bold; miRNAs with statistically significant expression
changes in cervical neoplasia samples vs. normal epithelia as reported by He et al. (24) have been written i italics; miRNAs which have been found specifically expressed in in cervicel
cancer and not in HSIL are underined andlisted as a separated group.

HSIL group comprises CIN2-3 lesions.

+The miR-376¢-3p has been found significantly down regulated in CIN3 compared to CIN2 (24).
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IncRNAs Function Sponged miRNAS Deregulated pathways in cervical cancer References

HOTAIR Oncogenic miR-22, miR-28b, miR-143-3p BCL2, PRC2, LSD1, VEGF, mmP-9, mTOR, Notch, Wt, STATS, (120-139)
wnt/g-catenin, PISK/AKT, HPV E7 oncoprotein
H19 Oncogenic miR-138-5p. IGF2, HPV E6 oncoprotein (140)
MALAT1 Oncogenic miR-124, miR-145, MiR-206 RBG2, E-cadherin, B-catenin, vimentin, ZO-1, caspase-3, (141)
caspase-8, Bax, Beh-2, and BelxL
CCAT2 Oncogenic miR-17-6p, miR-20a MYC, wnt in colon cancer (142)
SPRY4-IT4 Oncogenic miR-101-3p ZEBH, EMT, E-cadherin, vimentin (143)
GAS5 Oncosuppressive  miR-106b IER3 (144)
CCHE1 Oncogenic PCNA, ERK/MAPK (145, 146)
MEG3 Oncosuppressive  miR-21-5p (147)
LET Oncosuppressive LIN28
EBIC Oncogenic EZH2, Wnv/B-catenin, E-cadherin (148, 149)
PVT1 Oncogenic miR-200, miR-424, MiR-195 EZH2, Myc, Nop2, p15, p16, H3K27me3, NF-kB (150-157)
LINCO0B75 Oncogenic Wnt/B-catenin, Bax and GSK-3p Bcl-2 (158)
C5orfe6-AS1  Oncogenic miR-637 RING (159)
FAM83H-AST  Oncogenic HPV E6, E6-p300 (160)
CCATH Oncogenic miR-181a-5p MMP14 (161)
NOG2L-4.1 Oncogenic miR-630 YAP1 (162)
PAX8 AS1 Oncosuppressive PAX8, NOTCH1 (pancreatic carcinoma) (163)

RSU1P2 Oncogenic let-7a IGF1R, N-myc (164)
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Cancer

Laryngeal cancer

Gastric cancer

Colorectal cancer

Cervical cancer

Breast cancer

Melanoma

Osteosarcoma
Lung cancer
Liver cancer
Globlastoma

Osteosarcoma

Colorectal cancer

Esophageal carcinoma

Glioma

ncRNA

miR-508
miR-744-3p

miR-23a/b
miR-208a-3p
miR-93
19622
miR-1260b
miR-181b
miR-150

mil

miR-421
miR-183-5p

CASC15

miR-150
miR-433
miR-155
miR-93

miR-503

XIST/
miR-21-5p
Linc00472/
miR-196a
UGt

CASC9

HOTAIR

Functional responses and targets

miR-503 inhibits apoptosis by directly targeting PDCD4
miR-744-3p regulates PDCD4 to reduce AKT and NF-kB activation as well as MMP-9
expression

miR-23a/b promotes tumor growth and suppress apoptosis by targeting PDCD4
miR-208a-3p suppresses cell apoptosis by targeting PDCD4

miR-93 functions as an oncomiR for the downregulation of PDCD4

miR-196a2 inhibits apoptosis by directly targeting PDCDA

miR-1260b inhibitor enhances the chemosensitivity 5-FU due to downregulation of PDCD4
Activation of IL-6/STAT3 suppressed PDCD4 by upregulating miR-181b

miR-150 functions as a tumor promoter in reducing chemosensitivity and promoting
invasiveness via targeting PDCD4

PDCD4 is a direct target gene of miR-421
Inhibition of miR-183-5p could repress the progression of breast cancer through restoring
PDCD4 levels

GASC15 acts as an oncogene by negatively regulating PDCD4 expression via recruiting EZH2
and subsequently increasing H3K27me3 level

Knockdown of miR-150 enhanced cell apoptosis via direct targeting of PDCD4

miR-433 suppresses the expression of PDCD4

miR-155 exerts an onco- genic role in NSCLC by directly targeting PDCD4

miR-93 dramatically promoted HCC invasion and metastasis by EMT via targeting PDCD4
microRNA-508 increases proliferation of glioblastoma cells and inhibits apoptosis by directly
targeting PDCD4

INcRNA-XIST acts as a mIRNA sponge, impedes miR-21-5p to maintain the expression of
PDCD4

Linc00472 suppressed proliferation and induced apoptosis through up-regulating PDCD4 by
decoying miR-196a

TUGH suppressed PDCD4 expression by recruiting EZH2 to the promoter region of PDCD4
and increasing H3K27me3 level in ESCC cells

IncRNA CASC9 functions as an oncogene by negatively regulating PDCD4 expression through
recruiting EZH2 and subsequently altering H3K27me3 level

Suppression of PDCD4 mediated by HOTAIR inhibits glioma cell proliferation and invasion in a
PRG2-dependent manner
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Untreated group

Patients Gender

Age
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HSCT indication

Hematopoietic stem cell transplantation group

1 M
2 F
3 F
4 F
5 M
6 M
7 M
8 M
9 M
10 F
11 F
12 M
13 M
14 M

a7
44
03
63
37

43
48
35
42
42
56
32
21
58

Disease progression
Failed therapy
Disease progression
FC

Failed therapy

FC

Disease progression
Failed therapy
Failed therapy
Disease progression
FC

FC

FC

Disease progression

Age

61
62
35
54
46
ke

67
59

52
37

k-4

Source

BM
BM
BM
BM
BM
BM
PBSC
BM
PBSC
PBSC
BM
PBSC
BM
BM

DAT

224
231
208
1569
110
2450
80
2362
3561
3708
3932
3242
1949
il

BCR-ABL (%)

BCR-ABL (%)

1.60
1,20
0.20
0.20
050
0.30
0.75
0.03
0.01
0.01
0.03
0.08
0.30
0.02

100
100
100
73

100
100
100
40

100
100
100
100

Breakpoint

b2a2
b3a2
b3a2
b3a2
b2a2
b3a2
b3a2
b3a2
b2a2
b3a2
b2a2
b2a2
b3a2
b2a2

Mutation

Absence
Absence
Absence

Absence
Absence

Absence

Absence

Breakpoint

b2a2
b2a2
b2a2
b2a2
b3a2
b2a2
b3a2
b3a2
b2a2
b2+b3
b3a2
b3a2
b3a2
b3a2

Follow up

Relapsed
Relapsed
Relapsed
Relapsed
Relapsed
MMR
MMR
Relapsed
Relapsed
MMR
MMR
Relapsed
Relapsed
MMR

DAT, days after transplantation; BM, bone marrow; PBSC, peripheral blood stem cell; (-), BCR-ABL mutation test was not performed; MMR, Major molecular response (BCR-ABL1

transcriot level < 0.1%).
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miRBase ID

MIMAT0005911
MIMATO000084
MIMAT0004597
MIMATO003727
MIMAT0000435
MIMAT0000258
MIMAT0000083
MIMAT0000269
MIMATO000681
MIMAT0004499
MIMAT0000256
MIMAT0000073
MIMAT0000707
MIMAT0000245
MIMAT0000253
MIMAT0000086
MIMATO0000069
MIMAT0002177
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MIMAT0000082
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MIMAT0003239
MIMAT0002174
MIMAT0000446
MIMAT0000449
MIMAT0004614
MIMATO000753
MIMAT0004553
MIMAT0000146
MIMAT0001639

FC, fold-change; miR, microRNA.

FC

0.013
0.082
0.083
0.105
0.150
0.159
0.160
0.164
0.172
0.180
0.189
0.224
0.243
0.252
0.259
0.291
0.201
0.292
0310
0.318
0.329
0.331
0.343
0.350
0.402
0417
0.417
0.444
0.477
0.496
2.005
2179
2233
2.338
2.492
2.589
2748
2.764
2820
3.969
3.973
4513
5.070
5.650
6.473
10.905

P-value

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.008
0.001
0.000
0014
0.000
0.002
0.029
0.000
0.000
0.000
0.003
0.009
0.000
0.000
0.000
0.003
0.046
0.001
0.000
0.039
0013
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0.039
0.002
0010
0.034
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0.007
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0.002
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Variable N /AK025387 expression P-value

Low High

<60 23 9 14

>60 20 9 1

Missing 3 1 2 0763
Male 38 15 23

Female 8 4 4 0.700
<4 17 7 10

>4 24 10 14

Missing 5 2 3 1.000
T 1 0 1

T2 6 4 2

] 16 7 9

T4 22 7 15 0369
Missing 1 1 0

Positive 31 9 22 0.025
Well 0 0 0
Moderate 8 3 5
Poor 35 13 22
Missing 3 3 0 1.000
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Clinical feature Total (%)°

Histology Malignant 523
Anatomical Site Oral cavity 316 (60.4)
Pharynx 90(17.2)
Larynx 117(22.4)
Age! Range 19-90
Median 61
Gender Male 382 (73.0)
Female 141 (27.0)
Smoking status Never smoker 121 (23.1)
Former smoker 211(403)
Current smoker 176 (33.7)
Not determined 15(2.9)
Disease stage | 21(4.0)
] 97 (18.5)
] 105 (20.1)
IVA, IVB, and VG 286 (64.7)
Not determined 14@.7)
HPV status® Positive 73 (14.0)
Negative 40(7.6)
Not determined 410 (78.4)

*Information retrieved August 2018 from UCSC Xena (https://xenabrowser.net).
$Column percentage.

T Age data missing for one patient.

#Determined by p16 testing.
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Dataset Description of samples

A HNSCC samples obtained from TCGA (1 = 523)

B8 Non-malignant head and neck samples obtained from TCGA (n = 43)

c Non-malignant samples from different organs" from TCGA
Pan-Cancer Atlas

D Meatched HNSCC and non-malignant samples from TCGA (n = 43
pairs)

E OSCC from the GEO (GSE52633) (n = 20)

F FFPE OSCC tissue (1 = 25) and FFPE non-malignant tissue from the

buccal mucosa (1 = 5)

Analyses
AandB  MIRNA discovery

BandC  Tissue speificty” of novel miRNAs

D Differential expression between non-malignant samples and HNSCC
Association of miRNAs with clinical features

Survival analysis
Detetion of novel miRNAs in an independent cohort

Experimental validation of most relevant miRNA by RT-qPCR in FFPE
tissues

mm > >

HNSCC, head and neck squamous cel carcinoma; TCGA, The Cancer Genome Alles;
0SCC, oral squamous cel carcinoma; FFPE, formalin-fixed paraffin-embedded.

“bile duct (n = 9), bladder (n = 19), brain (1 = 5), cervix (n = 3), colon (n = 9), kidhey (n =
71),liver (n = 47), lung (n = 91), pancreas (n = 4), prostate (n = 52), stomach (n = 45),
and thyroid (n = 59).
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CAGE analysis HMGA2 RPSAP52 HMGA2-AS1 RP11-366L20.3

Sum of expression (e) 1469742 780.0 2216
Positive expression 57 14 5
number of libraries (%)

Highest signal (rle) 16539 24.2 25.1

Mean of expression (rle) 140.8 29 25
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Gene

UHRF1

GAPDH

ué

KISS1

MiR-506

Primer sequence

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

5'-CGACGGAGCGTACTCCCTAG-3'
5'-TCATTGATGGGAGCAAAGCA-3
5'-CCCTTCATTGACCTCAACTACATG-3
5'-TGGGATTTCCATTGATGACAAGC-3'
5'-CGCTTCGGCAGCCACATATACTA-3'
5'-CGCTTCACGAATTTGCGTGTCA-3'
5'-AGCCGCCAGATCCCCGCA-3'
5'-GCCGAAGGAGTTCCAGTTGT-3'
5'-GCGGCTTTGTGCTTGATCTAA-3
5'-GTGCAGGGTCCGAGGT-3"
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Variable n UHRFT1 level p
Low High

Age <60 58 13 45 0.1819
>60 63 21 42

Sex Male 69 23 46 0.1401
Female 52 11 41

Histological grade Well 37 14 23 0.1137
Moderate, poor 84 20 64

Depth of invasion T14+T2 54 22 32 0.0055
T3+ T4 67 12 85

KISS1 level Low 77 13 64 0.0003
High 44 21 23
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Disease

Juvenile idiopathic
arthritis

SLE

Inflammatory bowel
disease

Multiple sclerosis

Autoimmune uveitis

Cell type

CD4* memory
/Jeffector cells

Monooytes
Peripheral blood
mononuclear cells

CD14+ cells

THP-1 cells

Thi

Disease associated
SE/seRNA

CTLA4 SE
CXCR4 SE

Enhancer1, Enhancer2,
eRNA157
PDCD1 enhancer

IFNG-R-49

Vitamin D receptor
super enhancers (VSE)
13

T-bet SE and T-bet
seRNA

SE or eRNA regulated
gene(s)

CTLA4
CXCR4

ADADMECT

PDCD1

Not specified

ZMIZ1 DENND6B USP2
ASAP2 SEMA6B LRG1

IFNy, TNF, FASL, ILL8RL,
and CTLA4

Gene function

Preserve self-tolerance
Control chemokine binding
receptor expression
Escape inhibition by tissue
inhibitor of

metalloprotease-3 (TIMP-3).

Preserve self-tolerance

Control of IL22 and IL26
expression levels
Leukocyte aggregation,
actin flament organization,
axon guidance,
pro-inflammatory cytokine
production regulation
Inflammatory cellinfitration

References
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(106)
(107)

(108)

(109)
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Molecule Ligand (s)
PD-1 PD-L1,PD-L2
PD-L1 PD-1,B7-1
(CD80)
CTLA4 CD80, CD86

Expressing cells

T cells, NK cells, B
cells,
macrophages, DG
subsets, mast
cells

Tumor cells,
tumor-associated
APCs (eg., DC,
monocytes,
macrophages,
mast cels, T cells,
B cells, NK cells)

T cells (resting and
activating)

Blockage approved for

Metastatic melanoma,
non-small-cell lung cancer, head
and neck squamous cell cancer,
Hodgkin's lymphora, renal cell
carcinoma

Non-small-cel lung cancer,
bladder cancer, urothelial
carcinoma, Merkel cel
carcinoma

Metastatic melanoma, renal cell
carcinoma

Blockage effects References
Restore TCR signaling. (61-66)
Enhance IFN-y and associated

chemokines.

Promote CD8* T cell influx in

tumor microenvironment.

T cell metabolic reprogramming

Target: (66-69)
Gancer cell:

Block PD-1/PD-L1 signaling

pathway. Block interaction with

CDBO. Inhibit

immune-independent cancer cell

intrinsic growth.

Macrophage:

Suppress T cell extrusion from

tumor microenvironment

Block competitive inhibition of (70-72)
D28 co-stimulation.

T cell metabolic reprogramming

Broaden the peripheral

TCR repertoire
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miR Name

hsa-miR-1260a

hsa-miR-27a-3p

hsa-miR-140-3p

mmu-miR-374b-5p

hsa-miR-143-3p

hsa-miR-181c-5p

hsa-miR-26b-5p
hsa-miR-212-3p

hsa-miR-29¢-3p
hsa-miR-26a-1-3p
hsa-miR-181a-5p
hsa-miR-19a-3p
hsa-miR-363-3p
hsa-miR-30d-5p
hsa-miR-10a-5p
hsa-miR-29a-3p
hsa-miR-16-5p

hsa-miR-486-5p

hsa-miR-345-5p
hsa-miR-26a-5p
hsa-miR-18a-3p
hsa-miR-27b-3p

hsa-miR-374a-5p

hsa-miR-362-5p

hsa-let-7g-5p
hsa-miR-324-3p

hsa-miR-550a-5p
hsa-miR-125a-3p
hsa-miR-108b-5p

hsa-miR-191-5p
hsa-miR-15b-3p

hsa-miR-328-3p
hsa-miR-222-3p

hsa-miR-139-5p
hsa-miR-92a-3p

hsa-miR-628-3p

hsa-miR-150-5p
hsa-miR-574-3p
hsa-miR-484
hsa-miR-127-3p
hsa-miR-146a-5p

hsa-miR-193a-5p
hsa-miR-342-3p

hsa-miR-7-1-3p
mmu-miR-134-5p
hsa-miR-409-3p

Dysregulation in cancer

Down-regulated in folicular B-cell
lymphoma

Involved in tumor growth: cell proliferation
and cell invasion

Chemoresistance in osteosarcoma and
colon cancer

Inhibits cell migration, proliferation and
invasion in cervical cancer

Low expression level contributes to tumor
development, differentiation, profiferation,
invasion and metastasis

Inhibits chemoresistance in chronic
myelocytic leukemia

Down-regulated in breast cancer

Inhibits cell proliferation and promotes
apoptosis

Deregulated in hematological malignances
Tumor suppressor

Downregulation in resistance to imatinib
Potential biomarker for CML.

Tumor suppressor in gastric cancer
Downregulation in resistance to imatinib
Biomarker of drug response in CML
Deregulated in hematological malignances
Regulation of cell cycle and apoptosis in
myeloid leukemogenesis

Expression increased in erythroid
differentiation in CML

Tumor suppressor in pancreatic cancer
Tumor suppressor
Potential biomarker for CML

Oncogene; expression increased in
lymphoma

Promotes proliferation and migration of
transformed mesenchymal stem cells

Induces apoptosis resistance and cell
proliferation in gastric cancer

Downregulated in Burkitt's lymphoma
Overexpression promotes cell growth and
decreases apoptosis

Tumor suppressor

Induces apoptosis in pancreatic cancer

Inhibits metastasis and invasion colorectal
cancer cells

Disregulated in human gliobastoma tissues
High expression in poor prognosis for
hepatocellular carcinoma

CML progression

Cancer development as oncomiR or as
oncosuppressor

Antimetastic and anti-oncogenic activity

Higher levels in acute myeloid leukermia
and acute ymphoblastic leukemia

Inhibits proliferation of acute myeloid
leukemia cells

CML progression; CML biomarker
Tumor suppressor in ovarian cancer
Highly expressed in breast cancer patients
Tumor suppressors in gastric cancer

Development and maintenance of
neoplastic processes

Low expression in lung cancer

Suppresses acute myeloid leukemia cell
profiferation

Up-regulated in metastatic prostate cancer
Cancer cell prolferation

Tumor suppressor in endormetrial
carcinoma cells

Fe, fold change; miR, microRNA.
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Antibody

Plasmids

NC/mimics

Dilutions

sP1 1:1,000
IRF5 1:750
GAPDH 1:20,000
Anti-rabbit IgG HRP-linked 1:2,000
PeDNA3.1

EX-NEG-M02

peDNAS.1-SP1

EX-NEG-MO2-IRF5
EX-NEG-M02-CCATH
PEZX-PLOT-IRFS promoter
NG

miR-875-3p mimics

Catalog numbers

#9389
A1149
ab128915
#7074

EX-NEG-MO2

EX-Z4372-MO2
CS-GS3356-MO2
HPRM33965-PLO1T
miR 01101

miR 10005307

Resources

Cell Signaling Technology
ABclonal Technology
Abcam

Cell Signaling Technology
Dr. Thomas E. Eling
GeneCopoeia

Dr. Thomas E. Eling
GeneCopoeia
GeneCopoeia
GeneCopoeia

Ribo Biological Co., Ltd.
Ribo Biological Co., Ltd.

Final concentration

02 pg/mL
02 pg/mL
2.0 pg/mL
1.5 pg/mL
05 pg/mL
1.0 pg/mL
100 M

100 nM
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Symbol

CCAT1

GAPDH

miR-375-3p

ue

Primer

F-primer
R-primer
F-primer
R-primer
F-primer
R-primer
F-primer
R-primer

Primer sequence('-3)

5-GCCGTGTTAAGCATTGCGAA-S'
&'-TCATGTCTCGGCACCTTTCC-3
5'-AAGCCTGCCGGTGACTAAC-3
5'-GCGCCCAATACGACCAAATC-3'
&-TGCTTTGTTCGTTCGGCTC-3"
&-TATGGTTGTTCAGGACTCCTTCAC-3'
5'-ATTGGAACGATACAGAGAAGATT-3"
5'-GGAACGCTTCACGAATTTG-3"
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