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Editorial on the Research Topic
Emerging Roles of Circular RNAs in the Tumor: Functions and Potential Applications

Circular RNA (circRNA), which was firstly described in mammals in 1991, has undergone an explosion in studies on its biology resulting in the common understanding of the molecule’s role as important players in physiology and pathology/disease developments (Kristensen et al., 2018; Chen and Lu, 2021). CircRNAs are single-stranded RNAs produced by back splicing of exons and/or intron sequences of primary RNA transcripts. Compared to traditional linear RNAs formed by forward splicing, a 3′-5′ covalently closed ring within the circRNAs keeps them stable even without posttranscriptional modification such as the addition of 5′-cap and 3′-poly (A) tails.
CircRNAs are classified as four groups based on biogenesis and locations. Exonic circRNAs (EcircRNAs) are produced by back splicing from exon sequence and are predominantly localized in the cytoplasm. Exon-intro circRNAs (EIciRNAs) are circulized with intronic sequences retained between the back-splicing-exons and are localized in the nucleus. Intronic circRNAs (ciRNAs) from intronic lariat RNA precursors are localized in the nucleus as well, while mitochondria-encoded circRNAs (mecciRNAs) are distributed in the mitochondria and the cytoplasm (Chen et al., 2021). CircRNAs have diverse functions including 1) inhibiting miRNA activities by sponging miRNAs, 2) initiating RNA polymerase II (Pol II) to regulate transcription, 3) acting as a protein scaffold and a protein sponge, and 4) encoding proteins by serving as translation templates (Chen et al., 2021).
CircRNAs have been accepted as the specific regulators in gene expression rather than erroneous noise during gene transcription. Deregulation of circRNAs may influence proliferative signaling, epithelial-to-mesenchymal transition (EMT), angiogenesis, apoptosis and drug resistance, therefore may have a causative role in cancer development (Kristensen et al., 2018). So far, aberrant expressions of circRNAs have been identified in diverse cancer types and tissues, including basal cell carcinoma (BCC), bladder cancer, breast cancer, ovarian cancer, oral squamous cell carcinomas, esophageal squamous cell carcinoma (ESCC), gastric cancer, colorectal carcinoma (CRC), hepatocellular carcinoma (HCC), lung cancer, cutaneous squamous cell carcinoma, osteosarcoma, glioma, and hematological malignancies (Kristensen et al., 2018). The participation of circRNAs in cancer stemness (Su et al., 2019; Lagunas-Rangel, 2020) and tumor-associated immunology (Tang et al., 2020; Duan et al., 2021) further provided insight into their widespread roles in cancer. Therefore, circRNAs can be used as molecular markers and potential therapeutic targets for the early diagnosis and treatment of tumors. Activating and/or blocking the expression of circRNAs will effectively regulate the growth process of tumors and will provide a new therapeutic strategy.
The research topic “Emerging Roles of Circular RNAs in the Tumor: Functions and Potential Applications” focuses on circRNAs’ role and molecular signaling pathways by which they regulate tumor development. We have received 39 manuscripts contributed by 184 authors from all over the world and have selected 24 articles from multiple fields in cancer research that were ultimately published.
Five reviews/mini-reviews were collected in this research topic. The one from Nisar et al. systemically reviewed circRNAs’ biogenesis, properties, and characterization. The authors summarized circRNAs’ detection methods, overviewed their roles as diagnostic and prognostic markers in both solid tumors and hematological malignancies and then discussed their molecular targets. The other two reviews focused on specific cancers, prostate cancer, and thyroid cancer (TC). The one from Fang et al. reviewed circRNAs in the prostate cancer. The authors first overviewed the general features of circRNAs (resistance to exonuclease degradation, selective enrichment within exosomes, cell lineage- and tissue-specific features, and easy detection by high throughput RNA sequencing or multiplex qPCR in one single reaction), followed by discussion of the potential of circRNAs as diagnostic and prognostic biomarkers for prostate cancer. The other review from Xia et al. outlined the characteristics, expression, and function of circRNAs in TC, the highest incidence among endocrine malignancies. CircRNAs, as regulatory molecules, potentially serve as diagnostic, prognostic, and therapeutic tools in TC. Acquired comprehensive understanding of circRNAs leads to new therapies based on circRNAs in treating and preventing TC. Seimiya et al. reviewed the role of exosomal circRNAs in cancer. They discussed the biological functions of exosomal circRNAs and their contribution to cancer progression. The potential clinical applications of exosome circRNAs as biomarkers and therapeutic targets for cancer were also summarized in this review. Jiang et al. focused on the function of the most well-known circRNAs, cerebellar degeneration-related protein 1 antisense RNA (CDR1as) in the development of various cancers such as colorectal cancer, cholangiocarcinoma and osteosarcoma. CDR1as contains over 70 miR-7 (a notable tumor suppressor) binding sites and can regulate gene expression by sponging miR-7, which contributes to tumor growth, metastasis, and chemoresistance. Besides miR-7, CDR1as exerts its role via multiple signaling pathways, for instance, stimulating tumor growth through miR-1270, miR-219a-5p, and miR-135p; promoting cancer metastasis via IGF2BP3, miR-1270, miR-219a-5p, miR-876-5p, miR-641, and miR-1299; and enhancing resistance to chemotherapy by miR-1270.
Nineteen original research articles are collected in this research topic. Two studies focused on prostate cancers. By screening a circRNA microarray assay, Deng et al. found that circ_0088233 was upregulated in prostate cancer tissues compared to adjacent normal tissues and these findings were verified in 46 pairs of prostate cancer and adjacent normal tissues. Levels of circ_0088233 correlated with TNM stages. Reduced expression of circ_0088233 inhibited cell proliferation and migration/invasion as well as induced G1 phase arrest and apoptosis. Furthermore, has-miR-185-3p was identified as the downstream target of circ_0088233. Their results implicate that circ_0088233 may function as an oncogene and play an oncogenic role by sponging hsa-miR-185-3p, therefore this represents a potential therapeutic target for prostate cancer. Greene et al. detected circRNA profiling using a panel of prostate cell lines comprising normal, benign, and malignant cells. They identified three circRNAs, hsa_circ_0021652, hsa_circ_0000288, and hsa_circ_0021647, that are associated with Caprin1 gene, an established survival and chemical resistance marker for prostate cancer.
In two studies, Hippo/Yes-associated protein (YAP) signaling cascades were investigated for their relationship with upstream non-coding RNAs. Circ_100395 functions as a tumor suppressor in non-small cell lung carcinoma (NSCLC). Zhang et al. isolated circ_100395 from adipose-derived mesenchymal stem cells (AMSC), which can increase LATS2 expression by sponging miR-141-3p to regulate the Hippo/YAP signaling cascade, therefore inhibiting NSCLC malignant transformation. Interestingly, Hippo/YAP signaling pathways also contribute to triple-negative breast cancer (TNBC) progression regulated by non-coding RNA LncRNA GHET1. Wang and Liu assessed the specific impacts and mechanisms of LncRNA GHET1 in the development of TNBC. Under hypoxia conditions, they found that knockdown of LncRNA GHET1 significantly decreased proliferation and invasion of TNBC cells, in parallel, accompanied by decreased glucose consumption and lactate production. Mechanically, knockdown of LncRNA GHET1 increased the phosphorylation levels of LATS1 and YAP, consequently, to retain YAP within the cytoplasm.
Under this research topic, the roles of circRNAs were also investigated in other solid tumors, including breast, ovarian cancer, cervical carcinoma, hepatic carcinoma (HCC), glioma, and papillary thyroid carcinoma (PTC). 1) The data from Karedath et al. suggested that CircNFATC3 is a functionally relevant circular RNA in breast and ovarian cancers. The knockdown of circNFATC3 induces a reduction in cell proliferation, invasion, and corresponding oxidative phosphorylation in breast and ovarian cancer cells. 2) The work from Sun et al. showed that circAMOTL1(hsa_circ_0004214) was highly expressed in cervical carcinoma patients and cervical carcinoma cell lines. Downregulation of circAMOTL1 could restrain malignant phenotypes, inactivation of AKT signaling, and repression of EMT phenotypes in cervical carcinomas. Mechanically, circAMOTL1 functions as a miR-526b sponge to upregulate the expression of salt-inducible kinase 2 (SIK2) and subsequently increases malignant phenotypes of cervical carcinoma cells. 3) Screening by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) studies on 50 patients with HCC and 50 healthy individuals, Lin et al. reported that circ_0072088 was highly expressed in patients with HCC, while its increased expression indicated unfavorable prognosis for HCC patients. Furthermore, they found that circ_0072088 was mainly secreted into plasma by HCC cells through exosomes, whereas circ_0072088 suppresses migration and invasion of HCC through degradation of miR-375 and upregulation of MMP-16. 4) Studies from Li et al. showed that circGLIS3 (hsa_circ_0002874) play an important role in glioma. Their functional experiments showed that the upregulation of circGLIS3 in glioma promoted glioma cell migration and invasion and exhibited aggressive characteristics in tumor-bearing mice, while their mechanical experiments uncovered that circGLIS3 could activate Ezrin T568 phosphorylation. In addition, circGLIS3, secreted by glioma cells and enriched in exosomes, affected tumor environments through induction of angiogenesis. 5) By using GSE93522 dataset via the GEO2R online tools, Lou et al. first screened out 14 candidate circRNAs that differentially expressed between normal/benign thyroid tissues or PTC. After performing miRNA co-prediction by the combination of Cancer-Specific CircRNA Databases (CSCD) and Circular RNA interactome (CRI) databases, they constructed a potential circRNA-miRNA sub-network, consisting of 9 circRNAs and 21 miRNAs. Following subsequent determination of the expression and prognostic values of these miRNAs by starBase, the two miRNAs, miR-605-5p, and miR-876-3p, were identified as key miRNAs in PTC. Subsequently, CTNNB1 and CCND1 were found to be the two most likely targets of miR-876-3p. Then they concluded that hsa_circ_0088494-miR-876-3p-CTNNB1/CCND1 axis linked to carcinogenesis and progression of PTC, which provide promising therapeutic targets for PTC.
In addition to solid tumors, this research topic also includes the contribution of circRNAs to hematological malignancy. Molin et al. in Italy used the CirCormPara software to annotate and quantify circRNAs in RNA-seq data comprising of 19 Juvenile myelomonocytic leukemia (JMML) and 3 healthy donors (HD). They identified 119 circRNAs dysregulated in JMML and 59 genes showing an imbalance between circRNAs and linear RNA products. Varied circRNA expression profiles among molecular subgroups of JMML were also identified. After validation of a set of dysregulated circRNAs in an independent cohort of JMML patients, they confirmed the downregulation of circOXNAD1 and circATM, and a significant upregulation of circLYN, circAFF2, and circMCTP1 in JMML patients. The study model they used predicted the existing interactions with miRNAs and dysregulated circRNAs in regulatory networks.
In conclusion, this research topic highlights multiple roles and contribution of non-coding RNAs, in particular, circRNAs, in a variety of human tumors. However, many aspects of circRNA research still needs to be explored, for example, how is the circRNA expression related to other molecular changes frequently observed in cancers such as KRAS, c-myc, and p53? Finally, there is no doubt that circRNA is a promising candidate as biomarker for cancer and therapeutic target in cancer therapy.
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Circular RNA (circRNA) is a type of non-coding RNA that forms a covalently closed continuous loop. The expression pattern of circRNA varies among cell types and tissues, and many circRNAs are aberrantly expressed in various cancers. Aberrantly expressed circRNAs have been shown to play crucial roles in carcinogenesis, functioning as microRNA sponges or new templates for protein translation. Recent research has shown that circRNAs are enriched in exosomes. Exosomes are secretory vesicles that mediate intercellular communication through the delivery of cargo, including proteins, lipids, DNA, and RNA. Exosome-mediated crosstalk between cancer cells and the tumor microenvironment promotes the epithelial-mesenchymal transition, angiogenesis, and immune escape, and thus may contribute to cancer invasion and metastasis. In this review, we discuss the biological functions of exosomal circRNAs and their significance in cancer progression. Additionally, we discuss the potential clinical applications of exosomal circRNAs as biomarkers and in cancer therapy.
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INTRODUCTION

Exosomes are secreted vesicles 30–100 nm in diameter that contain host cell-derived cargo, including proteins, lipids, DNA, and RNA. Exosomes deliver their cargo to recipient cells and mediate intercellular communication. Tumor cells communicate with surrounding cells, including other tumor cells, normal cells, fibroblasts, endothelial cells, and immune cells, via exosomes, which helps to form the tumor microenvironment, facilitating proliferation, invasion, and immune escape (Kalluri, 2016; Maia et al., 2018; Wortzel et al., 2019). Furthermore, exosomes derived from tumor cells travel to metastatic sites far from the primary site and create a metastatic niche for colonization by tumor cells (Wortzel et al., 2019). Thus, exosomes play important roles in cancer progression.

Circular RNA (circRNA) is a type of non-coding RNA that forms a covalently closed continuous loop through a process called “back-splicing,” in which a downstream splice donor site is joined with an upstream splice acceptor site. RNA with circular structures were first documented in the 1970s, but were thought to be specific to pathogens such as hepatitis D virus (Kos et al., 1986) and a plant viroid (Sanger et al., 1976). In the 1990s, the presence of several circRNAs was reported (Nigro et al., 1991; Cocquerelle et al., 1992, 1993; Capel et al., 1993), but the overall picture of circRNAs in the human transcriptome remained unclear. Recent advances in RNA sequencing technology and bioinformatics tools have revealed that more than 180,000 circRNAs are present in human transcriptomes (Dong et al., 2018) and the expression pattern of circRNAs varies among cell types and developmental stages (Memczak et al., 2013; Salzman et al., 2013). Furthermore, the abundance of circRNAs is not correlated with that of the cognate linear RNA (Salzman et al., 2013), indicating distinct regulatory mechanisms and cellular functions of circRNAs.

The abundance of circRNA is negatively correlated with cell proliferation rates (Bachmayr-Heyda et al., 2015) and the global expression level of circRNA is downregulated in a diverse range of cancers, including osteosarcoma, colorectal adenocarcinoma, renal cell carcinoma, hepatocellular carcinoma (HCC), lung adenocarcinoma, gastric adenocarcinoma, and prostate cancer (Vo et al., 2019). This is possibly because circRNAs are more stable than linear RNAs (Li et al., 2015). That is, circRNAs can accumulate in non-proliferating cells, whereas in proliferating cells circRNAs are distributed to daughter cells and thus diluted. Despite the global downregulation of circRNA in cancer, some circRNAs are aberrantly expressed and essential for cancer cell proliferation. RNA interference screening using short hairpin RNAs that target back-splicing junctions and linear transcripts outside of circRNA exons, to assess distinct functions of circRNAs and their parental linear RNAs in prostate cancer cells, revealed that 171 circRNAs were essential for proliferation, whereas their linear counterparts were not (Chen S. et al., 2019). These results show that circRNAs are not mere byproducts of splicing, but play important roles in carcinogenesis independent of their linear transcripts.

Recent studies have revealed that circRNAs contribute to carcinogenesis by acting as microRNA (miRNA) sponges, protein scaffolds, or templates for protein translation. Many circRNAs, including circCCDC66, circHIPK3, and circPVT1, have been reported to act as miRNA sponges in cancer (Kristensen et al., 2018, 2019; Chen, 2020). Interestingly, circCCDC66 promotes expression of the oncogene MYC through binding to multiple different miRNAs rather than one particular miRNA (Hsiao et al., 2017). CDR1-AS increases cell surface PD-L1 levels through miR-7-independent mechanisms (Tanaka et al., 2019). circPOK directly binds to interleukin enhancer-binding factor 2/3 (ILF2/3) complex and functions as a coactivator of the ILF2/3 complex, thus regulating pro-proliferative and pro-angiogenic factors (Guarnerio et al., 2019). circACC1 is another circRNA that functions as a protein complex component through direct binding. circACC1 assembles and stabilizes the AMPK complex and mediates metabolic reprogramming in cancer cells (Li et al., 2019b). Human papillomavirus-derived circRNA acts as a template for oncogenic protein translation, resulting in host cell transformation (Zhao J. et al., 2019). Thus, circRNAs in tumor cells and oncogenic viruses promote cancer progression in diverse ways.

Recently, circRNAs were found to be localized to exosomes, stably present over time, and to have biological functions. Ongoing investigations have revealed the roles of exosomal circRNAs in carcinogenesis. In this review, we discuss the biological functions of exosomal circRNAs, their significance in cancer progression, and the clinical applications of exosomal circRNAs.



circRNA IS ENRICHED AND STABLE IN EXOSOMES

The abundance and stability of exosomal circRNAs was first reported based on the RNA-Seq analysis of ribosomal RNA-depleted total RNA from MHCC-LM3 liver cancer cells and cell-derived exosomes (Li et al., 2015). RNA-Seq analysis revealed that the ratio of circRNA levels to their linear counterpart RNA levels in exosomes was about 6-fold higher than that in producer cells. Furthermore, the expression levels of circRNAs were barely altered after incubation at room temperature for up to 24 h (Li et al., 2015). These results indicate that circRNAs are highly enriched and stable in exosomes.

The expression profile of exosomal circRNA is different from that of producer cells (Li et al., 2015; Dou et al., 2016), suggesting that circRNAs are actively incorporated into exosomes. Multiple mechanisms have been implicated in RNA sorting into exosomes, including specific RNA sequences and/or secondary structures associated with RNA binding proteins (O’Brien et al., 2020; Wang M. et al., 2020). However, the precise mechanisms through which circRNAs are sorted into exosomes are not yet clear.

The stability of circRNA may contribute to the enrichment of circRNA in exosomes. circRNA is resistant to exonuclease digestion because it does not have a 5′ or 3′ end (Suzuki et al., 2006), which is responsible for its longer half-life compared to linear RNA (Jeck et al., 2013; Enuka et al., 2016). Because of its long half-life, despite the low efficacy of nascent circRNA synthesis, it accumulates in cells with slow division rates such as neuronal cells (Rybak-Wolf et al., 2015; You et al., 2015; Zhang et al., 2016). Furthermore, an exosome can protect its cargo RNAs from degradation by RNases (Valadi et al., 2007; Skog et al., 2008). Therefore, circRNA that has been incorporated into exosomes can be remarkably stable in exosomes.

The abundance of circRNA in exosomes can be regulated by the miRNA level in producer cells. CDR1-AS, one of the most intensively studied circRNAs, is known to bind to miR-7 and strongly suppress miR-7 activity (Hansen et al., 2013). The level of CDR1-AS is significantly downregulated in exosomes but slightly elevated in cells when miR-7 is ectopically expressed (Li et al., 2015). This finding indicates that sorting of circRNAs into exosomes is regulated, at least in part, by the associated miRNA levels in producer cells.



BIOLOGICAL FUNCTIONS OF EXOSOMAL circRNAs

circRNA retains miRNA sponging activity in the exosome and can modulate miRNA target gene expression in recipient cells. CDR1-AS is the first circRNA reported to retain biological function in the exosome; exosomal CDR1-AS can abrogate miR-7-induced growth suppression in recipient cells by sponging miR-7 (Li et al., 2015). There is growing evidence that exosomal circRNAs are involved in cell proliferation, invasion, the epithelial-mesenchymal transition (EMT), metastasis, chemoresistance, and cancer cachexia through intercellular communication between tumor cells, endothelial cells, and adipocytes (Figure 1 and Table 1).
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FIGURE 1. Biological functions of exosomal circRNAs. CircRNAs are generated by back-splicing, packaged into exosomes, and released into the extracellular space. Exosomal circRNAs are internalized into recipient cells via direct fusion with the plasma membrane or endocytosis, and carry out various biological functions in recipient cells.



TABLE 1. Biological functions of exosomal circRNAs in cancers.
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Cell Proliferation

Many exosomal circRNAs have been reported to promote cell proliferation. circRNA_100284 is secreted by arsenite-transformed human hepatic epithelial cells and transferred into surrounding normal cells via exosomes. Exosomal circRNA_100284 accelerates the cell cycle and promotes cell proliferation by acting as a sponge of miR-271 and thereby upregulating EZH2 (Dai et al., 2018). Exosomal CDR1-AS is a circRNA that promotes HCC progression. In HCC cells, upregulated CDR1-AS accelerates cell proliferation and migration by acting as a sponge for miR-1270, promoting the expression of alpha-fetoprotein. CDR1-AS is secreted into exosomes and transferred into surrounding cells, promoting proliferation and migration (Su et al., 2019). circ0000284 is expressed in cholangiocarcinoma cell lines, tumor tissues, and plasma exosomes. In cells, circ00000284 acts as a sponge of miR-637 to upregulate the expression of LY6E and stimulate proliferation, migration, and invasion by cholangiocarcinoma cells. circ0000284 is secreted into exosomes and transferred into surrounding cells, facilitating proliferation and migration (Wang S. et al., 2019). Notably, not only tumor-derived exosomal circRNAs, but also adipocyte-derived exosomal circRNAs, promote tumor growth. Circ-DB is upregulated in serum exosomes obtained from HCC patients with higher body fat ratios, and is highly expressed in exosomes from adipocytes. Circ-DB promotes HCC proliferation and decreases DNA damage through the sponging of miR-34a, thereby promoting USP7 and Cyclin A2 expression (Zhang et al., 2019a).

In contrast to tumor-derived exosomal circRNAs, which promote proliferation in recipient cells, normal cell-derived exosomal circRNAs inhibit proliferation in recipient cells. For example, circ0051443, which is downregulated in plasma exosomes of patients with HCC, is secreted by normal hepatic cells and transferred into adjacent HCC cells, causing tumor cell apoptosis and cell cycle arrest through sponging of miR331-3p and upregulation of BAK1 expression (Chen W. et al., 2020).



EMT, Invasion, and Metastasis

Exosome-mediated intercellular communication is known to promote tumor invasion and metastasis by inducing the EMT, modifying the tumor microenvironment, and forming pro-metastatic niches (Kalluri, 2016; Maia et al., 2018; Wortzel et al., 2019). Recent studies have revealed that circRNAs in exosomes contribute to tumor invasion and metastasis. circPDE8A is secreted from pancreatic cancer cells, and a high expression level of exosomal circPDE8A in patient plasma was associated with a worse prognosis. In pancreatic cancer cells, circPDE8A acts as a miR-338 sponge to activate the MACC/MET/ERK or AKT pathways and promote invasive growth. Moreover, exosomal circPDE8A promotes the EMT in recipient cells by activating the MACC/MET/ERK or AKT pathway (Li Z. et al., 2018). circRanGAP1 is upregulated in plasma exosomes from preoperative gastric cancer patients compared with healthy control and post-operative gastric cancer patients. More importantly, the plasma exosomes derived from these patients caused enhanced migration and invasion of gastric cancer cells, indicating a potential role for exosomal circRanGAP1 in gastric cancer progression (Lu et al., 2020). circPTGR1 is more abundant in exosomes derived from highly metastatic HCC cells compared with non-metastatic or low-metastatic cells. Co-culture with exosomal circPTGR1 enhances the migration and invasion of HCC cells through the miR-449a/MET pathway. Furthermore, the expression level of circPTGR1 in serum exosomes of HCC patients is associated with advanced clinical stage and worse prognosis (Wang G. et al., 2019).

circRNA in exosomes can promote cancer cell invasion not only by making cancer cells more invasive, but also by altering the tumor microenvironment. circIARS is secreted from pancreatic cancer cells and delivered to human umbilical vein cells (HUVEC) via exosomes. Exosomal circIARS upregulates the permeability of HUVEC cells by sponging miR-122 and upregulating RhoA, enabling easier invasion by pancreatic cancer cells (Li J. et al., 2018). Exosomal circRNA-100338, which is upregulated in a highly metastatic HCC cell line, also promotes HUVEC proliferation, angiogenesis, and permeability. RNA pull-down assay revealed that circRNA-100338 can bind RNA-binding proteins including NOVA2, which was reported to regulate vascular development and lumen formation. This suggests that circRNA-100338 may regulate angiogenesis by interacting with NOVA2, but further study is needed to confirm this (Huang et al., 2020).

Several circRNAs have been reported to play roles in metastasis. circPRMT5, which is frequently upregulated in urothelial carcinoma of the bladder (UCB) cells, acts as a miR-30c sponge and regulates the SNAIL1/E-cadherin pathway to promote the EMT in UCB cells. Moreover, circPRMT5 in serum and urinary exosomes was positively correlated with lymph node metastasis and advanced tumor progression (Chen et al., 2018). The expression level of circNRIP1 in serum from gastric cancer patients is significantly higher than that in healthy controls. Notably, mouse tail injection of gastric cancer cells co-cultured with exosomes derived from circNRIP1-overexpressing cells increased lung metastasis. This result indicates that exosomal circNRIP1 enhances the metastatic potential of gastric cancer cells (Zhang et al., 2019). circWHSC1, which is upregulated in ovarian cancer tissues, acts as a sponge of miR-145 and miR-1182 and upregulates MUC1 and hTERT, resulting in increased cell proliferation, migration, and invasion. Exosomal circWHSC1 shifts the morphology of peritoneal mesothelial cells to fibroblast-like and upregulates N-cadherin and MUC1 in peritoneal mesothelial cells. Furthermore, the peritoneal injection of ovarian cancer cells combined with exosomes derived from circWHSC1-overexpressing cells into mice promotes peritoneal dissemination. This result indicates that exosomal circWHSC1 can be transferred to peritoneal mesothelial cells, promoting peritoneal dissemination in vivo (Zong et al., 2019).



Chemoresistance

Exosomal circRNAs are associated with chemotherapy resistance. A microarray analysis of exosomal RNAs from chemoresistant and chemosensitive colorectal cancer cells revealed that 105 circRNAs were significantly upregulated and 34 were downregulated in exosomes from chemoresistant cells. Interestingly, hsa_circ_0032883 was significantly upregulated in serum exosomes of chemosensitive patients compared to chemoresistant patients, suggesting that hsa_circ_0032883 may be a potential biomarker for the response to chemotherapy (Hon et al., 2019). Another study showed that ciRS-122 was positively correlated with chemoresistance in colorectal cancer. ciRS-122 acts as a miR-122 sponge and upregulates PKM2. ciRS-122 is transported from chemoresistant cells to recipient cells, where it promotes glycolysis and reduces drug susceptibility (Wang X. et al., 2020).



Adipocyte Browning

In addition to intercellular communication between tumor cells, circRNA can be delivered into adipocytes via exosomes, promoting cancer cachexia. Cancer cachexia, which is defined as the involuntary loss of overall body weight, is associated with a poor prognosis and lower quality of life compared to cancer without cachexia. Adipocyte browning has been reported to promote cancer cachexia by aberrantly increasing thermogenesis (Kir et al., 2014; Petruzzelli et al., 2014). ciRS-133 is highly abundant in serum exosomes derived from gastric cancer patients compared with that from healthy controls. Exosomal ciRS-133 is delivered into preadipocytes, promoting their differentiation into brown-like cells by acting as a miR-133 sponge (Zhang et al., 2019b). This result indicates that tumor-derived exosomal circRNA may promote cancer cachexia.



POTENTIAL CLINICAL APPLICATIONS OF EXOSOMAL circRNA

circRNAs are stable due to their tertiary structure and can be detected in serum (Li et al., 2015), urine (Vo et al., 2019), and saliva (Bahn et al., 2015). Moreover, many circRNAs are dysregulated in various cancers (Naeli et al., 2020). Therefore, circRNAs appear to be promising non-invasive biomarkers for cancer diagnosis. Recent studies using high-throughput sequencing have revealed that many exosomal circRNAs serve as potential diagnostic biomarkers for cancers. Microarray analysis revealed that circ-0051443 is significantly lower in plasma-derived exosomes of patients with HCC than in healthy controls. The diagnostic performance of exosomal circ-0051443 was examined using plasma exosomes from 60 HCC patients and 60 controls. Exosomal circ-0051443 showed moderate accuracy, with an area under the curve (AUC) value of 0.8089 (Chen W. et al., 2020). In plasma exosomes from gastric cancer patients, hsa_circ_0065149, circ-KIAA, and hsa_circ_0000419 were downregulated compared to healthy controls. These circRNAs showed moderate diagnostic performance, with AUC values of 0.64, 0.75, and 0.84, respectively (Tang et al., 2018; Shao et al., 2020; Tao et al., 2020). A circRNA microarray analysis of three pairs of esophageal squamous cell cancer (ESCC) and non-tumor tissues showed that 1045 circRNAs were upregulated and 1032 were downregulated in ESCC. The expression levels of hsa_circ_0001946 and hsa_circ_0043603 in plasma from 50 ESCC patients and 50 controls were examined, and both circRNAs were significantly downregulated in the plasma of ESCC patients. Combined use of the two circRNAs showed good diagnostic performance, with 84% sensitivity and 98% specificity (Fan et al., 2019). Circulating levels of exosomal hsa-circ-0004771 were determined in serum samples from 110 colorectal cancer (CRC) patients, 35 patients with benign intestinal disease, and 35 healthy controls, and was significantly upregulated in CRC patients. Circulating exosomal has-circ-0004771 showed moderate diagnostic performance, with AUC values of 0.86 and 0.88 for differentiating stage I/II CRC patients and all CRC patients from healthy controls, respectively (Pan et al., 2019). In plasma exosomes from lung squamous cell carcinoma (LUSC) patients, RNA-Seq analysis revealed that a total of 252 circRNAs were differentially expressed compared to healthy controls. Among them, the expression levels of hsa_circ_0014235 and hsa_circ_0025580 in plasma exosomes from 30 LUSC patients and 30 controls were examined. These circRNAs showed moderate diagnostic performance, with AUC values of 0.82 and 0.80, respectively (Wang Y. et al., 2020). In lung adenocarcinoma, hsa_circRNA_0056616 was downregulated in plasma exosome. When a receiver operating characteristic curve for exosomal hsa_circRNA_0056616 levels in the context of diagnosis of lymph node metastasis was generated (n = 90), the AUC value was 0.812, suggesting that hsa_circRNA_0056616 could be a potential biomarker for lymph node metastasis (He et al., 2020). In small cell lung cancer, serum exosomal FECR1 was associated with poor survival and clinical response to chemotherapy (Li et al., 2019). In pancreatic cancer, circPDAC was upregulated and could be detected in patient sera (sensitivity 0.45, specificity 0.90). Interestingly, circPDAC was also detected in sera from patients with intraductal papillary mucinous neoplasm, which is a known precancerous lesion (Seimiya et al., 2020). Other exosomal circRNAs that could be potential biomarkers are summarized in Table 1.

Recently, exosomes have been explored as a therapeutic tool for the delivery of drugs to specific organs because they can evade host immune clearance and can be taken up by specific organs (Hoshino et al., 2015; Wortzel et al., 2019). For example, engineered exosomes carrying siRNA targeting the mutant oncogene KRAS inhibited advanced metastatic disease and significantly increased overall survival in mouse models of pancreatic cancer (Kamerkar et al., 2017). Recent studies have shown that exogenous circRNAs can serves as templates for protein translation, bypassing cellular RNA sensors such as RIG-I and Toll-like receptor that enable stable protein translation (Wesselhoeft et al., 2018, 2019). However, another study showed that transfection with exogenous circRNAs activated innate immunity and that m6A modification could abrogate immune activation (Chen et al., 2017; Chen Y.G. et al., 2019). Although further study is needed to determine whether circRNAs confer immunogenicity, exosomal delivery of tumor-suppressing circRNAs or circRNAs encoding therapeutic proteins may be novel cancer therapies.



FUTURE PERSPECTIVES

Recent research into exosomal circRNAs has revealed their abundance and diverse contributions to cancer progression. However, many questions remain unexplored. First, the regulatory mechanisms of exosomal circRNA abundance are not fully understood. The stability of circRNA and the miRNA levels associated with circRNAs in cells are likely related to the amount of circRNAs present in exosomes. Additional studies are needed to determine whether circRNAs are actively transported or passively diffuse into exosomes. Secondly, although many studies have shown that exosomal circRNAs retain biological activity as miRNA sponges, whether they can act as protein scaffolds or templates for protein translation remains unknown. Finally, studies with larger cohorts are warranted to prove that exosomal circRNAs are clinically applicable biomarkers.
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Prostate cancer is the most common malignant tumor of the urinary system. The mechanisms of the initiation and progression of prostate cancer have not been fully elucidated. Increasing evidence suggests that circular RNAs (circRNAs) are involved in cancer pathogenesis. In this study, we aimed to identify differentially expressed circRNAs in prostate cancer tissues and explored the role of circRNAs in the pathogenesis of prostate cancer. By screening a circRNA microarray assay, we found that circ_0088233 was upregulated in prostate cancer tissues compared to adjacent normal tissues, and this upregulation can be verified in 46 pairs of prostate cancer and adjacent normal tissues examined using quantitative reverse transcription-PCR. The level of circ_0088233 correlated with the TNM stage. Knockdown of circ_0088233 reduced cell proliferation, migration, invasion, and induced G1 phase arrest and apoptosis. In addition, miR-185-3p was identified as the downstream target of circ_0088233 using luciferase reporter assays and a biotinylated circ_0088233 probe pull-down assay. The miR-185-3p level showed a negative correlation with the circ_0088233 level in prostate cancer tissues. Overexpression of circ_0088233 blocked the effects of miR-185-3p on cell proliferation, migration, invasion, cell cycle, and apoptosis. In conclusion, circ_0088233 may function as an oncogene and play an oncogenic role by sponging hsa-miR-185-3p. This study increases the understanding of circRNAs in the progression of prostate cancer. These results implicate circ_0088233 as a potential therapeutic target for prostate cancer.
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INTRODUCTION

Prostate cancer is a malignant epithelial tumor of the prostate gland. It is the second most prevalent cancer worldwide (Bray et al., 2018). Prostate cancer is often prone to bone metastasis, resulting in bone pain or pathological fracture and paraplegia, and can be life-threatening. Patients with early prostate cancer can be treated with radical treatment. Moreover, patients with intermediate prostate cancer need comprehensive treatment, such as surgery combined with radiotherapy. Early detection, diagnosis, and treatment can lead to a good prognosis (Brody, 2015). Therefore, the identification of novel and practical biomarkers for prostate cancer diagnosis and target therapy is essential. Identification of such biomarkers will allow for the development of innovative targeted therapies to improve prostate cancer prognosis.

Circular RNAs (circRNAs) are a special type of non-coding RNA that have become the latest focus of RNA research (Chen and Huang, 2018; Vo et al., 2019). circRNAs are widely expressed in human cells. In contrast to traditional linear RNAs, which contain 5′ and 3′ termini, circRNA molecules have a closed, circular structure and do not affected by RNA exonuclease, therefore, their expression is relatively more stable, and they do not degrade easily (Meng et al., 2017). They have essential functions in regulating gene expression at the post-transcriptional level (Meng et al., 2017; Belousova et al., 2018). Recent studies have shown that circRNA molecules are rich in microRNA (miRNA)-binding sites and act as miRNA sponges in cells. circRNAs play a crucial regulatory role in diseases by alleviating miRNA-mediated inhibition of target genes and increasing the expression levels of these genes (i.e., competitive endogenous RNA, ceRNA) (Chen and Huang, 2018). Besides functioning as ceRNAs of miRNAs, some circRNAs play their roles in diseases by interacting with specific RNA-binding proteins (Kristensen et al., 2019). For instance, overexpression of circular RNA circFndc3b plays cardioprotective roles by modulating cardiac repair after myocardial infarction via the FUS/VEGF-A axis (Garikipati et al., 2019). Increasing evidence suggests that circRNAs play a role in cancer pathogenesis (Vo et al., 2019). At present, many researchers have reported that circRNAs can function as markers of prognosis and diagnosis of many cancer types such as prostate cancer (Tucker et al., 2020). Moreover, circRNAs regulate cancer cell growth, metastasis, and drug resistance (Liang et al., 2020; Ma et al., 2020).

This study aimed to identify differentially expressed circRNAs in prostate cancer tissues and explored the role of circRNAs in prostate cancer’s pathogenesis. These findings provide a better understanding of the role of circRNAs in prostate cancer and will inform the development of novel therapeutic strategies for prostate cancer.



MATERIALS AND METHODS


Specimens

Prostate cancer tissues (n = 46) and adjacent normal tissues (n = 46) were obtained from Gaozhou People’s Hospital from 2017 to 2018. Informed consent was obtained from all patients according to standard procedures of the local ethics committee. This study received institutional review board approval and was carried out according to the regulations of Declaration of Helsinki.



circRNA Microarray Assay

The expression profile of circRNAs in one pair of prostate cancer tissue sample and adjacent normal tissue from one patient (66 years old; tumor stage: III; lymphatic metastasis: No) was generated using the Human CircRNA Array v2 (Zhao et al., 2017) (CapitalBio Technology, Beijing, China) containing 170,340 human circRNA probes. The circRNA target sequences were all from Circbase and Deepbase. Each circRNA was simultaneously detected using a long probe and a short probe. The circRNA array data were analyzed for data summarization, normalization, and quality control using the GeneSpring software V13.0 (Agilent, Santa Clara, CA, United States). To select differentially expressed genes, we used threshold values of ≥2 and ≤2-fold-change and a Benjamini–Hochberg-corrected P-value of 0.05. The data were log2 transformed and median-centered by genes using the Adjust Data function of CLUSTER 3.0 software, and then further analyzed with hierarchical clustering with average linkage.



Cell Culture

Human prostate cancer cells (22Rv1, Du145, LNCaP, and PC3) and RWPE-1 prostate epithelial cells were obtained from the American Type Culture Collection (Manassas, VA, United States). The 22RV1, Du145, LNCaP, and PC3 cells were grown in RPMI-1640 medium containing 10% fetal bovine serum (FBS), 100 U/mL penicillin G, and 100 μg/mL streptomycin at 37°C in a humidified 5% CO2 incubator.



Construction of circ_0088233 Stable Knockdown Cells

Lentiviruses expressing short hairpin RNA (shRNA) targeting circ_0088233 (LV-sh-circ#1 and LV-sh-circ#2) and lentivirus expressing negative control shRNA (LV-sh-NC) were purchased from GenePharma (Shanghai, China). LNCaP and PC3 cells were infected with LV-sh-NC, LV-sh-circ#1, or LV-sh-circ#2 (multiplicity of infection = 50). After culturing in the presence of purinomycin for 3–4 weeks, the circ_0088233 level successfully decreased, as determined using quantitative reverse transcription-PCR (qRT-PCR). Cells infected with LV-sh-NC, LV-sh-circ#1, or LV-sh-circ#2 were termed sh-NC, sh-circ#1, or sh-circ#2 groups.



circ_0088233 Overexpression Plasmid, miR-185-3p Mimic, and miR-185-3p Inhibitor Synthesis

Full-length circ_0088233 was cloned into the pLCDH-ciR circRNA overexpression plasmid (Guangzhou Geneseed Biotech Co., Ltd., Guangzhou, China), termed as pLCDH-ciR-circ_0088233. Negative control miRNA (miRNA), miR-185-3p mimic, inhibitor NC, and miR-185-3p inhibitor were synthesized by GenePharma (Shanghai, China). Lipofectamine 3000 (Invitrogen, Carlsbad, CA, United States) was used to transfect miRNA or plasmid.



Cell Group

LNCaP and PC3 cells of sh-NC, sh-circ#1, and sh-circ#2 groups were used to investigate the role of circ_0088233. Moreover, LNCaP and PC3 cells were divided into four groups: miR-NC group (transfected with miR-NC), miR-185-3p group (transfected with miR-185-3p mimic), miR-185-3p + vector group (transfected with miR-185-3p mimic and empty vector pLCDH-ciR), and miR-185-3p + circ_0088233 group (transfected with miR-185-3p mimic and pLCDH-ciR-circ_008823). The division was made to investigate whether overexpression of circ_0088233 blocks the effects of miR-185-3p on cell proliferation, migration, invasion, cell cycle, and apoptosis.



Quantitative Reverse Transcription PCR

Total RNA was extracted from tumors and normal tissues using TRIzol reagent (Ambion, Austin, TX, United States). After reverse transcription, cDNA was used as a template to determine circRNA and miRNA levels using SYBR GREEN qPCR Super Mix (Invitrogen) on an ABI PRISM 7500 system (Applied Biosystems, Foster City, CA, United States). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used to normalize circRNA expression levels. U6 was used to normalize the miRNA expression levels. The primers used are listed in Supplementary Table S1.



Cell Proliferation Assay

Cell proliferation was analyzed using the CellTiter 96® AQueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI, United States). The cells were seeded in wells of 96-well plates. After seeding for 24, 48, and 72 h, 20 μL CellTiter 96® AQueous One Solution Reagent was added to each well. The plates were incubated for 2 h, and the absorbance was measured at 490 nm using a microplate reader.



Transwell Assays

Transwell assays evaluated the migration and invasion of LNCaP and PC3 cells. For the migration assay, cells from each group were digested with trypsin and washed with serum-free medium three times. Cell pellets were resuspended in serum-free medium, and 100 μL cell suspension (10,000 cells per well) were added into the upper chamber. Six hundred μL medium containing 20% FBS was added into the lower chamber. After incubation in a 37°C incubator for 24 h, the Transwell chamber was washed twice with PBS and fixed with 5% pentanediol at 4°C. After that, the cells were stained with 0.1% crystal violet solution for 10 min. After washing twice with PBS, the cells at the top of the filter membrane were removed using a cotton swab. The migrated or invading cells at the bottom of the filter membrane were monitored and photographed using a DMi8 microscope (Leica, Wetzlar, Germany) at 200 × magnification. Six randomly selected fields were counted. For invasion assay, the transwell chamber precoated with matrigel was used, and the experimental procedure was the same as the migration assay. Each experiment was repeated three times. The average cell number per field was used as the migrated or invading cell number.



Flow Cytometry Analysis for Cell Cycle and Apoptosis

The cell cycle detection kit (Nanjing KeyGen Biotech Co. Ltd., China) was used for cell cycle analysis. Briefly, harvested cells were fixed with pre-cooled 70% ethanol overnight at 4°C. The next day, cells were washed with PBS and incubated with 500 μL propidium iodide staining solution containing 100 μg/ml RNase A and 0.2% Triton X-100 at 4°C for 30 min. After that, the cell cycle was analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, United States), and the results were analyzed using Modfit LT version 2.0 (Verity Software House Inc., Topsham, ME, United States).

Annexin V-FITC/PI Apoptosis Detection Kit (Nanjing KeyGen) was used for apoptosis. Briefly, harvested cell pellets were resuspended in 500 μL of 1 × binding buffer. After that, 1.25 μL Annexin V-FITC solution was added to the cell suspension. After incubation for 15 min at 18–24°C, the cell suspension was centrifuged (1000 g, 5 min), and cell pellets were resuspended in 500 μL 1 × binding buffer. Propidium iodide (10 μL) was added to the cell suspension. Within 1 h, apoptosis was analyzed using a FACS caliber flow cytometer (BD Biosciences), and the results were analyzed using FlowJo software version 8 (FlowJo, Ashland, OR, United States).



Subcutaneous Tumors Models in Nude Mice

Four - to six-week-old female nude mice were obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China). Twenty-four nude mice were divided into four groups (n = 6). The mice were subcutaneously injected with 5 × 106 of circ_0088233-stable LNCaP or PC3 cells or control cells in their dorsal flanks. Tumor volumes were tested 12, 14, 16, 18, 20, 22, 24, 26, 28, and 30 days after injection. All experimental procedures involving animals were approved by our Institutional Animal Care and Use Committee of Gaozhou People’s Hospital following the Guide for the Care and Use of Laboratory Animals published by the National Institute of Health (NIH Publication No. 85–23, revised 1996).



Luciferase Reporter Assays

To create a luciferase reporter plasmid containing the linear sequence of circ_0088233, a full-length linear sequence of circ_0088233 was cloned into the dual-luciferase miRNA target expression vector GP-mirGLO (Promega). The plasmid was designated as wild type circ_0088233. The binding sites of miR-185-3p in wild-type circ_0088233 (located at 586–605 bp and 721–739 bp) were mutated using the Site-Directed Mutagenesis Kit (Stratagene, San Diego, CA, United States). The constructs were designated as circ_0088233 mutant 1 (binding site at 586–605 bp was mutated), circ_0088233 mutant 2 (binding sites at 721–739 bp were mutated), and circ_0088233 mutant 3 (binding site at 586–605 bp and 721–739 bp). The luciferase reporter plasmids were verified by sequencing. The primers used to amplify the linear sequence of circ_0088233 and create mutants are listed in Supplementary Table S2.

Human embryonic kidney 293T cells were seeded into wells of 96-well plates. Cells were co-transfected with the luciferase reporter vector and miR-185-3p mimic or miR-NC. After transfection for 48 h, luminescence was measured using Dual-Glo Luciferase Assay reagents (Promega) according to the manufacturer’s protocol. The experiments were conducted in triplicates.



Biotinylated circ_0088233 Probe Pull-Down Assay

LNCaP and PC3 cells at 50% confluence (approximately 2 × 106 cells) were transfected with 50 μM of biotinylated circ_0088233 probe (100 bp reverse complementary sequence of circ_0088233) or control probe (random sequence). At 24 h after transfection, the cells were harvested, and the pull-down assay was carried out as previously described (Phatak and Donahue, 2017). The levels of circ_0088233 and miR-185-3p in enriched RNAs were determined using qRT-PCR using the same method described above.



Western Blot Analysis

Total proteins were extracted using RIPA Lysis Buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred to polyvinylidene fluoride membranes. The membranes were blocked with 5% non-fat milk and then incubated with primary antibody (anti-WNT2B, anti-E2F1, or anti-GAPDH). After incubation with the secondary antibody, SuperSignal West Pico Plus (Thermo Fisher Scientific, Waltham, MA, United States) was used for protein visualization. The information for the primary antibody is shown below: anti-WNT2B antibody (ab203225, 1: 800), anti-E2F1 antibody (ab137415, 1:2000), and anti-GAPDH antibody (ab9485, 1:2500). All primary antibodies were purchased from Abcam (Cambridge, MA, United States).



Statistical Analyses

The statistical analysis of circRNAs and miR-185-3p expression in prostate cancer tissues and adjacent normal tissues was performed using the Mann–Whitney test. The circ_0088233 and miR-185-3p expression results in prostate cancer tissues, and adjacent normal tissues are shown as the median (25% percentile, 75% percentile). The statistical analysis between the two groups (sh-NC vs. sh-circ#1; sh-NC vs. sh-circ#2; miR-NC vs. miR-185-3p; miR-185-3p + vector vs. miR-185-3p + circ_0088233) in functional assays in the cell lines and animal models were analyzed using an unpaired t-test. Linear regression analysis was carried out to analyze the correlation between miR-185-3p and circ_0088233 expression levels. All statistical analyses were performed using GraphPad Prism version 7.0 (GraphPad Software, San Diego, CA, United States). A P-value < 0.05 was considered significant.



RESULTS


Expression Profiling of circRNAs in Prostate Cancer Tissues

Differentially expressed circRNAs in prostate cancer were identified using the circRNA array. All data were submitted to Gene Expression Omnibus (GEO) DataSets, and the GEO accession number is GSE1557921.



Up-Regulation of circ_0088233 in Prostate Cancer Tissues and Cell Lines

The expression levels of the top five upregulated circRNAs (circ_0043592, circ_0051240, circ_0053382, circ_0088220, and circ_0088233) in 12 prostate cancer tissues and 12 adjacent normal tissues were examined using qRT-PCR. As shown in Supplementary Figure S1, only circ_0088233 was significantly upregulated in prostate cancer tissues compared to adjacent normal tissues. Next, we further confirmed the circ_0088233 level in 46 pairs of prostate cancer and adjacent normal tissues. circ_0088233 was localized at chr9:119033603-119115195. Its spliced length was 1314 nt. The splice junction is shown in Figure 1A. The sequence result of the circ_0088233 fragment in qRT-PCR is shown in Figure 1B. As shown in Figure 1C, significant upregulation of circ_0088233 was identified in prostate cancer tissues (4.875 [2.318, 10.9]) compared to adjacent normal tissues (1.375 [0.8375, 2.968]). Also, circ_0088233 was upregulated in prostate cancer cell lines 22RV1, Du145, LNCaP, and PC3, compared to RWPE-1 prostate epithelial cells (Figure 1D).


[image: image]

FIGURE 1. Upregulation of circ_0088233 in prostate cancer tissues and cell lines. (A) Location and length information of circ_0088233. (B) The sequence result of the circ_0088233 fragment in qRT-PCR. (C) Expression level of circ_0088233 in prostate cancer tissues (PC, n = 46) and adjacent normal tissues (n = 46). (D) Expression level of circ_0088233 in prostate cancer cell lines (22RV1, Du145, LNCaP, and PC3) and RWPE-1 prostate epithelial cells. (E) Expression level of circ_0088233 in PC tissue of patients < 60 and ≥60 years of age. (F) Expression level of circ_0088233 in PC tissue of TNM I-II patients and TNM III-IV patients. *P < 0.05, when compared to RWPE-1.


The circ_0088233 level was not significantly different (P = 0.7594) in prostate cancer tissue of patients < 60 and ≥60 years of age (Figure 1E). Significant differences were evident in prostate cancer tissues of TNM I-II patients and TNM III-IV patients (P = 0.007), indicating that the circ_0088233 level was correlated with TNM stage (Figure 1F).



Knockdown of circ_0088233 Reduces Cell Proliferation, Migration, and Invasion

As shown in Figure 1C, circ_0088233 levels were higher in LNCaP and PC3 cells. Therefore, these two cells were chosen for the functional assays. LNCaP and PC3 cells featuring stable knockdown of circ_0088233 were constructed. The results of qRT-PCR showed that circ_0088233 level was lowered by the two circ_0088233 shRNAs (sh-circ#1 and sh-circ#2) compared to sh-NC (Figure 2A). The effects of circ_0088233 knockdown on the proliferation, migration, and invasion of PC cells were then investigated. As shown in Figures 2B,C, the optical density at 490 nm of the sh-circ#1 and sh-circ#2 groups of cells was significantly lower than the sh-NC group. The volume of subcutaneous tumors formed by the sh-circ#1 group was significantly smaller than that formed by the sh-NC group (Figure 2D). The numbers of migrating and invading sh-circ#1 and sh-circ#2 cells were significantly less than the number of sh-NC cells (Figures 2E,F). These results suggested that circ_0088233 knockdown reduced cell proliferation, migration, and invasion abilities of LNCaP and PC3 cells.
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FIGURE 2. The knockdown of circ_0088233 reduces cell proliferation, migration, and invasion. LNCaP and PC3 cells featuring stable knockdown of circ_0088233 were constructed by infection with lentivirus expressing shRNA targeting circ_0088233 (sh-circ#1 and sh-circ#2). Cells infected with lentivirus expressing negative control shRNA (sh-NC) were used as control. (A) Levels of circ_0088233 in sh-NC, sh-circ#1, and sh-circ#2 cell groups determined using qRT-PCR. (B,C) Optical density at 490 nm (OD490) of sh-NC, sh-circ#1, and sh-circ#2 groups of cells. (D) The volume of subcutaneous tumors formed by sh-NC, sh-circ#1, and sh-circ#2 groups of cells. (E,F) Migrated (E) and invasive (F) numbers of sh-NC, sh-circ#1, and sh-circ#2 cell groups per field. *P < 0.05, when sh-NC vs. sh-circ#1; #P < 0.05, when sh-NC vs. sh-circ#2.




Knockdown of circ_0088233 Induces G1 Phase Arrest and Apoptosis

As shown in Figures 3A,B, the percentage of cells in the G1 phase was higher, and the percentage of cells in the S phase was lower in sh-circ#1 and sh-circ#2 groups compared to the sh-NC group. In addition, the percentage of apoptotic cells was higher in sh-circ#1 and sh-circ#2 groups than in the sh-NC group (Figures 3C,D). These results revealed that knockdown of circ_0088233 induced G1 phase arrest and apoptosis in LNCaP and PC3 cells.
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FIGURE 3. The knockdown of circ_0088233 induces G1 phase arrest and apoptosis. The percentage of cells in G1, S, and G2 phases (A,B) and apoptotic cells rate (C,D) were measured using flow cytometry analysis. LNCaP and PC3 cells featuring stable knockdown of circ_0088233 (sh-circ#1 and sh-circ#2) exhibited more cells in the G1 phase and higher apoptosis level compared to the negative control shRNA (sh-NC) group. (A,C) Are the representing images. (B,D) Are the statistical results of three independent assays. *P < 0.05, when sh-NC vs. sh-circ#1; #P < 0.05, when sh-NC vs. sh-circ#2.




Binding of miR-185-3p to circ_0088233

The miRNA response elements were predicted based on the sequence of circ_0088233 to investigate its mechanism. As shown in Figure 4A, 36 miRNA response elements were identified. This finding indicated that circ_0088233 might sponge one or more miRNAs (Figure 4A) by the ceRNA mechanism to regulate the miRNA targets. As circ_0088233 knockdown resulted in reduced proliferation, migration, and invasion, we predicted that the target miRNA of circ_0088233 is a tumor suppressor downregulated in cancer. By screening the differentially expressed miRNAs in PC in the Gene Expression Omnibus database, we found that only miR-185-3p was downregulated (Figure 4B). This finding further confirmed the relationship between miR-185-3p and circ_0088233.
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FIGURE 4. miR-185-3p can bind to circ_0088233. (A) Thirty-six miRNAs with binding sites on the circ_0088233 sequence. (B) Flow diagram showing how miR-185-3p was chosen. (C) The binding sites of miR-185-3p in the sequence of circ_0088233. (D) The effect of miR-NC and miR-185-3p mimic transfection on the relative luciferase activity of luciferase reporter vector containing a linear sequence of circ_0088233, linear sequence of circ_0088233 with one mutated miR-185-3p binding site (circ_0088233 mutant 1 and 2), or linear sequence of circ_0088233 with two mutated miR-185-3p binding sites (circ_0088233 mutant 3). *P < 0.05, when miR-NC vs. miR-185-3p. (E) The results of biotinylated circ_0088233 probe pull-down assay. The level of circ_0088233 and miR-185-3p was higher in RNAs enriched by biotinylated circ_0088233 probe compared to the biotinylated control probe. *P < 0.05, biotin-circ_0088233 probe vs. biotin-control probe. (F) Protein levels of miR-185-3p targets E2F1 and WNT2B in sh-circ#1 and sh-NC groups of cells.


There were two miR-185-3p binding sites in circ_0088233 (Figure 4C). The dual-luciferase assay was performed to validate the binding of miR-185-3p to the linear sequence of circ_0088233. As shown in Figure 4D, the relative luciferase activity of miR-185-3p mimic and wild type circ_0088233 co-transfection group was decreased compared to the miR-NC and wild type circ_0088233 co-transfection group, indicating that miR-185-3p overexpression can suppress the relative luciferase activity of the luciferase reporter vector containing a linear sequence of circ_0088233 as the artificial 3′ untranslated region. Moreover, miR-185-3p overexpression also suppressed the luciferase reporter vector’s relative luciferase activity containing linear circ_0088233 with one mutated miR-185-3p binding site (circ_0088233 mutant 1 and 2) as the artificial 3′ untranslated region. However, miR-185-3p overexpression did not affect the luciferase reporter vector’s relative luciferase activity containing linear circ_0088233 with two mutated miR-185-3p binding sites (circ_0088233 mutant 3). These results suggested that miR-185-3p could bind to the linear sequence of circ_0088233. A biotinylated circ_0088233 probe pull-down assay was carried out to confirm whether miR-185-3p could bind to circ_0088233 in prostate cancer cells. As shown in Figure 4E, the levels of both circ_0088233 and miR-185-3p were higher in RNAs enriched with the biotinylated circ_0088233 probe compared to the biotinylated control probe, indicating that the circ_0088233 probe can pull down both circ_0088233 and miR-185-3p. These results suggested that miR-185-3p could bind to circ_0088233 in prostate cancer cells.

To further verify whether circ_0088233 as a ceRNA of miR-185-3p, we investigated its effect on the level of circ_0088233 knockdown on the levels of WNT2B and E2F1, which are the targets of miR-185-3p identified in cancer cells (Liu et al., 2017; Lu et al., 2018). As shown in Figure 4F, the protein levels of E2F1 and WNT2B were lower in the sh-circ#1 group than in the sh-NC group.



Negative Correlation of miR-185-3p Level With circ_0088233 Level in PC Tissues

As shown in Figure 5A, significant downregulation of miR-185-3p was identified in PC tissues (1.25 [0.335, 2.42]) compared to adjacent normal tissues (3.02 [1.238, 6.305]). Moreover, the miR-185-3p level was not significantly different (P = 0.757) in the PC tissue of patients < 60 and ≥60 years of age (Figure 5B). A significant difference was evident in the PC tissue of TNM I-II patients and TNM III-IV patients (P = 0.0175), indicating that the miR-185-3p level was correlated with TNM stage (Figure 5C). Linear regression analysis results showed that miR-185-3p levels were negatively correlated with the circ_0088233 level in PC tissues (r = −0.1978, P = 0.03911) (Figure 5D).
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FIGURE 5. The negative correlation of the miR-185-3p level with circ_0088233 level in PC tissues. (A) miR-185-3p expression level in 46 prostate cancer tissues (PC) and 46 adjacent normal tissues. (B) Expression level of miR-185-3p in PC tissue of patients < 60 and ≥60 years of age. (C) Expression level of miR-185-3p in PC tissue of TNM I-II patients and TNM III-IV patients. (D) Negative correlation of miR-185-3p level with circ_0088233 level in PC tissues analyzed using linear regression analysis.




Overexpression of circ_0088233 Blocks the Effects of miR-185-3p on Cell Proliferation, Migration, Invasion, Cell Cycle, and Apoptosis

To investigate whether circ_0088233 plays its role through miR-185-3p, we first evaluated the effect of miR-185-3p overexpression in PC cells. As shown in Figure 6A, transfection with the miR-185-3p mimic successfully overexpressed miR-185-3p. As shown in Figure 6B, the OD490 of cells transfected with the miR-185-3p mimic was significantly lower than that of the miR-NC transfection group. Moreover, the number of migrating and invasive cells in the miR-185-3p mimic transfection group was significantly lower than that in the miR-NC transfection group (Figures 6C,D). These results suggested that miR-185-3p reduced the proliferation, migration, and invasion of LNCaP and PC3 cells. As shown in Figures 7A,B, the percentage of cells in the G1 phase was higher, and the percentage of cells in the S phase was lower in the miR-185-3p mimic transfection group than in the miR-NC transfection group. In addition, the percentage of apoptotic cells was higher in the miR-185-3p mimic transfection group than in the miR-NC transfection group (Figures 7C,D). These results revealed that miR-185-3p overexpression induces G1 phase arrest and apoptosis in LNCaP and PC3 cells.
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FIGURE 6. Overexpression of circ_0088233 blocks the inhibitory effects of miR-185-3p on cell proliferation, migration, and invasion. LNCaP and PC3 cells were transfected with miR-NC, miR-185-3p mimic, miR-185-3p mimic plus empty vector pLCDH-ciR (miR-185-3p + vector), or miR-185-3p mimic plus pLCDH-ciR-circ_008823 (miR-185-3p + circ_0088233). The levels of circ_0088233 and miR-185-3p were determined using qRT-PCR (A). The effect of these transfections on cell proliferation (B), migration (C), and invasion (D) were evaluated by the cell proliferation assay (expressed as OD490), and the Transwell assay (expressed as number of migrating or invasive cells). *P < 0.05, miR-NC vs. miR-185-3p; #P < 0.05, miR-185-3p + vector vs. miR-185-3p + circ_0088233.
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FIGURE 7. Overexpression of circ_0088233 blocks the effects of miR-185-3p on cell cycle and apoptosis. LNCaP and PC3 cells were transfected with miR-NC, miR-185-3p mimic, miR-185-3p mimic plus empty vector pLCDH-ciR (miR-185-3p + vector), or miR-185-3p mimic plus pLCDH-ciR-circ_008823 (miR-185-3p + circ_0088233). The percentage of cells in G1, S, and G2 phases (A,B) and apoptotic cells rate (C,D) were measured using flow cytometer analysis. (A,C) Are the representing images. (B,D) Are the statistical results of three independent assays. *P < 0.05, miR-NC vs. miR-185-3p; #P < 0.05, miR-185-3p + vector vs. miR-185-3p + circ_0088233.


To further investigate whether circ_0088233 plays its role through sponging miR-185-3p, we studied whether circ_0088233 overexpression blocks the effects of miR-185-3p overexpression. As shown in Figure 6A, circ_0088233 level increased in the miR-185-3p + circ_0088233 group compared to the miR-185-3p + vector group, indicating that pLCDH-ciR-circ_008823 could successfully overexpress circ_008823 in vitro. Moreover, the miR-185-3p level had no apparent change in the miR-185-3p + circ_0088233 group compared to the miR-185-3p + vector group, indicating that overexpression of circ_0088233 did not affect miR-185-3p levels. As shown in Figure 6B, the OD490 of the miR-185-3p + circ_0088233 group cells was significantly higher than that of the miR-185-3p + vector group. Moreover, the number of migrating and invasive cells in the miR-185-3p + circ_0088233 group was significantly higher than that in the miR-185-3p + vector group (Figures 6C,D). As shown in Figures 7A,B, the cell percentage was lower in the G1 phase, and higher in the S phase in the miR-185-3p + circ_0088233 compared to the miR-185-3p + vector group. Moreover, the percentage of apoptotic cells was lower in the miR-185-3p + circ_0088233 group than the miR-185-3p + vector group (Figures 7C,D). These results suggested that overexpression of circ_0088233 could block the effects of miR-185-3p on cell proliferation, migration, invasion, cell cycle, and apoptosis.



DISCUSSION

circRNAs play critical roles in modulating tumor growth, migration, and invasion of PC (Dai et al., 2018; Chen et al., 2019; Feng et al., 2019; Shen et al., 2019). Although the association between PC pathology and circRNAs remains undetermined, circRNA signatures may be useful as prognostic and predictive factors and clinical tools for assessing disease state and outcome (Kong et al., 2017; Dai et al., 2018; Huang et al., 2019; Wu et al., 2019). In this study, we screened differentially expressed circRNAs in PC using circRNA array analysis. This report is the first to identify differentially expressed circRNAs in PC. Only one matched prostate cancer, and normal tissues were used for microarray analysis in the present study. Although one sample is inadequate for microarray, this is the first step in the preliminary analysis of differentially expressed circRNAs. The expression levels of circRNAs were verified in 12 prostate cancer tissues and 12 adjacent normal tissues using qRT-PCR. Next, we further confirmed the circ_0088233 level in 46 pairs of prostate cancer and adjacent normal tissues. Therefore, we believe that one replicate microarray result did not affect our conclusion about the dysregulation of circ_0088233 in PC tissues. However, this is still a limitation.

The dysregulation of circ_0088233 in PC tissues suggested that circ_0088233 might play a role in PC. The significant correlation between the circ_0088233 level and the TNM stage further supported our hypothesis. Moreover, we investigated the biological function of circ_0088233 in PC. Our data showed that circ_0088233 knockdown reduced proliferation, migration, and invasion of PC cells, and induced G1 phase arrest and apoptosis in vitro. The suppressive effect of circ_0088233 knockdown on tumor growth in vivo was also observed in nude mice. These findings indicate that circ_0088233 may function as an oncogene in PC. To our knowledge, this is the first study to report the role of circ_0088233 in cancer, especially in PC.

Accumulating evidence indicates that circRNAs play a regulatory role in cancer by acting as miRNA sponges to abolish the inhibition effect of miRNAs on their target genes (Chen and Huang, 2018). Therefore, we further explored the molecular mechanism underlying the oncogenic function of circ_0088233 based on the ceRNA mechanism. Our results indicated that circ_0088233 could sponge miR-185-3p and function as a ceRNA of miR-185-3p. We provide a series of evidence to support this finding. First, bioinformatics analysis showed that there were two miR-185-3p binding sites in circ_0088233. Second, luciferase and biotinylated circ_0088233 probe pull-down assays revealed the direct binding of miR-183-5p to circ_0088233. Third, circ_0088233 knockdown decreased the protein level of miR-185-3p targets E2F1 and WNT2B in PC cells. Fourth, overexpression of circ_0088233 blocks the effects of miR-185-3p on cell proliferation, migration, invasion, cell cycle, and apoptosis.

Based on the ceRNA mechanism principle, we hypothesized that miR-185-3p is a tumor suppressor miRNA in PC. Our experimental results verified this hypothesis. Our findings are consistent with those of studies on NPC (Li et al., 2014; Xu et al., 2015; Liu et al., 2017) and breast cancer (Lu et al., 2018), in which miR-185-3p was considered tumor-suppressing. In PC, circ_0088233 functions as an oncogene, and miR-185-3p is a tumor suppressor miRNA. Therefore, their roles conform to the basic characteristics of the ceRNA mechanism (Guo et al., 2015; Zhang et al., 2016). Therefore, our results suggest that circ_0088233 functions as an oncogene in PC by targeting the tumor suppressor miR-185-3p. A rescue experiment, in which the overexpression of circ_0088233 blocked the effects of miR-185-3p on cell proliferation, migration, and invasion, supports this suggestion. However, there are other miRNA response elements in circ_0088233. circ_0088233 may also function as a ceRNA of other miRNAs. It is far from fully elucidated the mechanism underlying the oncogenic function of circ_0088233.

The present study has another limitation. Although we analyzed the effect of circ_0088233 knockdown on the expression of miR-185-3p targets E2F1 and WNT2B, we did not identify a direct target that can be regulated by the circ_0088233/miR-185-3p axis. Other miR-185-3p targets may also be involved in the effect of the circ_0088233/miR-185-3p axis on PC cells.



CONCLUSION

We identified an upregulated circRNA, circ_0088233, in PC. Our data demonstrate that circ_0088233 regulates proliferation, migration, invasion, cell cycle, and apoptosis in PC by targeting miR-185-3p. These findings provide a better understanding of the mechanism involved in the pathogenesis of PC and will inform the development of potentially useful therapeutic strategies.
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High throughput RNA sequencing has revealed the existence of abundant circular RNAs (circRNAs) that are cell lineage-specific and have been implicated in human diseases. CircRNAs are resistant to exonuclease digestion, can carry genetic information of oncogenes, and are enriched in exosome to be transported from tissues into various body fluids. These properties make circRNAs ideal non-invasive diagnostic biomarkers for disease detection. Furthermore, many circRNAs have been demonstrated to possess biological functions in relevant cells, suggesting that they may also be potential therapeutic targets and reagents. However, our knowledge of circRNAs is still at an infant stage and far from being translated into clinics. Here, we review circRNAs in the disease setting of prostate cancer. We start by introducing the basic knowledge of circRNAs, followed by summarizing opportunities of circRNAs to be prostate cancer biomarkers, and discuss current challenges in circRNA research and outlook of future directions in translating current knowledge about circRNA into clinical practice.
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INTRODUCTION

Although it was known for decades that there exist circular forms of RNA (circRNA) in virus, plant, fungi, bacteria, and mammalian cells (Sanger et al., 1976; Jeck et al., 2013; Wang P.L. et al., 2014), circRNAs in human cells had been largely ignored and often deemed as by-products of RNA splicing processes during which mRNAs were synthesized. However, high throughput RNA sequencing of libraries that were prepared from ribosome depleted and RNase R enriched RNA samples had found that up to 20% of the transcriptionally active genes expressing circRNAs (Salzman et al., 2012; Jeck et al., 2013; Memczak et al., 2013; Wilusz and Sharp, 2013; Guo et al., 2014). It was followed by the finding that the circRNA, ciRS-7 (also called CDR1as) has ∼70 binding sites for the microRNA miR-7 (Memczak et al., 2013) and can act as a sponge to sequester miRNA-7 from regulating gene expression. These groundbreaking discoveries revealed that circRNAs are not only widely expressed in cells but also have broad biological functions. More comprehensive RNA sequencing studies across species further draw the landscape of circRNAs that is cell lineage- and tissue-specific, and dependent on developmental stages (Maass et al., 2017; Ruan et al., 2019; Vo et al., 2019). CircRNAs have also been implicated in various diseases including cancers, neurological disorders, diabetes, and cardiovascular disease et al. (Holdt et al., 2016; Hanan et al., 2017; Fang et al., 2018; Vo et al., 2019). More circRNAs have been characterized to act as non-coding RNAs to regulate signal pathways to control cell proliferation, differentiation, migration, and cell death (Kong et al., 2017; Cai et al., 2019; Chen Y. et al., 2019; Feng et al., 2019; Wu G. et al., 2019; Shen et al., 2020; Figure 1). Together, with advanced detection and characterization technologies, circRNAs are emerging as disease biomarkers and therapeutic targets.
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FIGURE 1. A schematic diagram summarizes the biogenesis, molecular and cellular functions of circular RNAs.




BIOGENESIS OF circRNAs

Circular RNAs are synthesized by RNA spliceosome, the same splicing machinery to synthesize linear mRNAs but through a backsplicing process. During this process, the downstream splice donors are back spliced to the upstream acceptors (Jeck and Sharpless, 2014; Barrett et al., 2015; Starke et al., 2015; Szabo and Salzman, 2016). It should be noted that canonical circRNAs are covalently closed loops of RNAs that are formed through transesterification reactions, by which the 3′-hydroxyls from the donor sites react with the phosphates from the acceptor sites. The resultant circRNAs do not have free ends and are thereby resistant to exonuclease digestion. It is different from the intron lariats (also presented as circular forms of RNA), which are formed through the 2′-hydroxyls from the branchpoints that react with the phosphates from the 5′ splice sites. However, the intron lariats still have the 3′-hydroxyl free ends that are recognized and linearized by the lariat intron debranching enzyme, DBR1, for rapid degradation (Montemayor et al., 2014). This subtle difference between the 2′, 5′-phosphodiester linkage of intron lariats and the 3′, 5′-phosphodiester linkage of circRNAs determine the differential stability of these two types of RNAs.

Because both circRNAs and linear mRNAs are processed from pre-mRNAs by the RNA splicing machinery, their relative expression levels could be either positively or negatively correlated pending upon the cell contexts. For a specific copy of an exon in the pre-mRNA, it can be processed into either one copy of circRNA or one copy of mRNA. Under this context, the levels of circRNAs and their counterpart mRNAs are negatively correlated. However, the RNA splicing process is tightly coupled with gene transcription initiation and elongation rates (Bentley, 2014), and multiple copies of pre-mRNA are transcribed from one gene in cells. When gene transcription is upregulated and multiple copies of pre-mRNA are transcribed, some copies of a specific exon from the pre-mRNA will be processed into mRNAs and others into circRNAs. Depending upon the efficacy of the specific exon to be processed into circRNA or mRNA, the absolute copy numbers of relevant circRNAs and their counterpart mRNAs could be either positively or negatively associated with each other. This may help explain the findings of the study (Vo et al., 2019) that the average abundance of mRNAs was only weakly correlated with the average abundance of their associated circRNAs. The baseline expression of the mRNA levels is not reliable to calibrate the expression of their corresponding circRNAs.



ADVANTAGES OF circRNAs TO BE CANCER BIOMARKERS

Circular RNAs possess several special features that make them ideal biomarkers for diseases. First, circRNAs are resistant to exonuclease degradation (Salzman et al., 2012; Holdt et al., 2018). They are also packed with RNA binding proteins (RBPs) in exosomes that further protect them from being exposed to RNA nucleases. The average of the half-life of circRNAs is approximately 2.5 fold longer than their linear counterparts in the cytoplasm, and about 6.3 fold longer in exosomes (Jeck et al., 2013; Li et al., 2015; Enuka et al., 2016). Second, circRNAs are selectively enriched into exosomes by living cells and are positively released from their original tissues into various body fluids including plasma, urine, saliva, and even gastric fluid (Bahn et al., 2015; Memczak et al., 2015; Shao et al., 2017; Kolling et al., 2019). This is an advantage when comparing with cell-free tumor DNAs in cancer patient plasma that are passively released from dead/dying cells with ruptured cell membranes. Cell-free tumor DNAs have free ends at both sides and are more vulnerable to be attacked by exonucleases. Third, because the generation of circRNAs relies on gene transcription, it is not surprising that circRNAs are cell lineage- and tissue-specific (Vo et al., 2019). Although all cells in our body share almost identical genome, it is the differential epigenetic and transcriptional regulations of each gene responsible for cell lineage- and tissue-specific transcriptomes. Many tissue- and disease-specific circRNAs had been reported (Vo et al., 2019). Last, comparing to protein markers that rely on antibody-antigen interactions for quantitative measurement, multiple circRNAs can be measured by high throughput RNA sequencing or multiplex qPCR in one reaction. Not only the absolute copy numbers but also the genetic information of the oncogenes can be obtained. The latter aspect is important to monitor tumors that gain somatic mutations to develop therapy resistance. For example, all androgen receptor (AR) pathway inhibitors used to treat castrate-resistant PCa (CRPC) target the ligand binding domain (LBD) of the AR. However, tumors can gain therapy-resistant mutations (e.g., F877L, T878A, W742C, H875Y) within the LBD (Hara et al., 2003; Cai et al., 2011; Balbas et al., 2013; Chen et al., 2015). Early detection of these therapy-resistant mutations through measuring circRNAs encoded by the AR gene would inform alternative treatments to patients for more effective disease management.



BIOLOGICAL FUNCTIONS OF circRNAs


MicroRNA Sponge

Many circRNAs had been demonstrated to play important roles in promoting cancer cell proliferation, migration/invasion, anti-apoptosis, and differentiation (e.g., epithelial-mesenchymal transition), emphasizing that tumor-promoting circRNAs may be potential cancer biomarkers. The molecular functions of circRNAs had been reported to (1) regulate microRNA activity, (2) act as scaffolds or decoys for RBPs, or (3) serve as templates for cap-independent translation (Figure 1). It was first reported that ciRS-7 contains ∼70 copies of miR-7 binding site (Hansen et al., 2013). While ciRS-7 is resistant to RNA degradation mediated by miR-7, it suppresses miR-7 activity and enhances the expression of miR-7 targeted mRNAs (Hansen et al., 2013). This work was followed by many studies reporting numerous other circRNAs that can act similarly as sponges to suppress various miRNA activities. However, a recent study questioned this conclusion. Using CRISPR-Cas9 technology to establish ciRS-7 knockout mice, Piwecka et al. (2017) had shown that loss of ciRS-7 reduced miR-7 expression and upregulated miR-7 targeted mRNAs suggesting that ciRS-7 may instead stabilize rather than sequester miR-7. It should be noted that ciRS-7 is not a common circRNA that is 1.4 kb in size and has ∼70 miRNA binding sites, while regular circRNAs are much smaller (mean length = 530 nt) and has much fewer miRNA binding sites (Ding et al., 2018). Regardless, these findings suggest that blocking miRNA activity is one of the several biological functions that circRNAs have.



Interaction With RBPs

Circular RNAs can also exert biological functions through forming complexes with proteins. For example, circFOXO3 was reported to form RNA-protein complexes with CDKN1A and CDK2, resulting in suppression of CDK2 activity and arrest of cell cycling (Du et al., 2016). Circ-ANRIL can complex with and block the pescadillo homolog 1 (PES1) protein to interrupt ribosome biogenesis in vascular smooth muscle cells and macrophages (Holdt et al., 2016). CircRNA (e.g., circSMARCA5) have also been reported to form complexes with RNA splicing factors (e.g., SRSF1) to regulate alternative RNA splicing of mRNAs (Barbagallo et al., 2019).



Template for Translation

Although circRNAs are generally believed to be non-coding RNAs, studies showed that some circRNAs can be translated into peptides. Circ-ZNF609 was reported to contain an open reading frame similar to linear transcripts (Legnini et al., 2017), and is localized in heavy polysome, a compartment where mRNAs are actively translated into proteins. Through constructing plasmid vectors and genomic editing of the ZNF609 gene, Flag-tagged peptide encoded by circ-ZNF609 was confirmed by immunoblotting and Mass Spectrometry (Legnini et al., 2017). Other protein-coding circRNAs include circ-MBL in the Drosophila head (Pamudurti et al., 2017), circ-SHPRH in glioblastoma (Zhang et al., 2018), and circ-β-catenin in hepatoma cells (Liang et al., 2019). These findings demonstrate that some circRNAs can be translated into proteins. What remains to be answered is whether these circRNAs exert their molecular functions through their RNA or protein products. Regardless, there are many questions about the biological functions of circRNAs that warrant further investigations. Since circRNAs had been confirmed to be aberrantly expressed in cancer cells and can exert various biological functions through diverse molecular mechanisms, these findings support that circRNAs have great potentials to be biomarkers for tumor development and progression.



circRNAs ENCODED BY THE AR GENE AS POTENTIAL PCa BIOMARKERS

In prostate cancer (PCa), several circRNAs are promising to be potential diagnostic or prognostic biomarkers. Since the AR gene amplification and overexpression had been demonstrated to be one of the major mechanisms by which CRPC is developed (Quigley et al., 2018), circRNAs encoded by the AR gene are of interest to be tested for PCa biomarkers. RNA sequencing results from Arul’s group showed that the circRNA consisting of AR exons 3 and 4 is highly expressed in CRPC tissues, which is consistent with AR gene amplification status in these patients (Vo et al., 2019). Results from Yan’s group reported that there are at least 13 circRNAs encoded by the AR gene from patient-derived xenografts and PCa cell models (Cao et al., 2019). More importantly, they have applied two independent molecular techniques, real-time qPCR and RNA in situ hybridization (RISH), to validate one of the circRNAs consisting of AR exon 2 whose expression was elevated by androgen deprivation conditions. Data from our lab had applied RISH to show that the exon 3 of the AR gene forms a circRNAs, called circ-AR3, that is highly expressed in benign and low Gleason primary tumors, but downregulated in high Gleason tumors and further reduced in CRPC (Luo et al., 2019). This could be explained by that even though AR gene amplification and overexpression are common in CRPC, the exon 3 from AR pre-mRNA is more favorable to be processed into linear AR mRNAs to be translated into AR proteins than processed into circ-AR3. However, circ-AR3 levels in plasma measured by real-time qPCR have shown a positive correlation of circ-AR3 with more advanced tumor progression. These results demonstrated that the trend of changes of circRNAs in plasma during PCa progression may not be always correlated with that in tissues. Since other cells (e.g., leukocytes and endothelial cells) in the human body also express low levels of AR transcripts that may be potentially processed into circ-AR3 and released into the circulation system, we have further demonstrated that the detectable circ-AR3 in plasma is originated from the prostate or PCa tissues, since it became undetectable after patients received prostatectomy (Luo et al., 2019). These findings together support that circRNAs in plasma may be developed to be PCa biomarkers. Further investigations with more advanced detection technology and larger patient cohorts would help design clinical trials to answer the questions such as whether circ-ARs would enhance the capability of PSA and P2PSA to more accurately identify PCa before needle biopsies; whether circARs are correlated with Gleason scores and predict the patient outcome; or whether circ-ARs predict tumor recurrence after prostatectomy and therapy resistance to AR pathway inhibitors.



LINEAGE SPECIFIC circRNAs AS POTENTIAL BIOMARKERS TO MONITOR PCa PROGRESSION

Although most of the PCa cells present adenocarcinoma (AdPC) phenotype with classic luminal epithelial morphology, emerging clinical evidence indicated that more aggressive subtypes of CRPC with AR indifferent phenotype become more prevalent, accounting for ∼15–20% of CRPC tumors (Bluemn et al., 2017; Aggarwal et al., 2018). Many of these tumors gain neuroendocrine phenotype after antiandrogen and/or chemotherapies, and progress to therapy-induced neuroendocrine prostate cancers (t-NEPC) (Beltran et al., 2019). Patients with t-NEPC have limited therapeutic options, and the median overall survival is <1 year (Wang H.T. et al., 2014), urging the development of NEPC specific biomarkers to effectively manage this disease. Studies from Arul’s group had shown that several circRNAs are differentially expressed between CRPC-AdPC and CRPC-NEPC, among which circ-AMACR was the most downregulated and circ-AURKA the most upregulated in CRPC-NEPC (Vo et al., 2019). These findings highlight that these two circRNAs may be indicators of CRPC tumors that are developing therapy resistance and lineage switch from AdPC to NEPC. If these two circRNAs can be detected in patient plasma, it will be clinically significant to identify t-NEPC, since CRPC patients are not commonly subjected to tissue biopsy for pathology diagnosis.



TUMOR-PROMOTING circRNAs IN PCa AS POTENTIAL BIOMARKERS

Several circRNAs had been studied for their molecular and cellular functions in PCa cells (Table 1). Most of the circRNAs were studied because they had already been reported to have biological functions in other cell contexts. However, some circRNAs were identified when comparing the circRNA profiles between prostate tissues and adjacent benign tissues by either microarray or RNA sequencing techniques (Table 1). There are a few of them were further validated in tissues from patients by real-time PCR or RISH. Among them, circ-0016068 was shown to be highly expressed in PCa tissues and can enhance PCa cell proliferation and invasion through regulating miR-330-3p expression and its downstream BMI-1 signaling (Li et al., 2020). Circ-FMN2 was identified to be upregulated in PCa patient tissues (Shan et al., 2020). It acts as a sponge to sequester miR-1238, thereby enhances LIM-homeobox gene 2 (LHX2) expression and promotes PCa cell proliferation and xenograft progression. Circ-0005276 forms a complex with FUS binding protein (FUS), which in turn stimulates X-linked inhibitor of apoptosis protein (XIAP) expression to enhance PCa cell proliferation, migration, and epithelial-mesenchymal transition (Feng et al., 2019). Circ-CSNK1G3 is one of the most justified circRNAs that was identified by deep RNA sequencing of 144 localized PCa patient samples (Chen S. et al., 2019). Circ-CSNK1G3 but not its linear mRNA counterparts are essential for the proliferation of multiple PCa cell models. It targets miR-181b/d to regulate several cell cycle related genes such as CBX7, CDK1, and CDC25A. In summary, several circRNAs are aberrantly expressed in prostate tumor cells. They mainly act through miRNA or RBPs to regulate cell proliferation, migration, apoptosis, and differentiation (Figure 1). These findings highlight that specific circRNAs confer growth advantages of PCa cells, and rationalize that the detection of these circRNAs would predict worse prognosis of PCa patients.


TABLE 1. A summary of circular RNAs that were reported in PCa cells and patient tissues.

[image: Table 1]


CHALLENGES AND OUTLOOK OF circRNA RESEARCH


Limitation of RNA-seq Technique and Bioinformatic Analysis

Although high throughput sequencing is powerful for globally profiling circRNAs in tissues and cell models, it is not without limitations. During library preparations using polyA depletion, rRNA depletion, and RNAse R treatment protocols, there are still linear RNAs retained in the RNA samples (Salzman et al., 2012). By contrast, small circRNAs that are less than 200 nt may be excluded during library preparation (Salzman et al., 2013). These technical limitations create challenges for bioinformatics analysis to identify circRNAs, because the algorithms focus on capturing the backsplice sites to identify circRNAs (Hoffmann et al., 2014; Lahens et al., 2014). The rest of the sequences beyond the backsplice sites within circRNAs are identical to their linear counterparts. Furthermore, the size of circRNAs can range from under 100 nt to over 4 kb (Salzman et al., 2013; Zhang et al., 2014), while RNA-seq platforms (e.g., 150 nt or 250 nt paired-end) cannot read through the complete sequence of all circRNAs. Nevertheless, there are efforts had been made to improve the power of bioinformatics analyses to predict the complete sequence of circRNAs (Gao et al., 2016; Wu J. et al., 2019; Zheng et al., 2019).



Mixed Cell Populations in Prostate Tumors

Another challenge is that RNA samples used for RNA sequencing or microarray analyses are extracted from a homogenate of PCa tissue trunks containing not only cancer cells but also benign and stroma cells. This could compromise the accuracy of sequencing data analyses to identify tumor-specific circRNAs, since the detection of some lowly expressed circRNAs can be easily affected by the mixture of cell populations from different cell lineages. Even though all RNA samples had been processed with ribosome depletion and RNase R treatment, there is still a significant portion of none circRNAs remain. It is therefore critical to validate circRNAs identified by RNA sequencing or microarray in tissues from patients using techniques such as RISH, which will allow RISH signal to be evaluated together with the histology of tumor cells.



Secondary Structures of CircRNAs

Circular RNAs can form secondary structures of stem-loop RNA hairpins, and even three-dimensional structures complexed with RBPs (Liu et al., 2019). It is therefore important to know the complete sequence of the circRNAs to analyze their functions. Many studies use plasmid vectors to overexpress exogenous circRNAs in cells to analyze their functions. These vector encoded circRNAs may not fold the same way as the endogenous circRNAs. Several chemical-probing approaches have been applied to characterize the critical features of RNA structures (Weeks, 2010; Smola et al., 2015). Precisely deciphering the three-dimensional structures of circRNAs may need structural biology techniques such as X-ray crystallography (Ke and Doudna, 2004). Efforts are also being paid to apply bioinformatic algorithms to predict secondary structures of circRNAs (Lopez-Carrasco and Flores, 2017; Liu et al., 2019). However, these techniques rely on accurate information on the complete RNA sequences of circRNAs. Long-read sequencing [e.g., single-molecule real-time (SMRT) from PacBio and nanopore sequencing from Oxford Nanopore Technologies] incorporated with protocols with multiple rounds of RNase R enrichment manipulation can be promising solutions (You et al., 2015; Rahimi et al., 2020).



Discordant CircRNA Expression in Tissue and Plasma

Prostate cancer specific circRNAs identified from tissues by RNA sequencing or microarray can provide new insights to develop non-invasive biomarkers in plasma, however, plasma circRNA levels are not always positively correlated with intratumoral circRNA levels. For example, we have shown that intratumoral circ-AR3 levels were reduced in high Gleason tumors and CRPC when compared with benign prostate and low Gleason tumors, while plasma circ-AR3 levels are increased in patients with high Gleason tumors and CRPC (Luo et al., 2019). Multiple factors may contribute to this discordant circRNA expression: (1) circRNAs synthesized in tumor cells can be selectively packaged into exosomes and positively released into the bloodstream. Highly expressed circRNAs in tumor cells may not be necessarily highly enriched in exosomes to be secreted; (2) tumor cell death can be induced by stresses such as hypoxia, inflammation, and anti-tumor therapies, which will cause intracellular circRNAs to directly enter the bloodstream; and (3) release of tumor circRNAs to the bloodstream may be dependent upon the PCa development stage. Prostatic intraepithelial neoplasia (PIN) is a precursor lesion of PCa, whereby epithelial cells gain neoplastic growth but are limited within benign prostatic acini or ducts (Haggman et al., 1997). When localized PCa is developed, the basal cell layer is disrupted resulting in PCa cells directly contact with stroma where blood vessels are located. This provides convenience for tumor-associated circRNAs to pass through the stroma to reach and penetrate endothelial cells. When prostate tumors develop distant metastases, tumor-associated circRNAs can be directly released into the bloodstream during cancer cells disseminating to various organs in the human body. A good example helps to explain why circRNAs levels are disproportional between tissue and plasma would be PSA. PSA levels in plasma are low in healthy males but dramatically increase in PCa patients, even though PSA is constitutively highly expressed in both benign prostate and PCa tissues.



Detection of Plasma CircRNAs

One solution to avoid the complicated factors that influence the release of PCa origin circRNAs into the bloodstream is to measure circRNAs directly from patient plasma by microarray or RNA sequencing. Such experiments had been performed in patients who have lung cancers (Chen et al., 2020) or gastric cancers (Rao et al., 2020) but not PCa yet. The challenge is the relatively low abundance of circRNAs in PCa patients with low tumor burden, resulting in a low yield of RNA extraction that is difficult to be used to compare with patients with benign prostate. There may also exist wide intra-patient variations that will require sufficient numbers of patient samples to be tested, resulting in a high cost of RNA sequencing services that intimidate researchers to proceed.



CONCLUSION

New technologies enhance our understanding of the biology of RNAs in human cells. High throughput sequencing had revealed that there are aberrantly expressed circRNAs in PCa cells that have various biological functions. These findings have brought a plethora of opportunities to develop new diagnostic and prognostic biomarkers for PCa. Although we are still facing challenges, our accumulating knowledge from circRNA research will be eventually translated into clinical practice to benefit PCa patients.
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Circular RNAs (circRNAs) are covalently closed circular structures without 5′ caps and 3′ tails, which are mainly formed from precursor mRNAs (pre-mRNAs) via back-splicing of exons. With the development of RNA sequencing and bioinformatic analysis, circRNAs were recently rediscovered and found to be widely expressed in the tree of life. Cerebellar degeneration-related protein 1 antisense RNA (CDR1as) is recognized as one of the most well-identified circRNAs. It contains over 70 miR-7 binding sites and can regulate gene activity by sponging miR-7. Increasing numbers of studies have recently demonstrated that CDR1as is abnormally expressed in many types of tumors, such as colorectal cancer, cholangiocarcinoma and osteosarcoma, and plays a vital role in the development of cancer. However, there are few reviews focusing on CDR1as and cancer. Hence, it is important to review and discuss the role of CDR1as in cancer. Here, we first review the main biological features of CDR1as. We then focus on the expression and roles of CDR1as in cancer. Finally, we summarize what is known on the role of CDR1as in cancer and discuss future prospects in this area of research.
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INTRODUCTION

Circular RNAs (circRNAs) are covalently closed circular structures without 5′ caps and 3′ tails, which are mainly formed from precursor mRNAs (pre-mRNAs) via the back-splicing of exons (Hansen et al., 2013a; Jeck et al., 2013; Memczak et al., 2013; Jeck and Sharpless, 2014; Lasda and Parker, 2014). The electron-microscopic discovery of circular RNAs in an RNA virus was first reported in Sanger et al. (1976). With the development of RNA sequencing and bioinformatic analysis, circRNAs were recently rediscovered and found to be widely expressed in the tree of life (Wang et al., 2010, 2014; Salzman et al., 2013). Furthermore, the expression of circular RNAs is cell type- and tissue-specific (Barrett and Salzman, 2016; Qian et al., 2020; Zhang S. et al., 2020), implying that the expression of circular RNAs is influenced by the specific cellular environment. As circRNAs lack 3′ or 5′ tails, they are more resistant to degradation by exonuclease RNase R and have longer half-lives than associated linear mRNAs (Chen, 2016; Patop and Kadener, 2018; Shang et al., 2019), which indicated that circRNAs could be more easily detectable biomarkers.

CircRNAs exert their function through several mechanisms (Geng et al., 2018; Patop and Kadener, 2018; Zhou et al., 2018; Arnaiz et al., 2019). Firstly, circRNAs can function as miRNA sponges and competitive endogenous RNAs to modulate the activity of miRNAs by competing for miRNA-binding sites (Salmena et al., 2011; Hansen et al., 2013a; Rong et al., 2017; Dori and Bicciato, 2019; Verduci et al., 2019; Lin et al., 2020; Liang et al., 2020). Secondly, some circRNAs can bind and interact with transcription factors to regulate the transcription of targeted gene (Memczak et al., 2013; Braunschweig et al., 2014). For example, ci-Ankyrin Repeat Domain 52 (ci-ANKRD52) can bind to the Pol II elongation complex and in result the accumulation of elongation Pol II at transcriptional sites to promote the transcription of ANKRD52 (Zhang et al., 2013). Thirdly, circRNAs can bind to target proteins to influence their decay or accumulation (Schneider et al., 2016; Abdelmohsen et al., 2017). For example, circ-Foxo3 can promote MDM2-induced p53 ubiquitination by binding to both NDM2 and p53 protein (Du et al., 2017).

Cerebellar degeneration-related protein 1 antisense RNA (CDR1as), also known as circular RNA sponge for miR-7 (ciRS-7) (Memczak et al., 2013), is recognized as one of the most well-identified circRNAs (Hansen et al., 2011, 2013a). As there are over 70 miR-7 binding sites in CDR1as, it acts as a miR-7 sponge and regulates the latter’s activity (Hansen et al., 2011, 2013a; Yao et al., 2018). Additionally, CDR1as is globally co-expressed with miR-7 in the brain, indicating that ciRS-7 may be a better term for it. However, none of the 70 identified binding sites of miR-7 in CDR1as are complementary with the entire miR-7 sequence, and only match the 5 end “seed region” of miR-7 (Guo et al., 2020). Recently, there is increasing evidence that CDR1as is overexpressed in many tumor types, such as colorectal cancer (Tang et al., 2017), cholangiocarcinoma (Jiang et al., 2018) and osteosarcoma (Xu et al., 2018), and plays a vital role in the development of cancer. However, there are few reviews focusing on CDR1as and cancer. Hence, it is important to review and discuss the role of CDR1as in cancer.



THE BIOGENESIS OF CDR1AS

Hansen et al. (2011) found that miR-671 could decrease the levels of CDR1 mRNA by inducing the cleavage of the natural antisense transcript (NAT) of CDR1 mediated by argonaute (AGO)-2. They used 3 Rapid amplification of cDNA ends (RACE) analyses to characterize it and failed to find any polyadenylation, which implied that there is no poly(A)-tail in CDR1 NAT (Hansen et al., 2011). Furthermore, CDR1 NAT was found to be resistant to nicotinamide pyrophosphatase and terminal 5-phosphate-dependent exonuclease, implying that there is also no 5′-terminal cap in the natural antisense transcript (NAT) of CDR1 (Hansen et al., 2011). Taken together, these results indicated that the natural antisense transcript (NAT) of CDR1 is a circular RNA. Generally, the formation of circular RNAs is often facilitated by flanking inverted repeats of the primate-specific Alu elements (Chen, 2016; Li et al., 2018a). However, the gene locus of CDR1as lacks Alu elements, indicating that there must be another mechanism of CDR1 NAT circularization. Barrett et al. found the promoter of LINC00632 could promote the expression of CDR1as, and the LINC00632 locus contains the CDR1as sequence (Barrett et al., 2017). According to their research, it stands to reason that the pre-linear RNA of CDR1as transcribed by the antisense strand of CDR1 concomitantly undergoes back-splicing of the 5′ and 3′ ends to form the circular RNA (Barrett et al., 2017; Figure 1).
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FIGURE 1. Generation of CDR1as. CDR1 is located on Chromosome Xq27.1. The antisense strand of CDR1 undergoes back-splicing of the 5′ and 3′ ends to form the circular RNA.




THE BIOLOGICAL FUNCTIONS OF CDR1AS

CDR1as is a closed circular RNA formed from the antisense transcript of the cerebellum degeneration-related antigen 1 (CDR1) gene, whose length is 1,485 bp (Hansen et al., 2013b). CDR1as is highly expressed in the human brain and plays a vital role in midbrain development (Memczak et al., 2013), which might account for its relationship with neurodegenerative diseases, such as Alzheimer and Parkinson’s disease (Shi et al., 2017; Azari et al., 2020). And the overexpression of CDR1as in zebrafish resulted in defects in the midbrain region similar to the knockdown of miR-7 (Memczak et al., 2013). At the same time, CDR1as was found to regulate the transcription and secretion of insulin by sponging miR-7 in pancreatic islet cells (Xu et al., 2015), which might be a potential therapeutic target for diabetes. As CDR1as can regulate the activity of miR-7 by sponging it, CDR1as exerts a wide range of physiological and pathological effects (Li et al., 2018b). Accordingly, CDR1as plays an important role in cellular proliferation and differentiation as well as cancer invasion and metastasis (Yan et al., 2018; Li L. et al., 2019; Wang et al., 2019; Yang L. et al., 2019; Zhou et al., 2019; Zou et al., 2019; Chen et al., 2020; Hanniford et al., 2020; Yang et al., 2020; Zhao F. et al., 2020).



CDR1AS FUNCTIONS AS A miRNA SPONGE

There is increasing evidence that CDR1as can act as an miRNA sponge by absorbing several miRNAs (Shi et al., 2017; Kyei et al., 2020). Among these miRNAs, miR-7 functions as a tumor suppressor in many cancer types, such as osteosarcoma, breast cancer, hepatocellular carcinoma, and colorectal cancer (Yu et al., 2016; Tang et al., 2017; Yang X. et al., 2017; Xu et al., 2018). CDR1as was found to promote the proliferation and metastasis of cancer cells by sponging miR-7 (Tang et al., 2017; Xu et al., 2018; Yang L. et al., 2019). Furthermore, since conserved miR-7 target sites on CDR1as are complementary to miR-7, these sites could be a lodging site for transport (Memczak et al., 2013; Piwecka et al., 2017). Furthermore, CDR1as was able to sponge miR-1270 and modulate the activity of miR-1270, resulting in drug resistance, proliferation and metastasis of cancer (Su et al., 2019; Yuan et al., 2019; Zhao et al., 2019). Similarly, CDR1as was found to promote the progression of cholangiocarcinoma and osteoarthritis by sponging miR-641 (Li D. et al., 2020; Zhang W. et al., 2020). Moreover, CDR1as was reported to sponge miR-135b-5p, miR-219a, miR-1299, and miR-876-5p in ovarian cancer, non-small-cell lung cancer and esophageal squamous cell carcinoma, respectively (Sang et al., 2018b; Chen et al., 2019; Cai et al., 2020; Li Y. et al., 2020; Meng et al., 2020). In addition, CDR1as was found to stimulate tube formation in microvascular endothelial cells by decreasing the expression of miR-26a-5p (Cui et al., 2020). Taken together, these studies demonstrate that CDR1as plays varied roles in the occurrence and development of cancer and might be a potential therapeutic target.



THE EXPRESSION OF CDR1AS IN CANCER

Many studies have demonstrated that CDR1as is expressed abnormally in many cancer types (Pan et al., 2018; Su et al., 2018; Tanaka et al., 2019; Lin et al., 2020; Tian et al., 2020; Zhou et al., 2020). The expression of CDR1as is upregulated in most tumors, such as colorectal cancer, hepatocellular carcinoma and breast cancer, and it exerts a tumor-promoting effect (Tang et al., 2017; Weng et al., 2017; Xu et al., 2017; Yang X. et al., 2017; Yuan et al., 2019; Zhang Z. et al., 2020; Zhao Y. H. et al., 2020). Especially in colon cancer, Kristensen et al. (2020) found that CDR1as is absent in the cancer cells, but highly expressed in stromal cells within the tumor microenvironment. Similarly, CDR1as showed low expression in other tumors, such as ovarian cancer, melanoma and bladder cancer, indicating that it functions as a tumor suppressor (Chen et al., 2019; Zhao et al., 2019). These findings indicate that CDR1as can function either as a tumor suppressor or promoter in different tumor microenvironments, which will be discussed below (Table 1).


TABLE 1. The expression and roles of circ-CDR1as in different human cancers.
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THE ROLES OF CDR1AS IN CANCER


The Roles of CDR1as in Tumor Growth

Numerous studies have demonstrated that CDR1as is involved in the regulation of tumor growth by sponging several miRNAs and regulating multiple signaling pathways. For example, miR-7 acts as a tumor suppressor that can regulate cellular proliferation and various biological process by triggering the signal transduction of the growth factors (Sun et al., 2016; Yang Z. et al., 2017). CDR1as is upregulated in numerous cancers, where it can sponge miR-7 and stimulate the expression of the downstream targeted genes, such as E2F3, EGFR, IGF-1R, CCNE1, PIK3CD, RAF1, PTEN, and KLF4. Accordingly, CDR1as was found to promote tumor proliferation in nasopharyngeal carcinoma, colorectal cancer, non-small-cell lung cancer, osteosarcoma, laryngeal squamous cell carcinoma, gastric cancer and esophageal squamous cell carcinoma, respectively (Tang et al., 2017; Yang X. et al., 2017; Li R. C. et al., 2018; Pan et al., 2018; Xu et al., 2018; Zhang J. et al., 2018; Zhang X. et al., 2018; Huang et al., 2019; Zhong et al., 2019; Yang et al., 2020). These studies demonstrated that the CDR1as/miR-7 axis plays a vital role in tumor growth and might be a potential target for cancer therapy. AFP (alpha-fetoprotein), a biomarker of hepatocellular carcinoma, is the target gene of miR-1270. CDR1as can sponge miR-1270 and upregulate the expression of AFP to promote tumor growth, invasion and metastasis in hepatocellular carcinoma (Su et al., 2019). Similarly, the overexpression of CDR1as can stimulate tumor proliferation, invasion and metastasis by sponging miR-641 and stimulating the expression of AKT3 and mTOR in cholangiocarcinoma (Li D. et al., 2020). Furthermore, CDR1as knockdown inhibited tumor growth, invasion and metastasis by regulating the miR-219a-5p/SOX5 axis in non-small-cell lung cancer (Li Y. et al., 2020). Similarly, the knockdown of CDR1as could inhibit tumor growth via miR-135p in ovarian cancer (Chen et al., 2019). However, CDR1as was reported to inhibit tumor growth in glioblastoma multiforme by disrupting p53/MDM2 complex formation (Lou et al., 2020), which implies that CDR1as has different effects on cell growth in different cancer types (Figure 2).
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FIGURE 2. Overview of the roles of CDR1as in cancer. CDR1as exerts its roles in tumor growth, cancer metastasis and cancer chemoresistance via multiple signaling pathways.




The Roles of CDR1as in Cancer Metastasis

Cancer metastasis is the critical step of cancer development and progression and many studies reported that CDR1as could influence cancer metastasis. As described above, CDR1as can promote cancer metastasis via multiple signaling pathways (Su et al., 2019; Li D. et al., 2020; Li Y. et al., 2020). In addition, CDR1as was found to interact with IGF2BP3 to promote tumor invasion and metastasis in melanoma (Zhang L. et al., 2018; Hanniford et al., 2020). Similarly, CDR1as could enhance the expression of MAGE-A family by sponging miR-876-5p to promote the progression of esophageal squamous cell carcinoma (Sang et al., 2018b). Furthermore, CDR1as could regulate miR-7/HOXB13 and miR-1299/MMPs to promote the metastasis of esophageal squamous cell carcinoma and triple-negative breast cancer, respectively (Li R. C. et al., 2018; Sang et al., 2018a). However, CDR1as was found to sponge miR-135b-5p and upregulate the expression of HIF1AN to inhibit the growth, invasion and metastasis of ovarian cancer (Chen et al., 2019), which shows that the roles of CDR1as in tumor metastasis vary in different cacer types (Figure 2).



The Roles of CDR1as in Cancer Chemoresistance

Chemoresistance is the main obstacle to cancer therapy and remains a great challenge for improving the clinical outcomes of cancer patients (Zheng, 2017; Yeldag and Rice, 2018). A number of studies have demonstrated that the dysregulated expression of CDR1as is related to cancer chemoresistance (Uhr et al., 2018; Yang et al., 2019a,b; Mao and Xu, 2020). Two studies showed that the knockdown of CDR1as could increase the chemosensitivity of 5-fluorouracyl- and cisplatin-resistant breast cancer cells by sponging miR-7 (Yang et al., 2019a,b). Similarly, downregulation of CDR1as could modulate the miR-7-5p/REGγ axis to promote low-dose diosbulbin-B-induced gastric cancer cell death (Li C. et al., 2019). Furthermore, another study reported that CDR1as could regulate stemness and promote cisplatin chemoresistance in NSCLC cells by targeting the miR-641/HOXA9 axis (Zhao Y. et al., 2020). Taken together, these results indicate that CDR1as might be a potential therapeutic target for overcoming cancer chemoresistance. However, other studies demonstrated that the overexpression of CDR1as could increase the sensibility to cisplatin by sponging miR-1270 in bladder and ovarian cancer (Yuan et al., 2019; Zhao et al., 2019). The inconsistent results demonstrate that the roles of CDR1as in chemoresistance vary in different cancer types (Figure 2).



CONCLUSION AND PERSPECTIVES

CircRNAs were previously considered to be the products of faulty RNA splicing (Kristensen et al., 2018). However, with the development of RNA sequencing and bioinformatic analysis, circRNAs were recently rediscovered and found to be widely expressed in the tree of life (Wang et al., 2010, 2014; Salzman et al., 2013). Increasing numbers of studies demonstrated that circRNAs are abnormally expressed in cancer and exert a vital role in cancer progression through a complicated gene regulatory network. Here, we firstly systematically reviewed and discussed the roles of CDR1as in cancer, listing studies that might deepen our understanding of how it modulates cancer progression. Additionally, the relationship between CDR1as expression and clinicopathological characteristics was summarized. In detail, high CDR1as expression was associated with worse clinicopathological characteristics, including the T status, N status, histological grade, TNM stage and distant metastasis in solid tumors, such as esophageal squamous cell carcinoma (ESCC), non–small cell lung cancer (NSCLC), colorectal cancer (CC), and hepatocellular carcinoma (Zou et al., 2020). Numerous experiments have demonstrated that CDR1as might be an oncogene and promote cellular proliferation and cancer metastasis. In addition, the expression of CDR1as was found to be associated with poor prognosis in cancer patients. As circRNAs lack 3′ tails or 5′ caps, they are more resistant to degradation by exonuclease RNase R and have more long half-lives than associated linear mRNAs (Chen, 2016). Meantime, some studies reported that stably existed in human body fluids, such as serum, plasma, and saliva. Furthermore, CDR1as was reported to have a specificity of 74% in the diagnosis of digestive system-derived tumors (Zou et al., 2020). The AUC of the ROC curve represents the comprehensive accuracy rate of detection, and according to the results of this study, detection of CDR1as had an AUC of 0.84 (95% CI, 0.80–0.87) in solid tumors (Zou et al., 2020). Taken together, these findings indicate that CDR1as might become an easily detectable prognostic factor for cancer patients. However, our knowledge on the roles of CDR1as in cancer is still limited and further studies are needed. The available reports mainly focused on the function of CDR1as as a miRNA sponge, but circRNAs can also bind to proteins to exert their function. Hence, the other possible functions of CDR1as in cancer should also be investigated. Importantly, various studies showed that CDR1as exerts a vital role in cancer development, and we hope that therapies targeting CDR1as could be applied in the clinical treatment of cancer patients.
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Background: Cervical cancer is one of the most common malignancies in women, leading to major health problems for its high morbidity and mortality. Numerous studies have demonstrated that circular RNAs (circRNAs) could be participated in the progression of multifarious diseases, especially plentiful carcinomas. CircAMOTL1 (angiomotin-like1, ID: hsa_circ_0004214), which is located on human chromosome 11:9 4532555-94533477, is involved in the occurrence of breast cancer, etc. However, the intrinsic and concrete molecular mechanism of circAMOTL1 in cervical carcinomas remained thoroughly unclear, which was also the bottleneck of circRNAs studies in cancer.

Methods: The relative expression levels of circAMOTL1 and miR-526b in cervical carcinoma patients’ specimens and cervical carcinoma cell lines were detected by RT-qPCR. Through experiments including loss-function and overexpression, the biological effects of circAMOTL1 and miR-526b on the proliferation, migration, apoptosis, and tumorigenicity were explored in cervical carcinomas. Dual luciferase reporter gene analysis, western blot, and other methods were adopted to explore the circAMOTL1 potential mechanism in cervical carcinomas.

Results: In our experiments, our researches displayed that circAMOTL1 was significantly higher expression in cervical carcinomas specimens and cell lines. Further experiments illustrated that the knockdown of circAMOTL1 could restrain the malignant phenotype, AKT signaling, and epithelial–mesenchymal transition (EMT) of in cervical carcinomas cells. Meanwhile miR-526b was downregulated in cervical carcinomas and even miR-526b could partially reverse circAMOTL1 function in malignant cervical tumor cells. CircAMOTL1 acts as a microRNA (miRNA) sponge that actively regulates the expression of salt-inducible kinase 2 (SIK2) to sponge miR-526b and subsequently increases malignant phenotypes of cervical carcinomas cells. In a word, circAMOTL1 acts a carcinogenic role and miR-526b serves as the opposite function of antioncogene in the cervical carcinoma pathogenesis.

Conclusion: CircAMOTL1-miR-526b-SIK2 axis referred to the malignant progression and development of cervical carcinomas. CircAMOTL1 expression was inversely correlated with miR-526b and positively correlated with SIK2 mRNA in cervical cancer tissues. Thus, circAMOTL1 exerted an oncogenic role in cervical cancer progression through sponging miR-526b. Taken together, our study revealed that circAMOTL1 acted as an oncogene and probably was a potential therapeutic target for the cervical cancer.

Keywords: circAMOTL1, miR-526b, ceRNA, SIK2, AKT, cervical carcinoma


INTRODUCTION

Cervical cancer is one of the most common malignancies in women (Cisse et al., 2019; Feng et al., 2019; Vliet-Gregg et al., 2019; Wang et al., 2020b), leading to major health problems for high morbidity and mortality (Li et al., 2019; Ni et al., 2020; Wang et al., 2020d; Wu et al., 2020a). Cervical cancer is mainly caused by the human papilloma virus infection (Ding et al., 2019; Young et al., 2019; Cerasuolo et al., 2020), and is one of the most common gynecological malignancies, and its incidence rate ranks second among female malignancies in developing countries, and is behind breast cancer (Cisse et al., 2019; Li et al., 2019; Ni et al., 2020; Wang et al., 2020d; Wu et al., 2020a), and its mortality rate ranks third that is behind breast cancer and lung cancer. At present, surgery, radiotherapy, and chemotherapy have a better effect on early cervical cancer (Hu et al., 2019; Harkenrider et al., 2020; Rotman et al., 2020; Wang et al., 2020a), which its 5-year survival rates could reach 91.5%, but its efficacy on advanced and metastatic cervical cancers is very limited with its 5-year survival rate is only 17.3% (Wang et al., 2019; Chen et al., 2020; Du et al., 2020; Zhang et al., 2020b), meanwhile, the survival rate of recurrent cervical cancer is lower (Jayamohan et al., 2019; Wei et al., 2019; Yuan et al., 2019; Zhang et al., 2019). Therefore, the mechanism of the development and progression in cervical carcinomas is very important for early diagnosis and effective treatment of cervical cancers. How to effectively treat advanced and recurrent cervical cancers is the focus of current researches.

Recent studies have uncovered that non-coding RNA such as lncRNAs and circular RNAs (circRNAs) could play more crucial roles in various biological processes (Chen et al., 2016; Li et al., 2016a; Tran et al., 2020),including cell proliferation, migration, apoptosis, and drug resistance (Zhuang et al., 2015; Li et al., 2016b; Chen et al., 2017). CircRNAs belong to a special class of non-coding RNA molecules, which are also the latest research hotspots in the field of RNA. Different from linear RNA(with 5′ and 3′ ends), and circRNA molecule has a closed circular structure, that is not affected by RNA exonuclide, and its expression is more stable and not easy to degrade (Dong et al., 2020; Jin et al., 2020; Zhang et al., 2020a). In terms of functions, recent studies reveal that circRNA molecules are rich in microRNA (miRNA) binding sites, and act as a miRNA sponge in cells, thereby removing the inhibition of miRNA on its target genes and increasing the expression level of target genes (Di Agostino et al., 2020; Li and Wang, 2020; Liu et al., 2020). This mechanism of action is called competitive endogenous RNA (ceRNA) mechanism. By interacting with miRNAs associated with diseases, circRNAs play important regulatory roles in diseases (Dong et al., 2020; Jin et al., 2020).

Circular RNA could regulate gene expression at the transcriptional and post-transcriptional levels (Di Agostino et al., 2020; Dong et al., 2020; Jin et al., 2020; Li and Wang, 2020; Liu et al., 2020; Zhang et al., 2020a). CircAMOTL1 is found in human chromosome 11:94532555-94533477 and is upregulated in breast cancer tissues and could promote breast cancer progression (Ma et al., 2019; Ou et al., 2020). In cervical cancers, the role of circAMOTL1 is still little known, and we focused on the function and mechanism of circAMOTL1 in cervical cancer.

In this study, we found that circAMOTL1 was upregulated in cervical cancer tissues and cell lines. Overexpression of circAMOTL1 accelerated cervical cancer cell proliferation and migration, and restrained apoptosis, etc., while knockdown of circAMOTL1 restrained cervical cancer cell proliferation, migration, and facilitated apoptosis. As a putative target of circAMOTL1, miR-526b was predicted by multiple bioinformatics software and verified by further luciferase experiment, etc. Mechanistically, upregulation of circAMOTL1 restrained the relative expression of miR-526b and subsequently accelerated the expression of salt-inducible kinase 2 (SIK2) at posttranscriptional level. Taken together, our study uncovered the role of circAMOTL1 as a miRNA sponge in cervical cancers, and suggested that circAMOTL1 may be a potential therapeutic target in cervical cancer.



MATERIALS AND METHODS


Patient Specimens

Our study included cervical carcinoma patients who received tumorectomy. We froze the cervical carcinoma specimens and paired normal peritumoral specimens in liquid nitrogen quickly after the resection. All the samples were obtained with the patients informed consents. No smoking subjects were included in our study. All the patients were diagnosed by at least two experienced pathologists. The non-tumorous tissue samples were at least 2 cm from the edge of the tumor, contained no obvious tumor cells, and were also evaluated by the pathologists. Anhui No. 2 Provincial People’s Hospital research ethics committee approved the experiment.



Cell Lines and Cell Culture

Cervical carcinomas Hela and SiHa were obtained from the Institute of Cell Biology, Chinese Academy of Sciences in Shanghai. HcerEpic was purchased from YuChicell (Shanghai) Biological Technology Co., Ltd. Hela, SiHa, and HcerEpic cells were cultivated in DMEM (Gibco, United States). 1% antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin sulfates) and 10% FBS were blended in DMEM and RPIM 1640. The atmosphere of the incubator is at 37°C and 5% CO2.



Cell Transfection

Specific siRNA oligonucleotides were transiently transfected in Hela, SiHa, and HcerEpic cells, si-circAMOTL1 sense (5-CCGCGGTAACGAGTTGAAGATCCTCCTCGAGGAGGATCT TCAACTCGTTACCTTTTTG-3), si-circAMOTL1#2 sense (5-CCGCGTATGGGGTAACGAGTTGAAGCTCGAGCTTCAACT CGTTACCCCATACTTTTTG-3), si-SIK2 sense (forward 5-5-AGACCACCCTCACATAATCAAAC-3, reverse (5-AGACCAC CCTCACATAATCAAAC-3), si-NC, and si-RNA (si-circAMOTL1, si-SIK2) were obtained from Gene Pharma (Suzhou, China). The miR-526b mimic and inhibitor were synthesized by RiboBio Biotech (Guangzhou, China). Optimum density cervical carcinomas cells were cultivated and then transfected in six-well plates. The plasmid vectors (circAMOTL1, negative control) were obtained from Fubio Biological Technology Co. (Shanghai, China). Cells were transiently transfected using Lipofectamine3000 Transfection Reagent (Thermo Fisher, United States) based on the product descriptions. Cells were cultured for 24 h before transfection. The cells were then transiently transfected with the corresponding vectors using Lipofectamine 3000 Transfection Reagent based on the product descriptions. After 48 h, cells transfected with the corresponding vector were collected, such as for RT-qPCR.



RT-qPCR

The total RNA was extracted from the specimens and cervical cells using TRIzol reagent (Invitrogen, United States). The cDNA was synthesized from whole RNA using the Prime Script RT Reagent Kit with gDNA Eraser (Takara, Dalian). SYBR Premix Ex Taq II (Takara, Dalian) was used to detect the expression levels of circAMOTL1 by RT-qPCR on the CFX96 sequence detection system (Bio-Rad). Supplementary Table S1 shows primer sequences. The endogenous controls were glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and U6 small nuclear RNA. The relative quantification method (2–ΔΔCt) was used to calculate the expressions that have been normalized to endogenous controls.



Cell Proliferation Assays

Cell proliferation was detected by CCK-8 (Beyotime, Shanghai), cells were incubated in a 96-well plate for 24 h, and then, respectively, transfected with siRNAs or plasmids in the CCK-8 assays. 0, 24, 48, and 72 h after transfection, the absorbance in each well was measured at by a microplate reader (Bio-Rad, United States).



EdU Incorporation Assay

EdU Apollo DNA in vitro kit (RIBOBIO, Guangzhou) was also utilized cell proliferation that was by EdU incorporation assays. In a word, cells transfected siRNA or plasmid were hatched for 2 h at 37°C, and were hatched, respectively, with 100 μl of 50 μM EdU per well. In the end, fluorescence microscopy was applied to visualize the cells.



Cell Migration Assay

The cells were implanted into the six-well plates and cultivated in the incubator. 100% confluence was obtained before the transfection with siRNA or plasma transfected cells. Use the sterilization 200 μl pet tips to generate clean lines in six-well plates. Use digital camera system to take photos in each well quickly. A day later, the picture was taken again. The travel distance was set at 0 and 24 h. Except for the difference of processing factor, it is synchronous, and it is carried out under the same conditions. The migration experiment calculates the relative migration distance.



Flow Cytometry Assay

SiRNAs or plasmid vectors were, respectively, transfected in cervical carcinomas cells. 48 h after transfection, cells were collected and resuspended in fixation fluid 5 μl Annexin V-FIFC and 10 μl propidium iodide were added to 195 μl cell suspension. Flow cytometry (Beckman, United States) was used to detect cell apoptosis.



Western Blot Analysis

Total proteins were separated by 10% SDS–PAGE and transferred to PVDF membranes. After blocking in the 5% non-fat milk and incubated overnight for 16 h in 4°C with the primary antibody. At room temperature for 2 h, the membranes were then incubated with a secondary antibody and enhanced chemiluminescence ECL kit (Beyotime, China) was visualized. β-actin, Tublin, or GAPDH was the internal standard. The details of antibodies are described in Supplementary Table S2.



Dual-Luciferase Assays

Dual-Luciferase Reporter Assay System (Promega, United States) was used for the Dual-luciferase reporter assays. PmirGLO Dual-luciferase vectors, respectively, cloned the binding and mutant sequences (Fubio Biological Technology Co., Shanghai). CircAMOTL1 or SIK2 WT or Mut constructed and co-transfected along with miR-526b mimics or NC, then transfected with Lipofectamine 3000 and incubated for 48 h. Microplate reader was applied to measure the luciferase activities.



Mouse Model Experiments

Our experiments were approved by the Institutional Ethics Review Board. Female BALB/c nude mice (5-week old) were divided into two groups and each group included five mice. LV-circAMOTL1 and LV-NC were purchased from Genechem (Shanghai, China). 4 × 106 cells were injected into the mice dorsal flank regions. Every 5 days, tumor growth was measured. The formula, a∗b2/2 (a: long diameter, b: short diameter), was used to calculate tumor volume. In the end, we executed mice and observed the subcutaneous weight of each tumor.



Transwell Migration and Invasion Assay

Cell invasion or migration rate was determined by transwell chamber with or without matrigel matrix (Corning, United States). The lower chamber was added with RPMI-1640 medium containing 20% FBS, while the transfected Hela and SiHa cells were injected into the upper one with 200 μl of serum-free medium and the whole steps were carried out according to the experiment instructor. In the end, paraformaldehyde was used to attach cells located on lower surface of the upper chamber and cells were analyzed under a microscope before stain with crystal violet.



RNA Immunoprecipitation (RIP)

Magna RNA immunoprecipitation (RIP) RNA-Binding Protein Immunoprecipitation Kit (Millipore, United States) was used to detect the interaction between circAMOTL1 and miR-526b or miR-526b and SIK2. Hela and SiHa cells were collected and lyzed with RIP lysis buffer. Cell lysate was then incubated with anti-Argonaute2 (anti-Ago2) or normal rabbit IgG as the immunoprecipitating antibody overnight at 4°C. Purified RNA was analyzed by qRT-PCR. IgG was used as negative control.



RNase R Treatment Assay

2 μg RNA and 6-unit RNase R (Geneseed Biotech, Guangzhou, China) were mixed and incubated at 37°C for 20 min. qRT-PCR for determining the mRNA level of circAMOTL1 and linear AMOTL1 before and after the RNase R treatment.



Statistical Analysis

Every experimental assay was executed in triplicate. Triplicate biological replicates’ or samples’ data were presented as mean ± standard deviation (SD). SPSS 20.0 software (IBM, Chicago, IL, United States) was used to analyze assays’ statistical analyses. Paired samples t-test was used to analyze the circAMOTL1 and miR-526b expression. ANOVA was used to analyze CCK-8 assay data. The independent samples t-test was used to analyze other data. P < 0.05 was regarded as the statistically significant one.



RESULTS


Higher Expression of CircAMOTL1 and Downregulated Expression of miR-526b in Cervical Carcinomas

The relative expression levels of circAMOTL1 and miR-526b were measured through RT-qPCR in cervical carcinoma samples. Compared with para-carcinoma specimens, the relative expression of circAMOTL1 was significantly increased about 2.446 times (58 of 85) of carcinoma samples (P < 0.001) (Figures 1A,B), and the relative expression of miR-526b was obviously decreased about 40.594% (53 of 85) of carcinoma samples (P < 0.001) (Figures 1C,D). Compared with HcerEpic cell, the relative expression of circAMOTL1 was higher expression in both cervical carcinoma cells, Hela about 3.680 times (P = 0.0081) and SiHa about 2.505 times (P = 0.0078) (Figure 1E), and the relative expression of miR-526b was obviously decreased in both cervical carcinoma cells, Hela about 80.032% (P = 0.0032) and SiHa about 71.166% (P = 0.0050) (Figure 1F). Concordantly, results of RNase R exonuclease treatment certified the circular nature of the circAMOTL1 (Figures 1G,H). Upregulated circAMOTL1 was closely associated with tumor differentiation (P = 0.019), FIGO staging (P = 0.002), and HPV16/18 (P = 0.015) in cervical carcinomas (Table 1). But age, tumor size, and lymph node metastasis were no obvious correlation with the expression level of circAMOTL1 and miR-526b. CircAMOTL1 could act as oncogene and miR-526b could act as the antioncogene in cervical carcinomas.
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FIGURE 1. The relative expression of circAMOTL1 and miR-526b was detected in cervical carcinoma tissues and cells. The relative circAMOTL1 (A,B) and miR-526b (C,D) expression patterns were shown in paired cervical carcinomas tissues and normal tissues. The expression level in cervical carcinomas cells (Hela and SiHa) and HcerEpic (E,F) were detected. The expression level of circAMOTL1 and AMOTL1 mRNA treated with or without Rnase R was measured by qRT-PCR (G,H). **P < 0.01.



TABLE 1. Correlation between circAMOTL1 expression and clinicopathological characteristics of cervical cancer patients.
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Knockdown of CircAMOTL1 Restrained Cervical Cell Lines Proliferation. Overexpression CircAMOTL1 Was on the Contrary

48 h after transfection of siRNA, miRNA mimics or inhibitor, and circAMOTL1, the relative expressions of circAMOTL1 and miR-526b were detected by qRT-PCR in Hela, SiHa, and HcerEpic. After transfection, the relative expression of circAMOTL1 was downregulated about 60.403% in Hela (p = 0.0010) and about 42.858% in SiHa (P = 0.0062) cells by si-circAMOTL1, and about 45.24% in Hela (p = 0.0041) and about 42.02% in SiHa (P = 0.0124) cells by si-circAMOTL1#2 (Figure 2A). And the relative expression of circAMOTL1 was notably increased about 4.1986 times in HcerEpic (p = 0.0004) after transfection of circAMOTL1 (Figure 2B).
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FIGURE 2. CircAMOTL1 acted as an oncogene. The relative expression level of circAMOTL1 was obviously decreased by si-circAMOTL1 and si-circAMOTL1#2 (A) and upregulated by circAMOTL1 (B). Cell proliferation was detected in both cervical carcinomas cells after siRNA transfection (C,D) and circAMOTL1 (E). Representative images of EdU assay and the relative fold changes of EdU positive cells were detected by siRNA (F,G) and circAMOTL1 (H). Transwell assays showed that the relative cell migration and invasion was restrained after siRNA transfection in the Hela and SiHa (I,J) cell lines. **P < 0.01.


Our study demonstrated that si-circAMOTL1 and si-circAMOTL1#2 (Figures 2C,D) obviously restrained both cervical carcinoma cells proliferation (p < 0.01). CircAMOTL1 (Figure 2E) remarkably facilitated HcerEpic cell proliferation (p < 0.01). Because the si-circAMOTL1 is more effective than si-circAMOTL1#2, we choose si-circAMOTL1 for the subsequent experiments.

EdU was elucidated cell proliferation. Compared with control group, EdU positive Hela and SiHa cells in si-circAMOTL1 group were reduced and circAMOTL1 group were reversed after transfection in HcerEpic cell line.

EdU assay proved that the EdU positive cells quantity was decreased about 66.078% in Hela (P < 0.001) (Figure 2F) and about 43.047% in SiHa (P < 0.001) (Figure 2G) in si-circAMOTL1 group. The quantity of EdU positive cells was increased about 2.300 times in HcerEpic (P < 0.001) (Figure 2H) of circAMOTL1 group.

Our study manifested that knockdown circAMOTL1 restrained cervical cell lines proliferation and overexpression circAMOTL1 facilitated cervical cell lines proliferation.



Knockdown of CircAMOTL1 Restrained Cervical Cell Lines Migration. Overexpression CircAMOTL1 Facilitated Cervical Cell Line Migration

Cell migration was detected after transfection siRNA and plasmids by Transwell assay and scratch assay. Transwell assay indicated that the ratio of the relative migration was decreased by 59.62% in HeLa (P = 0.0092, si-circAMOTL1), and decreased by 63.73% in SiHa (P = 0.0019, si-circAMOTL1) (Figure 2I), and the ratio of the relative invasion were decreased by 57.75% in HeLa (P = 0.0015, si-circAMOTL1), and decreased by 68.10% in SiHa (P = 0.0006, si-circAMOTL1) (Figure 2J).

Scratch assay manifested that the ratio of the relative migration was decreased about 43.324% in Hela (P = 0.0026) (Figure 3A) and 48.65% in SiHa (P < 0.001) (Figure 3B) in si-circAMOTL1 group. The ratio of the relative circAMOTL1 group migration was upregulated about 2.516 times in HcerEpic (P = 0.0069) (Figure 3C).
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FIGURE 3. CircAMOTL1 acted as an oncogene. The relative cell migration was restrained after siRNA transfection in the Hela and SiHa (A,B) cell lines. The relative cell migration was facilitated after circAMOTL1transfection in the HcerEpic cell lines (C). Apoptotic cells by flow cytometry analysis were measured after siRNA transfection in the Hela (D) and SiHa (E) cell lines, circAMOTL1 in the HcerEpic cell line (F). **P < 0.01.


Our results elucidated that knockdown of circAMOTL1 restrained cervical cell lines migration and invasion. Overexpression circAMOTL1 expression facilitated cervical cell lines migration.



Knockdown of CircAMOTL1 Facilitated Cervical Cell Lines Apoptosis. Overexpression CircAMOTL1 Restrained Cervical Cell Lines Apoptosis

Flow cytometry assays were measured apoptosis. Compared with control groups, the apoptosis ratios were obviously upregulated about 7.647 times in Hela (P = 0.0002) and 4.203 times in SiHa (P = 0.0042) (Figures 3D,E) after transfection si-circAMOTL1.

Compared with control groups, the relative ratios of apoptosis were dramatically reduced about 74.41% in HcerEpic (P = 0.0018) (Figure 3F) after transfection circAMOTL1.

In brief, knockdown of circAMOTL1 facilitated cervical cell lines apoptosis and overexpression of circAMOTL1 restrained cervical cell lines apoptosis.



MiR-526b Acts as the Tumor Suppressor Gene

The relative expression levels of miR-526b were remarkably reduced about 56.361% in Hela (p = 0.0240) and about 65.512% in SiHa (p = 0.0017) after transfection miR-526b inhibitor (Figure 4A). And the relative expression levels of miR-526b were obviously increased in about 5.961 times in Hela (p = 0.0002) and 2.781 times in SiHa (p = 0.0332) at after transfection miR-526b mimics (Figure 4A).
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FIGURE 4. The relative expression level of miR-526b was significantly downregulated by miR-526b inhibitor and increased by miR-526b mimics (A). Cell proliferation was detected after miR-526b inhibitor and miR-526b mimics transfection (B,C) in both cervical carcinoma cells. The relative EdU positive cells fold changes were detected by miR-526b inhibitor and miR-526b mimics (D,E). The relative cell migration was restrained or accelerated after miR-526 mimics or inhibitor transfection in the Hela and SiHa (F,G) cell lines. The relative cell migration and invasion was detected after miR-526 mimics or inhibitor transfection in the Hela and SiHa (H,I) cell lines. Apoptotic cells were detected after miR-526 mimics or inhibitor transfection in the Hela and SiHa (J,K) cell lines. *P < 0.05, **P < 0.01.


MiR-526b mimics notably restrained both cervical carcinoma cells proliferation (Figures 4B,C) (p < 0.01). MiR-526b inhibitor obviously accelerated both cervical carcinoma cells proliferation (Figures 4B,C) (p < 0.01).

The relative quantity of Edu positive cells in miR-526b mimics group was notably decreased about 47.581% in Hela (P = 0.0097) and 40.093% in SiHa (P = 0.0005) (Figures 4D,E). The relative quantity of Edu positive cells in miR-526b inhibitor group was upregulated about 2.003 times in Hela (P = 0.0007) and 2.0483 times in SiHa (P < 0.001) (Figures 4D,E). MiR-526b mimics restrained cervical carcinomas cells proliferation and miR-526b inhibition accelerated cervical carcinoma cells proliferation.

The ratio of the relative migration was downregulated about 40.308% in Hela (P = 0.0077) and 53.40% in SiHa (P = 0.0041) (Figures 4F,G) after transfection miR-526b mimics. The ratio of the relative migration was upregulated about 2.068 times in Hela (P = 0.0002) and 1.939 times in SiHa (P = 0.0006) (Figures 4F,G) after transfection miR-526b inhibitor. Transwell assays elucidated that the ratio of the relative migration was decreased by 50.33% in HeLa (P = 0.0032, miR-526b mimics), and decreased by 72.19% in SiHa (P = 0.0004, miR-526b mimics) (Figure 4H). The ratio of the relative migration was upregulated about 1.701 times in Hela (P = 0.0097, miR-526b inhibition) and 1.715 times in SiHa (P = 0.0019, miR-526b inhibition) (Figure 4H). The ratio of the relative invasion was decreased by 66.20% in HeLa (P = 0.0017, miR-526b mimics) and 51.93% in SiHa (P = 0.0048, miR-526b mimics) (Figure 4I). The ratio of the relative invasion was upregulated about 1.933 times in Hela (P = 0.0148, miR-526b inhibition) and 2.103 times in SiHa (P = 0.0019, miR-526b inhibition) (Figure 4I).

Upregulated miR-526b expression suppressed cervical carcinoma cells migration and invasion, and depression miR-526b accelerated cervical carcinomas cells migration and invasion.

Compared with NC groups, the ratios of the relative apoptosis were obviously went up about 2.208 times in Hela (P = 0.0041) and 2.069 times in SiHa (P = 0.0009) (Figures 4J,K) after transfection miR-526b mimics. Compared with NC groups, the ratios of the relative apoptosis were obviously lessened about 76.10% in Hela (P < 0.0001) and 82.34% in SiHa (P < 0.0001) (Figures 4J,K) after transfection miR-526b inhibitor. Ultimately, upregulated miR-526b expression accelerated cervical carcinomas cells apoptosis and reduction miR-526b restrained cervical carcinomas cells apoptosis.



CircAMOTL1 Sponges miR-526b

Compared with si-NC groups, the relative expression of miR-526b was increased about 3.380 times in Hela (P = 0.0012) and 5.293 times in SiHa (P < 0.001) (Figure 5A) in si-circAMOTL1 groups. Bioinformatics databases were used to predict some underlying binding sites of circAMOTL1 with miR-526b. The predictions were verified by luciferase reporter assay. MiR-526b mimics obviously suppressed circAMOTL1 wild type reporter luciferase activity; compared with the co-transfections NC + pmirGLO-circAMOTL1-Wt, the luciferase activity was obviously reduced about 46.850% in Hela (P < 0.001) and 45.88% in SiHa (P = 49.112) in the co-transfections miR-526b mimics + pmirGLO-circAMOTL1-Wt; nevertheless, miR-526b could not suppress the circAMOTL1mutant reporter vector luciferase activity (Figure 5B). The luciferase reporter assays were verified that circAMOTL1 sponged miR-526b. CircAMOTL1 and miR-526b were enriched by antibody against Ago2 in contrast with immunoglobulin G (IgG) antibody (Figure 5C).
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FIGURE 5. CircAMOTL1 was a target of miR-526b. The relative expression of miR-526b was increased by si-circAMOTL1 (A). Dual-luciferase reporter assays were detected in Hela and SiHa cells co-transfected with circAMOTL1-Wt or circAMOTL1-Mut and miR-526b mimics or NC (B). Ago2-RIP assay demonstrated the enrichment of circAMOTL1, and miR-526b in anti-Ago2 group compared to the negative control anti-IgG (C). Cell proliferation was detected after co-transfection with si-NC + NC in both cervical carcinoma cell lines, si-circAMOTL1 + miR-526b inhibitor, or si-circAMOTL1 + miR-526b mimics by Edu and CCK-8 (D,E). The relative cell migration after co-transfection with si-NC + NC, si-circAMOTL1 + miR-526b inhibitor, or si-circAMOTL1 + miR-526b mimics was as follows (F,G). The relative cell migration and invasion was detected after co-transfection with si-C + NC, si-circAMOTL1 + miR-526b inhibitor, or si-circAMOTL1 + miR-526b mimics in the Hela and SiHa (H,I) cell lines. The apoptotic cells were measured after co-transfection with si-C + NC, si-circAMOTL1 + miR-526b inhibitor, or si-circAMOTL1 + miR-526b mimics (J,K). **P < 0.01.




CircAMOTL1 Sponging miR-526b Mediated Cervical Carcinoma Cell Progression

That si-circAMOTL1 co-transfected miR-526b mimics could manifest more powerful suppressed effects on cervical carcinoma cells proliferation (Figures 5D,E) and migration (Figures 5F,G) than si-NC co-transfection with NC (si-NC + NC); meanwhile, compared with si-NC + NC group, apoptosis was obviously accelerated in si-circAMOTL1 co-transfection miR-526b mimics(si-circAMOTL1 + miR-526b) group (Figures 5J,K). Conversely, miR-526b inhibitor could partially reverse inhibited effects on cervical carcinoma cells progression induced by si-circAMOTL1.

Compared with si-NC + NC, si-circAMOTL1 co-transfected miR-526b mimics could obviously decrease the relative quantity of Edu positive cells about 64.080% in Hela (P = 0.0002) and 75.610% in SiHa (P = 0.0009). Moreover, miR-526b inhibitor could partially reverse inhibited effects on cervical carcinoma cells proliferation induced by si-circAMOTL1 and increased about 22.702% in Hela and 29.277% in SiHa cell lines (Figure 5D).

The CCK-8 assays have been manifested that si-circAMOTL1 co-transfected miR-526b mimics remarkably restrained both cervical carcinoma cells proliferation in (p < 0.01 in Hela and SiHa). Meantime, miR-526b inhibitor could partially reverse inhibited effects on cervical carcinoma cells proliferation induced by si-circAMOTL1 (Figure 5E).

Compared with si-NC + NC, si-circAMOTL1 co-transfected miR-526b mimics could obviously decrease the ratio of the relative migration about 65.487% in Hela (P = 0.0017) and 61.355% in SiHa (P = 0.0003). Moreover, miR-526b inhibitor could partially reverse inhibited effects on cervical carcinoma cells migration induced by si-circAMOTL1 and increased about 23.673% in Hela and 20.518% in SiHa cell lines (Figures 5F,G).

Transwell assays revealed that, compared with si-NC + NC, si-circAMOTL1 co-transfected miR-526b mimics could obviously decrease the ratio of the relative migration about 81.10% in Hela (P = 0.0002) and 85.06% in SiHa (P = 0.001). Furthermore, miR-526b inhibitor could partially reverse inhibited effects on cervical carcinoma cells migration induced by si-circAMOTL1 (Figure 5H).

Transwell assays elucidated that, compared with si-NC + NC, si-circAMOTL1 co-transfected miR-526b mimics could obviously decrease the ratio of the relative invasion about 84.35% in Hela (P = 0.0005) and 77.88% in SiHa (P = 0.0002). Moreover, miR-526b inhibitor could partially reverse inhibited effects on cervical carcinoma cells invasion induced by si-circAMOTL1 (Figure 5I).

Compared with si-NC + NC, si-circAMOTL1 co-transfected miR-526b mimics could obviously accelerate the ratio of the relative apoptosis about 13.34 times in Hela (P = 0.0004) and 14.2 times in SiHa (P < 0.001). Furthermore, miR-526b inhibitor could partially reverse promoting apoptosis on cervical carcinoma cells migration induced by si-circAMOTL1 and reduced about 164.69% in Hela and 342.99% in SiHa (Figures 5J,K).



CircAMOTL1 Sponging miR-526b Closely Regulated SIK2 and EMT

Bioinformatics databases were used to predict SIK2 with miR-526b possible mutual binding sites (Figure 6A). The predicted binding sites and binding effects were manifested through luciferase reporter assay.
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FIGURE 6. CircAMOTL1 positively regulates SIK2 expression via sponging miR-526b. SIK2-Wt and miR-526b mimics co-transfection obviously restrained luciferase activity (A) by dual-luciferase reporter assay. Ago2-RIP assay demonstrated the enrichment of SIK2 and miR-526b in anti-Ago2 group compared to the negative control anti-IgG (B). Knockdown of circAMOTL1 downregulated SIK2 expression in cervical carcinomas cells (C). The relative expression level of SIK2 was obviously decreased by si-circAMOTL1 (D). Overexpression miR-526b downregulated SIK2 expression and knockdown of miR-526b upregulated SIK2 expression in cervical carcinoma cells (E). The relative expression level of SIK2 was obviously decreased by miR-526b mimics and increased by miR-526b inhibition (F). Si-SIK2 obviously reversed circAMOTL1 expression inhibition induced by overexpression circAMOTL1 in cervical carcinoma cells (G). The relative expression of AMOTL1 was detected by overexpression circAMOTL1 in cervical carcinoma (H). **P < 0.01.


Compared with the co-transfections with NC + pmirGLO-circAMOTL1-Wt, our results have been confirmed that miR-526b mimics dramatically restrained SIK2 wild type reporter luciferase activity, which lessened about 48.804% in Hela (p = 0.0001) and 49.881% in SiHa (p = 0.0003) in the co-transfection with miR-526b mimics + SIK2C-3′UTR-Wt. Inversely, miR-526b could not restrain the SIK2 mutant binding sites reporter vector luciferase activity (Figure 6A).

SIK2 and miR-526b were enriched by antibody against Ago2 in contrast with IgG antibody (Figure 6B).

Our study manifested that the circAMOTL1 expression was closely related to SIK2 expression and downregulated circAMOTL1 could reduce SIK2 expression in cervical carcinomas cells. Our further experiments confirmed that restrained circAMOTL1 could refer to AKT signaling in cervical carcinomas cells (Figure 6C). Knockdown of circAMOTL1 decreased SIK2, p-AKT, N-Cadherin, Vimentin, Slug, Snail, Twist, and upregulated E-Cadherin expression in cervical carcinoma cells. Compared with si-NC groups, the SIK2 expressions were decreased about 67.57% in Hela (P = 0.0039) and 63.08% in SiHa (P = 0.0022) (Figure 6D) in si-circAMOTL1 groups. Overexpression miR-526b reduced SIK2 expression and miR-526b inhibition upregulated SIK2 expression in cervical carcinoma cells (Figure 6E). CircAMOTL1 could closely regulate SIK2 expression via sponging miR-526b in cervical carcinoma cells. The relative expression levels of SIK2 were remarkably reduced about 69.40% in Hela (p = 0.0145) and 63.44% in SiHa (P = 0.0086) after transfection miR-526b mimics (Figure 6F). And the relative expression levels of SIK2 were obviously increased in about 2.949 times in Hela (p = 0.0003) and 2.262 times in SiHa (p = 0.0097) after transfection miR-526b inhibition (Figure 6F). Further experiments have been manifested that knockdown of SIK2 dramatically reversed the promotion of SIK2 expression induced by overexpressing circAMOTL1 in cervical carcinoma cells (Figure 6G). AMOTL1 expression was upregulated by overexpressing circAMOTL1 in cervical carcinoma cells (Figure 6H).



Silencing of SIK2 Reverses Malignant Cervical Carcinomas Cells Phenotypes Promotion of Overexpression CircAMOTL1

Moreover, knockdown of SIK2 obviously reversed cervical carcinoma cells proliferation promotion (Figures 7A–D) induced by overexpression circAMOTL1. And SIK2 knockdown could obviously reverse cervical carcinoma cells migration (Figures 7E,F) induced by overexpression circAMOTL1. And SIK2 knockdown could obviously reverse cervical carcinoma cells migration and invasion (Figures 7G,H) induced by overexpression circAMOTL1. Meanwhile, SIK2 knockdown could notably reverse cervical carcinoma cells apoptosis suppression (Figures 7I,J) induced by overexpression circAMOTL1. CircAMOTL1 could accelerate malignant cervical carcinoma cells phenotypes via SIK2-dependent manner.
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FIGURE 7. CircAMOTL1 positively regulates SIK2 expression via sponging miR-526b. Knockdown SIK2 significantly reversed cell proliferation promotion induced by overexpression circAMOTL1 (EdU, A,B, CCK8, C,D). Knockdown SIK2 significantly reversed cell migration promotion induced by overexpression circAMOTL1 (E,F). Transwell assays showed that knockdown SIK2 significantly reversed cell migration and invasion promotion induced by overexpression circAMOTL1 (G,H). Knockdown SIK2 obviously reversed cell apoptosis inhibition induced by overexpression circAMOTL1 (I,J). *P < 0.05, **P < 0.01.




Knockdown of CircAMOTL1 Suppressed Cervical Carcinomas Cells Tumorigenicity

Generation of xenograft was used to confirm whether circAMOTL1 regulated tumorigenicity of cervical carcinoma cells. Knockdown of circAMOTL1 could restrain the cervical carcinoma cells tumorigenicity in vivo (Figures 8A–G). Solid tumors were obtained from mice were as shown as Figure 8A. The relative expression levels of circAMOTL1 (Figure 8B) and miR-526b (Figure 8C) were detected, circAMOTL1 was obviously reduced, and miR-526b was upregulated in LV-shcircAMOTL1 groups compared with LV-shNC group of cervical carcinoma cells in vivo. Tumor growth was slower in LV-shcircAMOTL1 groups than LV-shNC groups in vivo (Figure 8D). Tumor weight was decreased in LV-shcircAMOTL1 groups than LV-shNC groups in vivo (Figure 8E). Knockdown of circAMOTL1 could reduce SIK2, p-AKT, N-Cadherin, Vimentin, and upregulated E-Cadherin expression of cervical carcinoma cells in vivo (Figure 8F). Knockdown of circAMOTL1 restrained SIK2 expression by IHC experiments (Figure 8G) of cervical carcinoma cells in vivo. CircAMOTL1 facilitated cervical carcinoma cells tumorigenicity via upregulating SIK2 expression. Knockdown of circAMOTL1 significantly reduced the number and size of pulmonary metastases (Figure 8H). Moreover, we found that knockdown of circAMOTL1 inhibited SIK2 expression (Figure 8I). The results indicated that circAMOTL1 promotes cervical carcinoma metastasis in vivo.
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FIGURE 8. The circAMOTL1 effect on cervical carcinomas cells tumorigenicity. Tumors collected from mice were showed (A). The relative expression level of circAMOTL1 was obviously decreased and miR-526b expression was upregulated by LV-circAMOTL1 (B,C). Tumor volume curve was measured and analyzed (D). Tumor weight was detected (E). Knockdown of circAMOTL1 downregulated SIK2 (F). Knockdown of circAMOTL1 downregulated SIK2 expression in vivo of cervical carcinoma cells (G). The number and size of pulmonary metastases in the LV-circAMOTL1 group were significantly reduced compared with those in the LV-shNC group (H). Knockdown of decreased SIK2 expression in pulmonary metastases (I). **P < 0.01.


As simulated diagram shown as Figure 9, circAMOTL1 was dramatically elevated in cervical carcinoma cells and circAMOTL1 could sponge miR-526b to closely regulate SIK2 expression. CircAMOTL1 promotes tumor progression in cervical cancer by sponging miR-526b to upregulate SIK2. Upregulated SIK2 protein could facilitate transcription and translation of proteins operating through indispensably abnormal protein signaling pathways, and subsequently could accelerate malignant cervical carcinoma cells phenotypes.
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FIGURE 9. The schematic diagram of the oncogenic role of circAMOTL1 in cervical carcinomas cells. CircAMOTL1 promotes tumor progression in cervical cancers by sponging miR-526b to upregulate SIK2. CircAMOTL1 functions as an miRNA sponge to positively regulate SIK2 expression through sponging miR-526b and subsequently promotes malignant phenotypes of cervical carcinomas cells, thus playing an oncogenic role in cervical carcinoma pathogenesis.




DISCUSSION

Non-coding RNAs have been manifested not to be the transcriptional noise, and but to be the important regulatory molecules (Zhuang et al., 2015; Chen et al., 2016, 2017; Li et al., 2016a,b; Tran et al., 2020), and circRNAs are novel endogenous non-coding RNAs that have been identified as owing key regulatory roles in the cancer biology (Ma et al., 2019; Di Agostino et al., 2020; Dong et al., 2020; Jin et al., 2020; Li and Wang, 2020; Liu et al., 2020; Ou et al., 2020; Zhang et al., 2020a). circRNAs act as important roles in the development and progression of cancers and are involved in various biological processes, such as cell proliferation, apoptosis, and migration by regulating gene expression (Liu et al., 2019; Di Agostino et al., 2020; Ji et al., 2020; Tang and Chen, 2020; Wang et al., 2020c). Mangy circRNAs have been reported to play important functions in cervical cancers, such as hsa_circ_0000515 (Tang and Chen, 2020), has_ circ_0000388 (Meng et al., 2020), circ-HIPK3 (Qian and Huang, 2020), circ-ITCH (Li et al., 2020; Wu et al., 2020b), circCLK3 (Jin et al., 2020), etc. However, the role and mechanism of circAMOTL1 in the cervical cancer are thoroughly unclear. As a 922nt RNA, circAMOTL1 is transcribed from a circular form of AMOTL1 in human chromosome 11. Some studies suggested that circAMOTL1 functioned as an oncogene in breast cancer and prostate cancer (Ma et al., 2019; Ou et al., 2020). However, the role of circAMOTL1 in cervical cancer remains completely unclear. Our study focused on circAMOTL1 in cervical cancer and found that circAMOTL1 was upregulated in cervical cancer tissues and cell lines. Overexpression of circAMOTL1 facilitated cervical cell proliferation, migration, and reduced apoptosis, and knockdown of circAMOTL1 restrained cervical cancer cell proliferation, migration, and promoted apoptosis. Mechanistically, through bioinformatics prediction software, we identified that miR-526b interacted with the target sites on circAMOTL1, and the interaction was detected by luciferase report assay.

Furthermore, the function of miR-526b in the development of cancers is already uncovered. In the oral squamous cell carcinoma (OSCC) (Zhao et al., 2020b) and hepatocellular carcinoma (HCC) (Wei et al., 2020), miR-526b could function as a tumor suppressor, inhibited cell growth by targeting c-Myc, and miR-526b also acts as a tumor suppressor in gastric cancer by targeting YAP1. Furthermore, miR-526b interacts with several ncRNA, such as hsa_circ_0091581 (Wei et al., 2020), circ_SPECC1 (Chen and Wang, 2019), lincRNA-NR_024015 (Han et al., 2017), etc. However, the relationship between miR-526b and circAMOTL1 in cervical cancers is totally unknown. Through bioinformatics analysis, we identified a putative binding site between circAMOTL1 and miR-526b, and find that circAMOTL1 acts as the sponge of miR-526b, which can directly bind to miR-526b and regulate its target genes of SIK2. Ulteriorly, circAMOTL1 overexpression could lead to miR-526b downregulation while circAMOTL1 knockdown upregulates the expression level of miR-526b. MiR-526b inhibitor could partially reverse effects and miR-526b mimics could enhance effects induced by knockdown of circAMOTL1 on cervical carcinoma cells.

In a word, we proved that miR-526b restrained the growth of cervical cancer cells and mediates the function of circAMOTL1 in cervical cancers. The overexpression of circAMOTL1 reduced the expression of miR-526b and subsequently accelerated the expression level of SIK2 at the post-transcriptional level. SIK2 belongs to the AMP-activated protein kinase family that regulates a variety of biological functions, including fatty acid oxidation. SIK2 has been established as a regulator of many biological processes, including cell metabolism. Some literatures manifested that SIK2 acted as the oncogene and the crucial regulator of glucose metabolism in ovarian cancer cells through PI3K/AKT/HIF-1α pathway, and SIK2 acted as a critical regulator of lipid synthesis and promotes ovarian cancer growth (Chen et al., 2019; Kim et al., 2019; Gao et al., 2020; Zhao et al., 2020a). In our research, we verified that miR-526b directly targets the SIK2 to reduce the protein levels of SIK2 in cervical cancer. And the protein level of SIK2 was upregulated upon circAMOTL1 overexpression and mediated the function of circAMOTL1. Silencing of SIK2 reversed malignant cervical carcinomas cells phenotypes promotion of overexpression circAMOTL1. Some studies illustrated that circRNAs and miRNAs could play important roles in cervical cancers (Jayamohan et al., 2019; Dong et al., 2020; Jin et al., 2020; Li et al., 2020; Ou et al., 2020; Tang and Chen, 2020; Tran et al., 2020; Zhang et al., 2020a). Previously, the function of circAMOTL1 in cervical cancers is completely unknown. We speculate that circAMOTL1 could sponge miR-526b as the ceRNA method. In conclusion, we have demonstrated that circAMOTL1 was upregulated in cervical cancer tissues and enhanced cervical cancer progression by promoting cell proliferation, migration, and reducing apoptosis. Mechanistically, overexpression of circAMOTL1 decreased the expression of miR-526b and subsequently promoted the expression of SIK2 and epithelial–mesenchymal transition (EMT) at posttranscriptional level. Taken together, our study reveals that circAMOTL1 acts as an oncogene by miRNA sponge in cervical cancers, and indicates that circAMOTL1 may be a potential therapeutic target in cervical cancers.



CONCLUSION

The experiments have been manifested that circAMOTL1 could sponge miR-526b to closely regulate SIK2 expression and subsequently accelerate the malignant cervical carcinomas cells’ phenotypes and EMT, and therefore could act as a carcinogene in the cervical carcinoma mechanism. Our experiments could provide some useful directions to further explore its pathogenesis of the cervical carcinoma progression and development. In conclusion, the experiments manifested that circAMOTL1-miR-526b-SIK2 axis could play some significant roles in the progression and development of cervical carcinomas. CircAMOTL1 and miR-526b are novel and important tumor biomarkers, which could be some underlying diagnostic biomarkers and remedial targets for malignant cervical carcinomas in the future.
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Recently, growing studies have demonstrated that circular RNAs (circRNAs) function as critical players in multiple human tumors, including papillary thyroid carcinoma (PTC). However, the expression and underlying potential mechanism of circRNAs in PTC are still not fully elucidated. In this study, 14 candidate differentially expressed circRNAs (DECs) between normal thyroid tissues and benign thyroid tissues or PTC were first screened using the GSE93522 dataset by the GEO2R online tool. Then, the structural loop graphs of these 14 circRNAs were obtained through the CSCD database. After performing miRNA co-prediction by combination of CSCD and CRI databases, a potential circRNA-miRNA sub-network, consisting of 9 circRNAs and 21 miRNAs, was successfully constructed. Subsequently, the expression and prognostic values of these miRNAs were further determined by starBase, and two miRNAs, namely, miR-605-5p and miR-876-3p, were identified as key miRNAs in PTC. Then, their downstream target genes were predicted by the miRNet database. CTNNB1 and CCND1 were found to be two most potential targets of miR-876-3p by combination of multiple in silico analyses, including protein–protein interaction (PPI), hub gene screening, correlation analysis, and expression analysis. Conclusively, we established a key hsa_circ_0088494-miR-876-3p-CTNNB1/CCND1 axis linked to carcinogenesis and progression of PTC, which may provide promising therapeutic targets in treating PTC in the future.
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INTRODUCTION

Papillary thyroid carcinoma (PTC) is one of the most prevalent malignant tumors all over the world, which accounts for more than 80% of thyroid cancers (Lim et al., 2017). Among all malignant cancer types, PTC’s prognosis is generally good and the 10-year survival rate of PTC has reached about 90% due to its low rate of tumor growth and high degree of tumor differentiation (Gui et al., 2020). However, the total survival rate of PTC patients with some aggressive features, such as lymph node and distant metastatic potentials, is still unsatisfactory (Xue et al., 2020). Thus, it is of great significance to uncover the underlying molecular mechanism of PTC carcinogenesis and progression, which may provide novel therapeutic targets for PTC treatment.

Circular RNAs (circRNAs) are a class of endogenous non-coding RNAs (ncRNAs) with covalently closed loops (Qu et al., 2015). Increasing evidences have showed that deregulation of circRNAs widely appears in a series of human diseases and dysregulated circRNAs play key roles in pathogenesis of these diseases, especially cancers (Ding et al., 2020; Guo et al., 2020; Yang T. et al., 2020). In PTC, several circRNAs have been validated to be involved in development of PTC. For example, Wang et al. (2018) suggested that circ-ITCH inhibited progression of PTC through the miR-22-3p/CBL/beta-catenin pathway; Bi et al. (2018) showed that circRNA_102171 promoted the progression of PTC by regulating CTNNB1P1-dependent activation of the beta-catenin pathway; Liu et al. (2018) also indicated that hsa_circ_0060060 enhanced cisplatin resistance of human thyroid carcinoma cells by autophagy regulation. However, the current knowledge regarding circRNAs in PTC is still not enough, and the expression profile and detailed mechanism in PTC need to be further explored.

In this study, we first identified differentially expressed circRNAs (DECs) between normal thyroid tissues and benign thyroid tissues (normal vs. benign comparison) or PTC (normal vs. PTC comparison). Those identified DECs that were only significantly upregulated or downregulated in normal vs. PTC comparison were screened out and were regarded as candidate circRNAs in PTC. Next, a potential hsa_circRNA/miRNA/mRNA regulatory axis linked to PTC carcinogenesis and progression was established through a series of in silico analyses, including miRNA co-prediction, expression analysis, survival analysis, target gene prediction, protein–protein interaction (PPI) network analysis, pathway enrichment analysis, hub gene identification, and miRNA–hub gene expression correlation. The finding from this study may provide key clues for seeking and developing therapeutic targets in treating PTC.



RESULTS


Selection of Potential circRNAs in PTC

To find some potential circRNAs associated with carcinogenesis and progression of PTC, the GSE93522 dataset from the GEO database was finally used by a series of criteria selection, after performing differential expression analysis between normal thyroid tissues and benign thyroid tissues or PTC using the GEO2R tool. As shown in Figure 1A and Table 1, 29 and 7 circRNAs were significantly upregulated and downregulated in benign thyroid tissues when compared with normal thyroid tissues, respectively. Moreover, a total of 19 significant DECs, consisting of 18 upregulated and 1 downregulated DECs, were discovered in normal vs. PTC comparison (Figure 1B and Table 2). In order to improve the analytic accuracy, integration analysis between normal vs. PTC and normal vs. benign comparisons was carried out. We screened out those circRNAs that were only significantly differentially expressed in normal vs. PTC comparison (not in normal vs. benign comparison). Consequently, as presented in Figures 1C,D, we found that 13 upregulated (red box) and 1 downregulated (green box) circRNAs were identified. These 14 candidate circRNAs and their detailed information, including circBase ID, parental gene, and genome location, are listed in Table 3. To further understand the 14 circRNAs, the structural loop graphs were described by the CSCD database. Finally, 11 of 14 candidate circRNAs were accessed (Figure 2), including hsa_circ_0003892 (Figure 2A), hsa_circ_0003645 (Figure 2B), hsa_circ_0004458 (Figure 2C), hsa_circ_0089153 (Figure 2D), hsa_circ_0005699 (Figure 2E), hsa_circ_0050486 (Figure 2F), hsa_circ_0088494 (Figure 2G), hsa_circ_0000673 (Figure 2H), hsa_circ_0067934 (Figure 2I), hsa_circ_0062389 (Figure 2J), and hsa_circ_0001955 (Figure 2K). All of them were upregulated circRNAs in PTC. The other 3 circRNAs were not available in the CSCD database. Therefore, the 11 circRNAs were regarded as the final candidate circRNAs in PTC.
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FIGURE 1. Identification of candidate circRNAs associated with progression of papillary thyroid carcinoma (PTC). (A) The volcano plot of differentially expressed circRNAs (DECs) between 6 benign thyroid lesions and 6 normal thyroid tissues. (B) The volcano plot of differentially expressed circRNAs (DECs) between 6 PTC and 6 normal thyroid tissues. The red dots and green dots respectively represent upregulated DECs and downregulated DECs with significance (P < 0.05 and |log2FC| > 1). The black dots are those DECs without significance. (C) The interaction analysis for upregulated DECs in both compared groups. (D) The interaction analysis for downregulated DECs in both compared groups.



TABLE 1. The differentially expressed circRNAs (DECs) with significance (|log2FC| > 2 and P < 0.05) between benign thyroid lesions and normal thyroid tissues.
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TABLE 2. The differentially expressed circRNAs (DECs) with significance (|log2FC| > 2 and P < 0.05) between papillary thyroid carcinoma (PTC) and normal thyroid tissues.
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TABLE 3. Fourteen candidate circRNAs associated with progression of papillary thyroid carcinoma (PTC) and their corresponding information.
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FIGURE 2. Structural patterns of the 11 circRNAs in the CSCD database. (A) The structural pattern of hsa_circ_0003892. (B) The structural pattern of hsa_circ_0003645. (C) The structural pattern of hsa_circ_0004458. (D) The structural pattern of hsa_circ_0089153. (E) The structural pattern of hsa_circ_0005699. (F) The structural pattern of hsa_circ_0050486. (G) The structural pattern of hsa_circ_0088494. (H) The structural pattern of hsa_circ_0000673. (I) The structural pattern of hsa_circ_0067934. (J) The structural pattern of hsa_circ_0062389. (K) The structural pattern of hsa_circ_0001955. (L) The representation of MRE, RBP, and ORF.




Prediction and Analysis of Binding miRNAs of circRNAs in PTC

Our team and other groups have previously documented that circRNAs can act as miRNA sponges. Thus, we predicted the binding miRNAs of 11 candidate circRNAs. Two online prediction databases, containing CSCD and CRI, were employed to predict binding miRNAs of circRNAs (data were not shown). Only these miRNAs that were commonly appeared in both CSCD miRNA set and CRI miRNA set were selected for the following investigation, and these miRNAs were considered as candidate miRNAs. Finally, 9 of 11 circRNAs had candidate miRNAs. To better visualization, a potential circRNA-miRNA network, consisting of 9 circRNAs and 21 miRNAs, was established as presented in Figure 3. Based on the ceRNA hypothesis, the binding miRNAs of upregulated circRNAs should play opposite effects of miRNAs in PTC. Subsequently, the expression of 21 miRNAs in thyroid carcinoma was analyzed using starBase (Figure 4). The result suggested that 8 miRNAs (miR-1179, miR-335-5p, miR-605-5p, miR-145-5p, miR-432-5p, miR-876-3p, miR-545-3p, and miR-532-3p) were significantly downregulated in thyroid carcinoma compared with normal thyroid tissues. Moreover, the prognostic values of these 21 miRNAs in thyroid carcinoma were also assessed through the Kaplan–Meier plotter (Figure 5). Among the 21 miRNAs, only thyroid carcinoma patients with high expression of 8 miRNAs (miR-637, miR-605-5p, miR-661, miR-1272, miR-604, miR-876-3p, miR-1184, and miR-646) had favorable prognosis. As shown in Figure 6A, among these miRNAs, only two miRNAs (miR-605-5p and miR-876-3p) were significantly downregulated in thyroid carcinoma and were positively correlated with survival time of patients with thyroid carcinoma. Collectively, miR-605-5p and miR-876-3p might be two most potential miRNAs of candidate circRNAs in PTC.
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FIGURE 3. The potential binding miRNAs of 9 circRNAs predicted by CSCD and circular RNA interactome (CRI) databases.
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FIGURE 4. The expression levels of 21 predicted miRNAs that potentially bind to 9 candidate circRNAs in thyroid carcinoma. (A) The expression of miR-1179 in thyroid carcinoma. (B) The expression of miR-335-5p in thyroid carcinoma. (C) The expression of miR-637 in thyroid carcinoma. (D) The expression of miR-605-5p in thyroid carcinoma. (E) The expression of miR-653-5p in thyroid carcinoma. (F) The expression of miR-661 in thyroid carcinoma. (G) The expression of miR-576-3p in thyroid carcinoma. (H) The expression of miR-1272 in thyroid carcinoma. (I) The expression of miR-145-5p in thyroid carcinoma. (J) The expression of miR-431-5p in thyroid carcinoma. (K) The expression of miR-432-5p in thyroid carcinoma. (L) The expression of miR-604 in thyroid carcinoma. (M) The expression of miR-876-3p in thyroid carcinoma. (N) The expression of miR-545-3p in thyroid carcinoma. (O) The expression of miR-1184 in thyroid carcinoma. (P) The expression of miR-1304-3p in thyroid carcinoma. (Q) The expression of miR-331-3p in thyroid carcinoma. (R) The expression of miR-188-3p in thyroid carcinoma. (S) The expression of miR-496 in thyroid carcinoma. (T) The expression of miR-532-3p in thyroid carcinoma. (U) The expression of miR-646 in thyroid carcinoma. “p < 0.05” represents significant difference, and “ns” represents no significance.
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FIGURE 5. The prognostic values of 21 predicted miRNAs that potentially bind to 9 candidate circRNAs in thyroid carcinoma. (A) The prognostic value of miR-1179 in thyroid carcinoma. (B) The prognostic value of miR-335-5p in thyroid carcinoma. (C) The prognostic value of miR-637 in thyroid carcinoma. (D) The prognostic value of miR-605-5p in thyroid carcinoma. (E) The prognostic value of miR-653-5p in thyroid carcinoma. (F) The prognostic value of miR-661 in thyroid carcinoma. (G) The prognostic value of miR-576-3p in thyroid carcinoma. (H) The prognostic value of miR-1272 in thyroid carcinoma. (I) The prognostic value of miR-145-5p in thyroid carcinoma. (J) The prognostic value of miR-431-5p in thyroid carcinoma. (K) The prognostic value of miR-432-5p in thyroid carcinoma. (L) The prognostic value of miR-604 in thyroid carcinoma. (M) The prognostic value of miR-876-3p in thyroid carcinoma. (N) The prognostic value of miR-545-3p in thyroid carcinoma. (O) The prognostic value of miR-1184 in thyroid carcinoma. (P) The prognostic value of miR-1304-3p in thyroid carcinoma. (Q) The prognostic value of miR-331-3p in thyroid carcinoma. (R) The prognostic value of miR-188-3p in thyroid carcinoma. (S) The prognostic value of miR-496 in thyroid carcinoma. (T) The prognostic value of miR-532-3p in thyroid carcinoma. (U) The prognostic value of miR-646 in thyroid carcinoma. “logrank P < 0.05” represents significant difference.
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FIGURE 6. The protein–protein interaction (PPI), Gene Ontology (GO) functional annotation, and KEGG pathway enrichment analyses for target genes of miR-605-5p and miR-876-3p. (A) Identification of miR-605-5p and miR-876-3p as two most potential binding miRNAs of candidate circRNAs. (B) The PPI analysis for target genes of miR-605-5p and miR-876-3p. (C) The top 5 GO biological process items for target genes of miR-605-5p and miR-876-3p. (D) The top 5 GO cellular component items for target genes of miR-605-5p and miR-876-3p. (E) The top 5 GO molecular function items for target genes of miR-605-5p and miR-876-3p. (F) The top 5 KEGG pathways for target genes of miR-605-5p and miR-876-3p.




Prediction and Analysis for Target Genes of miRNAs in PTC

Next, the miRNet database was used to predict downstream target genes of miR-605-5p and miR-876-3p, and 687 targets were finally found as listed in Supplementary Table S1. To better understand the interaction relationship among all these targets, PPI network analysis was performed with the help of the STRING database. As presented in Supplementary Table S2, 3459 PPI pairs were obtained. According to node degree, the top 20 hub genes (TP53, GAPDH, CTNNB1, ACTB, EEF2, CCND1, VEGFA, JUN, HNRNPK, XPO1, MDM2, HNRNPA2B1, NCBP2, DHX9, DICER1, HNRNPD, NCL, DDX5, YBX1, and PCBP2) were screened, with TP53 being the highest node degree, which was 144 (Figure 6B). Then, GO functional annotation for the target genes of miR-605-5p and miR-876-3p was also conducted. As shown in Figures 6C–E, the enriched GO items for these target genes included regulation of the metabolic process, regulation of the primary metabolic process, and regulation of the macromolecule metabolic process in the biological process (BP) category; nucleus, nuclear part, and nucleoplasm in the cellular component (CC) category; and heterocyclic compound binding, binding, and organic cyclic compound in the molecular function (MF) category. Furthermore, KEGG pathway enrichment analysis was also conducted. The top 5 enriched KEGG pathways were microRNAs in cancer, proteoglycans in cancer, spliceosome, viral carcinogenesis, and focal adhesion (Figure 6F).



Construction of a Potential hsa_circ_0088494-miR-876-3p-CTNNB1/CCND1 Axis in PTC

Subsequently, a miRNA-hub gene network, consisting of miR-605-5p, miR-876-3p, and the top 20 hub genes, was established using Cytoscape (Figure 7A). The expression correlation between miRNAs and their respective target genes in thyroid carcinoma were evaluated by the starBase database (Table 4). As presented in Figures 7B–D, only three miRNA–gene pairs (miR-876-3p-CTNNB1, miR-876-3p-ACTB, and miR-876-3p-CCND1) revealed a statistically negative expression relationship in thyroid carcinoma. Next, the expression levels of CTNNB1, ACTB, and CCND1 in thyroid carcinoma were also determined (Figures 7E–G). Among the three genes, only CTNNB1 and CCND1 expression was remarkably increased in thyroid carcinoma tissues when compared with normal thyroid tissues. These findings suggested that CTNNB1 and CCND1 might be two downstream key targets of miR-876-3p in PTC. Taken together, dysregulation of a potential pathway, namely, hsa_circ_0088494-miR-876-3p-CTNNB1/CCND1, might play important roles in the process of PTC carcinogenesis and development (Figure 8A). Finally, 25 pairs of clinical PTC tissues and adjacent normal tissues were employed to preliminarily validate RNA expression and RNA-RNA correlation of the established potential pathway in PTC. As shown in Figures 8B–E, expression levels of hsa_circ_0088494, CTNNB1, and CCND1 were significantly increased but miR-876-3p was markedly downregulated in PTC tissues when compared with normal tissues. These findings were identical with our previous analytic results. Furthermore, despite that no statistical expression correlation was observed between the miR-876-3p/CTNNB1 RNA pair, miR-876-3p was negatively correlated with hsa_circ_0088494, CTNNB1, or CCND1 and hsa_circ_0088494 was positively linked to CTNNB1 or CCND1 in PTC (Figures 8F–J), which was in accordance with competing endogenous RNA (ceRNA) hypothesis (Salmena et al., 2011).
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FIGURE 7. Identification of potential target genes of miR-605-5p and miR-876-3p in thyroid carcinoma. (A) The miRNA–hub gene network established by Cytoscape software. (B) The expression correlation of miR-876-3p with CTNNB1 in thyroid carcinoma. (C) The expression correlation of miR-876-3p with ACTB in thyroid carcinoma. (D) The expression correlation of miR-876-3p with CCND1 in thyroid carcinoma. (E) The mRNA expression level of CTNNB1 in thyroid carcinoma. (F) The mRNA expression level of ACTB in thyroid carcinoma. (G) The mRNA expression level of CCND1 in thyroid carcinoma. “p < 0.05” was considered as statistically significant.



TABLE 4. The expression correlation between miRNA and hub gene in thyroid carcinoma determined by the starBase database.
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FIGURE 8. Construction and validation of a potential axis (hsa_circ_0088494-miR-876-3p-CTNNB1/CCND1) involved in progression of thyroid carcinoma. (A) The model of hsa_circ_0088494-miR-876-3p-CTNNB1/CCND1 axis in PTC. (B) Hsa_circ_0088494 expression in 25 pairs PTC and adjacent normal tissues. (C) MiR-876-3p expression in 25 pairs PTC and adjacent normal tissues. (D) CTNNB1 mRNA expression in 25 pairs PTC and adjacent normal tissues. (E) CCND1 mRNA expression in 25 pairs PTC and adjacent normal tissues. (F) Expression correlation of hsa_circ_0088494 with miR-876-3p in PTC. (G) Expression correlation of CTNNB1 with miR-876-3p in PTC. (H) Expression correlation of CCND1 with miR-876-3p in PTC. (I) Expression correlation of hsa_circ_0088494 with CTNNB1 in PTC. (J) Expression correlation of hsa_circ_0088494 with CCND1 in PTC. “p < 0.05” was considered as statistically significant.




DISCUSSION

Papillary thyroid carcinoma is one of the most common human cancer types worldwide. Despite that the overall outcome of patients with PTC is good, the detailed molecular mechanism of PTC pathogenesis is not fully elucidated and needs to be investigated to further improve prognosis of patients with PTC.

To uncover the expression and mechanism of circRNA in PTC, GEO2R was used to perform differential expression analysis for the GSE93522 dataset from the GEO database. A total of 14 candidate circRNAs were identified, which were only significantly dysregulated in PTC. Some of these circRNAs have been documented to be closely associated with initiation and progression of human cancers. For example, hsa_circ_0001955 was linked to development of colorectal cancer and breast cancer (Afzali and Salimi, 2019; Ding et al., 2020).

Salmena et al. (2011) proposed that ncRNAs, including circRNAs, could “talk” to messenger RNAs (mRNAs) using microRNA response elements (MREs). Recent studies have also experimentally validated that circRNAs could modulate gene expression through sponging shared miRNAs, thus influencing PTC progression. For example, Wei et al. (2018) indicated that circZFR facilitated cell proliferation and invasion of PTC by upregulating c8orf4 through sponging miR-1261; Li et al. (2018) suggested that circNUP214 sponged miR-145 to enhance ZEB2 expression in PTC cells.

Thus, the binding miRNAs of these candidate circRNAs were predicted by combination of two databases, namely, CSCD and CRI. Finally, 21 miRNAs targeting 9 circRNAs were found. The 9 circRNAs were all significantly upregulated in PTC when compared with normal thyroid tissues. In accordance with ceRNA hypothesis, there is a negative relationship between circRNA and its binding miRNA, indicating that miRNAs should be tumor-suppressive modulators in PTC. Therefore, expression analysis and survival analysis were performed to improve the analytic accuracy. Consequently, two miRNAs, miR-605-5p and miR-876-3p, were identified as the most potential binding miRNAs of candidate circRNAs. Despite that the roles of the two miRNAs in PTC have not been studied, miR-605-5p and miR-876-3p have been found to act as tumor-suppressor genes in human cancers. For example, miR-605-5p was markedly downregulated in melanoma tissues and cells and inhibited melanoma progression and glutamine catabolism through targeting GLS (Lu et al., 2020); miR-876-3p functioned as a tumor suppressor and correlated with cell metastasis in pancreatic adenocarcinoma via targeting JAG2 (Yang et al., 2018).

To understand the downstream action mechanism of miR-605-5p and miR-876-3p, their target genes were predicted using a comprehensive target gene prediction database, namely, miRNet. It has been widely acknowledged that genes usually exert their functions by interacting with each other. Thus, these predicted target genes were entered into the STRING database to conduct a PPI network analysis, and the top 20 hub genes in this PPI network were screened, after which a miRNA–hub gene network was established. Based on the action mechanism of miRNA, there should be a negative expression relationship between miRNAs and target genes, and target genes of tumor suppressive miRNAs should function as oncogenes. At the end, CTNNB1 and CCND1 were screened out, which were both the potential targets of miR-876-3p. CTNNB1 is part of a complex of proteins that constitute adherens junctions, which is correlated with cancer pathogenesis (Ilina et al., 2020; Ye et al., 2020; Zhang et al., 2020; Zhitnyak et al., 2020). CCND1 belongs to the highly conserved cyclin family, whose members are featured by a dramatic periodicity in protein abundance throughout the cell cycle. Recent studies have also suggested that CCND1 is involved in the process of cancer initiation and progression in multiple cancers, including breast cancer (Montaudon et al., 2020), lung cancer (Yang Y. et al., 2020), and bladder cancer (Chen et al., 2019; Ying et al., 2020). Besides, CCND1 and CTNNB1 were also reported to function as oncogenes in thyroid cancer (Jung et al., 2009; Guo et al., 2019; Wong et al., 2019; Li et al., 2020). The previous analytic results together with these reports indicated that hsa_circ_0088494-miR-876-3p might influence CTNNB1 and CCND1 expression and function, thereby exerting their roles in mediating cancer carcinogenesis and progression.

In conclusion, our study elucidated a potential pathway, namely, hsa_circ_0088494-miR-876-3p-CTNNB1/CCND1 axis, in PTC by combination of a series of bioinformatic analyses, which may provide key clues for developing effective therapeutic targets in treating patients with PTC. However, the current findings need to be further validated by basic experiments and clinical trials in the future.



MATERIALS AND METHODS


Inclusion of Dataset

In this study, we aimed to identify some potential functional circRNAs in initiation and progression of PTC. The NCBI GEO database1 was used to screen possible datasets. Selection criteria are as follows: (1) The selected datasets should contain normal thyroid tissues, benign thyroid lesions, and PTC tissues; (2) the sample count of selected datasets should be more than 10; and (3) datasets about human PTC cells or animal PTC tissues should be excluded. Finally, we found that only GSE93522 met all these criteria. GSE93522 contained a total of 18 thyroid samples, consisting of six normal thyroid tissues, six benign thyroid lesions, and six PTC tumors. GSE93522, based on the platform of GPL19978 Agilent-069978 Arrarystar Human CircRNA microarray V1, studied the circRNA expression profile in different thyroid tissues.



Differential Analysis

To obtain the differentially expressed circRNAs (DECs) associated with carcinogenesis and progression of PTC, differential analysis was performed using GEO2R2 which is an online tool provided by the NCBI GEO database as previously described (Ding et al., 2020). | log2FC| > 1 and P < 0.05 were set as the thresholds for identifying DECs.



circBase Analysis

circBase3 is a database for investigating circRNA-associated studies, which provides scripts to identify known and novel circRNAs in sequencing data and where merged and unified data sets of circRNAs and the evidence supporting their expression can be accessed, downloaded, and browsed within the genomic context (Glažar et al., 2014). In our study, the circBase database was introduced to acquire location and parental genes of candidate circRNAs.



Cancer-Specific circRNA Database (CSCD) Analysis

Cancer-specific circRNA database4 is a database for cancer-specific circular RNAs, contributing to the research for the function and regulation of cancer-associated circRNAs (Xia et al., 2018). The CSCD database was employed to obtain structural loop graphs of candidate circRNAs and predict the potential microRNA response element (MRE) sites for each candidate circRNAs.



Circular RNA Interactome (CRI) Analysis

Circular RNA Interactome5, a web tool for exploring circular RNAs and their interacting proteins and microRNAs, was also introduced to predict binding miRNAs of candidate circRNAs (Dudekula et al., 2016). The predicted miRNAs that potentially bind to candidate circRNAs were directly exported from the CRI database.



starBase Analysis

starBase database6 is an open-source platform for decoding miRNA–ceRNA, miRNA–ncRNA, and protein–RNA interaction networks from 108 CLIP-seq data sets generated from 37 independent studies (Yang et al., 2011; Li et al., 2014). In this study, starBase was utilized to analyze the expression levels of miRNAs and target genes in thyroid carcinoma. Moreover, this database was used to assess the expression correlation of miRNAs with their corresponding target genes in thyroid carcinoma. R < -0.1 and P < 0.05 were considered as statistically significant.



Kaplan-Meier Plotter Analysis

As we previously described (Lou et al., 2019a,b), the prognostic values of miRNAs in thyroid carcinoma were evaluated by the Kaplan–Meier plotter database7, which is an online tool capable of accessing the effect of 54,000 genes on survival in 21 cancer types, and its miRNA subsystems include 11,000 samples from 20 distinct cancer types, containing thyroid carcinoma.



miRNet Analysis

miRNet8 is an integrated open-source platform linking to miRNAs, targets, and their functions, which was used to predict potential target genes of miRNAs in this study (Fan and Xia, 2018; Chang et al., 2020).



STRING Analysis

The protein–protein interaction (PPI) network analysis and enrichment analysis for these target genes of potential miRNAs were conducted by the STRING database9. The top 5 enriched GO items (including three categories, biological process, cellular component, and molecular function) and KEGG pathways were directly cut from the online webpage. Furthermore, the interaction gene pairs in the established PPI network were downloaded from the STRING database.



Cytoscape Software

The interaction gene pairs downloaded from the STRING database were reentered into Cytoscape software, after which hub genes could be obtained after calculated by Cytohubb. circRNA–miRNA or miRNA–hub gene pairs were also reentered into Cytoscape software, and the circRNA–miRNA or miRNA–hub gene network was established and downloaded.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

WL designed this work, performed the in silico analyses and experiments, and wrote the manuscript. BD and JW performed some in silico analyses. YX polished the manuscript. All authors have read the final version of this manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.605940/full#supplementary-material


FOOTNOTES

1http://www.ncbi.nlm.nih.gov/geo/
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CircRNAs Dysregulated in Juvenile Myelomonocytic Leukemia: CircMCTP1 Stands Out
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Juvenile myelomonocytic leukemia (JMML), a rare myelodysplastic/myeloproliferative neoplasm of early childhood, is characterized by clonal growth of RAS signaling addicted stem cells. JMML subtypes are defined by specific RAS pathway mutations and display distinct gene, microRNA (miRNA) and long non-coding RNA expression profiles. Here we zoom in on circular RNAs (circRNAs), molecules that, when abnormally expressed, may participate in malignant deviation of cellular processes. CirComPara software was used to annotate and quantify circRNAs in RNA-seq data of a “discovery cohort” comprising 19 JMML patients and 3 healthy donors (HD). In an independent set of 12 JMML patients and 6 HD, expression of 27 circRNAs was analyzed by qRT-PCR. CircRNA-miRNA-gene networks were reconstructed using circRNA function prediction and gene expression data. We identified 119 circRNAs dysregulated in JMML and 59 genes showing an imbalance of the circular and linear products. Our data indicated also circRNA expression differences among molecular subgroups of JMML. Validation of a set of deregulated circRNAs in an independent cohort of JMML patients confirmed the down-regulation of circOXNAD1 and circATM, and a marked up-regulation of circLYN, circAFF2, and circMCTP1. A new finding in JMML links up-regulated circMCTP1 with known tumor suppressor miRNAs. This and other predicted interactions with miRNAs connect dysregulated circRNAs to regulatory networks. In conclusion, this study provides insight into the circRNAome of JMML and paves the path to elucidate new molecular disease mechanisms putting forward circMCTP1 up-regulation as a robust example.

Keywords: CircRNAs, regulatory networks, juvenile myelomonocytic leukemia, microRNAs, RNA-Seq


INTRODUCTION

Juvenile myelomonocytic leukemia (JMML) is a rare and aggressive neoplasm of early childhood with a peak incidence around 2 years of age and an estimated incidence of approximately 1–2 per million (Niemeyer et al., 1997). Clonal growth of an abnormal multipotent hematopoietic stem cell leads to the characteristic proliferative features, such as monocytosis, splenomegaly and also a moderately elevated percentage of myeloblasts, while erythropoiesis and thrombopoiesis are mostly decreased (Niemeyer, 2014). Typical mutations in NRAS and KRAS (20–25%), PTPN11 (35%), NF1 (10–15%), or CBL (10–15%) genes can be found in 90–95% of patients and cause activation of the RAS signal transduction cascade. Within these genetically distinct subtypes, clinical and biological heterogeneity can be observed, from aggressive JMML needing hematopoietic stem cell transplantation in the majority of patients, to indolent disease with spontaneous resolution (Locatelli and Niemeyer, 2015). Clinical features such as age, hemoglobin F, platelet counts (Niemeyer et al., 1997) and gene expression signatures (Bresolin et al., 2010) were proven to have prognostic value. In recent years, development of the molecular biology toolbox has identified secondary mutations (Caye et al., 2015; Stieglitz et al., 2015; Coppe et al., 2018; Murakami et al., 2018), novel fusion genes (Lipka et al., 2017; Murakami et al., 2018; Chao et al., 2020), aberrant genomic DNA methylation (Lipka et al., 2017; Stieglitz et al., 2017; Murakami et al., 2018; Chao et al., 2020), and dysregulation in the non-coding transcriptome (microRNA, miRNA, and long non-coding RNA, lncRNAs, Leoncini et al., 2016; Hofmans et al., 2018) as molecular mechanisms associated with JMML pathogenesis and linked to prognostic relevance.

Circular RNAs (circRNAs) are single stranded RNA molecules with backspliced 3′- and 5′-ends linked in a non-collinear manner. Acting as miRNA sponges and competitive endogenous RNAs, circRNAs can indirectly regulate miRNA-target expression, ultimately controlling key miRNA-involving axes (Hansen et al., 2013; Li et al., 2015). CircRNAs can also interact with RNA-binding proteins (Schneider et al., 2016) and regulate cellular processes (Du et al., 2016). Several circRNAs were also shown to translate to unique peptides not encoded by linear transcripts (Legnini et al., 2017; Pamudurti et al., 2017; Yang et al., 2017). CircRNA-encoded peptides were shown to function in the regulation of cell differentiation (Legnini et al., 2017) and cancer progression (Rossi et al., 2019). More and more, the key role of circRNAs in leukemogenesis is emerging (Bonizzato et al., 2016; Jamal et al., 2019; Buratin et al., 2020) and perturbation of circRNA propagates in regulatory networks (Bhat et al., 2020) and signaling pathways, with pleiotropic effects.

Few studies have investigated circRNA expression in myeloid malignancies. In acute myeloid leukemia (AML), a role for circRNAs in the regulation of cell proliferation and leukemogenesis (Guarnerio et al., 2016; Sun et al., 2019; Yi et al., 2019), in drug resistance (Shang et al., 2019b; Cao et al., 2020), and as a diagnostic biomarker (Zhou et al., 2019) has been reported. Furthermore, mounting evidence suggests a role as potential therapeutic targets (Conn et al., 2015; Hirsch et al., 2017; Wu et al., 2018b; Bell et al., 2019; Shang et al., 2019a,b).

In this study, we provide the first data on the circRNA expression landscape in JMML patients identifying circMCTP1 ectopic expression as a new and possibly specific feature of JMML, further complementing the molecular base of JMML disease and paving the way to the identification of novel biomarkers and therapeutic targets.



MATERIALS AND METHODS


Patients

Total RNA from diagnostic bone marrow (BM) or peripheral blood (PB) samples from 31 children with JMML was obtained from different institutions throughout Europe (Belgium, Netherlands, France, Czech, and Germany). None of the patients received prior treatment (Supplementary Table 1). Additionally, BM and PB from pediatric healthy donors (HD); (siblings screened for transplantation) were collected from 9 healthy subjects at the Ghent University Hospital (Supplementary Table 1). The “discovery cohort” used for RNA-seq profiling comprised 19 JMML and 3 HD. Results were validated in an additional cohort of 12 JMML patients and 6 HD. Out of 31 JMML patients, 15 are registered in the European Working Group of Myelodysplastic Syndromes in Childhood (EWOG-MDS) studies EWOG-MDS98 and EWOG-MDS2006 (National Institutes of Health trials registered as #NCT00047268 and #NCT00662090 at www.clinicaltrials.gov), and 16 in the French national JMML biobank. Written informed consent was obtained from the parents or legal guardians of patients before sample collection and in accordance with the Declaration of Helsinki. The study approval was granted from institutional review committees at each participating center.



RNA Sequencing

Total RNA was extracted from isolated mononuclear cell preparations from BM or PB from 19 JMML patients (Supplementary Table 1), and 3 BM samples from HD. RNA was extracted using the miRNeasy Mini or Micro Kit (Qiagen) in combination with on-column DNase I digestion (RNase-Free DNase set, Qiagen) according to manufacturer’s instructions. RNA quality was assessed using the RNA 6000 Nano and RNA 6000 PICO assays on a 2100 Bioanalyzer (Agilent). Sequencing libraries were prepared using a TruSeq Stranded Total RNA Kit adapted for long fragments (±550 bp) with the Ribo-Zero Gold rRNA Removal Kit (Illumina) according to the manufacturer’s instructions. Prepared libraries were run on a HiSeq3000 high-throughput sequencing system (Illumina) and paired-end reads were generated (average of 52 million reads per sample).



CircRNA Detection, Quantification and Filtering

Circular RNAs were identified and quantified from RNA-seq data by CirComPara v0.6.3 (Gaffo et al., 2017), using 9 backsplice detection methods (Supplementary Material).

CircRNAs reported by at least two methods with a raw count of at least five reads in at least one sample were considered detected. Only circRNAs expressed in at least one half of samples per condition (JMML and HD), or in over [image: image] of samples in at least one JMML subgroup were kept for the following analyses.

CircRNAs annotation and all analyses were based on the Ensembl GRCh38 human genome and annotation v93. Loci without annotated genes and expressing one or more circRNAs (overlapping or not far than 5,000 nt) defined new loci, called “CircClust.” Exon numbers (respectively, to the longest Ensembl transcript) are indicated in the circRNA names when multiple isoforms from the same gene are mentioned or to identify validated circRNAs.

Circular to linear proportion (CLP) was calculated as described in Supplementary Material.



CircRNA Differential Expression

Circular RNAs expression was normalized with the regularized logarithm method (Love et al., 2014), and the surrogate variables were estimated with the sva R package (Leek, 2014) in order to remove hidden batch effects.

Differential expression in pairwise comparisons between conditions or sample groups was assessed by DESeq2 (Love et al., 2014) (v1.22.2) with local fit model including Wald significance tests, no independent filtering and correction for surrogate variables. P-values were corrected for multiple tests with the Benjamini Hochberg procedure, and an adjusted p-value ≤ 0.05 was chosen to detect significant differential expression.



CircRNA-miRNA-Gene Network Reconstruction

Putative circRNA sequences were assembled joining annotated exons contained in the genomic coordinates corresponding to the validated backsplice ends. MiRNA binding sites were predicted through miRanda (John et al., 2004) (score ≥ 100 and free energy ≤ −20 kcal/mol) and PITA (Kertesz et al., 2007) (ΔGduplex < −20 kcal/mol and ΔGopen > −13 kcal/mol), keeping only miRNAs with commonly predicted binding sites. MiRNAs were subsequently prioritized according to expression in a published series of 21 JMML patients [GEO Series accession number GSE71452 (Helsmoortel et al., 2016)]. For recently identified miRNAs, not quantified in the series, at least three predicted binding sites for the same circRNA were required.

Validated miRNA target genes (strong miRTarBase validation categories) were retrieved by Mienturnet web tool (Licursi et al., 2019). Gene expression of validated miRNA targets was obtained through StringTie v1.3.3 implemented in CirComPara. Genes with a mean TPM expression in JMML samples greater than 1 were considered expressed.

CircRNA-miRNA-gene networks were visualized using Cytoscape v3.7.2.



Quantification of circRNAs by qRT-PCR

Synthesis of cDNA was performed after an additional in-solution gDNase elimination step (Heat&Run gDNA removal kit, ArcticZymes), using the 5x PrimeScriptTM RT Master Mix (Takara Bio Europe S.A.S.). All qRT-PCR reactions were carried out with custom designed primers (Supplementary Table 2) in 96-well plates using the Takyon qRT-PCR MasterMixes for SYBR assays (Eurogentec) on a Viia7 analyzer (ThermoFisher). TBP, HPRT1 and GAPDH were used as internal reference genes. Ct thresholds were automatically determined by the QuantStudioTM Real-Time PCR Software and data analysis was performed according to state-of-the-art methods. Briefly, Ct values generated for each target were corrected for primer pair efficiency and expressed as relative quantities (RQ). Normalized relative quantities (NRQ) were calculated by normalizing RQ values against the expression of housekeeping genes. Additional details are available in Supplementary Material.



RESULTS


CircRNAs Expression in Patients With JMML and Healthy Donors

A cohort of 19 JMML patients representing the four main subtypes (8 PTPN11, 5 KRAS, 4 NRAS, and 2 NF1 samples; Supplementary Table 1) was analyzed together with 3 age-matched healthy donors (HD; GEO ID: GSE147523) to study circRNA expression in patients with JMML.

Quantification and annotation of circRNAs, from high-depth ribo-depleted RNA-seq data, by CirComPara (Gaffo et al., 2017) detected 43,757 circRNAs, of which 5,323 with high expression were considered for further investigation (see section “Materials and Methods”). These circRNAs derived from 2,585 loci, mostly from exonic regions (95.5%), followed by gene introns and genomic regions without known genes (Figure 1A). Overall, 1,133 (43.8%) circRNA host genes expressed multiple circular isoforms each, with 28 genes expressing 10 up to 23 isoforms (Supplementary Figure 1 in Supplementary Material).


[image: image]

FIGURE 1. CircRNAs expressed in BM of JMML patients and healthy subjects. (A) Proportion of circRNAs derived from genic and intergenic regions; (B) Heatmap (row scaled values, clustering according to Euclidean distance) of normalized expression profiles of the 5,323 circRNAs considered in the study, corrected for surrogate variables; (C) CircRNAs with CLP ≥ 0.33 and circular mean expression > 40 in JMML.


Clustering of circRNA expression profiles pointed toward differences between JMML patients and HD, separating circRNAs into two almost equally numerous groups of circRNAs with a tendency of over and under expression in JMML (Figure 1B).

Considering the circular to linear proportion (CLP, giving the relative expression of a circRNA in relation to the total of overlapping circular and linear transcripts) we identified 118 circRNAs accounting for at least one third of the total expression in JMML (CLP ≥ 0.33; Supplementary Table 3). Among the 30 with highest expression (Figure 1C), circCSNK1G3, circSCLT1 and circSWT1 were more abundant than their corresponding linear counterparts (CLP > 0.5), in JMML.



CircRNAs Are Dysregulated in JMML

Circular RNAs expression profiles separated JMML samples from HD according to unsupervised principal component analysis (PCA; Figure 2A), pointing toward a general dysregulation of circRNA expression in patients. Considerable heterogeneity was observed among JMML patients, and both PCA and clustering (Figure 1B) showed that KRAS, NRAS, and PTPN11 mutated patients clustered together, while the two NF1 samples clearly separated from both HD and the other molecular groups.
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FIGURE 2. Significantly differentially expressed circRNAs in BM of JMML patients compared to HD. (A) Principal Component Analysis (PCA) of circRNA normalized expression profiles, corrected for surrogate variables; (B,C) Expression heatmaps of the 29 circRNAs down-regulated (B) and 90 up-regulated (C) in JMML. Expression given as row scaled values. The first 5 bars on the left of the heatmap show Log2(Fold Change) (“Fold change”), and the second 5 bars the significance of differential expression when comparing all JMML considered together and each JMML molecular subtype versus HD (“Significance”); “AE,” per row average of absolute expression.


Comparing JMML with controls, we identified 119 circRNAs significantly differentially expressed (Figures 2B,C and Supplementary Table 4). Of those, 37 circRNAs had different expression levels in the entire JMML cohort compared to HD. Pairwise comparisons of individual JMML subgroups to HD revealed 29 circRNAs dysregulated in KRAS, 34 in NRAS, 7 in PTPN11 and 25 in NF1, with 11 circRNAs dysregulated in two or three different JMML molecular subtypes. None of the circRNAs significantly dysregulated in PTPN11 patients had significantly altered expression in one of the other three groups nor considering all JMML samples together. Nevertheless, it could be observed that several circRNAs significantly varied a single group showed a similar trend of expression in other groups, as exemplified by circKPNA5(3–12) which was significantly down-regulated in NF1 samples while simultaneously showing a generalized trend toward lower expression in the other molecular groups.

Of the 119 differentially expressed circRNAs, 90 were up-regulated in JMML compared to HD. Of these, 27 were identified considering the entire JMML cohort and 63 considering each subtype separately (Figure 2C). CircRNAs with a general marked up-regulation (log2FoldChange, LFC > 15) included circPSEN1, circCCAR1, and circMED13. In KRAS mutated JMML cases compared to HD, 26 circRNAs were up-regulated, including circPICALM, circTET2 and circZMYND11(2–4). In NRAS, 30 circRNAs were up-regulated, including circAFF2(2–3), circMCTP1(9–12), and circNBPF25P(13–14). Interestingly, circAGFG1, circHERC4, circPMS2P2, and circPI4KB were not expressed in control samples, while being up-regulated in the PTPN11 subgroup. In NF1, 11 circRNAs were up-regulated, including circMAN1A2, circEMB and circSCLT1. Finally, we identified five circRNAs up-regulated in both KRAS and NRAS samples [circEMILIN2(4), circLRCH3, circLYN(5–8), circUBAP2, and circAFF2(3)], one in both NF1 and NRAS (circFGD4), and two in both KRAS and NF1 (circDYRK1A and circVCAN).

We detected 29 circRNAs down-regulated in JMML, of which 10 considering the whole cohort [particularly circATM(2–8), circPTPN22(8-intr14), and circLATS1(5–6)], and 19 considering subgroups of JMML separately (Figure 2B). CircEXOC6B turned out to be down-regulated in both comparisons. Three circRNAs were mutually down-regulated in different molecular groups: circATM(2–4) in KRAS, NRAS and NF1 samples, circOXNAD1(7–8), and circESYT2(3–7) in both NF1 and NRAS. CircX, derived from a gene in chromosome X likely expressing only circular transcripts (Gaffo et al., 2019), and circCCDC7 were down-regulated in KRAS. CircPCMTD1 was down-regulated in NRAS, while circS100PBP, circACSF3 and circSORT1 were less expressed in PTPN11 samples than HD. The highest number of down-regulated circRNAs was observed in the NF1 subgroup (N = 14) and included circEXOC6B.

Within the 119 differentially expressed circRNAs, we identified 6 genes with multiple circular isoforms. CircATM(2–8) was generally down-regulated in JMML, while circATM(2–4) was weakly expressed in all JMML subgroups except in PTPN11 samples. CircATG7(13–18) was up-regulated in JMML altogether, circATG7(13–17) only in NRAS samples. CircMCTP1(7) and cirMCTP1(9–12) were both up-regulated in NRAS. Also, for AFF2 and LYN genes two overlapping circular isoforms were identified: circAFF2(3) and circLYN(5–8) were up-regulated in both KRAS and NRAS, circAFF2(2–3) and circLYN(2–8) only in NRAS and KRAS, respectively. Surprisingly, an isoform switch was observed for the DNA2 gene with circDNA2(2–14) generally more expressed in HD and circDNA2(2–5) isoform overexpressed in NRAS patients.



Genes With Imbalances of Circular and Linear Transcripts in JMML

Beyond absolute dysregulation of circRNA expression, also imbalances of circular and linear transcript expression in JMML emerged. Sixty-one circRNAs showed high absolute expression and varying CLP in JMML or in controls (Figure 3).
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FIGURE 3. Circular to linear proportion (CLP) dysregulated in JMML compared to healthy donors. The 61 circRNAs with high absolute expression (normalized read count ≥ 100) and CLP (≥0.1) in JMML or HD for which the proportion of circular expression over the total (linear and circular) expression in JMML was at least two times increased or decreased compared to HD (|LFC(CLP)| ≥ 1). The plot shows the LFC observed comparing JMML with HD absolute linear and circular expressions (blue and pink bars, respectively) and CLP (dashed gray line). HD, healthy donors; LFC, log2(Fold Change).


An increase of the CLP in JMML was observed for 18 circRNAs. This was due to a larger expression increase of the circRNA than the linear counterpart [e.g., circFCHO2, circEMILIN2(4), circAKAP7, circSWT1, and circTMEM56], or to a decrease of the linear transcripts (e.g., circNUSAP1 and circMINPP1). The decrease of circANKRD36B with a more marked decrease of the linear counterpart resulted in a relative increase of this circRNA in JMML. For 53 circRNAs the CLP decreased comparing JMML with HD, mostly due to a concordant behavior of circular and linear transcripts, with a more conspicuous decrease of the circRNA (e.g., circNFYB). CircEXOC6B was significantly down-regulated in JMML, whereas the linear transcripts of its host gene were unvaried, thus circEXOC6B CLP was higher in controls (0.62) than in JMML (0.18). Additionally, the CLP decrease for circNBPF14 in JMML reflected both a decrease of the circRNA and a marked increase of the linear counterpart. Three circRNAs had a very stable expression comparing JMML and controls, but a varied CLP due to the increase (circEPSTI1) or to the decrease (circCASP8AP2 and circCCDC7) of their linear counterpart.

Of note, 9 circRNAs significantly differentially expressed in JMML (Figures 2B,C); the [up-regulated circEMILIN2(4), circVRK1, circFGD4, and circRHBDD1, and the down-regulated circNBPF14, circRASA2, circLCLAT1, circEXOC6B, and circKPNA5(3–12)] compared with HD were among the 61 with more pronounced variation of CLP (Figure 3). The altered expression of these circRNA did not co-occur with a corresponding variation of the linear counterpart and reflects an imbalance of the circular and linear products of the same gene.



CircRNA Dysregulation Confirmed in a Validation Cohort

Next, we selected 27 circRNAs with dysregulated expression in JMML patients for quantification in an independent validation cohort of 12 JMML samples and 6 HD (Supplementary Table 2). For all of the tested circRNAs the backsplicing sequence could be confirmed by Sanger sequencing. For 20 circRNAs, qRT-PCR quantification in the validation cohort strengthened our findings (Supplementary Table 1 and Figure 4).
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FIGURE 4. CircRNA differential expression validations. QRT-PCR quantifications of 20 circRNAs, with differential expression between JMML and HD according to RNA-seq data, were obtained in the validation cohort comprising 12 JMML (red dots) and 6 age-matched HD samples (green dots). CircRNA quantification in not less than 8 patients was obtained for all the circRNAs; p-values (two-tailed) were calculated by the Mann–Whitney U test.


Of note, for 9 circRNAs, the significant dysregulation in JMML patients observed by RNA-seq was confirmed in the validation cohort. CircATM(2–4), circOXNAD1(7–8), and circX were consistently down-regulated in JMML. CircCCAR1(12–14), circMED13(2–8), circMCTP1(9–12), circLYN(5–8), circAFF2(3), and circAFF2(2–3) were up-regulated. Most striking was the >80 times up-regulation of circMCTP1(9–12) in JMML. For five additional circRNAs, the same trend was observed in the two cohorts, with expression differences resulting marginally significant (0.05 < p.adj ≤ 0.1) in the validation cohort: circLNPK(5–10), circNDEL1(2–8), circPSEN1(2–3), and circAGFG1(2–5) showed a tendency toward up-regulation in JMML, circPTPN22(8-intr14) toward a general down-regulation. For the remaining 6 circRNAs, data of PCR-based quantification showed the same trend of expression observed by RNA-seq, without reaching the significance.

Expansion of the independent validation cohort with 9 patients from the discovery cohort with sufficient RNA available for qRT-PCR, depicted comparable and stable results, confirming the dysregulated expression of 15 circRNAs (Supplementary Figure 2 in Supplementary Material).

As circRNAs are well-known for decoying miRNAs, we evaluated the circRNA-miRNA-gene network for the five most markedly dysregulated circRNAs [circMCTP1(9–12), circAFF2(3), and circLYN(5–8) up-regulated; circATM(2–4) and circOXNAD1(7–8) down-regulated] (Supplementary Figure 3 in Supplementary Material).



CircRNA Expression Variation in JMML Molecular Subtypes

Although the cohort of samples in each subgroup was limited, circRNA with expression differences among molecular subgroups of JMML emerged from our data.

QRT-PCR validations of the panel of 20 circRNAs scrutinized for differential expression in JMML suggested significant, even if not sizable, variation of circRNA expression among groups (Figure 5A and Supplementary Figure 4 in Supplementary Material). CircMCTP1(9–12) and circMED13(2–8) up-regulation was more marked in NRAS; circZMYND11(2–4) was more expressed in NRAS than in KRAS samples; circESYT2(3–7) showed down-regulation in PTPN11 compared to NRAS, and at some extent also to KRAS; circEMILIN2(4) had a tendency of up-regulation in KRAS compared to PTPN11 and circPTPN22(8-intr14) was down-regulated in both KRAS and NRAS, but not in PTPN11, compared to controls.
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FIGURE 5. CircRNA expression variation in molecular subtypes of JMML. (A) QRT-PCR expression data of 6 circRNAs in 21 JMML of 5 molecular subtypes [KRAS, NRAS, PTPN11 and NF1 mutated, and quintuple negative (5N)], and 6 age-matched HD samples. CircRNA quantification in not less than 17 patients was obtained for all the circRNAs; differential expression of KRAS, NRAS, and PTPN11 groups compared with HD (Kruskal–Wallis test) and to each other was tested with Mann–Whitney U test; only p-values < 0.1 are shown for the corresponding pairwise comparison. (B) Expression heatmap of circRNAs differentially expressed between JMML molecular subtypes according to RNA-seq data (sample expression is given as row scaled values). The first group of bars on the left of the heatmap show Log2(Fold Change) comparing KRAS, NRAS, and PTPN11 groups to each other and with HD (“Fold change”); the second group of bars show the significance of differential expression in pairwise JMML subgroups comparisons (“Significance”); “AE,” per row average of absolute expression.


Following these observations, RNA-seq based direct pairwise comparisons between groups identified 22 additional circRNAs significantly varying between groups (Figure 5B). Apart from circMYBL1, which showed significantly lower expression in PTPN11 compared with KRAS, all the other circRNAs (7 up-regulated and 14 down-regulated) significantly varied between NF1 patients and the other groups. Noteworthy, circVCAN was significantly more expressed in NF1 compared with PTPN11, and significantly up-regulated comparing NF1 and KRAS JMML subtypes with HD (Figure 2).



CircMCTP1 Dysregulation in JMML

CircMCTP1(9–12) was found to be highly up-regulated in JMML compared with HD (Figure 4 and Supplementary Figure 2) and with higher levels observed in NRAS patients, consistently according to RNA-seq (Figure 2C) and qRT-PCR data in the extended cohort (Figure 5A).

CircMCPT1 dysregulation is a completely new finding and the function of this circRNA is still unknown. Considering that one of the prominent functions assigned to circRNAs is to decoy miRNAs thus interfering with they regulatory activity, we further investigated the possible interactions of circMCTP1 with miRNAs, and reconstructed circRNA-miRNA-gene networks that informed the possible function of circMCTP1 in JMML.

Interestingly, circMCTP1 harbors predicted binding sites for well-known tumor suppressor miRNAs (Figure 6A), including miR-8075 (Song et al., 2019) for which four binding sites were found in the circRNA sequence, and several miRNAs known to be expressed in JMML according to Leoncini et al. (2016). Further, consistent with the hypothesis that circMCTP1 aberrant up-regulation could de-repress specific miRNA-target genes in malignant cells, our analysis of RNA-seq gene expression data in the discovery cohort identified increased expression in JMML of validated targets of circMCTP1-associated miRNAs. Particularly, 32 target genes of miR-138-5p, miR-638 (Lin et al., 2015), miR-508, and miR-572 had increased expression in JMML, including eight that also showed, in JMML patients, an expression profile strongly positively correlated (ρ ≥ 0.4) with circMCTP1 expression (Figure 6B). These data pointed at possible regulatory axes impacted by circMCTP1 up-regulation.
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FIGURE 6. Predicted circMCTP1-miRNA-gene network. (A) CircMCTP1 (red circle) is linked to miRNAs (diamonds) according to binding sites predicted by both miRanda and PITA tools; names in bold and blue indicate, respectively, miRNAs expressed in JMML (Leoncini et al., 2016) and with tumor suppressor role according to literature data; recently identified miRNAs with at least three predicted binding sites are also reported; size of circMCTP1-miRNA edges is proportional to the number of the predicted binding sites for that miRNA (range 1–4); validated miRNA target genes resulting from Mienturnet (strong MiRTarBase categories) are shown as squares, with fill color indicating the LFC of the gene expression variation comparing JMML with HD. (B) In JMML patients expression of eight genes in the network was strongly correlated (ρ ≥ 0.4) with circMCTP1 level.




DISCUSSION

Knowledge of circRNA involvement in pathogenetic mechanisms of cancer (Kregel et al., 2019) and leukemia, such as AML (Guarnerio et al., 2016; Sun et al., 2019; Yi et al., 2019) and acute lymphoblastic leukemia (ALL) (Hirsch et al., 2017; Gaffo et al., 2019; Molin et al., 2019) (make circRNAs extremely attractive molecules for translational research in oncohematology (Bonizzato et al., 2016; Kristensen et al., 2018)). In this study we used total RNA sequencing to uncover the circRNA transcriptome in 19 JMML patients of four molecular subtypes and their potential role in JMML disease.

We showed that JMML samples like all other human tissues studied so far possess a wide array of circRNAs and more importantly, that the circRNAome is altered comparing JMML patients to HD. In total, 119 circRNAs were differentially expressed of which 37 significantly taking all JMML samples together and 83 when comparing each molecular subtype with HD (29 dysregulated in KRAS, 34 in NRAS, 7 in PTPN11 and 25 in NF1).

A few circRNAs dysregulated in JMML were reported earlier as aberrantly expressed in other types of cancer. Down-regulation of circEXOC6B in JMML, particularly in NF1 patients, had been detected in epithelial ovarian cancer in association with a lower survival rate (Ning et al., 2018). Up-regulation in JMML of the oncogenic circHIPK3 (Zheng et al., 2016; Chen et al., 2020) is in line with reported overexpression in B-cell precursor ALL (Gaffo et al., 2019) and in chronic myeloid leukemia (Feng et al., 2020). Two other circRNA up-regulated in JMML were linked to breast cancer, circIRAK3 (Wu et al., 2018a) and circEPSTI1 (Chen et al., 2018). The latter and circMAN1A2 (Fan et al., 2019) were previously proposed as biomarkers of malignancy. CircDYRK1A down-regulation, observed in JMML, was found in plasma of patients with gastric cancer (Chen et al., 2017). Additional studies are needed to prove, in JMML, the oncogenic role of these and other still less characterized circRNAs that resulted dysregulated in our data.

Robust evidence about dysregulation of 15 circRNAs was obtained by analysis of two independent cohorts. CircOXNAD1(7–8) and circATM(2–4) were consistently down-regulated in JMML patients compared to HD in the two cohorts. CircOXNAD1(7–8) was previously shown to be more expressed in monocytes compared with lymphocytes (Gaffo et al., 2019). CircATM(2–4), derived from the ATM gene, encoding a protein important for DNA repair whose mutations are found in myeloid malignancies (Ganguly and Kadam, 2016), was the most abundant circRNA in BM of healthy donors and showed a generalized down-regulation in JMML.

CircMCTP1(9–12), circLYN(5–8), and circAFF2(3) were the most highly up-regulated circRNAs in JMML. None of these had been heretofore identified in a myeloid malignancy. CircAFF2(3) is overexpressed also in B-cell precursor ALL (Gaffo et al., 2019). In the same study, we have shown that, in normal haematopoiesis, both circMCTP1(9–12) and circAFF2(3) are up-regulated in monocytes compared to lymphocytes, whereas circLYN(5–8) is highly expressed both in monocytes and B-cells. Of note, up-regulation in JMML of circMCTP1(9–12), circLYN(5–8), and circAFF2 isoforms was not associated with a comparable increase of the linear counterpart: their CLP increase in JMML indicated that the circRNA variation was not a mere consequence of up-regulation of the corresponding host genes. This study identified, nevertheless, specific genes with an imbalance of circular and linear transcripts in JMML, detecting circRNAs with CLP variation in JMML compared with controls, such as the increase of circFCHO2 and circSWT1 and the decrease of circNBPF14 CLP. Of note, we discovered that nine of the circRNAs significantly differentially expressed in JMML presented also an imbalance of the circular and linear products of the gene. Regulation of circular RNA expression independent of linear expression is mainly uncharted territory. Our observations support the view that abnormal circRNA expression is often independent of linear expression variation.

Our finding of strong circMCTP1(9–12) up-regulation in JMML is completely new and constitutes an important highlight of this study. To our knowledge, circMCTP1(9–12) was not previously characterized nor reported. The host gene MCTP1 (mast cell protease 1) has not been associated with hematological or solid malignancies. CircMCTP1(9–12) expression is potentially important for JMML pathogenesis and calls for further research. Functional predictions and gene expression data provided a first look at the complex circRNA-miRNA-gene networks that might contribute to JMML disease. CircRNA up-regulation was previously shown to restrain miRNA activity causing de-repression of miRNA target genes (Memczak et al., 2013; Shang et al., 2019b). In particular, predictions point at circMCTP1 potential to decoy tumor suppressor miRNAs expressed in JMML (Leoncini et al., 2016): miR-138-5p (Manafi Shabestari et al., 2018; Rastgoo et al., 2018), miR-638 (Lin et al., 2015), miR-508-5p (Chan et al., 2016), miR-572 (Guan et al., 2018), and miR-8075 (Song et al., 2019) for which four binding sites were predicted and for which sponging by circular or linear transcripts has been recently linked to cancer development (Song et al., 2019). Furthermore, amongst the validated target genes of circMCTP1 associated miRNAs, we identified genes with increased expression in JMML. These include the ZEB2 transcription factor essential for maintenance of leukemic growth in AML (Li et al., 2017), LCN2 lipocalin whose ectopic expression promotes leukemogenesis (Chakraborty et al., 2012), and other genes previously linked to AML (RARA, CCND1, and NFKB1). In addition, up-regulated genes of the RAS signaling pathway (IGFR1, NFKB1, and PLD1), of the PD-L1 expression and PD-1 checkpoint pathway (HIF1A, LCN2, and NFKB1), and of the HIF-1 signaling pathway (HIF1A and NFKB1) were conspicuous in the circMCTP1 network. Among genes further highlighted by the observation of an expression profile, in JMML patients, positively correlated with circMCTP1 expression, GNAI2, PLD1, ADGRA2, MXD1, VIM, and MAP3K11 are particularly noteworthy. In conclusion, analysis of networks linked ectopic circMCTP1 expression in JMML to miRNAs and to up-regulated target genes with oncogenic associations, suggesting new regulatory axes.

Our aim was to provide an overview of circRNA dysregulation in JMML. This knowledge is entirely new to the field and represents the starting point for further studies. We suggest that experimental studies are needed to clarify the functional roles of circRNAs in JMML and to shed light on involved mechanisms. Evidence collected by our analyses informed circRNA expression variation between JMML molecular subtypes and contribution to disease heterogeneity. On the level of circRNA expression, the NF1 subgroup is more divergent from the other subgroups, in line with data about lncRNAs (Hofmans et al., 2018). This observation, and more subtle differences between PTPN11 compared with KRAS and NRAS, calls for further investigation in larger cohorts, with also the potential to inform association of circRNA expression with biological and clinical features of patients, useful to establish new biomarkers in JMML. Finally, we propose that our data can pave the way to novel therapeutic strategies, possibly targeted to circRNA-involving mechanisms, for instance by implementing in vivo circRNA silencing strategies (Holdt et al., 2018).

In conclusion, we performed a comprehensive circRNA profiling in JMML, and demonstrated that JMML patients harbor a distinct circRNA expression profile compared to healthy controls. Dysregulation of known and many unknown circRNAs, such as circMCTP1, suggests a role for circRNAs in JMML pathogenesis, and results of functional predictions give insights in the genes and biological pathways involved. This study offers a new view in JMML and paves the way for functional research on the impact of circRNAs dysregulation in JMML biology and their diagnostic and therapeutic application.
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Circular RNAs (circRNAs) are an evolutionarily conserved novel class of non-coding endogenous RNAs (ncRNAs) found in the eukaryotic transcriptome, originally believed to be aberrant RNA splicing by-products with decreased functionality. However, recent advances in high-throughput genomic technology have allowed circRNAs to be characterized in detail and revealed their role in controlling various biological and molecular processes, the most essential being gene regulation. Because of the structural stability, high expression, availability of microRNA (miRNA) binding sites and tissue-specific expression, circRNAs have become hot topic of research in RNA biology. Compared to the linear RNA, circRNAs are produced differentially by backsplicing exons or lariat introns from a pre-messenger RNA (mRNA) forming a covalently closed loop structure missing 3′ poly-(A) tail or 5′ cap, rendering them immune to exonuclease-mediated degradation. Emerging research has identified multifaceted roles of circRNAs as miRNA and RNA binding protein (RBP) sponges and transcription, translation, and splicing event regulators. CircRNAs have been involved in many human illnesses, including cancer and neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease, due to their aberrant expression in different pathological conditions. The functional versatility exhibited by circRNAs enables them to serve as potential diagnostic or predictive biomarkers for various diseases. This review discusses the properties, characterization, profiling, and the diverse molecular mechanisms of circRNAs and their use as potential therapeutic targets in different human malignancies.
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INTRODUCTION

Circular RNAs (circRNAs) are single-stranded non-coding RNAs that are covalently linked to form a continuous closed-loop and participate in the regulation of transcriptional and post-transcriptional gene expression (Wang M. et al., 2017). In recent years, circRNA has become a hotspot in research due to its ability to regulate a myriad of processes that include transcription, translation, splicing and sequestering RNA binding proteins (RBPs) and microRNAs (miRNAs) from their targets (Bartsch et al., 2018). Apart from the widely accepted role of circRNAs as miRNA sponges, circRNAs are also found to act as protein sponges, scaffolds, decoys and recruiters (Huang A. et al., 2020). Studies have found that circRNAs promote tumor progression in cancers such as lung adenocarcinoma, gastric cancer and cervical cancer by acting as RNA sponge and binding to miRNA, thereby increasing downstream gene expression (Tang Q. et al., 2019; Zhang X. et al., 2019; Xu Y. et al., 2020). CircRNAs are formed in the circular transcript by backsplicing of premature messenger RNAs (mRNAs). During the transcription process in eukaryotic cells, there is always a competition between linear and backsplicing. The presence of long introns, RBPs and inverted repeat elements favor the backsplicing event during transcription, and the splice-donor site downstream is brought closer to the splice-acceptor site upstream either by RBP dimerization or by base pairing between inverted repeat elements (Kristensen et al., 2019). The backsplicing event can result in the formation of different types of circRNA such as exon-intron circRNA (ElcircRNAs) (consists of both introns and exons), circular intronic RNAs (formed by introns), exonic circRNA (formed by the splicing of introns), and tRNA intronic circRNA (formed by pre-tRNA splicing) (Zhao X. et al., 2019). CircRNAs are presumably more stable than linear RNA because of the lack of 5′ and 3′ends, and ribonucleases do not easily digest them. The short half-life of linear RNA can be overcome by constructing engineered circRNAs and cyclizing mRNA, thereby promoting stable protein expression in eukaryotic cells (Wesselhoeft et al., 2018). The expression of circRNAs is disrupted in a wide range of diseases, including cancer. They have been proposed as potential biomarkers for cancer therapy as circRNAs can be easily detected in the patients’ blood plasma (Wu Q. et al., 2019). circRNAs regulate cancer progression and are involved in various cancer signaling pathways such as PI3K/AKT, MAPL/ERK1/2, and Wnt/β-catenin signaling pathways due to their interaction with miRNAs (Yang Z. et al., 2017). The aberrant translation of circRNAs alters tumor malignancy, and in addition to the many described functions of circRNA, they can also be retro-transcribed and function as competitive RNA (Dong et al., 2016).

Circular RNAs were initially thought to be unable to translate through cap-dependent mechanisms due to their lack of 5′ cap structure and poly-A tail. But recent studies have shown the ability of circRNAs to translate in prokaryotes by mimicking DNA rolling circle amplification and association of circRNAs with translating ribosomes and the ability of circRNAs to generate proteins from circRNA minigenes (Abe et al., 2013; Pamudurti et al., 2017). The translations of circRNAs can be classified as an internal ribosome entry site (IRES) independent dependent and IRES dependent (Tatomer and Wilusz, 2017). IRES-independent translations are found in the circRNAs present in the HeLa cells (Abe et al., 2015). While IRES-dependent translations require additional non-canonical cellular factors to recruit ribosomes to the IRES element and are found in circZNF609 as the UTR element of circZNF609 drives the IRES-dependent translation process through splicing event (Legnini et al., 2017). Cap-dependent translation is inefficient and inhibited under stress conditions or viral infections. In contrast, mRNA translation can be initiated by an IRES-mediated cap-independent mechanism, which is known to be unaltered by these unfavorable conditions (Yang and Wang, 2019).



BIOGENESIS OF CircRNAs

Circular RNAs are produced by non- canonical splicing events commonly known as backsplicing, which is considered an alternative splicing event. Although back splicing is regarded as an alternative splicing event, the molecular mechanism underlying the circular RNAs’ biogenesis remains elusive (Mao et al., 2018). CircRNAs are derived from canonical splice sites and depend on canonical splicing machinery, which is usually inefficient to generate linear RNAs (Salzman et al., 2012; Jeck et al., 2013; Memczak et al., 2013; Ashwal-Fluss et al., 2014). On the contrary, results obtained from studies on Drosophila showed inhibition of spliceosome components by U2snRNP depletion or inhibition that caused increased circRNA generation compared to its linear counterparts (Liang D. et al., 2017). Hence it is proven that, when pre-mRNA processing events are halted, nascent RNA can be redirected to different alternative pathways that can facilitate back splicing and, ultimately, circRNA generation (Kramer et al., 2015; Liang D. et al., 2017). Apart from the defective splicing machinery, looping of flanking intron sequences on both sides of exons, namely splice donor site and splice acceptor site can support efficient circularization of diverse exons across eukaryotes (Kramer et al., 2015). The looping can be mediated by base pairing of Alu repeats or any inverted repeat elements located in the upstream and downstream introns (Ivanov et al., 2015; Kelly et al., 2015; Figure 1). Other mechanisms that facilitate backsplicing are the dimerization of RBPs like Quaking or FUS; those are known to bind in the specific motifs of the flanking introns (Conn et al., 2015; Errichelli et al., 2017; Verheijen and Pasterkamp, 2017). Even though most circRNAs are exonic, a large group of circRNA having long introns flanking the exons are involved in backsplicing (Jeck et al., 2013). These intron-exon circRNAs are usually derived from genes with highly active promoters (Enuka et al., 2016; Ferreira et al., 2018; Kristensen et al., 2018). Evidence suggests that most circular RNAs’ biogenesis was influenced by cis-acting elements and trans-acting splice factors (Kramer et al., 2015). Moreover, during the exon skipping process, lariat formation events can lead to the formation of intronic circRNA under specific circumstances like escaping from the debranching process of lariats (Kelly et al., 2015; Robic et al., 2020). Additionally, epigenetic modifications within the histones and gene bodies affect alternative splicing and directly impact circRNA biogenesis (Shukla et al., 2011; Bentley, 2014). These findings suggest that even though the biogenesis of circRNA is a product of inefficient canonical splicing, the introns within the circRNAs mostly spliced out during the process indicates biogenesis is instead a straightforward regulatory process orchestrated in the splicing machinery (Westholm et al., 2014).
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FIGURE 1. Biogenesis of circular RNA. The figure represents three different circular RNAs; Intron –exon, exon and intron circular RNAs, and its biogenesis mechanism during pre-mRNA splicing events. Intron pairing takes place with repeated inverted elements like Alu repeats, whereas lariat-driven biogenesis produces circRNAs during the exon skipping process. circRNAs can produce functional proteins that directly impact tumor progression (a few examples are shown in the box). circRNAs also act as protein sponges and are involved in protein recruitment.




PROPERTIES AND CHARACTERIZATION OF CircRNAs

After the biogenesis of circRNAs, most of the exonic circRNAs transport to the cytoplasm, while the intronic and intron-exon circRNAs remain in the nucleus. The transportation of circRNAs is carried out in a size-dependent manner by ATP dependent RNA helicase URH49 (for shorter circles) and spliceosome RNA helicase UAP56 (for longer circles) (Huang et al., 2018). Exonic circRNAs generally have a low level of expression compared to their parental linear counterparts, except for a few whose expression levels are independent of their parental mRNA (Hsu and Coca-Prados, 1979; Capel et al., 1993; You et al., 2015; Holdt et al., 2016; Cortés-López et al., 2018; Vo et al., 2019). CircRNAs are exceptionally stable due to lack of free ends like mRNAs and are resistant to exonuclease digestion (Jeck et al., 2013; Memczak et al., 2013; Enuka et al., 2016). The turnover of circles is mostly mediated by N6-methyladonosine (m6A), and circles are subjected to the RNAse-P-multidrug associated protein (MRP) complex induced endonuclease cleavage (Liu C.X. et al., 2019). Another turnover mechanism is associated with miRNA regulated argonaute 2 (AGO2) protein-mediated cleavage, as shown in AGO2-miR7-miR-671 silencing complex for degradation of ciRS-7 (Hammond et al., 2001; Kleaveland et al., 2018). CircRNAs are enriched in exosomes or extracellular vesicles, suggesting that these extracellular vesicles might be a possible clearance mechanism or might serve as facilitators of the cell to cell communication through circles (Dou et al., 2016; Lasda and Parker, 2016; Preußer et al., 2018).



DISCOVERY AND PROFILING OF CircRNAs

Circular RNAs are mostly evolutionary conserved and often expressed in cell-type, tissue-specific or developmental stages, specifically in organisms (Memczak et al., 2013). RNA sequencing in ribosomal RNA (rRNA) depleted total RNA leads to the discovery of many circRNAs in cancer cells, heart tissues and brain cells through a specific bioinformatics pipeline to identify back splicing junctions (Salzman et al., 2013; Maass et al., 2017). Individual circRNA identification and validations are explained in Table 1. Apart from the genome-wide proofing of circRNA using RNA sequencing or microarray analysis locus-specific circRNA profiling, validations can be done in a locus-specific manner using different methods, as explained in Table 2. The circRNAs can be visualized by RNA in situ hybridization and is a useful technique for understanding its biology by co-localizing potential miRNA sponges (You et al., 2015; Han et al., 2017).


TABLE 1. Selected published tools for circRNA detection and expression analysis.
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TABLE 2. Methods for detecting and quantifying circRNAs.
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IDENTIFICATION OF CircRNAs FROM RNA-SEQ DATA USING BIOINFORMATICS APPROACH

Several computational methods have been developed over the last few years to predict circRNA structures and their expression levels from rRNA-depleted or total RNA sequenced libraries (Table 1). RNA library preparation protocols can profile circRNA reads to varying extents. While methods such as polyA+ selection can result in a depleted representation of circRNAs (Jakobi and Dieterich, 2019), treatment with RNAse-R can enrich circRNA reads in the RNA-Seq data (Ahmed et al., 2016, 2019). The computational detection of circRNA expression requires a high sequencing yield from the high-throughput Next Generation Sequencing run as most circRNAs are expressed at low levels. Longer reads and paired-end libraries perform better for reliable detection of circRNA structure and estimation of expression. Pre-processing of RNA-Seq data such as removal of adaptor sequences or additional in silico flittering for rRNA reads can lead to performance enhancements of circRNA detection algorithms (Hansen, 2018; Jakobi and Dieterich, 2018). Indeed, all computational algorithms for circRNA detection use the unique morphology of circRNAs in which exons are atypically joined in a non-linear order through a head-to-tail “backsplice,” to identify chimeric reads that support the existence of the backsplice junction (BSJ). However, chimeric reads can also originate from multiple other sources such as genomic rearrangements of exonic sequences, tandem duplications, template switching from reverse transcription, chimeric amplification or trans-splicing (Ahmed et al., 2016; Jakobi and Dieterich, 2019). Although chimeric reads are the only reads that directly confirm the existence of a BSJ, the orientation of mapped paired-end reads across exon-junctions could be used in addition to inferring the presence of the BSJ. Thus, for each circRNA isoform, the expression can be summarized as the aggregate total number of chimeric and supportive reads that align to the exons in divergent orientation with respect to the direction of transcription, suggesting the presence of a BSJ instead of a linear junction (Figure 2).
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FIGURE 2. circRNA synthesis. The circRNA is formed by a head-to-tail backsplice junction (BSJ) through a downstream splice donor to an upstream splice acceptor. Chimeric reads align at the BSJ, directly confirming the existence of this non-canonical splice junction. The mates of the chimeric read can align to either of the BSJ forming exons. Supportive reads align to the BSJ forming exons in an orientation that is divergent regarding the direction of transcription but becomes properly inward-facing and convergent for BSJ. Adapted from Ahmed et al. (2016).


Software tools for circRNA detection from RNA-Seq data use various approaches to identify BSJ and assess its expression (Table 1). While some methods use custom-scripts to analyze the data generated by the standard read mapping tools such as Bowtie2 (Langmead and Salzberg, 2012), TopHat2 (Kim et al., 2013), or STAR (Dobin et al., 2013), others have improved read alignment tools for circRNA detection with minor post-processing required (Hoffmann et al., 2014). Docker images have recently been developed that provide an end-to-end solution in a modular framework for multiple aspects of circRNA expression analysis such as circRNA prediction, classification, annotation, sequence analysis, and differential expression analysis (Gaffo et al., 2017; Ferrero et al., 2019). Also, multiple data resources have been built that provide annotation and functional information on circRNAs (Glažar et al., 2014; Chen et al., 2016; Xia et al., 2017; Li et al., 2018f; Meng et al., 2018) and their association with diseases and traits (Ghosal et al., 2013; Xia S. et al., 2018; Yao et al., 2018).



FUNCTIONAL ROLE OF CircRNAs WITH SPECIAL EMPHASIS ON CircRNA-PROTEIN INTERACTION IN TUMOR CELLS

Circular RNAs have an important non-coding function as they retained the third position of codons, which is redundant and highly conserved in many circles (Memczak et al., 2013). The biological function of circRNAs is not yet fully identified except that a few circles act as miRNA sponges to regulate downstream target genes (Hansen et al., 2013; Memczak et al., 2013; Zheng et al., 2016; Piwecka et al., 2017). However, most circRNAs do not have multiple sponging sites that can effectively sponge miRNAs but contain protein binding sites (Ashwal-Fluss et al., 2014). For example, circRNAs viz. circMbl, circFOXO3, and circANRIL are involved in protein regulatory functions (Huang A. et al., 2020). Meanwhile, circPABPN1, located in the cytoplasm, acts as a protein decoy or a sponge to HuR, thereby suppressing PABPN1 gene translation and reducing cellular proliferation (Abdelmohsen et al., 2017). Some circRNAs act as protein scaffolds to regulate its parental gene function (Huang A. et al., 2020). CircFOXO3 acts as a protein scaffold that facilitates MDM2 independent ubiquitylation of p53 and acts as a sponge for MDM2, thereby preventing ubiquitination of its parental gene FOXO3 (Du et al., 2017a). These processes are highly implicated in cancer as the presence of circFOXO3 can induce stress-induced apoptosis and reduce cell viability (Du et al., 2017b). A study found that circAmotl1, a circRNA that is highly expressed in neonatal cardiac tissues, was involved in the cardioprotective role by binding to phosphoinositide-dependent kinase-1 (PDK1) and AKT-1 and facilitating the nuclear translocation of pAKT (Du et al., 2017a). Friend leukemia virus integration 1 (FLI1), an ETS transcription factor family member that acts as an oncogenic driver in hematological malignancies was found to enhance the invasiveness of breast cancer cells (MDA-MDB 231) by binding to the FLI1 promoter and recruiting TET1 (demethylase), thereby regulating DNA demethylation (Chen N. et al., 2018). Studies show that circRNAs like circZNF609, circFBXw7, circPiNT exon-2, and circSHPRH regulate tumor growth and act as a tumor promoter by producing functional proteins through template translation (Lin et al., 1986; Yang et al., 2018). CircFBXW7 contains an open reading frame with IRES that facilitates cap-independent translation (Yang et al., 2018). The protein product of circFBXW7 is termed as FBXW7-185aa, which is functionally active, and the overexpression of FBXW7-185aa protein (21-kDa) was found to inhibit tumor progression. In contrast, its knockdown induced a malignant phenotype in vitro and in vivo (Yang et al., 2018). Also, FBXW7-185aa reduced c-Myc half-life by altering its stabilization (Yang et al., 2018). In another study, the overexpression of protein SHPRH-146aa encoded by SNF2 histone linker PHD RING helicase (SHPRH) gene was found to reduce the malignant behavior and tumorigenicity of glioblastoma cells (U251 and U373) in vivo and in vitro (Zhang et al., 2018a). Another study showed an 87 amino acid peptide encoded by the long intergenic non-protein-coding RNA p53-induced transcript (LINC-PINT) suppressed glioblastoma cell proliferation in vitro and in vivo (Zhang et al., 2018b). This peptide directly interacts with the PAF1c complex and inhibits many oncogenes’ transcriptional elongation, thereby acting as a tumor suppressor (Zhang et al., 2018b). A recent study found that the production of a functional protein (termed as circPPP1R12A-73aa), which has a pro- tumorigenic function in colon cancer, is mediated by the activation of the Hippo-YAP signaling pathway (Zheng X. et al., 2019). Moreover, circβ-catenin and circAKT3 produce functional polypeptides β-catenin-370aa, and AKT3-174aa found to be implicated in tumorigenesis (Liang et al., 2019; Xia et al., 2019). Given the rapid evolution of circRNAs and their protein regulation role, we expect further studies in the next few years on circRNA translation and cancer-associated functional polypeptides.



ROLE OF CircRNAs IN TUMORIGENESIS BY ACTING AS miRNA SPONGE

Many studies have highlighted the role of dysregulated circRNA in different diseases, including cancer (Liu et al., 2020). Dysregulation of circRNA occurs in various cancers, which provides a window of opportunity for its development as a viable therapeutic target. Different circRNAs have been reported to influence cellular signaling by binding with micro RNA (miRNA). It has been found that majority of circRNAs act as competitive endogenous RNAs (ceRNAs) and can modulate miRNA activity by binding to miRNA response elements (MREs) (Mitra et al., 2018). Furthermore, the binding of human antigen R (HuR) with many circRNAs in human cervical carcinoma HPV18 positive HeLa cell lines shows RBP binding sites in circRNAs (Abdelmohsen et al., 2017) and demonstrate the efficacy of circRNAs to scaffold the protein involved in the critical cellular phenomenon.

Similarly, another circRNA, circ-FOXO3, has been found to promote cellular senescence by interacting with ID-1, an anti-senescence protein and a stress pathway related proteins such as HIF1α and FAK, thus making these proteins unable to exert their functional roles (Du et al., 2017b). CircRNAs have been found to influence oncogenic phenomenon like promoting anchorage independent growth, cell proliferation, angiogenesis, metastasis, and drug resistance in different cancers (Su M. et al., 2019). Since circRNAs are dysregulated in different cancers, it is hypothesized that they can possibly be used as a molecular target as well as diagnostic and prognostic markers in both solid and hematological malignancies (Table 3). In this review, we will further discuss about different circRNAs specifically involved in oncogenesis.


TABLE 3. CircRNAs as diagnostic and prognostic markers in different cancers and their molecular targets.
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ROLE OF CircRNAs IN SOLID MALIGNANCIES


Breast Cancer

Different circRNAs have been explored as diagnostic and prognostic markers in breast cancer (Wang and Fang, 2018). Using a microarray approach, Du et al. (2018) detected increased expression of a circRNA, circ-Dnmt1 in breast cancer in vivo and in vitro. Using different functional assays, they showed that circDNMT1 is involved in cell proliferation and survival by stimulating cellular autophagy (Du et al., 2018). At the molecular level, it was found that circDNMT1 interacts with both p53 and AU-rich element RNA-binding protein 1 (AUF1), thereby promoting their nuclear translocation (Du et al., 2018). In another study by Liang H.F. et al. (2017) circABCB10 was significantly upregulated in breast cancer tissues and was involved in the proliferation and inhibition of apoptosis in breast cancer cells. Furthermore, circABCB1O was found to sponge miR-1271 and promoted carcinogenesis through the circABCB10/miR-1271 axis (Liang H.F. et al., 2017).

Xu Y. et al. (2018) showed that circ-0005230 was upregulated in breast cancer tissues and found to be associated with adverse phenotypes in patients, thus could be used as a prognostic marker in breast cancer. At the molecular level, circ-0005230 was found to sponge miR-618, which regulated CBX8 expression, increasing cell migratory and invasive capabilities (Xu Y. et al., 2018). Tang H. et al. (2019) did the profiling of circRNAs in Triple-negative breast cancer (TNBC) using microarray and found circKIF4A to be the most upregulated circRNA. Additionally, circKIF4A was also associated with poor survival in TNBC patients (Tang H. et al., 2019). It was also found that circKIF4A promoted cell proliferation and migration by binding to miR-375 and regulated the expression of KIF4A via sponging miR-375 (Tang H. et al., 2019). Another study by He et al. (2017) found circGFRA1 to be significantly upregulated in TNBC cell lines and tissues. It was also shown that upregulated circGFRA1 correlated with poorer survival in TNBC patients. Moreover, the knockdown of circGFRA1 inhibited proliferation and promoted apoptosis in TNBCs (He et al., 2017). It was subsequently shown that circGFRA1 and GFRA1 regulated their expression by sponging miR-34a, thus highlighting the potential of circGFRA1 as a prognostic marker in TNBC (He et al., 2017).



Bladder Cancer

Zhong et al. (2016) analyzed circRNA profile in bladder cancer using microarray and found that circTCF25 could sequester miR-103a-3p/miR-107, potentially leading to the upregulation of 13 targets related to cell proliferation, migration and invasion. It was demonstrated that the downregulation of miR-103a-3p and miR-107 could increase CDK6 expression and promote proliferation/migration of Bladder cancer cells in vitro and in vivo. This study suggests using circTCF25 as a potential therapeutic target in bladder cancer (Zhong et al., 2016). Zhong et al. (2017) performed a microarray profile of bladder carcinoma and found that circMYLK and VEGFA were significantly upregulated in bladder cancer. At the molecular level, it was found that circMYLK suppressed the activity of miR-29a and regulated the expression of VEGFA, thereby activating the VEGFA/VEGF R2 signaling pathway (Zhong et al., 2017). In vitro data indicated that circMYLK promoted epithelial-mesenchymal transition (EMT), cell proliferation and evasion of apoptosis by activating the Ras/ERK signaling pathway (Zhong et al., 2017). Another study by Su H. et al. (2019) found that the expression of circRNA cTFRC was upregulated and significantly correlated with poor prognosis of bladder cancer patients. Also, cTFRC was found to be a competing endogenous RNA (ceRNA) for miR-107 and mediated TGF-β-induced EMT in bladder cancer cells (Su H. et al., 2019).

Moreover, the downregulation of cTFRC inhibited the invasive potential of bladder cancer cells (Su H. et al., 2019). Indeed, this study highlighted the potential of cTFRC as a prognostic marker in bladder cancer (Su H. et al., 2019). In another study, Li Y. et al. (2019) explored the role of circRNA circMTO1 in bladder cancer. The expression levels of circMTO1 were downregulated in bladder cancer tissues, and reduced circMTO1 levels positively correlated with poor survival in bladder cancer patients. Besides, the overexpression of circMTO1 resulted in the inhibition of EMT, sponging of miR-221 and suppressing the E-cadherin/N-cadherin pathway (Li Y. et al., 2019). Overall, the study highlighted the potential of circMTO1 as a prognostic marker and a therapeutic target in bladder cancer (Zhong et al., 2017).



Colorectal Cancer

Weng et al. (2017) analyzed the clinical significance of ciRS-7, a potential mIR-7 sponge in colorectal cancer (CRC). The study evaluated the effect of ciRS-7 on miR-7, and its target genes EGFR and RAF1. The levels of ciRS-7 were found to be upregulated in CRC tissues as compared to normal mucosae. Moreover, the increased expression of ciRS-7 in CRC cell lines (HCT116 and HT29) led to the blocking of miR-7 tumor-suppressive effects and an aggressive oncogenic phenotype (Weng et al., 2017). This study highlighted the efficacy of ciRS-7 as a promising prognostic biomarker and a potential therapeutic target in CRC patients (Weng et al., 2017). Another study by Zeng et al. (2018) found that circHIPK3 was significantly upregulated in CRC tissues and cell lines and positively correlated with metastasis and advanced clinical stage in CRC patients. Molecular analysis indicated that attenuation of circHIPK3 inhibited cell proliferation, migration, invasion, and induced cell death in CRC cell lines (Zeng et al., 2018).

Moreover, circHIPK3 was found to sponge tumor suppressor miR-7, and the overexpression of circHIPK3 effectively reversed the inhibition of CRC cell proliferation induced by miR-7, thereby demonstrating the tumor-promoting role of circHIPK3 in CRC (Zeng et al., 2018). Furthermore, the silencing of circHIPK3, combined with miR-7 overexpression resulted in cell proliferation inhibition in CRC xenograft animal models (Zeng et al., 2018). Overall, the study indicated the tremendous potential of circHIPK3 as a prognostic marker and therapeutic target in CRC (Zeng et al., 2018). A recent study by Zhang et al. (2018c) found hsa_circ_0007534 to be significantly upregulated in CRC tumor tissues and correlated with tumor stage and lymph node metastasis. Moreover, the silencing of hsa_circ_0007534 resulted in apoptosis and reduced proliferation in CRC cell lines (Zhang et al., 2018c). Another study showed the upregulation of circRNA hsa-circ-0020397 and the downregulation of miR-138 in CRC cells (Zhang X.L. et al., 2017). Furthermore, hsa-circ-0020397 was found to antagonize the activity of miR-138 by influencing its target genes like telomerase reverse transcriptase (TERT) and programmed death-ligand 1 (PD-L1) leading to increased cell proliferation and invasion in CRC (Zhang X.L. et al., 2017).

Many circRNAs in CRC have been shown to have diagnostic potential [reviewed in Hao et al. (2019)]. In a study by Li X.N. et al. (2019) circVAPA was found to be upregulated in the tissues and plasma of CRC and promoted CRC progression by sponging miR-101. CircVAPA promotes CRC cell proliferation, migration, invasion, and inhibit apoptosis in CRC cell lines (Li X.N. et al., 2019). Another study by Lin et al. (2019) evaluated the efficacy of using plasma circRNAs panel (circCCDC66, circABCC1 and circSTIL) as diagnostic markers in CRC. The plasma levels of the three circRNAs were found to be significantly reduced in CRC patients compared to healthy controls (Lin et al., 2019). Specifically, circCCDC66 and circSTIL were found to be efficient early-stage diagnostic markers in CRC (Lin et al., 2019).

Moreover, it was shown that combining the three circRNA panel with carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) might improve CRC diagnosis (Lin et al., 2019). A study by Pan et al. (2019) found that exosomal circRNA hsa-circ-0004771 to be significantly upregulated in CRC patients’ sera. Moreover, the elevated expression of exosomal hsa-circ-0004771 in the serum of CRC patients was found to be tumor-derived and showed a high diagnostic value in CRC. Another study by Li et al. (2018h) found that circRNA circITGA7 and its host gene ITGA7 were downregulated in CRC tissues and cell lines. Also, circITGA7 was found to negatively regulate the proliferative Ras signaling pathway by binding to miR-370-3p and antagonizing its suppression of neurofibromin 1, a negative regulator of the Ras signaling pathway (Li et al., 2018h). Another study showed the upregulation and association of circCCDC66 with poor CRC prognosis (Hsiao et al., 2017). circCCDC66 was found to influence cell proliferation, migration, invasion, and anchorage-independent growth in CRC cells, demonstrating its potential as a CRC biomarker (Hsiao et al., 2017).



Esophageal Squamous Cell Carcinoma

A study by Xia et al. (2016) found that hsa-circ-0067934 was overexpressed in Esophageal squamous cell carcinoma (ESCC) tissues. Additionally, high expression of hsa-circ-0067934 associated with poor differentiation, I-II T stage, and I-II TNM stage and promoted ESCC proliferation and migration. Moreover, the silencing of hsa-circ-0067934 by siRNA resulted in the inhibition of proliferation, migration, and blocking of the cell cycle in ESCC cells, thereby suggesting its potential as a biomarker and therapeutic target in ESCC (Xia et al., 2016). Another study found that circRNA, circLPAR3, to be highly expressed in ESCC tissues, upregulated MET gene expression by sponging miR-198 and promoted the migration, invasion and metastasis of ESCC cells through the activation of RAS/MAPK and PI3K/Akt signaling pathways, thus showing its potential as a diagnostic target in ESCC (Shi et al., 2020).



Gastric Cancer

A study by Pan H. et al. (2018) highlighted the clinical significance of ciRS-7 in gastric cancer (GC) and found that the overexpression of ciRS-7 blocked miR-7-induced tumor suppression in GC cell lines and induced an aggressive phenotype by antagonizing PTEN/PI3K/AKT pathway. This study indicates the possibility of using cIRS-7 as a therapeutic target and a prognostic biomarker in GC (Pan H. et al., 2018). Another study reported circRNA-0023642 to be upregulated in GC tissues and cell lines (Zhou et al., 2018). The altered expression of circRNA-0023642 influenced the EMT pathway and its associated genes like N-cadherin, vimentin, snail, and E-cadherin. Moreover, the downregulation of circRNA-0023642 suppressed proliferation, migration, and invasion of GC cells, thereby suggesting circRNA-0023642 as a potential therapeutic target in GC (Zhou et al., 2018). Shao et al. (2017) did a global circRNA expression profile using microarray, and hsa-circ-0014717 was the most downregulated circRNA in GC. In addition, the expression levels of hsa-circ-0014717 were found to be associated with tumor stage, distal metastasis, tissue carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) expression (Shao et al., 2017). Similarly, another circRNA hsa-circ-0000520 was found to be downregulated in GC tissues and plasma (Sun et al., 2018). It was further seen that the hsa-circ-0000520 level in GC tissues negatively associated with the TNM stage (Sun et al., 2018). Another study by Li et al. highlighted the diagnostic utility of circRNA hsa-circ-0000096, which was found to be downregulated in GC tissues and GC cell lines (Lidonnici et al., 2017). Moreover, the levels of cyclin D1, cyclin-dependent kinase 6 (CDK6), matrix metalloproteinases (MMPs) such as MMP-2 and MMP-9 were found to be significantly reduced both in vitro and in vivo in GC. Furthermore, the knockdown of hsa-circ-0000096 was shown to inhibit the proliferation and migration of GC cells in vivo and in vitro (Lidonnici et al., 2017). Another study by Zhang X. et al. (2019) found the expression of circNRIP1 to be significantly upregulated in GC. They found that knockdown of circNRIP1 blocked proliferation, migration, invasion, and the expression of AKT1 by sponging miR-149-5p and promoting oncogenesis in GC cells (Zhang X. et al., 2019). Thus, the inhibition of circNRIP1 can serve as a promising therapeutic target in GC (Zhang X. et al., 2019). Chen J. et al. (2017) identified a new circRNA circPVT1 that was found to be upregulated in GC tissues. CircPVT1 was found to sponge members of the miR-125 family and served as an independent prognostic marker for overall survival (OS) and disease-free survival (DFS) in GC (Li and Huang, 2017).



Glioma

Li et al. (2018a) found hsa-circ-0046701 to be significantly upregulated in glioma tissue and cell lines. Moreover, hsa-circ-0046701 was found to sponge miR-142-3p and regulated the expression of Integrin alpha-V beta-8 (ITGB8) (Li et al., 2018a). A negative correlation was found between hsa-circ-0046701 and miR-142-3p expressions, indicating the role of hsa_circ_0046701/miR-142-3p/ITGB8 axis in the oncogenesis of glioma (Li et al., 2018a). Xu H. et al. (2018) studied the relationship between circNFIX and miR-34a-5p using CIRCexplorer2, circRNA-finder, CIRI, find-circ, and MapSplice2 in glioma. The study found circNFIX to be upregulated in glioma tissues and acted as a sponge for miR-34a-5p, thereby regulating its interaction with NOTCH1 (Xu H. et al., 2018). Besides, an increased level of circNFIX promoted cell propagation and migration in glioma (Xu H. et al., 2018). An in vitro study found that silencing of circRNA, cZNF292 suppressed the proliferative and angiogenic potential of glioma cells. It was also found that cZNF292 resulted in cell cycle arrest at the S/G2/M phase with the downregulation of PRR11, Cyclin A, p-CDK2, VEGFR-1/2, p-VEGFR-1/2, and EGFR, proteins involved in cell cycle progression, thus implicating its role as a potential therapeutic target in glioma (Yang et al., 2016).



Gall Bladder Cancer

Kai et al. (2018) studied the role of circHIPK3 in gall bladder cancer (GBC) and found elevated expression of circHIPK3 in GBC cell lines. The silencing of circHIPK3 inhibited the proliferation of gall bladder cell lines (Kai et al., 2018). Moreover, circHIPK3 sponged the tumor-suppressive miR-124 leading to an increased expression of miR-124 targets, including rho-associated protein kinase 1 (ROCK1) and CDK6, thereby showing the potential of circHIPK3 as a potential diagnostic marker and therapeutic target in GBC (Kai et al., 2018). Another study by Wang et al. found that the upregulation of circFOXP1 promoted cell proliferation, migration, and GBC invasion. Moreover, the study showed that circFOXP1 promoted the Warburg effect in GBC by interacting with polypyrimidine tract binding protein 1 (PTBP1) and promoting the expression of pyruvate kinase, liver, and RBC (PKLR). Additionally, the study also found that circFOXP1 promoted the Warburg effect in GBC by acting as a sponge of miR-370 that regulates the expression of PKLR, thus showing the potential of circFOXP1 as a prognostic biomarker in GBC (Wang S. et al., 2019). An interesting study by Huang et al. (2019) found that the increased expression of circERBB2 promoted GBC progression by regulating the nuclear localization of proliferation-associated protein 2G4 (PA2G4) and modulating ribosomal DNA transcription.



Hepatocellular Carcinoma

Guan et al. (2018) studied circRNAs profile in hepatocellular carcinoma (HCC) using human circular RNA microarray and showed that hsa-circ-0016788 was found to be upregulated in both HCC tissues and cell lines. hsa-circ-0016788 was found to promote the proliferation and invasion of HCC through the hsa-circ-0016788/miR-486/CDK4 pathway (Guan et al., 2018). Another study by Meng et al. (2018) reported that Twist1 regulates vimentin expression by upregulating Cullin2 circRNA (circ10720), which absorbs miRNAs that target vimentin. Thus, the Culllin2 circRNA based mechanism involved in the Twist1-mediated regulation of vimentin during the process of EMT serves as a potential therapeutic target for the treatment of HCC (Meng et al., 2018). Another study found the expression of circSMARCA5 to be downregulated in HCC tissues and plasma samples (Li et al., 2019b). The overexpression of circSMARCA5 was found to inhibit proliferation, invasion, and increase apoptosis in HCC cells. Furthermore, circSMARCA5 correlated with tumor differentiation, TNM stage, cancer invasion, and cancer diameter in HCC (Li et al., 2019b). Wei et al. (2020) found circCDYL (chromodomain Y like) to be upregulated in HCC. CircCDYL was found to interact with mRNAs encoding hepatoma-derived growth factor (HDGF) and hypoxia-inducible factor asparagine hydroxylase (HIF1AN) by sponging miR-892a and miR-328-3p and influencing their downstream target (Wei et al., 2020). Furthermore, the authors demonstrated that circCDYL expression, combined with HDGF and HIF1AN, can function as independent markers for discrimination of early staged HCC (Wei et al., 2020). Thus, circCDYL provides a possibility for the early treatment of HCC (Wei et al., 2020). Zhang et al. (2018d) explored the diagnostic role of circ-104075, which was found to be highly upregulated in HCC tissues, cell lines, and serum. Besides, the expression of circ-104075 was found to be positively regulated by the hepatocyte nuclear factor 4 alpha (HNF4A), and circ-104075 acted as a ceRNA to upregulate YAP expression by sponging miR-582-3p (Zhang et al., 2018d). Yu et al. (2020) explored the diagnostic potential of hepatitis B virus (HBV) related HCC and plasma circRNAs. The study showed that plasma circRNA panel (circPanel) containing three circRNAs (hsa-circ-0000976, hsa-circ-0007750 and hsa-circ-0139897) could accurately detect Small-HCC, AFP-negative HCC, and AFP-negative Small-HCC (Yu et al., 2020). Qiu et al. (2019) found circADAMTS13, derived from Exon 13–14 of the ADAMTS13 gene, to be downregulated in HCC tumor tissues. circADAMTS13 is negatively associated with tumor size but positively associated with prognosis in HCC (Qiu et al., 2019). circADAMTS13 interacted with miR-484 and served as a tumor suppressor during HCC progression by sponging miR-484 (Qiu et al., 2019). Dong et al. (2019) found that SCD-circRNA2 was significantly upregulated in HCC. SCD-circRNA2 was found to be regulated by RNA-binding protein 3 (RBM3), indicative of a short recurrence-free survival and poor overall survival in HCC patients (Dong et al., 2019). Another study by Li et al. (2018e) found that circ-101368 was upregulated in HCC tissue samples and the overexpression of circ-101368 correlated with poor prognosis in HCC. At the molecular level, knockdown of circ-101368 suppressed the migration and protein levels of high mobility group box 1 (HMGB1), receptor for advanced glycation end products (RAGE) and nuclear factor kappa-light-chain-enhancer of activated B (NF-κB) while increasing the E-cadherin expression in HCC (Li et al., 2018e).



Lung Cancer

Zhang et al. (2018e) studied the expression of CDR1as, which is found to sponge miRNA-7 (miR-7). It was found that CDR1as levels increased with the development of non-small cell lung cancer (NSCLC) and negatively correlated with the expression of mIR-7 (Zhang et al., 2018e). Patients with high expression of CDR1 were found to exhibit high TNM stage, increased lymph node metastasis (LNM) and reduced overall survival (OS) (Zhang et al., 2018e). CDR1as was found to function as a miR-7 sponge to upregulate the target genes of miR-7 like EGFR, cyclin E1 (CCNE1), and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta (PIK3CD) (Zhang et al., 2018e). Another circRNA, circ-0067934, was upregulated in NSCLC tissues and cell lines and its expression was significantly associated with TNM stage, lymph node status, and distant metastasis (Wang and Li, 2018). The study suggested that circ-0067934 is an EMT marker as it regulates EMT genes such as vimentin, N-cadherin, and E-cadherin (Wang and Li, 2018). Another study by Zhou et al. (2019) demonstrated the regulatory mechanism of circENO1 on its host gene enolase 1 (ENO1) and its role in glycolysis and tumor progression. The expression of both circENO1 and its host gene ENO1 was found to be upregulated in lung adenocarcinoma (LAC) cells. Mechanistically, the upregulated expression of ENO1 was due to the interaction of circENO1 as a ceRNA with miR-22-3p (Zhou et al., 2019). Moreover, the silencing of circENO1 resulted in the retardation of glycolysis and suppressed proliferation, invasion and EMT in LAC cells (Zhou et al., 2019). Dong et al. found that circFARSA, a circRNA derived from exon 5–7 of the FARSA gene, was found to be upregulated in NSCLC patients (Hang et al., 2018). In vitro experiments using NSCLC cell lines indicated that overexpression of circFARSA promoted cell migration and invasion (Hang et al., 2018). Moreover, in silico studies suggested that circFARSA might sponge miR-330-5p and miR-326 and relieve their inhibitory effects on oncogene fatty acid synthase (Hang et al., 2018). The expression of another circRNA, hsa-circ-0075930 was found to be upregulated in NSCLC cell lines and tissues (Li et al., 2018d). In vitro studies indicated that the depletion of hsa-circ-0075930 inhibited cell proliferation and induced cell cycle arrest and reversed EMT in NSCLC cells (Li et al., 2018d). Another study by Zhu et al. (2017) found hsa-circ-0013958 to be upregulated in LAC and associated with TNM stage and lymphatic metastasis. In addition, hsa-circ-0013958 was found to sponge miR-134, thereby upregulating the expression of cyclin D1, which has an oncogenic role in the development of lung cancer (Zhu et al., 2017). In a retrospective study, it was found that circRNA, ciRS-7 expression was elevated in NSCLC tissue and positively correlated with tumor size, lymph node metastasis, and TNM stage (Yan et al., 2018). Inhibition of ciRS-7 reduced proliferation and promoted cellular apoptosis in A549 lung cancer cell lines (Yan et al., 2018). Wang L. et al. (2018) studied the regulation and function of circRNA, hsa-circ-0008305 (circPTK2) in TGF-β-induced EMT and tumor metastasis in NSCLC. It was found that circPTK2 and TIF1γ were significantly downregulated in NSCLC cells undergoing EMT induced by TGF-β. CircPTK2 was found to function as a sponge of miR-429/miR-200b-3p, and miR-429/miR-200b-3p and influenced their downstream targets (Wang L. et al., 2018). Another circRNA, circPRMT5 was found to be highly expressed in NSCLC tissues and cell lines and positively correlated with large tumor size, advanced clinical stage, lymph node metastasis as well as poor prognosis (Wang Y. et al., 2019). At the molecular level, circPRMT5 simultaneously sponged three miRNAs (miR-377, miR-382, and miR-498) and alleviated their repression on the oncogenic enhancer of zeste homolog 2 (EZH2), thereby facilitating NSCLC progression (Wang Y. et al., 2019).



Osteosarcoma

Many circular RNAs have been studied in osteosarcoma (OS) (Wan et al., 2020). circ-0016347 was found to act as a positive regulator of proliferation and invasion in OS cells, and it was identified as a sponge of miR-214 (Jin et al., 2017). The expression of another circRNA, circUBAP2, was found to be significantly increased in human OS tissues. circUBAP2 was found to promote osteosarcoma cell growth and inhibit apoptosis by inhibiting the expression of miR-143 and its downstream target B Cell Lymphoma 2 (Bcl-2) (Zhang H. et al., 2017). Another circRNA, circ-0009910, was overexpressed in OS and involved in the downregulation of miR-449a (Deng et al., 2018). Mechanistic studies have shown circ-0009910/miR-449a/IL6R axis to be a regulator of JAK1/STAT3 signaling pathway and a promoter of oncogenesis in osteosarcoma (Deng et al., 2018). Kun-Peng et al. (2018b) explored the role of circPVT1 in osteosarcoma and found that circPVT1 was significantly upregulated in OS. The knockdown of circPVT1 weakens the resistance to doxorubicin and cisplatin in OS cells by decreasing the expression of drug resistance gene ATP binding cassette subfamily B member 1 (ABCB1) (Kun-Peng et al., 2018b). Another circRNA, hsa-circ-0081001, was found to be significantly upregulated in the OS cell lines, tissues, serums and associated with poor overall survival and therefore demonstrated the potential of hsa-circ-0081001 as a potential prognostic or diagnostic biomarker for OS (Kun-Peng et al., 2018a).



Ovarian Cancer

Chen Q. et al. (2018) found the expression of hsa-circ-0061140 to be upregulated in ovarian cancer (OC) cell lines. The knockdown of hsa-circ-0061140 was found to suppress cell viability and proliferation of OC. Mechanistically, hsa-circ-0061140 sponged miR-370 and suppressed the expression of FOXM1 by acting as a ceRNA of miR-370, thus promoting oncogenesis in OC (Chen Q. et al., 2018). Another circular RNA, circPLEKHM3 was found to be downregulated in OC tissues and peritoneal metastatic OC compared to primary ovarian carcinomas (Zhang X. et al., 2019). CircPLEKHM3 was found to function as a tumor suppressor in OC by sponging miR-9 to regulate the endogenous expression of breast cancer 1 (BRCA1), DNA heat shock protein family (Hsp40) member B6 (DNAJB6) and kruppel like factor 4 (KLF4) which consequently inactivates oncogenic AKT1 signaling (Zhang L. et al., 2019). Another study found the expression of circular RNA circWHSC1 to be upregulated in OC tissues (Zong et al., 2019). Mechanistically, circWHSC1 increased cell proliferation, migration and invasion, and inhibited cell apoptosis in OC (Zong et al., 2019). circWHSC1 sponges miR-145 and miR-1182 and upregulates the expression of downstream targets mucin 1 (MUC1) and human telomerase reverse transcriptase (hTERT) (Zong et al., 2019).



Pancreatic Cancer

Li et al. (2018b) explored the role of circIARS in pancreatic ductal adenocarcinoma (PDAC) and found the expression of circIARS to be upregulated in the tissues and exosomes of the PDAC patients. CircIARS negatively correlated with miR-122 and ZO-1 and positively correlated with RhoA and RhoA-GTP levels, increased F-actin expression and focal adhesion, thereby promoting tumor invasion and metastasis, which suggests the role of circIARS as a prognostic marker in PDAC (Li et al., 2018b). Another circRNA, circPDE8A, was found to promote the invasive growth of PDAC cells by upregulating mesenchymal-epithelial transition (MET) and acted as a ceRNA for miR-338 to regulate metastasis-associated in colon cancer protein 1 (MACC1) and stimulate invasive growth of PDAC via the MACC/MET/ERK or AKT pathway (Li et al., 2018i). Furthermore, it was found that exosomal circPDE8A was associated with prognosis and disease progression in PDAC patients (Li et al., 2018i). Yang F. et al. (2017) found circLDLRAD3 to be upregulated in pancreatic cancer in addition to the significant association with venous invasion, lymphatic invasion, and metastasis.



ROLE OF CircRNAs IN HAEMATOLOGICAL MALIGNANCIES


Acute Myeloid Leukemia

Many circRNAs are associated with resistance in acute myeloid leukemia (AML) (Wu Z. et al., 2019). Shang et al. (2019) studied the role of circRNAs mediated chemoresistance in AML. Their study found that circPAN3 is upregulated in refractory and recurrent AML patient tissues and doxorubicin (ADM)-resistant THP-1 AML cell lines compared to non-transformed tissue and THP-1 AML cell lines (Shang et al., 2019). Mechanistically, circPAN3 decreased the expression of X-linked apoptosis protein inhibitor (XIAP) and further suggested that circPAN3 could be a crucial mediator of chemoresistance in AML cells by exploiting the circPAN3-miR-153-5p/miR-183-5p-XIAP axis (Shang et al., 2019). Another study by Yi et al. (2019) explored circvimentin (VIM) expression in AML patients and found it to be significantly upregulated in AML and correlated with WBC count. The study showed that circVIM expression could serve as a biomarker in differentiating AML patients from controls (Yi et al., 2019). Also, survival analyses in AML patients showed that over-expressed circVIM associated with shorter OS and leukemia-free survival (LFS) in whole-cohort AML, non-acute promyelocytic leukemia AML and cytogenetically normal-AML patients (Yi et al., 2019). Another study by Chen H. et al. (2018) found circANAPC7 to be most significantly upregulated in AML patients. The study predicted that circANAPC7 acts as a sponge for the miR-181 family and is associated with oncogenic pathways, thus demonstrating the potential of circANAPC7 as a potential biomarker for AML (Chen H. et al., 2018). Dong et al. explored the oncogenic potential of circular RNA DLEU2 (circDLEU2), microRNA 496 (miR-496), and Protein Kinase CAMP-activated catalytic subunit beta (PRKACB) in AML cell lines (Wu et al., 2018). CircDLEU2 was upregulated in AML tissues and promoted AML cell proliferation and inhibited cell apoptosis in vivo (Wu et al., 2018). Moreover, circDLEU2 was found to inhibit miR-496 expression and promote PRKACB expression. This study collectively indicated that circDLEU2 accelerated human AML by suppressing miR-496 and promoting PRKACB expression (Wu et al., 2018).



Chronic Myeloid Leukemia

BCR-ABL1 is a fusion protein kinase derived from a reciprocal translocation between chromosomes nine and 22 and is a crucial protein for Chronic Myeloid Leukemia (CML) pathogenesis (Pan Y. et al., 2018). Tyrosine kinase inhibitors (TKIs) against BCR-ABL1 have revolutionized CML therapy; however, 25% of CML patients will switch TKIs at least once during their lifetime due to TKI intolerance or resistance (Bower et al., 2016), which is generally associated with mutations in the kinase domain (KD) of BCR-ABL1. Pan Y. et al. (2018) found that a novel circRNA named circBA9.3, derived from BCR-ABL1, can efficiently promote the proliferation and inhibit apoptosis of CML cells. Moreover, TKI resistance was associated with elevated circBA9.3 expression and positively correlated with the level of BCR-ABL1 (Pan Y. et al., 2018). Furthermore, the augmentation of cytoplasmic-ABL1 (c-ABL) and BCR-ABL1 oncoprotein expression by circBA9.3 suggests that circBA9.3 might serve as a therapeutic target in CML patients showing TKI resistance (Pan Y. et al., 2018). Another study by Liu et al. (2018) constructed an hsa-circ-0080145-mediated competing endogenous RNA (ceRNA) regulatory network. They found that hsa-circ-0080145 was found to regulate CML cell proliferation by sponging miR-29b.



CircRNAs AS BIOMARKERS

Numerous studies have demonstrated that circRNAs has emerging potential as a clinically relevant and disease-specific molecular biomarker in cancer and other complex diseases. Growing evidence suggests that circRNAs can be considered as promising biomarkers for the early diagnosis, metastasis, prognosis, and drug resistance of tumors due to their stable structure, the long half-life, tissue specificity, and abundance, and their presence in body fluids (Guo et al., 2014; Chen and Yang, 2015; You et al., 2015; Enuka et al., 2016; Yang Y. et al., 2017). CircRNAs are considered useful tools for the early detection of solid tumors, for example, hsa_circ_0043265 could be used as a biomarker for the early diagnosis of NSCLC due to its low expression in the early stages (Ren et al., 2020). The abundance of circMYLK can be useful as an early diagnosis tool and treatment of liver cancer (Li et al., 2019a).

Moreover, circRNAs play a key role in tumor metastasis, Yang et al. (2020) found that the higher expression of circPTK2 can be positively correlated with a high survival rate in colorectal cancer patients. These findings suggest that circPTK2 may be a therapeutic target for metastatic colorectal cancer and a promising prognostic biomarker for early diagnosis. In PDAC, a high CircBFAR expression level was positively correlated with the tumor-node-metastasis (TNM) stage and was associated with poor prognosis. Hence, circBFAR could be used as a prognostic marker and therapeutic target for PDAC (Guo et al., 2020). Besides, many circular RNAs can be used as markers for drug resistance also. hsa_circ_0006528 (Gao et al., 2017), circMTO1 (Chen M. et al., 2019), circ_0001546 (Wu et al., 2020), and circ-LARP4 (Hu et al., 2020) exhibit abnormal expression levels in drug-resistant cells, suggesting that they could be used as diagnostic markers for drug resistance in tumors. CircRNAs have become accepted as biomarkers for multi-stage tumors in different cancer types. Thus far, many studies have demonstrated the potential of circRNAs as promising cancer biomarkers. The abnormal (upregulated or downregulated) expression levels of different circRNAs in various cancers are depicted in Figure 3. Recently studies have shown that circRNAs are also potential diagnostic markers for neurodegenerative diseases (Table 4). Several studies have indicated that circular RNAs are involved in repair and recovery after stroke, highlighting their potential therapeutic importance in regulating biological processes in brain injury due to ischemic stroke. Bai et al. (2018) demonstrated a critical role for circular RNA DLGAP4 (circDLGAP4) in repairing ischemic stroke brain damage. The gain of function of circDLGAP4 significantly reduced neurological deficits and decreased infarct areas and blood-brain barrier damage in a mouse stroke model. The study suggests that circDLGAP4 may serve as a novel therapeutic target for acute ischemic injury.
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FIGURE 3. Graphical representation of circRNAs dysregulation in different cancers.



TABLE 4. CircRNAs as biomarkers in neurodegenerative diseases.
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Furthermore, a recently identified circRNA, circHECTD1 can directly bind to MIR142, resulting in astrocyte activation and contributing to cerebral infarction. Silencing of circHECTD1 expression can ameliorate cerebral infarction by inhibiting astrocyte activation (Han et al., 2018). These studies indicate that circHECTD1 and circDLGAP4 could be envisioned as a novel biomarker and therapeutic target for stroke.

If circRNA detection methods can be effectively applied in clinical practice, they have the great potential to serve as early diagnostic markers to avoid patient distress in many life-threatening diseases.



CircRNAs AS THERAPEUTIC TARGETS

High throughput deep RNA-sequencing followed by advanced bioinformatic analysis and functional characterization leads to discovering novel circRNAs with clinical significance. Researchers identified many circRNAs are related to cancer’s clinicopathological features, such as tumor metastasis, epithelial to mesenchymal transition, tumor stemness, and recurrence. Many studies have confirmed that circRNAs play a vital role in cancer initiation, progression, sensitivity to therapy, cancer stemness, and drug resistance. Many of the circRNAs identified can be used as a potential drug target in cancer, mainly due to their involvement in inducing therapy resistance via sponging miRNAs and alerting oncogenic signaling mechanisms. Numerous experiments have demonstrated that circRNAs play a regulatory role in drug resistance in many cancer types, and they can be used as potential drug targets. In lung cancer, CircPVT1 was found to mediate drug resistance via the miR-145-5p/ABCC1 axis. CircPVT1 knockout sensitizes tumor cells to conventional chemotherapeutic agents like cisplatin and pemetrexed (Zheng and Xu, 2020). This indicates that abrogating circRNAs in tumors can sensitize them to drugs effectively. Additionally, overexpression of circESRP1 and inhibition of the TGF-β signaling pathway can regulate the tumor response to chemotherapy in lung cancer (Huang W. et al., 2020). Circular RNAs viz., circ_0002483, and Circ_0076305 are involved in drug sensitivity in lung cancer via binding the target genes (Li X. et al., 2019). In breast cancer, regulating Hsa_circ_0006528, circKDM4C, and circMTO1 can effectively sensitize drug resistance in cancer types (Gao et al., 2017; Ma et al., 2019). In GC, CircPVT1 acts as a carcinogenic factor by mediating paclitaxel resistance by upregulating via ZEB1/miR-124-3p axis (Liu Y.Y. et al., 2019). CircFN1 regulates GC cell apoptosis through sponging miR-182-5p and promotes cisplatin resistance in GC, suggesting that circFN1 could be a potential therapeutic target (Huang X.X. et al., 2020). CircAKT3 and circCCDC66 are also involved in cisplatin resistance by altering target signaling pathways (Xu G. et al., 2020). In GC cells, apatinib resistance is mediated through circRACGAP1 via circRACGAP1/miR-3657/ATG7 axis (Ma et al., 2020). In colorectal cancer, circular RNA circ_0000338 has a tumor-suppressive effect and can enhance colorectal cancer cells’ chemosensitivity (Hon et al., 2019). Besides, a circular RNA, CIRS-122 (Wang et al., 2020) hsa_circ_0048234, was also involved in drug resistance in CRC (Xiong et al., 2017). Novel circular RNAs viz., hsa_circ_0000285, and circCdr1as, sensitize bladder cancer cells to cisplatin by restoring the expression of target genes (Chi et al., 2019; Yuan et al., 2019). In ovarian cancer, circCdr1as reduces cisplatin resistance by inhibiting miR-1270 (Zhao Z. et al., 2019). CircCELSR1 (hsa_circ_0063809) is upregulated in paclitaxel-resistant ovarian cancer tissues and cells (Zhang et al., 2020). Silencing of circCELSR1 may enhance the cytotoxic effect of paclitaxel in ovarian cancer cells suggesting circRNAs as promising therapeutic targets in many cancer types.

Surprisingly, many circRNAs exhibit an immunomodulatory function, as they are actively involved in immune regulation and autoimmune pathway regulation. Studies revealed that cells can recognize endogenous circRNA and in vitro synthesized circRNA by retinoic acid-inducible gene I (RIG-I), which can activate the autoimmune pathway (Chen Y.G. et al., 2017). It has been proved that cells can distinguish between endogenous circRNAs and exogenous or in vitro synthesized circRNAs by identifying the presence of N6-Methyladenosine modification (m6A) (Chen Y.G. et al., 2019). They further concluded that exogenous circRNAs without m6A modification could alter gene expression in the autoimmune pathway. Moreover, a recent study shows circRNAs can competitively bind double-stranded RNA-activated protein kinase (PKR) to extensively regulate cellular immune signaling pathways (Liu Y.Y. et al., 2019). Liu et al. (2016) identified differentially regulated circRNA, chondrocyte extracellular matrix-related circRNA (circRNA-CER) in osteoarthritis (OA), which can modulate the process of cartilage extracellular matrix injury via IL-1β and TNF-α regulation. This indicates that circRNA-CER may be a potential therapeutic target in osteoarthritis (OA) (Liu et al., 2016). Many studies indicate that circRNAs are implicated in Systemic lupus erythematosus (SLE), a chronic and incurable autoimmune disease. circRNAs are probably vital factors in SLE due to their functions as miRNA sponges. Wang X. et al. (2018) reported the downregulation of circIBTK in SLE, and they further revealed that circIBTK served as a miR-29b sponge to inhibit DNA demethylation and AKT signaling. Moreover, they have experimentally proved that the artificial overexpression of circRNAs can help reduce PKR activity in PBMCs in SLE patients, which is beneficial for treating SLE and other autoimmune diseases (Liu C.X. et al., 2019).

Many researchers confirmed that circRNAs play roles in bone marrow failure and hematologic malignancy. Xia P. et al. (2018) experimentally proved that circRNA cia-aGAS controls the balance between self-renewal and differentiation of hematopoietic stem cells (HSCs), and its deficiency disrupts the host homeostasis, leading to bone marrow failure and hematologic malignancy. This evidence suggests that circRNAs are involved in tumor stemness and can act as a possible therapeutic target.

Circular RNAs have also been shown to play vital roles in virus infections, providing a new strategy for developing vaccines against viruses, especially RNA viruses. The transfection of purified circRNAs generated in vitro into mammalian cells can induce the expression of innate immunity genes and thus protect against viral infection. This suggests that cells can distinguish endogenous and foreign circRNAs, dependent on the intron encoding the circRNAs (Chen Y.G. et al., 2017). In another study, Li et al. (2017) found that the antiviral function of circular RNA is universal and is mediated through NF90/NF110 release. Generally, the expression of circRNAs decreases during viral infection, so NF90/NF110 is released from circRNPs and binds to viral mRNAs to play an antiviral role.

Circular RNAs are extraordinarily enriched in the mammalian brain, and they are more abundant than their corresponding linear transcripts or parental mRNAs (Rybak-Wolf et al., 2015). Notably, circRNAs expressed in brain tissues have been reproducibly detected in human peripheral blood samples as they can pass through the blood-brain barrier (Rybak-Wolf et al., 2015). These findings suggest that the blood-borne circRNAs may be potential diagnostic biomarkers and reveal the pathophysiology for ischemic stroke and other brain-related diseases (Lu et al., 2020). Many circRNAs are upregulated in the mammalian brain during neuronal differentiation, indicating circRNAs are potentially involved in neurological disorders (Rybak-Wolf et al., 2015). CDR1as is an endogenous circRNA that is highly expressed in the human brain, acting as a miR-7 sponge, thus plays a key role in regulating Parkinson’s disease. Studies revealed that MiR-7 can modulate alpha-synuclein expression, a protein that always accumulates at the onset of Parkinson’s disease (Junn et al., 2009). This evidence strongly suggests that CDR1as may be a therapeutic target in Parkinson’s disease.

Additionally, CDR1as is implicated in Alzheimer’s disease by binding to miR-7, thereby reducing the ability of miR-7 to regulate ubiquitin-conjugating enzyme E2 A (UBE2A), a protein that decreases rapidly in Alzheimer’s disease (AD) and other neurological diseases (Akhter, 2018). Moreover, CDR1as inhibits the translation of NF-kβ, indirectly impairs protein functions that underlie AD’s development (Shi et al., 2017). As evidenced by the above studies and our conceptual understanding, circRNAs can be considered a potential biomarker and therapeutic target in AD diagnosis and treatment. Additionally, CDR1as is also implicated in cardiovascular diseases, mostly associated with myocardial infarction. Furthermore, CDR1as induces myocardial infarction by sponging mir7, protecting cardiac pericardium (Taïbi et al., 2014). Another novel circRNA, mitochondrial fission and apoptosis-related circRNA (MFACR), sponges miR-652-3p-MTP18 to mediate cardiomyocyte apoptosis, leads to mitochondrial fission, and ultimately promotes the development of myocardial infarction (Wang K. et al., 2017). Recent studies and current evidence indicate that circRNAs play a crucial role in controlling cellular dynamics in many types of tissue; thus, circRNAs may serve as a potential therapeutic avenue for many complex diseases, although further research is required for clinical applications to be feasible.



CONCLUSION

Over the last few decades, the significance of circRNAs in numerous pathological processes has gradually been realized; while initially known as splicing redundant by-products, clinical studies have managed to uncover the hidden characteristics and ability of circRNAs to serve as ideal biomarkers in different pathologies. Unlike other RNA species, circRNAs have prognostic or diagnostic value due to high stability and specific cancer expression. Understanding the molecular mechanisms/regulatory roles of circRNAs in various transcriptional and translational processes in the eukaryotic machinery is essential to elucidate their human diseases’ roles, most importantly, cancer. Apart from the notorious role of circRNAs as miRNA sponges, further studies are required to reveal other mechanisms manifested by circRNAs. Although the expression of circRNAs has been extensively studied, their function remains inconclusive in normal physiological processes and human diseases. Many mechanistic aspects of how circRNAs potentially work in various cancers by affecting oncogenic pathways need to be better clarified, and we are still a long way from their development as a therapeutic or prognostic target that warrants thorough analysis of their mechanism of action. Research in this area must step away from simple quantification and therapeutic inference into mechanistic studies with a translational benefit. Developing technologies that enable sufficient single-cell level identification and modulation of circRNAs without disrupting their linear RNA partners may help gain more insight into the regulatory functions of circRNAs and thus help enhance the production of strategies that target the circRNA network in various human diseases. As circRNAs are generated from pre-mRNA back splicing, different bioinformatics algorithms have been designed to characterize circRNAs using different annotations to read back splicing sites. It will always make sense to develop the algorithm based on specific circRNA to avoid false reads and correlate the results using independent analysis by different platforms.
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Objective: The objective of this study is to explore the long non-coding RNAs (lncRNAs) and messenger RNAs (mRNAs) expression profiles of monocyte-derived dendritic cells (DCs) obtained from peripheral blood mononuclear cells (PBMCs). DCs are known to play a major role in the regulating function of allergic rhinitis (AR).

Methods: PBMCs were separately isolated from the human peripheral blood of patients with AR and normal person (NP). The mixed lymphocyte reaction (MLR) assay was used to evaluate the function of DCs. Flow cytometry was used to determine the immune regulatory function of immature DCs (imDCs) and mature DCs (mDCs). lncRNAs and mRNAs in the NP group (DCs isolated from NP) and the test group (DCs isolated from patients with AR) were identified via chip technology and bioinformatic analyses. Moreover, bioinformatic analyses were employed to identify the related biological functions of monocyte-derived DCs and construct the functional networks of lncRNAs and mRNAs that are differentially expressed (DE) in imDCs and mDCs.

Results: MLR was significantly higher in the mDCs group than that in the imDCs group. CD14 was highly expressed in imDCs, whereas HLA-DR, CD80, and CD86 were highly expressed in mDCs (p < 0.001). We identified 962 DE lncRNAs and 308 DE mRNAs in the imDCs of NP and patients with AR. Additionally, there were 601 DE lncRNAs and 168 DE mRNAs in the mDCs in the NP and test groups. Quantitative RT-qPCR was used to study the significant fold changes of lncRNAs and mRNAs. The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis found 16 significant regulated pathways in imDCs and 10 significant regulated pathways in mDCs, including the phagosome, cell adhesion signaling pathway, and inflammatory mediator regulation of TRP channels pathway.

Conclusion: Our research studied the lncRNA and mRNA expression profiles of monocyte-derived DCs and demonstrated the functional networks that are involved in monocyte-derived DCs-mediated regulation in AR. These results provided possible molecular mechanisms of monocyte-derived DCs in the immunoregulating function and laid the foundation for the molecular therapeutic targets of AR.

Keywords: monocyte-derived dendritic cells, allergic rhinitis, long non-coding RNA, immunoregulation, mRNA


BACKGROUND

Allergic rhinitis (AR) is a very common allergic disease that affects 10–40% of the global population (Bousquet et al., 2008). Its remarkable prevalence and relapses put an extensive burden on its patients and the society. Furthermore, AR negatively impacts the quality of life of patients with AR. There had been a marked increase in the prevalence of AR during the past years (Wang et al., 2016). AR turns into asthma if it is not treated in time, and the adequate treatment of AR can alleviate the severity of asthma (Leynaert et al., 2004). Researchers have illustrated that mast cell infiltration, lymphocytes imbalance, and goblet cell hyperplasia are involved in the pathogenesis of AR (Ouyang et al., 2010; Poggi et al., 2012). AR, which is a type I allergic disorder that is mediated by IgE humoral immune response, is accompanied by an influx of eosinophils and T helper 2 cells that secrete pro-inflammatory cytokines, namely, IL-4, IL-5, and IL-13 (Wilson et al., 2005). Abnormal innate and adaptive immune responses play a major role in the pathogenesis of AR.

Dendritic cells (DCs), which are the most important antigen-presenting cells (APCs) that send signals to the T cells, mainly participate in the pathogenesis of many diseases with immunoregulatory mechanisms, such as AR. DCs link the innate and adaptive immune responses. The peripheral blood mononuclear cells (PBMCs) have a round nucleus (Delves, 2016). PBMCs include lymphocytes, monocytes, and DCs. In humans, the frequencies of these DCs vary among individuals. PBMCs are divided into various functional subtypes with respect to the specific cytokine expression profiles, surface markers, and the transcription factors. Phenotypic and functional assessments of PBMC research lay the foundation of the human immune system research; hence, the knowledge that population is represented in the peripheral blood and how they act with other immune cells is essential. Additionally, the results from human PBMC studies (Schiekofer et al., 2003; Tacconi et al., 2004; Chang et al., 2014) cannot be neglected. Therefore, it is important to know the progression of AR along with its expression profiles in PBMCs, especially DCs.

Long non-coding RNAs (lncRNAs), over 200 nt in length, is a type of RNA that does not a protein coding function (Ulitsky and Bartel, 2013). These RNAs have been regarded as indispensable epigenetic regulators and are probably involved in the cell’s biological behaviors (Kopp and Mendell, 2018). For example, they are involved in regulating the homeostasis of the immune system (Wang et al., 2014; Du et al., 2017). However, it is critical to find out whether lncRNA can immunoregulate DC in the progression of AR.

The combination of lncRNA–messenger RNA (mRNA) expression profiles and functional networks is adopted to analyze the DC-mediated regulation functions. These results improve our understanding of lncRNAs in the immunoregulatory function of monocyte-derived DCs and indicate the potential targets for the curative treatment of AR.



MATERIALS AND METHODS


Subjects

Patients with AR visited doctors in the outpatient service in the Guo Yi Tang of Beijing University of Chinese Medicine. In this study, there were 24 subjects: 12 males and 12 females. They were divided into two groups: the AR group (patients with AR, 12 subjects: five males and seven females) and NP group (normal persons, 12 subjects: four males and eight females). With support/approval from the Ethics Committee of Beijing University of Chinese Medicine, this study was conducted while adhering to the principles of the Declaration of Helsinki. Patients in the AR group were positive for skin puncture test, including pollen, food, dust mites, paint, or molds as well as in specific IgE. Two weeks before study recruitment, these patients with AR received no topical or systemic corticosteroid therapy. We chose the study participants with no history of smoking or other immune system disorders, such as rheumatoid arthritis, systemic lupus erythematosus, and scleroderma.



Isolation of PBMCs and Generation of DCs

The whole blood samples obtained from the two groups were stored in vacuum tubes with heparin, and PBMCs were isolated from these samples by lymphocyte separation solution (Tianjin Haoyang Biological Manufacture Co., Ltd.). Mononuclear cells were seeded in 12-well plates with the RPMI 1640 medium that contains 10% heat-inactivated fetal calf serum (FCS, GIBCO, Germany) and 2 mM of L-glutamine (R10 medium, Sigma, St. Louis, MO, United States). After incubation at 37°C for 2 h, the non-adherent cells were removed and the adherent cells were cultured within the medium containing 100 ng/ml of rhGM-CSF and 100 ng/ml of rhIL-4 (R&D Systems, Minneapolis, MN, United States). On the sixth day, 50 ng/ml of TNF-α (R&D Systems, Minneapolis, MN, United States) was added into the samples; the method had the same protocol in the study of Andreia et al. (2005). Immature DCs (imDCs) were collected on the fifth day, and the mature DCs (mDCs) were collected on the seventh day.



Mixed Lymphocyte Reaction (MLR)

After being treated with 25 μg/mL of mitomycin at 37°C for 30 min, the DCs were placed at the concentrations of 2 × 108 cells per well at a quantity of 200 μl and incubated with non-adherent PBMCs obtained from the same healthy people. These samples were later stimulated by lymphocytes in the concentration proportions of 1:10, 1:50, and 1:100. Thereafter, the samples were mixed and incubated with non-adherent PBMC from the same healthy persons at the same concentrations in triplicate. The cells were treated with 10% fetal bovine serum. Then, 10 μl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) solution (5 mg/ml, medium dilution, Sigma–Aldrich Chemical Co., St. Louis, MO, United States) was added to each well, and the cells were incubated for 72 h in the incubator. Then, 150 μl of DMSO was added followed by the addition of enzymes after 4 h. The absorbance was detected using a spectrophotometer at 570 nm.



DC Surface Marker Expression Analysis in imDCs and mDCs

The CD14 (PerCP-Cy 5.5, BD Biosciences, United States), HLA-DR (APC, BD Biosciences, United States), and isotype mouse IgG2a-PE (PE, BioLegend, United States) were added in the samples of imDCs. Moreover, CD86-APC, CD80-PE, and isotype mouse IgG1–FITC (BioLegend, United States) were added in the samples of mDCs. The cells were then suspended with precooled PBS, counted under a microscope, and centrifuged at 1000 g for 5 min. Data were acquired using a FACSCalibur cytometer (BD Biosciences, United States) and the ratios of CD14+, HLA-DR+, CD80+, and CD86+ DCs were determined.



RNA Extraction, Labeling, Chip Hybridization, and Scanning

The RNA extraction, labeling, chip hybridization, and scanning were all finished following the use of Agilent Human lncRNA–mRNA profiling chip (4∗180K, Design ID: 062918). All the chip results were detailed according to the processes of software operations. The screening criteria were to increase or decrease the fold change value ≥ 2.0 and p-value < 0.05.



Gene Ontology (GO) and Pathway Enrichment Analysis

The GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were used to study the differentially expressed (DE) mRNAs. The results of the target gene analysis of lncRNA and the mRNA expression results on the chip need to be correlated so that the upregulated and downregulated DE genes can be investigated. The corrected p-value < 0.05 by calculating the FDR and FDR < 0.05 was selected as the threshold.



LncRNA–mRNA-Weighted Co-expression Network

The correlation of the lncRNA–mRNA expression in the imDCs and mDCs was calculated. Then, the relationship pairs of LncRNA and mRNA based on the abovementioned criteria (p-value < 0.05, FDR < 0.05) were screened. The co-expression network of lncRNAs and mRNAs was constructed, and the co-expression network of lncRNAs and mRNAs was then established.



Real-Time PCR Verification of DE Genes

Quantitative RT-qPCR was used to investigate the different expressions of imDCs’ and mDCs’ genes between the patients with AR and NP. The total RNA was extracted from imDCs and DCs according to the kit for cells. In all, 20 μg of total RNA was converted into cDNA by using oligo (dT) and reverse transcriptase (Thermo, United States) to analyze the qPCR results. The thermal cycler conditions were set as follows: amplificated at 95°C for 10 min, 95°C for 15 s, 60°C for 60 s, 40 cycles of denaturation (15 s, 94°C), 15 s at 95°C, and a combined process of annealing and extension (1 min, 60°C). Supplementary Table S1 shows the primers for these genes.



Statistical Analysis

The SPSS 22.0 software was used for statistical analysis in this study. Results were expressed as mean ± standard deviation. The relationship of lncRNAs and mRNAs was determined by the Spearman’s correlation coefficient. p-values < 0.05 were considered significant values for this study.




RESULTS


Allogeneic T-Cell Proliferation Experiment

In allergenic mixed lymphocyte reaction (MLR), the levels of T-cell proliferation were increased with the proportion of T cells. DCs in the patients with AR have a stronger stimulation ability than NP as shown in Figures 1A–C. When the ratio of DC cells to T cells was 1:50 and 1:100, the difference was significant (p < 0.001).
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FIGURE 1. Morphology of dendritic cells and the functional activity of DCs were assayed by autologous MLR. (A,B) imDCs and mDCs, mDCs have a more structure of dendrites. (C) MLR was determined by the stimulation index. 2 × 108 ml–1 DCs and lymphocytes were cultured with the medium for 72 h, and then DCs were collected and autologous MLR was performed. The control group was stimulated with 25 mg/L mitomycin as controls. ***P < 0.001.




Immunophenotype of DCs in Patients With AR and NP

We evaluated the percentages of CD14, HLA-DR, CD80, and CD86 in the DCs. The immunophenotypic characteristics of DCs in patients with AR were compared with that of NP, as shown in Figure 2. The CD14 concentration of imDCs was lower in patients with AR than that in the NP group. The mean percentage of CD14+ DCs in the patients with AR was 0.84 ± 0.25% (median: 0.78%), and it was significantly lower than the value in the NP group (p = 0.0008), where the mean percentage of these cells was 0.012 ± 0.013% (median: 0.017%) (Figures 2A,B).
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FIGURE 2. Flow cytometric analysis showing the percentage of CD14, HLA-DR, CD80, and CD86 in DCs. (A,B) The flow cytometric analysis showed that percentage of CD14 in NP group was lower than that in AR group (p = 0.0008). (C,D) The flow cytometric analysis showed that percentage of HLA-DR in NP group was lower than that in AR group. (E,F) The flow cytometric analysis showed that percentage of CD80 in NP group was lower than that in AR group. (G,H) The flow cytometric analysis showed that percentage of CD86 in NP group was lower than that in AR group. ***P < 0.001, **P < 0.01.


The mean proportion of HLA-DR+ mDCs in the patients with AR was 44.25 ± 8.64% (median: 44.8%) and was higher (p = 0.0006) than the NP group, where the mean percentage of these cells was 95.3 ± 3.84% (median: 99.0%) (Figures 2C,D).

The mean proportion of CD80+ mDCs in the patients with AR was 72.15 ± 7.64% (median: 67.78%) and was higher (p = 0.0003) than the NP group, where the mean percentage of these cells was 95.3 ± 3.84% (median: 96.92%) (Figures 2E,F).

The mean proportion of CD86+ mDCs in the patients with AR was 62.15 ± 7.64% (median: 64.69%) and was higher (p = 0.006) than the control group, where the mean percentage of these cells was 92.3 ± 5.84% (median: 95.12%) (Figures 2G,H).



Identification of DE lncRNAs and mRNAs in imDCs

In total, 308 DE mRNAs, including 175 upregulated mRNAs and 133 downregulated mRNAs, were found in the imDCs of patients with AR and NP. A clustergram (Figure 3A) and volcano plots (Figure 3C) are used to depict DE mRNAs. Table 1 shows 67 mRNAs with the largest fold changes. The list contains several genes, including HLA-C, MARCO, KIR2DS3, ITGAV, CD36, and IFNB1. Additionally, 168 DE mRNAs, including 77 upregulated mRNAs and 91 downregulated mRNAs, were found in the mDCs of patients with AR. Figures 4A,C show the clustergram and volcano plots of the DE mRNAs, respectively. Table 2 shows the 10 mRNAs with the greatest variation, and several genes, such as HLA-B, F11R, HLA-DQB1b, HLA-DQB1, and PTAFR, are also shown.
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FIGURE 3. Identification of DE lncRNAs and mRNAs, GO, and KEGG analysis in imDCs. (A) Heatmaps of DE mRNAs between the AR group and NP group. (B) Heatmaps of DE lncRNAs between the AR group and NP group. (C) Volcano plots of DE mRNAs between the AR group and NP group. (D) Volcano plots of DE lncRNAs between the AR group and NP group. (E) Top 10 terms from a GO analysis of molecular function, biological process, and cellular component. (F) DE mRNAs were clustered by KEGG analysis, and the top 10 pathways are shown.



TABLE 1. The characteristics of mRNAs with the largest fold change in imDCs.
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FIGURE 4. Identification of DE lncRNAs and mRNAs, GO, and KEGG analysis in mDCs. (A) Heatmaps of DE mRNAs between the AR group and NP group. (B) Heatmaps of DE lncRNAs between the AR group and NP group. (C) Volcano plots of DE mRNAs between the AR group and NP group. (D) Volcano plots of DE lncRNAs between the AR group and NP group. (E) Top 10 terms from a GO analysis of molecular function, biological process, and cellular component. (F) DE mRNAs were clustered by KEGG analysis, and the top 10 pathways are shown.



TABLE 2. The top 10 co-expression of mRNA and lncRNA in imDCs.
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In total, 962 DE lncRNAs, including 434 upregulated and 528 downregulated lncRNAs, were found in patients with AR and NP. The clustergram (Figure 3B) and volcano plots (Figure 3D) show DE lncRNAs. In total, 601 lncRNAs, including 200 upregulated and 401 downregulated lncRNAs, were found in the DE mDCs of the patients with AR. The clustergram in Figure 4B and the volcano plots in Figure 4D show the DE lncRNAs. Tables 1, 3 show the top 10 lncRNAs of imDCs and mDCs with the largest fold changes. The pathways, including interferon-gamma-mediated signaling pathway, membrane repolarization, and peptide antigen binding, that contribute to the phagocytosis function in imDCs and antigen-presenting function of mDCs were also identified.


TABLE 3. The characteristics of mRNAs with the largest fold change in mDCs.
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Interaction, Co-expression Network Analysis of DE mRNAs in Patients With AR

Figure 5A shows the interactions of proteins that were coded by DE mRNAs in imDCs. Additionally, Figure 5B shows the co-expression network between DE lncRNAs and mRNAs. TRIM69 has the maximum target mRNAs including 58 DE mRNAs, and SIDT2 has the maximum co-expressed lncRNAs. Table 2 shows the top 10 co-expression pairs in imDCs. lncRNAs exert their biological function as ceRNAs (Wilfried et al., 2016).
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FIGURE 5. Interaction and co-expression network analysis, analysis of lncRNA target mRNAs in imDCs. (A) Interactions between DE mRNAs. Purple indicates upregulated genes, and green indicates downregulated genes. (B) Co-expression network of DE lncRNAs and DE mRNAs. (C) DE lncRNAs and their target genes with a combined score larger than 0.9 are shown. Yellow indicates upregulated genes, and blue indicates downregulated genes. (D) Venn diagram showing DE mRNAs and target genes of DE lncRNAs.


We identified 268 target genes after analyzing the possible DE lncRNAs target genes in imDCs. Figure 5C shows the target genes with a combined score of more than 0.9. HLA-C was the target gene of AC108142.1-005, and CD36 was the target gene of FR264384. Moreover, IFNB1 was the target gene of MIR3150B-210. The Venn diagram analysis showed that 95 mRNAs were coincided between the 166 DE mRNAs and the 95 DE lncRNA target genes (Figure 5D). The 95 DE lncRNAs were all included in the 166 DE mRNAs.

Figure 6A shows the interaction proteins that were coded by DE mRNAs in mDCs. In this network, HLA-B, HLA-DQB1, HLA-DQB2, PTAFR, and F11R are important genes that interact with many other DE mRNAs. Furthermore, Figure 6B shows the co-expression network of DE lncRNAs and mRNAs. TRIM77P has the maximum target numbers including 39 DE mRNAs, in which FAM153A and ZNF396 have the maximum co-expressed lncRNAs. Table 4 shows the top 10 co-expression pairs of mDCs.
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FIGURE 6. Interaction and co-expression network analysis, analysis of lncRNA target mRNAsin mDCs. (A) Interactions between DE mRNAs. Purple indicates upregulated genes, and green indicates downregulated genes. (B) Co-expression network of DE lncRNAs and DE mRNAs. (C) DE lncRNAs and their target genes with a combined score larger than 0.9 are shown. Yellow indicates upregulated genes, and blue indicates downregulated genes. (D) Venn diagram showing DE mRNAs and target genes of DE lncRNAs.



TABLE 4. The top 10 co-expression of mRNA and lncRNA in mDCs.
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Additionally, we also investigated the possible presence of DE lncRNA target genes in mDCs. In our study, 99 target genes were identified in these DE lncRNAs. Figure 6C shows the target genes with the combined score of more than 0.9. In the figure, HLA-B has three target genes of lincRNAs, namely, DHRS3, FCHO2, and linc-PRR5-1. Figure 6D shows that 42 mRNAs coincided between the 95 DE mRNAs and the 42 DE lncRNA target genes in the Venn diagram analysis. Moreover, the 42 DE lncRNAs were included in the 95 DE mRNAs. It also includes some known inflammatory-related molecules.



Validation of DE mRNA and lncRNA Expression Levels by RT-qPCR

RT-qPCR was used to evaluate DE mRNAs and lncRNAs to verify our RNA chip results. We randomly detected three lncRNAs and 10 mRNAs. MARCO, KIR2DS3, F11R, HLA-B, HLA-C, NON-HSAG046717, and NON-HSAT089067 were upregulated, whereas ITGAV, CD36, IFNB1, PTAFR, HLA-DQB1, NON-HSAT 059748, NON-HSAT024276, and NON-HSAT098958 were downregulated. The results of RT-qPCR were consistent with those of RNA chip results, hence confirming that our chip data were reliable (Figure 7).
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FIGURE 7. Validation of DE mRNAs and lncRNAs. (A,B) DE mRNAs were confirmed by qPCR. (C) DE lncRNAs were confirmed by qPCR. Ligand 1, MACO, the scavenger receptor; Ligand 2, KIR2DS3, a type of killer cell immunoglobulin-like receptors (KIRs); Ligand 3, F11R, a cell adhesion molecule found on the surface of human platelets; Ligand 4 and Ligand 5, HLA-B and HLA-C are all a type of human Leukocyte Antigen (HLA) class I molecules; Ligand 6, ITGAV, integrin subunit alpha v; Ligand 7, CD36, a membrane glycoprotein present on platelets, mononuclear phagocytes, adipocytes, hepatocytes, myocytes, and some epithelia; Ligand 8, IFNB1, interferon beta, a secreted cytokine; Ligand 9, PTAFR, platelet-activating factor receptor; Ligand 10, HLA-DQB1, human leukocyte antigen DQB1. **P < 0.01, *P < 0.05.





DISCUSSION

In our research, we used rhGM-CSF, rhIL-4, and TNF-α to induce the mDCs from PBMCs. The generation of human monocyte-derived DCs from whole blood was recognized by all the scientists (Wilfried et al., 2016). We investigated phenotypic and functional features of DE DCs in vitro from patients with AR and the NPs. Besides that, we used RT-qPCR to confirm these findings. Our KEGG pathway analysis (Tables 5, 6) indicates that interferon-gamma-mediated signaling pathway, membrane repolarization, and peptide antigen binding pathways contribute to the phagocytosis function in imDCs, and the antigen-presenting function in mDCs contributes to the immunoregulatory function of DCs in AR.


TABLE 5. Pathways KEGG analysis of imDCs.

[image: Table 5]

TABLE 6. Pathways of mDCs with the largest significant difference in KEGG analysis.
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Dendritic cells play a central role in allergic inflammation (Froidure et al., 2016). The latest in vitro techniques allow the in vitro differentiation of DCs (Thurner et al., 1999). Their ability to induce the proliferation of T cells in the MLR assay is commonly used for evaluating their functions (Cao et al., 2004). In MLR experiment, the stimulation index of mDCs was significantly higher than that of the imDCs. In our study, the expression of HLA-DR, CD80, and CD86 in patients with AR is indeed upregulated than that in NP, which is a sign of improved mDCs antigen presentation in patients with AR. This result is in accordance with a previous study by KleinJan et al. (2006). In the study, CD14 in the NP group was higher than that in patients with AR. CD14 is the marker of monocytes whose expression decreases gradually during DC differentiation from monocytes. In fact, CD80 and CD86 are important co-stimulating factors that affect the proliferation of T lymphocytes in the DCs (Duperrier et al., 2000; Ebner et al., 2001; Andreia et al., 2005; Wilfried et al., 2016). DCs are the most efficient APCs. It can present the antigens to the T cells for stimulating the adaptive immune response.

More number of studies have focused on exploring the mRNA expressed in DCs, but none have been conducted to reveal which and how mRNA affects DCs in patients with AR. To investigate the mechanism of DCs’ functions in patients with AR, the mRNA expression profile was determined and bioinformatics analysis was performed in our study. In total, 308 mRNAs were identified in the analysis. Among these DE genes, HLA-C, ITGAV, MARCO, CD36, IFNB1, and KIR2DS3 were found to be most significantly upregulated in the imDCs’ network. HLA-C plays an important role in promoting differential DC maturation (Raj et al., 2011). ITGAV is the expression of DC-specific transmembrane protein. MARCO promotes TLR activation, which validates a major role of MARCO in mounting an inflammatory response (Haydn et al., 2014). ImDCs play an important role in the phagocytosis of apoptotic cells, in particular, CD36 (Albert et al., 1998). Additionally, the GO analysis demonstrated specific molecular functions, for example, binding of transforming growth factor-beta, signaling pattern recognition receptor activity, and pattern recognition receptor activity, thereby indicating the critical role of these cytokines in the immunoregulatory functions of imDCs. The KEGG analysis identified 17 signaling pathways of the DE mRNAs, wherein interferon-gamma-mediated signaling pathway, membrane repolarization, and peptide antigen binding were the pathways with the significant differences that contributed to the phagocytosis function of imDCs (Figures 3E,F). This result is consistent with that of a previous study (Lambrecht, 2001). Although research works have been conducted to determine the functions of imDCs in AR, the role of IFNB1 and KIR2DS3 in imDCs was not known in AR (Tables 7, 8).


TABLE 7. GO analysis of DE mRNA in imDCs.
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TABLE 8. GO analysis of DE mRNA in mDCs.
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The imDCs migrate to the lymphoid organs that will be matured in the future. They present captured Ag to the naïve T cells (Banchereau and Steinman, 1998). Hence, the imDCs and mDCs had different functions in the presented Ag. In our study, we focused on the immature and mature stages of DCs. In the mDC’ mRNA analysis, 168 mRNAs were identified. Among these DE genes, HLA-B, HLA-DQB1, HLA-DQB2, PTAFR, and F11R were the most significantly upregulated genes in mDCs. HLA-B is the major histocompatibility complex (class I) antigens that present the processed antigens. HLA-DQB1 is the major histocompatibility complex (class II) antigens that have been identified as useful biomarkers of candidacy for effective allergy immunotherapy in patients with AR (Yanming et al., 2019). This result indicates that these cytokines affect the antigen-presenting process in the mDCs. We can determine from the KEGG analysis that there are 12 signaling pathways related to DE mRNAs. The cell adhesion molecules were the useful pathways that contribute to the antigen-presenting function in mDCs (Figures 4E,F), which is consistent with a previous study (Roche and Furuta, 2015). Although many genes have been identified to play an important role in mDCs, but the mechanisms by which HLA-DQB2, PTAFR, and F11R affect mDC in AR are unknown (Tables 9, 10).


TABLE 9. lncRNAs in imDCs with the largest fold change.
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TABLE 10. The characteristics of lncRNAs with the largest fold change in mDCs.
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Long non-coding RNA is an important component in the mRNA expression profiles (Kopp and Mendell, 2018). Several studies have shown that the differentiation of DCs is closely related to lncRNAs (Pin et al., 2014; Majid et al., 2020). It is confirmed from our studies that lncRNA may play a key role in the development of DC. Our data showed that 172 lncRNAs of imDCs and 104 lncRNAs of mDCs were significantly expressed in patients with AR as compared to that in NP by at least twofold changes. This result helps in studying the AR-related global transcriptome.

Long non-coding RNAs do not have a protein coding function, but they can be used as a new modulator, such as cis- or trans-gene regulating expression, demethylation-promoting effect, and mRNA-processing control were the major mechanisms (Sone et al., 2007; Wahlestedt, 2013; Qiao et al., 2016). To analyze the functions of lncRNAs, mRNA–lncRNA was used to create a co-expression profile to predict the potential functions of the DE lncRNAs of patients with AR. We found that the DE lncRNAs were all included in the results of mRNA–lncRNA chip results.

We used RT-qPCR to validate the mRNA–lncRNA chip results with only one randomly selected transcript, and found that the RT-qPCR results are consistent with the chip results in better understanding the role of lncRNA in the pathogenesis of DC-mediated AR.

In summary, our study proved that several mRNAs and lncRNAs of DC affect a certain process of AR pathogenesis by regulating the target genes. This result points out the direction for future studies on determining and explaining the functions and mechanisms of AR-related mRNA and lncRNA, and provides new therapeutic targets for patients with AR.
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Circular RNAs (circRNAs), a recently discovered non-coding RNA, have a number of functions including the regulation of miRNA expression. They have been detected in a number of malignancies including prostate cancer (PCa). The differential expression pattern of circRNAs associated with PCa and androgen receptor (AR) status was investigated in this study. circRNA profiling was performed using a high throughout microarray assay on a panel of prostate cell lines, which consisted of normal, benign, and malignant cells (n = 9). circRNAs were more commonly significantly up-regulated (p < 0.05) than downregulated in malignant cell lines (n = 3,409) vs. benign cell lines (n = 2,949). In a grouped analysis based on AR status, there were 2,127 down-regulated circRNAs in androgen independent cell lines compared to 2,236 in androgen dependent cell lines, thus identifying a potential circRNA signature reflective of androgen dependency. Through a bioinformatics approach, the parental genes associated with the top 10 differentially expressed circRNAs were identified such as hsa_circ_0064644, whose predicted parental gene target is RBMS3, and hsa_circ_0060539, whose predicted gene target is SDC4. Furthermore, we identified three circRNAs associated with the parental gene Caprin1 (hsa_circ_0021652, hsa_circ_0000288, and hsa_circ_0021647). Other studies have shown the importance of Caprin1 in PCa cell survival and drug resistance. Given the modified circRNA expression signatures identified here, these hypothesis generating results suggest that circRNAs may serve as potential putative diagnostic and predictive markers in PCa. However, further validation studies are required to assess the true potential of these markers in the clinical setting.
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INTRODUCTION

Non-coding RNAs (ncRNAs), which include microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) (Shih et al., 2015; Lin et al., 2017; Misawa et al., 2017), play an important role in gene regulation (Warner, 1999; Esteller, 2011; Jeck et al., 2013). circular RNAs (circRNAs), a recently discovered type of ncRNA, are generated from the backsplicing of exons, introns, or both to form exonic or intronic circRNAs (Jeck et al., 2013). circRNAs are covalently joined by their 3′- and 5′- ends, which are formed by back-splice events, thus presenting as closed continuous structures, making them highly stable and resistant to degradation (Salzman et al., 2012; Barrett et al., 2015). circRNAs have many postulated functions such as the regulation of miRNA function by controlling the expression of miRNAs through a “sponging effect,” however this appears to apply to only a small number of circRNAs, such as ciRS-7 acting as a miR-7 sponge (Bahn et al., 2015). It has also been proposed that circRNAs may have a role in protein synthesis, with a number of circRNAs implicated in the translation of peptides, such as ZNF609 (Legnini et al., 2017). As research in this space increases, it is now clear that the circRNA-miRNA-mRNA network, plays an important role in both gene regulation and carcinogenesis (Su et al., 2019). circRNAs have also been detected in prostate cancer, which make them an attractive research target (Greene et al., 2019). PCa growth and development is primarily dependent on the androgen receptor (AR), which is the target of therapeutic agents such as enzalutamide and abiraterone (Antonarakis et al., 2014). AR copy number gain and generation of variants such as AR-V7 are associated with the development of castration-resistant disease and drug resistance, however, despite significant advances; no suitable assay has become routinely available in the clinic to identify resistance mediators of AR targeting therapeutics (Antonarakis et al., 2014; Romanel et al., 2015). Currently, PSA is used to screen men for PCa, yet when used in isolation, it is sub-optimal given issues with specificity and sensitivity (O’Sullivan, 2017). Similarly, PSA cannot reliably detect early relapse or resistance to drug treatments, nonetheless earlier detection of castration-resistant disease would allow for more appropriate management of these patients and therefore significantly improve outcomes (Di Nunno et al., 2018). Thus, there is a need to identify new diagnostic and predictive biomarkers, as well as new therapeutic agents for use in the clinical setting. circRNAs may fulfill these roles, given their expression in PCa, in addition to studies showing circRNA such as circFOXO3 (hsa_circ_0006404) acting as an miRNA sponge in this disease (Kong et al., 2020).

The aim of this study was to profile circRNAs in a panel of prostate cell lines and identify potential signatures associated with malignancy and androgen dependency. We propose that circRNAs have the potential to serve as useful biomarkers to improve diagnostic screening for PCa and/or identify men who are at risk of developing castration-resistant disease.



MATERIALS AND METHODS


Cell Lines

A panel of malignant and benign prostate cell lines were used in this project, all of which were purchased from the ATCC (LGC standards, Middlesex, United Kingdom). The benign prostate cell lines (PWR-1E, RWPE-1) were cultured in Keratinocyte Serum Free Media (Thermo Fisher Scientific, CA, US), containing 0.05 mg/mL bovine pituitary extract (BPE) and 5 ng/mL Epidermal growth factor (EGF) (Thermo Fisher Scientific) and 1% Penicillin Streptomycin (P/S) (Merck KGaA, Darmstadt, Germany). The benign prostatic hyperplasia (BPH-1) and PCa cell lines (22Rv1, VCaP, LNCaP, DU145) were cultured in RPMI-1640 (Merck KGaA) supplemented with 10% Fetal Bovine Serum (FBS) (Merck KGaA) and 1% P/S. PC-3 was cultured in ATCC-formulated F-12K Medium (Thermo Fisher Scientific) supplemented with 10% FBS and 1% P/S.



RNA Preparation

Total RNA was prepared from cell lines (biological triplicates) according to manufacturer’s instructions. Briefly, cells were lysed directly with 2 mL TRIzol® Reagent (Thermo Fisher Scientific). For phase separation, 200 μL chloroform (Merck KGaA) was added to the cell lysate. The sample were vortexed vigorously for 15 s, incubated at RT for 5 min and centrifuged at 12,000 × g for 15 min at 4°C. The upper aqueous phase was transferred into a fresh tube and the RNA precipitated from the aqueous phase, by the addition of 400 μL isopropyl alcohol (Merck KGaA). The sample was mixed, incubated for 5 min at RT and centrifuged at 12,000 × g for 15 min at 4°C. One milliliter 75% EtOH (Merck KGaA) was added to pellet, and centrifuged at 12,000 × g for 10 min at 4°C. The EtOH was removed and a repeat pulse centrifuge was performed. Surplus EtOH was removed and the pellet air-dried. The sample was re-suspended in 30 μL molecular grade H2O before DNase treatment with Ambion® TURBOTM DNase (Thermo Fisher Scientific), and an additional RNA clean-up using standard EtOH precipitation.



CircRNA Microarray

The panel of cell lines (three biological replicates for each) were profiled using the Arraystar Human circRNA Array version 2.0 (Arraystar, MD, United States). The sample preparation and microarray hybridization were performed according to manufacturer’s instructions. Briefly, total RNA was digested with RNAse R (Epicenter, Illumina, CA, United States) to remove linear RNAs and enrich for circRNAs. The enriched circRNAs were amplified and transcribed into fluorescent cRNA using a random priming method with Arraystar Super RNA Labeling Kit (Arraystar). The labeled cRNAs were hybridized onto the Arraystar Human circRNA Array V2 (8 × 15 K). The array slides were washed and scanned on the Agilent Scanner G2505C. Agilent Feature Extraction software (version 11.0.1.1) was used to analyze acquired array images.



Microarray Data Analysis

Quantile normalization and subsequent data processing were executed using the R software package (R Core Team, 2020). circRNAs with at least 4 out of 8 samples that were flagged as present or marginal (an attribute that denotes the quality of the entities) were considered as target circRNAs according to GeneSpring software’s definitions and instructions. circRNA and miRNA interactions were predicted with the Arraystar’s miRNA target prediction software based on TargetScan (Agarwal et al., 2015) and miRanda (John et al., 2004). These target circRNAs were used for further differential analysis. A student’s paired t-test was used to identify significantly altered circRNAs. The false discovery rate (FDR) was applied to determine the threshold of p-value. An FDR of < 0.05 was used. Changes in expression were identified using unsupervised clustering analysis (euclidean distance measure and the “average” agglomeration method) and associated heat-maps generated.



RESULTS


CircRNAs Are Differentially Expressed in Malignancy

The human circular RNA microarray (Arraystar) version 2.0 covers 13,617 previously discovered human circRNAs. Our cell line panel consisted of malignant (22Rv1, LNCaP, VCAP, DU145, and PC-3), benign (BPH-1), and normal (PWR1, RWPE-1) cell lines. AR expression in 22Rv1, LNCaP, and VCaP was confirmed using qPCR (Supplementary Methods and Supplementary Figure S1). In total 9,805 circRNAs were classified as present across the complete panel of cell lines. Initially, circRNA expression levels between cell lines based on malignancy was investigated. Differentially expressed circRNAs were examined by computing the fold change (FC) (i.e., the ratio of the group averages) for each circRNA between malignant, normal and benign cell lines. Associated parental genes for the top 10 altered circRNAs were predicted from circBase, which uses the co-ordinates from each detected circRNA to identify the associated gene from the UCSC genome database (Glazar et al., 2014).

CircRNAs were significantly differentially expressed between these groups (BPH vs. normal; malignant vs. BPH/normal) according to FC and p-value (Figure 1). We first examined the difference in expression of circRNAs between normal cell lines (PWR1, RWPE-1) and the benign cell line, BPH-1. CircRNAs were more often down-regulated in normal cell lines compared to the benign cell line (5,429 vs. 4,344). Next, we examined the expression of circRNAs between the normal/benign cells compared to malignant cells. In total, a higher number of circRNAs were down-regulated in normal/benign cells compared to malignant cells (5,300 vs. 4,457). The top 10 down and up-regulated circRNAs according to FC, along with their associated parental gene, are given in Tables 1, 2, respectively.
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FIGURE 1. Clustering heatmap of microarray data showing differential expression of circRNAs between malignant, benign and normal cell lines. Unsupervised clustering (euclidean distance measure and the “average” agglomeration method) was used for analysis (n = 3). circRNAs were more likely to be down-regulated in normal and benign cell lines compared to malignant cells.



TABLE 1. Top 10 down-regulated circRNAs in PCa (malignant vs. normal/benign cell lines)*.
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TABLE 2. Top 10 up-regulated circRNA in malignant vs. benign/normal cell lines*.

[image: Table 2]
A number of circRNAs, that could play a role in PCa, were identified through their interaction with their associated parental genes. hsa_circ_0064644 was the highest down-regulated circRNA (FC 5, p = 0.001), located on chromosome 3 (Table 1). Its’ predicted parental gene target using circBase is RBMS3, which has previously been identified to suppress cell proliferation, migration, invasion, and angiogenesis in a number of different cancers (Zhu et al., 2019). RBMS3 has also been shown to act as a miRNA sponge in PCa via lncRNAs. Other genes of interest include HIPK2 (hsa_circ_0082672) and NFIX (hsa_circ_0049657), both known to be involved in the regulation of the AR (Imberg-Kazdan et al., 2013). hsa_circ_0005402, is linked to ANXA2, which has been suggested to play a role in epithelial-mesenchymal transition (EMT) in PCa (Yang et al., 2018) via transcriptional repression by ERG (Griner et al., 2015). hsa_circ_0060539, located on chromosome 20, was the highest up-regulated circRNA. The predicted gene target for this circRNA is SDC4, a known active gene in PCa (Griner et al., 2015). Similarly, KRT5 (hsa_circ_0026457) has been shown to be involved in the inhibition of PCa stem cell invasion, migration and proliferation, as has KRT7 (hsa_circ_0026358), which has been identified along with FAM129A, MME and SOD2 as part of a four-gene androgen regulated panel (Thomas et al., 2016).



CircRNAs Are Differentially Expressed According to Androgen Dependence

Lastly, the differing expression of circRNAs in relation to androgen sensitivity was examined, which we hypothesized would reflect the development of castration resistant PCa. Cell lines were stratified into two groups based on AR status: androgen dependent/castration-sensitive (22Rv1, LNCaP, VCaP) and androgen independent/castration resistant) cell lines (DU145, PC-3). Response to androgen ablation was demonstrated by confirming the presence or absence of AR-FL across cell lines (see Supplementary Figure S1). CircRNAs were more often down-regulated in cell lines that were androgen independent compared to androgen-dependent cell lines (5,067 down-regulated vs. 4,693 up-regulated, respectively) (Figure 2). The top 10 down and up-regulated circRNAs and their associated parental genes are given in Tables 3, 4, respectively. The up-regulated hsa_circ_0000361 (FC 19.2, p < 0.001) is an exonic circRNA located on chromosome 11 and is associated with the gene SIAE (Table 3). mRNA expression of SIAE has previously been shown to be reduced in patients with cancer (Oh et al., 2020). We identified three circRNAs associated with the parental gene Caprin1 (hsa_circ_0021652, hsa_circ_0000288, and hsa_circ_0021647). Caprin1 plays an important role in PCa cell survival and its upregulation has been shown to be associated with drug resistance, and is increased in SPOP mutated cell lines (Shi et al., 2019).
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FIGURE 2. Clustering heatmap showing differential expression of circRNAs between AR dependent cells LNCaP, 22Rv1 and VCaP (hormone sensitive) and AR independent cells DU145 and PC-3 (castration resistant). Unsupervised clustering (euclidean distance measure and the “average” agglomeration method) was used for analysis (n = 3).



TABLE 3. Top 10 up-regulated circRNAs in androgen dependent vs. independent cell lines*.

[image: Table 3]

TABLE 4. Top 10 down-regulated circRNAs in androgen dependent vs. independent cell lines*.
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The highest down-regulated circRNA by FC was hsa_circ_0000825 (FC 40, p < 0.0001) located on chromosome 18 and is associated with the gene MTCL1 (Table 4). This gene has previously been identified to play a role in the development of castration-resistant PCa (Zhang et al., 2018). Other parental genes of interest include FLNA (hsa_circ_0091934 and hsa_circ_0091894) located on the X chromosome, which plays a significant role in PCa development and progression, and has been highlighted as a possible biomarker for disease screening and detection (Ravipaty et al., 2017).



DISCUSSION

CircRNAs are a novel type of ncRNA which have been identified across a range of cancers including PCa (Lim et al., 2018; Greene et al., 2019). The most abundant class of ncRNA are lncRNAs which have been extensively investigated in PCa (Ramnarine et al., 2019). A number of lncRNAs have been identified as potential predictive and prognostic biomarkers including SChLAP1, UCA1 and PCAT14 (Mehra et al., 2016; Fotouhi Ghiam et al., 2017; White et al., 2017). Further work is exploring lncRNAs as therapeutic targets in PCa using small interfering RNAs (siRNAs), antisense oligonucleotides (ASOs) and small molecule inhibitors (Fu et al., 2020). Therefore, there is significant interest in the role ncRNAs may play in the future management of PCa. The exact role of circRNAs in cancer has yet to be fully elucidated, however initial studies suggest circRNAs may play a role in cancer development, progression and the development of resistance to therapeutic agents (Greene et al., 2017). CircRNAs have been identified as potential biomarkers in cancer due to their abundance, stability and disease specific activity (Dong et al., 2017). The identification of circRNAs has been complicated by bioinformatics challenges, however the development of improved detection methodologies and statistical methods has aided circRNA research, particularly with improvements in reducing false-positive detection rates (Szabo and Salzman, 2016). In PCa, a number of circRNAs have been identified which have been identified as potential biomarkers (Tucker et al., 2020). Our laboratory previously identified the circRNA, hsa_circ_0004870, to be associated with resistance to the androgen receptor inhibitor enzalutamide (Greene et al., 2019). Other circRNAs of note that have been identified in PCa include circAMACR, circAURKA and circAR3 which is encoded by the AR gene (Chen et al., 2019).

We identified a number of circRNAs that could represent a unique gene signature of aggressive PCa. Initial bioinformatics analysis identified a significant number of differentially expressed circRNAs between malignant vs. benign/normal cell lines. There was a trend for circRNAs to be down-regulated in normal compared to benign cells. This trend continued when we compared normal/benign cells to malignant cells. When we examined circRNA expression in cell lines according to androgen dependency, we found circRNAs again to be more often down-regulated in androgen independent cell lines, reflective of aggressive PCa.

Parental genes of interest were RBMS3 (hsa_circ_0064644) and SDC4 (hsa_circ_0060539). Interestingly, we identified three circRNAs associated with the parental gene Caprin1 (hsa_circ_0021652, hsa_circ_0000288, and hsa_circ_0021647) and two circRNAs associated with FLNA (hsa_circ_0091934 and hsa_circ_0091894). Many of these genes are currently under active investigation as biomarkers in PCa, and identifying their associated circRNAs may contribute to ongoing research in this field (Ravipaty et al., 2017; Shi et al., 2019; Zhu et al., 2019; Jiang et al., 2020).

There is evidence to suggest that circRNAs regulate miRNA function by competing for the pool of miRNA binding sites to influence the activities of miRNAs in regulating gene expression (Hansen et al., 2013). Interestingly, a number of miRNAs that have been detected in PCa are linked to the AR pathway (Budd et al., 2015; Fabris et al., 2016). miRNA binding sites can be predicted using a bioinformatics pipeline for each detected circRNA that identified an associated gene. For instance, for hsa_circ_0064644, the predicted miRNA is miR-15a, which has been show to play a role in PCa progression and metastases (Jin et al., 2018). Therefore, predicted miRNAs could be used to identify circRNAs that play a role in gene regulation in PCa, and further our understanding of the importance of the circRNA-miRNA-mRNA network in this disease.

This study had several limitations. Firstly, we used a circRNA microarray platform to detect circRNAs compared to RNA-seq methods which may have higher sensitivity and accuracy to detect circRNAs. Secondly, this was a preliminary in vitro study which identified multiple potential genes and ongoing validation is required in cell lines and in vivo to confirm our findings here.



CONCLUSION

In conclusion, circRNAs were modified between benign and malignant cell lines, as well as androgen dependent and independent cell lines, which suggests a role for circRNAs in PCa initiation and progression. This study highlights the importance of circRNAs in PCa and their potential role in identifying the disease and monitoring response to treatment. The dysregulated signature identified here may prove useful for the development of a blood-based assay with both diagnostic and predictive value in this disease. However, this would require validation in larger patient cohorts.
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Lubrication disorder is a common health issue that manifests as insufficient sexual arousal at the beginning of sex. It often causes physical and psychological distress. However, there are few studies on lubrication disorder, and the complexity of circular RNA (circRNA) and the related competing endogenous RNA (ceRNA) network in lubrication disorder is still poorly known. Therefore, this study aims to build a regulatory circRNA-micro (mi)RNA-mRNA network and explore potential molecular markers of lubrication disorder. In the study, 12 subjects were recruited, including 6 in the lubrication disorder group and 6 in the normal control group. RNA sequencing was exploited to identify the expression profiles of circRNA, miRNA and mRNA between two groups, and then to construct the circRNA-miRNA-mRNA networks. The enrichment analyses of the differentially expressed (DE)-mRNAs were examined via Gene Set Enrichment Analysis (GSEA). Furthermore, the expression level and interactions among circRNA, miRNA, and mRNA were validated using real-time quantitative polymerase chain reaction (RT-qPCR) and dual-luciferase reporter assays. In the results, 73 circRNAs, 287 miRNAs, and 354 target mRNAs were differentially expressed between two groups when taking | Log2 (fold change)| > 1 and P-value < 0.05 as criteria, and then the results of GSEA revealed that DE-mRNAs were linked with “vascular smooth muscle contraction,” “aldosterone regulated sodium reabsorption,” “calcium signaling pathway,” etc. 19 target relationships among 5 circRNAs, 4 miRNAs, and 7 mRNAs were found and constructed the ceRNA network. Among them, hsa-miR-212-5p and hsa-miR-874-3p were demonstrated to be related to the occurrence of lubrication disorder. Eventually, consistent with sequencing, RT-qPCR showed that hsa_circ_0026782 and ASB2 were upregulated while hsa-miR-874-3p was downregulated, and dual-luciferase reporter assays confirmed the interactions among them. In summary, the findings indicate that the circRNA-miRNA-mRNA regulatory network is presented in lubrication disorder, and ulteriorly provide a deeper understanding of the specific regulatory mechanism of lubrication disorder from the perspective of the circRNA-miRNA-mRNA network.

Keywords: lubrication disorder, non-coding RNA, circular RNA, microRNA, competing endogenous RNA


INTRODUCTION

Female sexual dysfunction (FSD) is regarded as a common health problem, which results from the interplay of multiple factors, such as age, race, menstrual status, relationships, mental health, etc. (Ma et al., 2015, 2014). It affects conjugal sexual relationships, which leads to interpersonal difficulties and causes obvious pain to patients (Miller et al., 2018; Clayton and Valladares Juarez, 2019). In the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5), FSD was classified as three aspects: Female Sexual Interest-Arousal Disorder, Female Orgasmic Disorder and Genito-Pelvic Pain-Penetration Disorder (McCabe et al., 2016). At present, the incidence of FSD is temporarily uncertain, and the reports of it vary widely, with estimates ranging from 25.8% to 91.0% (Clayton and Valladares Juarez, 2019). However, FSD is not taken seriously in China. Under the influence of traditional Chinese culture, women are ashamed to express their troubles and appeals, which makes it difficult to diagnose and treat diseases, and makes women with sexual dysfunction not get the proper help and solutions in sexual problems (Zhang J. et al., 2019). In a previous cross-sectional study of the Chinese population, boundary value scores for the Chinese Version of the FSFI (CVFSFI) were established. Based on this standard, the prevalence of lubrication disorder, orgasmic disorder, arousal disorder, low interest and sexual pain among urban Chinese women were 36.8, 30.6, 25.4, 23.6, and 21.8%, respectively (Ma et al., 2014). Lubrication disorder (LD), which is mainly manifested as the failure to obtain or maintain vaginal wetness in sexual activity (Graham, 2010), has the highest prevalence, so it should be paid more attention to. However, the specific pathogenesis needs to be further elucidated to understand the occurrence of LD.

In the last few years, with the emergence of advanced gene analysis techniques, non-coding RNA has been found to play an essential role in human diseases as a gene regulator (Mattick and Makunin, 2006; Bartoszewski and Sikorski, 2018), especially circular RNA (circRNA) and microRNA (miRNA) have attracted great attention (Bernardo et al., 2015; Beermann et al., 2016; Mishra et al., 2016; Cao and Zhen, 2018; Chen and Huang, 2018). CircRNA is a circular non-coding RNA, and it is highly abundant and stable in organisms by reason of its covalently closed-loop structure (Meng et al., 2017; Kristensen et al., 2019; Zhang J. et al., 2019). Recently, circRNA has been the research hotspot, and our previous study has also demonstrated the existence of differentially expressed circRNAs in the vaginal epithelium of women with LD, but only verified their expression level (Zhang J. et al., 2019). MiRNA, a small non-coding RNA, is composed mainly of 19-25 nucleotides and plays an important role in cell proliferation, differentiation, apoptosis, and maintenance of immune homeostasis (Chen et al., 2016). Unfortunately, no one has yet explored the function of miRNAs in the field of LD, except for one of our previous works. In our previous research, we have validated that the overexpression of miR-137 could reduce cell permeability, and Aquaporin-2 (AQP2) was considered to be a target of miR-137 (Zhang H. et al., 2018), which suggested that miRNA may be involved in the occurrence and development of LD by down-regulating protein levels. All of the above results indicate that circRNAs and miRNAs may be related to the pathogenesis of LD, and simultaneously provide an idea for us to prove the interactions between them.

Currently, the competing endogenous RNA (ceRNA) hypothesis has revealed a new mechanism for RNA interactions in many diseases (Tay et al., 2014; Jiang and Yuan, 2019). CeRNA is not specifically RNA (Tay et al., 2014; An et al., 2017). It can competitively combine with miRNAs through microRNA response elements (MREs), thereby inhibiting gene silencing by isolating miRNAs from messenger RNAs (mRNAs)(Karreth and Pandolfi, 2013; Tay et al., 2014; An et al., 2017). Likewise, multiple studies have also confirmed that circRNA can function as ceRNA in many diseases because it can regulate the expressions of mRNAs by acting as sponges for miRNAs (Hansen et al., 2013; Han et al., 2018; Panda, 2018; Zhong et al., 2018). For example, Zhang M. et al. (2018) revealed that circRNA_103237 can inhibit cell proliferation, migration and cell cycle maintenance in early secretory endometrium of women with endometriosis through absorbing miR-34 (Burney et al., 2009). The evidence suggests that such a circRNA-miRNA-mRNA competing system plays an important role in disease (Hu et al., 2018; Zhang Y. et al., 2019). However, the complexity of circRNA and the related ceRNA network in lubrication disorder is still poorly known.

Therefore, in order to explore the ceRNA network in LD and further understand the potential mechanism of LD development, we identified differentially expressed miRNAs, circRNAs and mRNAs in the vaginal epithelium of women between the LD group and normal control group. Thereafter, we conducted Gene Set Enrichment Analysis (GSEA) on differentially expressed mRNAs to describe their biological functions. According to the ceRNA hypothesis, the circRNA-miRNA-mRNA network was established. Finally, real-time quantitative polymerase chain reaction (qRT-PCR) and dual-luciferase reporter assays were implemented to verify the accuracy of the network (Figure 1).
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FIGURE 1. Flow chart of this study. LD, lubrication disorder; NGS, next-generation sequencing; circRNA, circular RNA; miRNA, microRNA; mRNA, messenger RNA; DE, differentially expressed; GSEA, Gene Set Enrichment Analysis; PCC, Pearson correlation coefficient; CC, correlation coefficient; RT-qPCR, real-time quantitative polymerase chain reaction.




MATERIALS AND METHODS


Sample Source

Vaginal epithelial tissue from 12 female volunteers was collected at Nanjing Maternity and Child Health Care Hospital (AKA: Women’s Hospital of Nanjing Medical University). The inclusion criteria for women are as follows: (1) Adult Chinese women from Han nationality with secondary education or above; (2) without any other gynecological diseases; (3) planned to undergo vaginal tightening surgery. Women included in the study should be evaluated using the Chinese version of the Female Sexual Function Index scale (CVFSFI). Then in line with the cutoff point of 4.05 reported by Ma et al. (2014), the subjects with scale scores lower than 4.05 were assigned to the LD group, while the opposites were divided into the normal control group. Finally, each group had 6 participants and their basic characteristics were presented in Table 1. Vaginal epithelial tissue from two groups was collected by a professional surgeon and then kept in liquid nitrogen immediately during the operation. Once the operation is over, the tissue was stored at −80°C. The experiment was licensed by the Ethics Review Committee of Nanjing Maternity and Child Health Care Hospital.


TABLE 1. Basic characteristics and FSFI scale scores of subjects in lubrication disorder and normal control group.
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RNA Extraction and Next-Generation Sequencing (NGS)

Total sample RNAs were obtained using QIAzol Lysis Reagent (Qiagen, Germantown, MD, United States) as instructed by the manufacturer. The quality and quantity of total RNAs were detected through a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Carlsbad, CA, United States), whereas the integrity of RNAs was verified with standard denaturing 1% agarose gel electrophoresis, Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, United States) and Qubit Fluorometer (Invitrogen). Only when the total RNA samples meet the requirements of RNA integrity number (RIN) > 7.0 and a 28S:18S ratio > 1.8, they would be applied to the subsequent experiments.

After RNA extraction, constructions of cDNA libraries and next-generation sequencing were all performed by CapitalBio Technology (Beijing, China). Briefly, for circRNA and mRNA, ribosomal RNAs in total RNAs were removed by Ribo-ZeroTM Magnetic Kit (Epicenter), and then the remaining RNA was cut randomly into short fragments. M-MuLV Reverse Transcriptase (RNaseH-) and random hexamer primer were exploited to synthesize the first-strand cDNA. Subsequently, DNA Polymerase I and RNase H were used for performing the second-strand cDNA synthesis. dNTPs with dTTP were replaced by dUTP in the reaction buffer. Then, via exonuclease/polymerase activities, the remaining overhangs were converted into blunt ends. NEBNext Adaptor with hairpin loop structure was ligated to prepare for hybridization after adenylation of 3′ ends of DNA fragments. In order to screen cDNA fragments of 150–200 bp in length, the library fragments were purified using the AMPure XP system (Beckman Coulter, Beverly, United States). Whereafter, 3 μl USER Enzyme (NEB, United States) was used with size-selected, adaptor-ligated cDNA at 37°C for 15 min followed by 5 min at 95°C before PCR. Phusion High-Fidelity DNA polymerase, Index (X) Primer, and Universal PCR primers were utilized to perform PCR. Finally, we purified the products (AMPure XP system) and assessed the library quality on the Agilent Bioanalyzer 2100 system.

For miRNA, NEB 3′ SR Adaptor was directly and specifically ligated to 3′ end of miRNA, siRNA and piRNA. Following the 3′ ligation reaction, the excess of 3′ SR Adaptor (that remained free after the 3′ ligation reaction) was explored to hybridize the SR RT Primer, and then the single-stranded DNA adaptor was transformed into a double-stranded DNA molecule. 5′ends adapter was ligated to 5′ends of miRNAs, siRNA, and piRNA. Afterward, using M-MuLV Reverse Transcriptase (RNase H−), the first-strand cDNA was synthesized. Long Amp Taq 2X Master Mix, SR Primer for illumina, and index (X) primer were used for performing PCR amplification. And the products were purified through an 8% polyacrylamide gel (100V, 80 min). 140∼160 bp (the length of small non-coding RNA plus the 3′ and 5′ adaptors) DNA fragments were obtained and dissolved in 8 μL elution buffer. Ultimately, the Agilent Bioanalyzer 2100 system was used to assess the library quality using DNA High Sensitivity Chips.



Differentially Expression Analysis

The expressions of miRNAs, circRNAs and mRNAs in the LD group was compared with that in the normal control group. R software with edgeR/limma packages was utilized to perform differential expression analysis, and the criteria of | Log2 (fold change)| > 1 and P-value < 0.05 were adopted to measure significantly differentially expressed (DE)-circRNAs, DE-miRNAs and DE-mRNAs between two groups. At the same time, target DE-mRNAs were also screened by correlation analysis between circRNA and mRNA with the criteria of | PCC| > 0.95 and P < 0.05. Finally, circos plot which presented the differential expression and distribution of circRNAs and target mRNAs was rendered by Circos software.



Gene Set Enrichment Analysis of DE-mRNA

Gene Set Enrichment Analysis1 was utilized to analyze the potential pathways of DE-mRNAs in LD. The data was normalized 1000 times to get the normalized enrichment score (NES) according to the default weighted enrichment statistical method. When | NES| >1, the pathway were statistically significant and the gene sets would be selected.



Co-expression Analysis of DE-circRNAs and DE-mRNAs

Co-expression analysis was implemented by calculating the Pearson correlation coefficient (PCC) based on the expression levels of DE-circRNAs and target DE-mRNAs. The t.test function in the R data analysis tool was used to evaluate. Subsequently, with the standard of PCC > 0.95 and P < 0.05, we would retain the positively related DE-circRNAs and DE-mRNAs for further study.



Construction of circRNA-miRNA Pairs

We constructed pairs by selecting circRNAs that were differentially expressed and positively correlated with mRNAs. To discover such circRNA-miRNA interactions, we applied both Pearson and Spearman, simultaneously. By using the function t.test in the R data analysis tool, we computed the correlation coefficient between DE-circRNAs and DE-miRNAs according to their sequencing results and screened out negatively correlated pairs with both defaults filtering criteria of correlation coefficient (CC) < −0.80 and P < 0.05. MiRanda software was used to predict the target miRNAs of circRNAs (Li X. N. et al., 2018; Xiu et al., 2019). Finally, by taking the intersection with the results of the previous steps, highly correlated circRNA-miRNA pairs were built.



Construction of miRNA-mRNA Pairs

Similarly, by joint differentially expressed mRNAs data and co-expression mRNAs data, mRNAs were chosen and both Pearson and Spearman correlation analyses were used to determine the relationships between DE-miRNAs and the selected mRNAs. The function t.test in the R data analysis tool was exploited to calculate CC, and pairs with significant negative correlation were filtered according to CC < −0.80 and P < 0.05. Meanwhile, the target mRNAs of miRNAs were predicted by MiRanda software. Eventually, by merging the above two results, miRNA-mRNA pairs were established.



Construction of the ceRNA Network

The ceRNA regulatory network was built by merging the pairs of miRNA-circRNA and miRNA-mRNA. The nodes that didn’t overlap would be removed. Cytoscape software was used to visualize the network.



Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

A total of 32 samples are used for verification using RT-qPCR. Total RNAs from vaginal epithelial tissue were extracted using RNA-easyTM isolation reagent R701 (Vazyme Biotech, Nanjing, China) in line with the manufacturer’s protocol. Then they were applied to synthesize the cDNA with RT-PCR Kit (Vazyme Biotech, Nanjing, China). For miRNA analysis, reverse transcription steps of cDNA were performed according to the manufacturer’s instructions (Vazyme Biotech, Nanjing, China). And HiScript® III RT SuperMix for qPCR (+ gDNA wiper) (Vazyme Biotech, Nanjing, China) were used for circRNA and mRNA analysis. The divergent primers were design and synthesis by Realgene (Nanjing, China), and the sequences of the primers are shown in Table 2. qPCR was conducted on Applied Biosystems ViiA system (Applied Biosystems) with the SYBR green method (Applied Biosystems, Foster City, CA, United States). GAPDH, β-actin and U6 were used as internal reference genes, and 2−ΔΔCt method was utilized to analyze the results.


TABLE 2. Sequences of the primers used for qRT-PCR analysis.
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Dual-Luciferase Reporter Assays

24 h before transfection, 293T cells were seeded in 48-well culture plates. The cell with 70–80% cell density was used to be transfected, and DMEM + 10% FBS was the medium. Subsequently, we diluted 1 μL of transfection reagents and plasmids (total plasmid 0.2 μg) into 25 μL of the medium, mix and incubate at room temperature for 20 min. The culture medium was transferred into the dish, and 50 μL of the transfected compound was seeded into the 48-well culture plates, followed by incubation at 37°C for 5 h. After the liquid was removed, 0.2 mL of culture medium was added and incubated at 37°C for 48 h. Then, we added 200 μl of cell lysate to each well, incubate them for 10 minutes at room temperature, and collect by centrifugation (10000 × g, 5 min). 20 μL of supernatant was taken and added to a 96-well luminescent plate, and then 100 μL of firefly luciferase detection solution were added. The luminescence value of the luciferase was mearsured after mixing, and 100 μL of sea kidney luciferase detection solution was added. Similarly, we redetected luminescence after mixing.



RESULTS


Identification of Differentially Expressed miRNAs, circRNAs and mRNAs

Next-generation sequencing technology was implemented to detect the expressions of miRNAs, circRNAs and mRNAs in vaginal epithelial tissues of 12 women. Then, we utilized R software with edgeR/limma packages to investigate their expression differences between the LD group and the normal control group. Simultaneously, target mRNAs were also screened by correlation analysis between circRNA and mRNA with the criteria of | PCC| > 0.95 and P < 0.05. With the criteria of | Log2 (fold change)| > 1 and P-value < 0.05, we confirmed that the expressions of 287 miRNAs, with 114 up-regulated and 173 down-regulated miRNAs, were significantly different between the normal control group and LD group. Furthermore, 73 DE-circRNAs and 354 target DE-mRNAs were identified. Compared with the normal control group, 20 circRNAs and 258 target mRNAs were up-regulated, whereas 53 circRNAs and 96 target mRNAs were down-regulated in the LD group (Figure 2A). Circos figure was drawn to demonstrate the distribution of DE-circRNAs and target DE-mRNAs at the genomic level (Figure 2B).
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FIGURE 2. Differentially expressed circRNAs, miRNAs and target mRNAs between LD group and normal control group. Part (A) shows the number of DE-circRNAs, DE-miRNAs and target DE-mRNAs. Part (B) demonstrates the distribution of DE-circRNAs and target DE-mRNAs in the genomic level, and the up-regulated expression is shown in red, the down-regulated expression is shown in green. The height represents the degree of differential expression. DE, differentially expressed; circRNA, circular RNA; miRNA, microRNA.




Gene Set Enrichment Analysis of DE-mRNA

To explore the biological function of DE-mRNAs, Gene Set Enrichment Analysis was implemented, and part of the pathway results of DE-mRNAs can be seen in Figure 3. We found that DE-mRNAs were enriched in a total of 82 pathways, such as “Vascular smooth muscle contraction” (Figure 3A), “Aldosterone regulated sodium reabsorption” (Figure 3B), “Calcium signaling pathway” (Figure 3C) and “TGF-β signaling pathway” (Figure 3D), respectively. Some other pathways, like “Hypertrophic cardiomyopathy (HCM)” and “Dilated cardiomyopathy”, which are deemed to be similar to FSD in pathophysiology. Collectively, these pathways exist and are tied to the development of LD.
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FIGURE 3. Gene Set Enrichment Analyses (GSEA) of DE-mRNAs in LD. DE-mRNAs were enriched in (A) Vascular Smooth Muscle Contraction, (B) Aldosterone Regulated Sodium Reabsorption, (C) Calcium Signaling Pathway, (D) TGF-β Signaling Pathway.




Co-expression Analysis of DE-circRNAs and DE-mRNAs

73 DE-circRNAs and 354 target DE-mRNAs were selected for co-expression analysis. To investigate the correlation between them, the Pearson correlation coefficient was calculated with t.test function in the R data analysis tool. Then, 59 DE-circRNAs and 296 DE-mRNAs, which were significantly positive co-expressed, were screened with the criteria of PCC > 0.95 and P < 0.05 for further study.



Construction of circRNA-miRNA Pairs

Negatively correlated pairs from Pearson and Spearman correlation analyses were determined in line with CC < −0.80 and P < 0.05. By merging negatively correlated pairs with interacting pairs predicted by MiRanda, 9 circRNAs and 57 miRNAs were found to construct 64 circRNA- miRNA pairs and 1 to 26 miRNAs could target one single circRNA.



Construction of miRNA-mRNA Pairs

MiRNA can inhibit the translation of target mRNA or promote its degradation (Cloonan, 2015; Huang, 2018). So we selected negatively correlated miRNA-mRNAs pairs based on criteria of both CC < −0.80 and P < 0.05 and combined them with MiRanda software predicted results. Ultimately, 59 highly correlated miRNA-mRNA pairs were formed. Within the pairs, most of all were 20_5251-3p (mmu-miR-1190) which corresponded to 4 mRNAs.



Construction of ceRNA Network

As a class of ceRNA, circRNA regulates mRNA by inhibiting miRNA expression. Therefore, in order to construct a ceRNA network, we integrated circRNA-miRNA pairs with miRNA-mRNA pairs. Eventually, a total of 5 circRNA nodes (hsa_circ_0002075, hsa_circ_0000576, hsa_circ_0069863, hsa_circ_0072162, hsa_circ_0026782), 4 miRNA nodes (hsa-miR-212-5p, 20_5251-3p (mmu-miR-1190), hsa-miR-874-3p, hsa-miR-10527-5p), 7 mRNA nodes and 19 edges constituted the ceRNA network, which provided a preliminary understanding of the links. Among 5 circRNAs, hsa_circ_0002075, hsa_circ_0069863, hsa_circ_0072162 and hsa_circ_0026782 were upregulated, while hsa_circ_0000576 was downregulated (Table 3). The ceRNA network showed the internal relationships between 5 circRNAs, 4 miRNAs and 7 mRNAs, which could be seen in Figure 4.


TABLE 3. Differentially expressed RNA in the ceRNA network.
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FIGURE 4. ceRNA network for 5 circRNAs (hsa_circ_0002075, hsa_circ_0000576, hsa_circ_0069863, hsa_circ_0072162, hsa_circ_0026782), 4 miRNAs (hsa-miR-212-5p, 20_5251-3p (mmu-miR-1190), hsa-miR-874-3p, hsa-miR-10527-5p) and 7 mRNAs. The star represents the circRNA, the square represents the miRNA, the circle represents the mRNA, and the edges among circRNAs, miRNAs and mRNAs represent the relationships of them. Up-regulated expression was described in purple, and down-regulated expression was described in green. The darker the color, the more significant the difference.




Verification of the Expression of RNA in ceRNA Network by RT-qPCR

To confirm the reliability of our ceRNA network, we chosen hsa_circ_0026782, hsa-miR-874-3p and ASB2 for validation using RT-qPCR. Results were demonstrated in Figure 5A and were consistent with that of sequencing, thus authenticating the ceRNA network was reliable. Comparing to the normal control group, hsa_circ_0026782 was significantly overexpressed in the LD group (P < 0.01). And the expression level of ASB2 also increased with statistical significance in the LD group (P < 0.01), while hsa-miR-874-3p was downregulated (P < 0.01).
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FIGURE 5. Validation of expression level and interactions among hsa_circ_0026782, hsa-miR-874-3p and ASB2. (A) Expression level of hsa_circ_0026782, hsa-miR-874-3p and ASB2. A total of 32 samples are used for verification. The results are the mean ± standard error of the mean (SEM) and were analyzed by t-tests. ∗∗: P-value < 0.01. (B) The direct interaction between hsa_circ_0026782, hsa-miR-874-3p and ASB2 is confirmed by dual-luciferase reporter gene assay.




Dual-Luciferase Reporter Gene Assay

To further confirm the accuracy of the ceRNA network, hsa_circ_0026782 together with its target hsa-miR-874-3p and ASB2 were selected to validate their interaction. Luciferase reporters containing either wild-type and mutated putative binding sites of hsa_circ_0026782 were generated. Figure 5B showed that the luciferase activities of hsa_circ_0026782 wild-type (WT) reporter were significantly decreased when transfected with miR-874 mimics compared to control or hsa_circ_0026782 mutated (MUT) luciferase reporter. And a dramatic reduction in luciferase activity was also observed upon transient cotransfection of cells with the ASB2 WT reporter and miR-874 mimics (Figure 5B). All above demonstrated direct binding between hsa_circ_0026782, miR-874 and ASB2.



DISCUSSION

In the past few years, more and more attention has been attached to FSD, and the research on FSD has developed rapidly, particularly with regard to the exploration of LD. However, the specific pathogenesis of LD is still unclear. Recently, more data has indicated that non-coding RNA may exert an important role in disease progression, particularly circRNA and miRNA (Beermann et al., 2016; Rupaimoole and Slack, 2017; Kristensen et al., 2019). CircRNA is a newly identified endogenous non-coding RNA (Meng et al., 2017). Multiple studies have ascertained that circRNA, as a class of ceRNA, plays a crucial role in certain complex diseases (Meng et al., 2017; Akhter, 2018; Aufiero et al., 2019), and differentially expressed circRNAs have also been observed in the vaginal epithelium of women with LD (Zhang J. et al., 2019). In addition, our previous study has revealed that overexpressed miR-137 is involved in LD by down-regulating AQP2 (Zhang H. et al., 2018). Nevertheless, the interactions between circRNAs and miRNAs in LD are mostly unknown. Therefore, we selected women’s vaginal epithelial tissues for analysis and then identified differentially expressed miRNAs, circRNAs and mRNAs between the LD group and normal control group. Hereafter, we explored the potential pathways of DE-mRNAs in LD by using GESA. The relationships between miRNAs, circRNAs and mRNAs in LD were explored and exhibited in the ceRNA network. And we also performed RT-qPCR and dual-luciferase reporter gene assay to verified the expression level and interactions of genes in the network. These results provide a new perspective for understanding the occurrence of LD.

In the current study, through next-generation sequencing technology, we successfully identified dysregulated miRNAs, circRNAs and mRNAs in the LD group compared with the normal control group. Total 73 DE-circRNAs, 287 DE-miRNAs and 354 target DE-mRNAs were selected with the criteria as |Log2 (fold change)| > 1 and P-value < 0.05 for further analysis, and the research on them is meaningful.

For understanding the potential pathways and biological functions of the significantly deregulated mRNAs in the occurrence and development of LD, GESA was performed. The results revealed that DE-mRNAs were primarily enriched in “Vascular smooth muscle contraction,” “Aldosterone regulated sodium reabsorption,” “Calcium signaling pathway” and “TGF-β signaling pathway,” which may be closely related to LD. In the past research, vascular smooth muscle contraction had been shown to reduce blood flow to the genitals, leading to insufficient vaginal lubrication and weak clitoral erections (Marthol and Hilz, 2004; Comeglio et al., 2016). Meanwhile, the calcium signaling pathway may also affect LD because the increase in intracellular Ca2+ can stimulate numerous downstream proteins and cause the contractile response of vascular smooth muscle (Morgado et al., 2012; Kuo and Ehrlich, 2015). As noted above, these results showed that DE-mRNAs was involved in many LD-associated biological metabolic pathways, and changes in vaginal blood flow may be an important cause of LD. Furthermore, DE-mRNAs were also enriched in “Aldosterone regulated sodium reabsorption” and “TGF-β signaling pathway,” which were involved in affecting fluid transport and vaginal tissue fibrosis (Park et al., 2001). It is generally known that vaginal lubrication is mediated by fluid transport, which is closely related to blood flow and vaginal epithelial ion transport (Pei et al., 2013; Sun et al., 2016). Moreover, Park et al. (2001) also indicated that vaginal tissue fibrosis may result in the reduction of vaginal lubrication in diabetic women. All the information above provided some insights into the pathogenesis of LD.

As a miRNA sponge, circRNA can function as ceRNA and competitively bind to miRNAs, which in turn affects mRNA expression (Han et al., 2018; Li X. et al., 2018; Kristensen et al., 2019). In this current study, we have found that 5 circRNAs could regulate the expressions of 7 genes by conjugating with hsa-miR-212-5p, 20_5251-3p (mmu-miR-1190), hsa-miR-874-3p or hsa-miR-10527-5p. These results provide evidence that 5 circRNAs can participate in the occurrence of LD through ceRNA regulatory mechanisms. Of them, through dual-luciferase reporter assay, hsa_circ_0026782 has been verified that it directly targets miR-874. In accordance with these results, Shen et al. (2020) also reported that miR-874-3p was the predicted MREs for hsa_circ_0026782, which confirms the accuracy of our results. In addition, several miRNAs in ceRNA network were reported previously to be involved in the cell cycle, angiogenesis, mucosal fibrosis, and so on. K. Xie et al. (2020) detected that miR-874-3p can inhibit the C-X-C motif chemokine ligand 12 (CXCL12) expression, thus promote angiogenesis in ischemic stroke. Kumarswamy et al. (2014) argued that miR-212 accompanied by strong endothelial inhibitory effects, and adversely affected angiogenesis. In addition, the role of miR-874 in facilitating proliferation and apoptosis in many diseases has also been confirmed (Wang et al., 2014; Witek et al., 2020; Zhang et al., 2020). And miR-212 was demonstrated that can target SMAD7, thereby facilitating the activation of TGF-β (a master fibrogenic cytokine) and downstream pathway in vitro experiments (Zhu et al., 2018). As we all know, LD involves processes such as vaginal fibrosis and blood vessel changes (Park et al., 1997; Goldstein and Berman, 1998; Castiglione et al., 2015), suggesting that these miRNAs may play regulatory roles in LD.

However, there are still several limitations to this study. First, our experiment also needs to expand the sample size for research. Secondly, we explored some mechanisms of LD, discovered the interactions among circRNAs, miRNAs and mRNAs in LD, but this only depended on biological information technology. It still needs further study with the help of cell and animal models, and we will continue to do so in the future.



CONCLUSION

In summary, we identified differentially expressed genes in the vaginal epithelium of women with LD, and constructed a ceRNA network based on the hypothesis. Then, the results of RT-qPCR and dual-luciferase reporter gene assay confirmed that interactions among circRNA, miRNA and mRNA were involved in LD. However, we didn’t identify it in cell and animal models, so more works were necessary to explore potential molecular markers for the occurrence of LD.
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Objective: Recent studies were widely concerned about the role of lncRNAs in hypoxic pulmonary hypertension (HPH). HAS2 was found significantly highly expressed in HPH, but the antisense of HAS2 (HAS2-AS1) has not been explored in HPH, providing a new potential therapeutic target of HPH.

Methods: In this study, human fetal lung fibroblast-1 (HFL-1) cells were cultured under hypoxia conditions to stimulate the pathological process of HPH. Transwell and wound-healing assays were used to detect HFL-1 cell migration, and CCK 8 assay was used to detect cell proliferation. The upstream transcription factor of HAS2-AS1 was predicted by JASPAR website, and the binding site between C/EBPβ and HAS2-AS1 was predicted by JASPAR, too. In order to verify the association between C/EBPβ and the HAS2 promoter region, we used chromatin immunoprecipitation (ChIP) and dual luciferase reporter gene detection, western blot to detect the expression of inflammation-related proteins, and qRT-PCR to detect the expression of HAS2-AS1 and HAS2. Idiopathic pulmonary fibrosis (IPF) with HPH patient microarray data was downloaded from the GEO database and analyzed by R software.

Results: Our study showed that HAS2-AS1 and C/EBPβ were highly expressed in hypoxic HFL-1 cells, and the knockdown of HAS2-AS1 expression could inhibit the proliferation, migration, and inflammatory response of HFL-1 cells. C/EBPβ binds to the promoter region of HAS2-AS1 and has a positive regulation effect on the transcription of HAS2-AS1. Furthermore, C/EBPβ can regulate the proliferation, migration, and inflammatory response of HFL-1 cells through HAS2-AS1.

Conclusion: This study suggested that C/EBPβ could upregulate HAS2-AS1 expression and induce HFL-1 cell proliferation, migration, and inflammation response.

Keywords: hypoxic pulmonary hypertension, HAS2-AS1, C/EBPβ, inflammation, HFL-1 cells


INTRODUCTION

Hypoxic pulmonary hypertension (HPH) is mainly caused by enhanced pulmonary vasoconstriction and abnormal proliferation of smooth muscle cells in the middle layer of terminal pulmonary arteriole. HPH is often secondary to the chronic obstructive pulmonary hypertension (COPD), idiopathic pulmonary fibrosis (IPF), obstructive sleep apnea-hypopnea syndrome (OSAHS), and so on (Seeger et al., 2013; Galie et al., 2016). HPH is an irreversible and refractory disease, the pathophysiology of HPH including vascular endothelial cell and smooth muscle cell (PASMC) proliferation, adventitia fibroblasts proliferation, and migration, leading to vascular remodeling (Tuder, 2017). In recent studies, adventitial fibroblasts, rather than endothelia or smooth muscle cells, are considered the principal sensor tissue in response to oxidative stress (Wang et al., 2010). In addition, the development of HPH deals profoundly with inflammation and multiple cytokines (Stenmark et al., 2006). The cytokines including TNF-α, IL-6, and IL-1β could accelerate vascular remodeling (Rabinovitch et al., 2014) and aggravated the severity of PAH and associated with worse outcomes (Hurst et al., 2017; Tamura et al., 2018; Trankle et al., 2019). Hypoxia could activate fibroblasts through epigenetic mechanisms and increase the infiltration of cytokines, chemokines, and extracellular matrix, which regulate the function and structure of the whole lung tissues (El Kasmi et al., 2014; Wang et al., 2014).

Upcoming studies have revealed long non-coding RNA (lncRNA) is a novel gene deficiency of HPH progression. For example, lncRNA MALAT1 is a star gene significantly elevated in hypoxia PASMCs (Wang et al., 2019) and knockdown of lncRNA MEG3 affected the proliferation and migration of PASMCs in vitro through the p53 pathway (Sun et al., 2017). However, these studies mainly focused on PASMCs, while the regulatory mechanism of lncRNA in HPH remains unclear. HAS2-AS1 as a lncRNA, which is believed to be an oncogene in glioblastoma (Zhang et al., 2019), oral squamous cell carcinoma (Zhu et al., 2017), and epithelial ovarian cancer (Tong et al., 2019).

In fact, HAS2-AS1, as the natural antisense RNA of HAS2, could promote the expression of HAS2 by forming the heterodimer of HAS2 mRNA/HAS2-AS1 (Michael et al., 2011). HAS2 is a main component of most extracellular matrix and is associated with disease progression of experimental PAH, and inhibition of HAS2 can alleviate PAH and pulmonary fibrosis-related diseases (Collum et al., 2017). Nevertheless, the expression and function of HAS2-AS1 in HPH associated with IPF, including hypoxic fibroblasts, have not been reported yet.

Transcription factors can bind to lncRNA promoters and regulate gene expression, including HAS2-AS1 (Wang J. T. et al., 2020). CCAAT enhancer-binding protein (C/EBPβ) is a key transcription factor that binds to lncRNA LEF1-AS1 to regulate the proliferation and invasion of HCC cells (Gao et al., 2020). In our study, we predicted a binding relationship between C/EBPβ and the promoter region of HAS2-AS1 using bioinformatic analysis and explore the influence on proliferation, migration, and inflammation of human fetal lung fibroblast-1 (HFL-1) cells, which provided a potential novel target for the treatment of HPH associated with IPF.



MATERIALS AND METHODS


Cell Culture and Hypoxia Treatment

Human fetal lung fibroblast-1 (Type Culture Collection Center, Chinese Academy of Sciences) were cultured in Ham’s F-12K medium containing 10% fetal bovine serum (Gibco, Thermo Fisher Scientific), 100 mg/ml streptomycin and 100 U/ml penicillin in a wet atmosphere of 5% CO2. Cells were equalized with N2 under 1% O2 (hypoxia) and 21% O2 (normoxia) conditions and exposed to hypoxia in a three-gas incubator (Don Whitley, England).



Cell Transfection and Stable Cell Establishment

Si-HAS2-AS1, si-C/EBPβ, and their negative control were synthesized by ABM (Jiangsu, China), and HFL-1 cells were transfected according to the instructions by Lipofectamine 2000 (Thermo Fisher Scientific, Inc.). The HAS2-AS1 overexpressed lentivirus (Hanheng, China) was transfected into cells with 4 μg/ml polybrene (Hanheng, China), and after 48 h infection, stable clones were screened out using 2 μg/ml puromycin. The siRNA sequences are shown in Table 1.


TABLE 1. The sequences of siRNAs.

[image: Table 1]


Grouping Steps

After transfecting with si-HAS2-AS1 and negative control, HFL-1 cells were divided into four groups to detect the effect of HAS2-AS1: si-NC under normoxia and hypoxia and si-HAS2-AS1 under normoxia and hypoxia. To explore the regulation of C/EBPβ on HAS2-AS1, and the changes of inflammatory phenotypes, we set up four groups for analysis after overexpressing HAS2-AS1 and knocking down C/EBPβ: si-NC + oe-NC, si-C/EBPβ + oe-NC, si-C/EBPβ + oe-HAS2-AS1, and si-NC + oe-HAS2-AS1.



RNA Extraction and Quantitative Real-Time PCR

The 7500 real-time PCR system of American Applied Biosystems was used for quantitative real-time PCR (qRT-PCR) detection. Total RNA of HFL-1 cells was extracted using Trizol reagent (Invitrogen), and reverse transcription was performed using reverse transcriptase (Thermo Fisher Scientific, Inc.). The primers were obtained from Sangon Biotech Co. (Shanghai, China) as listed in Supplementary Table 1. After normalization with β-actin, the relative expressions of HAS2-AS1, HAS2, and C/EBPβ were compared by 2–ΔΔCT method.



Cell Counting Kit-8

Cell Counting Kit-8 (CCK8, Dojindo, Japan) assay was used to detect the proliferative abilities of HFL-1 cells. HFL-1 cells (5 × 103 cells/well) were inoculated into 96-well plate and cultured for 24, 48, and 72 h under hypoxic and normoxic conditions, respectively, meanwhile, transfected cells were tested at the same time points. Each well was incubated with 10 μl CCK8 solution for 1 h, and the absorbance was measured at 450 nm wavelength.



Wound-Healing Assay

When HFL-1 cells grew about 80% in confluence, a pipette tip was used to create a scratch. The cells were gently washed twice with PBS and cultured with fresh medium for 24 h under hypoxia and normoxia. The cell images were collected under inverted optical microscope, and the number of migratory cells was counted and the migration ability was evaluated.



Transwell Assay

Approximately 3 × 104 HFL-1 cells (200 μl) were inoculated into the upper Transwell chamber (Corning, United States), and 750 μl Ham’s F-12K with 10% FBS was added to the lower cavity. After 24 h of culture, 4% paraformaldehyde and 0.4% crystal violet were stained, and substrate membrane was fixed. The images were observed using a microscope and selected randomly, and the number of cells were counted by ImageJ software.



Chromatin Immunoprecipitation

To detect C/EBPβ and HAS2-AS1-binding sites, ChIP Assay Kit (ABCAM) was used to perform chromatin immunoprecipitation (ChIP) according to the instructions and established protocol (Ke et al., 2020); 200–1,000 bp DNA fragments were obtained by sonication. HFL-1 cells were cross-linked with formaldehyde. Subsequently, non-specific IgG antibodies (ab172730, Abcam) and C/EBPβ antibody (ab32358, Abcam) were precipitated with chromatin overnight at 4°C. NaCl was used to reverse DNA cross-linking, qRT-PCR was used to detect HAS2-AS1 level, and 2–ΔΔCT was used to calculate.



Luciferase Assay

The C/EBPβ binding site of HAS2-AS1 promoter was cloned into firefly luciferase reporter vector pGL3(Promega, Madison, WI, United States) using Kpnl and XhoI restriction sites. Then, the C/EBPβ construct expression vector or the empty vector was cotransfected with the wild or mutant vector, and Lipofectamine 2000 (Invitrogen) was transfected according to the instructions. After 48 h, relative luciferase activity was measured using a Dual-Luciferase® Reporter Assay System (E1910, Promega).



Western Blot

The total protein was extracted with RIPA lysate, and the concentration was determined with BCA kit (Beyotime, Shanghai, China). Twenty micrograms of protein per lane was isolated by 10 or 12% SDS-PAGE and transferred to PVDF membrane (Millipore, United States). After the film was sealed, incubate with 5% skim milk powder and primary antibody at 4°C overnight. HRP-conjugated secondary antibodies were washed three times with TBST and cultured in membrane at room temperature for 1 h. Finally, enhanced chemiluminescence western blotting detection system was used to observe the protein bands and the relative protein expression was calculated by Image J software. In our experiments, the antibodies including HAS2 (dilution 1:100, Sc-514737, Santa Cruz), C/EBPβ (dilution 1:200, Sc-7962, Santa Cruz), TNF-α (dilution 1:200, Sc-28318, Santa Cruz), IL-6 (dilution 1:1,000, 66146-1-Ig, Proteintech), IL-1β (dilution 1:1,000, #12242, CST), β-actin (dilution 1:2000, 60008-1-Ig, Proteintech), and goat anti-mouse IgG (dilution 1:5,000, ZSGB-Bio, China).



Microarray Data Collection and Analysis

GSE24988 was acquired from a comprehensive gene expression database1 of gene expression profile datasets, including 116 cases of patients with lung tissue, among them, 22 IPFs with no pH (MPAP ≤ 20 mmHg), 45 IPFs with moderate pH (MPAP 21–39 mmHg), 17 IPFs with severe pH (MPAP ≥ 40 mmHg), and 32 PH validation. A robust multiarray averaging algorithm of the affy package of R software is used to transform the original data of CEL files into expression data. Each probe matched with related genes through Affymetrix Human Gene 1.0 ST Array platform by using the biconductor annotation function of R software. The average expression value of multiple probes for a given gene was obtained.



Statistical Analysis

SPSS 19.0 software was used for statistical analysis, and GraphPad Prism 6 was used to make charts. Student’s t-test was used for comparison of two groups. One-way analysis of variance (ANOVA) was used for comparison of multiple groups. All the results were expressed as mean ± standard deviation and repeated three times independently, P < 0.05 was considered statistically significant.



RESULTS


Hypoxia Promotes HFL-1 Proliferation, Migration, and HAS2-AS1 Expression

To determine the effects of hypoxic conditions on the HFL-1, the cell proliferation and migration were detected. The growth curves showed that hypoxic conditions promote HFL-1 viability at 24–72 h (P < 0.05, Figure 1A). By using wound-healing and Transwell migration assays, the effect of hypoxia on cell migration was measured. Compared with normoxic group, as shown in Figures 1B,C, the HFL-1 in hypoxia showed stronger migration abilities.
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FIGURE 1. Hypoxia promotes HFL-1 proliferation, migration, and HAS2-AS1 expression. (A) HFL-1 cell proliferation increased in hypoxia at 24–72 h. (B,C) Transwell assay and wound-healing assay showed that the migration of HFL-1 cells was enhanced under hypoxia. (D) The expression of HAS2-AS1 in HFL-1 cells was detected by qRT-PCR. (E,F) The expression of HAS2 of HFL-1 cells was detected by qRT-PCR and western blot. (G) The expressions of inflammation-related cytokines including TNF-α, IL-6, and IL-1β were detected by western blot. H, hypoxia; N, normoxia (*P < 0.05; **P < 0.01; ***P < 0.001).


Multiple studies have reported that HAS2 has an important role in pulmonary hypertension (Ormiston et al., 2010; Collum et al., 2017), but there is no one reported HAS2-AS1 expression in pulmonary hypertension. Here, we chose HAS2-AS1 for our experiments. Our results revealed that the expression of HAS2-AS1 was significantly increased in hypoxic exposure (Figure 1D). Furthermore, HAS2 expression was dramatically upregulated at mRNA and protein levels (Figures 1E,F). Besides, considering the close relationship between hypoxia and inflammation, we performed the expression of TNF-α, IL-6, and IL-1β and found that their expression levels all increased in hypoxia (Figure 1G). These results indicated that hypoxia could activate HFL-1 cells and increase the HAS2-AS1 expression and inflammation expression.



Knockdown HAS2-AS1 Inhibits HFL-1 Proliferation, Migration, and Inflammation

We used siRNA to interfered the HAS2-AS1 expression in HFL-1 cells to verify whether HAS2-AS1 was a key point to promoting cell phenotypic changes. We selected siHAS2-AS1-3 for the following experiments based on the highest silencing efficiency (Figure 2A). The HAS2 expression was downregulated following HAS2-AS1 knockdown (Figure 2B). The result of CCK8 (Figure 2C) revealed that HAS2-AS1 knockout could inhibit cell proliferation under normoxia and hypoxia. Subsequently, cell migration ability was measured by Transwell (Figure 2D) and wound-healing assays (Figure 2E). The result showed that siHAS2-AS1 considerably weakened the migration ability compared with siNC group under normoxia and hypoxia. In addition, we also tested the inflammation expression after transfecting si-HAS2-AS1 and found that the level of TNF-α, IL-6, and IL-1β were decreased, especially under hypoxia (Figure 2F). Hence, based on these results, HAS2-AS1 could be considered a novel key to promote HFL-1 proliferation and migration in hypoxia.
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FIGURE 2. Knockdown HAS2-AS1 inhibits HFL-1 proliferation, migration and inflammation. (A) qRT-PCR was used to select the interference efficiency of three siRNAs (siHAS2-AS1-1, siHAS2-AS1-2, siHAS2-AS1-3). (B) HAS2 expression after knocking down HAS2-AS1 was tested by western blot. (C) CCK8 assay was used to detect the proliferation of HFL-1 cells after knocking down HAS2-AS1 under hypoxia and normoxia. (D,E) The migration ability of HAS2-AS1 knocked-down HFL-1 cells was detected by Transwell and wound-healing assays. (F) TNF-α, IL-6, and IL-1β expressions were detected by western blot in silencing HAS2-AS1 and silencing control groups in hypoxia and normoxia. si-NC-N, si-NC + normoxia; si-NC-H, si-NC + hypoxia; si-HAS2-AS1-N, si-HAS2-AS1 + normoxia; si-HAS2-AS1-H, si-HAS2-AS1 + hypoxia (*P < 0.05; **P < 0.01; ***P < 0.001).




Transcription Factor C/EBPβ Regulates HAS2-AS1 Expression by Binding to Its Promoter Region

Currently, many studies showed that transcription factors can regulate the expression of lncRNA by binding to the upstream promoter region (Wang J. et al., 2020; Zhang et al., 2020). Therefore, we used JASPAR database2 to predict possible transcription factors and obtained high score choice C/EBPβ. Studies showed that C/EBPβ is a crucial factor in hypoxia-induced inflammation (Yu et al., 2019; Fujii et al., 2020), and our result showed C/EBPβ was upregulated in hypoxia (Figure 3A). However, whether it can regulate HAS2-AS1 and the mechanism remains unknown. According to the binding sites predicted by JASPAR website, the first two binding sequences of HAS2-AS1 promoter region C/EBP were selected (Figure 3B). To verify the binding relationship between C/EBPβ and HAS2-AS1 promoter region, we performed ChIP analysis. Interestingly, S1 was the only binding site of C/EBPβ in the HAS2-AS1 promoter region, indicating that –938 to –948 was the binding region (Figure 3C). For further verification, wild-type and mutant-type vectors (Figure 3D) were constructed and cotransfected with the reporter vector. Luciferase activity was detected, and the result showed that the mutation of C/EBPβ resulted in a dramatic decrease in luciferase activity (Figure 3E). Overall, these data suggested that the increased expression of HAS2-AS1 of HFL-1 cells in hypoxia may be partly caused by the activation of C/EBPβ.
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FIGURE 3. Transcription factor C/EBPβ-adjusted HAS2-AS1 expression by binding to its promoter region. (A) The expression of C/EBPβ was increased in HFL-1 cells under hypoxia. (B) JASPAR website was used to predict the binding sites of C/EBPβ in HAS2-AS1 promoter region, and the first three binding sequences were selected out. (C) The predicted binding sequences of C/EBPβ on HAS2-AS1 promoter region were detected by CHIP method. (D) Wild- and mutant-type vectors were constructed according to the CHIP result. (E) Dual-Luciferase reporter assay was used to verify the binding sequence (**P < 0.01; ***P < 0.001).




Knockdown C/EBPβ Suppresses HFL-1 Proliferation, Migration, and Inflammation by Inhibiting HAS2-AS1

We knocked down the expression of C/EBPβ with siRNA (Figure 4A) and overexpressed HAS2-AS1 with lentivirus to confirm that C/EBPβ influences HFL-1 cell proliferation, migration, and inflammation by inhibiting HAS2-AS1. Firstly, we detected the expression of HAS2-AS1 by qRT-PCR. The expression level of HAS2-AS1 and HAS2 was decreased due to the downregulation of C/EBPβ, which are shown in Figures 4B,C. However, the result was reversed by the HAS2-AS1 overexpression. Afterward, the proliferation experiment was performed by CCK8 assay. The result revealed that interfering the expression of C/EBPβ could inhibit cell proliferation and HAS2-AS1 overexpression could restore viability (Figure 4D). Similarly, knocking down the expression of C/EBPβ suppressed HFL-1 migration and overexpressing HAS2-AS1 could repair the migration ability to some extent (Figures 4E,F). Finally, inflammation-related protein, TNF-α, IL-6, and IL-1β were detected by western blot. Knockdown C/EBPβ inhibited TNF-α, IL-6, and IL-1β expression compared with siNC group, but these inflammation proteins were upregulated again as a result of HAS2-AS1 overexpression (Figure 4G). The results concluded that knockdown C/EBPβ suppressed the expression of HAS2-AS1, thus inhibiting HFL-1 proliferation, migration, and inflammation.
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FIGURE 4. Knockdown C/EBPβ suppresses HFL-1 proliferation, migration, and inflammation by inhibiting HAS2-AS1. (A) qRT-PCR was used to verify the interference efficiency of C/EBPβ. (B,C) The expressions of HAS2-AS1 and HAS2 were detected using qRT-PCR and western blot. (D) The proliferation of HFL-1 cells was decreased after knocking down C/EBPβ and overexpressing HAS2-AS1. (E,F) The migration of HFL-1 cells after silencing C/EBPβ and overexpression of HAS2-AS1 was detected by Transwell and wound-healing assays. (G) The expressions of inflammation-related proteins TNF-α, IL-6, and IL-1β in each group were detected by western blot. si-NC, small interference negative control; oeNC, overexpressed negative control (*P < 0.05; **P < 0.01; ***P < 0.001).




C/EBPβ and HAS2 Were Increased in IPF With Severe PH Patients

Through download and analysis of the microassay dataset, we found that the expression of C/EBPβ and HAS2 were evaluated in IPF with severe PH patients compared with pure IPF patients (Figure 5). What is more, the expressions of TNF-α, IL-6, and IL-1β were also highly expressed in IPF with severe PH group. These results obtained from the patients’ lung tissues supported the findings in our cellular experiments.


[image: image]

FIGURE 5. C/EBPβ and HAS2 were increased in IPF with severe PH patients. One-way analysis of variance (ANOVA) was used to analyze gene expression in GSE24988 dataset. IPF, idiopathic pulmonary fibrosis; intermediate PH with IPF, mPAP 21-39mmHg IPF patients; severe PH with IPF, mPAP ≥ 40mmHg IPF patients; PH, pulmonary hypertension (*P < 0.05; **P < 0.01).




DISCUSSION

More and more studies have been exploring the lncRNAs in HPH; the functions and mechanisms are the hot topics which researchers cared about the most. HAS2-AS1 is a natural antisense gene of HAS2. However, the expression of HAS2-AS1 in HPH and its function have not been studied. Our study showed that the HAS2 was significantly increased in patients with PAH and inhibition of HAS2 could alleviate PAH in experimental rat models (Collum et al., 2017). In lung tissues of HPH patients caused by COPD, HAS2 level was positively correlated with pulmonary arterial pressure (Karmouty-Quintana et al., 2013). Some researchers found that endothelin-1 could induce HAS2 expression in PASMCs (Yeager et al., 2012), and this function required the production of cytokines including IL-6 and TNF-α (Vigetti et al., 2010). On account of the limited number of tissues available for HPH, the lncRNA expression of human lung tissue have not been detected. Hence, HFL-1 cells, which were considered functional cells in pulmonary hypertension associated with IPF, were selected as our research object. We found that the proliferation and migration ability of HFL-1 cells were significantly enhanced under hypoxia condition, and the expression of HAS2-AS1 and HAS2 was detected under hypoxia condition. What is more, the cytokines related to inflammation including TNF-α, IL-1β, and IL-6 were highly expressed in hypoxia. These results suggested that hypoxic condition activates the changes in the phenotype of HFL-1 cells.

For further study, we knocked down HAS2-AS1 in HFL-1 cells under hypoxia and normoxia conditions. Our results demonstrated that the migration and proliferation of HFL-1 cells under hypoxia were dramatically inhibited by silencing HAS2-AS1, and HAS2 expression was downregulated. Interestingly, the expression of cytokines was also decreased. Previous studies on HAS2-AS1 did not involve the expression of inflammation. Our study fully proved that HAS2-AS1 knockout could inhibit the proliferation, migration, and inflammatory response of HFL-1 cells, suggesting that HAS2-AS1 may be a potential target of HPH.

Previous researches have suggested that HAS2-AS1 is regulated by transcription factors such as USF-1 (Wang J. T. et al., 2020), CREB1 (Tong et al., 2019), and HIF-1α (Zhu et al., 2017). We need to further investigate whether the effect of HAS2-AS1 on inflammation expression is also regulated by transcription factors. We then used multiple databases to filter for transcription factors that might bind to HAS2-AS1 promoter region and found C/EBPβ finally. C/EBPβ, a member of the CCAAT transcription enhancer family, has shown playing a role in promoting hypoxia-induced inflammation (Gao et al., 2020). C/EBPβ was highly expressed in hypoxic vascular endothelial cells (Feng et al., 2019) but lowly expressed in hypoxic-induced fibroblast-like synoviocytes (Yu et al., 2019). Therefore, the expression of C/EBPβ may be different in different cell types. In our study, we showed that C/EBPβ was highly expressed during hypoxia. To verify our hypothesis, we used ChIP and luciferase assay to verify the binding of C/EBPβ to the HAS2-AS1 promoter region. Downregulating the expression of C/EBPβ, the HAS2-AS1 expression was decreased and the proliferation and migration abilities were weakened. In addition, the expression of TNF-α, IL-1β, and IL-6 were reduced. However, these inhibitory effects of C/EBPβ could be rescued by overexpression of HAS2-AS1.

Furthermore, using gene expression microarray data from the GEO database, we found that compared with simple IPF patients, HAS2 and C/EBPβ expression increased in patients with PH, especially in patients with severe PH (MPAP ≥ 40 mmHg). Otherwise, the cytokines including TNF-α, IL-1β, and IL-6 were evaluated in IPF with severe PH group. Although we were unable to directly measure HAS2-AS1 expression in human HPH lung tissue, our study demonstrated a novel mechanism by which C/EBPβ regulates inflammation by binding to the promoter region of HAS2-AS1.

In the past, deposition of extracellular matrix (Thenappan et al., 2018) and inflammation infiltration (Tuder et al., 2013) were considered very important pathologic processes of HPH, but the relationship between these two processes have not been demonstrated clearly. In summary, our study confirmed that hypoxic condition could promote the expression of C/EBPβ (a transcription factor related to inflammation) and HAS2-AS1 (a lncRNA related to extracellular matrix), and C/EBPβ could promote cell migration, proliferation, and inflammatory response through binding to the promoter region of HAS2-AS1 and activate its transcription. This revealed a new mechanism by which C/EBPβ influenced the inflammatory response under hypoxia conditions and provides a potential therapeutic target for HPH, especially HPH with IPF.
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Regulation of Circular RNA CircNFATC3 in Cancer Cells Alters Proliferation, Migration, and Oxidative Phosphorylation
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Circular RNAs were once considered artifacts of transcriptome sequencing but have recently been identified as functionally relevant in different types of cancer. Although there is still no clear main function of circRNAs, several studies have revealed that circRNAs are expressed in various eukaryotic organisms in a regulated manner often independent of their parental linear isoforms demonstrating conservation across species. circNFATC3, an abundant and uncharacterized circular RNA of exon 2 and 3 from NFATC3, was identified in transcriptomic data of solid tumors. Here we show that circNFATC3 gain- and loss-of-function experiments using RNAi-mediated circRNA silencing and circular mini vector-mediated overexpression of circularized constructs in breast and ovarian cancer cell lines affect molecular phenotypes. The knockdown of circNFATC3 induces a reduction in cell proliferation, invasion, migration, and oxidative phosphorylation. Gain-of-function of circNFATC3 in MDA-MB-231 and SK-OV-3 cells show a significant increase in cell proliferation, migration, and respiration. The above results suggest that circNFATC3 is a functionally relevant circular RNA in breast and ovarian cancer.

Keywords: circRNA, RNA-seq, siRNA, circRNA mini vector, migration, invasion, oxidative phosphorylation


INTRODUCTION

Circular RNAs (circRNAs) were previously considered transcriptional byproducts, however, they drew attention after the functional characterization of a few circular RNAs such as CDR1-AS (ciRS-7), SRY, and HIPK3 (Wilusz and Sharp, 2013; Jeck et al., 2013; Salzman, 2016). ciRS-7, one of the initially identified circRNAs and is known for its ability to sponge microRNAs, conceptually changed the understanding of the mechanisms of circRNA and RNA-mediated gene regulation (Hansen et al., 2013). The wide use of high throughput sequencing analysis has been instrumental in identifying novel circular RNAs in different disease phenotypes and tissues (Wang et al., 2014; Szabo and Salzman, 2016). circRNAs are formed during pre-mRNA splicing by non-canonical order which is referred to as backsplicing or head-to-tail splicing where a branch point upstream of an exon attacks a downstream splice donor. This could happen with a single exon or multiple exons resulting in multi-exonic circRNAs. The backsplicing can be induced by the presence of intronic inverted repeat sequences such as Alu repeats in flanking introns, which hybridize and bring the ends of relevant exons in proximity forming the circular splice junction (Sibley et al., 2016).

Circular RNAs have attracted increasing attention from cancer researchers as potential biomarkers due to their highly stable nature (Ahmed et al., 2016; Zheng et al., 2016; Karedath et al., 2019a). circRNAs are differentially regulated in human cancers including breast, prostate, brain, bladder, colorectal, ovarian, liver, and kidney as well as hematological malignancies thus it is evident that circRNAs have a significant role in cancer pathogenesis and likely to affect several hallmarks of cancer (Kristensen et al., 2018; Su et al., 2019). Understanding the functional role of circular RNA in cancer cell invasion, migration, and tumor suppression provide new insights into oncogenesis, cancer detection, and prevention which are still elusive. We previously identified circANKRD12 which is a highly expressed circRNA that regulates tumor invasion and migration in breast and ovarian cancer cells (Karedath et al., 2019a). circNFATC3 was identified by our group as a highly expressed circRNA in metastatic ovarian cancer (Ahmed et al., 2016). The parental gene of circNFATC3 belongs to NFAT gene family which was first identified in immune cells (Jain et al., 1993; McCaffrey et al., 1993; Urso et al., 2019) and has been associated with malignancies and tumor progression (Jauliac et al., 2002; Mancini and Toker, 2009).

NFATC3 (nuclear factor of activated T cells 3) is a DNA-binding transcription complex consisting of a preexisting cytosolic component that translocate to the nucleus upon T cell receptor (TCR) stimulation. NFATC3 plays an important role in retaining stemness via NFATC3/OCT4 signaling and its overexpression increases tumorigenesis in oral cancer (Lee et al., 2016). Unlike its parental gene, circNFATC3 remains functionally uncharacterized in cancer. Owing to its abundance in tumor tissues, circNFATC3 might be involved in regulating tumor progression and invasion. Our research focuses mainly on the functional characterization of circNFATC3 in cancer cells by conducting circNFATC3 loss- and gain-of-function studies.



MATERIALS AND METHODS


Cell Lines and Treatment

Breast cancer cell lines—MDA-MB-231 (ATCC® HTB-26TM), MCF7 (ATCC® HTB-22TM)—and breast normal cell line—MCF 10A (ATCC® CRL-10317TM)-, Primary Mammary Epithelial Cells; Normal, Human (HMEC) (ATCC® PCS-600-010TM), ovarian cancer cell lines—PA-1 (ATCC® CRL-1572TM), SK-OV-3 (ATCC® HTB-77TM), APOCC (ovarian primary cell line derived from ascites fluid) (pers. communication Dr. Arash Tabrizi), A2780 (93112519-1VL, Sigma), A2780cis (93112519-1VL, Sigma), NIH: OVCAR-3 (ATCC® HTB-161TM), lung cancer cell line—NCI-H226 (ATCC® CRL-5826TM) and lung normal fibroblast cell line LL 24 (ATCC® CCL-151TM), T lymphocyte cells Jurkat (ATCC number TIB-152TM) (all from American Type Culture Collection, Manassas, VA), were used for the current study. Human lymphoblastoid cell lines (LCL) derived from healthy (LCL-H2) and triple-negative breast cancer patients (LCL-TNBC) were isolated in Dr. Said Dermime’s lab (National Center for Cancer Care and Research, Hamad Medical Corporation, Doha, Qatar). Cells were cultured in DMEM or RPMI (Life Technologies, NY, United States) supplemented with 10% fetal bovine serum (Life Technologies, United States). Low passage number cells were used for all experiments. Cell culture was routinely checked for mycoplasma contamination using the MycoAlert Mycoplasma detection kit (Lonza, Basel, Switzerland). pcDNA3.1 plasmid and pcDNA3.1(+) CircRNA Mini Vector (Addgene) were used to carry out gain-of-function experiments.



Silencing and Overexpression

Cell viability was checked using Trypan Blue and TC20TM Automated Cell Counter (Bio-Rad). Cells were seeded at density (5 × 105) cells/well in 6-well plates. For NFATC3 silencing, cells were transfected after 24 h with 30 pmol concentration of siRNA (Integrated DNA Technologies) or scrambled control (Mission siRNA Universal Negative Control) using Lipofectamine® RNAiMAX Reagent (Life Technologies) in GibcoTM OptiMEM. siRNA transfection was carried out using two custom-designed siRNAs for both NFATC3 circular and linear transcripts; sicircNFATC3-1, sicircNFATC3-2, silinNFATC3-1, silinNFATC3-2 and universal scrambled control and si-circular junction scrambled controls specific to circular RNA (Supplementary Table 1). For NFATC3 overexpression, cells were transfected with 2.5 micrograms of each empty vectors and vectors containing NFATC3 insert using Lipofectamine® 3000 Transfection Kit (Life Technologies) and treated with G418 for more than 2 weeks to have a stable transfection.



Overexpression Vector Preparation

pcDNA3.1(+) CircRNA Mini Vector (plasmid number 60648) (Liang and Wilusz, 2014) and pcDNA3.1 plasmid -both obtained from Addgene plasmid repository- were used for expressing NFATC3 in cancer cells. circNFATC3 PCR product (Exon 2 and 3) was used for cloning templates. Cloning was conducted according to manufactures protocol using suitable restriction enzymes. The NFATC3 construct in the pcDNA3.1(+) CircRNA Mini Vector containing Alu repeats (Liang and Wilusz, 2014) can potentially circularize the NFATC3 construct spanning from Exon 2 to Exon 3. This is in contrast to its parental pcDNA3.1 Vector without Alu repeats which does not circularize exons thus both vectors were used for ectopic expression of exons 2 and 3 of NFATC3 along with their respective empty vectors in MDA-MB-231 and SK-OV-3 cells. The NFATC3 linear construct -exon 2 and exon 3- in pcDNA3.1 vector, its empty vector, and empty pcDNA3.1(+) CircRNA Mini Vector were used through the process of transfection as controls to identify the phenotypic effect of circNFATC3 in the overexpressed circNFATC3 cells.



Nuclear or Cytoplasmic RNA Isolation

After 48 h transfection, RNA was isolated using SurePrepTM Nuclear or Cytoplasmic RNA Purification Kit (Thermo Fisher Scientific), and the purity of nuclear and cytoplasmic extract was determined using nuclear and cytoplasmic gene-specific primers as described earlier (Karedath et al., 2019a).



RNaseR Digestion

Total RNA was isolated using RNeasy Mini Kit (Qiagen) according to manufacturer’s protocols including on-column DNase digestion. For RNase R treatment, 2 micrograms of total RNA were briefly heated to 70°C to denature then cooled to 40°C on a thermocycler. 20 units of RNase R (Epicenter) and 1 unit/microliter Murine Ribonuclease Inhibitor (New England Biolabs) were added to the denatured RNA samples and incubated at 40°C for 1 h. Real-time PCR was performed for the RNA samples using gene or circRNA specific primers.



NFATC3 Gene Expression

NFATC3 circular and linear transcripts were investigated in 15 cell lines—MCF7, MDA-MB-231, SK-OV-3, LL 24, MCF 10A, NCI-H226, APOCC, A2780cis, A2780, OVCAR-3, PA-1, HMEC, LCL-TNBC, LCL-H2, Jurkat—using beta-actin and B2M as internal controls. Total RNA was isolated from whole cell lysate using miRNeasy Mini Kit (Qiagen) then quantified using Qubit RNA HS Assay Kit (Life technologies). cDNA synthesis was done using random primers for circRNA experiments from iScriptTM Select cDNA Synthesis Kit (Bio-Rad). Fast Start Universal SYBR Green fMaster Mix (Roche) was used to amplify the specific genes using cDNA primers obtained from Integrated DNA Technologies (IDT). Each Real-Time assay was done in triplicate using StepOnePlus Real-Time PCR System (Applied Biosystems) with various primer constructs (IDT) listed in Supplementary Table 1.



RNA-Seq Analysis

After 48 h transfection, RNA isolation and DNase digestion using miRNeasy Mini Kit and RNase-Free DNase Set (Qiagen) was done to extract pure RNA. RNA quality control measurement was done using the High Sensitivity RNA Kit and RNA 6000 Nano Kit (Agilent Technologies). Ovation® RNA-Seq System V2 (NuGEN) was used to prepare SPIA cDNA. Libraries were multiplexed using NEXTflexTM DNA Barcodes (Biooscientific) for RNA-seq. RNA-seq library preparation, in silico detection of circRNA candidates and differentially regulated genes from paired-end RNA-seq data, was conducted as described earlier (Malek et al., 2012; Ahmed et al., 2016). Briefly, gene expression was estimated after aligning the RNA-seq data to the reference genome (GRCh38) in a paired-end aware manner using Tophat spliced read mapper and only keeping the concordant primary alignments. These were again filtered to remove any potential PCR duplicates with samtools rmdup. For each gene, expression was then quantified at the transcript level as the sum of paired-end fragments and excluding any chimeric fragments using the featureCounts package. Differential gene expression was estimated in three biological replicates of circNFTAC3 silenced MDA-MB-231 cells compared to control and identifying genes with at least twofold changes in expression at FDR of < 0.02 using PARTEK Genomic Suite1. Further analysis was performed with Metascape which is a web-based portal designed to provide a comprehensive gene list annotation and analysis resource for experimental biologist (Zhou et al., 2019). Statistically enriched terms (GO/KEGG terms, canonical pathways, hall mark gene sets), accumulative hypergeometric p-values and enrichment factors were calculated and used for filtering. Metascape applies a mature complex identification algorithm called MCODE to automatically extract protein complexes embedded in the large network. GO enrichment analysis was applied to each MCODE network to assign “meanings” to the network component. Visualizations of functional enrichment and interactome analysis results were thus extracted.



Cell Proliferation Assay

Cells were seeded at density (5 × 103) cells/well in flat-bottom 96-well plates. For NFATC3 silencing, cells were transfected after 24 h with siRNAs for both NFATC3 circular and linear transcripts then were incubated in 37°C CO2 injected incubator for (48, 72, 96, and 120 h). For NFATC3 overexpression, cells were transfected after 24 h with empty vectors and vectors containing NFATC3 insert. CellTiter 96® AQueous One Solution Cell Proliferation Assay and CellTiter-Glo 3D Cell Viability Assay (Promega) were conducted according to the manufacturer’s instructions. Luminescence was measured by EnVision Multilabel Plate Reader (PerkinElmer).



Cell Migration Assay

Cells were plated in rectangular cell culture plates using Cell CombTM Scratch Assay (Merck) and grown to 100% confluency. A wound was created using a cell comb then the medium was replaced with GibcoTM OptiMEM, reduced serum medium, no phenol red. Cells were transfected with respective siRNAs and vectors as mentioned earlier. The distance between the two sides of the cell-free area was photographed using a 10X objective AXIO Zeiss epifluorescence microscope. The distance was measured using the Zeiss Zen Microscope software (Carl Zeiss Carpenteria, CA, United States).



Trans-Well Migration and Invasion Assay

Cellular migration and invasion were determined using Corning® Matrigel® Invasion Chamber 6-Well Plate 8.0 Micron (Corning). 10% FBS DMEM was added to the lower chamber as a chemoattractant. Transfected cells were resuspended in serum-free DMEM, transferred to the upper chamber of the Matrigel, incubated for 72 h, then visualized under the microscope to count invading cells.



3D Model Experiments

3D anchorage-independent spheroids were developed in MDA-MB-231 cell lines by seeding the cells in ultra-low attachment 6-well plates (Corning) for 5 days to facilitate spheroid formation. Reverse transfection of the spheroids with siRNAs was conducted as described earlier (Karedath et al., 2019a).



Cell Proliferation Assay in 3D Models

Cells were seeded at density (1 × 105) cells/well in 96-well ultra-low attachment plates with GibcoTM OptiMEM, reduced serum medium, no phenol red. Once spheroids were formed after 5 days, transfection was conducted with siRNAs. After 48 h of transfection, CellTiter 96® AQueous One Solution Cell Proliferation Assay was conducted.



Collagen Invasion Assay in 3D Model

copGFP Control Plasmid:sc-108083 (Santa Cruz Biotechnology) was used to express GFP in the cells. After 48 h of transfection, puromycin selection was done for the cells. copGFP transfected MDA-MB-231 cells were seeded in 6-well ultra-low attachment plates for 3D model formation. The cells were silenced using respective siRNAs then the 3D structures were embedded in the collagen matrix; GibcoTM Collagen I, Rat Protein, Tail (Thermo Fisher Scientific) in FalconTM Chambered Cell Culture Slides (BD Falcon). The invasiveness was analyzed by visualizing the gel under a fluorescence microscope after 72 h.



Assessment of Mitochondrial Function by Seahorse Extracellular Flux Analyzer

The Mitochondrial Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) in MDA-MB-231 cells were assessed by Agilent Seahorse XF Cell Mito Stress Test Kit and Agilent Seahorse XF Cell Energy Phenotype Test Kit (Agilent Technologies) and run in Agilent Seahorse XFe96 Analyzer (Seahorse Bioscience) as per manufacturers protocol. Cells were seeded at density (5 × 103) cells/well in Seahorse XF Cell Culture Microplate, transfected after 24 h and assay was completed 48 h after transfection.



Statistical Analysis

Statistical analysis was performed using Student’s t-test or one-way analysis of variance and GraphPad Prism 5 software (GraphPad Software, San Diego, CA, United States). P < 0.05 was considered to indicate a statistically significant difference. The results presented as the mean ± SEM were analyzed by one-way ANOVA/two-way with Dunnett’s multiple comparisons test.



RESULTS


Validation of CircNFATC3 in Cancer Cells

Our previous studies reported that circNFATC3 is one of the most abundant circRNAs in cancer cells (Ahmed et al., 2016). A series of experiments were carried out to confirm circNFATC3 expression (Figure 1). We performed Real-Time quantitative PCR analysis on 15 different types of normal and cancer cell lines including breast, ovarian, lung, lymphoblastoid, to assess the cell-type-specific expression of circNFATC3 (Figure 1A). The majority of cancer cell lines showed an abundance of both NFATC3 linear and circular transcripts. Some cancer cells expressed more circular RNA compared to linear parental mRNA. We further noticed that circNFATC3 derived from NFATC3 gene exon 2 and exon 3 was abundant across different cancer cell lines compared to normal cells like HMEC, LL 24, and LCL cells. Breast and ovarian cancer cells showed a greater abundance of circNFATC3 compared to normal breast cell lines, lung fibroblast cells, and LCL cells. Five different divergent primers were designed to amplify the backsplice exon junction (Figure 1B). Each divergent primer pair produced a single distinct band of expected PCR product size indicating the presence of the circular junction (Figure 1B). The divergent primers -with respect to the genomic sequence- were used to validate circNFATC3 as they were only amplified for the cDNA template that was synthesized by random priming. While convergent primers only amplified the linear form on DNA sample, they showed amplification of both linear and circular forms on cDNA sample. This indicates that the circular RNA is a transcriptional splicing product rather than a form present in the genome (Figure 1C). The backsplice junctional sequences were confirmed by Sanger sequencing and the arrow indicates the backsplice junction between exon3 and exon2 (Figure 1D). As circRNAs are devoid of 3′ single strand overhangs, they are expected to show resistance to digestion by the exonuclease RNase R. We found that circNFATC3 is resistant to RNase R digestion compared to linear NFATC3, HPRT1, and beta-actin in MDA-MB-231 and SK-OV-3. Resistance to digestion with RNase R exonuclease confirms that circNFATC3 is a relatively stable circularized transcript (Figure 1E). The PCR analysis of nuclear and cytoplasmic fractions of RNA demonstrated that circNFATC3 is predominantly localized in the cytoplasm (Figure 1F). The purity of nuclear and cytoplasmic extraction is shown in Supplementary Figure 1.
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FIGURE 1. Validation of of circNFATC3 expression. (A) Real Time PCR shows abundance of NFATC3 isoforms in different cell lines. NFATC3 circular and linear transcripts were investigated in 15 cell lines using beta-actin and B2M as internal controls. (B) circNFATC3 backsplice junction amplification. Five different divergent primers were designed to amplify the backsplice exon junction. Each primer pair produced a single distinct band of expected PCR product size indicating the presence of the circular junction. (C) PCR amplification of NFATC3 DNA and cDNA using convergent primers. Convergent primers only amplify DNA samples, the cDNA samples amplifying both indicate the existence of circNFATC3. (D) Non-canonical circular splice junction (backsplice junction) of circNFATC3 exon 3-2. The backsplice junctional sequences were confirmed by Sanger sequencing. The backsplice junction is shown (blue arrow). (E) Real Time PCR analysis of RNase R resistance of circNFATC3. circRNAs are devoid of 3′ single strand overhangs, so they resist RNase R digestion. circNFATC3 is resistant to RNase R digestion compared to linear NFATC3, HPRT, and beta-actin in both cell lines; MDA-MB-231 and SK-OV-3. (F) Gel picture shows nuclear and cytoplasmic localization of circNFATC3. The PCR amplification of nuclear and cytoplasmic fractions of RNA demonstrate that circNFATC3 is predominantly localized in the cytoplasm, two primers were used to amplify the circular junctions.




siRNA-Mediated Silencing of CircNFATC3 Is Highly Specific in Multiple Cancer Cells

circNFATC3 originates from chromosome 16 with the backsplice junction forming between exons 2 and 3 (Figure 2A). To investigate the functional role of circNFATC3 in cancer cells, we custom designed siRNAs to target the backsplice junction and control siRNAs that have scrambled backsplice junction of circNFATC3 (Figures 2A,B). These siRNAs were transfected into MDA-MB-231 to induce siRNA-mediated knockdown of the circular RNA while keeping the linear RNA unaffected (Figure 2C). The circRNA-specific siRNA was designed targeting the backsplice junction spanning exons 2 and 3 of NFATC3 gene. Three controls were used for the knockdown study, universal scrambled control and circNFATC3 specific scrambled controls as described in Figure 2B. MDA-MB-231 cells in an anchorage-independent 3D condition also showed a very high knockdown efficiency (Figure 2D). Silencing NFATC3 mRNA using siRNA targeting the linear NFATC3 showed knockdown of NFATC3 mRNA retaining the circNFATC3 intact (Figure 2E). The circRNA knockdown specificity is demonstrated in Figure 2C and its parental gene knockdown using siRNA downstream of exon 3 and exon 2 (which is in exon 9) left the circRNA unaltered (Figure 2E). We used breast cancer cell lines MDA-MB-231 and MCF7 cells for further validation studies and experiments. However, we observed high knockdown efficiency ranging between 65 and 95% of the circular junction when using the respective siRNAs vs. the controls (scrambled siRNAs) in six cell lines’ transfections namely, MDA-MB-231, SK-OV-3, MCF7, MDA-MB-468, Lymphoblastoid Cell Line (LCL healthy, LCL TNBC) (Figure 2F). Using two siRNA constructs against the circNFATC3, we confirmed that the knockdown of circNFATC3 in MDA-MB-231 is specific and has no significant effect on the expression of the linear transcript of NFATC3 (Figures 2C–E). These experiments clearly validate the specificity of siRNAs constructs as it targets only the circular RNA nor the linear counterpart of NFATC3.


[image: image]

FIGURE 2. siRNA-mediated functional studies of circNFATC3 in cancer cells. (A) The location of NFATC3 in chromosome 16. The circNFATC3 is formed of exon 2 and 3 by backsplicing. (B) siRNA sequences targeting the backsplice junction of circNFATC3 and control siRNAs containing scrambled backsplice junction of circNFATC3. # representing the backsplice junction between exon3 and exon 2 of NFATC3. (C) Real Time PCR analysis of siRNA-mediated knockdown of circNFATC3. C: siRNAs were transfected into MDA-MB-231cancer cell lines to induce siRNA-mediated knockdown of the circular RNA keeping the linear RNA intact. Two different constructs of si-circNFATC3 were used, si-circNFATC3-1 and si-circNFATC3-2. (D) Knockdown efficiency (real time PCR) of the siRNA-mediated knockdown of circNFATC3 in MDA-MB-231 3D (three dimensional anchorage independent) model. (E) siRNA-mediated silencing of NFATC3 mRNA. Silencing NFATC3 mRNA using siRNAs targeting the linear NFATC3 (using two constructs silinNFATC3-1 and silinNFATC3- 2) preserved the circNFATC3 in MDA-MB-231 cell lines. (F) Real time PCR of siRNA-mediated silencing of circNFATC3 in different cell lines. Six cell lines that were transfected with two si-circNFATC3 constructs vs. scrambled siRNAs showed 65% to 95% knockdown efficiency of the circular junction. ****P < 0.0001. The p-value in (C,E,F) Was determined by two-way analysis ANOVA with Dunnett’s multiple comparisons test, the p-value in (E) Was determined by two-way analysis ANOVA with sidak’s multiple comparisons test. The p-value in (D) Was determined t-test (one tailed).




Silencing of CircNFATC3 Changes the Molecular Phenotypes of MDA-MB-231 Breast Cancer Cells

RNA-sequencing was performed in three biological replicates of the MDA-MB-231 cell line for both scrambled siRNA control and two siRNA constructs targeting circNFATC3. RNA-seq showed that 881 genes are differentially regulated in circNFATC3 knockdown cells compared to controls (837 upregulated and 43 downregulated). Differentially expressed genes in circNFATC3 knockdown cells with at least twofold (log2) change in expression and differentially regulated genes in circNFATC3 silenced MDA-MB-231 in comparison with control cells are listed in Supplementary File 1. Gene enrichment analysis and MCODE algorithm using Metascape tool (Zhou et al., 2019) were then applied to the differentially regulated genes to identify gene ontology clustering and identifying possible protein clusters. The neighborhoods where proteins are densely connected for enriched protein clusters revealed that gene involved in metabolic process, respiration, TCA cycle, mitochondrial functions were regulated (Figures 3A,B).
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FIGURE 3. RNA-seq analysis of differentially expressed genes in circNFATC3 silenced MDA-MB-231 cells (circNFATC3 vs. control). (A) Metascape analysis of enriched ontology clusters were identified. (B) MCODE algorithm used to identify networks neighborhoods where proteins are densely connected. MCODE network analysis shows cluster of gene involved in gene function MCODE 1. Complex I biogenesis, cellular respiration, NADH dehydrogenase complex assembly, Biosynthesis of amino acids, Carbon metabolism, Citrate cycle (TCA cycle). MCODE 2. Chromatin organization, Chromatin modifying enzymes, HDACs deacetylate histones. MCODE 4. Complex I biogenesis, mitochondrial respiratory chain complex I assembly, NADH dehydrogenase complex assembly. The canonical pathways analysis by Ingenuity® IPA toolkit identified enrichment of differentially regulated genes involved in many pathways including: (C) Cell-cell contact, (D) Networking analysis (IPA).


The canonical pathways analysis by Ingenuity IPA toolkit (IPA, QIAGEN Redwood City2, downregulation of genes involved in the cell-to-cell contact; Figure 3C and Supplementary Table 2). Network analysis of genes regulated by siRNA mediated knockdown of circNFATC3 compared to control in MDA-MB-231 cells shows deregulation of STAT3 pathway, migration of endothelial cells, disruption in vasculogenesis by downregulation of VEGFA, synthesis of sterol by downregulation of SIRT1 gene. The silencing of circNFATC3 regulates cell proliferation, migration, and inflammation and growth by silencing or activates cascade of genes involved in the pathway (Figure 3D and Supplementary Figure 9). The top canonical pathways that are regulated in circNFATC3 knockdown MDA-MB-231 cells compared to control are mitochondrial dysfunction, axonal guidance, pentose phosphate pathway, PTEN signaling, IL15 production, Sirtulin signaling, and NFkB signaling (genes are listed in Supplementary File 1). We observed downregulation of EGF, ID1, ID3, and AKT1 which regulate cell-to-cell contact and cellular movement. The silencing of circNFATC3 affects cellular bioenergetics by downregulating the key genes involved in oxidative phosphorylation and mitochondrial dysfunction (Table 1). Real-time quantitative PCR validation of RNA-seq data was done for IDH2, ID1, KRT80, and CALCR genes both in circNFATC3 silenced MDA-MB-231 breast cancer cells and SK-OV-3 ovarian cancer cells (Supplementary Figure 2). Transcriptome analysis of differentially expressed genes in circNFATC3 silenced breast cancer cell lines suggests a strong molecular phenotype thus we proceeded with the functional screening of circNFATC3 silenced cells using cell-based phenotypic assays in MDA-MB-231 and SK-OV-3.


TABLE 1. KEGG pathways showing differentially regulated pathways and genes involved in circNFATC3 silenced MDA-MB-231 cells.
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siRNA-Mediated Silencing of CircNFATC3 Decreases Cell Proliferation, Migration, and Invasion in Breast and Ovarian Cancer Cells

MTS cell proliferation and ATP assays showed a significant reduction in cell proliferation in circNFATC3 silenced cells compared to cells transfected with the scrambled siRNA controls (Figure 4). This reduction in both MTS and ATP cell proliferation assays was seen in MDA-MB-231 as well as SK-OV-3 cells (Figures 4A–D). The cell proliferation assays -MTS and ATP- indicate that the silencing of the NFATC3 parental gene can induce a significant reduction in cell viability but not as substantial as its circular counterpart. Both cell lines showed a significant reduction in cell proliferation after 72 h of transfection, however, MDA-MB-231 cells were able to show a reduction in cell proliferation as early as 48 h of transfection (Figure 4A). These results suggest that knockdown of circular forms of NFATC3 is capable of inducing strong phenotypic changes and modulating the growth of cancer cells.
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FIGURE 4. Cell proliferation (MTS and ATP) assays in circNFATC3 and NFATc3 mRNA silenced cells. The cell proliferation assays indicate that silencing of NFATC3 parental gene can induce a significant reduction in cell viability but not as substantial as its circular counterpart. (A) MTS assay of NFATC3 silenced MDA-MB-231 cells. (B) MTS assay of NFATC3 silenced SK-OV-3. (C) ATP assay of NFATC3 silenced MDA-MB-231 cells. (D) ATP assay of NFATC3 silenced SK-OV-3 cells. Sc1 and Sc2 are abbreviation for scrambled control 1 and scrambled control 2 of circNFATC3 respectively, whereas control is a universal siRNA control. Data in (A–D) are the means with error bars indicating standard error of the mean (SEM) of three experiments/biological replicates, **P < 0.01, ***P < 0.0005, ****P < 0.0001. The p-value in (A,B) was determined by two-way analysis ANOVA with Dunnett’s multiple comparisons test, the p-value in (C,D) is determined by one-way analysis ANOVA with Dunnett’s multiple comparisons test.


The wound-healing assay showed that the silencing of circNFATC3 reduces cell migration in MDA-MB-231 (Figures 5A,B) after 48 and 72 h compared to the scrambled control. Matrigel invasion -inserts coated with matrigel- analysis using the Boyden chamber showed that circNFATC3 silenced cells undergo a significant reduction in invasion and migration compared to the scrambled control at 72 h time point (Figures 5C,D). The collagen invasion assay of the circNFATC3 silenced cells in 3D anchorage-independent conditions exhibited less invasion and failed dispersion through the collagen matrix compared to scrambled control (Figure 5E). The 3D anchorage-independent model of MDA-MB-231 cells showed the same phenotypic effects -reduction in cell proliferation- like 2D condition (Figures 5F,G).


[image: image]

FIGURE 5. Migration and invasion assays of circNFATC3 silenced MDA-MB-231 cells. (A) wound healing assays. circNFATC3 silenced cells reduce migration after 48 and 72 h compared to control. (B) Scratch distance covered average. Wound healing analysis shows a significant reduction in migration of circNFATC3 silenced cells compared to control cells. (C) Boyden chamber. It shows a significant reduction in the invasion and migration of circNFATC3 silenced cells compared to control cells at 72 h. (D) circNFATC3 silenced MDA-MB-231 cells and control cells penetration through matrigel at 72 h. circNFATC3 silenced cells number that traveled in the denuded space is less than the number of the control cells. (E) Collagen invasion assay of circNFATC3 silenced cells in the 3D model. The circNFATC3 silenced cells exhibit less invasion fail dispersion through the collagen matrix compared to control MDA-MB-231 cells at 72 h. (F,G) represents Cell proliferation (MTS and ATP) assays in circNFATC3 in 3D phenotype of MDA-MB-231 cells. Data in (B,D,F,G) are the means with error bars indicating standard error of the mean (SEM) of three experiments. **P < 0.01. The p-value in (B,D,F,G) is determined by one-way analysis ANOVA with Dunnett’s multiple comparisons test.




siRNA-Mediated Silencing of circNFATC3 Modulates Cellular Bioenergetics Showing a Shift in Metabolic Phenotype

RNA-seq analysis revealed that knockdown of circNFATC3 can regulate oxidative phosphorylation and TCA cycle (Tricarboxylic Acid Cycle), thereby affecting the mitochondrial function directly. We used extracellular flux assays which allow direct evaluation of cellular bioenergetic profiles ex vivo by measuring oxygen consumption rate (OCR, a measure of oxidative phosphorylation) and extracellular acidification rate (ECAR) and cell energy phenotype. To functionally validate the RNA-seq results, we performed extracellular flux analysis for mitochondrial potential and cell energy phenotype in MDA-MB-231 and SK-OV-3 cells (Figure 6A and Supplementary Figure 3A). As per the RNA-seq data, we found that both the respiratory capacity and aerobic glycolysis, as measured by OCR and ECAR, respectively, of circNFATC3 silenced cells were significantly lower compared to the scrambled controls (Figures 6A–D). Figures 6B,C represent two different types of cell energy phenotypes; (a) the baseline which is OCR and ECAR of cells at starting assay conditions (specifically in the presence of a non-limiting quantity of substrates) and (b) the stressed phenotype which is OCR and ECAR of cells under an induced energy demand (specifically in the presence of stressor compounds). These results indicate that circNFATC3 knocked down cells exist in a relatively low bioenergetic state while scrambled control cells adapt an energetic (i.e., high respiratory capacity, high glycolysis) metabolic phenotype (Figure 6A). SK-OV-3 cells also follow the same trend, as silencing circNFATC3 lowers mitochondrial respiration (Supplementary Figure 3A). Taken together, these data show that knocking down circNFATC3 in cancer cells can maintain a quiescent metabolic phenotype demonstrating low respiratory capacity and glycolysis compared to control cells.
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FIGURE 6. Metabolic alteration in circNFATC3 and NFATC3 mRNA silenced MDA-MB-231 cells. (A) XF cell energy phenotype in circNFATC3 silenced cells. circNFATC3 silenced cells maintain a quiescent metabolic phenotype with low OCR and ECAR compared to control cells. (B) Oxygen consumption rate in circNFATC3 silenced cells. OCR is significantly low in circNFATC3 silenced cells compared to control cells. (C) Extracellular acidification rate in circNFATC3 silenced cells. ECAR is significantly low in circNFATC3 silenced cells compared to control cells. (D) Mitochondrial respiration of the circNFATC3 silenced cells, Olig is (Oligomycin); FCCP [carbonylcyanide-p-(trifluoromethoxy) phenylhydrazone] and R/A (Rotenone/Antimycin). Data in (B,C) are the means with error bars indicating standard error of the mean (SEM) of three experiments. *P < 0.02, ***P = 0.0005, ****P < 0.0001. The p-value in (A,B) was determined by two-way analysis ANOVA with Dunnett’s multiple comparisons test.




Overexpression of CircNFATC3 Regulates Cell Proliferation, Migration and Cellular Bioenergetics

MDA-MB-231 and SK-OV-3 cells were used for gain-of-function assays due to their moderately high expression of circNFATC3 and high level of transfection efficiency. MDA-MB-231 cells showed high transfection efficiency and were able to overexpress 16-fold higher levels of circularized NFATC3 construct compared to empty vector with Alu repeats (circRNA Mini Vector). We ectopically overexpressed circNFATC3 in MDA-MB-231 and SK-OV-3 cells using pcDNA3.1(+) CircRNA Mini Vector. For comparison, we also overexpressed the linear form of exon 2 and 3 using the pcDNA3.1 original vector that does not allow subsequent circularization of the structure due to its lack of Alu repeats (Figures 7A,B). The NFATC3 construct which is composed of exon 2 and exon 3 is 1,298 bp long (cloning details are shown in Supplementary Figure 8). Only the NFATC3 construct in pcDNA3.1(+) CircRNA Mini Vector with Alu repeats was able to circularize the majority of the transcript in MDA-MB-231 and SK-OV-3 cells (Figures 7A,B).
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FIGURE 7. Gain-of-function assay of the NFATC3 gene using pcDNA3.1(+) CircRNA Mini Vector and pcDNA3.1 Vector using Real time PCR analysis (relative gene expression compared to its respective control vector). NFATC3 construct in the pcDNA3.1(+) CircRNA Mini Vector expressed both circNFATC3 and NFATC3 mRNA, but the pcDNA3.1 Vector was not able to circularize the NFATC3 construct. (A) NFATC3 overexpression in MDA-MB-231 cells. (B) NFATC3 overexpression in SK-OV-3 cells. **P < 0.01, ****P < 0.0001. The p-value in (A,B) was determined by two-way analysis ANOVA with Sidak’s multiple comparisons test.


Our next aim was to identify the phenotypic effect of the circularized transcript compared to the non-circularized control transcript. Cell proliferation assays at 48 and 72 h revealed increases in both cell lines of the circNFATC3 overexpressed groups compared to controls (Figures 8A–D). Moreover, overexpression of circNFATC3 dramatically enhanced cell migration in MDA-MB-231 cells (Figures 8E,F). We further determined the alteration of cellular bioenergetics of the overexpressed circNFATC3 and control in MDA-MB-231 and SK-OV-3 cells by using extracellular flux analysis (Figure 9 and Supplementary Figures 3B, 4). As shown in Figure 9, a significant increase was observed in OCR and ECAR with a slight shift in energy phenotype only in circNFATC3 overexpressed cells compared to all other control conditions (Figures 9A–C). Taken together, the overexpression of circNFATC3 can increase cancer cell proliferation, migration, and bioenergetics.
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FIGURE 8. Phenotypic assays of the NFATC3 overexpressed cells. (A) MTS assay of the NFATC3 overexpressed MDA-MB-231 cells. (B) ATP assay of the NFATC3 overexpressed MDA-MB-231 cells. (C) MTS assay of the NFATC3 overexpressed SK-OV-3 cells. (D) ATP assay of the NFATC3 overexpressed SK-OV-3 cells. (E) Scratch covered distance average measured at 0, 48, and 72 h in MDA-MB-231 cells. Wound healing analysis shows a significant increase in migration of the circNFATC3 overexpressed cells compared to control cells. (F) Wound healing assay. circNFATC3 overexpressed cells increase migration after 48 and 72 h relative to 0 h. Data in (A–E) are the means with error bars indicating standard error of the mean (SEM) of three experiments. *P < 0.04, **P = 0.01, ****P < 0.0001. The P-value in (A,B) was determined by two-way analysis ANOVA with Dunnett’s multiple comparisons test.
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FIGURE 9. Metabolic alteration in circNFATC3 and NFATC3 mRNA overexpressed MDA-MB-231 cells. (A) XF cell energy phenotype in circNFATC3 overexpressed cells. circNFATC3 overexpressed cells maintain an aerobic metabolic phenotype with high OCR and ECAR compared to control cells. (B) Oxygen consumption rate in circNFATC3 overexpressed cells. OCR is high in circNFATC3 overexpressed cells compared to control cells. (C) Extracellular acidification rate in circNFATC3 overexpressed cells. ECAR is significantly high in circNFATC3 overexpressed cells compared to control cells. Data in (B,C) are the means with error bars indicating standard error of the mean (SEM) of three experiments. ****P < 0.0001. The P-value in (A,B) was determined by two-way analysis ANOVA with Dunnett’s multiple comparisons test.




Interactome Analysis CircNFATC3 Shows Association With hsa let7a-5p and Several RBP Binding Sites

We characterized and identified circNFATC3 as an exonic circRNA consisting of two exons with a length of 1,298 bp that is resistant to RNase R treatment (Figure 1E). The annotated circNFATC3 isoforms listed in circnet3 (Liu et al., 2016) share the same backsplice junction studied here and are highly expressed in different tissues; particularly in breast cancer tissue compared to normal tissue (Supplementary Figure 5). circNFATC3 is annotated as hsa_circ_0000711 (circBase)4, NFATC3_hsa-circRNA3069 (starBase5, and chr16:68121986:68126610:NFATC3 by MiOncoCirc6. circNFATC3 is associated with tumor suppressor micro RNAs, let7-5p, and MiR-143-3p, and which is identified by publicly available circRNA data base (Figure 10A). CircNFATC3 is associated with RBP-RNA interactions which is supported by the identification of binding sites of RBPs derived from ChIP-seq data (starBase). Many known RBPs are associated with circNFATC3 indicates the regulatory and functional potential circular NFATC3 in cancer and other diseases (Figure 10B and Supplementary Figure 7). Moreover, circNFATC3 one of the most abundant circular isoform present in different tissues as identified by MiOncoCirc data base which is a compendium of circular RNAs compiled from cancer clinical samples at The University of Michigan (Figure 10C). Briefly, circNFATC3 is one of the moderately abundant and functionally active circular RNA in different human tissues.
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FIGURE 10. (A) StarBase v2.0 (http://starbase.sysu.edu.cn/) used to systematically identify the circNFATC3–miRNA and circNFATC3–RBP interaction networks from CLIP-Seq (PAR-CLIP, HITS-CLIP, iCLIP, CLASH) data sets generated by various independent studies. (A) StarBase analysis of circNFATC3 association with microRNAs. (B) Analysis of RBPs and its association with circNFATC3. (C) MiOncocirc analysis detect circNFACT3 isoform as one of the prominent circular RNA isoform in RNA seq data of Castration-Resistant Prostate Cancer, Pediatrics Tumors, Advanced Metastatic Cancers.




DISCUSSION

Due to the extensive use of high−throughput sequencing platforms to identify novel regulatory RNAs, increasing numbers of circRNAs have been identified in human samples. The emerging evidence demonstrating that circRNAs play crucial roles in carcinogenesis and cancer progression have led to a rapid exploration of the functional relevance of these RNAs in cancer. Similar to oncogenes, aberrantly expressed circRNAs have been reported in diverse cancer types (Huang et al., 2017; Yang et al., 2018; Zeng et al., 2018). We identified circNFATC3 which is a highly expressed circRNA in breast and ovarian cancer cells (Ahmed et al., 2016). circNFATC3 has been identified as a potential biomarker in CRC cancer as it is highly expressed in myotonic dystrophy and brain cells regulating aging (Gruner et al., 2016; Li et al., 2018; Czubak et al., 2019). Even though circNFATC3 is annotated by different circRNA based databases, it remains functionally uncharacterized. The only documented functional characterization of circNFATC3 is its association with RNA binding protein IMP3 which is potentially involved in the biogenesis of circular RNAs (Schneider et al., 2016).

As a step toward functionally characterizing the circNFATC3 of exon 2 and 3, we conducted circRNA silencing without altering the expression of its parental mRNA. A series of experiments were conducted to validate the knockdown efficacy in different cell lines using two siRNA constructs, a universal scrambled control, and two scrambled constructs of circNFATC3 (Figure 2C). Knockdown of circNFATC3 in MDA-MB-231 and SK-OV-3 cells that have a moderately high level of circNFATC3 showed a reduction in cell proliferation. However, knockdown of circNFATC3 in LCL (lymphoblastoid) cells which have a low level of circNFATC3 expression was unable to induce any phenotypic changes (Supplementary Figure 6 and Figure 1A). The presence of circNFATC3 was analyzed in different tissue types using MiOncoCirc database (Figure 10C). These results suggest that circNFATC3 knockdown is highly specific to circular RNA and has no off-target effect. Transcriptome analysis of circNFATC3 silenced MDA-MB-231 cells compared to scrambled cells shows a distinct molecular phenotype (Figure 3). The RNA-seq data for circNFATC3 silenced cancer cells shows a predicted decrease in the activity of migration, invasion, and mobility as the molecules involved in these pathways are affected which is consistent with our results of the migration and invasion assays for circNFATC3 silenced cells. circNFATC3 silenced cancer cells are predicted to decrease lipid synthesis, cell-to-cell contact and angiogenesis thus may cause cell cycle arrest which is evident in the phenotypic changes of circNFATC3 silenced MDA-MB-231 and SK-OV-3 cells. Cell proliferation, cell-to-cell contact, cell movement, and oxidative phosphorylation are altered in circNFATC3 silenced MDA-MB-231 cells (Figure 3 and Table 1). Cell proliferation assay revealed that knockdown of circNFATC3 can significantly reduce cell proliferation, cell migration, and cancer invasion (Figures 4, 5). circRNA junction -backsplice junction- is essential for altering the phenotype as evidenced by the circNFATC3 silencing and overexpression studies (Figures 2, 7) compared to the linear NFATC3 knockdown. The scrambled siRNA with altered junctional sequence (Figure 2B) and pcDNA3.1 vector without Alu repeats that did not circularize the linear construct fail to show any phenotype in loss-of-function and gain-of-function studies, respectively. circNFATC3 plays an essential role in oxidative phosphorylation in MDA-MB-231 and SK-OV-3 cells as evidenced by extracellular flux analysis measuring mitochondrial stress and cell energy phenotype (Figures 6, 9).

Emerging evidence suggests that circRNAs are involved in complicated functions such as acting as endogenous RNAs to sponge miRNAs, protein decoys, protein translation, regulating the expression of parental genes, modulating alternative splicing, regulating RNA–protein interactions, and acting as scaffolds in the assembly of protein complexes (Ashwal-Fluss et al., 2014; Du et al., 2016; Liang et al., 2019; Su et al., 2019). Interactome analysis of circNFATC3 interaction with miRNA-circRNA networking using starBase v3.0 (Li et al., 2014) shows that circNFATC3 is highly associated with Let-7 family members of microRNAs (Figure 10A). The Let-7 microRNA family exerts its tumor suppressor and antiproliferative activities by repressing several oncogenes including RAS and by controlling key regulators of the cell cycle, cell differentiation, and apoptotic pathways (Johnson et al., 2005; Barh et al., 2010). Let-7 microRNA is known to be involved in a negative feedback loop that downregulates NFAT family gene expression (Kannambath, 2016). Similar to its parental gene family, circNFATC3 may also be involved in regulating gene expression via the Let-7-mediated feedback loop. Using StarBase to find RBP-circRNA interactions supported by CLIP-Seq data shows circNFATC3 association with several RBPs -RNA Binding Proteins- (Figure 10B). Likewise, using the circRNA interactome (Dudekula et al., 2016)7 tool shows an association between several RBPs and circNFATC3 (Supplementary Figure 7). As evidenced by circBase and circinteractome, circNFATC3 can potentially sponge microRNAs and RBPs making it important in regulating various biological activities including cell proliferation, motility, apoptosis, senescence, and cell responses to oxidative stress via posttranscriptional regulation such as RNA alternative splicing, conservation, transport and translation (Barh et al., 2010; Kannambath, 2016).



CONCLUSION

To conclude, circNFATC3 is one of the uncharacterized circular RNA which holds a potential therapeutic agent. circNFATC3 is involved in regulating cell proliferation, cancer cell invasion, migration, and oxidative phosphorylation which highlights its important role in cancer progression.
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Osteoporosis is a common systemic skeletal disorder that leads to increased bone fragility and increased risk of fracture. Although βII-Spectrin (SPTBN1) has been reported to be involved in the development of various human cancers, the function and underlying molecular mechanisms of SPTBN1 in primary osteoporosis remain unclear. In this study, we first established a primary osteoporosis mouse model of senile osteoporosis and postmenopausal osteoporosis. The results showed that the expression of SPTBN1 was significantly downregulated in primary osteoporosis mice model compared with the control group. Furthermore, silencing of SPTBN1 led to a decrease in bone density, a small number of trabecular bones, wider gap, decreased blood volume fraction and number of blood vessels, as well as downregulation of runt-related transcription factor 2 (Runx2), Osterix (Osx), Osteocalcin (Ocn), and vascular endothelial growth factor (VEGF) in primary osteoporosis mice model compared with the control group. Besides, the silencing of SPTBN1 inhibited the growth and induced apoptosis of mouse pre-osteoblast MC3T3-E1 cells compared with the negative control group. Moreover, the silencing of SPTBN1 significantly increased the expression of TGF-β, Cxcl9, and the phosphorylation level STAT1 and Smad3 in MC3T3-E1 cells compared with the control group. As expected, overexpression of SPTBN1 reversed the effect of SPTBN1 silencing in the progression of primary osteoporosis both in vitro and in vivo. Taken together, these results suggested that SPTBN1 suppressed primary osteoporosis by facilitating the proliferation, differentiation, and inhibition of apoptosis in osteoblasts via the TGF-β/Smad3 and STAT1/Cxcl9 pathways. Besides, overexpression of SPTBN1 promoted the formation of blood vessels in bone by regulating the expression of VEGF. This study, therefore, provided SPTBN1 as a novel therapeutic target for osteoporosis.
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INTRODUCTION

Osteoporosis is a skeletal disorder characterized by compromised bone strength and predisposes a person to an increased risk of fracture, and is becoming an increasingly serious health challenge worldwide (Aspray and Hill, 2019). Osteoporosis often occurs in postmenopausal women and the senile population and is associated with increased mortality and morbidity globally (Miller, 2016). Generally, patients with osteoporosis are usually treated with calcium supplements and hormone replacement therapy (Kling et al., 2014; Khosla and Hofbauer, 2017). Although fragility fractures cause severe problems, available therapies for osteoporosis are unsatisfactory as they are associated with adverse side effects or poor patient compliance (Kerschan-Schindl, 2016). Therefore, understanding the pathogenesis of osteoporosis can extend knowledge and even contribute to the identification of efficient and sensitive therapeutic targets.

Spectrins, are a group of large, flexible, and highly conserved proteins containing α-β dimers that are connected head-to-head to form the canonical heterotetrameric spectrin structure (Marchesi and Steers, 1968; Derbala et al., 2018). βII-spectrin (SPTBN1), a member of the spectrin family, is an actin cross-linked molecular skeleton protein, which plays a crucial role in the arrangement of transmembrane proteins and organelle tissues (Susuki and Zollinger, 2018). Recently, several studies have reported that SPTBN1 is involved in the progression or prognosis of human diseases. For instance, Zhi et al. (2015) demonstrated that SPTBN1 inhibited the development of hepatocellular carcinoma via modulating the expression of Wnt inhibitor Kallistatin to intervene in the Wnt signaling pathway. Chen et al. (2020) reported that SPTBN1 can prevent the progression of epithelial ovarian cancer through the SOCS3-mediated blockade of the JAK/STAT3 signaling pathway. Besides, SPTBN1 has been implicated in the development of osteoporotic fracture and bone mineral density (BMD). For example, our recent system-level study based on genome-wide association studies of osteoporosis indicated that SPTBN1 associated with BMD in females (Chen et al., 2016). Wang et al. (2009) conducted a two-stage case-control association study with 1046 patients with the non-traumatic vertebra, hip, or distal radius fractures and 2303 healthy controls, and indicated that SPTBN1 was a susceptibility genetic loci for osteoporotic fracture in postmenopausal Chinese women (Wang et al., 2012). These reports suggest that SPTBN1 may contribute to the progression of osteoporosis. However, the specific functions and mechanisms of SPTBN1 in osteoporosis have not been reported.

Osteoblasts are the major bone-making cells that mature from mesenchymal progenitor cells and pre-osteoblasts, and produce the bone matrix during bone development (Ducy et al., 2000; Long, 2011). Pre-osteoblasts are often characterized by specific expression of transcription factors such as runt-related transcription factor 2 (Runx2) and Osterix (Osx) (Li N. et al., 2015), while osteoblasts are often characterized by specific expression of Osteocalcin (Ocn) (Zoch et al., 2016). The bone homeostasis in vivo depends on the balance between osteoclast absorption and osteoblast formation. Osteoporosis occurs when there is a decrease in osteoblast formation and an increase in osteoclast absorption (Chen et al., 2018). To identify mechanisms of SPTBN1 in osteoporosis, we explored pathways related to SPTBN1 by STRING website and found that SPTBN1 may associate with TGF-β/Smad3 and STAT1/Cxcl9 signaling pathways (Supplementary Figures 1A,B). Previous studies have indicated that TGF-β/Smad3 and STAT1/Cxcl9 signaling pathways are involved in the differentiation and functions of osteoblasts (Black and Rosen, 2016; Huang et al., 2016). Thus, SPTBN1 may regulate osteoblast by TGF-β/Smad3 and STAT1/Cxcl9 signaling pathways in osteoporosis.

Besides, bone is a highly vascularized form of connective tissue and blood vessels are essential for bone development, regeneration, and remodeling (Kanczler and Oreffo, 2008; Filipowska et al., 2017). The process of angiogenesis requires the participation of different growth and differentiation factors. The explore of pathways related to SPTBN1 by STRING website also indicated that SPTBN1 may associated with VEGF, which is very essential for angiogenesis in developing mature bone tissue (Liu and Olsen, 2014). Therefore, SPTBN1 may contribute to angiogenesis through regulating VEGF in osteoporosis.

Our results firstly demonstrated that SPTBN1 could efficiently prevent the progression of primary osteoporosis through facilitating the proliferation and differentiation of osteoblast, inhibiting apoptosis of osteoblast via regulating TGF-β/Smad3, STAT1/Cxcl9 pathways, and promoting the formation of blood vessels in bone by modulating VEGF expression.



MATERIALS AND METHODS


Animal Model

A total of 120 C57BL-6 mice (60 male and 60 female) were purchased from the Guangdong Experimental Animal Center (Foshan, Guangdong, China), and kept at 20 ± 2°C, 12 h light/dark cycle and with approximately 50–60% humidity. For the senile osteoporosis model (n = 12), 9 months old mice were considered the senile osteoporosis group, and 3 months old mice were regarded as the young group. For the ovariectomized mice model (n = 12), mice were divided into the OVX group (ovariectomized) or sham group (sham surgery) which was performed as previously described (Li et al., 2019). To explore the function of SPTBN1, mice in the senile osteoporosis group and OVX group were intramedullary injected with the adeno-associated virus (AAV) used to silence SPTBN1 (si-SPTBN1) or SAM virus utilized to the overexpression of SPTBN1 (OE-SPTBN1) and corresponding negative controls (si-NC and OE-NC) into the right side of the femur. All animal experiments were performed according to the Guide for the Care and Use of Laboratory Animals published by the US National Institute of Health and this study was approved by Southern Medical University.



Detection and Analysis of Micro-CT

One month after the first intramedullary injection, mice were anesthetized with pentobarbital and subsequently put to death by dislocation of cervical vertebra, and blood vessels were rinsed by 20 ml 100 μl/ml heparin from the left ventricle using Intravenous infusion needle. Subsequently, mice were fixed by 4% paraformaldehyde (PFA), perfused with contrast agent and placed at 4°C for 1–2 days. Next, bilateral femurs were harvested from the lower abdomen without fat and muscle and fixed by 4% PFA following decalcification for 3–4 weeks. Then, bilateral femurs were analyzed by micro-CT. Micro-CT imaging was performed using LathetaLCT-200 (Hitachi Aloka, Tokyo, Japan) in vivo. The 360-degree scanning of femurs in vivo was performed using the following parameters: 160 kV, 500 mA, a resolution of 10.44, and the Inveon Research Workplace 2.2 software was used for reconstruction of the 3D images. Micro-CT imaging in vitro was performed using Skyscan 1176 (Bruker MicrocT, Kontich, Belgium) in the femurs with the region of interest (ROI): 1 mm proximal to the epiphyseal plate and 0.5 mm in length. Finally, trabecular microarchitecture was evaluated by bone volume fraction (BV/TV), trabecular thickness (Tb. Th), trabecular number (Tb. N), and trabecular separation (Tb. Sp) according to published methods (Li et al., 2017).



Immunohistochemistry (IHC) Assay

The IHC assay for the detection of SPTBN1, Ocn, Osx, and Runx2 was performed. In brief, the femur tissues were fixed with 10% formalin, embedded in paraffin, and sectioned. The slides were incubated with antibodies against SPTBN1 (Abcam, Cambridge, MA, United States), Ocn (Abcam), Osx (Abcam), Runx2 (Abcam), and VEGF (Abcam) at 4°C overnight, stained with Diaminobenzidine (DAB) and counterstained with hematoxylin. The representative images were captured using a light microscope.



Tissue Alkaline Phosphatase (ALP)/Tartrate-Resistant Acid Phosphatase (TRAP) Staining Assay

The femur tissues were harvested and fixed with periodate-lysine-paraformaldehyde (PLP) fixative containing 0.075 M lysine, 2% PFA and 0.01 M sodium periodate solution (pH 7.4) at 4°C for 24 h. The femur tissues were decalcified according to the protocol described previously (Mori et al., 1988). Subsequently, the tissues were dehydrated by a graded series of alcohols and embedded in paraffin wax. The femurs were cut longitudinally at 5 μm thickness using a rotary microtome and processed for ALP and TRAP staining by the TRAP/ALP double staining kit (WAKO, Chuo-ku, Osaka, Japan) as previously described (Potu et al., 2009).



H&E Staining Assay

H&E staining was performed as previously described (Liu et al., 2019). Briefly, the femur tissues were collected and fixed with 4% PFA at 4°C, dehydrated with gradient alcohol, cleared in xylene, embedded, and sliced to 4 μm in thickness. Then the slices were dyed in hematoxylin, washed away with running water, and dyed with 1% eosin. The slides were washed again with running water, dehydrated, cleared, blocked with neutral gum, and dried for 3 days. Finally, the femur tissues were photographed under a light microscope.



Cell Culture

Mouse pre-osteoblast MC3T3-E1 cells (CRL-2594) were purchased from the American Type Culture Collection (ATCC) cell bank and cultured with 1640 medium supplemented with 10% fetal bovine serum (FBS) (Gibco, Rockville, MD, United States) at 37°C with 5% CO2. To induce cell differentiation, a differentiation medium containing 10% FBS with 50 μg/ml ascorbic acid and 4 mM β-glycerol phosphate was added when cells reached 80% confluence.



Cell Transfection

Lentivirus (LV) used to silence SPTBN1 (Si-SPTBN1), SAM virus utilized to the overexpression of SPTBN1 (OE-SPTBN1), and their corresponding controls (Si-NC and OE-NC) were transfected into MC3T3-E1 cells using Lipofectamine 2000 kit (Invitrogen, Thermo Fisher Scientific, Shanghai, China) according to the manufacturer’s instructions. After transfection for 48 h, the transfection efficiency was evaluated by qRT-PCR and the optimal silencing or overexpressing lentivirus collected for subsequent experiments. The sequences for si-SPTBN1 were as follows: 200: 5′-CCGGCCTCGTATTGATGACATCTTTCTCGAGAAAGATGT CATCAATACGAGGTTTTT-3′; 201: 5′-CCGGGCCAGAAAT CTGCACAGTAAACTCGAGTTTACTGTGCAGATTTCTGGC TTTTT-3′; 202: 5′-CCGGCGCTTCCAGATCCAGGATATTCTC GAGAATATCCTGGATCTGGAAGCGTTTTT-3′.



CCK-8 Assay

To measure cell viability, approximately 5 × 103 cells MC3T3-E1 cells were seeded into 96-well plates. Hundred μL of CCK-8 solution (Dojindo Molecular Technologies, Japan) was added to each well and incubated for 24, 48, 72, and 96 h, respectively. Finally, the optical density (OD) at 450 nm was detected using a microplate reader (Bio Tek Instruments, Winooski, VT, United States).



Apoptosis Analysis

Cell apoptosis was evaluated by flow cytometry after treatment with the Annexin V: FITC Apoptosis Detection Kit II (BD Biosciences, San Jose, CA, United States) according to the manufacturer’s instructions. Briefly, cells were centrifuged and resuspended with binding buffer. Then, cells were incubated with 5 μL of Annexin V-FITC for 15 min followed by 10 μL of propidium iodide (PI) for 5 min. Subsequently, the apoptosis rate was evaluated by Flow cytometry (BD Biosciences).



ALP Activity Assay

After transfection with different lentivirus, ALP activity of MC3T3-E1 cells was measured by an ALP activity kit according to the manufacturer’s protocol (Beyotime, Shanghai, China). The absorbance was determined at 405 nm.



Alizarin Red Staining (ARS) Assay

Alizarin red staining assay was performed to detect osteoblast calcification. Briefly, MC3T3-E1 cells were seeded into 12 well plates at a density of 5 × 104 cells/well and cultured for 24 h for transfection. After transfection for 48, the cells were fixed with 95% ethanol for 10 min, washed thrice with PBS, covered and stained using Alizarin Red S staining solution (Cyagen, Guangzhou, Guangdong, China) for 15 min. Finally, the cells were rinsed with PBS and photographed under a microscope.



ELISA Assay

The culture supernatant of MC3T3-E1 cells were centrifuged at 3000 rpm/min at 4°C for 25 min. The supernatant was collected and the expression levels of Cxcl9 detected using ELISA kits (ab203364, Abcam, Shanghai, China) according to the manufacturer’s instructions.



qRT-PCR

Total RNA of the cultured cells was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, United States). Approximately 1.2 μg RNA was reverse-transcribed into cDNA with the TaqMan MicroRNA Reverse Transcription Kit, and quantitative RT-PCR was performed using the ABI Prism 5700 Sequence Detection System (Forest City, CA, United States). The relative expression change of SPTBN1 was analyzed by the 2–Δ Δ Ct method with GAPDH as the internal reference. The primers used were as follows: SPTBN1 forward primer: 5′-GAGTTGCAGAGGACATCCAGC-3′, reverse primer: 5′-ATTGACCCACTTGGTGAAGGTC-3′; GAPDH forward primer: 5′-ACCACA GTCCATGCCATCAC-3′, reverse primer: 5′-TCCACCACCCTGTTGCTGTA-3′.



Western Blot

Total protein was isolated using RIPA lysis (Trans-Gen Biotech) according to the manufacturer’s instructions. Approximately, an equal amount of protein was separated using 12% SDS-PAGE and transferred onto PVDF membranes. After blocking with 5% non-fat milk for 1h at room temperature, the membranes were incubated with primary antibodies against CyclinE1 (ab33911, Abcam), Cleaved Caspase 3 (ab13847, Abcam), Runx2 (ab192256, Abcam), Osx (ab209484, Abcam), Ocn (ab133612, Abcam), SPTBN1 (ab72239, Abcam), TGF-β (ab215715, Abcam), p-STAT1 (ab109461, Abcam), p-SMAD3 (ab52903, Abcam), and β-actin (KM9001, Sungene Biotech, Tianjin, China). β-actin was served as the internal reference of Western Blot in this study. Subsequently, the membranes were incubated with HRP-labeled secondary antibody (1:5000) for 1 h. Finally, the detection of protein bands was performed using an enhanced chemiluminescence (ECL) kit (Santa Cruz Biotechnology, Dallas, TX, United States) according to the manufacturer’s instructions, and the bands of interest were visualized using a Bio-Rad imaging system (Bio-Rad Laboratories, Mississauga, ON, United States).



RNA Sequencing and Analysis of Differential Expressed Genes

Total RNA was extracted from Si- SPTBN1 and Si-NC differentiated MC3T3-E1 cells by TRIzol (Invitrogen). After enriching mRNA, samples were sequenced by Gene Denovo Biotechnology Co. (Guangzhou, Guangdong, China) using Illumina HiSeq2500. Next, the gene abundance was quantified by StringTie software (v1.3.1) (Pertea et al., 2015). Subsequently, analysis of differential expressed genes between two different groups was performed using DESeq2 software (Love et al., 2014). Genes with false discovery rate (FDR) < 0.05 and an absolute fold change more than 2 were identified as differential expressed genes.



Gene Ontology (GO) and KEGG Pathway Enrichment Analysis

Gene Ontology enrichment for differentially expressed genes (DEGs) was analyzed by GOseq R package (Young et al., 2010). For KEGG pathway enrichment of DEGs, the KOBAS software program was utilized as described previously (Mao et al., 2005).



Statistical Analysis

All data were presented as mean ± standard deviation (SD). Data analysis was performed by SPSS version 17.0 software. All experiments were repeated three times. The difference between the two groups was determined by Student’s t-test. Multiple group comparisons were analyzed using one-way analysis of variance (ANOVA). P < 0.05 was considered statistically significant.



RESULTS


The Expression of SPTBN1 Is Significantly Downregulated in Primary Osteoporosis Mice

To explore the specific roles and underlying mechanisms of SPTBN1 in primary osteoporosis, the primary osteoporosis mice models including spontaneous senile osteoporosis mice model and ovariectomized (OVX) mice model were established. For the spontaneous senile osteoporosis mice model, the representative images of Micro-CT imaging of the metaphyseal trabecular bone in the distal femur between the young group and senile group are shown in Figure 1A. The images indicated that the number of bone trabecula was significantly reduced, and the gap was widened in the senile group compared with the young group. The BV/TV (p < 0.01), Tb. N (p < 0.01), Tb. Th (p < 0.01) in the senile group was significantly decreased compared with the young group, while Tb. Sp (p < 0.01) was significantly increased in the senile group (Figure 1B). The representative photomicrographs of H&E staining in sections of the distal femur between the senile group and young group are shown in Figure 1C. The results indicated that there was a significant increase in adipose tissue and fracture tendency in the senile group compared with the young group (Figure 1C). For the osteoporosis mice model, representative images of Micro-CT imaging are shown in Figure 1D. The results suggested that the number of bone trabecula was significantly reduced, and the gap was widened in the OVX group compared with the sham group. Similarly, after OVX at different times such as 8, 12, or 16 weeks, the BV/TV (p < 0.05), Tb. N (p < 0.05), Tb. Th (p < 0.05) were significantly decreased in the OVX group compared with the sham group, and Tb. Sp was increased (p < 0.05) (Figure 1E). The representative photomicrographs of H&E staining are shown in Figure 1F, indicating that there was a significant increase in adipose tissue and fracture tendency in the OVX group compared with the sham group. These results suggested that the two primary osteoporosis mice models were successfully established and could be used for subsequent experiments. Further, an IHC assay was performed to evaluate the relative expression of SPTBN1 in the distal femur from different groups. The results showed that the mean density of SPTBN1 positive cells was significantly decreased both in the OVX group and senile group compared with the respective control groups (Figure 1G). These results suggested a potential protective role of SPTBN1 in the progression of primary osteoporosis.
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FIGURE 1. SPTBN1 was significantly downregulated in a primary osteoporosis mouse model. (A–C) The establishment of the senile osteoporosis mice model (Young group and Senile group). (A) Micro-CT imaging and 3D reconstruction of metaphyseal trabecular bone of the distal femur. (B) Morphometry of trabecular BV/TV, Tb. Th, Tb. N, and Tb. Sp based on Micro-CT imaging (n = 8). (C) Representative photomicrographs of hematoxylin-eosin (HE) staining in sections of the distal femur (n = 8). (D–F) The establishment of the ovariectomized osteoporosis mice model (Sham group and OVX group). (D) Micro-CT imaging and 3D reconstruction of metaphyseal trabecular bone of the distal femur. (E) Morphometry of trabecular BV/TV, Tb. Th, Tb. N, and Tb. Sp based on Micro-CT imaging (n = 8). (F) Representative photomicrographs of HE staining of SPTBN1 in sections of the distal femur (n = 8). The magnification of photomicrographs of HE staining was 20×. (G) Immunohistochemistry staining for SPTBN1 in sections of the distal femur of the OVX group, Sham group, Senile group, and Young group. The mean density of the SPTBN1 positive cells was calculated as integrated optical density (IOD) per area of positive cells (n = 8). The magnification of photomicrographs of immunohistochemistry was 40×, and arrows indicated SPTBN1 positive cells stained in brown. Scale bar, 5 μm for all. ∗P < 0.05, ∗∗P < 0.01 vs. control group.




SPTBN1 Silence Exacerbates the Progression of Primary Osteoporosis

To further determine the function of SPTBN1 in primary osteoporosis, the SPTBN1 silencing and overexpression assays were performed. Here, primary osteoblast MC3T3-E1 cells were transfected with AAV or SAM carrying three different silencing sequences or overexpression sequence to optimize the most effective sequences. The representative transfection fluorescence after 48 h of transfection with different si-SPTBN1 sequences including 200, 201, and 202 are shown in Supplementary Figure 2A. Meanwhile, qRT-PCR and western blot results indicated that, when transfected with si-SPTBN1 202, both the mRNA and protein expression of SPTBN1 were the lowest compared with transfection with si-SPTBN1 200 and 210 (Supplementary Figures 2B,C). Similarly, the representative transfection fluorescence after 48 h of transfection with different OE-SPTBN1 sequences including 6164, 6165, and 6166 are shown in Supplementary Figure S2D. The expression of SPTBN1 in the OE-SPTBN1 6166 group was the highest compared with the other two groups (Supplementary Figures 2E,F). These results suggested that si-SPTBN1 (202) and OE-SPTBN1 (6166) achieved the best efficiency and were selected for subsequent experiments.

To confirm the protective role of SPTBN1 in primary osteoporosis, the marrow cavity of the left femur of senile and OVX mice was injected with control lentivirus, and the marrow cavity of the right femur was injected with si-SPTBN1 lentivirus. The representative images of Micro-CT imaging and H&E staining in the femur of si-SPTBN1 injected senile mice are shown in Figures 2A,B. These images indicated that in the si-SPTBN1 group, the number of trabecula decreased, the trabecula were thinner, the gap was widened, and osteoporosis was aggravated compared with the control group (Table 1). Meanwhile, IHC assay indicated that si-SPTBN1 significantly decreased the SPTBN1 mean density in the femur of senile mice compared with the control group (Figure 2C). The representative images of Micro-CT and H&E staining in the femur of si-SPTBN1 injected OVX mice are shown in Figures 2D,E. The images showed that in the si-SPTBN1 group, the number of trabecula was decreased, the trabecula were thinner, the gap wider and osteoporosis was aggravated compared with the control group (Table 2). Besides, the SPTBN1 mean density in the OVX si-SPTBN1 group was significantly decreased compared with the OVX control group (Figure 2F). These results indicated that the downregulation of SPTBN1 could significantly exacerbate primary osteoporosis.
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FIGURE 2. The effect of si-SPTBN1 in primary osteoporosis mice. (A–C) The effect of si-SPTBN1 in senile osteoporosis mice. (A) Micro-CT imaging and 3D reconstruction of metaphyseal trabecular bone of the distal femur. (B) Representative photomicrographs of HE staining in sections of the distal femur (n = 8). (C) Immunohistochemistry staining for SPTBN1 in sections of the distal femur. The mean density of the SPTBN1 positive cells was calculated as integrated optical density (IOD) per area of positive cells (n = 8). (D–F) The effect of si-SPTBN1 in ovariectomized osteoporosis mice. (D) Micro-CT imaging and 3D reconstruction of metaphyseal trabecular bone of the distal femur. (E) Representative photomicrographs of HE staining in sections of the distal femur (n = 8). (F) Immunohistochemistry staining for SPTBN1 in sections of the distal femur. The mean density of the SPTBN1 positive cells was calculated as integrated optical density (IOD) per area of positive cells (n = 8). The magnification of photomicrographs of HE staining was 20×, while the magnification of photomicrographs of immunohistochemistry was 40×. Arrows indicate the SPTBN1 positive cells stained in brown. Scale bar, 5 μm for all. ∗P < 0.05 vs. control group.



TABLE 1. Micro-CT scanning parameter comparison of cancellous and cortical bone between senile control and senile si-SPTBN1 mice.
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TABLE 2. Micro-CT scanning parameter comparison of cancellous and cortical bone between OVX control and OVX si-SPTBN1 mice.
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Upregulation of SPTBN1 Inhibits the Progression of Primary Osteoporosis

The marrow cavity of the left femur of senile and OVX mice was injected with the control lentivirus, and the marrow cavity of the right femur was injected with OE-SPTBN1 lentivirus. The representative images of Micro-CT and H&E staining in the femur of OE-SPTBN1 injected senile mice are shown in Figures 3A,B. The images showed that the number of trabecula was increased, the trabecula were thicker, the gap narrowed, and osteoporosis was attenuated in the OE-SPTBN1 group compared with the control group (Table 3). Figure 3C indicated that OE-SPTBN1 significantly increased the SPTBN1 mean density in the femur of senile mice compared with the control group. Besides, the representative images of Micro-CT and H&E staining in the femur of OE-SPTBN1 injected OVX mice are shown in Figures 3D,E. The images showed that the number of trabecula was increased, the trabecula were thicker, the gap narrowed, and osteoporosis was attenuated in the OE-SPTBN1 group compared with the control group (Table 4). The SPTBN1 mean density in the OVX OE-SPTBN1 group was significantly increased compared with the OVX control group (Figure 3F). These results suggested that the upregulation of SPTBN1 could significantly inhibit primary osteoporosis.
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FIGURE 3. The effect of OE-SPTBN1 in primary osteoporosis mice. (A–C) The effect of OE-SPTBN1 in senile osteoporosis mice. (A) Micro-CT imaging and 3D reconstruction of metaphyseal trabecular bone of the distal femur. (B) Representative photomicrographs of HE staining in sections of the distal femur (n = 8). (C) Immunohistochemistry staining for SPTBN1 in sections of the distal femur (n = 8). (D–F) The effect of OE-SPTBN1 in ovariectomized osteoporosis mice. (D) Micro-CT imaging and 3D reconstruction of metaphyseal trabecular bone of the distal femur. (E) Representative photomicrographs of HE staining in sections of the distal femur (n = 8). (F) Immunohistochemistry staining for SPTBN1 in sections of the distal femur. The mean density of the SPTBN1 positive cells was calculated as integrated optical density (IOD) per area of positive cells (n = 8). The magnification of photomicrographs of HE staining was 20×, while the magnification of photomicrographs of immunohistochemistry was 40×. Arrows indicate the SPTBN1 positive cells stained in brown. Scale bar, 5 μm for all. ∗P < 0.05 vs. control group.



TABLE 3. Micro-CT scanning parameter comparison of cancellous and cortical bone between senile control and senile OE-SPTBN1 mice.
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TABLE 4. Micro-CT scanning parameter comparison of cancellous and cortical bone between OVX control and OVX OE-SPTBN1 mice.
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SPTBN1 Prevents Primary Osteoporosis by Promoting Osteoblasts Proliferation and Differentiation

The cellular mechanisms of SPTBN1 induced inhibitory effects in primary osteoporosis were explored and ALP staining performed in the metaphysis of the distal femur of mice with different treatments. The active site of ALP was stained blue and represented osteoblasts. The representative images of ALP staining in the senile group and OVX group transfected with negative, si-SPTBN1, or OE-SPTBN1 are shown in Supplementary Figures 3A,B. The quantitation data revealed that si-SPTBN1 significantly decreased the ALP positive cells (osteoblasts) per bone area both in the senile mice and OVX mice compared with the control group, while OE-SPTBN1 significantly increased the ALP positive cells (osteoblasts) per bone area both in the senile mice and OVX mice compared with the control (Supplementary Figures 3C,D). These results indicated that SPTBN1 inhibited primary osteoporosis by promoting osteoblast proliferation.

Immunohistochemistry assay was performed to evaluate the expression of osteoblast differentiation-related makers such as Runx2, Osx, and Ocn in the metaphysis of the distal femur of the mice with different treatments. The representative images of IHC are shown in Figures 4A–F. The results indicated that downregulation of SPTBN1 significantly decreased Runx2 (Figures 4A,B), Osx (Figures 4C,D), and Ocn (Figures 4E,F) positive cells both in the senile mice and OVX mice compared with the control group, while upregulation of SPTBN1 significantly increased Runx2 (Figures 4A,B), Osx (Figures 4C,D), and Ocn (Figures 4E,F) positive cells in both the senile mice and OVX mice compared with the control group. These results suggested that SPTBN1 inhibited primary osteoporosis by promoting osteoblast differentiation.
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FIGURE 4. The effect of si-SPTBN1 and OE-SPTBN1 in osteoblast differentiation in the distal femur of primary osteoporosis mice. (A,B) Immunohistochemistry staining for Runx2 in the distal femur of si-SPTBN1 or OE-SPTBN1 transfected senile (A) and OVX (B) osteoporosis mice. (C,D) Immunohistochemistry staining for Osx in the distal femur of si-SPTBN1 or OE-SPTBN1 transfected senile (C) and OVX (D) osteoporosis mice. (E,F) Immunohistochemistry staining for Ocn in the distal femur of si-SPTBN1 or OE-SPTBN1 transfected senile (E) and OVX (F) osteoporosis mice. The mean density of the respective positive cells was calculated as integrated optical density (IOD) per area of positive cells (n = 8). The magnification of photomicrographs of immunohistochemistry was 40×. Arrows indicate the Runx2, Osx, or Ocn positive cells stained in brown. Scale bar, 5 μm for all. *P < 0.05 vs. control group.


Besides, the TRAP staining assay was used to evaluate the effect of si-SPTBN1 and OE-SPTBN1 in osteoclast proliferation, and the active site of TRAP was stained purple and represented osteoclasts. The representative images of TRAP staining in the senile group and OVX group transfected with negative, si-SPTBN1, or OE-SPTBN1 are shown in Supplementary Figures 4A–D. The quantitation data indicated that si-SPTBN1 significantly increased the TRAP-positive cells both in the senile mice and OVX mice compared with the control group (Supplementary Figures 4A,C), while OE-SPTBN1 decreased the TRAP-positive cells in both the senile mice and OVX mice compared with the control group (Supplementary Figures 4B,D). All these results suggested that SPTBN1 inhibited primary osteoporosis by promoting proliferation and differentiation of osteoblasts, as well as inhibiting osteoclast proliferation.



SPTBN1 Inhibits the Proliferation of MC3T3-E1 Cells by Inducing Apoptosis

To explore the specific role and mechanism of SPTBN1 in primary osteoporosis, primary osteoblast MC3T3-E1 cells were transfected with si-SPTBN1, OE-SPTBN1, and corresponding controls. CCK-8 assay indicated that si-SPTBN1 significantly decreased the cell viability of MC3T3-E1 cells compared with the control group (Figure 5A). Besides, OE-SPTBN1 significantly increased the cell viability of MC3T3-E1 cells (Figure 5B). si-SPTBN1 or OE-SPTBN1 transfected MC3T3-E1 cells were cultured for 1, 3, 5, 7, and 9 days and the protein expression of SPTBN1, Cyclin, and Cleaved Caspase 3 was evaluated by Western blot. The results indicated that OE-SPTBN1 significantly increased the protein expression of SPTBN1 and Cyclin but exhibited no significant change in Cleaved Caspase 3 expression. Besides, si-SPTBN1 significantly decreased the protein expression of SPTBN1, Cyclin, and Cleaved Caspase 3 (Figure 5C). The apoptosis rate of MC3T3-E1 cells at different treatments was evaluated by flow cytometry and the results showed that si-SPTBN1 significantly promoted cell apoptosis, while OE-SPTBN1 exhibited no significant change in cell apoptosis (Figure 5D). These results suggested that SPTBN1 inhibited the proliferation and induced apoptosis of MC3T3-E1 cells in vitro.
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FIGURE 5. The effect of si-SPTBN1 and OE-SPTBN1 in the proliferation and apoptosis of MC3T3-E1 cells in vitro. (A,B) MC3T3-E1 cells transfected with si-SPTBN1 (A) or OE-SPTBN1 (B) and cultured at different times (1, 3, 5, and 7 days). The cell viability was evaluated by CCK-8 assay. (C) MC3T3-E1 cells transfected with OE-SPTBN1 or si-SPTBN1 and cultured at different times (1, 3, 4, 5, 7 and 9 days). The protein expression of SPTBN1, Cyclin, and Cleaved Caspase 3 was evaluated by Western blot, with β-actin as the internal reference. (D) MC3T3-E1 cells transfected with OE-SPTBN1 or si-SPTBN1 and cultured for 4 days. The apoptosis rate was evaluated by flow cytometry. N = 3, ∗P < 0.05 vs. control group.




SPTBN1 Promotes the Differentiation of MC3T3-E1 Cells

To investigate whether SPTBN1 affected the early or later differentiation of osteoblasts in vitro, MC3T3-E1 cells transfected with si-SPTBN1, OE-SPTBN1 or corresponding controls were induced using osteogenic induction medium at different times, including 7, 14, or 21 days. The representative images of ALP staining for MC3T3-E1 cells at days 7 and 14 are shown in Figure 6A. The results indicated that si-SPTBN1 significantly decreased the area of ALP positive expression at day 7 and 14 compared with the control group, while OE-SPTBN1 significantly increased the area of ALP positive expression at day 7 and 14. Meanwhile, si-SPTBN1 was found to significantly decrease the protein expression level of Runx2 and Osx during the early differentiation of MC3T3-E1 cells, while OE-SPTBN1 increased the protein expression of Runx2 and Osx (Figure 6B). These results suggested that the activity of SPTBN1 was positively correlated with the early differentiation of pre-osteoblasts. Besides, the representative images of Alizarin red staining for MC3T3-E1 cells at day 14 and 21 are shown in Figure 6C, indicating that si-SPTBN1 significantly decreased the area of Alizarin red expression at day 14 and 21 compared with the control group, while SO-SPTBN1 increased the area of Alizarin red expression at day 14 and 21 compared with the control group. Meanwhile, the results of Western blot analysis showed that OE-SPTBN1 significantly increased the protein expression of Ocn, while si-SPTBN1 decreased the protein expression of Ocn (Figure 6D). These results suggested that SPTBN1 could promote the differentiation and mineralization of pre-osteoblasts MC3T3-E1 cells in vitro.
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FIGURE 6. The effect of si-SPTBN1 and OE-SPTBN1 in osteoblast differentiation in vitro. (A) ATP staining on the 7th and 14th day of osteogenic induction culture before transfection of si-SPTBN1 or OE-SPTBN1 into MC3T3-E1 cells. (B) MC3T3-E1 cells transfected with si-SPTBN or OE-SPTBN1 for 1, 3, 5, 7, and 14 days. Protein expression of SPTBN1, Osx, and Runx2 was evaluated by Western blot analysis. (C) Alizarin red staining on the 14th and 21st days of osteogenic induction culture before transfection of si-SPTBN1 or OE-SPTBN1 into MC3T3-E1 cells. (D) MC3T3-E1 cells transfected with OE-SPTBN1 or si-SPTBN1 for 1, 3, 7, and 14 days. Protein expression of Ocn and SPTBN1 was evaluated by Western blot analysis, with β-actin as the internal reference. N = 3. ∗P < 0.05 vs. control group.




SPTBN1 Decreases the Activity of Smad3/TGF-β and STAT1/Cxcl-9 Signaling Pathways in MC3T3-E1 Cells

To further explore downstream target genes and pathways of SPTBN1, RNA sequencing was utilized. Results showed that 350 genes were upregulated while 151 genes were downregulated in SPTBN1-silenced MC3T3-E1 cells compared those in control cells (Supplementary Table 1). Further analysis found that silence of SPTBN1 induced the expression of Cxcl-9 (Supplementary Table 1). STAT1/Cxcl9 signaling pathway plays vital role in the differentiation and functions of osteoblasts as well as angiogenesis of the bone marrow (Huang et al., 2016). Moreover, the GO terms indicated that differently expressed genes in SPTBN1-silenced MC3T3-E1 cells enriched in biology processes including negative regulation of bone mineralization involved in bone maturation, bone morphogenesis, bone remodeling and so on (Supplementary Table 2). Further analysis of KEGG pathway enrichment for differently expressed genes in SPTBN1-silenced MC3T3-E1 cells demonstrated that enriched pathways were related to Rheumatoid arthritis, TNF signaling pathway, TGF-beta signaling pathway et al. (Supplementary Table 3). Previous studies have revealed that Smad3/TGF-β signaling pathway are associated with proliferation, invasion, differentiation, and apoptosis of osteoblasts (Huang et al., 2015). Therefore, SPTBN1 may suppress primary osteoporosis of osteoblasts through Smad3/TGF-β and STAT1/Cxcl-9 signaling pathways.

Next, we identified the effect of SPTBN1 in the activation of Smad3/TGF-β and STAT1/Cxcl-9 signaling pathways. Results of Western blot analysis indicated that si-SPTBN1 significantly increased the protein level of p-Smad3 and TGF-β, and decreased Runx2 expression; OE-SPTBN1 significantly decreased the protein expression level of p-Smad3 and TGF-β but increased Runx2 expression (Figure 7A). Moreover, si-SPTBN1 significantly increased the protein level of p-STAT1 (Figure 7B) and the release of Cxcl9 (Figure 7C), while OE-SPTBN1 decreased the protein expression level of p-STAT1 (Figure 7B) and the secretion of Cxcl9 (Figure 7C). These results suggested that SPTBN1 inhibited the activity of Smad3/TGF-β and STAT1/Cxcl-9 signaling pathways in vitro.
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FIGURE 7. The effect of si-SPTBN1 and OE-SPTBN1 in the Smad3/TGF-β and STAT1/Cxcl-9 pathways in vitro. (A) MC3T3-E1 cells were transfected with si-SPTBN1 or OE-SPTBN1 for 1, 3, 5, 7, and 14 days, then the protein expression of SPTBN1, Runx2, TGF-β and p-Smad3 was evaluated by Western blot. (B) MC3T3-E1 cells were transfected with si-SPTBN1 or OE-SPTBN1 for 1, 3, 5, 7, and 14 days, then the protein expression of SPTBN1 and p-STAT1 was evaluated by Western blot. β-actin was considered as the internal reference. (C) The expression of Cxcl-9 was evaluated by ELISA assay. N = 3, ∗P < 0.05, ∗∗P < 0.01 vs. control group.




SPTBN1 Suppresses Primary Osteoporosis by Inhibiting the Formation of Bone Microvessels via Reducing the Expression of VEGF

Further, we explored the effect of si-SPTBN1 or OE-SPTBN1 in skeletal blood flow during primary osteoporosis. Representative images of three-dimensional characterization of the femur vascularization in the senile and OVX mice with or without si-SPTBN1 injection are shown in Figures 8A,C. The quantitation data indicated that si-SPTBN1 exhibited no significant effect in vessel volume fraction and vessel numbers in the senile mice compared with the control (Figure 8B), and si-SPTBN1 significantly decreased the vessel volume fraction in OVX mice compared with the control group, but with no significant effect in vessel numbers (Figure 8D). The representative images of three-dimensional characterization of the femur vascularization in the senile and OVX mice with or without OE-SPTBN1 injection are shown in Figures 8E,G. The upregulation of SPTBN1 showed no significant effect in vessel volume fraction and vessel numbers in the senile mice compared with the control (Figure 8F), while upregulation of SPTBN1 significantly increased the vessel numbers compared with the control group and showed no significant effect in vessel volume fraction (Figure 8H). Interestingly, although si-SPTBN1 exhibited no significant effect in vessel volume fraction and vessel numbers, there was a significantly decreased trend in the si-SPTBN1 group compared with the control group. Similarly, there was an obvious increasing trend in vessel volume fraction and vessel numbers in the OE-SPTBN1 group compared with the control group.
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FIGURE 8. The effect of si-SPTBN1 and OE-SPTBN1 in skeletal blood flow of medullary cavity of primary osteoporosis mice. (A–C) Micro-CT scanning of si-SPTBN1 in skeletal blood flow of medullary cavity of senile (A) and OVX (C) osteoporosis mice. (B,D) The vessel volume fraction and vessel numbers were analyzed according to Micro-CT scanning. (E–H) Micro-CT scanning of OE-SPTBN1 in skeletal blood flow of medullary cavity of senile (E) and OVX (G) osteoporosis mice. (F,G) The vessel volume fraction and vessel numbers were analyzed according to Micro-CT scanning. Scale bar, 5 μm for all. ∗P < 0.05, ∗∗P < 0.01 vs. control group.


Vascular endothelial growth factor is a crucial regulator for angiogenesis in developing mature bone tissue (Liu and Olsen, 2014). IHC assay was performed to evaluate the expression of VEGF in the distal femur of mice with different treatments. The representative images of IHC in the senile mice are shown in Supplementary Figure 5A and those of OVX mice are shown in Supplementary Figure 5B. The quantitation data revealed that downregulation of SPTBN1 significantly decreased the VEGF positive cells in both the senile group and OVX group compared with the negative control, while upregulation of SPTBN1 significantly increased the VEGF mean density both in the senile group and OVX group compared with the negative control (Supplementary Figures 5A,B). These results suggested that SPTBN1 inhibited primary osteoporosis by suppressing the skeletal blood flow of bone microvessels and decreasing the expression of VEGF.



DISCUSSION

The traditional form of treating osteoporosis is by use of drug interventions to inhibit bone resorption or promote bone formation, including bisphosphonates, hormone replacement therapy with estrogen, calcitonin, selective estrogen receptor modulators, denosumab, strontium ranelate, and teriparatide (Baccaro et al., 2015). However, due to the limited therapeutic effects and obvious side effects of these traditional drug interventions, treatment of osteoporosis remains a major clinical challenge. For example, the long-term use of bisphosphonates leads to excessive inhibition of bone remodeling, increased bone fragility, and increased creatinine levels (Alwahhabi and Alsuwaine, 2017). Hormone replacement therapy with estrogen increases the risk of heart disease, venous thrombosis, and breast cancer (Tella and Gallagher, 2014). It is urgent to explore novel safer and targeted active drugs against osteoporosis. However, the development of new molecular diagnostic and therapeutic targets require an increased understanding of the pathogenesis of osteoporosis. Therefore, describing the pathogenesis and underlying mechanisms of osteoporosis and identification of novel drug targets are required in the prevention and treatment of osteoporosis.

Increasing evidences have indicated that bone mass homeostasis starts failing in midlife, resulting in bone loss, osteoporosis, and debilitating fractures (Harada and Rodan, 2003). During this process, osteoblast cells play a crucial role in bone formation and differentiation (Ali et al., 2005). Meanwhile, more and more studies have revealed that an effective strategy to protect against osteoporosis is promoting the proliferation and differentiation of osteoblast (Pan et al., 2018). SPTBN1 is considered to be associated with the progression of osteoporosis (Wang et al., 2012), however, the specific functions and mechanisms remain unclear. In this study, a primary osteoporosis mice model including senile osteoporosis and postmenopausal osteoporosis was established. The expression of SPTBN1 was found to be significantly downregulated both in the senile osteoporosis group and postmenopausal osteoporosis group compared with corresponding control groups. The silencing of SPTBN1 significantly inhibited the proliferation and differentiation and induced the apoptosis of mouse pre-osteoblast MC3T3-E1 cells. However, overexpression of SPTBN1 exhibited an opposite effect of SPTBN1 silencing. These results indicated that SPTBN1 potentially acted as a negative effect of SPTBN1 on osteoporosis progression.

Previous studies have demonstrated that SPTBN1 is a ligand of the Smad3/Smad4 complex in the TGF-β signaling pathway, and SPTBN1 inhibits the TGF-β pathway by downregulating the phosphorylation level of Smad3/Smad4 during the transcription of nucleus regulatory genes (Zhi et al., 2015). Recently, a series of studies found that interfering with the TGF-β signaling pathway can significantly affect the development of osteoporosis. Lin et al. (2019) indicated that acupoint application therapy (AAT) using TianGui Powder (TGP) can prevent the progression of osteoporosis in ovariectomized rats by inhibiting the TGF-β/Smad2/3 signaling pathway. Song et al. (2015) revealed that sulfuretin induces osteoblast differentiation by activating the TGF-β/Smad2/3 pathway. Besides, non-coding RNAs have also been identified to affect bone metabolism and the development of osteoporosis. miR-10b has been demonstrated to stimulate osteogenesis partly by activating the TGF-β/SMAD2 signaling pathway (Li et al., 2018). Jiang et al. (2010) revealed that miR-214-5p promote BMSCs differentiation by modulating the TGF-β/Smad2/COL4A1 pathway, and is a potential target in the development of novel drugs for postmenopausal osteoporosis (Yoshioka and Yoshiko, 2017). In this study, downregulation of SPTBN1 was found to significantly increase the expression of TGF-β and the phosphorylation level of Smad3, while overexpression of SPTBN1 significantly decreased the expression of TGF-β and the phosphorylation level of Smad3. These results suggested that the function of SPTBN1 in the differentiation and function of osteoblasts is mediated by the TGF-β/Smad3 pathway.

As expected for the important roles of TGF-β/Smad3 signaling, the STAT1 molecule played a unique effect in bone metabolism (Wang et al., 2015). Li J. et al. (2015) revealed that miR-184 promoted the differentiation of osteoblasts by downregulating the expression of STAT1. Moreover, Orliæ et al. (2007) found that the expression of STAT1 was significantly upregulated approximately 2.16-fold in the ovariectomized rats when compared with the normal rats. Huang et al. (2016) identified Cxcl9 as an angiostatic factor secreted by osteoblasts in the bone marrow microenvironment, and extended the following mechanisms: Cxcl9 is transcriptionally upregulated by STAT1 in osteoblasts, interacts with vascular endothelial growth factor and prevents its binding to endothelial cells and osteoblasts, thus inhibiting angiogenesis and osteogenesis both in vivo and in vitro. Our previous study has indicated that the upregulation of STAT1 in osteoblasts can significantly lead to increased secretion of chemokine (C-X-C motif) ligand 9 (Cxcl9), and Cxcl9 can competitively bind to VEGF and block its binding to the receptor on vascular endothelial cells, thus inhibiting the formation of bone vessels (Huang et al., 2016). This reveals the mechanism that osteoblasts affect bone metabolism by regulating bone angiogenesis. Numerous studies have reported the correlation between the STAT1 pathway and the progression of osteoporosis. For instance, interleukin-35 has been reported to suppress TNF-α-induced osteoclastogenesis and induce apoptosis through regulation of the JAK1/STAT1 signaling pathways (Peng et al., 2018). These results confirmed the important function of the STAT1/Cxcl9 pathway in bone metabolism, and its dysregulation can result in the occurrence of osteoporosis. Here, the results showed that the silencing of SPTBN1 significantly increased the expression of Cxcl9 and the phosphorylation level of STAT1, while SPTBN1 overexpression significantly decreased the expression of Cxcl9 and the phosphorylation level of STAT1. Besides, these results suggested that the effect of SPTBN1 in osteoporosis also might be mediated by the STAT1/Cxcl9 signaling pathway.

Previous studies have revealed that bone formation is tightly coupled to angiogenic growth of blood vessels during the development of the mammalian skeletal system (Wang et al., 2007). VEGF, a master regulator of angiogenesis, has been identified to control growth plate morphogenesis, cartilage remodeling, blood vessel invasion and ossification during skeletal development (Maes et al., 2010). In this study, we found that SPTBN1 inhibited primary osteoporosis by suppressing the skeletal blood flow of bone microvessels and decreasing the expression of VEGF. The results extended the specific mechanisms of SPTBN1 in the progression of osteoporosis. However, there are a few limitations to this study: (1) This study was carried out in a primary osteoporosis mouse model and mouse pre-osteoblast MC3T3-E1 cells, and the phenotype and roles of SPTBN1 need to be confirmed under the conditions in patients with osteoporosis; (2) The corresponding inhibitors or antibodies against Smad3 and Cxcl9 should be used to determine the effect of SPTBN1 in the TGF-β/Smad3 and STAT1/Cxcl9 signaling pathways, as well as in the progression of osteoporosis.



CONCLUSION

This study specifically extended the regulatory network of SPTBN1 I in primary osteoporosis. The results showed that overexpression of SPTBN1 significantly suppresses the development of primary osteoporosis by modulating VEGF, TGF-β/Smad3, and STAT1/Cxcl9 signaling pathways. This study suggested that SPTBN1 can be considered as a potential biomarker for the diagnosis and treatment of primary osteoporosis.
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Supplementary Figure 1 | The relation among SPTBN1, TGF-β, STAT1/Cxcl9 and VEGF. (A) The network among SPTBN1, TGF-β, STAT1/Cxcl9, and VEGF. (B) Interactions among SPTBN1, TGF-β, STAT1/Cxcl9, and VEGF in tabular form.

Supplementary Figure 2 | The selection of optimal RNAi and overexpressing sequence for SPTBN1 (si-SPTBN1 and OE-SPTBN1). (A–C) The selection of optimal RNAi sequence for SPTBN1. Primary osteoblast MC3T3-E1 cells were transfected with different RNAi sequences for SPTBN1 including 200, 201, and 202. (A) The transfection fluorescence rate after 48 h of transfection observed using a fluorescence microscope. (B) The mRNA expression of SPTBN1 after 72 h of transfection evaluated by qRT-PCR (N = 3). (C) The protein expression of SPTBN1 after 2 h of transfection evaluated by Western blot analysis (n = 3). (D–F) The selection of optimal overexpressing sequence for SPTBN1. Primary osteoblast MC3T3 cells were transfected with different overexpressing sequences for SPTBN1 including 6164, 6165, and 6166. (D) The transfection fluorescence rate after 48 h of transfection observed using a fluorescence microscope. (E) The mRNA expression of SPTBN1 after 72 h of transfection evaluated by qRT-PCR (N = 3). (F) The protein expression of SPTBN1 after 2 h of transfection evaluated by Western blot analysis (n = 3). ∗P < 0.05, ∗∗P < 0.01.

Supplementary Figure 3 | The effect of si-SPTBN1 and OE-SPTBN1 in osteoblasts proliferation in the distal femur of primary osteoporosis mice. (A) ALP staining of the distal femur of si-SPTBN1 or OE-SPTBN1 transfected senile osteoporosis mice. (B) ALP staining of the distal femur of si-SPTBN1 or OE-SPTBN1 transfected OVX osteoporosis mice. (C) Quantification of ALP positive cells per bone area according to (A). (D) Quantification of ALP positive cells per bone area according to (B). Arrows indicate the ALP positive cells. Scale bar, 5 μm for all. ∗P < 0.05, ∗∗P < 0.01.

Supplementary Figure 4 | The effect of si-SPTBN1 and OE-SPTBN1 in osteoclasts proliferation in the distal femur of primary osteoporosis mice. (A,B) TRAP staining of the distal femur of si-SPTBN1 (A) and OE-SPTBN1 (B) transfected senile osteoporosis mice. Quantification of TRAP-positive cells per bone area. (C,D) TRAP staining of the distal femur of si-SPTBN1 (C) and OE-SPTBN1 (D) transfected OVX osteoporosis mice. Quantification of TRAP-positive cells per bone area. Scale bar, 20 μm for all. ∗P < 0.05, ∗∗P < 0.01.

Supplementary Figure 5 | The effect of si-SPTBN1 and OE-SPTBN1 in the expression of VEGF in distal femur of primary osteoporosis mice. Immunohistochemistry staining for VEGF in the distal femur of si-SPTBN1 or OE-SPTBN1 transfected senile (A) and OVX (B) osteoporosis mice. The mean density of the respective positive cells was calculated as integrated optical density (IOD) per area of positive cells. The magnification of photomicrographs of immunohistochemistry was 40×. Arrows indicate the VEGF positive cells stained in brown. Scale bar, 5 μm for all. N = 8. ∗P < 0.05, ∗∗P < 0.01.
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Objective: The specific purpose of this study is to investigate the impact exosomes from adipose-derived mesenchymal stem cell (AMSC) has on non-small cell lung carcinoma (NSCLC) and the relative applications. Methods: circ_100395, miR-141-3p, and LATS2 were expressed and detected in NSCLC and paracancerous tissues as well as NSCLC cell lines. Pearson correlation analysis, Dual-Luciferase Reporter Assay and RNA pull-down assay were used to validate their expression and interaction, respectively. After isolation and culture of AMSCs, exosomes were extracted and identified. EdU, epithelial-mesenchymal transition (EMT), and cell colony formation assay were used to distinguish the biological activity of the cells. Expression Hippo/YAP signalling pathway-related proteins were measured by western blotting. Subsequently, tumour volume and weight were confirmed based on xenograft nude mice models, Ki-67 and LATS2 expression was observed by immunohistochemistry. Results: circ_100395 was lowly expressed in NSCLC tissues or cells. The negative correlations and interactions were confirmed between circ_100395 and miR-141-3p, miR-141-3p, and LATS2. AMSC-derived exosomes with overexpression of circ_100395 (exo-circ_100395) significantly inhibited the biological activity as well as EMT of H1650 cells and Hippo/YAP signalling pathway activity. In addition, exo-circ_100395 markedly reduced tumour volume and weight as well as Ki-67 and LASP1 expression in vivo. However, overexpressed miR-141-3p or knocked down LATS2 alleviated the above effects. Conclusion: Exo-circ_100395 can increase LATS2 expression by sponging miR-141-3p to regulate Hippo/YAP signalling pathway, thereby inhibiting NSCLC malignant transformation.

Keywords: non-small cell lung carcinoma (NSCLC), exosomes from adipose-derived mesenchymal stem cells, Hippo/YAP signalling pathway, circRNA_100395, miR-141-3p


INTRODUCTION

One of the leading risk factors causing death in cancer patients particularly within industrial countries is non-small cell lung carcinoma (NSCLC). NSCLC accounts for about 85% of all existing lung cancers with a below 15% survival rate (Bunn et al., 2003; Siegel et al., 2017). Regular subtypes relating to NSCLC are adenocarcinoma, large cell carcinoma and squamous cell carcinoma (Bray et al., 2018). Clinically, the current prime method of therapy for NSCLC involves surgical resection, chemotherapy and radiotherapy. However, therapeutic effects on NSCLC is very limited. NSCLC patients cannot be cured by these methods and the prognosis is also poor (Jemal et al., 2011). In addition, inhibiting angiogenesis as a treatment for NSCLC has existed and utilised in clinical testing for several years (Abéngozar et al., 2012). However, the transmission of cytotoxic drugs to lesions can be weakened by angiogenesis inhibitors, therefore resulting in affected therapeutic effects of the relating anti-tumour drugs (Van der Veldt et al., 2012). Conley et al. have also pointed out that antiangiogenic agents can stimulate tumour cells invasive ability which allows it to additionally adjust to harmful microenvironments (Conley et al., 2012). Therefore, revaluation and consideration will be needed in regards to antiangiogenic treatment. Thereby, finding new treatments for NSCLC is urgently needed.

Extensive studies have been conducted on mesenchymal stem cells (MSCs have a variety of characteristics, including low immunogenicity, multilineage differentiation, and promotion of tissue regeneration. The safety of these have gone under assessment via conducting clinical experimentation in 1995 (Lazarus et al., 1995), and ever since, treatments based on MSCs for cancers have gained wide consideration (Ramdasi et al., 2015). Among them, numerous studies have paid more attention to adipose-derived mesenchymal stem cells (AMSCs) in malignant cells. For instance, Pendleton et al. (2013) have revealed the potential AMSC has to treat glioma. Lou et al. (2015) have discovered AMSC-derived exosomes (AMSC-exo) can increase the sensitivity of cancer cells in the liver has for chemotherapy. Exosomes, small vesicles with a bilayer membrane between 30 and 150 nm in diameter, have been demonstrated to be implicated in a variety of diseases progressions (Valadi et al., 2007). Exosomes are a special class of carriers for signal transmission, which can transport miRNAs, circRNAs, and other signalling molecules into target cells or organs, thus playing a regulatory role (Thomou et al., 2017). Liu et al. (2020) confirmed that exosome-derived miR-522-3p shed by EGFR-TKI–resistant NSCLC cells carrying T790M mutation can induce gefitinib resistance in sensitive cell via activating PI3K/AKT signalling pathway. Kim et al. (2020) showed that NSCLC cell-derived exosomal miR-619-5p promotes tumor angiogenesis and metastasis. Nevertheless, there are relatively few studies regarding the impact AMSC-exo has on NSCLC progression.

Circular RNAs (circRNAs), in recent years, have been proved to be critical information transfer molecules and main biomarkers during the growth of cells and development of tumour (Ashwal-Fluss et al., 2014). Research has indicated that circRNA_100395 (circ_100395) is downregulated in lung cancer tissues and can inhibit lung cancer progression by regulating miR-1228/TCF21 pathway (Chen et al., 2018). Moreover, Chen et al. (2019) have reported that up-regulation of circ_100395 in liver cancer can inhibit cell proliferation, induce apoptosis, and silence epithelial-mesenchymal transition (EMT) pathway. And up-regulated circ_100395 present in ovarian cancer can regulate the miR-1228/p53/EMT axis, thereby inhibiting tumour growth and metastasis (Li et al., 2020). However, the relationship between AMSC-exo delivered circ_100395 and NSCLC has not been reported.

Here, we extracted AMSC-exo to explore the effect of circ_100395 on in vitro and vivo NSCLC development and its mechanism, hence bringing new ways for NSCLC therapy.



MATERIALS AND METHODS


Tissue Specimen Collection

A grand sum including 60 NSCLC tissues (NSCLC group) duos as well as their adjoined regular tissues (normal group) was gained using surgical collection method. These specimens were taken from NSCLC patients treated in our hospital from June 2016 to December 2018. With informed consent from each patient with approval for research from the Clinical Experimental Ethics Committee of our hospital and strictly following the Declaration of Helsinki.



Cell Culture and Treatment


Isolation, Culture and Treatment of Mesenchymal Stem Cells That Are Adipose-Derived

Human subcutaneous adipose tissue was acquired from patients undergoing abdominal liposuction in The First Affiliated Hospital, Zhejiang University School of Medicine. Adipose tissue was processed as previously described [10]. After a three time rinse of sterile PBS under sterile conditions, ophthalmic scissors was used to slice up the tissue into 1 mm3 blocks. Subsequently, 0.075% type I collagenase was added, followed by digestion at 37°C and 150 rpm for 1 h. DMEM/F12 medium including 10% fetal bovine serum was utilised to terminate digestion. Next, centrifugation (1,000 g, 10 min) was performed, and then the supernatant was aspirated. For resuspension of cells, fresh DMEM/F12 medium was added. Finally, cells were transferred to a 25 cm2 culture flask and cultured at 37°C with 5% CO2 (Thermo, United States). AMSCs after 3rd passages were used for subsequent experiments.

According to instructions of lipo2000 (Thermo, United States), AMSCs were transfected with circ_100395 overexpression vector (circ_100395 vector) and its empty vector (NC vector), which were cloned and integrated by Shanghai Sangon Biotech (Shanghai, China). AMSC-NC group and AMSC-circ_100395 group was the name used for transfected AMSCs, respectively.



Culture of NSCLC and Human Bronchial Epithelial Cells Cell Lines

Shanghai Institute of Biological Sciences, Chinese Academy of Sciences (Shanghai, China) provided A549, H1650, H460, H1299 from the NSCLC cell line along with 16 HBE-T from a cell line of human bronchial epithelial cell. With conditions of 37°C and 5% CO2, the cell culture was performed within RPMI 1640 medium which contained supplementary 10% fetal bovine serum. Subsequent experiments were conducted on cells with good growth status that were within the logarithmic growth phase. Guangzhou RiboBio Co., Ltd. (Guangzhou, China) provided H1650 cells were transfected with circ_100395 vector and NC vector, circ_100395 siRNA and miR-141-3p mimics and inhibitor along with their negative control. The transfected H1650 cells identified as circ_100395 group, NC group, si-circ_100395 group, si-NC group, miR-141-3p group, mi-NC group, in-miR-141-3p group, and in-NC group.




Extraction and Identification of Exosomes

AMSC-exo were extracted by GSTM Exosome Isolation Reagent (Geneseed, China) from each treatment group, named exo-NC, exo-circ_100395. H1650 cells were treated with PBS, two exosomes, exo-circ_100395 + miR-141-3p mimics, and exo-circ_100395 + si-LATS2, respectively, which were named as PBS, exo-NC, exo-circ_100395, exo-circ_100395 + miR-141-3p, and exo-circ_100395 + si-LATS2 groups.

After negative staining of exosomes by uranyl acetate, a transmission electron microscope was used to observe exosome morphology. Nanoparticle tracking analysis was utilised to verify exosome diameter while The western blotting was done to assess CD9, CD63, and TSG101 exosome marker proteins that are expressed.



qRT-PCR

By using TRizol method, extraction of total RNA was gained, this following the use of NanoDrop in order to determine RNA mass and clarity. Random primer reverse transcription kit (Thermo, United States) was used to reverse transcribe RNA to cDNA. SYBR GREEN kit (TaKaRa, Japan) was adopted for qRT-PCR. The qRT-PCR condition guidelines are 95°C, 2 min, with 40 cycles of 95°C, 15 s, 60°C, 1 min and 72°C, 30 s. A total of six replicates were set up for this experiment. 2–ΔΔCt method with U6 and β-actin was used for referencing internally in quantitative analysis. Table 1 illustrates the primer sequences that were used.


TABLE 1. Primer sequences.
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5-Ethynyl-2′-Deoxyuridine (EdU) Analysis

Transfected cells were plated in 24-well plates and stained according to the instructions of EdU staining kit (Thermo, United States). After mounting step, fluorescence microscope (model: FM-600, Shanghai Puda Optical Instruments Co., Ltd.) was used to view the cells for 6–10 fields, therefore, recording the number of positive cells that are present in individual fields. EdU labelling rate (%) = NO. of positive cells/(NO. of positive + negative cells) × 100%.



Cell Colony Formation Assay

On completion of digestion using 0.25% trypsin, resuspension was completed using RPMI 1640 complete medium containing 0.35% agarose for transfected cells. Subsequently, 6-well plates containing 0.6% agarose was plated with 1 × 105 cells individually, followed by cell culture at 37°C with 5% CO2. Termination of the culture was applied when colonies could be observed without instrumental help. An inverted microscope was used to photograph and count the number of colonies present following staining using 0.1% crystal violet solution.



Flow Cytometry

On completion of digestion using trypsin, the cells were placed into centrifuge tubes with trypsin, followed by a two time rinse using precooled sterile PBS. Cell massed was then modified to 5 × 105 cells/mL. A total of 10 μL of Annexin V-FITC and 20 μg/mL PI solution respectively were incorporated into the 200 μL cell suspension. The suspension was then incubated for 10 min at room temperature and avoiding light. Lastly, incorporation of 500 μL PBS was done before flow cytometer was adopted for apoptosis detection.



Transwell Invasion Assay

The Matrigel gel-coated transwell upper chamber was left to stand for about 30 min at 37°C with 5% CO2. Subsequently, incubation for 12–24 h t 37°C in 5% CO2 was conducted via incorporated 300 μL cell suspension and 700 μL of 20% fetal bovine serum within upper and lower chambers, respectively. After that, PBS was used to rinsed through the insert three times before fixation with 1% glutaraldehyde and staining by 0.1% crystal violet for 12 h. On completion of staining, cells were again washed with PBS before drying. Finally, an observation under an upright microscope for random 6–10 fields was carried out for documentation of the quantity of positive cells present in individual sections.



Wound Healing Assay

After transfection of the cells plated in 6-well plates, a 10 μL sterile tip was used to apply scratches perpendicular to the horizontal plane in individual wells. PBS was employed to remove cell debris and detached cells. After that, with the addition of fresh medium, and incubation for 24 h were performed. Finally, an inverted microscope was used to capture and document the outcomes of the experiment. The scratched area was measured by Image J software.



Western Blot

Following extraction of total protein using cell lysate, a BCA kit was used to establish the concentration of extracted protein. Subsequently, 1× loading buffer was used to gain denaturation of 20 μg of protein accomplished by boiling. SDS-PAGE was then used to isolate proteins before being transported to PVDF membranes and blocked by the use of 5% fat-free dry milk for 1-h. Following this was an all-night incubation of the membranes 4°C with primary antibodies E-cadherin, vimentin, N-cadherin, LATS2, p-YAP, and YAP (Abcam, United Kingdom). After washing the membranes for three times, another 1-h incubation was carried out with secondary antibodies at room temperature. On completion of incubation, the membranes were washed for three times. Finally, the proteins were developed by chemiluminescence reagents. The images were collected using a gel imaging system with ImageJ software used to analyse protein band grey values. GAPDH was then used as a reference internally for determination of relative expressed protein.



Dual-Luciferase Reporter Assay

StarBase v3.0 and TargetScan were used to foretell of circ_100395 with miR-141-3p and miR-141-3p with LATS2 binding sites correspondingly. Insertion of wild-type (WT) mutant (MUT) sequence binding sites of the respectively were done to the downstream of the firefly luciferase gene to construct expression vectors (Promega, USA). By using Lipo2000, recombinant plasmids consisting of miR-141-3p mimics and pmirGLO-circ_100395-WT/MUT was used to transfect 293T cells, recombinant plasmids consisting of miR-141-3p mimics and pmirGLO-LATS2-WT/MUT recombinant, and control plasmids, respectively. After 48 h of transfection, the dual-luciferase reporter assay kit was utilised in order for quantification of luciferase activity.



RNA Pull-Down Assay

A total of 50 nM biotin-conjugated miR-141-3p or miRNA NC was used for transfection of H1650 cells for 48 h, followed by rinsing with PBS for three times. Subsequently, RNase-free BSA and yeast tRNA was used to pre block M-280 streptavidin magnetic beads while cells underwent lysis with the incorporation of a cell lysis buffer. The lysis buffer from both groups was collected and the supernatant obtained by centrifuging for 10 min at 14,000 rpm under 4°C conditions. The supernatant was separated into two with one as Input group and the other incorporated alongside beads and went under incubation for 3 h under 4°C conditions. The magnetic beads coated with biotin-conjugated RNA were then washed and RNA was resuspended and extracted by using TRIzol reagent. Finally, qRT-PCR was used to measure the content of the target genes was by and the test was run another 3 trials.



Establishment of Xenograft Models

Fifteen nude mice weighing 18–23 g was separated into five groups of three in random order. Injection of 100 μL H1650 suspension subcutaneously was applied to the right axilla of nude mice. Injected mice were named as PBS group, exo-NC group, exo-circ_100395 group, exo-circc_100395 + miR-141-3p group, and exo-circ_100395 + si-LATS2 group. Tumour size (volume = 0.5 × length × width2) was measured weekly from the time of subcutaneous injection. Four weeks later, after 10% chloral hydrate was injected intraperitoneally for anesthesia, the mice were put to death using cervical dislocation with tumours removed. Based on the approval of the ethics committee, this trial was in accordance with animal ethics.



Immunohistochemistry

After being routinely treated with paraffin embedding, sectioning, deparaffinisation, heat-induced epitope retrieval, inactivation of peroxidase, PBS was used to immersed tumour tissues from mice with an incubation alongside primary antibodies Ki-67 and CD34 at 37°C surroundings for 1 h, followed by another round of PBS immersion. Next, incubation accompanied by secondary antibodies at 37°C were performed, following additional immersion in PBS. Following development by DAB, the samples were counterstained with hematoxylin. Then after being dehydrated in ethanol and clearing, the tissues were mounted with neutral balsam. Finally, the positive expression of proteins in tumour tissues was observed under a microscope.



Statistics

SPSS 26.0 was used to conduct a single-way evaluation of variance and individual specimens T-test. Mean ± standard deviation (SD) was used to represent outcomes. Conduction of the Pearson correlation analysis was done with significant differences being suggested with p < 0.05 results.




RESULTS


Low Expression of circ_100395 in NSCLC Tissues and Cells

By detecting expressed circ_100395 within 60 NSCLC and paracancerous tissue pairs, it can be seen that the expressed circ_100395 levels were dropped remarkably NSCLC tissues (Figure 1A). Additional analysis at the cellular level also revealed a significant reduction of circ_100395 expression in NSCLC cell lines (Figure 1B), with the highest expression in H1650 cells. Therefore, H1650 cells were used for subsequent experiments.
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FIGURE 1. Low circ_100395 expressed in NSCLC tissues and cells. (A) Evaluation of circ_100395 expressed in paracancerous and NSCLC tissues using qRT-PCR. ***p < 0.001 vs Normal group. (B) Evaluation of circ_100395 expressed in human bronchial epithelial cell line 16 HBE-T and NSCLC cell lines using qRT-PCR. **p < 0.01 and ***p < 0.001 vs HBE; (C) Evaluation of circ_100395 expressed in H1650 cells of each treatment group using qRT-PCR. ***p < 0.001 vs NC group and ###p < 0.001 vs si-NC group.


To determine the functions of circ_100395, transfection of H1650 cells were done using circ_100395 vector and circ_100395 siRNA, and the transfection efficiency was confirmed by qRT-PCR. Circ_100395 was significantly increased after overexpression of circ_100395, while it was markedly decreased after the interference of circ_100395 (Figure 1C).



Circ_100395 Inhibits NSCLC Development by the Inhibition of Hippo/YAP Signalling Pathway

Overexpressed circ_100395 has remarkably decreased proliferation, cell viability, invasion and migration of H1650 cells. It can also cause increased apoptosis, at the same time interference of circ_100395 achieved the opposite effects (Figures 2A–E). These results confirmed that circ_100395 is able to inhibit metastasis and proliferation in NSCLC cells.
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FIGURE 2. Outcomes circ_100395 has regarding the progression of NSCLC cells and Hippo/YAP signalling pathway. (A) Cell proliferation identified by using an EdU assay-base; (B) Cell viability identified by using a cell colony formation assay-base; (C) Flow cytometry-based detection of cell apoptosis; (D) Cell invasion identified by using a Transwell assay-base; (E) Wound healing assay-assessment of cell migration; (F) E-cadherin, vimentin, and N-cadherin proteins identified by using Western blot of; (G) LATS2, p-YAP, and YAP proteins identified by Western blot. **p < 0.01 vs NC group; ##p < 0.01 vs si-NC group.


Additional inspection of expressed EMT marker proteins and Hippo/YAP signalling pathway-related proteins, which were associated with tumour metastasis was carried out. Compared with the NC group, the E-cadherin protein expression was significantly increased, and the protein expression of vimentin and N-cadherin were reduced in the circ_100395 group. In addition, upregulation of circ_100395 resulted in a higher expression of LATS2 and YAP phosphorylation, and a lower expression of YAP. However, interference of circ_100395 led to contrasting effects in the expression of the above-related proteins (Figures 2F,G). Therefore, circ_100395 inhibits NSCLC development and blocks the Hippo/YAP signalling pathway.



Circ_100395 Functioning as miR-141-3p Sponge

Dual-luciferase reporter assay and RNA pull down assay were performed to confirm that circ_100395 binded to miR-141-3p (Figures 3A–C). Excessive miR-141-3p was expressed in NSCLC tissues discovered through the StarBase3.0 database (Figure 3D), which was also confirmed by qRT-PCR (Figure 3E). Expressed miR-141-3p was also notably risen in NSCLC cell lines (Figure 3F).
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FIGURE 3. circ_100395 can as a sponge to adsorb miR-141-3p. (A) The predicted targeting sequence of circ_100395 and miR-141-3p. (B) Dual-luciferase reporter assay-based validation that circ_100395 targets miR-141-3p. **p < 0.01 vs NC group. (C) RNA pull down assay-based validation that circ_100395 targets miR-141-3p. ***p < 0.001 vs NC group. (D) MiR-141-3p expression in non-small cell lung cancer (NSCLC) tissues in StarBase3.0 database; (E) qRT-PCR detection of miR-141-3p expression in NSCLC tissues and paracancerous tissues. ***p < 0.001 vs Normal group. (F) qRT-PCR detection of miR-141-3p expression in NSCLC cell lines and human bronchial epithelial cell line 16 HBE-T. **p < 0.01 and ***p < 0.001 vs HBE. (G) qRT-PCR detection of miR-141-3p expression in H1650 cells after overexpression and interference of circ_100395. **p < 0.01 vs NC group, ##p < 0.01 vs si-NC group. (H) A negative correlation between circ_100395 and miR-141-3p expression in NSCLC tissues.


Additionally, in H1650 cells, overexpression of circ_100395 led to the down-regulation of miR-141-3p expression, while interference of circ_100395 induced an increase of it (Figure 3G). A contrary relationship was found amidst expressed circ_100395 and miR-141-3p within tissues of NSCLC when analysed using Pearson correlation analysis (Figure 3H). Collectively, circ_100395 could competitively bind to and regulate miR-141-3p in cells of NSCLC.



Circ_100395 Up-Regulates LATS2 Expression by Competitively Binding to miR-141-3p

A prognosis stating LATS2 as a targeted gene of miR-141-3p by the bioinformatics website was again established dual-luciferase reporter assay (Figure 4A). Low expression of LATS2 was found in NSCLC tissues through StarBase 3.0 database (Figure 4B), which was also proved via the use of qRT-PCR and western blotting (Figures 4C,D). LATS2 expression in NSCLC cell lines also notably dropped (Figure 4E).
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FIGURE 4. Circ_100395 up-regulates LATS2 expression by competitively binding to miR-141-3p. (A) Confirmation of miR-141-3p targeting LATS2 gene via Dual-luciferase reporter assay. (B) LATS2 expression in NSCLC tissues in the StarBase3.0 database; (C) LATS2 expressed in paracancerous and NSCLC tissues qRT-PCR analysis. (D) LATS2 protein expressed in paracancerous and NSCLC tissues detected via western blot; *p < 0.05, **p < 0.01, and ***p < 0.001 vs Normal group. (E) Expressed LATS2 in human bronchial epithelial cell line 16 HBE-T and NSCLC cell lines via qRT-PCR analysis, *p < 0.05, **p < 0.01, ***p < 0.001 vs HBE. (F) qRT-PCR analysis of LATS2 expression in H1650 cells after overexpression and interference of circ_100395; **p < 0.01 vs NC group, ##p < 0.01 vs si-NC group. (G) A beneficial relationship was found amidst expressed circ_100395 and LATS2 within tissues of NSCLC; (H) Expressed LATS2 post overexpression and interference of miR-141-3p discovered using qRT-PCR. **p < 0.01 vs NC group, ##p < 0.01 vs si-NC group. (I,J) Expressed LATS2 protein in H1650 cells post overexpression and interference of miR-141-3p discovered using Western blot. **p < 0.01 vs NC group, ##p < 0.01 vs si-NC group; (K) A contrary relationship was found amidst expressed miR-141-3p and LATS2 within tissues of NSCLC.


Additionally, in H1650 cells, overexpression of circ_100395 led to the up-regulation of LATS2 expression, while interference of circ_100395 induced a decrease of LATS2 expression (Figure 4F). A beneficial relationship was found amidst expressed circ_100395 and LATS2 within tissues of NSCLC when analysed using Pearson correlation analysis (Figure 4G).

A remarkable fall in expressed LATS2 in miR-141-3p group was gained from qRT-PCR and western blot, while markedly increased in in-miR-141-3p group (Figures 4F–J). A contrary relationship was found amidst expressed miR-141-3p and LATS2A tissues of NSCLC (Figure 4K). Combined with the previous result, in NSCLC cells circ_100395 could competitively bind to miR-141-3p, thereby up-regulating LATS2 expression.



Exosomes From AMSCs Transport circ_100395 Into NSCLC Cells

Previous research has confirmed absorption and fusion relating to MSC-derived exosomes by cancer cells [17], and their ability to transport RNA molecules (mRNA, miRNA, and circRNA) [15, 18]. Therefore, we speculated that AMSC-exo can be used as an effective carrier to transport circ_100395, thus inhibiting NSCLC development. By collecting AMSC-exo, round or oval vesicles with membranous structure could be observed under the transmission electron microscope (Figure 5A). Their diameter ranged from 87 to 141 nm, with an average diameter of 116 nm (Figure 5B). Meanwhile, HSP70, CD63, and TSG101 expressed protein levels notably risen in the exosomes compared with AMSC (Figure 5C). Collectively, AMSC-exo was successfully acquired.
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FIGURE 5. AMSCs exosomes transport circ_100395 into NSCLC cells. (A) Morphology of AMSC observed using transmission electron microscopy (100 nm); (B) AMSC size analysed using nanoparticle tracking**; (C) Expressed HSP70, CD63, and TSG101 detected via western blot; (D) Exosomes in circ_100395 analysed via qRT-PCR; (E–G) Expressed circ_100395, miR-141-3p, LATS2 in H1650 cells post exo-NC or exo-circ_100395 treatment analysed via qRT-PCR. **p < 0.01 and ***p < 0.001 vs exo-NC group.


Further, exosomes were collected from AMSCs transfected with circ_100395 vector, named exo-circ_100395. The expression of circ_100395 in the exo-circ_100395 group was found to be notably elevated end compared with exo-NC group (Figure 5D). In addition, in H1650 cells, an increase of LATS2 expression, and a decrease of miR-141-3p expression were also revealed in exo-circ_100395 group when compared with exo-NC group (Figures 5E–G).



Circ_100395 Carried by Exosomes From AMSCs Inhibiting NSCLC Progression Through the miR-141-3p/LATS2 Axis

Further, we determined the functional effects of circ_100395 delivered by AMSC-exo on NSCLC. The result figured out that AMSC-exo could carry circ_100395 to H1650 cells, thereby significantly reducing cell proliferation, cell viability, invasion and migration, and increasing the apoptotic rate. Compared with the exo-circ_100395 group, the proliferation level, cell viability, invasion and migration of cells in the exo-circ_100395 + miR-141-3p, and exo-circ_100395 + si-LATS2 groups were marked increased, and the apoptotic rate was decreased (Figures 6A–J). In addition, exo-circ_100395 significantly promoted the expression of E-cadherin, LATS2 and p-YAP, and inhibited the protein expression of vimentin, N-cadherin and YAP. However, compared with exo-circ_100395 group, the expression of the above proteins in group exo-circ_100395 + miR-141-3p and exo-circ_100395 + si-LATS2 was reversed (Figures 6K–N). Overall, these results revealed that exo-circ_100395 could inhibit NSCLC procession through regulating the miR-141-3p/LATS2 axis.
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FIGURE 6. Circ_100395 carried by exosomes from AMSCs inhibiting NSCLC progression through the miR-141-3p/LATS2 axis. (A,B) EdU assay-based observation of cell proliferation; (C,D) Colony formation assay-based observation of cell viability; (E,F) Flow cytometry-based detection of cell apoptosis; (G,H) Cell invasion exposed via transwell assay; (I,J) Wound healing assay-based detection of cell migration; (K,L) Detecting expressed E-cadherin, vimentin, and N-cadherin protein in individual treatment groups via western blot; (M,N) Detecting expressed LATS2, p-YAP, and YAP protein in individual treatment groups via western blot. **p < 0.01 vs exo-NC group, ##p < 0.01 vs exo-circ_100395 group.




Circ_100395 Carried by Exosomes From AMSCs Inhibiting NSCLC Growth of in vivo

Finally, based on the establishment of xenograft models, it was proved that mass and quantity of the tumour in the exo-circ_100395 group were remarkably dropped as compared to the exo-NC group, which were markedly elevated in the exo-circ_100395 + miR-141-3p and exo-circ_100395 + si-LATS2 groups as compared to the exo-circ_100395 (Figures 7A–C). The results of qRT-PCR and immunohistochemistry showed a significant increase of LATS2 and Ki-67 expressed in exo-circ_100395 group when in comparison with exo-NC group, and a reduction of their expression in the exo-circ_100395 + miR-141-3p and exo-circ_100395 + si-LATS2 groups as compared to the exo-circ_100395 group (Figures 7D–G). In addition, confirmed by western blot that in the exo-circ_100395 group, vimentin and N-cadherin protein expression was relatively decreased and E-cadherin protein expressed in tumour tissues were raised (Figure 7E); meanwhile, YAP protein expression was down-regulated and p-YAP protein expression was up-regulated. However, compared with the exo-circ_100395 group, the changes in the corresponding protein expression above were opposite in the exo-circ_100395 + miR-141-3p and exo-circ_100395 + si-LATS2 groups (Figures 7E,F). Taken together, circ_100395 carried by AMSC-exo is able to contribute to the inhibition of NSCLC in vivo growth.
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FIGURE 7. Circ_100395 carried by exosomes from AMSCs inhibiting NSCLC in vivo growth. (A) Tumors of nude mice; (B) Line graph of the change of tumour volume; (C) Statistical graph of tumour weight; (D) Expressed LAST2 in tumour tissue analysed via qRT-PCR; (E) Expressed E-cadherin, vimentin, and N-cadherin protein detected via western blot; (F) Expressed LATS2, p-YAP and YAP protein in tumour tissues detected by western blot; (G) Expressed Ki-67 and LATS2 in tumour tissues determined by immunohistochemistry. **p < 0.01 vs exo-NC group, ##p < 0.01 vs exo-circ_100395 group.





DISCUSSION

circRNA is classified as one of the non-coding RNA molecules with closed circular structures, which are mainly located in the cytoplasm or stored in exosomes and are expressed in a tissue and disease-specific pattern (Du et al., 2017). Recent research has presented with the fact stating circRNA has close relations with the growth of organisms and diseases (Hsiao et al., 2017). Increasing evidences indicate that circRNA is critical in NSCLC development. For instance, circPTPRA inhibits the EMT and NSCLC cell metastasis by stimulating miR-96-5p (Wei et al., 2019), while circP4HB sponges miR-133a-5p to promote NSCLC invasion and metastasis (Hansen et al., 2013). Additionally, circRNA_101237 promotes NSCLC progression via miRNA-490-3p/MAPK1 axis (Zhang et al., 2020). In this study, we found that circ_100395 was downregulated in lung cancer tissues and cell lines. Moreover, overexpression of circ_100395 could inhibit NSCLC cells proliferation, migration and invasion, and promote cells apoptosis. These results are consistent with the study of Chen et al. (2018).

Serving as sponge role of miRNAs is the main way for circRNA to exert its biological functions (Panda, 2018). MiRNAs is a small non-coding RNA sized around 20 nt is able to target and regulate expressed Mrna (Correia de Sousa et al., 2019). We searched and identified miR-141-3p as the potential target miRNA. And a contrary expression relationship was found between circ_100395 and miR-141-3p in NSCLC tissues. Moreover, luciferase reporter assay and RNA pull down confirmed the relationship. Previous studies revealed that miR-141-3p promotes cancer development. MiR-141-3p, is upregulated in the urine of bladder and prostate cancer individuals and can additionally distinguish benign prostatic hyperplasia accurately from malignant (Ghorbanmehr et al., 2019). In the study of Li et al. (2017) promotion can be done by miR-141-3p for development and stemness of prostate cancer cells by inhibiting kpelrup-like factor-9. MiR-141-3p remarkably raises proliferation, colony formation, invasion and EMT of cancer cells in the cervix to promote tumorigenesis by targeting FOXA2 (Li et al., 2018). Indeed, Li et al. (2019) found that miR-141-3p targets ZFR to inhibit NSCLC progression.

Furthermore, we validated that LATS2 is a target gene of miR-141-3p, and LATS2 expression was regulated by circ_100395/miR-141-3p in NSCLC. LATS2 is a protein that inhibits proliferation and encourages apoptosis in tumour cells. In the previous studies, the down-regulation of LATS2 expression in NSCLC is found linked to aggressive biological behaviour of NSCLC and poor prognosis (Jang et al., 2019). Ye et al. (2017) have proved miR-650 promptly aims for LATS2 for cell proliferation, migration and invasion promotion in NSCLC.

Exosomes are important carriers of circRNAs. Wang et al. have found that in colorectal cancer, exosomes can transport circ_0005963 from chemoresistant cancer cells to chemosensitive cancer cells, and the exosome-delivered circ_0005963 regulates the miR-122-PKM2 pathway to promote glycolysis and induce chemoresistance (Wang et al., 2020). And circRNA secreted from adipocytes can regulate the deubiquitination process in hepatocellular carcinoma, thereby promoting cancer cell growth (Zhang et al., 2019). Collectively, the transmission of signalling molecules by exosomes is an essential link in the process of tumour development. In the results of this study, after treatment with exosomes as delivery vectors, the biological activity of NSCLC cells was inhibited by exo-circ_100395, while they were increased via overexpressed miR-141-3p or knockdown of LATS2. Therefore, it can be inferred that circ_100395 inhibits the biological activity of NSCLC cells by acting as a miR-141-3p sponge.

YAP is a paramount part of Hippo pathway and has a variety of biological functions in the development, homeostasis and regeneration of tissues and organs, and it can also promote EMT to accelerate tumour progression and carcinogenesis (Bourque et al., 2010). Previous study have shown that Yap promotes drug resistance, cancer progression, and metastasis in NSCLC (Janse van Rensburg and Yang, 2016; Rotow and Bivona, 2017; Hsu et al., 2020). In addition, LATS2 can promote YAP phosphorylation, thereby reducing Hippo pathway activity (Shi et al., 2019). Our study showed that exo-circ_100395 reduced Hippo signalling activity, while overexpression of miR-141-3p or knockdown of LATS2 elevated Hippo signalling activity. These results indicate that circ_100395 regulates the development of NSCLC through Hippo signalling by modulating miR-141-3p/LATS2 axis. Similarly, other research pieces have shown circRNA0000140 and circ0001368 can lead to inhibition of oral squamous cell carcinoma and gastric cancer development by inhibiting the Hippo signalling pathway (Liu et al., 2018; Peng et al., 2020).



CONCLUSION

Circ_100395 is downregulated in NSCLC tissues and cells. AMSC-exo with overexpression of circ_100395 can increase LATS2 expression by sponging miR-141-3p to inhibit Hippo signalling pathway activity, thus reducing NSCLC progression. This study suggests that overexpression of circ_100395 in AMSC-exo is a new idea for the treatment of NSCLC. However, due to the complex functions of circRNA, further investigation is required to determine whether circ_100395 has other effects on the development of NSCLC.
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LncRNA GHET1 Promotes Hypoxia-Induced Glycolysis, Proliferation, and Invasion in Triple-Negative Breast Cancer Through the Hippo/YAP Signaling Pathway
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Objective: This study was to assess the specific impacts and mechanism of lncRNA GHET1 in the development of triple-negative breast cancer (TNBC).

Methods: The lncRNA GHET1 expression in TNBC tissues and adjacent healthy tissues was detected by qRT-PCR, and its expression was then measured at the cellular level, including TNBC cells and human normal breast epithelial cell line MCF10A. On the completion of transfection of negative shRNA or lncRNA GHET1 shRNA, the TNBC cells, HCC1937 and MDA-MB-468, were then cultured in a normoxia or hypoxia environment, respectively. 5-Ethynyl-2′-deoxyuridine (EdU) assay, colony formation assay, and transwell assay were applicable to the determination of cell proliferation, cell viability, and invasion in each group, respectively. Reagent kits were used for testing glucose consumption and lactate production levels. HCC1937 cells with knockdown or overexpression of lncRNA GHET1 were injected into the nude mice, followed by the examination of resulting tumor volume and weight. The distribution and expression of Hippo/YAP signaling pathway-related proteins were probed using western blotting.

Results: Highly expressed lncRNA GHET1 in TNBC tissues and cells and induction of lncRNA GHET1 by hypoxia were proved. Knockdown of lncRNA GHET1 significantly reduced proliferation, viability, and invasion of TNBC cells, and decreased glucose consumption and lactate production levels under the hypoxia condition. Furthermore, lncRNA GHET1 knockdown decreased HIF-1α expression in hypoxia and significantly inhibited tumor development in vivo. Knockdown of lncRNA GHET1 increased the phosphorylation levels of LATS1 and Yes-associated protein (YAP) to retain YAP within the cytoplasm, while the overexpression of lncRNA GHET1 or hypoxia promoted nuclear translocation of YAP and TNBC development.

Conclusion: LncRNA GHET1 expression can be induced by hypoxia, which leads to excessive activation of the Hippo/YAP signaling pathway, thus promoting TNBC progression.

Keywords: triple-negative breast cancer, hypoxia, Hippo/YAP signaling pathway, lncRNA GHET1, glycolysis


INTRODUCTION

Breast cancer (BC), the cancer with the highest incidence rate in women, seriously threatens women’s health (Siegel et al., 2019). BC is divided into multiple subtypes according to the surface receptor or gene phenotype. Of all the subtypes, 12–17% are triple-negative breast cancer (TNBC), but its mortality is relatively high (Fan et al., 2014). TNBC does not express a progesterone receptor (PR), a tyrosine kinase receptor-2 (ERB2), and an estrogen receptor (ER), so it is insensitive to standard targeted therapeutic agents for breast cancer and can only be treated with chemotherapy (Biswas and Rao, 2017). In addition, TNBC is clinically characterized by high invasion and susceptibility to local recurrence and distant metastasis, so the prognosis of TNBC is significantly worse compared with other subtypes of breast cancer (Haffty et al., 2006). Hypoxia, which is widespread in tumor tissues, is also an important factor that aggravates the damage caused by tumor cells to the body (Manoochehri Khoshinani et al., 2016). It contributes to the progress of BC and increases the risk of metastasis and mortality (Huang and Zong, 2017). Hypoxia-inducible factor-1α (HIF-1α) is an important metabolic regulator in a variety of tumors, and it mediates the adaptive response to hypoxia in tumors (Semenza, 2012; Singh et al., 2017). After HIF-1α is activated, it can directly induce aerobic glycolysis in many cells, and glycolysis then maintains the survival of cancer cells and promotes cell proliferation, migration, and invasion (Cesi et al., 2017; Huang and Zong, 2017). Therefore, it is very important to explore the mechanism of TNBC development under hypoxia and find reliable biomarkers and therapeutic targets for TNBC.

Long non-coding RNAs (lncRNAs) are defined as non-protein coding transcripts with a length of more than 200 nucleotides. They not only participate in biological processes but also closely link to the metastasis and proliferation of cancer (Zhang et al., 2014). To date, many studies have investigated the functional relationship of lncRNAs and TNBC. For example, Tang et al. (2018) confirmed that lncRNA PVT1 drives the tumorigenesis of TNBC by promoting KLF5/β-catenin signal transduction. And Wang S. et al. (2018) have found that lncRNA MIR100HG promotes TNBC cell proliferation by binding to p27. In addition, some lncRNAs have been revealed to inhibit the tumorigenesis of TNBC. For example, lncRNA RMST can significantly inhibit TNBC cell proliferation, invasion, and migration while promoting apoptosis, suggesting the antitumor effect (Wang L. et al., 2018). LncRNA GHET1 has been proved to be a key regulatory molecule in the development of many cancers. Ni et al. (2018) reported that knockdown of the expression of lncRNA GHET1 can increase the expression of Numb protein, thereby inhibiting the cell activity of the glioma. Prostate cancer cell proliferation is also enhanced by lncRNA GHET1, which functions through increasing the HIF-1α/Notch-1 signaling activity by binding to KLF2 (Zhu et al., 2019). Notably, Han et al. (2019) found that the inhibition of lncRNA GHET1 can downregulate the expression of EGFR protein and inhibit PI3K/AKT signaling activity, thereby inhibiting the cellular activities of breast cancer. Collectively, lncRNA GHET1 has the ability to promote cancer development. But the role and mechanism of lncRNA GHET1 in TNBC progression remain unknown. Therefore, in this study, we characterized the biological role of lncRNA GHET1 in TNBC cells under hypoxia so as to provide a novel target in the treatment and diagnosis of TNBC with an effective theoretical basis.



MATERIALS AND METHODS


Tissue Sample Collection

Tumor tissue samples (the TNBC group) and adjacent normal tissues (the normal group) were collected. These samples were from TNBC patients treated in our hospital between January 2017 and June 2019, with informed consent obtained from each patient. In addition, age, gender, blood pressure, tumor stage, depth of invasion, distant metastasis or not, lymphatic metastasis or not, and other pieces of basic information were recorded.



Cell Culture and Treatment

Cell lines, provided by American Type Culture Collection, included human normal breast epithelial cell line MCF10A and TNBC cell lines MDA-MB-231, MDA-MB-468, HCC1937, and BT-549. A total of three kinds of media were employed for cell culture, and each medium had proportional supplement of 100 mg/mL penicillin and 10 mg/mL streptomycin (Gibco, United States) and 10% fetal bovine serum (FBS, Gibco, United States). An F12/DMEM 1:1 medium was used for the culture of MCF10A, an L-15 medium for MDA-MB-231 and MDA-MB-468, and a DMEM medium for HCC1937 and BT-549. There were two cell culture environments: normoxia and hypoxia. The former was to culture the cells at 37°C with 5% CO2 in normoxic conditions (Normoxia), and the latter was to manipulate the gas content to 94% N2, 5% CO2, and 1% O2 (Hypoxia).

On the completion of culture for 24 h, negative shRNA (sh-NC) or lncRNA GHET1 shRNA interference plasmid (sh-GHET1) was transfected into HCC1937 and MDA-MB-468 cells according to the instructions of Lipofectamine 2000 (Thermo Fisher Scientific, United States). After that, the cells were cultured under Normoxia or Hypoxia condition, named as Normoxia + sh-NC, Normoxia + sh-GHET1, Hypoxia + sh-NC, and Hypoxia + sh-GHET1 groups, respectively. In addition, HCC1937 cells were transfected with an overexpression empty vector (Vector) and an lncRNA GHET1 overexpression vector (GHET1), respectively, for subsequent tumorigenesis in nude mice.



qRT-PCR

The TRizol method was adopted to extract the total RNA from clinical tissue samples and each cell line, followed by the detection of concentration and purity of RNA by NanoDrop, as well as the preparation of cDNA using a random primer reverse transcription kit (Thermo Fisher Scientific, United States). The SYBRGREEN kit (TaKaRa, Japan) was employed in the determination of lncRNA GHET1 expression, with GAPDH as an internal reference control. The experiment was performed in six replicates. Relative quantification of target gene expression by the 2–ΔΔ Ct method was based on the experimental data obtained by qRT-PCR. Table 1 presents the primer sequences.


TABLE 1. Primer sequences.

[image: Table 1]


Analysis of 5-Ethynyl-2’-Deoxyuridine (EdU)

Treated HCC1937 and MDA-MB-468 cells were stained according to the instructions of the EdU staining kit (Thermo Fisher Scientific, United States) after being plated in 24-well plates. After that, the cells were mounted using neutral resin, and 6–10 fields under a fluorescence microscope (FM-600, Shanghai Puda Optical Instruments Co., Ltd.) were randomly selected for observation. Based on the recorded number of positive cells in each field, the Edu labeling rate was determined using the following formula: EdU labeling rate (%) = number of positive cells/(number of positive cells + number of negative cells) × 100%.



Cell Colony Formation Assay

On the completion of the digestion step by 0.25% trypsin, treated HCC1937 and MDA-MB-468 cells were then resuspended with DMEM and L-15 complete media containing 0.35% agarose. Next, 6-well pates containing agarose were used for cell inoculation (1 × 105 cells/well), with subsequent cell culture under Normoxia or Hypoxia condition. After the colonies were formed, their number was counted following a staining step by 0.1% crystal violet solution and a photographing step under an inverted microscope.



Transwell Invasion Assay

After 24 h of transfection, 2 × 104 HCC1937, MDA-MB-468 cells were added in a transwell upper chamber coated with Matrigel (Becton, Dickinsonand Company, United States) and the lower chamber with the addition of 700 μL of a medium containing 20% FBS. Subsequent cell culture under Normoxia or Hypoxia condition was performed. On the completion of the 24 h culture, the transwell inserts were removed and rinsed twice with PBS. After that, 25 min fixation by 1% glutaraldehyde was first carried out for the invasive cells, followed by a rinsing step by PBS and a drying step. Subsequently, 12 h staining by 0.1% crystal violet was performed, followed by a rinsing step by PBS and a drying step. Then, under an upright microscope, the number of positive cells in random 6–10 fields was observed and recorded. They were randomly selected for observation and determination of the number of positive cells. Finally, three of the fields were photographed for further statistical analysis.



Detection of Glucose Consumption and Lactate Production Levels

The supernatants of HCC1937 and MDA-MB-468 cell culture media cultured under Normoxia or Hypoxia condition were collected and placed into 10 mL centrifuge tubes, respectively. Centrifugation (4°C, 800 r/min, 5 min) was subsequently performed to remove floating cells and cell debris. Then the supernatants were collected. The extracellular lactate and intracellular glucose were detected with a L-Lactate colorimetric assay kit (ab65330, Abcam, United Kingdom) and a Glucose assay kit (ab65333, Abcam, United Kingdom) according to the manufacturer’s instructions, respectively.



Western Blotting

The treated cells were used to extract nuclear Yes-associated protein (YAP) and cytoplasmic YAP protein using the nuclear protein extraction kit and cell proteins using a RIPA buffer. After determining the extracted protein concentration by using a BCA Assay Kit, denaturation of 25 μg of protein was performed by boiling in a sample loading buffer (1×). On completion separation by SDS-PAGE, the protein was blotted onto PVDF membranes, which was followed by a 1-h blocking step using 5% skim milk powder. Subsequently, overnight incubation of the membranes with corresponding primary antibodies was performed at 4°C followed by a rinsing step for three times. Another 1-h incubation of the membranes with secondary antibodies at room temperature was also followed by a rinsing step for three times. Following protein development by a chemiluminescence reagent, a gel imaging system was employed to obtain the images and the ImageJ software for the analysis of gray values of the protein bands. GAPDH was used as the internal reference for the extracted whole cell or cytoplasmic proteins, while LaminB was used as the internal reference for the nuclear proteins, thus calculating the relative protein expression.



Tumorigenesis in Nude Mice

There were four groups of three BALB/c male nude mice each with age of 4–6 weeks. The HCC1937 cells with knockdown or overexpression of lncRNA GHET1 constructed in vitro were subcutaneously injected into the right axilla at a number of 1 × 106, respectively. The mice with the injection were named as sh-NC, sh-GHET1, vector, and GHET1 groups. The tumor size, that is, volume = 0.5 × length × width2, was measured weekly from the time of subcutaneous injection. Four weeks later, prior to cervical dislocation in mice, 10% chloral hydrate was injected intraperitoneally for anesthesia. The final weight of the removed tumors was measured. This trial was in accordance with animal ethics with the approval of the ethics committee.



Statistics

Independent sample t-test and one-way analysis of variance were performed using SPSS 25.0. Mean ± standard deviation (SD) was the form to present the results. P < 0.05 indicated a significant difference.



RESULTS


Upregulation of LncRNA GHET1 in Triple-Negative Breast Cancer and Promotion of LncRNA GHET1 by Hypoxia

At the tissue level, a marked increase in the GHET1 expression in the TNBC tissues was revealed compared to the adjacent normal tissues (Figure 1A). At the cellular level, the GHET1 expression in the TNBC cells was significantly higher than that in the MCF10A cells (Figure 1B). MDA-MB-468 with the relative lowest GHET1 expression and HCC1937 with the highest one were used for subsequent experiments to ensure the study reliability. In addition, with the increase in hypoxia exposure time, GHET1 expression was significantly increased in HCC1937 and MDA-MB-468 cells (Figure 1C).
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FIGURE 1. lncRNA GHET1 is upregulated in TNBC and hypoxia promotes the expression of lncRNA GHET1. (A) The expression of lncRNA GHET1 in TNBC and adjacent normal tissues was examined by qRT-PCR. **P < 0.01. (B) The expression of lncRNA GHET1 was measured in human normal breast epithelial cell MCF10A and TNBC cell lines MDA-MB-231, MDA-MB-468, HCC1937, and BT-549 using qRT-PCR. *P < 0.05 and **P < 0.01 vs. MCF10A. (C) MCF10A, MDA-MB-468, and HCC1937 cells were cultured under hypoxia conditions for 3, 6, 12, and 24 h. The expression of lncRNA GHET1 was analyzed by qRT-PCR. *P < 0.05 and **P < 0.01 vs. 0 h. TNBC, triple-negative breast cancer.




Inhibition of Hypoxia-Induced Proliferation, Invasion, and Glycolysis of Triple-Negative Breast Cancer Cells by Downregulation of LncRNA GHET1

For the purpose of determination of the lncRNA GHET1 function, lncRNA GHET1 was knocked down in vitro and transfected into HCC1937 and MDA-MB-468 cells. The qRT-PCR experiment verified the transfection efficiency. Hypoxia could significantly promote the expression of GHET1 in the cells. At the same time, sh-GHET1 significantly reduced the expression of lncRNA GHET1 in the cells under hypoxia and hypoxia conditions (Figure 2A).
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FIGURE 2. Inhibition of hypoxia-induced proliferation and invasion of TNBC cells by downregulation of lncRNA GHET1. (A) qRT-PCR was performed to detect the expression of lncRNA GHET1 in MDA-MB-468 and HCC1937 cells under normoxia and hypoxia conditions. (B) EdU assay wad used to detect the cell proliferation. (C) Cell viability was analyzed by colony formation assay. (D) Transwell assay was used to detect cell invasion. **P < 0.01 vs. Normoxia + sh-NC group; ##P < 0.01 vs. Hypoxia + sh-NC group.


The effect of lncRNA GHET1 on the TNBC cell function was further examined. Under normoxic conditions, after interfering with the expression of lncRNA-GHET1, the cell proliferation (Figure 2B), viability (Figure 2C), invasion (Figure 2D), lactate production (Figure 3A), and lactate glucose consumption (Figure 3B) of HCC1937 and MDA-MB-468 cells were significantly inhibited. However, when the cells were under hypoxic conditions, the above indicators in the cells were significantly increased (p < 0.05). And compared with the Hypoxia + sh-NC group, the cell indicators of the Hypoxia + sh-GHET1 group were significantly reduced (p < 0.05). Together, these results provided evidence that hypoxia-induced proliferation, invasion, and glycolysis of TNBC cells could be inhibited by the downregulation of lncRNA GHET1.
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FIGURE 3. Low expression of lncRNA GHET1 can inhibit hypoxia-induced glycolysis o f TNBC cells. MDA-MB-468 and HCC1937 cells were transfected with sh-GHET1 or control plasmid under normoxia and hypoxia conditions. The lactate production (A) and glucose uptake (B) were measured. **P < 0.01 vs. Normoxia + sh-NC group; ##P < 0.01 vs. Hypoxia + sh-NC group.




Inhibition of Hypoxia-Induced Hippo/YAP Pathway Activation and YAP Nuclear Translocation by Downregulation of LncRNA GHET1

The expression of Hippo/YAP pathway-related proteins was detected to further determine the molecular mechanism of lncRNA GHET1 regulating TNBC cell function. The results in Figure 3A showed that the expression of HIF-1α was significantly upregulated under hypoxia conditions. After interfering with the expression of lncRNA GHET1, the expression of HIF-1α was significantly downregulated. In addition, western blotting results (Figures 4A–F) revealed that compared with normoxia conditions, the protein expression of MAT1, p-LATS1, p-YAP, and YAP (cytoplasm) was decreased, while the expression of TAZ, YAP (cells), and YAP (nucleus) was increased in the HCC1937 cells and MDA-MB-468 cells under hypoxia conditions. However, after knockdown of lncRNA GHET1, a significant increase in the protein expression of MAT1, p-LATS1, p-YAP, and YAP (cytoplasm), and a significant decrease in the expression of TAZ, YAP (cells), and YAP (nucleus), were found compared to the groups with transfection of sh-NC under normoxia or hypoxia conditions.
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FIGURE 4. Inhibition of hypoxia-induced Hippo/YAP pathway activation and YAP nuclear translocation by downregulation of lncRNA GHET1 MDA-MB-468 and HCC1937 cells were transfected with sh-GHET1 or control plasmid under normoxia and hypoxia conditions. (A–D) Protein expression of HIF-α and the indicated Hippo/Yap pathway were measured by western blot. (E,F) Expression of YAP protein in the cytoplasm and nucleus of TNBC cells was detected by western blot. **P < 0.01 vs. Normoxia + sh-NC group; ##P < 0.01 vs. Hypoxia + sh-NC group.


These results determined that knockdown of lncRNA GHET1 expression inhibited the expression of HIF-1α, Hippo/YAP pathway activation, and YAP nuclear translocation in TNBC cells in a hypoxia environment.



In vivo Growth Promotion of Triple-Negative Breast Cancer by LncRNA GHET1

The results of tumorigenesis in nude mice 4 weeks later and at the other time points showed markedly decreased tumor volume and weight after knockdown of lncRNA GHET1, while the opposite change occurred after the overexpression of lncRNA GHET1 (Figures 5A–C). A marked reduction of lncRNA GHET1 in tumor tissues after knockdown of lncRNA GHET1 and a markedly increased one after overexpression of lncRNA GHET1 were confirmed in the qRT-PCR results (Figure 5D).
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FIGURE 5. lncRNA GHET1 promoted the tumor growth in nude mice. (A) Typical TNBC tumor from tumor bearing mice after subcutaneous injection of HCC1937 cells stably overexpression and underexpression lncRNA GHET. (B) The TNBC tumor volume from tumor bearing mice after treatment. (C) The tumor weight from tumor bearing mice after treatment. (D) Expression of lncRNA GHET1 in xenograft tumor tissues as determined by qRT-PCR. *p < 0.05 and **p < 0.01 vs. sh-NC group; #p < 0.05 and ##p < 0.01 vs. Vector group.




Promotion of in vivo Hippo/YAP Pathway Activation and YAP Nuclear Translocation in Triple-Negative Breast Cancer by LncRNA GHET1

The results obtained from western blotting were shown in Figures 6A–F. The markedly increased protein expression of MST1, p-LATS1, p-YAP, and YAP (cytoplasm) and the significantly decreased expression of HIF-1α, TAZ, YAP (cells), and YAP (nucleus) in the tumor tissues of the sh-GHET1 group were compared with those of the sh-NC group. However, with the overexpression of lncRNA GHET1, the above protein expression was opposite. These results confirmed that lncRNA GHET1 inhibited the progression of TNBC in vivo by decreasing the activation of the Hippo/YAP signaling pathway.
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FIGURE 6. Promotion of in vivo Hippo/YAP pathway activation and YAP nuclear translocation in triple-negative breast cancer by lncRNA GHET1. (A–D) Proteins expression of HIF-α and the indicated Hippo/Yap pathway in xenograft tumor tissues was detected by western blot. (E,F) Expression of YAP in the cytoplasm and the nucleus of the xenograft tumor tissues was analyzed using western blot. *p < 0.05 and **p < 0.01 vs. sh-NC group; #p < 0.05 and ##p < 0.01 vs. Vector group.




DISCUSSION

With the deepening of cancer research, many new endocrine drugs for the treatment of TNBC have been developed. However, in terms of individualized treatment, only conventional non-specific cytotoxic drugs can be used and without effective and practical treatment methods. In recent years, the literature on lncRNAs has revealed them as signaling molecules for gene expression regulators and as pivotal factors for tumor development (Luo et al., 2017). In our study, significantly increased lncRNA GHET1 in TNBC tissues and cells was found, and lncRNA GHET1 expression was time-dependent in a hypoxia environment. Therefore, the indication of correlation between lncRNA GHET1 and TNBC cell development can be set out. In addition, hypoxia is also reported as an important external factor that promotes drug resistance and radiation resistance and improves the invasive ability of cancer cells (Samanta et al., 2014). It has been pointed out that the high activity of HIF-1α and its target gene products in TNBC is the key to induce the enhancement of TNBC cell viability, while the inhibition of HIF-1α expression by drugs can bring an effective improved survival rate (Samanta et al., 2014). According to our experimental results, after knockdown of lncRNA GHET1 in HCC1937 and MDA-MB-468 cells, cell proliferation, viability, invasion ability, glucose consumption, lactate production, and the expression of HIF-1α were significantly inhibited under both normoxia and hypoxia conditions. In addition, all abilities of TNBC cells under hypoxia conditions were significantly higher than those under normoxia conditions. These results indicate the possible relationship between the role of lncRNA GHET1 and the promotion of TNBC development, and the expression of lncRNA GHET1 will be induced by hypoxia. In order to further demonstrate the functional relationship between lncRNA GHET1 and TNBC development, tumorigenesis in nude mice was carried out for subsequent in vivo experiments. And the results showed that knockdown of lncRNA GHET1 expression significantly reduced the tumor volume and weight, while overexpression of this gene promoted the tumor development. Collectively, lncRNA GHET1 is associated with the tumor development, and the specific mechanism has also been investigated in our study.

More and more studies have confirmed that the Hippo/YAP signaling pathway plays a central role in regulating many aspects of tumor biology (Yu et al., 2015; Zanconato et al., 2016). Studies have shown that the abnormality of this signal has been proved to be the key to the development of breast cancer, lung cancer, and renal cancer (Tordjmann, 2011; Zhao et al., 2011), while its degree of abnormality is often closely related to the prognosis of tumors. When the Hippo/YAP signaling pathway is activated, MST1 kinase activates the LATS protein. The LATS protein receives signal phosphorylation, transcription activates TAZ and YAP proteins, and the phosphorylated YAP protein is retained within the cytoplasm, which is subsequently degraded by ubiquitinase (Steinhardt et al., 2008; Janse van Rensburg et al., 2018). YAP, an effector of the Hippo/YAP signaling pathway, is an oncoprotein, and its abnormal activation is an important driver of tumorigenesis, chemoresistance, and metastasis (Xu et al., 2009). In addition, YAP regulates the expression of downstream genes by entering the nucleus and binding to the transcription factor TEAD, thereby mediating the proliferation and malignant transformation of cells (Zhao et al., 2010). It has been shown that the industrial chemical bisphenol promotes YAP nuclear accumulation and upregulates CTGF and ANKRD1 by inhibiting the phosphorylation of YAP, thereby inducing TNBC cell migration (Deng et al., 2018). Collectively, the Hippo/YAP signaling pathway has a close link with TNBC development. In the present study, hypoxia would promote the nuclear transfer of YAP and regulates the expression of key proteins in the Hippo/YAP signaling pathway. After the knockdown of the lncRNA GHET1 expression, phosphorylation of LATS and YAP proteins is promoted and degradation of YAP is induced; thus, the oncogenic activity is inhibited in both cells in a hypoxia environment and tumors in vivo. Overexpression of lncRNA GHET1, on the other hand, induces aberrant activation of Hippo/YAP signaling.



CONCLUSION

In summary, the hypoxia-induced increase in the GHET1 expression is involved in TNBC progression. And the knockdown of the GHET1 expression can inhibit the expression of HIF-1α and the activation of the Hippo/YAP signaling pathway, thereby reducing the biological activities of TNBC cells such as proliferation and invasion. Therefore, the knockdown of GHET1 is a new way to treat TNBC. However, the exact mechanism by which lncRNA GHET1 stabilizes the activity of the Hippo/YAP signaling pathway is not clear. Further research should be conducted for exploring the biological function of lncRNA GHET1.
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Thyroid cancer (TC) has the highest incidence among endocrine malignancies. Thus, it is essential to achieve a deep understanding of various mechanisms of development and progression of TC. circRNAs are recognized by multiple studies as being dysregulated in TC. Accumulating evidences have revealed that circRNAs serve as regulatory molecules involved in various biological processes in TC, including cell proliferation, apoptosis, invasion/migration, metabolism, and chemoresistance. Furthermore, circRNA can also serve as an effective tool in TC researches of diagnosis, prognosis, and treatments. Thus, this review is to outline the characteristics of circRNAs, generalize their categories and functions, and highlight the expression of circRNAs in TC. Meanwhile, we are expecting to achieve a comprehensive understanding of new therapies based on circRNAs in treating or preventing TC.
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INTRODUCTION

As the most common cancer of endocrine system, thyroid cancer (TC) incidence has been increasing faster than any other cancer type since the 1990s. However, it has been referred as over-treatment due to the low risk, non-lethal characteristics of TC that are often incidentally detected from a large subclinical reservoir of disease (Roman et al., 2017). According to estimation, TC would become the fourth leading cancer diagnosis during the next 10 years (Rusinek et al., 1817). TC can usually be classified into papillary thyroid carcinoma (PTC), follicular thyroid carcinoma (FTC), anaplastic thyroid carcinoma (ATC), and medullary thyroid carcinoma (MTC). Among these four types of TC, PTC and FTC are defined as differentiated thyroid cancers (DTCs), with incidence rates over 90%. The majority of DTCs have an indolent behavior, but with a significantly high proportion of patients suffering from lymph node metastasis (Asa and Ezzat, 2017). Surgery is the most common treatment of DTC, even in cases with local and distant metastases. MTC comprises 5% to 10% of all TC. Total thyroidectomy and lymph dissection can result in a biochemical cure (normalization of calcitonin and CEA) for only 40% of the time. Even when a biochemical cure is achieved, approximately 9% of patients will later develop recurrent (Kloos et al., 2009; Maxwell et al., 2014). ATC, which accounts for less than 2% of TC, contributes to the most mortality of TC. Patients with ATC usually have a relatively poor prognosis with the median survival less than a year, mainly due to the resistance to common TC therapies (Hsu et al., 2014). Given the past 30 years of researches on molecular mechanisms, TC is proved to be facilitated by various dysregulated genes via multiple pathways. Presently, 90–95% of TC can be explained by the MAPK, PI3K/Akt, and other known pathways; however, the associated mechanisms of the remaining 5–10% are poorly recognized (Murugan et al., 2018). Therefore, in-depth understanding of the molecular basis and signaling pathways related to TC proliferation and progression not only is expected to clarify the mechanism of TC development and provide molecular biomarkers for TC diagnostic and prognostic prediction, but also has a profound impact on molecular targeted therapy.

The untranslated transcripts, also called non-coding RNAs (ncRNAs), account for 97% of human genome, which can be classified into short (19–31 nucleotides), mid (20–200 nucleotides), and long (>200 nucleotides) based on their length. Currently, many microRNAs (miRNAs) and long-ncRNAs (lncRNAs) are investigated by a great number of studies (Grillone et al., 2020). Meanwhile, circular RNA (circRNA) is a large class of non-coding RNA containing a unique covalent loop structure without 5′-cap and 3′-poly (A) structures, causing their resistance to exonuclease degradation, which mainly depends on the 5′ and 3′termini (Li C. et al., 2020). Due to the advancing sequencing technologies and bioinformatics, novel circRNAs are continuously identified with their specific expression patterns in different tumor stages and characteristics. Along with their conservation, circRNA may be involved in various types of tumor being as a special biomarker (Meng et al., 2017).

At present, many circRNAs are found being differentially expressed with significant functions in multiple diseases (Xia et al., 2020). Recent evidences also showed the regulatory role of circRNAs in cervical (Chaichian et al., 2020), lung (Chen Y. et al., 2018), oral (Cristóbal et al., 2020), gastric (Fang et al., 2019), and breast cancer (Jahani et al., 2020). Moreover, there are studies reporting that circRNAs were dysregulated in TC. Thus, this review was focused on the biogenesis and function of circRNA, the dysregulated expression of circRNAs in TC, and their involvement in TC development. In addition, we also addressed the potential role of circRNAs as diagnostic and prognostic biomarkers, as well as therapeutic targets for TC.



BIOGENESIS AND FUNCTION OF circRNA


Synthesis and Biological Characteristics of circRNAs

As shown in Figure 1, circRNA is a novel class of noncoding RNAs with a covalently closed loop, generating from exonic and/or intronic sequences of primary transcripts by back-splicing (Cristóbal et al., 2020). There are four types of circRNAs: exonic circRNAs or ecircRNAs (the most frequent) that arise from exons, ciRNAs that originate from introns, EIciRNAs that arise from both exons and introns, and infrequent tricRNAs produced from transfer RNA introns (Chaichian et al., 2020). The circularization of ecircRNA or EIciRNA is mainly recognized as Lariat-driven, intron pairing-driven, and RNA-binding protein (RBP)-dependent, while ciRNA formation is based on conserved sequences near the spliceosome (Yang X. et al., 2020). Intronic circRNAs are dependent on groups I/II ribozymes, while the exonic circRNAs are dependent on a spliceosomal ribozyme (Jahani et al., 2020). There are several factors that have an impact on the biosynthetic speed (Fang et al., 2019). For instance, RBPs can activate and inhibit the formation of circRNA. Meanwhile, the biosynthesis of circRNA can be enhanced by muscleblind-like (MBL) protein and quaking (QKI). In addition, ADAR1 plays an inhibitory role in circRNA formation (Ma et al., 2019; Jahani et al., 2020). The characteristics of circRNAs are as follows: conservative, stable, highly expressed and tissue-specifically expressed (Hao et al., 2019). Compared with linear RNAs, circRNAs are not sensitive to RNases (Hao et al., 2019). Most of the circRNAs are located in the cytoplasm (ecircRNAs), while ciRNAs and EIciRNAs are located in the nucleus (Cristóbal et al., 2020).
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FIGURE 1. Biogenesis and molecular function of circRNAs. circRNAs are generated from exonic and/or intronic sequences of primary transcripts by back-splicing. The main types of circRNAs includes EcRNAs, EIciRNAs, and ciRNAs. (A) Gene translation regulation. circRNA can regulate related downstream gene and parental gene transcription. (B) microRNA sponge. circRNAs can act as microRNA sponges and suppress the effects of microRNA on target genes. (C) Binding RBP. By interaction with RBP, circRNAs can inhibit/enhance protein function, and promote the colocalization of protein. (D) Translation function. circRNA can be translated into protein/peptides.




circRNAs act as miRNA Sponges

miRNAs play the post-transcriptional regulation with target genes in which it is referred to as miRNA response elements (MREs). A single miRNA is able to target multiple genes with consistent MREs, thus describing the so-called competing endogenous RNA (ceRNA) network (Limb et al., 2020; Lin et al., 2020). Currently, the research of ceRNAs’ effects covers a wide range of subjects, involving many ncRNAs, including lncRNA, circRNAs, pseudogenes, and viral transcripts (Lin et al., 2020). miRNA sponging is presently recognized as the main mechanism that circRNAs are involved in (Limb et al., 2020). Many circRNA–miRNA–mRNA axes have been reported to be associated with the development of malignant diseases. For instance, CiRS-7 possesses miR-7 binding sites, thus sponging miR-7. Studies also showed that CiRS-7 was associated with cell proliferation and progression by sponging miR-7 to regulate the relative pathways in various cancers (Zheng et al., 2017; Pan et al., 2018; Yang X. et al., 2020). Moreover, CiRS-7 is an effective biomarker in diagnosis and predicting prognosis, which can help clinical decisions toward solid tumors (Zou et al., 2020). Meantime, circRNA homeodomain-interacting protein kinase 3 (CircHIPK3) is associated with various human cancers. There are numerous researches indicating that circHIPK3 functions as a miRNA sponge (miR-124, miR-149, miR-29b, and miR-637, etc.) to regulate the target genes and exert specific biological effects, including regulation of cell proliferation, invasion, and migration (Chen et al., 2020; Zhang Y. et al., 2020).



circRNAs Can Interact With Proteins

Bioinformatics analyses of circRNA sequences can be used to predict binding sites for RBPs, while RNA pull-down and RNA immunoprecipitation (RIP) are the most used techniques to verify the binding between circRNAs and proteins (Xie et al., 2020). circFOXK2 promotes pancreatic ductal adenocarcinoma cell growth, migration, invasion, and apoptosis via sponging miR-942, eventually promoting the expression of several downstream genes. Furthermore, a circRNA pulldown identifies 94 types of proteins interacting with circFOXK2, with their functions ranging from cell adhesion to structural molecule activity. Specifically, circFOKX2 increases the expression of oncogenes via interacting with YBX1 and hnRNPK (Wong et al., 2020). On the other hand, HuR, as a well-studied RBP, can mediate the expression of proteins via binding with a wide range of RNAs. The binding between CircPABPN1 and HuR can lower the expression of PABPN1, providing an example of competition between a circRNA and its cognate mRNA for an RBP that affects translation (Abdelmohsen et al., 2017).



circRNAs Regulate Gene Transcription

The processes of producing circRNAs can influence the biosynthesis of mRNAs. Ci-ankrd52 is related to the extension mechanism of RNA pol II, while circRNA acts as a positive regulator of RNA pol II transcription, indicating the cis-regulation of non-coding introns on the transcription of their parent genes (Zhang et al., 2013; Khanipouyani et al., 2020; Zhang X. et al., 2020). In comparison to ecircRNAs, EIcircRNAs and ciRNAs are mainly enriched in the nucleus, which can mediate the biosynthesis of protein by transcriptional or post-transcriptional regulation (Khanipouyani et al., 2020; Zhang X. et al., 2020). In addition, EIciRNA enhances the expression of its parent gene, highlighting a regulatory strategy for transcriptional control by the specific interaction between U1 snRNA and EIciRNA (Li et al., 2015).



circRNA Can Be Translated Into Protein

circRNAs are presently recognized as cannot be translated due to the loop structure and lack of polyadenylated tail and internal ribosome entry site (IRES) (Yang X. et al., 2020). Intriguingly, some circRNAs that contain the IRES can be translated, which may be triggered under certain conditions (Zhou et al., 2019; Zhang X. et al., 2020). It has been demonstrated that circRNA can be translated by inserting an IRES into a synthetic circRNA (Chen and Sarnow, 1995; Yang X. et al., 2020). Additionally, circ-ZNF609 contains an open reading frame and associates with heavy polysomes, which can be translated in a splicing-dependent and cap-independent manner (Legnini et al., 2017).

Generally, acting as a miRNA sponge is the most studied function with great potential in circRNA-related researches. While studies focusing on other functions of circRNA are also welcomed, we have a very positive view on applying circRNA-related therapies to clinical practice based on the function as a miRNA sponge. Furthermore, the relationships between these various functions are little known.



Expression Profiles of circRNAs in TC

Several studies have investigated the circRNA expression profiles in TC by using microarray profiling and high-throughput RNA sequencing, showing that many dysregulated circRNAs can be related to TC. Peng et al. (2017) have firstly profiled the circRNA expression of PTC tumors. Ninety-eight dysregulated circRNAs were identified between PTC and adjacent normal tissue, while 355 were identified between PTC and benign thyroid lesions (Peng et al., 2017). Lan et al. (2018b) also investigated and validated the circRNA profiles of PTC by RNA-Seq and qRT-PCR. Eighty-seven differentially expressed circRNAs were identified with 33 novel circRNAs (Lan et al., 2018b). Moreover, Ye et al. (2020) identified 358 novel circRNAs using five matched PTC and adjacent normal tissues. Yao et al. (2019) selected 12 samples, consisting of four invasive tumor tissues, four non-invasive tumor tissues, and four matching normal tissues for circRNA microarray analysis revealing 607 differentially expressed circRNAs between invasive tumor tissues and adjacent normal tissues, while 49 between invasive and non-invasive tumor tissues. The intersection of these two sets contained 13 circRNAs (Yao et al., 2019). Teng et al. (2018) reported a comprehensive transcriptome-wide analysis by using RNA sequencing of 11 pair PTC and normal tissues (the largest series as reported). They identified a total of 17,864 circRNAs in thyroid tissues and 146 dysregulated circRNAs from 128 host genes (Teng et al., 2018). The dysregulated circRNAs identified by sequencing and microarray data are listed in Table 1. It should be noted that many clinical and analytical factors can affect the final results of sequencing data (Li R. et al., 2020).


TABLE 1. Overview of circRNAs identified by microarrays and RNA sequencing in TC.

[image: Table 1]According to the circRNA expression profiles in PTC, a large number of aberrantly expressed circRNAs are shown in TC tissues; some of these circRNAs are upregulated and serve as oncogenes, while the downregulated one serves as a tumor suppressor. The number of upregulated and downregulated circRNAs identified by microarray profiling and high-throughput RNA sequencing shows no difference in tendency. Researches about the function of circRNAs involved in TC mainly focus on upregulated circRNA, while only a few studies focus on downregulated circRNAs, for instance, circITCH (Wang et al., 2018) and hsa_circ_0007694 (Long et al., 2020). RNA FISH and cell fraction assay are commonly used to locate circRNAs in the TC cells. FISH results demonstrated that circNUP214 (Li et al., 2018), circBACH2 (Cai et al., 2019), circRAPGEF5 (Liu et al., 2019), and circ_0067934 (Zhang et al., 2019) were predominantly localized in the cytoplasm. The cell fraction assay and FISH analysis results demonstrated that circFNDC3B (Wu et al., 2020b), circ-0005273 (Zhang W. et al., 2020), and circFOXM1 (Ye et al., 2020) were predominantly localized in the cytoplasm, while hsa_circ_0058124 was shown in both nucleus and cytoplasm (Yao et al., 2019). Meanwhile, circRNA_102171 was proven to be predominantly located in the nucleus (Bi et al., 2018). The difference of circRNA in cellular localization indicates that circRNA may be involved in a wide range of biological functions through different mechanisms. Despite this large amount of dysregulated circRNAs discovered in TC, there is still a long way to go investigating their biological mechanisms in TC.



circRNAs as Biomarkers in TC

As we showed above, the special characteristics of circRNA make it an ideal biomarker (Zhang X. et al., 2020). Accumulated evidences show that circRNA is an effective diagnostic and prognostic biomarker of TC. A study showed that hsa_circ_0102272 was associated with poorer clinical characteristics and worse survival data in TC patients (Liu et al., 2020). Hsa_circ_0137287 was reported to be associated with more aggressive clinical characteristics of PTC. Meantime, the study also revealed the value of hsa_circ_0137287 on diagnosing malignancy, extrathyroidal extension, and lymph node metastasis (Lan et al., 2018a). Furthermore, hsa_circ_0011290 was shown to contribute to the progression of PTC and poor prognosis of patients undergoing radical thyroidectomy (Hu et al., 2020). Guo et al. (2020) assessed the associations between circRNA expressions and clinical characteristics in PTC, and some dysregulated circRNAs were found to be associated with BRAFV600E mutation, capsular invasion, advanced T stage, and lymph node metastasis (Guo et al., 2020). The study by Ren et al. (2018) showed that eight dysregulated circRNAs were associated with lymph node metastasis and an advanced TNM stage (Ren et al., 2018). The clinical–pathologically and prognostically related circRNAs are listed in Table 3.

The expression patterns of circRNAs are connected to progression and prognosis of TC, thus having a great value as biomarkers in managing TC patients. Identifying more novel circRNAs with associated clinical features and investigating their biological mechanisms will help us in better recognizing the progression of TC.



ROLES AND SIGNIFICANCE OF circRNAs IN TC


The Underlying Mechanisms of circRNAs

To recognize the specific functions of circRNAs in TC, there are a large number of researches focusing on this issue. Presently, the activities of circRNAs are mainly recognized as the sponging of specific miRNAs, serving as tumor suppressors or promoters. Most of the mechanistic studies on TC-associated circRNAs are designed using a circRNA–miRNA–mRNA axis (Ruan et al., 2020). For instance, circBACH2 acts as a novel oncogenic RNA of PTC. circBACH2, as a miRNA sponge, can negatively mediate miR-139-5p and positively control downstream gene LMO4 expression in PTC cells (Cai et al., 2019). Moreover, hsa_circ_0058124 modulates miRNA-218-5p and its target gene NUMB expression, and consequently with repression of the NOTCH3/GATAD2A signaling axis (Yao et al., 2019). Hou et al. (2018) revealed an association between alkylglycerone phosphate synthase (AGPS) and the malignancy of TC cell lines, and the inactivation of AGPS could decrease the malignancy. Multiple circRNAs were found to be dysregulated after AGPS knock out in PTC cell line, meaning circRNAs could also be correspondingly regulated when gene expression level changed (Hou et al., 2018). Bi et al. (2018) revealed that, by interacting CTNNBIP1, circRNA_102171 could interfere the connection between CTNNBIP1 and the β-catenin/TCF3/TCF4/LEF1 complex, thus activating the Wnt/β-catenin pathway. The direct interaction between circRNA_102171 and CTNNBIP1 has been verified in this study (Bi et al., 2018). circABCB10 expression was significantly higher in TC tissues and the expression of KLF6 was markedly upregulated by the silence of circABCB10, while KLF6 expression was downregulated by overexpression of circABCB10. However, the interaction between circABCB10 and KLF6 has not been experimentally verified (Han et al., 2020). Ma et al. (2020) revealed that circTP53 was highly expressed in TC tissues, and its host gene p53 expression showed a negative association with circTP53 expression via regulating MDM2 mRNA level. Subsequently, knockdown of circTP53 enhanced p53 expression (Ma et al., 2020). Ye et al. (2020) demonstrated that circFOXM1 played a role in PTC by sponging miR-1179 and regulating HMGB1 expression, though the FOXM1 protein was not influenced by the expression of circFOXM1 (Ye et al., 2020). Based on these results, certain circRNA can also regulate its host gene expression in TC.



Regulation of circRNAs on Proliferation, Migration/Invasion, and Apoptosis of TC

So far, several studies demonstrated that circRNAs served as miRNA sponges and protein interacting molecule in cancer progression by multiple signaling pathways. These circRNAs are activated in TC proliferation, migration/invasion, apoptosis, and chemoresistance. Most studies about circRNAs function focus on these cellular biologic functions. The detailed information about dysregulated circRNAs, targeted miRNA/protein, related signaling pathways, and biologic function is listed in Table 2. circBACH2 (hsa_circ_0001627) was highly expressed in PTC and inhibiting circBACH2 expression in TC cells decreased cell proliferation, migration, and invasion. Mechanistically, the circBACH2 could sponge miR-139-5p, therefore abolishing the downregulated effect on the target gene LMO4, which contributed to TC progression (Cai et al., 2019). circNEK6 and FZD8 were significantly upregulated in TC, with strong correlations. Overexpression of circNEK6 and FZD8 could promote the growth and invasion of TC cells through miR-370-3p and Wnt signaling pathway. Importantly, the effect of miR-370-3p on TC cells could be rescued by circNEK6 or FZD8 (Chen F. et al., 2018). Furthermore, circDOCK1 could increase cyclin D1 and decrease p53 and meanwhile induce the accumulation of MMP-9 and vimentin, thus promoting migration and invasion. circDOCK1 was also reported to contribute to carcinogenesis of TC by inhibiting miR-124 with dampening signaling transduction of JAK/STAT/AMPK (Cui and Xue, 2020). circLDLR was upregulated in PTC, and silence of circLDLR suppressed PTC cell proliferation, migration, and invasion and promoted apoptosis by regulating miR-195-5p/LIPH axis (Gui et al., 2020). The expression of circRNA_102171 was upregulated in PTC tissues and cell lines and the silence of circRNA_102171 suppressed PTC cell proliferation, migration, and invasion and promoted apoptosis by interacting with CTNNBIP1 and activating the Wnt/β-catenin pathway (Bi et al., 2018). On the other hand, hsa_circ_0058124 acts as an oncogene promoting proliferation, tumorigenesis, invasion, and metastasis, by miRNA-218-5p, its target gene NUMB, and the NOTCH3/GATAD2A signaling axis (Yao et al., 2019). A study indicated that the knockdown of circ_0005273 inhibited PTC growth and progression, and further analyses showed that the oncogenic role of circ_0005273 was based on miR-1183 and SOX2 (Zhang W. et al., 2020). In our previous study, we found that hsa_circ_0011385 was associated with TC cell proliferation, migration, invasion, and apoptosis by targeting miR-361-3p (Xia et al., 2020). Other circRNAs involved in TC proliferation, migration/invasion, apoptosis, and chemoresistance can be found in Table 2.


TABLE 2. Dysregulated circRNAs in thyroid cancer.
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TABLE 3. CiRNAs and TC diagnosis and prognosis.
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Regulation of circRNAs on Glucose Metabolism and Metabolic Ability

Hu et al. (2020) revealed hsa_circ_0011290 acting as an oncogene in PTC; meantime, glucose metabolism was changed to decreased glucose uptake and lactate production and increased ATP contents, which was proven to be associated with hsa_circ_0011290 via miR-1252. They also confirmed that the downstream targets of hsa_circ_0011290 were miR-1252 and FSTL1. These data highlighted the importance of the metabolic profiling of hsa_circ_0011290 in PTC (Hu et al., 2020). Sun D. et al. (2020) revealed that circ_0058124 promoted proliferation, migration, and invasion in TC cells with miR-940/MAPK1 as the downstream targets. In addition, after knocking circ_0058124 down, the oxygen consumption rate (OCR) of basal respiration and maximum respiration significantly decreased via miR-940, indicating inhibited metabolic ability of cells. Subsequently, miR-940 inhibitor rescued the inhibition effect of silencing MAPK1 on the metabolic ability. Therefore, these results confirmed the regulatory role of circ_0058124 on metabolisms via the miR-940/MAPK1 axis in TC (Sun D. et al., 2020).



Regulation of circRNAs on Chemoresistance

Liu et al. (2018) revealed that, after the therapy of cisplatin (30 μg/ml), the expression of circEIF6 was continuously increased and reached a highest level in 24 h. Given the oncogenic role of circEIF6 via miR-144-3p/TGF-α, circEIF6 could develop cisplatin resistance by miR-144-3p/TGF-α in TC cells. They also demonstrated that circEIF6 knockdown increased cisplatin sensitivity in vivo. However, no evidence showed a difference between control group and circEIF6 knockdown group (silencing by targeted shRNA). Similarly, circEIF6 knockdown effectively reduced tumor weight in the nude mice treating with cisplatin, while circEIF6 knockdown alone had no effect on tumor weight (Liu et al., 2018). Moreover, Zhang S. et al. (2020) revealed that circRNA_103598 increased as a regulator increasing the expression of IL-6 via sponging miR-23a-3p in PTC, with promoted cell proliferation and the enhanced oncolytic vaccinia virus (OVV)-mediated antitumor effect by strengthening the viral replication.

Although many circRNAs are revealed as functioning in TC development, most of these studies are performed mainly within cell line level. Further studies with well-established animal models, including gene knockout models, are needed for the preparation of conversions to clinical application. In addition, the effects of circRNAs on chemoresistance are very inspiring, for the difficult problem of treating TC patients with chemoresistance. Besides understanding the role of circRNAs on chemoresistance, novel circRNA-related therapy targets may also offer help to this difficult problem.



circRNAs in Serumal Exosomes and Serum

Exosomes are small endocrine vesicles that exist in most cells and contain transporters, mRNA, and miRNA. In exosomes, these molecules have a potential role as diagnostic biomarkers of human disease. Recent studies showed that there were many circRNAs existing in exosomes, and a study further showed the expression of circRNAs in exosomes was associated with that in cells and tissues (Yang et al., 2019). Yang et al. (2019) have isolated the exosomes and associated circRNAs were analyzed by high-throughput sequencing. Three upregulated and 19 downregulated circRNAs were found, and three dysregulated circRNAs, including hsa_circ_007293, hsa_circ_031752, and hsa_circ_020135, were finally confirmed by experiments (Yang et al., 2019). Zhou et al. (2019) have reported that circRASSF2 mediated tumor progression through the miR-1178/TLR4 pathway in PTC. They also found a negative association between circRASSF2 and miR-1178 in serum exosomes among PTC patients (Wu et al., 2020a). After verifying the role of circFNDC3B in modulating PTC progression, Wu et al. (2020b) have also collected exosomes from 42 PTC patients and 40 healthy people. They revealed that upregulated circFNDC3B expression could be detected in extracted serum exosomes derived from PTC patients (Wu et al., 2020b).

Fan et al. (2019) demonstrated that circMAN1A2 was highly expressed in sera of TC patients, and diagnostic ROC curves showed that circMAN1A2 had the potential being a diagnostic biomarker. Sun J. W. et al. (2020) measured the expression levels of hsa_circ_0124055 and hsa_ circ_0101622 in plasma from 65 TC patients and 65 healthy volunteers. The expression levels of hsa_circ_0124055 and hsa_circ_0101622 were observed to be significantly upregulated in the plasma of TC patients. To explore whether plasma circRNAs were susceptible to neoplasm growth, qRT-PCR analysis was carried out to detect hsa_circ_0124055 and hsa_circ_0101622 levels in the plasma of TC patients before and 14 days after surgery. Noteworthily, their findings uncovered the significant decline of hsa_circ_0124055 and hsa_circ_0101622 in plasma of TC patients with thyroidectomy (Sun J. W. et al., 2020). Shi et al. (2020) revealed circRAPGEF5 and hsa_circ_0058124 were dysregulated in serum of PTC patients with further analyses showing that these two circRNAs significantly decreased after systematic treatments. Yu et al. (2020) revealed that combination of circRNA-UMAD1 and Gal3 from peripheral circulation was a useful and effective co-biomarker for the prognosis of LNM in PTC patients.

The findings from these studies have shown that exosome and serumal circRNAs can be obtained and detected from TC patients, supporting future studies on the role of exosome and serumal circRNAs in TC. In fact, exosome, as a natural mediator, might greatly extend circRNAs studies and applications in TC. It has also been considered as a suitable drug delivery tool. Modification of exosome sheds light on a novel direction for TC diagnosis and treatment and, therefore, brings the great potential of exosomal circRNA as a remarkable biomarker and therapy tool for TC.



CONCLUSION AND FUTURE PERSPECTIVES

With the growth of findings and progresses in the field of RNA, circRNA has gradually become a hot spot in tumor researches. Microarray profiling and high-throughput RNA sequencing facilitate the discovery of circRNA transcripts in cancers, including TC. Researches have revealed that circRNA can serve as a regulatory molecule involved in various biological processes. This review highlights the expression of circRNAs in TC, burgeoning the potential of circRNA as a regulatory molecule, diagnostic, prognostic, and therapeutic tool in TC research. circRNAs are involved in multiple intricate functions and molecular mechanisms; however, only a small fraction of circRNAs and their functions in TC biology are found and researched. In addition, the functions of the few known circRNAs still need to be investigated in detail and additional functional circRNAs remain to be identified. A great number of problems remain when it comes to the biogenesis, diagnostic application, and function of circRNAs in TC. For example, there is still no relevant study on the abnormal regulation of circRNA expression level in fine-needle aspiration (FNA) biopsies of TC, while 20% of FNA biopsies show undetermined pathological results, leading to the poor management for these patients. Although most PTC can be effectively controlled, mortality associated with advanced and iodine-refractory TC is remaining as a high level. Meanwhile, ATC represents extremely poor prognosis. Whether circRNAs can be used in understanding the pathogenesis or serve as biomarkers for these advanced TC early diagnosis and effective treatment need to be further studied. Epigenetic circRNA regulation has an extremely great potential in managing cancers including TC and should be focused by future studies for not only acquiring a better understanding of TC but also achieving therapeutic successes eventually.
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Objective: In this study, we focused on the potential mechanism of miRNAs carried by human umbilical cord mesenchymal stem cells-derived exosomes (hUCMSCs-exo) in breast cancer (BC).

Methods: RT-qPCR was conducted for the expression of miR-224-5p and HOXA5 in tissues and cells. After co-culture of exosomes and MCF-7 or MDA-MB-231 cells, the cell proliferation was observed by MTT and cell colony formation assay, while apoptosis was measured by flow cytometry. In addition, the expression of HOXA5 and autophagy pathway-related proteins LC3-II, Beclin-1 and P62 was detected by western blotting. And immunofluorescence was applied for detection of LC3 spots. The binding of miR-224-5p to HOXA5 was verified by the luciferase reporter gene assay and RNA-binding protein immunoprecipitation assay. Finally, in vivo experiment was performed to investigate the effect of miR-224-5p on BC growth.

Results: MiR-224-5p was up-regulated and HOXA5 was down-regulated in BC tissues and cells. HOXA5 was confirmed to be the target gene of miR-224-5p. MiR-224-5p carried by hUCMSCs-exo was able to promote the proliferation and autophagy of BC cells, while inhibited apoptosis. Bases on xenograft models in nude mice, it was also revealed that miR-224-5p carried by hUCMSCs-exo could regulate autophagy and contribute to the occurrence and development of BC in vivo.

Conclusion: MiR-224-5p carried by hUCMSCs-exo can regulate autophagy via inhibition of HOXA5, thus affecting the proliferation and apoptosis of BC cells.

Keywords: breast cancer, human umbilical cord mesenchymal stem cells, exosomes, miR-224-5p, apotosis, autophagy


INTRODUCTION

Breast cancer (BC), as the most common malignant tumor, is the leading cause of malignant cancer-related death in women worldwide (Sun et al., 2017; Bray et al., 2018). Since the late 1970s, the global incidence of BC has been on the rise worldwide. Among malignant tumors in Chinese women, its incidence ranks first and its mortality is second only to lung cancer (Waks and Winer, 2019), which seriously affects health and life of women. However, the exact pathogenesis of BC remains unclear. In recent years, with the continuous improvement of diagnosis and treatment techniques of BC, its mortality still has no significant downward trend (Dihge et al., 2019). Nevertheless, understanding the histologic grades, lymph node involvement, and hormone receptor status, and detecting serum markers are all helpful for early diagnosis of BC, consequently improving prognosis, evaluating, and guiding for treatment (Radenkovic et al., 2014, 2019; Jurisic et al., 2015; Teufelsbauer et al., 2019). Malignant transformation of tumor cells involves multiple functional programming during which a number of gene products of therapeutic significance are induced, which can be used as molecular biomarkers and therapeutic targets to develop novel multi-target strategies to improve current cancer therapies and prevent disease recurrence (Mimeault and Batra, 2014). Therefore, a large number of scholars continuously search for molecular indicators for early diagnosis of BC, molecular targets for its treatment and molecular markers for judging its prognosis.

Surgical treatment, radiotherapy and chemotherapy are currently the main methods for treatment of BC. Stem cells recently have been found to exert a certain inhibitory effect on tumor cell growth (Leng et al., 2014). Mesenchymal stem cells (MSCs), derived from mesoderm, are pluripotent stem cells with the ability of self-renewal and multilineage differentiation, which are present in various tissues like bone marrow, blood, fat, placenta, umbilical cord, and skin (Almalki and Agrawal, 2016). Because of their effects on immunosuppression and tissue repair, MSCs are widely used in the treatment of a variety of diseases. Human umbilical cord mesenchymal stem cells (hUCMSCs), a kind of pluripotent stem cells present in neonatal umbilical cord tissue, which can differentiate into many kinds of cells. Based on their high cell content, strong proliferation ability and high differentiation potential, hUCMSCs have a broad prospect of clinical application. Exosomes refer to a kind of discoid vesicles with a diameter of 40–100 nm, containing RNAs and proteins. A variety of cells can secrete exosomes in both normal and pathological conditions. For example, MSCs can produce a large number of exosomes in resting or stress state. These MSC-derived exosomes have similar biological functions to MSCs, which can mediate intercellular communication (Zhu et al., 2012; Phinney et al., 2015).

MicroRNAs (miRNAs), a class of short non-coding RNAs (18–25 nucleotides), bind to the 3′ UTR of target mRNAs and thus act as post-transcriptional modulators of gene expression (Schickel et al., 2008) MiRNAs in BC have received significant attention. However, how to transport miRNAs into BC cells in a safe and efficient way is still an urgent problem to be solved. Exosomes are considered as novel nanomedicine carriers because of their perceived advantages like less cytotoxicity, strong targeting, low immunogenicity and large loading. At present, exosomes have successfully transported drugs such as small interfering RNA (siRNA), miRNA and paclitaxel to target cells (Santos et al., 2018; Takahasi et al., 2018). With the deepening of research, miRNAs, have been found to function in the occurrence and development of BC by affecting autophagy. For example, miR-30a can inhibit autophagy by negatively regulating the expression of Beclin1 (Zhu et al., 2009); miR-181a can inhibit autophagy in MCF-7 cells by binding with ATG5 (Tekirdag et al., 2013); miR-376b can inhibit starvation-related autophagy by down-regulating ATG4C (Korkmaz et al., 2012); and miR-221/222 leads to autophagic death of MCF-7 cells by PI3K-AKT-mTOR signaling pathway (Zhai et al., 2013).

MiR-224-5p is recently discovered to be associated with MSC-derived exosomes, tumor proliferation and metastasis. The expression of miR-224-5p is associated with original cisplatin resistance in ovarian papillary serous carcinoma (Zhao et al., 2014), and lncRNA FTH1P3 can mediate the growth and invasion of uveal melanoma cells through miR-224-5p (Zheng et al., 2017). Our previous study found that miR-224-5p inhibits autophagy by targeting Smad4 in MDA-MB-231 cells (Cheng et al., 2018). However, whether miR-224-5p can be transported by hUCMSCs-derived exosomes (hUCMSCs-exo) to affect autophagy in BC cells are not well clear. Here, we investigated the effect and mechanism of miR-224-5p carried by hUCMSCs-exo on BC cell proliferation and apoptosis, thus providing a new theoretical basis for the treatment of BC.



MATERIALS AND METHODS


Collection and Processing of Clinical Samples

BC tissues and non-tumor adjacent normal tissues from 30 BC patients (mean age: 51.73 ± 9.66 years) admitted to our hospital from June 2016 to December 2017 were collected. The basic information of the patients was also recorded: age, gender, blood pressure, tumor stage, distant metastasis or not, and lymphatic metastasis or not. In all the patients, BC was the primary lesion and confirmed by pathological examination. Each patient has no history of major systemic disease and was not treated with chemotherapy or radiotherapy before surgery. Informed consent was obtained from each patient.



Extraction and Identification of hUCMSCs-Derived Exosomes

HUCMSCs purchased from American Type Culture Collection (ATCC), and were cultured in FBS-free medium for 48 h, followed by collection of the supernatant. Centrifugation (2,000 g, 4°C for 30 min) was then performed to remove cell debris and apoptotic bodies and a 0.2 mm filter was used for filtration. Subsequently, the samples were first centrifugated at 110,000 g, 4°C for 70 min and then at 110,000 g, 4°C for 60 min. The collected exosomes were resuspended with phosphate buffer, and later were aliquoted and stored at −80°C.

In order to determine the characteristics of exosomes, the diameter and concentration of exosomes were analyzed by nanoparticle tracking analysis (NTA) using NanoSight NS300 (Malvern, UN) equipped with a 405 nm blue laser.

The morphology of exosomes was observed using a transmission electron microscope (TEM, Hillsboro Oregon, United States) (Tadokoro et al., 2013). Briefly, the exosomes were fixed with 4% paraformaldehyde and adsorbed to a carbon-coated grid. Then the copper grid was immersed in a 2% phosphotungstic acid solution for 30 s. After drying, the samples were examined under TEM at 80 keV. The expression of the marker proteins CD9, CD63, and HSP70 of the exosomes was detected by western blotting.



Cell Transfection and Culture

Human BC cell lines MCF-7, MDA-MB-231, T47D, SK-BR-3, MDA-MB-435, and HCC1937, and human normal breast epithelial cells MCF10A were purchased from the Cell Culture Center of the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences. All cells were grown in media supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) with culture conditions of 37°C and 5% CO2. MiR-224-5p mimic, NC mimic, miR-224-5p inhibitor, and NC inhibitor purchased from Guangzhou RiboBio Co., Ltd. (Guangzhou, China) were transfected into hUCMSCs, respectively, and the exosomes of each group were collected. MCF-7 or MDA-MB-231 cells were assigned into six groups: (1) Control: cells without any treatment; (2) Exo: cells were co-cultured with hUCMSCs-exo; (3) NC-exo: cells were co-cultured with exosomes transfected with NC mimics; (4) miR-224-5p-exo: cells were co-cultured with exosomes transfected with miR-224-5p mimics; (5) in-NC-exo: cells were co-cultured with exosomes transfected with NC inhibitor; (6) in-miR-224-5p-exo: cells were co-cultured with exosomes transfected with miR-224-5p inhibitor.



MTT Assay

MCF-7 and MDA-MB-231 cells in logarithmic growth phase in each group were digested and counted. Then they were seeded in 96-well plates (2,000 cells/well) with five replicates for each sample. For adherent cells after treatment for 24, 48, and 72 h the media were aspirated from each group. Then the prepared MTT solution (Aladdin, United States) was added, followed by another 1-h incubation. The absorbance (490 nm) was measured by a microplate reader.



Colony Formation Assay

The treated MCF-7 and MDA-MB-231 cells in each group were digested with trypsin to prepare single-cell suspension. The cell concentration was determined and adjusted to 1,000 cells/ml. Single-cell suspension was evenly seeded in sterile 6-well plates for forming colonies. The medium was changed every 3 days, and the colony formation of the cells was observed after 14 days.



Flow Cytometry

The determination of apoptosis by flow cytometry was performed as shown in the previous report (Jurisic et al., 2011). Cells were centrifuged at 1,000 r/min for 5 min and then the supernatant was discarded. Subsequently, the cells were resuspended and counted. A total of 50,000–100,000 cells were taken and resuspended with 195 μl of Annexin V-FITC binding solution, followed by addition of 5 μl of Annexin V-FITC reagent. The cells were gently mixed with the reagent, and placed at room temperature for 10 min in the dark. After another 10 μl of propidium iodide staining solution was added and mixed gently, the samples were placed at room temperature for 10 min in the dark. Finally, the sample was detected by a flow cytometer.



Immunofluorescence Staining

The treated MCF-7 and MDA-MB-231 cells in each group were seeded on coverslips. With cell confluency of about 70%, the coverslips were rinsed with PBS three times (10 min each time). Then the coverslips were fixed with 4% formaldehyde for 15 min and rinsed again with PBS. After that, 0.5% Triton X-100 was added for 10-min incubation, followed by rinsing step by PBS and 1-h blocking step using 100 mL/L calf serum albumin. The coverslips were then cultured with LC3 antibody (Abcam, Cambridge, United Kingdom; Dilution, 1:50) overnight at 4°C. After rinsing with PBS again, human FITC-labeled immunofluorescence antibody was added for 1-h incubation at 37°C. Finally, the coverslips were rinsed with PBS and distilled water, and, were mounted with glycerol. LC3 spots in each group were observed using a confocal microscope (Leica, Germany) with 400 × magnification.



RNA-Binding Protein Immunoprecipitation Assay

Activated cells were collected and washed twice with PBS. Cells were cross-linked for 15 min by adding 10 mL PBS and formaldehyde with the final concentration of 0.01%. Then 1.4 mL of 2 mol/L glycine was added and mixed for 5 min, followed by centrifugation at 1,500 r/min for 5 min. The supernatant was discarded and then cells were washed twice with PBS again and lysed by RIPA. The cell lysates were equally assigned into two parts. Subsequently, one part with addition of 4 μg of AGO2 antibody (Abcam) was as the experimental group, while the other part with addition of the amount of normal rabbit IgG as the control group. Both groups were cultured overnight at 4°C, and then the cells were collected. RNA was extracted using TRIzol reagent and was reversely transcribed into cDNA. Finally, the expression of miR-224-5p and HOXA5 was detected with RT-qPCR



Luciferase Reporter Gene Assay

The binding site of miR-224-5p to HOXA5 was predicted by software TargetScan. The 3’ UTR of the wild-type HOXA5 gene was cloned into a luciferase vector (HOXA5-WT), and the binding region of HOXA5 to miR-224-5p was mutated to obtain the mutant plasmid (HOXA5-MUT) (GenePharma, China). NC mimics or miR-224-5p mimics were co-transfected with HOXA5-WT/MUT into MCF-7 and MDA-MB-231 cells. Transfected pRL-TK was used as a standard. After 36 h of transfection, cells were harvested. The luciferase activity of MCF-7 and MDA-MB-231 cells was detected according to the instructions of luciferase activity assay kit. The experiment was repeated three times.



RT-qPCR

Total RNA was isolated from cells and tissues using Trizol reagent (Invitrogen). A total of 500 ng of RNA was reversely transcribed into cDNA using the cDNA Transcription Kit (ABI). Transcription was subsequently carried out at 16°C for 30 min, followed by incubation at 42°C for 30 min and at 85°C for 5 min for enzyme inactivation. Rapid quantitative PCR was performed using SYBRH Select Master Mix (Invitrogen). The RT-qPCR reaction was performed using the following parameters: 95°C for 2 min, 40 cycles of 95°C for 15 s and 60°C for 30 s. With All results were standardized to the expression of GAPDH or U6 as an internal reference, the obtained experimental data was quantified using the 2–Δ Δ Ct method. The primer sequences used were as follows: miR-224-5p, Forward, 5′-AGCATCCACGAGCAAGAGAC-3′ and reversely, 5′-GATGCTACTAGTGTGGCGGG-3′; U6, Forward, 5′-CTCGC TTCGGCAGCACA-3′ and reversely, 5′-AACGCTTCACGAAT TTGCGT-3′; HOXA5, Forward, 5′-GAAGCTGAGCAG TGAAGCCTAT-3′ and reversely, 5′-GACAACTGTGAGAGCC AGGTT-3′; GAPDH, Forward, 5′-AACGGATTTGGTCGTA TTG-3′ and reversely, 5′-GGAAGATGGTGATGGGATT-3′.



Western Blot

Total protein was extracted with RIPA buffer (Sigma Aldrich, United States) from cells and tissues as previously reported (Son et al., 2019). The concentration of the total extracted protein was determined by a BCA protein assay kit (Bio-rad, United States). The proteins were boiled and separated using sodium dodecyl sulfatepolycylamide gel electrophoresis (SDS-PAGE). The separated proteins were then transferred to PVDF membranes (300 mA, 80 min), followed by blocking step using 10% TBS (Sigma Aldrich, United States). Subsequently the membranes were incubated with primary anti-rabbit monoclonal antibody CD9 (ab92726, Abcam), rabbit polyclonal antibody LC3-II (ab51520, Abcam), rabbit monoclonal antibody p62 (ab56416, Abcam), rabbit monoclonal antibody Beclin-1 (ab207612, Abcam), rabbit monoclonal antibody CD63 (ab8219, Abcam), rabbit monoclonal antibody HSP70 (ab181606, Abcam), and rabbit monoclonal antibody HOXA5 (ab140636, Abcam) at a dilution of 1:1,000 at 4°C overnight. Rabbit monoclonal antibody β-actin (ab8226, Abcam) is the internal reference protein. After incubation, the membranes were washed three times and then incubated with polyclonal goat anti-rabbit IgG (ab6721, Abcam; 1:2,000) secondary antibody conjugated to horseradish peroxidase (HRP) (Sigma Aldrich, United States) at room temperature for 1 h. Then the membranes were washed for several times. The proteins were developed by an enhanced chemiluminescence regent. Images were subsequently quantified with Image J (NIH).



Establishment of Breast Cancer Xenografts in Nude Mice

Twenty nude mice were reared at constant temperature (25–27°C), constant humidity (25–50%), and specific pathogen-free (SPF). MCF-7 cells in logarithmic growth phase were prepared into single-cell suspension by trypsin digestion, followed by centrifugation at 1,000 r/min for 10 min. Then the precipitate was collected and washed twice with phosphate buffered saline (PBS) to prepare cell suspension with a density of 1 × 107 cells/mL. A total of 200 μL of the suspension were aspirated with a sterile trocar and inoculated subcutaneously in the disinfected armpit skin of nude mice. After 10 days of inoculation, the mice were randomly divided into control group, Exo group, in-NC-exo group, and in-miR-224-5p-exo group, with five nude mice in each group. Reagents in each group were dissolved in 200 μL PBS and were injected every 2 days for a total of five injections. The long and short axes of the tumors were measured with a vernier caliper every 7 days to calculate tumor volume and draw tumor growth curve. All treatment was completed after 35 days, and all the mice were then sacrificed. Subsequently, the xenografts were removed and weighed. Each tumor tissue was equally assigned into 3 parts, with 2 parts stored in liquid nitrogen for subsequent detection, and the other part fixed in 10% neutral formalin and embedded in paraffin for subsequent immunohistochemical staining.



Immunohistochemical Staining (IHC)

All tumor tissues were fixed in 10% neutral formalin and embedded in paraffin. IHC staining was performed according to the instructions of IHC kits with rabbit anti- Ki-67 (ab15580, Abcam) monoclonal antibodies. The tissues were developed with diaminobenzidine (DAB) (Tokyo Chemical Industry Co., Ltd., Japan) colorimetric solution, counterstained with hematoxylin, and mounted with neutral resin. Finally, the cell staining was observed under an optical microscope with 200× magnification.



Statistical Analysis

SPSS 22.0 was applied for data analysis. The results were expressed as mean ± standard deviation (SD). Comparison between the two groups was analyzed by t-test. Multi-group comparison of data was carried out using the one-way ANOVA followed by least significant difference (LSD) t-test. Pearson analysis was used to analyze the correlation between the expression of miR-224-5p and HOXA5. Each experiment was repeated at least three times. P < 0.05 was considered statistically significant.



RESULTS


Up-Regulation of miR-224-5p Expression and Down-Regulation of HOXA5 Expression in Breast Cancer

The clinical characteristics of the 30 included BC patients are shown in Table 1. The results of RT-qPCR assay confirmed that the expression of miR-224-5p was significantly elevated while the expression of HOXA5 was significantly decreased in BC tissues (Figures 1A,B) and cells (Figures 1C,D). Pearson correlation analysis revealed a negative correlation between miR-224-5p expression and HOXA5 expression (Figure 1E). These results confirmed that miR-224-5p and HOXA5 may be involved in the occurrence of BC. Since the expression of miR-224-5p expression was higher while HOXA5 expression was lower in MCF-7 and MDA-MB-231 cells, these two cell lines were selected for the subsequent experiments.


TABLE 1. Breast cancer patients’ characteristic used in this study (n = 30).
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FIGURE 1. Negative correlation between miR-224-5p and HOXA5 expression in breast cancer. (A,B) RT-qPCR-based detection of miR-224-5p expression and HOXA5 expression in breast cancer tissues and non-tumor adjacent tissues; **P < 0.01 vs. normal group. (C,D) RT-qPCR-based detection of miR-224-5p expression and HOXA5 expression in human breast epithelial cells MCF10A and human breast cancer cell lines MCF-7, MDA-MB-231, T47D, SK-BR-3, MDA-MB-435, and HCC1937; *P < 0.05, **P < 0.01 and ***P < 0.001 vs. MCF10A group. (E) Pearson correlation analysis between the expression of miR-224-5p and HOXA5.




Identification of hUCMSCs-Derived Exosomes

To identify the functional effects of hUCMSCs-exo on MCF-7 and MDA-MB-231 cells, we first extracted and identified hUCMSCs-exo. Transmission electron microscopy confirmed the morphological characteristics of the exosomes as oval membranous vesicles (98 nm) (Figure 2A). And nanoparticle tracking analysis demonstrated that the diameter of most particles ranged from 49 to 160 nm (Figure 2B). In addition, the expression of protein markers CD9, CD63 and HSP70 of exosomes was up-regulated in the hUCMSC-exo compared with hUCMSCs (Figure 2C). Hsp70, CD9 and CD63 are the three protein markers of exosomes (Fernando et al., 2017). These results indicated a successful separation of exosomes. Further, after further overexpression or interference with the expression of miR-224-5p in hUCMSCs, exosomes were collected and then co-cultured with MCF-7 or MDA-MB-231 cells. As shown in RT-qPCR results, miR-224-5p expression was elevated in MCF-7 and MDA-MB-231 in the miR-224-5p-exo group, while was decreased in the in-miR-224-5p-exo group (Figure 2D). Collectively, it was proved that hUCMSCs-exo could transport miR-224-5p into BC cells to change miR-224-5p expression.
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FIGURE 2. Extraction and identification of hUCMSCs-derived exosomes. (A) Observation of vesicle structure of hUCMSC-derived exosomes (hUCMSC-exo) by transmission electron microscopy; (B) Nanoparticle tracking analysis of the diameter range of hUCMSC-exo; (C) Western blotting-based detection of the expression levels of CD9, CD63 and HSP70 in hUCMSCs and hUCMSCs-exo; (D) RT-qPCR analysis of miR-224-5p expression. After transfection of miR-224-5p mimics and inhibitor into hUCMSCs, respectively, exosomes were collected and co-cultured with MCF-7 or MDA-MB-231 cells. Finally, the expression of miR-224-5p expression was detected by RT-qPCR. **P < 0.01 and ***P < 0.001 vs. Control group.




Promotion of the Development of Breast Cancer Cells by miR-224-5p Carried by hUCMSCs-Derived Exosomes

To determine whether miR-224-5p could be transported into BC cells via hUCMSCs-exo and thus affecting cell function, after transfection of miR-224-5p mimics and inhibitor into hUCMSCs, respectively, exosomes were collected and co-cultured with MCF-7 or MDA-MB-231 cells. As shown in the results of MTT (Figures 3A,B) and cell colony formation assay (Figures 3C,D), the proliferation rate and viability of cells in the miR-224-5p-exo group were significantly increased in MCF-7 or MDA-MB-231 cells compared with the NC-exo group, while the proliferation rate and viability in the in-miR-224-5p-exo group were significantly decreased compared with in-NC-exo. Flow cytometry (Figures 3E,F) showed a significant increase of apoptosis in the miR-224-5p-exo group, while a decrease in the in the in-miR-224-5p-exo group.
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FIGURE 3. Promotion of proliferation and inhibition of apoptosis of breast cancer cells by miR-224-5p carried by hUCMSCs-derived exosomes. After transfection of miR-224-5p mimics and inhibitor and the negative controls into hUCMSCs, respectively, exosomes were collected and co-cultured with MCF-7 or MDA-MB-231 cells, followed by (A,B) MTT assay-based detection of cell proliferation; (C,D) Colony formation assay-based detection of cell viability; (E,F) Flow cytometry assay-based detection of cell apoptosis rate. **P < 0.01 vs. NC-exo group; #P < 0.05 and ##P < 0.01 vs. in-NC-exo group.




Promotion of Autophagy in the Breast Cancer Cells by miR-224-5p Carried by hUCMSCs-Derived Exosomes

The results of immunofluorescence staining indicated that in MCF-7 and MDA-MB-231 cells, the number of LC3 spots was significantly increased in the miR-224-5p-exo group compared with the NC-exo group, while was decreased in the in-miR-224-5p-exo group compared with the in-NC-exo group (Figure 4A). Western blot assay then showed a marked increase of the protein expression of LC3-II and Beclin-1 in MCF-7 and MDA-MB-231 cells and a reduction of p62 expression in the miR-224-5p-exo group compared with the NC-exo group, while opposite changes were found in the in-miR-224-5p-exo group (Figures 4B,C). These results confirmed that miR-224-5p could promote autophagy in BC cells.
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FIGURE 4. Promotion of autophagy in breast cancer cells by miR-224-5p carried by hUCMSCs-derived exosomes. After transfection of miR-224-5p mimics and inhibitor and the negative controls into hUCMSCs, respectively, exosomes were collected and co-cultured with MCF-7 or MDA-MB-231 cells, followed by (A) immunofluorescence staining-based determination of spot counting of LC3 (×400); (B,C) Western blotting-based detection of the expression of autophagy-related proteins LC3-II, Beclin-1 and P62. *P < 0.05 and **P < 0.01 vs. NC-exo group; #P < 0.05 and ##P < 0.01 vs. in-NC-exo group.




HOXA5 as a Target of miR-224-5p

Fifteen downstream target genes (Figures 5A,B) regulated by miR-224-5p were predicted by starBase, miRDB and TargetScan. HOXA5, which is lowly expressed in BC, was also one of the target genes of miR-224-5p (Figure 5C). Luciferase reporter gene assay and RNA binding protein immunoprecipitation assay further proved that miR-224-5p targeted HOXA5 (Figures 5D,E). In addition, western blotting also confirmed that miR-224-5p could down-regulate the expression of HOXA5. In MCF-7 and MDA-MB-231 cells, the protein expression of HOXA5 was significantly decreased in the miR-224-5p-exo group compared with the NC-exo group, while was significantly increased in the in-miR-224-5p-exo group compared with the in-NC-exo group (Figure 5F).
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FIGURE 5. Negative regulation of HOXA5 expression in breast cancer cells by miR-224-5p carried by hUCMSCs-derived exosomes. (A) Prediction of target genes of miR-224-5p by StarBase, miRDB, and TargetScan; (B) fifteen potential target genes of miR-224-5p; (C) binding sites of miR-224-5p to HOXA5; (D,E) luciferase reporter gene assay and RNA binding protein immunoprecipitation assay to determine the binding of miR-219a-5p to HOXA5 in MCF-7 and MDA-MB-231 cells; (F) western blotting-based detection of the protein expression of HOXA5 in MCF-7 and MDA-MB-231 cells. **P < 0.01 vs. NC-exo group; ***P < 0.001 vs. anti-IgG group; ##P < 0.01 vs. in-NC-exo group.




Promotion of Growth of Breast Cancer in vivo by miR-224-5p Carried by hUCMSCs-Derived Exosomes

Xenograft models in nude mice were constructed by subcutaneous injection of MCF-7 cells in nude mice, followed by injection of saline (control group), Exo, in-NC-exo, and in-miR-224-5p-exo. The results showed that compared with the in-NC-exo group, the tumor tissue of mice in the in-miR-224-5p-exo group was significantly smaller (Figure 6A), and the tumor weight and volume of mice were decreased (Figures 6B,C). Injection of in-miR-224-5p-exo into the models decreased the expression of miR-224-5p and Ki67 (Figures 6D,E), decreased the protein expression of LC3-II and Beclin-1 and increased the protein expression of p62 in the tumor tissues (Figure 6F). These results confirmed that hUCMSCs-exo successfully transported low-expressed miR-224-5p into MCF-7 tumor-bearing mice to inhibit tumor growth and autophagy.
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FIGURE 6. Regulation of proliferation and autophagy of breast cancer in vivo by miR-224-5p carried by hUCMSCs-derived exosomes. (A) Tumors of nude mice; (B) statistical graph of tumor weight; (C) statistical graph of tumor volume; (D) RT-qPCR analysis of miR-224-5p expression in tumor tissues; (E) immunohistochemistry-based determination of Ki67 expression in tumor tissues (×200); (F) western blotting-based detection of the protein expression of the autophagy-related proteins LC3-II, Beclin-1, and P62 in tumor tissues in nude mice. **P < 0.01 vs. in-NC-exo group.





DISCUSSION

BC is one of the most common malignant tumors in women, posing a threat to physical and mental health of women (Anastasiadi et al., 2017). The traditional radiotherapy and chemotherapy have great damage to the normal cells of the body while killing tumor cells, so there is a great need to find a new treatment that can target tumor cells without harming normal tissues (Calle et al., 1978). MSCs have low immunogenicity, easy to culture and amplify in vitro, can migrate to tumor or inflammatory sites (Davatchi et al., 2016). MSCs are able to release a large number of cytokines to exert their tumor regulatory effects, such as interleukin-6 (IL-6), insulin-like growth factor 1 (IGF-1) or vascular epidermal growth factor (VEGF) (Wang et al., 2009; Jurisic, 2020). Therefore, MSCs have been widely used in treatment studies of many diseases. In recent years, it has been found that the regulatory effect of MSCs on tumors can also be mediated through exosomes secreted by MSCs. And MSCs have a powerful ability of exosomes secretion (Vakhshiteh et al., 2019). Exosomes are considered as a novel nano-scale drug carrier due to their low cytotoxicity, strong targeting, low immunogenicity and low-risk tumor formation (Hu et al., 2012; Semina et al., 2018). The study of miRNAs in tumor diseases is currently a hot spot, but how to transport miRNAs to BC cells in a safe and efficient way is still an urgent problem to be solved. Here, we used the exosomes secreted by hUCMSCs to transport miR-224-5p to promote the progression of BC, demonstrating that exosomes can be used as a safe and effective transport vector. In addition, the unique biological structure and function of exosomes provide a specific marker for the diagnosis of early BC, as well as a targeted strategy for its clinical treatment.

MiR-224-5p has been found to be associated with tumor proliferation and metastasis in recent years (Zhang et al., 2017). For example, miR-224 promotes drug resistance and recurrence of colorectal cancer by inducing epithelial-mesenchymal transition (Ling et al., 2016). But the functional mechanism of miR-224-5p in BC is not clear yet. In this study, we found that the expression level of miR-224-5p was significantly increased in human BC tissues and cell lines, suggesting the involvement of miR-224-5p in the occurrence and development of BC. Further, the binding site of miR-224-5p to 3′UTR of HOXA5 was predicted by the databases, suggesting that miR-224-5p may be involved in the development of BC by regulating HOXA5 expression. Previous studies have demonstrated that HOXA5 inhibits BC cell plasticity and stemness by reinforcing epithelial features (Teo et al., 2015). Here, we also found that HOXA5 was highly abundant in normal human breast epithelial cells and tissues, while its protein expression was low in human BC tissues and cell lines. In addition, both luciferase reporter gene assay and RNA binding protein immunoprecipitation assay confirmed that miR-224-5p could target and regulate HOXA5. Collectively, the above findings suggested that miR-224-5p could regulate the occurrence and development of BC by down-regulating the expression of HOXA5.

There has been a large body of related literatures concerning the association between miRNAs in exosomes and BC. For example, Naseri et al. (2018) have found that functionally active miRNA-142-3p inhibitors mediated by MSCs-derived exosomes reduce the tumorigenicity of BC in vivo and in vitro. Han et al. (2020) have confirmed that exosomes can reverse the resistance of trastuzumab in BC by delivering miR-567. To further verify the effect of miR-224-5p carried by exosomes on BC cell survival, MTT, colony assay and flow cytometry were performed. And the results demonstrated that hUCMSCs-exo could transport miR-224-5p into MCF-7 and MDA-MB-231 cells to promote the proliferation and survival of cancer cells and inhibit the decrease of their apoptotic rate. Ki-67 protein is a marker of tumor proliferation (Menon et al., 2019). Meanwhile, we found that the weight and volume of tumor were reduced and the expression of Ki67 was decreased after injection of hUCMSCs-exo with low miR-224-5p expression into BC tumor-bearing mice. These findings confirm that hUCMSCs-exo can transport miR-224-5p into BC cells to regulate BC development.

After determining the effect of miR-224-5p on the biological characteristics of BC cells, the specific mechanism of the effect became the emphasis of our subsequent investigation. Numerous reports have confirmed that autophagy plays a key role in various cellular events, including regulation of gene expression, growth and proliferation (Pietrocola et al., 2017; Soni et al., 2018). In recent years, with the continuous deepening of research, it has been found that miRNAs can affect autophagy during the occurrence and development of BC (Lv et al., 2017). For example, miR-30a, one of the first-discovered miRNAs involved in BC regulation, can inhibit autophagy by negatively regulating Beclin-1 expression in BC (Zhu et al., 2009). MiR-101 can effectively inhibit basal autophagy and rapamycin-mediated autophagy in MCF-7 cells (Frankel et al., 2011). MiR-181a can inhibit autophagy in MCF-7 cells by binding to ATG5 (Tekirdag et al., 2013). In addition, studies have also confirmed that miR-221/222 led to autophagic death of MCF-7 cells by participating in the PI3K/AKT/mTOR signaling pathway to inhibit P27Kip1 (Miller et al., 2008; Zhai et al., 2013). LC3-II, p62 and Beclin-1 are autophagy markers (Gómez-Sánchez et al., 2016; Runwal et al., 2019; Xu and Qin, 2019). In this study, after promoting the expression of miR-224-5p, significant increases of the number of LC3 autophagic spots and LC3-II and Beclin-1 expression and a decrease of p62 expression were found; inhibition of miR-224-5p achieved the opposite results. At the same time, similar findings were obtained in the xenograft models. Therefore, we speculate that miR-224-5p transported by the hUCMSCs-exo can promote autophagy by down-regulating the expression of HOXA5, thus ultimately promoting the development of BC. However, in previous studies, low expression of miR-224-5p has been found to promote BC cell autophagy and thus promote cell apoptosis (Cheng et al., 2018). This may be due to the effect of exosomes on the autophagy of BC cells (Xu et al., 2018), or due to the inconsistent results of the autophagy protein expression detected at different time points in the two studies. These assumptions require further experiments to confirmed.



CONCLUSION

In summary, miR-224-5p is highly expressed in BC cells and tissues. In-depth mechanistic investigation confirms that miR-224-5p carried by hUCMSCs-exo regulates the autophagy of BC cell by down-regulating HOXA5, thus ultimately promoting the occurrence and development of BC. These results suggest the clinical application prospect of miR-224-5p carried by hUCMSCs-exo derived in the treatment of BC patients.
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LncRNA HCP5 Induces Gastric Cancer Cell Proliferation, Invasion, and EMT Processes Through the miR-186-5p/WNT5A Axis Under Hypoxia
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Objective: To experimentally determine the involvement and mechanism of long non-coding RNA (lncRNA) HCP5 in the development of gastric cancer (GC).

Methods: Detection of HCP5, miR-186-5p, and WNT5A expression in clinical GC tissues and adjacent healthy tissues was performed, followed by Pearson correlation analysis. BGC-823 and AGS cells, with interferences of HCP5, miR-186-5p, and WNT5A, were cultured under hypoxia. MTT, colony formation assay, Caspase-3 activity assay, and transwell assay were applied for the determination of cell proliferation, viability, apoptosis, and invasion, respectively. Expressions of WNT5A and protein markers of epithelial-mesenchymal transition (EMT) in cells were detected by western blotting. And the binding of HCP5 and WNT5A to miR-186-5p was validated using dual-luciferase reporter assay.

Results: In GC tissues, an increase in HCP5 and WNT5A expressions and a reduction in miR-186-5p expression were found, and the negative correlation between miR-186-5p and HCP5/WNT5A was proven. Subsequently, under hypoxia, an increase in HCP5 and WNT5A expressions and a decrease in miR-186-5p expression in GC cells were confirmed. In addition, in GC cells under hypoxia, the inhibition of HCP5 suppressed cell biological activity and EMT, while the inhibition of miR-186-5p or the overexpression of WNT5A led to the opposite changes.

Conclusion: An upregulation of WNT5A expression by HCP5 competitively binding to miR-186-5p promotes GC cell development.

Keywords: hypoxia, gastric cancer, lncRNA HCP5, miR-186-5p, WNT5A


INTRODUCTION

Gastric cancer (GC), as a common malignancy of the digestive tract, has a high incidence, high mortality, and poor prognosis (Hashad et al., 2016). Globally, GC incidence ranks the fifth among tumors, and its mortality ranks the third (Bray et al., 2018). Smoking, alcohol consumption, and other unhealthy habits are risk factors for the development of GC (Guo et al., 2009). At present, the main treatments for GC are surgical resection and adjuvant therapy. In adjuvant therapy, the poor efficacy and side effects of conventional antitumor drugs, alongside the difficult development of targeted drugs, are the main problems (Choi et al., 2015). Since early symptoms of GC are atypical, being similar to those of benign peptic ulcer, GC patients are frequently assigned advanced or late tumor stage at the time of diagnosis (Guo et al., 2009). Patients with late GC often miss the chance of radical surgical treatment and are at risk of postoperative recurrence and metastasis, emphasizing the importance of early diagnosis of this disease (Necula et al., 2019). Currently, upper gastrointestinal endoscopy, imageological examination, and tumor markers are the main diagnostic methods of GC. Among them, the first two methods have limitations, including high pricing, invasiveness, and limited detection capacity (Akahoshi et al., 2018). On the other hand, tumor markers as a non-invasive examination have a good prospect in achieving early diagnosis (Duffy et al., 2014).

Long non-coding RNAs (lncRNAs), length >200 nt, often directly or indirectly involve in the development of various diseases by pre- and post-transcriptional, epigenetic, or other regulation (Zhao J. et al., 2018). Increasing studies have found that lncRNA can be used as markers for tumor development. For example, Zhang Y. X. et al. (2018) have shown that invasion of lung cancer can be promoted by lncRNA TUC338 via activating the MAPK pathway. García-Venzor et al. (2019) have revealed that breast cancer cell viability can be promoted by lncRNA HAL. In addition, lncRNAs can function as competing endogenous RNA (ceRNA) by competitively binding to microRNAs (miRNAs), thus regulating downstream signaling pathways. MiRNAs, as a class of non-coding RNAs (∼22 nt), can specifically target the 3′UTR of target mRNAs, thereby inhibiting mRNA translation (Zhang E. et al., 2018). Many studies have confirmed the involvement of lncRNA in tumor development via the regulation of miRNAs. For example, in breast cancer, lncRNA HOTAIR has been proved to affect cell growth, migration, invasion, and apoptosis through the miR-20a-5p/HMGA2 axis (Zhao W. et al., 2018). The regulation of miR-331-3p and miR-338-3p by lncRNA XLOC006390 can promote occurrence and metastasis of cervical cancer (Luan and Wang, 2018). There are also studies on the relationship between lncRNA and GC development. For example, lncRNA SNHG16 has been proved to downregulate DKK3 expression, encouraging epithelial-mesenchymal transition (EMT) in GC (Zhou et al., 2019); lncRNA SNHG17 has been proven to promote the progression of GC by epigenetic silencing of p15 and p57 (Zhang et al., 2019).

LncRNA HCP5 (HCP5) is a human-specific regulatory lncRNA, participating in adaptive and innate immune responses (Kulski, 2019). Recent studies have shown the association between regulation of miRNAs by HCP5 and progression of various cancers. For example, Yu et al. (2018) have found that HCP5 regulates MACC1 to promote cervical cancer development by inhibiting miR-15a. Liang et al. (2018) confirm that HCP5 promotes thyroid follicular carcinoma progression through miRNAs sponge. And HCP5 can also act as a sponge of miR-4656, performing regulation of CEMIP and promotion of proliferation of prostate cancer cells (Hu and Lu, 2020). However, the role and mechanism of HCP5 in GC under hypoxia have not been studied. Therefore, we investigated the function of HCP5 in GC based on the in vitro cell culture under hypoxia, with the goal to discover a novel diagnostic biomarker and a new treatment target.



MATERIALS AND METHODS


Tissue Specimens

Sixty samples were collected from GC patients diagnosed and treated at the First Affiliated Hospital of Zhengzhou University between 2016 and 2019. The samples were separated into two groups: the GC group (tumor tissue) and the normal group (adjacent histologically normal tissue). Based on the tumor stage, GC tissues were further classified into I, II, III, and IV groups. Based on the degree of tumor differentiation, GC tissues were divided into the poorly differentiated group and the well-differentiated group. This study was approved by the ethics committee of the First Affiliated Hospital of Zhengzhou University and received informed consent from each patient, with strict adherence to the Declaration of Helsinki.



Cell Culture and Cell Transfection

Human normal gastric epithelial cell line GES-1 and human GC cell lines (MKN45, HGC-27, BGC-823, MGC-803, and AGS) were purchased from American Type Culture Collection (ATCC). All cell lines were grown in a DMEM culture medium (Gibco, United States) containing 10% fetal bovine serum (FBS, Gibco, United States) in a 37°C incubator with 5% CO2.

BGC-823 and AGS cells were transfected with miR-186-5p mimics or mimics NC, and miR-186-5p inhibitor or inhibitor NC; samples were classified as the miR-186-5p group, the oe-NC group, the in-miR-186-5p group, and the in-NC group, respectively. These two cell lines with no transfection, or with transfection of negative siRNA, HCP5 siRNA, siRNA-HCP5 + in-miR-186-5p, and siRNA-HCP5 + pcDNA-WNT5A, were cultured under hypoxic conditions, 1% O2, 5% CO2, or 94% N2 for 48 h; hypoxic samples were classified as 1% O2, 1% O2 + si-NC, 1% O2 + si-HCP5, 1% O2 + si-HCP5 + in-miR-186-5p, and 1% O2 + si-HCP5 + WNT5A groups. BGC-823 and AGS cells cultured under normoxia condition were classified as the 20% O2 group. All cell transfection was performed using Lipo2000 (Invitrogen, United States) according to the manufacturer’s instruction. MiR-186-5p mimics and inhibitor were obtained from the GenePharm (Shanghai, China).



qRT-PCR

Following total RNA extraction from the tissues with TRIzol (Sigma-Aldrich, Germany), reverse transcription was performed using a random primer reverse transcription kit (Thermo, United States). The SYBRGREEN kit (TaKaRa, Japan) was applied for detecting respective mRNA expression, with GAPDH or U6 as an internal reference. A total of six replicates were set up for qRT-PCR assay. Quantitative expressions of target genes were calculated using the 2–△ △ Ct method. Table 1 presents the primer sequences used.


TABLE 1. Primer sequences.
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MTT Assay

Treated cells in the logarithmic growth phase were inoculated into 96-well plates (2,000 cells/well) and cultured for 24, 48, and 72 h. After that, the cells were cultured for another 4 h with 20 μL of 5 mg/mL MTT solution (Sigma-Aldrich, Germany). After the solution aspirated, 150 μL of DMSO (Sigma-Aldrich, Germany) was added, and the solution was shaken for 15 min. A microplate reader was employed to measure the absorbance at 570 nm of each well.



Colony Formation Assay

After digestion with 0.25% trypsin, the cells were inoculated into 6-well plates (1 × 103 cells/well) and fully dispersed, followed by incubation at 37°C with 5% CO2. When colonies were formed in culture dishes, cells were rinsed with PBS twice, followed by 15-min methanol fixation. After Giemsa stain, photography was performed under an inverted microscope for counting the number of colonies.



Caspase-3 Activity Assay

The supernatant of the treated BGC-823 and AGS cells was removed. Precooled PBS buffer was used to rinse the cells three times and removed. Next, after cell lysis was performed, the lysis buffer was collected for centrifugation (4°C, 8,000 r/min for 10 min), and the supernatant was extracted to a new tube. Caspase-3 assay kit (ab270770, Abcam, United States) was used to assess Caspase-3 activity in each group of cells and to detect cell apoptosis.



Transwell Invasion Assay

The Matrigel (BD Biosciences, United States)-coated transwell upper chamber contained 100 μL of cell suspension, while the lower chamber with 700 μL of the medium contained 20% fetal bovine serum. After 12–24 h of culture at 37°C with 5% CO2, transwell inserts were removed. PBS was employed to rinse the inserts three times, and then fixation with 1% glutaraldehyde was performed. Following rinsing and drying, samples were stained using 0.1% crystal violet for 12 h. After rising and drying again, 6–10 fields were randomly observed under an upright microscope. Positive cells in each field were counted, and three randomly selected fields were photographed for later statistical analysis.



Dual-Luciferase Reporter Assay

Using a pmirGLO dual-luciferase miRNA expression vector (Promega, United States), HCP5 wild-type (HCP5-WT), mutant (HCP5-MUT), WNT5A wild-type (WNT5A-WT), and mutant (WNT5A-MUT) plasmids were constructed. MiR-186-5p mimics and HCP5-WT/MUT plasmids or WNT5A-WT/MUT plasmids were cotransfected into 293T cells by Lipo2000 (Invitrogen). Finally, after 48-h transfection, a dual-luciferase reporter assay kit was utilized to measure luciferase activity.



Western Blotting

Extraction of proteins using a cell lysis buffer was followed by the determination of protein concentration with a BCA kit (ab102536, Abcam, United States). After the proteins were separated with SDS-PAGE electrophoresis, they were blotted onto PVDF membranes, which were blocked with 5% non-fat dry milk for 1 h. Membranes were incubated overnight with primary antibodies WNT5A (ab179824, Abcam, United States), E-cadherin (ab40772, Abcam, United States), vimentin (ab92547, Abcam, United States), N-cadherin (ab98952, Abcam, United States), Snail1 (ab216347, Abcam, United States), ZEB (ab203829, Abcam, United States), and β-actin (ab8226, Abcam, United States) at 4°C and were rinsed three times with PBS afterward. Membranes were incubated for 1 h with secondary antibodies at room temperature and were rinsed for another three times with PBS. Proteins were developed by a chemiluminescence reagent and then photographed with a gel imaging system. ImageJ software was used for the analysis of gray values of protein bands. Relative quantification of protein was carried out with β-actin as an internal reference.



Statistics Analysis

One-way analysis of variance and independent samples T-test were carried out using SPSS 26.0. The data were presented as mean ± standard deviation (SD). Pearson correlation analysis was also performed. A p < 0.05 indicated a statistically significant difference.



RESULTS


Upregulation of lncRNA HCP5 Expression in GC and Hypoxia-Induced Promotion of HCP5 Expression

We first found that HCP5 was highly expressed in GC tissues from The Cancer Genome Atlas (TCGA) database1 (Figure 1A). This result was further verified by the qRT-PCR results of GC tissues (Figure 1B). And the expression of HCP5 increased with the progression of GC stage; an obvious increase in HCP5 expression was also revealed in the poorly differentiated group (Figures 1C,D). The TCGA database also indicated a lower disease-free survival in GC patients with highly expressed HCP5 (Figure 1E). In addition, the expression of HCP5 was noticeably higher in 5 GC cell lines compared to GES-1 cells (Figure 1F). Among all GC cell lines, BGC-823 cells had the relatively highest HCP5 expression while AGS the lowest. Compared with that under normoxia, HCP5 expression was significantly elevated under hypoxia, with the relatively highest expression in the BGC-823 and AGS cells after 48 h of hypoxia exposure (Figures 1G,H).
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FIGURE 1. Upregulation of HCP5 expression in gastric cancer and hypoxia-induced promotion of HCP5 expression. (A) TCGA database results of HCP5 expression in gastric cancer (GC) tissues and adjacent tissues. (B) qRT-PCR-based detection of HCP5 expression in GC tissues and adjacent tissues; ***p < 0.001 vs. normal group. (C) qRT-PCR-based detection of HCP5 expression in GC tissues in different stages; *p < 0.05, **p < 0.01, ***p < 0.001 vs. Group I. (D) qRT-PCR-based detection of HCP5 expression in GC tissues with different degree of differentiation; **p < 0.01 vs. well-differentiated group. (E) TCGA database results of disease-free survival of GC patients with high or low expression of HCP5. (F) qRT-PCR analysis of HCP5 expression in normal gastric epithelial cells (GES-1) and GC cells (MKN45, HGC-27, BGC-823, MGC-803, and AGS; *p < 0.05, **p < 0.01, ***p < 0.001 vs. GES-1 cells. (G,H) qRT-PCR analysis of HCP5 expression in BGC-823 and AGS cells with induction of 1% O2 for 0–48 h; *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0 h group.




Inhibition of Hypoxia-Induced Proliferation, Invasion, and EMT Process by Downregulation of lncRNA HCP5

For the purpose of verifying the HCP5 function in hypoxia-induced GC, HCP5 siRNA was transfected into BGC-823 and AGS cells followed by qRT-PCR to determine transfection efficiency (Figure 2A). Hypoxia induced significant increases of GC cell proliferation, viability and invasion, and a decrease in apoptosis; however, these hypoxia-induced effects could be interfered HCP5 expression (Figures 2B–F). In addition, western blotting results (Figure 2G) showed that in BGC-823 and AGS cells, hypoxia induced a significant decrease in E-cadherin protein expression and an increase in vimentin, N-cadherin, Snail1, and ZEB. These hypoxia-induced effects could also be inhibited by HCP5. Collectively, these results proved that hypoxia could induce GC cell growth, while HCP5 could inhibit GC cell proliferation and metastasis.
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FIGURE 2. Inhibition of hypoxia-induced proliferation, invasion, and EMT process in gastric cancer cells by downregulation of HCP5. (A) qRT-PCR-based detection of transfection efficiency of HCP5 siRNA; (B,C) MTT-based detection of cell proliferation. (D) Colony formation assay-based detection of cell viability. (E) Caspase-3 activity in each group. (F) Transwell assay-based detection of cell invasion. (G) Western blotting-based detection of expression of E-cadherin, vimentin, N-cadherin, Snail1, and ZEB. **p < 0.01 vs. 20% O2 group; ##p < 0.01 vs. 1% O2 + si-NC group.




HCP5 Regulated miR-186-5p Expression That Targeted WNT5A Expression

To determine the mechanism of HCP5 in regulating GC, a potential binding site of HCP5 to miR-186-5p was found in the starbase database2 (Figure 3A). And cotransfection of miR-186-5p mimics and HCP5-WT led to an apparent reduction in luciferase activity, suggesting an interaction between HCP5 and miR-186-5p (Figure 3A). Moreover, the expressions of miR-186-5p in the GC tissues and GC cell lines were significantly reduced (Figures 3B–C). Pearson correlation analysis further showed that HCP5 was negatively correlated to the expression of miR-186-5p in GC tissues (Figures 3D, R2 = 0.3496). In addition, a significant decrease in miR-186-5p in the hypoxia-treated GC cells was detected (Figure 3E), while an increase in cells was observed with the interference of HCP5 expression (Figure 3F).
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FIGURE 3. HCP5 acts as a miR-186-5p sponge. (A) Dual-luciferase assay-based validation of the targeting relationship between HCP5 and miR-186-5p; **p < 0.05 vs. NC group. (B) qRT-PCR-based detection of miR-186-5p expression in gastric cancer tissues and matched normal counterparts; **p < 0.01. (C) qRT-PCR-based detection of HCP5 expression in cells; *p < 0.05, **p < 0.01, ***p < 0.001 vs. GES-1 cells. (D) Pearson correlation analysis of HCP5 and miR-186-5p in gastric cancer tissues. (E) qRT-PCR analysis of HCP5 expression in BGC-823 and AGS cells at different time points of hypoxia; *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0 h group. (F) qRT-PCR analysis of miR-186-5p expression in BGC-823 and AGS cells, **p < 0.01 vs. 20% O2 group; ##p < 0.01 vs. 1% O2 + si-NCgroup.


Moreover, according to the prediction by the TargetScan database3, WNT5A was a target gene of miR-186-5p, and the binding of the two was confirmed by dual-luciferase assay (Figure 4A). The TCGA database (Figure 4B) and qRT-PCR (Figure 4C) confirmed that WNT5A was upregulated in GC tissues. We further confirmed that the mRNA level of WNT5A was increased in the GC cell lines (Figure 4D). However, a noticeable decrease in WNT5A expression in GC cells was observed after overexpressing miR-186-5p, while an increase in expression was observed after the interference of miR-186-5p (Figures 4E,F). Pearson correlation analysis showed that in GC tissues, WNT5A was negatively correlated to miR-186-5p (Figure 4G, R2 = 0.3817). Overall, miR-186-5p could target and regulate WNT5A expression in GC cells.


[image: image]

FIGURE 4. miR-186-5p targets and regulates WNT5A. (A) Dual-luciferase assay for validation of the target relationship between miR-186-5p and WNT5A; **p < 0.01. (B) WNT5A expression in gastric cancer (GC) tissues and matched normal counterparts shown in the TCGA database. (C) qRT-PCR-based detection of WNT5A expression in GC tissues and matched normal counterparts; ***p < 0.001. (D) qRT-PCR-based detection of HCP5 expression in cells; *p < 0.05, **p < 0.01, ***p < 0.001 vs. GES-1 cells. (E) qRT-PCR-based detection of WNT5A expression in cells; **p < 0.01 vs. oe-NC group; ##p < 0.01 vs. in-NC group. (F) Western blotting-based detection of WNT5A protein expression in cells. **p < 0.01 vs. oe-NC group; ##p < 0.01 vs. in-NC group. (G) Pearson correlation analysis of miR-186-5p and WNT5A expression in GC tissues (n = 60, R2 = 0.3817, p < 0.0001). (H) qRT-PCR analysis of WNT5A expression in BGC-823 and AGS cells at different time points of hypoxia; *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0 h group. (I) qRT-PCR-based detection of WNT5A expression in BGC-823 and AGS cells; **p < 0.01 vs. 20% O2 group; ##p < 0.01 vs.1% O2 + si-NC group. (J) Pearson correlation analysis of HCP5 and WNT5A expression in GC tissues (n = 60, R2 = 0.3365, P < 0.0001).


In addition, an elevation of WNT5A expression was observed in hypoxia-treated GC cells (Figure 4H). The interference of HCP5 expression induced a reduction of WNT5A expression in GC cells under hypoxia, while the overexpression of HCP5 expression had the opposite effect (Figure 4I). Pearson correlation analysis revealed that in GC tissues, HCP5 was positively correlated with WNT5A (Figure 4J, R2 = 0.3365). Collectively, HCP5 could competitively bind with miR-186-5p to upregulate WNT5A expression in GC cells.



Regulation of Proliferation, Invasion, and EMT Process of Hypoxia-Treated Gastric Cancer Cells by HCP5 Through the miR-186-5p/WNT5A Axis

To determine the involvement of miR-186-5p/WNT5A in the regulation of GC by HCP5, here we performed the cell rescue experiments. The results showed that there was a significant promotion of proliferation (Figures 5A,B), viability (Figure 5C), invasion (Figure 5E), and EMT process (Figure 5F) of BGC-823 and AGS cells, and a significant reduction in apoptosis (Figure 5D) in the 1%O2 + si-HCP5 + in-miR-186-5p group, compared with the 1% O2 + si-HCP5 group. The collective evidence supported that the promotion of GC cell proliferation and metastasis by low expression of HCP5 could be counteracted by transfection of the miR-186-5p inhibitor; transfection of WNT5A overexpression plasmids had similar effects.
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FIGURE 5. Regulation of proliferation, invasion, and EMT process of hypoxia-treated gastric cancer cells by HCP5 through the miR-186-5p/WNT5A axis. (A,B) MTT-based detection of cell proliferation. (C) Colony formation assay-based detection of cell viability. (D) Caspase-3 activity in each group. (E) Transwell-based detection of cell invasion. (F) Western blot-based detection of protein expression of E-cadherin, Vimentin, N-cadherin, Snail1, and ZEB. **p < 0.01 vs. 20% O2 group; ##p < 0.01 vs. 1% O2 group; &&p < 0.01 vs. 1% O2 + si-HCP5 group.




DISCUSSION

Hypoxia is one of the important elements of the tumor microenvironment. Hypoxia can induce the proliferation, migration, infiltration, and drug resistance of tumor cells. In GC, the gastric mucosa is often under hypoxia (Payne and Bowen, 1981), resulting in the rapid growth of tumor tissues, disorder of neovascularization, and distant tumor metastasis, thus finally leading to the chemoresistance of GC tissue and cancerization. According to the results of our experiments, both in regular GC tissues and tissues under hypoxia, HCP5 was highly expressed. As the GC stage became higher, HCP5 expression in tissue rose. These results suggest the involvement of HCP5 and its role as a potential biomarker in GC development. This conclusion is similar to that proposed by Chen et al. (2020). Furthermore, inhibition of proliferation, invasion, and EMT and promotion of apoptosis in hypoxia-treated GC cells as a result of downregulating HCP5 were confirmed in our study. The inhibition of GC cell activity could also be achieved by downregulating other lnRNAs. For example, both lncRNA SNHG7 (Pei et al., 2021) and lncRNA HOXC-AS3 (Zhang E. et al., 2018), which were highly expressed in GC, can inhibit GC progression. Therefore, we speculate that by downregulating HCP5 in GC tissues, the progression of GC can be attenuated.

LncRNA usually functions as a molecular sponge for miRNAs. MiR-186-5p being a target of HCP5 was confirmed by dual luciferase reporter assay and qRT-PCR. We also found a downregulation of miR-186-5p in GC and its negative correlation with HCP5. Under hypoxia, GC cell proliferation, invasion, and EMT by a low expression of HCP5 could be counteracted after the interference of miR-186-5p expression. Liu et al. (2020) similarly found that miR-186-5p expression was downregulated in GC tissues and that miR-186-5p knockdown reversed the biofunctional effects and glycolytic activation following circ-NRIP1 silencing in GC cells.

In addition, we further studied the downstream target of miR-186-5p, and bioinformatics analysis predicted that WNT5A was one target gene of miR-186-5p. WNT5A is an important signaling molecule in various developmental processes, and its abnormal expression during development can lead to diseases, including tumors and bone degeneration (Pongracz and Stockley, 2006). The association between elevated expressed WNT5A and progression of melanoma (Weeraratna et al., 2002) and lung cancer (Wang et al., 2017), breast cancer (Prasad et al., 2018), and prostate cancer (Lee et al., 2018) was reported. And the reduction in WNT5A expression can significantly reduce the proliferation and EMT of GC cells (Hu et al., 2018). Here, prediction of WNT5A as a target of miR-186-5p was confirmed by dual-luciferase assay. We found the markedly increased WNT5A in both clinical GC tissues and hypoxia-treated GC cells, and WNT5A was positively correlated with HCP5. Subsequently, under the hypoxia condition, the upregulation of WNT5A expression could significantly counteract the inhibition of the biological functions and EMT of GC cells by a low expression of HCP5. These results suggested that HCP5 could upregulate WNT5A by binding to miR-186-5p, thereby leading to the promotion of proliferation, viability, and EMT of GC cells.

In existing studies, lncRNA H19 has been reported to upregulate WNT signaling activity by regulating miR-29b, thus promoting the EMT of colorectal cancer cells (Ding et al., 2018). He et al. (2017) also found that in non-small cell lung cancer, lncRNA FEZF1-AS1 can inhibit E-cadherin and regulate the WNT pathway to enhance the EMT. It can be concluded that WNT5A signaling is the key to cell development, and target genes such as WNT5A promote the function of lncRNAs in oncogenesis. Therefore, highly expressed lncRNAs, their targeted miRNAs, and the downstream target genes are potential target sites for cancer therapy.



CONCLUSION

In summary, GC and hypoxia can induce high expression of HCP5, which can downregulate miR-186-5p and upregulate WNT5A, promoting proliferation, viability, invasion, and EMT and inhibiting the apoptosis of GC cells. Therefore, HCP5 can be a promising biomarker for GC. However, to fully elucidate the function of lncRNA HCP5, further research including animal model trials is needed prior to the clinical application of HCP5.
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Background: Intervertebral disc degeneration (IDD) is a highly prevalent degenerating disease that produces tremendous amount of low back and neck pain. The cartilage endplate (CEP) is vitally important to intervertebral discs in both physiological and pathological conditions. In addition, circular RNAs (circRNAs) have been shown to be involved in the regulation of various diseases, including IDD. However, the particular role of circRNAs in cervical vertebral CEP degeneration remains unclear. Here, we examined the unique role of circRNAs in CEP of patients with cervical fracture and degenerative cervical myelopathy (DCM).

Methods: Human competitive endogenous RNA (ceRNA) microarray was performed by previous research. Western blot (WB), immunofluorescence (IF), quantitative RT-PCR (qRT-PCR), luciferase assay, and fluorescence in situ hybridization (FISH) were employed to analyze the function of circSNHG5 and its downstream effectors, miR-495-3p, and CITED2.

Results: We demonstrated that circSNHG5 expression was substantially low in degenerative CEP tissues. Knockdown of circSNHG5 in chondrocytes resulted in a loss of cell proliferation and followed by degradation of extracellular matrix (ECM). In addition, circSNHG5 was shown to sponge miR-495-3p and modulate the expression of the downstream gene CITED2. This mechanism of action was further validated via overexpression and knockdown of CITED2.

Conclusion: Our findings identified a novel circSNHG5-miR-495-3p axis responsible for IDD progression. Future investigations into IDD therapy may benefit from targeting this axis.

Keywords: intervertebral disc degeneration, cartilage endplate, competing endogenous RNA, circular RNA, microRNA


INTRODUCTION

Low back and neck pain are widespread global phenomena that lead to disability (Boogaarts and Bartels, 2015; Hartvigsen et al., 2018). One of the main causative factors of these pains is intervertebral disc degeneration (IDD; Samartzis et al., 2011; Gibson et al., 2018). The intervertebral disc is a largely avascular tissue that receives nutrition from capillary diffusion at the cartilage endplate (CEP) situated above and below the intervertebral disc (Gullbrand et al., 2014; Malandrino et al., 2014). Prior studies on IDD have examined nucleus pulposus (NP) extensively, but little work has been done regarding the involvement of CEP. The CEP is an integral part of intervertebral disc and is composed of hyaline cartilage and extracellular matrix (ECM; Wang et al., 2012; Newell et al., 2017). Destruction of CEP can result in ECM nutrient deprivation and can promote IDD induction and development (Grunhagen et al., 2006). Although the involvement of CEP destruction in IDD is well established, the underlying mechanisms remain unknown. Therefore, investigating CEP relevant pathway(s) is urgent and necessary for the advancement of high-efficacy IDD therapy.

Circular RNA (circRNA) belongs to endogenous non-coding RNAs (Chen, 2016; Chen and Schuman, 2016). They are reported to have enhanced stability due to the closed loop structure and participate in a variety of physiological and pathological pathways (Kristensen et al., 2019). Among the many functions of circRNAs, their function as competing endogenous RNAs (ceRNAs) has gained increasing popularity in recent years. As ceRNAs, circRNA can bind to miRNA and serves as a sponge of microRNA (miRNA) to modulate downstream gene expression (Hansen et al., 2013; Zheng et al., 2016). As such, circRNAs were found to be involved in the development of numerous diseases, including heart failure, cancer, and even neurological diseases (Devaux et al., 2017; Dube et al., 2019; Li and Han, 2019). Interestingly, circRNAs are also thought to be involved in the pathogenesis of IDD (Li et al., 2019). For instance, Xiao et al. (2020) demonstrated that circRNA_0058097 sequesters miR-365a-5p and modulates HDAC4 expression in its regulation of CEP degeneration. On the other hand, Song et al. (2018) revealed elevated circRNA_104670 levels in human IDD tissues, which sponges miRNA-17-3p and regulates expression of MMP-2. However, the expression profiles and potential functions of circRNAs in the cervical vertebral CEP remains to be examined.

Here, we analyzed the circRNA expression profile in degenerative CEP tissues versus healthy CEP tissues and discovered that circSNHG5 (has_circ_0077254) was markedly downregulated in degenerative CEP. Next, we demonstrated that circSNHG5 serves as a miR-495-3p sponge and modulates downstream genes to regulate IDD progression. The conclusions from this study will offer new insight into the contribution of circRNA in degenerative CEP and provide potential molecular targets for IDD therapy.



MATERIALS AND METHODS


Ethics Statement

This study received approval from the Institutional Ethical Review Board of Nanchang University and obtained written informed agreements from all patients before use of their tissues in the study. CEP samples were retrieved from patients undergoing surgery at the Second Affiliated Hospital of Nanchang University.



Clinical Specimens

Human degenerative CEP samples were sourced from 21 surgical patients with degenerative cervical myelopathy (DCM) undergoing discectomy. For control, CEP samples were retrieved from 21 patients undergoing decompressive surgery to correct cervical spinal trauma-related neuronal defects. Magnetic resonance imaging (MRI) was performed in all patients prior to the surgery. According to the method described by a previous study (Rajasekaran et al., 2008), we distinguished two groups of endplate tissues based on the preoperative MRI. CEP tissues were surgically extracted, quick frozen in liquid nitrogen, and kept at −80°C until further analysis. All data involving the patients and the harvested samples are presented in Supplementary Table 1.



Cell Culture

The human chondrocytic cell line C28/I2 was maintained in Dulbecco’s modified Eagle medium (DMEM/F12; Thermo Fisher Scientific, China) containing 10% fetal bovine serum (FBS; Thermo Fisher Scientific, China) and 1% penicillin–streptomycin (Invitrogen) at 37°C and 5% CO2.



Cell Transfection

CircSNHG5 small interfering RNAs (siRNAs) were purchased from GenePharma (Shanghai, China); miR-495-3p inhibitor and mimics were obtained from RiboBio (Guangzhou, China), and pcDNA3.1 vector for CITED2 came from Genechem (Shanghai, China). Transient transfections were conducted with Lipofectamine 3000 reagent (Invitrogen), following manufacturer’s guidelines. All sequences mentioned above are summarized in Supplementary Table 2.



Quantitative Real-Time PCR

Total RNA was isolated from cells using Trizol reagent (Invitrogen, United States). PrimeScript RT Master Mix (Takara, Japan), SYBR Premix Ex Taq II kits (Takara, Japan), and RT detection system ABI7500 (Applied Biosystems, United States) were employed in the assessment of circRNA, mRNA, and GAPDH gene expression, following the manufacturer’s guidelines. The bulge-Loop miRNA quantitative RT-PCR (qRT-PCR) Starter Kit (RiboBio, Guangzhou, China) was used to quantify miRNA and U6 gene expression. Each experiment was repeated 3×. GADPH was used as an endogenous control for circRNA and gene transcripts, whereas U6 was used as an endogenous control for miRNA. We confirmed the head-to-tail splicing of the circRNA via Sanger sequencing. All primers used in this study are listed in Supplementary Table 2.



Cell Viability Assay

Cell viability was evaluated using CCK8 assay. Cells were seeded into 96-well plates at a density of 2,000 cells per well and then cultured for 0, 12, 24, 48, and 72 h, before addition of the CCK-8 solution (CCK-8, TransGen Biotech), followed by incubation at 37°C for 2 h before recording optical density (OD) values at 450 nm.



Western Blotting and Immunofluorescence Analysis

The total protein from chondrocytes or CEP tissue was extracted using radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, China). Protein quantification was performed with the BCA Protein Quantitation Kit (Beyotime, China). Next, the protein was separated on an SDS-polyacrylamide gel before transferring into a PVDF membrane (Millipore, United States). The membrane was then blocked with skim milk, incubated overnight at 4°C with primary antibody, washed 3×, and incubated at room temperature for 2 h with secondary antibody. The antibodies used in this study were collagen type II (1:3,000; Abcam, United Kingdom), aggrecan (1:1,000; Abcam, United Kingdom), MMP-13 (1:3,000; Abcam, United Kingdom), CITED2 (1:500; Santa Cruz Biotechnology), GAPDH (1: 5,000; Abcam, United Kingdom), and goat anti-rabbit secondary antibody (1:5,000; Abcam, United Kingdom). The protein bands were quantified using Image J software and GADPH was used as a loading control.



Target Prediction of ceRNA

Possible circSNHG5 interaction with target-specific miRNAs was screened using the circRNA interactome website.1 Furthermore, TargetScanHuman7.22 and miRDB3 were employed for the identification of potential select miRNA targets.



Luciferase Reporter Assay

Both wild-type (WT) and mutated (MUT) forms of circSNHG5 and CITED2 3′UTR were inserted into dual luciferase reporter plasmids by RiboBio (Guangzhou, China). These plasmids were incorporated into 293T cells, along with miR-495-3p mimics or negative control (NC) using Lipofectamine 3000 (Invitrogen, United States). Forty-eight hours following incubation, the luciferase activity was measured using the Dual-Luciferase Assay System (Promega, United States).



RNA Fluorescence in situ Hybridization

We purchased Alexa Fluor® 488-labeled circSNHG5 probe and Cy3-labeled miR-495-3p probe from Servicebio (Wuhan, China). Slices were fixed with 4% paraformaldehyde for 20 min, permeated with 0.5% triton X-100 for 10 min, PBS-washed 3× for a total of 15 min, exposed to drops of pre-hybridization solution at 37°C for 1 h, introduced to hybridization solution with Alexa Fluor® 488-labeled circSNHG5 probe, or Cy3-labeled miR-495-3p probe overnight at 37°C, combined with circSNHG5 and miR-495-3p, liquid- and phosphate-washed at 37°C with continuous mixing, exposed to DAPI for 8 min in the dark, and, lastly, imaged with a Nikon laser scanning confocal microscope (Nikon Instruments, Japan). The images were recorded in the probe sequence summarized in Supplementary Table 2.



Statistical Analysis

Our findings are presented here as average ± standard deviation (SD). The SPSS 25.0 (IBM, United States) software was employed for statistical analysis, which further employed one-way ANOVA for multiple comparisons, or Student’s t-test for simple one-on-one comparisons. P < 0.05 (two-sided) was statistically significant.



RESULTS


Comparing circRNA Gene Expression Patterns in Degenerating CEP Tissues, Relative to Healthy CEP

We have conducted a prior study where human competitive endogenous RNA (ceRNA) microarray was performed to compare degenerative CEP to healthy CEP (Yuan et al., 2020). All information resulting from that microarray can be found in the gene expression omnibus (GEO) database4 under the accession no. GSE153761. The fold change value (FC) ≥ 2.0 or logFC ≥ 1.0, P-value < 0.05 as the threshold for differential screening to identify differential genes. Using hierarchical clustering, we mapped out circRNA expression profile in both degenerative and normal CEP samples (Figure 1A). A volcano plot was completed to illustrate the differential circRNA expression in these tissues (Figure 1B). We demonstrated 578 circRNAs that were differentially regulated in degenerative CEP samples, as compared to healthy tissues. Among them, 435 circRNAs were highly expressed, whereas the expression of 143 was markedly suppressed. Furthermore, among the top 30 downregulated circRNAs, we selected three circRNAs with the highest expression values for further analysis.


[image: image]

FIGURE 1. circSNHG5 expression is downregulated in degenerative cartilage endplate (CEP) tissues and predominantly localized in the cytoplasm. (A) Heat map of differentially expressed circRNAs with fold changes (absolute value) > 2 and P-value < 0.05 between the two groups. (B) Volcano plots show circRNAs differentially expressed; upregulated in red, downregulated in green. (C–E) The expression of hsa_circ_0077257, hsa_circ_0071102, and circSNHG5 in different CEP tissues of 21 patients and 21 control samples (∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001). (F) Sanger sequencing confirmed the back-splice junction sites of circSNHG5. (G) RNA FISH showed that circSNHG5 was predominantly localized in the cytoplasm. circSNHG5 probes were labeled with Alexa fluor 488. The nuclei were stained with DAPI. Scale bar, 20 μm.




CircSNHG5 Expression Is Downregulated in Degenerative CEP Tissues and Is Predominantly Localized in the Cytoplasm

To further confirm the human ceRNA microarray data, we detected the levels of hsa_circ_0077257, hsa_circ_0071102, and circSNHG5 in degenerative and healthy CEP tissues, using qRT-PCR. Similar to the microarray data, all three circRNAs exhibited marked suppression in degenerative CEP tissues, as opposed to healthy CEP, with circSNHG5 displaying the largest decrease (Figures 1C–E). Using Sanger sequencing, we next confirmed a back-splice junction of circSNHG5 (Figure 1F). Relevant data on circSNHG5 are summarized in Supplementary Table 2. Lastly, using RNA FISH, we demonstrated that the circSNHG5 is primarily found in the cytoplasm (Figure 1G). Based on these results, we determined the localization of circSNHG5, and it is heavily downregulated in degenerative CEP tissues.



CircSNHG5 Suppression Drives ECM Degeneration and Reduces Chondrocyte Proliferation

To elucidate the role of circSNHG5 in CEP chondrocytes, two circSNHG5-specific siRNAs were used to knockdown circSNHG5 expression in C28/I2 cells (Figure 2A). Among them, siRNA1 was deemed as the most efficient and was used in subsequent experiments. C28/I2 cells were transiently transfected with circSNHG5-specific siRNA and assessed for changes in cell proliferation. As shown in Figure 2B, circSNHG5 knockdown dramatically reduced cell proliferation, as evidenced by CCK-8 assay. Moreover, the protein levels of MMP13 increased, whereas Collagen II and Aggrecan decreased in circSNHG5-silenced C28/I2, as opposed to negative control (Figures 2C,E–G). These changes were also evident at the transcript level, as shown by RT-qPCR (Figure 2D). Taken together, circSNHG5 silencing ceased chondrocytic cell proliferation and stimulated ECM degradation.
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FIGURE 2. Silencing circSNHG5 leads to functional depletion. (A) Expression analyses of circSNHG5 knockdown efficiency by two different siRNAs in chondrocytes (**P < 0.01). (B) The effect of circSNHG5 on cell proliferation was determined by CCK8 assay (*P < 0.05, **P < 0.01). (C) Western blot analysis of MMP13, Collagen II, and Aggrecan when circSNHG5 was downregulated. The optical density analysis was performed from the results of three independent experiments of Western blot samples. (D) Relative mRNA expression test by qRT-PCR (**P < 0.01, ***P < 0.001). (E–G) Immunofluorescence (IF) staining for MMP13, Collagen II, and Aggrecan after transfection with siRNA. Scale bar, 40 μm.




CircSNHG5 Sponges miR-495-3p to Suppress Its Expression

CircSNHG5 is a cytoplasmic circRNA, where it enforces its post-transcriptional control. The Circular RNA Interactome5 was employed to predict the target miRNAs of circSNHG5. A total of 12 miRNAs were predicted to combine with the circSNHG5. Using qRT-PCR, we analyzed alterations in the 12 miRNAs after circSNHG5 silencing in C28/I2 cells. Based on our results, miR-495-3p, miR-377, and miR-1290 expression was markedly elevated upon circSNHG5 silencing (Figure 3A). Assessing the levels of these miRNAs in degenerative CEP tissues, we found miR-495-3p expression to be the most elevated, relative to healthy CEP (Figures 3B–D). Using FISH assay, we further demonstrated that circSNHG5 and miR-583 co-localize in the cytoplasm (Figure 3E). Lastly, using luciferase reporter assays, we revealed that Luc-circSNHG5 (a reporter containing the complete circSNHG5 sequence in frame with the 3′-untranslated region of luciferase) activity was strongly suppressed in miR-495-3p incorporated chondrocytes (Figure 3F). Alternately, luciferase activity of Luc-circSNHG5-MUT (containing altered miR-495-3p binding sites) remained unchanged (Figure 3G). In all, these data suggest that circSNHG5 directly interacts with miR-495-3p and regulated its expression in chondrocytes.
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FIGURE 3. CircSNHG5 serves as a sponge for the miR-495-3p to inhibit its expression. (A) The expression of predicted miRNAs in chondrocytes after transfection with siRNA (*P < 0.05, ***P < 0.001). (B–D) qRT-PCR analysis confirmed the upregulated miRNAs in different CEP tissues of 21 patients and 21 control samples (***P < 0.001). (E) RNA FISH detection of the subcellular localizations of circSNHG5 and miR-495-3p. Both molecules were co-localized and both were cytoplasmic. miR-495-3p probes were labeled with Cy3, whereas circSNHG5 probes were tagged with Alexa fluor 488. Scale bar, 20 μm. (F) The binding region of miR-495-3p in circSNHG5 3′UTR is shown. (G) Luciferase reporter analysis of either wild-type or mutant circSNHG5 3′-UTR activity. miR-495-3p was co-transfected with the wild-type or mutant vector. The presented values are the mean ± SEM of three different preparations (**P < 0.01).




Silencing miR-495-3p Rescues the Functional Depletion Caused by circSNHG5 Knockdown

To examine the role of miR-495-3p in chondrocytes, we either overexpressed or knocked down miR-495-3p in chondrocytes (Figure 4A). Based on our results, miR-495-3p incorporation into C28/I2 cells strongly suppressed cell proliferation (Figure 4B), reduced Collagen II and Aggrecan expression, and augmented MMP13 expression, relative to negative control (Figures 4C,D). Notably, miR-495-3p silenced rescued function depletion of circSNHG5 knockdown (Figures 4E–G). In brief, miR-495-3p depletion restored the effects of circSNHG5 knockdown.
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FIGURE 4. Function of miR-495-3p in chondrocytes and miR-495-3p inhibitor reversed the effects of siRNA. (A) The expression of miR-495-3p was assessed by qRT-PCR and transfected with miR-495-3p mimics and miR-495-3p inhibitor (∗∗P < 0.01, ∗∗∗P < 0.001). (B) The effect of miR-495-3p overexpression on cell proliferation in vitro was determined by CCK8 assay (∗P < 0.05). (C) Western blot analysis of MMP13, Collagen II, and Aggrecan transfected with miR-495-3p mimics. The optical density analysis was performed from the results of three independent experiments of Western blot samples (∗P < 0.05, ∗∗P < 0.01). (D) Relative mRNA expression test by qRT-PCR (∗∗P < 0.01, ∗∗∗P < 0.001). (E) Chondrocytes were co-transfected with a miR-495-3p inhibitor and siRNA; cell proliferation was monitored by CCK-8 assay (∗P < 0.05, ∗∗P < 0.01). (F) Western blot analysis of MMP13, Collagen II, and Aggrecan co-transfected with a miR-495-3p inhibitor and siRNA. The optical density analysis was performed from the results of three independent experiments of Western blot samples. (G) Relative mRNA expression test by qRT-PCR (∗P < 0.05).




MiR-495-3p Directly Interacts With CITED2 to Suppress Cell Proliferation and Promote ECM Degeneration

To further examine the downstream effects of the circSNHG5/miR-495-3p axis, we screened the mRNA expression dataset from our microarray analysis for differentially expressed genes (DEGs). We found 171 highly expressed and 75 low-expression transcripts in the degenerative CEPs, relative to healthy CEP controls. The DEGs are illustrated as a volcano plot in Figure 5A. Next, we employed TargetScan and miRDB databases to predict potential downstream target genes for miR-495-3p. According to the Venn diagram, CITED2 was selected by both databases as a possible target for miR-495-3p (Figure 5B). Similar to the microarray data, we demonstrated both CITED2 transcript and protein expression to be markedly low in degenerative CEP tissues (Figures 5C,D). Subsequently, we transiently co-transfected HEK293T cells with luciferase reporter plasmids containing WT or MUT CITED2 sequences and miR-495-3p mimics or empty vectors. We revealed that miR-495-3p incorporated cells increased WT CITED2 luciferase activity, whereas MUT CITED2 activity remained unchanged, thereby suggesting that miR-495-3p interacts with CITED2 to regulate its activity (Figures 5E,F). Moreover, CITED2-overexpressing cells demonstrated low MMP13 levels and high Collagen II and Aggrecan expression (Figures 5G,H), which supports healthy ECM. Based on these results, endogenous CITED2 expression can be closely associated to IDD pathogenesis.
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FIGURE 5. MiR-495-3p targets the CITED2 and CITED2 promotes cell proliferation inhibit ECM degeneration. (A) Volcano plot of the significantly upregulated and downregulated mRNAs. (B) Venn diagram demonstrating the intersection of downregulated mRNAs and predicted target mRNAs. (C,D) The expression levels of CITED2 in CEP tissues were measured in 21 patients and 21 controls by qRT-PCR and Western blot (***P < 0.001). (E) Luciferase reporter analysis of either wild-type or mutant CITED2 3′-UTR activity. miR-495-3p was co-transfected with the wild-type or mutant vector. The presented values are the mean ± SEM of three different preparations (***P < 0.001). (F) 3′-UTR region of CITED2 mRNA was found to harbor a binding site for miR-495-3p. (G,H) The expression of CITED2, MMP13, Collagen II, and Aggrecan expression levels was assessed by qRT-PCR and Western blotting (*P < 0.05, **P < 0.01).




Overexpression of CITED2 Regains Both circSNHG5 Inhibition- and the miR-495-3p Overexpression-Mediated Lost Functions in Chondrocytes

To confirm the circSNHG5/miR-495-3p/CITED2 axis, we next overexpressed CITED2 in C28/I2 cells. We revealed that CITED2-overexpressing cells rescued the low cell viability seen with miR-495-3p-overexpressed and circSNHG5-silenced cells (Figures 6A,D). Moreover, using Western Blotting (WB) and qRT-PCR, we showed that CITED2 incorporation can abrogate the effects of circSNHG5 knockdown or miR-495-3p mimic on Collagen II and Aggrecan (Figures 5B,C,E,F). Collectively, these data suggest that the circSNHG5/miR-495-3p axis utilizes CITED2 in its regulation of CEP degeneration.
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FIGURE 6. Overexpression of COL5A1 rescues the functional depletion caused by silencing circSNHG5. (A) The effect of CITED2 overexpression on miR-495-3p knockdown-mediated cell proliferation was measured by CCK-8 assay (*P < 0.05, **P < 0.01). (B,C) CITED2, MMP13, Collagen II, and Aggrecan expression levels were analyzed by qRT-PCR and Western blotting. The presented values are the means ± SD of three different preparations (***P < 0.001). (D) The effect of CITED2 overexpression on circSNHG5 knockdown-mediated cell proliferation was measured by CCK-8 assay (*P < 0.05, **P < 0.01). (E,F) CITED2, MMP13, Collagen II, and Aggrecan expression levels were analyzed by qRT-PCR and Western blotting. The presented values are the means ± SD of three different preparations (*P < 0.05; **P < 0.01; ***P < 0.001).




DISCUSSION

Cartilage endplate degeneration is a well-established precursor to IDD, due to its hindrance of nutrient transport to ID (Wong et al., 2019). As such, the underlying pathways involved need to be urgently investigated. CircRNAs are ncRNAs that are ubiquitously available and are tissue-specific (Chen, 2016; Chen and Schuman, 2016; Kristensen et al., 2019). Recent evidences suggest a correlation between some circRNAs and progression of diseases (Chen et al., 2020; Gao et al., 2020; Zeng et al., 2020). However, the roles of circRNAs in the development and progression of degenerative CEP are largely unknown. As such, investigations into the underlying circRNA-mediated mechanism of CEP degradation may open up new therapeutic targets for the treatment IDD.

The present study is a novel identification of the expression patterns and functional analysis of circRNAs in degenerative versus normal CEP tissues. We detected 435 highly expressed circRNAs and 143 were downregulated circRNAs in the degenerative CEP tissues. Subsequently, among the top 30 downregulated circRNAs, we selected three circRNAs with the highest expression level for qRT-PCR verification. The results showed that circSNHG5 was remarkably decreased and abundantly expressed in degenerative CEP tissues. CircSNHG5 is located on chromosome 6q14.3 and is aligned in a sense orientation to the known long non-coding RNA (lncRNA) SNHG5. SNHG5 (also known as U50HG, gene ID: 387066) is a 524-bp lncRNA (Li et al., 2020). In prior studies, SNHG5 was reported to have low expression in osteoarthritic cartilage tissues (Shen et al., 2018), and SNHG5 silencing augmented IL-1β-stimulated apoptosis in chondrocytes (Jiang et al., 2020). In our study, we discovered a circular variation of SNHG5, which is ubiquitously expressed in human CEP tissues and was decreased expression during IDD progression. As a result, the expression pattern of circSNHG5 suggests association with IDD. To test this further, we employed silencing techniques to show that circSNHG5 participates in the cell proliferation and protection of ECM components from degradation. As such, circSNHG5 may be a potential therapeutical target in the management of IDD.

Various forms of RNAs have the capacity to serve as ceRNA during physiological and pathophysiological conditions of the cell, including circular RNAs, lncRNAs, small non-coding RNAs, pseudogenes, and mRNAs (Li et al., 2015; Sanchez-Mejias and Tay, 2015; Han et al., 2018). Additionally, multiple established ceRNA networks have been shown to contribute to disease pathogenesis and progression (Tay et al., 2014; Beermann et al., 2016; Li et al., 2018). In this paper, using bioinformatics, we discovered 12 miRNAs with sequence homology with circSNHG5. We further verified their expression in degenerative CEP tissues, relative to healthy CEP, using qRT-PCR. The miRNA with the largest fold change was miR-495-3p, which was markedly increased in degenerative CEP. Moreover, in prior studies, it was shown that miR-495-3p silencing inhibits chondrocyte apoptosis while leading to enhanced chondrocyte viability in an osteoarthritic model (Yang et al., 2019; Zhao et al., 2019). Using gain-of-function research, we confirmed a similar role of miR-495-3p in chondrocytes. Next, we established direct interaction between circSNHG5 and miR-495-3p and confirmed the interaction using luciferase and FISH analyses. Lastly, we performed rescue experiments to show that miR-495-3p silencing can successfully reverse the effects of circSNHG5 silencing in C28/I2 cells. Taken together, these results indicate that circSNHG5 sequesters miR-495-3p activity in the degenerative CEP.

Next, using bioinformatics analysis, we identified potential mRNA targets of miR-495-3p, among which, CITED2 was found to be most strongly suppressed in degenerative CEP tissues. CITED2 (CBP/p300-interacting transactivator with ED-rich tail 2), is a transcriptional regulator that negatively regulates MMP via the p300–Ets-1 pathway (Yokota et al., 2003; Sun, 2010). In a prior study, CITED2 was shown to mitigate cartilage degradation in osteoarthritic mice (He et al., 2019). In this study, CITED2 expression was found to be remarkably low in miR-495-3p-overexpressed cells, which is similar to another published report (Clark and Naya, 2015). Lastly, CITED2-overexpressed cells reversed the cellular response seen with circSNHG5 silencing. Taken together, we propose that the circSNHG5/miR-495-3p/CITED2 axis may, in part, be responsible for CEP degeneration and targeting this pathway may be beneficial to IDD therapy.



CONCLUSION

In summary, the circSNHG5/miR-495-3p/CITED2 pathway contributes to the development and progression of IDD. Based on our results, upregulating circSNHG5 and CITED2 expression may prevent ECM degradation and miR-495-3p suppression may arrest IDD progression.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this manuscript.



AUTHOR CONTRIBUTIONS

JZ and XC designed the experiments. SH, RD, and JY carried out the experiments and analyzed the experimental results. JJ and TW wrote the manuscript. All authors approved the final manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (No. 81860397).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.668715/full#supplementary-material

Supplementary Table 1 | Selected patient characteristics.

Supplementary Table 2 | Primers and sequences used in this study.


FOOTNOTES

1
https://circinteractome.nia.nih.gov/

2
http://www.targetscan.org/vert_72/

3
http://mirdb.org/

4
http://www.ncbi.nlm.nih.gov/geo

5
https://circinteractome.nia.nih.gov/


REFERENCES

Beermann, J., Piccoli, M., Viereck, J., and Thum, T. (2016). Non-coding RNAs in development and disease: background, mechanisms, and therapeutic approaches. Physiol. Rev. 96, 1297–1325. doi: 10.1152/physrev.00041.2015

Boogaarts, H. D., and Bartels, R. H. (2015). Prevalence of cervical spondylotic myelopathy. Eur. Spine J. 24(Suppl. 2) 139–141.

Chen, L. (2016). The biogenesis and emerging roles of circular RNAs. Nat. Rev. Mol. Cell Biol. 17, 205–211. doi: 10.1038/nrm.2015.32

Chen, L., Wang, L., Ren, Y., Pang, Z., Liu, Y., Sun, X. D., et al. (2020). The circular RNA circ-ERBIN promotes growth and metastasis of colorectal cancer by miR-125a-5p and miR-138-5p/4EBP-1 mediated cap-independent HIF-1α translation. Mol. Cancer 19:164.

Chen, W., and Schuman, E. (2016). Circular RNAs in brain and other tissues: a functional enigma. Trends Neurosci. 39, 597–604. doi: 10.1016/j.tins.2016.06.006

Clark, A. L., and Naya, F. J. (2015). MicroRNAs in the myocyte enhancer factor 2 (MEF2)-regulated Gtl2-Dio3 noncoding RNA locus promote cardiomyocyte proliferation by targeting the transcriptional coactivator Cited2. J. Biol. Chem. 290, 23162–23172. doi: 10.1074/jbc.m115.672659

Devaux, Y., Creemers, E. E., Boon, R. A., Werfel, S., Thum, T., Engelhardt, S., et al. (2017). Circular RNAs in heart failure. Eur. J. Heart Fail. 19, 701–709. doi: 10.1002/ejhf.801

Dube, U., Del-Aguila, J., Li, Z., Budde, J. P., Jiang, S., Hsu, S., et al. (2019). An atlas of cortical circular RNA expression in Alzheimer disease brains demonstrates clinical and pathological associations. Nat. Neurosci. 22, 1903–1912. doi: 10.1038/s41593-019-0501-5

Gao, W., Guo, H., Niu, M., Zheng, X., Zhang, Y., Xue, X., et al. (2020). circPARD3 drives malignant progression and chemoresistance of laryngeal squamous cell carcinoma by inhibiting autophagy through the PRKCI-Akt-mTOR pathway. Mol. Cancer. 19:166.

Gibson, J., Nouri, A., Krueger, B., Lakomkin, N., Nasser, R., Gimbel, D., et al. (2018). Degenerative cervical myelopathy: a clinical review. Yale J. Biol. Med. 91, 43–48.

Grunhagen, T., Wilde, G., Soukane, D. M., Shirazi-Adl, S. A., and Urban, J. P. (2006). Nutrient supply and intervertebral disc metabolism. J. Bone Joint Surg. Am. 88(Suppl. 2) 30–35. doi: 10.2106/jbjs.e.01290

Gullbrand, S. E., Peterson, J., Mastropolo, R., Lawrence, J. P., Lopes, L., Lotz, J., et al. (2014). Drug-induced changes to the vertebral endplate vasculature affect transport into the intervertebral disc in vivo. J. Orthop. Res. 32, 1694–1700. doi: 10.1002/jor.22716

Han, B., Chao, J., and Yao, H. (2018). Circular RNA and its mechanisms in disease: from the bench to the clinic. Pharmacol. Therap. 187, 31–44. doi: 10.1016/j.pharmthera.2018.01.010

Hansen, T. B., Jensen, T. I., Clausen, B. H., Bramsen, J. B., Finsen, B., Damgaard, C. K., et al. (2013). Natural RNA circles function as efficient microRNA sponges. Nature 495, 384–388. doi: 10.1038/nature11993

Hartvigsen, J., Hancock, M. J., Kongsted, A., Louw, Q., Ferreira, M. L., Genevay, S., et al. (2018). What low back pain is and why we need to pay attention. Lancet 391, 2356–2367.

He, Z., Leong, D. J., Xu, L., Hardin, J. A., Majeska, R. J., Schaffler, M. B., et al. (2019). CITED2 mediates the cross-talk between mechanical loading and IL-4 to promote chondroprotection. Ann. N. Y. Acad. Sci. 1442, 128–137. doi: 10.1111/nyas.14021

Jiang, H., Pang, H., Wu, P., Cao, Z., Li, Z., and Yang, X. (2020). LncRNA SNHG5 promotes chondrocyte proliferation and inhibits apoptosis in osteoarthritis by regulating miR-10a-5p/H3F3B axis. Connect Tissue Res. doi: 10.1080/03008207.2020.1825701 [Epub ahead of print].

Kristensen, L., Andersen, M., Stagsted, L., Ebbesen, K., Hansen, T., and Kjems, J. (2019). The biogenesis, biology and characterization of circular RNAs. Nat. Rev. Genet. 20, 675–691.

Li, S., and Han, L. (2019). Circular RNAs as promising biomarkers in cancer: detection, function, and beyond. Genome Med. 11:15.

Li, Y. H., Hu, Y. Q., Wang, S. C., Li, Y., and Chen, D. M. (2020). LncRNA SNHG5: a new budding star in human cancers. Gene 749:144724. doi: 10.1016/j.gene.2020.144724

Li, Z., Chen, X., Xu, D., Li, S., Chan, M. T. V., and Wu, W. K. K. (2019). Circular RNAs in nucleus pulposus cell function and intervertebral disc degeneration. Cell Prolif. 52:e12704.

Li, Z., Li, X., Chen, C., Li, S., Shen, J., Tse, G., et al. (2018). Long non-coding RNAs in nucleus pulposus cell function and intervertebral disc degeneration. Cell Prolif. 51:e12483. doi: 10.1111/cpr.12483

Li, Z., Yu, X., Shen, J., Chan, M. T. V., and Wu, W. K. K. (2015). MicroRNA in intervertebral disc degeneration. Cell Prolif. 48, 278–283.

Malandrino, A., Lacroix, D., Hellmich, C., Ito, K., Ferguson, S. J., and Noailly, J. (2014). The role of endplate poromechanical properties on the nutrient availability in the intervertebral disc. Osteoarth. Cartil. 22, 1053–1060. doi: 10.1016/j.joca.2014.05.005

Newell, N., Little, J. P., Christou, A., Adams, M. A., Adam, C. J., and Masouros, S. D. (2017). Biomechanics of the human intervertebral disc: a review of testing techniques and results. J. Mech. Behav. Biomed. Mater. 69, 420–434. doi: 10.1016/j.jmbbm.2017.01.037

Rajasekaran, S., Venkatadass, K., Naresh Babu, J., Ganesh, K., and Shetty, A. P. (2008). Pharmacological enhancement of disc diffusion and differentiation of healthy, ageing and degenerated discs : Results from in-vivo serial post-contrast MRI studies in 365 human lumbar discs. Eur. Spine J. 17, 626–643. doi: 10.1007/s00586-008-0645-6

Samartzis, D., Karppinen, J., Mok, F., Fong, D. Y., Luk, K. D., and Cheung, K. M. (2011). A population-based study of juvenile disc degeneration and its association with overweight and obesity, low back pain, and diminished functional status. J. Bone Joint Surg. Am. 93, 662–670. doi: 10.2106/jbjs.i.01568

Sanchez-Mejias, A., and Tay, Y. (2015). Competing endogenous RNA networks: tying the essential knots for cancer biology and therapeutics. J. Hematol. Oncol. 8:30.

Shen, H., Wang, Y., Shi, W., Sun, G., Hong, L., and Zhang, Y. (2018). LncRNA SNHG5/miR-26a/SOX2 signal axis enhances proliferation of chondrocyte in osteoarthritis. Acta Biochim. Biophys. Sin. 50, 191–198. doi: 10.1093/abbs/gmx141

Song, J., Wang, H. L., Song, K. H., Ding, Z. W., Wang, H. L., Ma, X. S., et al. (2018). CircularRNA_104670 plays a critical role in intervertebral disc degeneration by functioning as a ceRNA. Exp. Mol. Med. 50:94.

Sun, H. B. (2010). CITED2 mechanoregulation of matrix metalloproteinases. Ann. N. Y. Acad. Sci. 1192, 429–436. doi: 10.1111/j.1749-6632.2009.05305.x

Tay, Y., Rinn, J., and Pandolfi, P. P. (2014). The multilayered complexity of ceRNA crosstalk and competition. Nature 505, 344–352. doi: 10.1038/nature12986

Wang, Y., Videman, T., and Battié, M. C. (2012). ISSLS prize winner: lumbar vertebral endplate lesions: associations with disc degeneration and back pain history. Spine 37, 1490–1496. doi: 10.1097/brs.0b013e3182608ac4

Wong, J., Sampson, S. L., Bell-Briones, H., Ouyang, A., Lazar, A. A., Lotz, J. C., et al. (2019). Nutrient supply and nucleus pulposus cell function: effects of the transport properties of the cartilage endplate and potential implications for intradiscal biologic therapy. Osteoarth. Cartil. 27, 956–964. doi: 10.1016/j.joca.2019.01.013

Xiao, L., Ding, B., Xu, S., Gao, J., Yang, B., Wang, J., et al. (2020). circRNA_0058097 promotes tension-induced degeneration of endplate chondrocytes by regulating HDAC4 expression through sponge adsorption of miR-365a-5p. J. Cell Biochem. 121, 418–429. doi: 10.1002/jcb.29202

Yang, D. W., Qian, G. B., Jiang, M. J., Wang, P., and Wang, K. Z. (2019). Inhibition of microRNA-495 suppresses chondrocyte apoptosis through activation of the NF-κB signaling pathway by regulating CCL4 in osteoarthritis. Gene Ther. 26, 217–229. doi: 10.1038/s41434-019-0068-5

Yokota, H., Goldring, M. B., and Sun, H. B. (2003). CITED2-mediated regulation of MMP-1 and MMP-13 in human chondrocytes under flow shear. J. Biol. Chem. 278, 47275–47280. doi: 10.1074/jbc.m304652200

Yuan, J., Jia, J., Wu, T., Liu, X., Hu, S., Zhang, J., et al. (2020). Comprehensive evaluation of differential long non-coding RNA and gene expression in patients with cartilaginous endplate degeneration of cervical vertebra. Exp. Ther. Med. 20:260.

Zeng, Z., Xia, L., Fan, S., Zheng, J., Qin, J., Fan, X., et al. (2020). Circular RNA CircMAP3K5 acts as a microRNA-22-3p sponge to promote resolution of intimal hyperplasia via TET2-mediated SMC differentiation. Circulation 143, 354–371 doi: 10.1161/circulationaha.120.049715

Zhao, X., Wang, T., Cai, B., Wang, X., Feng, W., Han, Y., et al. (2019). MicroRNA-495 enhances chondrocyte apoptosis, senescence and promotes the progression of osteoarthritis by targeting AKT1. Am. J. Transl. Res. 11, 2232–2244.

Zheng, Q., Bao, C., Guo, W., Li, S., Chen, J., Chen, B., et al. (2016). Circular RNA profiling reveals an abundant circHIPK3 that regulates cell growth by sponging multiple miRNAs. Nat. Commun. 7:11215.

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

Copyright © 2021 Zhang, Hu, Ding, Yuan, Jia, Wu and Cheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 09 July 2021
doi: 10.3389/fcell.2021.701628





[image: image]

LncRNA NORAD Promotes Vascular Endothelial Cell Injury and Atherosclerosis Through Suppressing VEGF Gene Transcription via Enhancing H3K9 Deacetylation by Recruiting HDAC6

Huihua Kai1†, Qiyong Wu2†, Ruohan Yin1, Xiaoqiang Tang1, Haifeng Shi1, Tao Wang1, Ming Zhang1 and Changjie Pan1*

1Department of Radiology, Changzhou Second People’s Hospital Affiliated to Nanjing Medical University, Changzhou, China

2Department of Thoracic and Cardiac Surgery, Changzhou Second People’s Hospital Affiliated to Nanjing Medical University, Changzhou, China

Edited by:
Shanchun Guo, Xavier University of Louisiana, United States

Reviewed by:
Gang Li, Nanjing Medical University, China
Jiang Wu, Henan University, China
Meng Qin, Beijing University of Chemical Technology, China

*Correspondence: Changjie Pan, panchangjie@njmu.edu.cn; †These authors have contributed equally to this work

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

Received: 28 April 2021
Accepted: 08 June 2021
Published: 09 July 2021

Citation: Kai H, Wu Q, Yin R, Tang X, Shi H, Wang T, Zhang M and Pan C (2021) LncRNA NORAD Promotes Vascular Endothelial Cell Injury and Atherosclerosis Through Suppressing VEGF Gene Transcription via Enhancing H3K9 Deacetylation by Recruiting HDAC6. Front. Cell Dev. Biol. 9:701628. doi: 10.3389/fcell.2021.701628

Coronary artery disease (CAD) is a major atherosclerotic cardiovascular disease and the leading cause of mortality globally. Long non-coding RNAs (lncRNAs) play crucial roles in CAD development. To date, the effect of lncRNA non-coding RNA activated by DNA damage (NORAD) on atherosclerosis in CAD remains unclear. The primary aim of this study was to investigate the effect of lncRNA NORAD on vascular endothelial cell injury and atherosclerosis. Here, ox-LDL-treated human umbilical vein endothelial cells (HUVECs) and high-fat-diet (HFD)-fed ApoE–/– mice were utilized as in vitro and in vivo models. The present study found that lncRNA NORAD expression was increased in ox-LDL-treated HUVECs and thoracic aorta of atherosclerotic mice, and knockdown of lncRNA NORAD alleviated vascular endothelial cell injury and atherosclerosis development in vitro and in vivo. Knockdown of lncRNA NORAD aggravated ox-LDL-reduced or atherosclerosis-decreased vascular endothelial growth factor (VEGF) expression in HUVECs and thoracic aorta of mice to ameliorate vascular endothelial cell injury and atherosclerosis development. Moreover, nucleus lncRNA NORAD suppressed VEGF gene transcription through enhancing H3K9 deacetylation via recruiting HDAC6 to the VEGF gene promoter in ox-LDL-treated HUVECs. In addition, VEGF reduced FUS (FUS RNA binding protein) expression by a negative feedback regulation in HUVECs. In summary, lncRNA NORAD enhanced vascular endothelial cell injury and atherosclerosis through suppressing VEGF gene transcription via enhancing H3K9 deacetylation by recruiting HDAC6. The findings could facilitate discovering novel diagnostic markers and therapeutic targets for CAD.

Keywords: coronary artery disease, atherosclerosis, vascular endothelial cell injury, lncRNA NORAD, VEGF, histone deacetylation


INTRODUCTION

Coronary artery disease (CAD) is a major cardiovascular disease, which is considered as the leading cause of mortality globally (Khera and Kathiresan, 2017; Malakar et al., 2019). According to a Chinese Ministry of Health report, more than 1 million people die from CAD in China annually (Wang et al., 2017). In United States, about 6 million deaths occur due to CAD each year (Lloyd-Jones et al., 2009). What is worse, the incidence of CAD rises rapidly (Lloyd-Jones et al., 2009). Therefore, CAD has been a major global health concern. It is urgent to discover novel diagnostic markers and therapeutic targets for CAD.

CAD is an inflammation atherosclerotic disease (Ross, 1999). It has been proved that endothelial cell injury or endothelial dysfunction is the initial step of the atherosclerosis process (Matsuzawa and Lerman, 2014; Jensen and Mehta, 2016; Qin et al., 2018). Growing evidence have indicated that long non-coding RNAs (lncRNAs) play crucial roles in endothelial cell injury, atherosclerosis, and CAD. Fox example, knockdown of lncRNA TTTY15 attenuates vascular endothelial cell injury in cardiovascular disease through targeting miR-186-5p (Zheng et al., 2020). Moreover, lncRNA nexilin F-actin binding protein antisense RNA 1 (NEXN-AS1) ameliorates atherosclerosis through promoting NEXN expression (Hu et al., 2019). In addition, lncRNA ANRIL might mitigate CAD regulating NF-κB pathway via miR-181b (Guo et al., 2018). However, the knowledge of the role of lncRNAs in endothelial cell injury, atherosclerosis, and CAD is still limited.

LncRNA non-coding RNA activated by DNA damage (NORAD) is a newly identified lncRNA. Previous studies have indicated that lncRNA NORAD is involved in maintenance of genomic stability and regulation of mitosis. For instance, lncRNA NORAD binds with RBMX in nucleus to assemble a ribonucleoprotein complex, which is termed NORAD-activated ribonucleoprotein complex 1 (NARC1), and maintains the genome stability through NARC1 (Munschauer et al., 2018). In addition, cytoplasmic lncRNA NORAD interacts with PUMILIO protein to modulate cell mitosis through regulating levels of PUMILIO-targeted mRNAs (Tichon et al., 2016). Besides, lncRNA NORAD contributes to the progression of multiple tumors. A recent study has revealed that Yap-repressed lncRNA NORAD inhibits lung and breast tumor metastasis through binding and sequestering S100P (Tan et al., 2019). Moreover, lncRNA NORAD enhances pancreatic cancer metastasis through promoting epithelial–mesenchymal transition via targeting hsa-miR-125a-3p to increase RhoA expression (Li et al., 2017). In addition, a few recent studies have revealed that lncRNA NORAD contributes to vascular endothelial cell injury and atherosclerosis (Bian et al., 2020; Zhao et al., 2020). However, the mechanisms on how lncRNA NORAD regulates endothelial cell injury, atherosclerosis, and CAD remain unclear.

Vascular endothelial growth factor (VEGF) is a recognized growth factor playing pivotal roles in angiogenesis through increasing the proliferation rate and activities of endothelial progenitor cells (EPCs) (Yancopoulos et al., 2000; Jin et al., 2015). Angiogenesis could effectively relieve atherosclerotic diseases including CAD (Camare et al., 2017; Wu et al., 2018; Ma Q. et al., 2020), while endothelial cell injury and endothelial dysfunction impair angiogenesis (Xing et al., 2017; Ungvari et al., 2018). Numerous studies have demonstrated that VEGF could attenuate endothelial cell injury or endothelial dysfunction to relieve the pathogenesis of patients with CAD (Jin et al., 2015; Longchamp et al., 2018; Liang et al., 2020). In addition, VEGF mRNA level is decreased in CAD patients (Amoli et al., 2012), and serum VEGF level is a potential indicator of the severity of CAD (Kucukardali et al., 2008). However, no studies have reported the role of lncRNA NORAD in VEGF expression and function in endothelial cell injury, atherosclerosis, and CAD.

It was hypothesized that lncRNA NORAD may regulate vascular endothelial cell injury and atherosclerosis through VEGF. Thus, the primary aim of this study was to investigate the effects of lncRNA NORAD on vascular endothelial cell injury and atherosclerosis and potential mechanisms.



MATERIALS AND METHODS


Serum Collection

All experimental procedures in human were approved by the Ethic Committee of Changzhou Second People’s Hospital Affiliated to Nanjing Medical University. Written informed consent was obtained from all participants enrolled in this study. Fasting venous blood was drawn from 15 healthy controls and 15 CAD patients recruited for this study and centrifuged to collect serum; subsequently, the separated serum was stored at –80°C until detection.



Cell Culture

Human umbilical vein endothelial cells (HUVECs) were obtained from the Cell Bank at the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in DMEM-high glucose medium (Hyclone, United States) containing penicillin (100 units/ml, Hyclone, United States) and fetal bovine serum (10%, Hyclone, United States), at 37°C and 5% CO2.



Lentivirus Packaging

Short hairpin RNA (shRNA) sequence targeting lncRNA NORAD and a control shRNA were designed according to principles (Table 1). Next, two single DNA strands of shRNAs were synthesized by Hechuang Biotechnology Co., Ltd. and then ligated with lentivirus interference vector pLVX-shRNA2 to construct lentivirus shRNA interference vector of lncRNA NORAD (shNORAD) and control lentivirus shRNA vector (siCtrl). Subsequently, shNORAD or siCtrl was co-transfected with lentivirus packaging helper plasmid lenti-X HTx into 293 FT cells by Lipofectamine 2000 (Invitrogen, United States) for lentivirus packaging. Finally, the lentivirus stock solution was collected and concentrated and the virus titer was determined.


TABLE 1. shRNA sequence.
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Cell Treatment

To mimic vascular endothelial cell injury in atherosclerosis, HUVECs were treated with 100 μg/ml ox-LDL (Yeasen, Shanghai, China) for 24 h (Li et al., 2019; Su et al., 2021). For RNA interference of HDAC6 and FUS, small interfering RNA (siRNA) targeting HDAC6 (siHDAC6) or FUS (siFUS) and negative control (siCtrl) were synthesized by Hechuang Biotechnology Co., Ltd., and transfected into HUVECs using Lipofectamine 2000. For lentivirus interference, HUVECs were infected with shNORAD or siCtrl.



ELISA

The levels of von Willebrand factor (vWF), stumpy (sTM), sE-selectin, and solution vascular cell adhesion molecule 1 (sVCAM-1) in cell medium or serum of mice were detected by vWF ELISA kit, sTM ELISA kit, sE-selectin ELISA kit, and sVCAM-1 ELISA kit purchased from Beijing Wintersong Biotech (Beijing, China) according to the manufacturer’s instruction. Briefly, washing buffer was diluted with deionized water to 1× application buffer. Next, 50-μl standards with different concentrations and 10-μl samples were added into wells of a 96-well plate, respectively. Triplicates were made for each sample. Subsequently, 100 μl of enzyme-labeled reagent was added into each well except for the blank wells, and the plate was incubated at 37°C for 1 h followed by an additional washing (30 s, five times). Then, 50 μl of color reagent A and B were added into each well followed by an incubation at 37°C for 15 min in the dark, and the reaction was terminated by 50 μl of termination solution. Finally, the absorbance (OD value) was measured at 450 nm wavelength.



Quantitative Reverse Transcription-PCR (qRT-PCR)

Total RNAs (2 μg) from human serum, HUVECs, or mouse thoracic aorta tissues were extracted using TRIZOL (Invitrogen, United States). The first-strand cDNA was made according to the manufacturer’s instructions (TaKaRa Biotechnology, China). The amount of target RNA was normalized to the amount of internal control (GAPDH) and the results were given by 2–ΔΔCt relative to the control sample. The qRT-PCR was performed by SYBR Green (Takara Biotechnology, China). The primer sequence was as follows: NORAD forward: 5′-CATTGGGCG AGACCTACCTA-3′, reverse: 5′-ACGTGGCCTGTCATTCTA CC-3′; VEGF forward: 5′-GCCCTGAGCCAGGAAATAAA-3′, reverse: 5′-TGGTGGAGGTGCTAGGTTA-3′; GAPDH forward: 5′-AACGGATTTGGTCGTATTGGG-3′, reverse: 5′-CCTGGA AGATGGTGATGGGAT-3′.



Western Blot

Total proteins were extracted from HUVECs and mouse thoracic aorta tissue using RIPA buffer (CST, United States) and quantified using the BCA Protein Quantification Kit (Abbkine, United States). The same concentration of protein was loaded and separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to PVDF membrane (Millipore, United States). Subsequently, membranes were blocked with 5% non-fat milk for 1 h at room temperature (RT) and then incubated with primary antibody at 4°C overnight. After the incubation with primary antibodies, the membranes were washed by Tris-buffered saline containing 0.1% Tween20 (TBST) and then incubated with corresponding second antibodies (1:5,000, BOSTER, China) at RT for 1 h. Finally, the signals of targeted proteins were detected by chemiluminescence detection kit (Beyotime, China). The primary antibodies used in this study included VEGF (1:200, Bioss, China), HDAC6 (1:200, Bioss), FUS (1:200, Bioss), cleaved Caspase 3 (1:500, Abcam, United States), and GAPDH (1:3,000, KangCheng, China).



Luciferase Reporter Gene System

Firstly, VEGF gene promoter/internal enhancer/luciferase reporter gene plasmid was constructed. Next, HUVECs were co-transfected with the reporter gene plasmid and siHDAC6, siFUS, and siCtrl, or transfected with the reporter gene plasmid and infected with shNORAD and shCtrl. After transfection of infection for 48 h, cells were collected and the relative luciferase activity was detected using the dual-luciferase reporter assay system (Promega, United States).



Chromatin Isolation by RNA Purification (ChIRP)

The antisense probes for the NORAD-specific sequence of lncRNA were synthesized, and then the cells were cross-linked with 1% paraformaldehyde to extract the nuclei. After sonication, the probes and cell lysates were incubated at 4°C overnight and then the lncRNA was captured by biotin affinity magnetic beads. NORAD probe was used to wash out the non-specific binding substance and elute the magnetic beads to obtain the DNA fragment bound to NORAD of lncRNA. Then, qPCR was used to detect the presence of VEGF promoter fragment. The probes used for ChIRP are listed in Table 2.


TABLE 2. Probes used for ChIRP.
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RNA Antisense Purification (RAP)

RAP was performed by the RAP Kit (Hechuang Biotechnology Co., Ltd.). Briefly, HUVECs were cross-linked by 1% formaldehyde for 10 min at RT and then stopped by glycine. Next, HUVECs were lysed by pre-chilled lysis buffer containing protease inhibitor and RNase inhibitor. Shear DNA was removed using DNase salt stock with DNase for 10 min at 37°C. Subsequently, probes and streptavidin magnetic beads were mixed in 0.5 ml of 1× hybridization buffer for 30 min at RT. Then, cell lysis without DNA was added into 1× hybridization buffer and incubated with probes at 45°C for 90–180 min. Following the incubation with probes, streptavidin magnetic beads were collected using a magnetic separation device (Thermo Fisher Scientific), and precipitated complexes were cleaned five times by washing buffer at 35°C. Next, immunoprecipitated proteins were eluted with elution buffer and analyzed by WB using HDAC6 antibody (1:300, Proteintech).



Co-immunoprecipitation (Co-IP)

HUVECs were lysed by the non-denaturing lysis buffer containing protease inhibitor (Sigma, United States). Next, the supernatant of cell lysis was pre-cleaned with protein A/G magnetic beads (Thermo Fisher Scientific, United States) for 2 h at 4°C. Subsequently, about 300 μg of protein was incubated with 1 μg of FUS antibody (Proteintech, United States) and 25 μl of protein A/G magnetic beads for immunoprecipitation at 4°C overnight. Following the incubation with FUS antibody and protein A/G magnetic beads, protein A/G magnetic beads were collected using a magnetic separation device (Thermo Fisher Scientific), and precipitated complexes were cleansed by washing buffer (Thermo Fisher Scientific). Finally, bound proteins were analyzed by WB using HDAC6 antibody (1:300, Proteintech). Rabbit IgG was used for negative control.



Chromatin Immunoprecipitation (ChIP)

ChIP was assessed by the ChIP Kit obtained from Hechuang Biotechnology Co., Ltd. In brief, HUVECs were cross-linked by 1% formaldehyde for 15 min at RT and then stopped by glycine. Next, HUVECs were lysed by sonication to shear DNA. Insoluble material was removed from cell lysis by centrifugation. DNA chromatin sample (25 mg) was adjusted to a total volume of 500 ml in 450 ml of the dilution buffer with protease inhibitors. Chromatin samples were then incubated with 1 μg of HDAC antibody (Proteintech), H3K9ac antibody (Active Motif), or anti-rabbit IgG antibody (Cell Signaling Technologies) and incubated with protein A/G magnetic beads overnight at 4°C with gentle rotation. Magnetic beads were collected by magnetic separation device (Thermo Fisher Scientific) and cleaned using washing buffer. Subsequently, immunoprecipitated DNAs were eluted with 100 μl of elution buffer containing Proteinase K at 62°C for 2 h. Then, DNAs were purified utilizing the spin columns and dissolved in the elution buffer. Finally, chromatin DNAs were analyzed by PCR and qPCR. Primers used for ChIP PCR and qPCR are listed in Table 3.


TABLE 3. Primers used for ChIP PCR and qPCR.
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Animals and Treatment

Six-week-old male ApoE–/– mice and wild-type (WT) male C57BL/6J mice were purchased from GemPharmatech Co., Ltd. (Nanjing, China). The mice were exposed to standard light conditions at 25°C. ApoE–/– mice were given HFD (21% fat, 0.25% cholesterol) purchased from GemPharmatech Co., Ltd. at the age of 8 weeks. After the ApoE–/– mice were fed with HFD for 8 weeks, they were given lentivirus shNORAD or control shCtrl at a dosage of 2 × 109 pfu/mouse via tail vein injection and fed on HFD for another 8 weeks until they were 24 weeks old. The C57BL/6J mice fed with a normal diet were labeled as the WT control group. All animal experiments were performed in accordance with the Ethic Committee of Changzhou Second People’s Hospital Affiliated to Nanjing Medical University.



Oil Red O Staining

Oil Red O staining was used to assess lipid accumulation in an atherosclerotic plaque. Mice were anesthetized with pentobarbital and euthanized using CO2. Subsequently, the whole thoracic aorta was isolated, cut lengthwise with scissors, placed in an Oil Red O solution for 15 min, and immersed in 70% ethanol until the normal tissues became white. The aorta was photographed by an Eclipse ci-l camera microscope (Nikon, Japan), and Oil Red O-positive areas were analyzed using ImageJ.



Hematoxylin and Eosin (H&E) Staining

Mice were anesthetized with pentobarbital and euthanized using CO2. Next, the aortic roots were excised and fixed overnight with 4% paraformaldehyde and then embedded in paraffin wax. The tissues were cut into 5-μm thickness. H&E staining was performed according to the instructions provided by the manufacturer (Solarbio Biotechnology, Beijing, China). The microscopic images of lesions in the aortic sinus were captured by an Eclipse ci-l camera microscope (Nikon). The percentage of lesion area was analyzed using ImageJ.



Ultrasound Imaging

All mice were fed for more than 8 h 1 day before the test. After injecting anesthetic, mouse abdominal hair was removed by depilatory cream and then mice were cleaned with water. Subsequently, the blood flow velocity, cardiac function analysis, and vessel diameter were measured by a Doppler ultrasound diagnostic instrument (Visualsonics, Toronto, Canada).



Statistical Analysis

The data were expressed as mean ± SD and analyzed by SPSS 20 software. The unpaired Student’s t-test was used to compare two groups while one-way ANOVA was used for statistics of more than three groups. p < 0.05 was considered as statistically significant.



RESULTS


LncRNA NORAD Is Upregulated in the Serum of CAD Patients and HUVECs Treated With ox-LDL

First, the level of lncRNA NORAD in the serum of patients with CAD was identified by qPCR. Results indicated that the level of lncRNA NORAD in the serum of CAD patients was significantly increased compared with that in the serum of healthy controls (Figure 1A) (p < 0.01). In addition, ox-LDL was utilized to mimic endothelial injury in atherosclerosis. Results showed that lncRNA NORAD expression was increased in ox-LDL-treated HUVECs compared to that in control HUVECs treated without ox-LDL (Figure 1B) (p < 0.01). This result was consistent with that of a previous study (Zhao et al., 2020). The above data suggested that endothelial injury, atherosclerosis, and CAD should increase lncRNA NORAD expression.
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FIGURE 1. Knockdown of lncRNA NORAD attenuates ox-LDL-induced vascular endothelial injury. (A) The level of lncRNA NORAD in serum of healthy controls (N = 15) or CAD patients (N = 15). (B) The level of lncRNA NORAD in HUVECs treated with or without ox-LDL. (C) The level of lncRNA NORAD in HUVECs transfected with control shRNA or shRNA-targeting lncRNA NORAD. (D–G) The level of vWF (D), sTM (E), sE-selectin (F), and sVCAM-1 (G) in HUVECs detected by ELISA. (H) Representative images of flow cytometric apoptosis assay in HUVECs. The bar graph showed the quantification of apoptotic cell number in each group. shCtrl, control shRNA; shNORAD, shRNA-targeting lncRNA NORAD. N = 3 except in panel (A). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Knockdown of LncRNA NORAD Attenuates ox-LDL-Induced Vascular Endothelial Injury

Short hairpin RNA (shRNA)-targeting lncRNA NORAD (shNORAD) was used to knock down the lncRNA NORAD expression in HUVECs. The efficiency of knockdown was verified by qPCR. The lncRNA NORAD expression in HUVECs infected with shNORAD was knocked down by more than 60% compared with that in HUVECs infected with control shRNA (shCtrl) (Figure 1C) (p < 0.01). Subsequently, the levels of vascular endothelial injury markers including vWF, sTM, sE-selectin, and sVCAM-1 were detected by ELISA. Results indicated that ox-LDL significantly increased the levels of vWF (p < 0.01), sTM (p < 0.05), sE-selectin (p < 0.01), and sVCAM-1 (p < 0.05), while knockdown of lncRNA NORAD dramatically reduced ox-LDL-induced vWF, sTM, sE-selectin, and sVCAM-1 levels (Figures 1D–G). Compared to shNORAD transfection, levels of vWF (p < 0.01), sTM (p < 0.05), sE-selectin (p < 0.01), and sVCAM-1 (p < 0.05) were not affected by shCtrl transfection (Figures 1D,E).

Besides, apoptosis of HUVECs was identified by flow cytometric apoptosis assay. Results showed that ox-LDL induced apoptosis of HUVECs (p < 0.0001), and lncRNA NORAD knockdown reversed the effect of ox-LDL on apoptosis of HUVECs (Figure 1H). Compared to shNORAD transfection, cell apoptosis was not affected by shCtrl transfection (Figure 1H) (p < 0.01). Therefore, these results suggested that ox-LDL induced vascular endothelial injury through upregulating lncRNA NORAD expression.



Knockdown of LncRNA NORAD Aggravates ox-LDL-Reduced VEGF Expression in HUVECs

To identify the effect of lncRNA NORAD on VEGF expression, qPCR and WB were performed. Results indicated that ox-LDL reduced VEGF mRNA (p < 0.05) and protein levels (p < 0.001), while knockdown of lncRNA NORAD induced a significant increase in VEGF mRNA and protein levels (Figures 2A,B). Compared to shNORAD transfection, the VEGF mRNA (p < 0.05) and protein expression (p < 0.001) were not affected by shCtrl transfection (Figures 2A,B). Moreover, luciferase reporter gene assay was performed with transfection of plasmids containing VEGF gene promoter to further identify the role of lncRNA NORAD in VEGF expression. The luciferase activity of cells transfected with plasmids containing VEGF gene promoter was increased by the infection of shNORAD compared to that of cells transfected with plasmids containing VEGF gene promoter and infected with shCtrl (Figure 2C) (p < 0.001). These results suggested that lncRNA NORAD suppressed the transcription of VEGF gene.
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FIGURE 2. Knockdown of lncRNA NORAD aggravates ox-LDL-reduced VEGF expression in HUVECs. (A) The mRNA level of VEGF in HUVECs (*p < 0.05). (B) The protein level of VEGF in HUVECs (***p < 0.001). (C) VEGF gene promoter activity analyzed by relative luciferase reporter activities in HUVECs transfected with control shRNA or shRNA-targeting lncRNA NORAD (***p < 0.001 vs. blank group). (D) Immunoprecipitated chromatin associated with lncRNA NORAD was analyzed using ChIRP followed by PCR for the VEGF gene promoter in HUVECs. (E) Quantification of lncRNA NORAD occupancy on the VEGF gene promoter by qRT-PCR in HUVECs. shRNA; shNORAD, shRNA-targeting lncRNA NORAD; NC, negative control. N = 3.


It has been reported that lncRNA could regulate the transcription of target gene through binding with a target gene promoter (Hu et al., 2018). Thus, ChIRP followed by PCR and qPCR was performed whether lncRNA NORAD interacted with the VEGF gene promoter. Primers used for the amplification of three sites in the VEGF gene promoter were designed and synthesized. Results showed that lncRNA NORAD occupied all three sites of the VEGF gene promoter and most enriched in the second and third sites in ox-LDL-treated HUVECs (Figures 2D,E), suggesting that these two sites should be occupancy sites of lncRNA NORAD at the VEGF gene promoter. All these data revealed that lncRNA NORAD suppressed the transcription of the VEGF gene via interacting with the VEGF gene promoter.



Nucleus LncRNA NORAD Associates With HDAC6 via FUS in ox-LDL-Treated HUVECs

Numerous studies have indicated that nucleus lncRNAs regulate the transcription of target genes through associating with histone modification enzymes to alter histone modifications, such as methylation and acetylation (Chu et al., 2012; Jiang et al., 2020; Ma H. et al., 2020). Thus, RAP was performed using the lncRNA NORAD probe to discover histone modification enzymes binding with nucleus lncRNA NORAD in ox-LDL-treated HUVECs. The enrichment of potential histone modification enzymes was assessed by WB. Results of RAP showed that the histone deacetylase 6 (HDAC6) was enriched by the lncRNA NORAD probe (Figure 3A and Supplementary Figure 1A), indicating that HDAC6 associated with nucleus lncRNA NORAD in HUVECs. As a negative control, Laz probe could not enrich HDAC6 (Figure 3A and Supplementary Figure 1A).
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FIGURE 3. Nucleus lncRNA NORAD associates with HDAC6 via FUS in ox-LDL-treated HUVECs. (A) Representative images of WB following RAP performed by probe-targeting lncRNA NORAD in HUVECs. (B) Potential binding sites for FUS in lncRNA NORAD analyzed by ENCORI. (C) Representative images of Co-IP using an anti-FUS antibody in HUVECs. Rabbit IgG was used as negative control. (D) Representative images of WB following RAP performed by probe-targeting lncRNA NORAD in HUVECs transfected with control shRNA or shRNA-targeting lncRNA NORAD under ox-LDL treatment. In the bar graph, the protein level of HDAC6 was quantified and normalized by input. shRNA; shNORAD, shRNA-targeting lncRNA NORAD; NC, negative control; siCtrl, control siRNA; siFUS, FUS siRNA (***p < 0.001 vs. other groups). N = 3.


However, HDAC6 is not an RNA binding protein (RBP). Therefore, nucleus lncRNA NORAD should interact with HDAC6 via other RBPs. Bioinformatics analysis by ENCORI1 found that lncRNA NORAD binds with RBP FUS in cancer cells (Figure 3B). Next, RAP was performed to identify whether nucleus lncRNA NORAD interacted with FUS in ox-LDL-treated HUVECs. Results of RAP showed that FUS was enriched by the lncRNA NORAD probe (and Supplementary Figure 1A), which suggested that lncRNA NORAD associated with FUS in ox-LDL-treated HUVECs. Also, Laz probe (NC) could not enrich FUS (Figure 3A and Supplementary Figure 1A).

A previous study has revealed that HDAC6 interacted with FUS in prostate cancer cells (Watson et al., 2016). Here, Co-IP using FUS antibody was performed to determine whether HDAC6 associated with FUS in the nucleus of ox-LDL-treated HUVECs. Results found that HDAC6 was enriched by FUS antibody whereas IgG could not enrich HDAC6 in the nucleus of ox-LDL-treated HUVECs (Figure 3C and Supplementary Figure 2). This result suggested that HDAC6 associated with FUS in the nucleus of ox-LDL-treated HUVECs.

Next, RAP was performed using the lncRNA NORAD probe to identify whether nucleus lncRNA NORAD interacted with HDAC6 via FUS. First, FUS was silenced by siRNA (siFUS) (Supplementary Figure 3). Besides, the result of RAP showed that the enrichment of HDAC6 by the lncRNA NORAD probe was dramatically reduced in ox-LDL-treated HUVECs infected with shNORAD compared to those in ox-LDL-treated HUVECs and ox-LDL-treated HUVECs infected with control siRNA (siCtrl) (Figure 3D and Supplementary Figures 1A–C) (p < 0.001). All these results together suggested that nucleus lncRNA NORAD associated with HDAC6 via FUS in ox-LDL-treated HUVECs.



Knockdown of HDAC6 or FUS Enhances VEGF Gene Transcription in ox-LDL-Treated HUVECs

As lncRNA NORAD suppressed the transcription of VEGF gene and nucleus lncRNA NORAD associated with HDAC6 via FUS, it was hypothesized that both HDAC6 and FUS inhibited the transcription of the VEGF gene. To prove this hypothesis, siRNA targeting HDAC6 (siHDAC6) or FUS (siFUS) was transfected into HUVECs to knock down HDAC6 or FUS expression. The efficiency of knockdown was verified by qPCR. HDAC6 expression in HUVECs transfected with siHDAC6 was knocked down by more than 70% compared with that in HUVECs treated with control siRNA (siCtrl) (Figure 4A) (p < 0.001).
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FIGURE 4. Knockdown of HDAC6 or FUS enhances VEGF gene transcription in ox-LDL-treated HUVECs. (A) The mRNA level of HDAC6 in HUVECs transfected with control siRNA or HDAC6 siRNA. (B) VEGF gene promoter activity analyzed by relative luciferase reporter activities in HUVECs transfected with control siRNA, FUS siRNA, or HDAC6 siRNA. siCtrl, control siRNA; siFUS, FUS siRNA; siHDAC6, HDAC6 siRNA. N = 3. ***p < 0.001 vs. siCtrl group.


Moreover, luciferase reporter gene assay was performed with transfection of plasmids containing VEGF gene promoter to further identify the effects of HDAC6 and FUS in VEGF expression. The luciferase activity of cells transfected with plasmids containing the VEGF gene promoter was increased by the transfection of siHDAC6 or siFUS compared to that of cells transfected with plasmids containing the VEGF gene promoter and siCtrl (Figure 4B) (p < 0.001). These results suggested that both HDAC6 and FUS suppressed the transcription of VEGF gene in ox-LDL-treated HUVECs.



Nucleus LncRNA NORAD Suppresses VEGF Gene Transcription Through Enhancing H3K9 Deacetylation via Recruiting HDAC6 to VEGF Gene Promoter in ox-LDL-Treated HUVECs

The above study had indicated that lncRNA NORAD associated with the VEGF gene promoter and nucleus lncRNA NORAD interacted with HDAC6, so we hypothesized that HDAC6 bound to the VEGF gene promoter via lncRNA NORAD, which served as a scaffold in ox-LDL-treated HUVECs. ChIP assay followed by PCR and qPCR was performed by HDAC6 antibody to evaluate HDAC6 binding to the VEGF gene promoter using primers spanning three sites. Results showed that most HDAC6 bound to the VEGF gene promoter at the first and second sites (Figures 5A,B). Furthermore, knockdown of lncRNA NORAD dramatically decreased the binding of HDAC6 to the VEGF gene promoter (Figures 5A,B). These results suggested that lncRNA NORAD recruited HDAC6 to the VEGF gene promoter.
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FIGURE 5. Nucleus lncRNA NORAD suppresses VEGF gene transcription through enhancing H3K9 deacetylation via recruiting HDAC6 to VEGF gene promoter in ox-LDL-treated HUVECs. (A) Immunoprecipitated chromatin was analyzed by PCR for the VEGF gene promoter in HUVECs transfected with control shRNA or shRNA-targeting lncRNA NORAD under ox-LDL treatment. (B) Quantification of HDAC6 occupancy on the VEGF gene promoter by qRT-PCR in HUVECs transfected with control shRNA or shRNA-targeting lncRNA NORAD under ox-LDL treatment. (C) Immunoprecipitated chromatin was analyzed by PCR for the VEGF gene promoter in HUVECs transfected with control shRNA or shRNA-targeting lncRNA NORAD under ox-LDL treatment. (D) Quantification of H3K9ac occupancy on the VEGF gene promoter by qRT-PCR in HUVECs transfected with control shRNA or shRNA-targeting lncRNA NORAD under ox-LDL treatment. shRNA; shNORAD, shRNA-targeting lncRNA NORAD. N = 3.


To our knowledge, HDAC6 could deacetylate H3K9 (Ortega et al., 2021; Sun et al., 2021), and deacetylation of H3K9 at the promoter usually leads to reduced transcription (Chen et al., 2021; Kawamura et al., 2021). Therefore, ChIP assay followed by PCR and qPCR was performed by H3K9ac antibody to identify the effect of lncRNA NORAD on H3K9 deacetylation at the VEGF gene promoter in ox-LDL-treated HUVECs. Results indicated that H3K9ac was enriched in the first and second sites of the VEGF gene promoter (Figures 5C,D). Besides, knockdown of lncRNA NORAD significantly increased H3K9 acetylation at all three sites of the VEGF gene promoter (Figures 5C,D). Because HDAC6 suppressed the transcription of VEGF gene, these data suggested that nucleus lncRNA NORAD suppressed VEGF expression through enhancing H3K9 deacetylation via recruiting HDAC6 to VEGF gene promoter HDAC6 in ox-LDL-treated HUVECs.



A Negative Feedback Regulation of FUS Expression by VEGF in HUVECs

A previous study has revealed that VEGF induces degradation of cytoplasmic FUS protein in mice motor neurons (Shantanu et al., 2017). Therefore, WB was performed to identify the effect of VEGF on FUS protein expression in HUVECs. VEGF expression vector (OE-VEGF) was used to overexpress VEGF in HUVECs. Results showed that ox-LDL increased FUS protein level (p < 0.01), while VEGF overexpression significantly reduced FUS protein level in HUVECs treated with or without ox-LDL (Figure 6A).
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FIGURE 6. A negative feedback regulation of FUS expression by VEGF in HUVECs. (A) The protein level of FUS in HUVECs transfected with blank vector or VEGF expression vector under ox-LDL treatment. (B) Translation activity of FUS analyzed by relative luciferase reporter activities in HUVECs transfected with blank vector or VEGF expression vector. Blank, blank vector; OE-VEGF, VEGF overexpression. N = 3. *p < 0.05, **p < 0.01 vs. control group.


Besides, luciferase reporter gene assay was performed with transfection of plasmids containing FUS ORF to further identify the effect of VEGF on FUS protein expression. The luciferase activity of cells transfected with plasmids containing FUS ORF was decreased by the transfection of OE-VEGF compared to that of cells transfected with plasmids containing FUS ORF and blank vector (Figure 6B) (p < 0.05). These results suggested that VEGF reduced FUS protein level by a negative feedback regulation in HUVECs.



Knockdown of LncRNA NORAD Aggravates VEGF Expression in Thoracic Aorta of Atherosclerotic Mice

In this study, ApoE–/– mice were used to construct an atherosclerosis animal model after 8 weeks of HFD. Results showed that lncRNA NORAD expression was upregulated in thoracic aorta of atherosclerotic (AS) mice compared to that in WT mice (Figure 7A) (p < 0.05). Besides, the expression of VEGF in thoracic aorta was detected by qPCR and WB. Results showed that both VEGF mRNA (p < 0.0001) and protein levels (p < 0.05) were decreased in thoracic aorta of AS mice compared to that in WT mice (Figures 7B,C), while knockdown of lncRNA NORAD induced a dramatic increase in VEGF mRNA and protein levels (Figures 7B,C). Compared to shNORAD injection, VEGF mRNA expression (p < 0.0001) and protein expression (p < 0.05) in AS mice was not affected by shCtrl injection (Figures 7B,C). These results were consistent with those of HUVECs. The above data suggested that lncRNA NORAD was upregulated to suppress VEGF expression in atherosclerosis and CAD.
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FIGURE 7. Knockdown of lncRNA NORAD aggravates VEGF expression in thoracic aorta of atherosclerotic mice. (A) The level of lncRNA NORAD in thoracic aorta of mice. (B) The mRNA level of VEGF in mice injected with control shRNA or shRNA-targeting lncRNA NORAD. (C) The protein level of VEGF in mice injected with control shRNA or shRNA-targeting lncRNA NORAD. (D–G) The level of vWF (D), sTM (E), sE-selectin (F), and sVCAM-1 (G) in serum of mice injected with control shRNA or shRNA-targeting lncRNA NORAD detected by ELISA. (H) The level of cleaved caspase 3 in thoracic aorta of mice injected with control shRNA or shRNA-targeting lncRNA NORAD. WT, wild type; AS, atherosclerosis; shCtrl, control shRNA; shNORAD, shRNA-targeting lncRNA NORAD. N = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Knockdown of LncRNA NORAD Ameliorates Vascular Endothelial Injury in AS Mice

To identify whether knockdown of lncRNA NORAD attenuates vascular endothelial injury in AS mice, the serum levels of vWF, sTM, sE-selectin, and sVCAM-1 in mice were detected by ELISA. Results of ELISA showed that the serum levels of vWF (p < 0.0001), sTM (p < 0.0001), sE-selectin (p < 0.0001), and sVCAM-1 (p < 0.0001) were elevated in AS mice compared to those in WT mice, while knockdown of lncRNA NORAD dramatically reduced the serum levels of vWF, sTM, sE-selectin, and sVCAM-1 (Figures 7D–G). Compared to shNORAD injection, levels of vWF (p < 0.01), sTM (p < 0.0001), sE-selectin (p < 0.01), and sVCAM-1 (p < 0.01) in AS mice were not affected by shCtrl injection (Figures 7D–G).

Besides, cell apoptosis in thoracic aorta was identified by WB. Results showed that the level of cleaved caspase 3 (the indicator of cell apoptosis) was increased in AS mice compared to that in WT mice (p < 0.001), while knockdown of lncRNA NORAD dramatically reduced the level of cleaved caspase 3 (Figure 7H). Compared to shNORAD injection, cell apoptosis of thoracic aorta in AS mice was not affected by shCtrl injection (Figure 7H) (p < 0.05). These results suggested that knockdown of lncRNA NORAD ameliorated vascular endothelial injury in atherosclerosis in vivo.



Knockdown of LncRNA NORAD Suppresses Atherosclerosis Development in AS Mice

The above data had indicated that knockdown of lncRNA NORAD ameliorated vascular endothelial injury in AS mice, and we further identified the effect of lncRNA NORAD on atherosclerosis; thus, AS mice were injected with shNORAD or shCtrl. Ultrasound imaging, Oil Red O staining, and H&E staining were utilized to evaluate the effect of lncRNA NORAD knockdown on atherosclerosis.

Results of ultrasound imaging showed that left ventricular ejection fractions (EF) (p < 0.0001) and fractional shortening (FS) (p < 0.0001) in AS mice were decreased compared to those in WT mice, while knockdown of lncRNA NORAD significantly increased EF and FS in AS mice (Figure 8A). By contrast, wall thickness of aortic sinus (p < 0.05), wall thickness of abdominal aorta (p < 0.0001), and resistance index (RI) (p < 0.0001) were increased in AS mice, and knockdown of lncRNA NORAD dramatically reduced wall thickness of aortic sinus (p < 0.01), wall thickness of abdominal aorta (p < 0.05), and RI (p < 0.01) in AS mice (Figures 8B–D). Compared to shNORAD injection, EF (p < 0.01), FS (p < 0.05), wall thickness of aortic sinus (p < 0.05), wall thickness of abdominal aorta (p < 0.01), and RI (p < 0.01) in AS mice were not affected by shCtrl injection (Figures 8A–D). These results suggested that knockdown of lncRNA NORAD improved heart function and promoted angiogenesis in AS mice.
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FIGURE 8. Knockdown of lncRNA NORAD improves heart function and promotes angiogenesis in atherosclerotic mice. (A) Representative ultrasound images of hearts in mice injected with or without shRNA-targeting lncRNA NORAD. The bar graph showed the quantification of ejection fractions (EF) or fractional shortening (FS). (B) Representative ultrasound images of aortic sinus in mice injected with or without shRNA-targeting lncRNA NORAD. The bar graph showed the quantification of wall thickness of aortic sinus. (C) Representative ultrasound images of abdominal aorta in mice injected with or without shRNA-targeting lncRNA NORAD. The bar graph showed the quantification of wall thickness of abdominal aorta. (D) The quantification of resistance index (RI) in mice injected with or without shRNA-targeting lncRNA NORAD. WT, wild type; AS, atherosclerosis; shCtrl, control shRNA; shNORAD, shRNA-targeting lncRNA NORAD. N = 3. *p < 0.05, **p < 0.01, ****p < 0.0001.


Moreover, results of the Oil Red O staining found that the lipid deposition area in the atherosclerotic plaque in AS mice was increased compared to that in WT mice (p < 0.05), whereas knockdown of lncRNA NORAD dramatically reduced the lipid deposition area (p < 0.05) (Figure 9A). Furthermore, H&E staining showed that the aortic plaque area was elevated in AS mice compared to that in WT mice, while knockdown of lncRNA NORAD decreased the aortic plaque area (p < 0.01) (Figure 9B). Compared to shNORAD injection, lipid accumulation (p < 0.05) and aortic plaque (p < 0.01) in AS mice were not affected by shCtrl injection (Figures 9A,B). Therefore, all these data suggested that knockdown of lncRNA NORAD attenuated atherosclerosis in AS mice.
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FIGURE 9. Knockdown of lncRNA NORAD suppresses atherosclerosis development in atherosclerotic mice. (A) Representative images of the entire aorta with Oil Red O staining. Red indicated the atherosclerotic lesion areas. The bar graph showed the quantification of percentage of lipid area. (B) Representative images of aorta with H&E staining. The bar graph showed the quantification of lesion area in the aorta. WT, wild type; AS, atherosclerosis; shCtrl, control shRNA; shNORAD, shRNA-targeting lncRNA NORAD. N = 3. Bar = 500 μm. *p < 0.05, **p < 0.01.




DISCUSSION

This study indicated the effect of lncRNA NORAD on vascular endothelial cell injury and atherosclerosis and potential mechanisms. First, lncRNA NORAD expression was increased in ox-LDL-treated HUVECs and thoracic aorta of AS mice, and knockdown of lncRNA NORAD alleviated vascular endothelial cell injury and atherosclerosis development in vitro and in vivo. Second, knockdown of lncRNA NORAD aggravated ox-LDL-reduced or atherosclerosis-decreased VEGF expression in HUVECs and thoracic aorta of mice to ameliorate vascular endothelial cell injury and atherosclerosis development. Moreover, nucleus lncRNA NORAD suppressed VEGF transcription through enhancing H3K9 deacetylation via recruiting HDAC6 to the VEGF gene promoter in ox-LDL-treated HUVECs. In addition, VEGF reduced FUS expression by a negative feedback regulation in HUVECs.

LncRNA NORAD is a novel lncRNA, and the role of lncRNA NORAD in vascular endothelial cell injury, atherosclerosis, and CAD remains unclear. This study demonstrated that lncRNA NORAD induced vascular endothelial cell injury and atherosclerosis through suppressing VEGF transcription by enhancing H3K9 deacetylation. Numerous studies have revealed that lncRNA NORAD usually regulates the expression of target genes as a competing endogenous RNA (ceRNA). For instance, lncRNA NORAD promotes pancreatic cancer metastasis through enhancing epithelial–mesenchymal transition via targeting hsa-miR-125a-3p to increase RhoA expression (Li et al., 2017). Moreover, lncRNA NORAD increases the sensitivity of osteosarcoma to cisplatin through targeting miR-410-3p (Xie et al., 2020). In addition, lncRNA NORAD upregulates TLR4 expression via targeting miR-520h to promote the progression of diabetic nephropathy (Qi et al., 2020). Besides, lncRNA NORAD also exerts decoy function by sequestering target proteins to regulate genomic stability or cancer metastasis (Lee et al., 2016; Tan et al., 2019). However, no studies have reported the effect of lncRNA NORAD on regulating the transcription of target gene via modifying histone modification. Therefore, this study revealed the effect of lncRNA NORAD on regulating the transcription of target gene through recruiting histone modification enzyme to the promotor of target gene for the first time.

Though the suppressive role of lncRNA NORAD in VEGF expression was uncovered for the first time in the present study, the effects of lncRNAs on VEGF expression have been demonstrated. For example, LncRNA TDRG1 directly associates with VEGF protein to increase VEGF protein and promotes the progression of endometrial carcinoma (Chen et al., 2018). Furthermore, lncRNA ROR promotes tumorigenicity in renal cell carcinoma through upregulating VEGF expression via targeting miR-206 as a ceRNA (Shi et al., 2019). Moreover, lncRNA SNHG12 increases VEGF expression by targeting miR-150 to induce angiogenesis after ischemic stroke (Zhao et al., 2018). However, the effects of lncRNAs on regulating VEGF gene transcription have not been reported. Thus, our study indicated the effects of lncRNAs on regulating VEGF gene transcription via modifying histone modification for the first time.

To date, the role of HDAC6 in VEGF expression remains unclear. Previous studies have revealed the effects of HDACs but not HDAC6 on VEGF gene transcription. As a transcriptional inhibitor of VEGF gene, Kruppel-like Factor 4 (KLF4) recruits HDAC2 and HDAC3 to the VEGF gene promoter for suppressing VEGF gene transcription in breast cancer (Ray et al., 2013). Moreover, HDAC3 plays a negative role in angiogenesis via inhibiting VEGF expression (Park et al., 2014). In addition, HDAC4 decreases VEGF expression to regulate neuronal morphology (Litke et al., 2018). Therefore, the finding of this study that HDAC6 suppressed VEGF expression is reliable.

LncRNA NORAD and HDAC6 are located in both the cytoplasm and nucleus. Cytoplasmic lncRNA NORAD interacts with PUMILIO protein to regulate cell mitosis through regulating levels of PUMILIO-targeted mRNAs (Tichon et al., 2016). In addition, HDAC6 regulates the acetylation of numerous non-histone proteins in the cytoplasm (LoPresti, 2020). For instance, HDAC6-mediated deacetylation of Miro1 suppresses axon growth (Kalinski et al., 2019). Except for nucleus lncRNA NORAD and HDAC6, cytoplasmic lncRNA NORAD and HDAC6 may also play a suppressive role in VEGF expression through associating with VEGF protein and subsequently enhancing the deacetylation of VEGF protein in vascular endothelial cell injury, atherosclerosis, and CAD.

Our study also identified a negative feedback loop between VEGF protein and FUS protein as VEGF protein could decrease FUS protein level. Therefore, we guessed when the VEGF expression was decreased, the remaining VEGF protein would interact with FUS protein followed by the degradation of FUS protein to inhibit the recruitment of HDAC6 to the VEGF gene promoter by lncRNA NORAD, and finally, VEGF expression would be elevated to attenuate vascular endothelial cell injury.

However, the present study still had some limitations. First, the size of groups in animal studies was small, and more mice would be utilized in future studies. Second, the potential mechanisms on how lncRNA NORAD regulates vascular endothelial cell injury and atherosclerosis should be further confirmed by an in vivo study.

In summary, this study indicated that knockdown of ox-LDL-induced or atherosclerosis-increased lncRNA NORAD aggravated VEGF expression to ameliorate vascular endothelial cell injury and atherosclerosis development, and nucleus lncRNA NORAD suppressed VEGF transcription through enhancing H3K9 deacetylation via recruiting HDAC6 to the VEGF gene promoter in ox-LDL-treated HUVECs. In addition, VEGF reduced FUS expression by a negative feedback regulation in HUVECs. The findings of our study could facilitate discovering novel diagnostic markers and therapeutic targets for CAD.
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Background: Vascular aging is considered a special risk factor for cardiovascular diseases, and vascular smooth muscle cells (VSMCs) play a major role in aging-related vascular remodeling and in the pathological process of atherosclerosis. Recent research has reported that long non-coding RNA/microRNA (lncRNA/miRNA) is a critical regulator of cellular senescence. However, the role and mechanism of lncRNA GAS5/miR-665 axis in VSMC senescence remain incompletely understood.

Methods: Cellular senescence was evaluated using senescence-associated β-gal activity, the NAD+/NADH ratio, and by immunofluorescence staining of γH2AX immunofluorescence. Differentially expressed miRNAs (DEMs) were identified by miRNA microarray assays and subsequently validated by quantitative real-time PCR (qRT-PCR). A dual luciferase reporter assay was conducted to confirm the binding of lncRNA GAS5 and miR-665 as well as miR-665 and syndecan 1 (SDC1). Serum levels of miR-665, lncRNA GAS5, and SDC1 in 93 subjects were detected by qRT-PCR. The participants were subdivided into control, aging, and early vascular aging (EVA) groups, and their brachial-ankle pulse wave velocity (baPWV) was measured.

Results: A total of 20 overlapping DEMs were identified in young and old VSMCs via microarray analysis. MiR-665 showed a significant alteration and, therefore, was selected for further analysis. Upregulation of miR-665 was found in aging VSMCs, and downregulation of miR-665 caused an inhibition of VSMCs senescence. Subsequently, the dual luciferase reporter assay determined the binding site of miR-665 with the 3′-UTR of lncRNA GAS5 and SDC1. Increased expression of lncRNA GAS5 expression inhibited the miR-665 level and VSMC senescence. However, as shown in rescue experiment results, either miR-665 overexpression or SDC1 knockdown significantly reversed the effects of lncRNA GAS5 on VSMC senescence. Finally, compared with that of the control group, miR-665 was highly expressed in serum samples in the aging and EVA groups, especially in the EVA groups. On the contrary, serum levels of lncRNA GAS5 and SDC1 were lower in these two groups. Collectively, in the aging and EVA groups, miR-665 expression was negatively correlated with lncRNA GAS5 and SDC1 expression.

Conclusion: miR-665 inhibition functions as a vital modulator of VSMC senescence by negatively regulating SDC1, which is achieved by lncRNA GAS5 that sponges miR-665. Our findings may provide a new treatment strategy for aging-related cardiovascular diseases.

Keywords: vascular smooth muscle cells, LncRNA GAS5, miR-665, SDC1, senescence, atherosclerosis


INTRODUCTION

Cardiovascular disease (CVD) is the main factor contributing to a burden for the elderly, accounting for 30.3% of the total burden of disease in people aged 60 and above (Prince et al., 2015). Aging, particularly vascular aging, is considered the major non-modifiable risk factor in the development of CVD. The morphological and functional features of aging changes in blood vessels are vascular remodeling and stiffness (Zhang and Tao, 2018), and pulse wave velocity (PWV) is the gold standard method for evaluating central vascular stiffness (Raij and Gonzalez-Ochoa, 2011; Zhang and Tao, 2018). Vascular smooth muscle cells (VSMCs), the most abundant intrinsic cells in the vessel wall, play a key role in vascular aging. Aging-related vascular remodeling is initially caused by the transition of VSMC from a contractile to a secretory phenotype (Uryga and Bennett, 2016; Stojanovic et al., 2020). VSMC senescence leads to cell dysfunction and promotes the occurrence of aging-related CVD, such as atherosclerosis and hypertension, whereupon inhibition of VSMC senescence may be one of the treatments for aging-related CVD.

Lately, the field of non-coding RNA has received increasing attention, especially long non-coding RNAs (lncRNAs) and microRNAs (miRNAs). In recent years, these non-coding RNAs have been reported to play a crucial role in the regulation of CVD, such as atherosclerosis and hypertension (Huang, 2018; Prestes et al., 2020), and are closely related to aging (Li et al., 2018; Cao et al., 2020; Zhao et al., 2020). In our previous study, miRNA microarray assays identified that miR-665 was the most significantly differentially expressed miRNA (DEM) in aging VSMCs, and it is a vital modulator of VSMC senescence (Zhang et al., 2020). LncRNA, as a miRNA sponge, negatively regulates the regulation of miRNA on downstream target genes through the mechanism of competitive endogenous RNA (ceRNA) (Greco et al., 2019; Zhao et al., 2019). LncRNAs/miRNAs are novel cellular senescence regulators. For example, Tan P et al. find that lncRNA-ANRIL inhibits VSMC senescence by regulating miR-181a (Tan et al., 2019). Consequently, we were looking for a lncRNA that may target miR-665 and may be related to VSMC senescence. LncRNA growth-specific inhibitor 5 (lncRNA GAS5) is related to cell proliferation, which contributes to the regulation of mammalian cell cycle and apoptosis (Tang et al., 2019). However, whether lncRNA GAS5 directly targets miR-665 and whether lncRNA GAS5/miR-665 axis functions as an important modulator in VSMC senescence are still not fully understood.

In the present study, we used replicative senescent VSMCs to investigate a novel miR-665 signaling pathway that interacts with lncRNA GAS5 and syndecan 1 (SDC1), contributing to an improvement in cell senescence. Our study provides an experimental basis for investigating the mechanism by which lncRNA GAS5/miR-665 axis regulates VSMC senescence.



METHODS AND MATERIALS


Cell Culture and Cell Transfection

Human aorta VMSCs (HA-VSMCs, No: CRL-1999) were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured in Dulbecco's modified Eagle medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37°C with 5% CO2. The medium was renewed every 2 to 3 days. HA-VSMCs passage 5 (young) and passage 15 (aging) with 70–90% confluence were used.

MiR-665 inhibitor/mimics, small interfering RNA targeting SDC1 (siSDC1), and the negative control oligonucleotides (miR-NC and siNC) were synthesized by RiboBio Co., Ltd. (Guangzhou, China). The pcDNA3.1/lncRNA GAS5 vector was constructed by OriGene Technologies, Inc. (Beijing, China). In six-well plates, each well was plated with 2 × 105 VMSCs in triplicate and then incubated overnight prior to transfection. All plasmid transfections were performed using Lipofectamine™ 2000 (Invitrogen, USA) according to the provided instructions.



RNA Extraction

Total RNA, including miRNA from cells and serum, was extracted by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and miRNeasy Serum/Plasma kit (QIAGEN, #217184), according to the manufacturer's protocol. The quantity of RNA in all samples was measured with a NanoDrop 2000c (Thermo Fisher Scientific).



MiRNA Microarray

The total RNA extracted from cells was further purified using an RNeasy Mini Spin Column Kit (Qiagen, Inc., Valencia, CA, USA). After being checked for quality, the RNA samples were labeled using reagents in a miRCURY™ Power Labeling Kit (Exiqon, Denmark) according to the manufacturer's instructions. The labeled RNA samples were hybridized onto a miRCURYTM LNA Array (Exiqon, Denmark), washed with a Wash Buffer Kit (Exiqon, Denmark) and then scanned with a GenePix 4000B microarray scanner (Axon Molecular Devices, San Jose, CA, USA).



Microarray Data Analysis

Raw data extraction was performed with GeneChip Command Console software (version 4.0; Affymetrix, Inc., Santa Clara, CA, USA). After normalization, DEMs in the two groups (young and aging cells) were identified by using specific cutoff criteria (P < 0.05 and fold-change >2.0). Hierarchical clustering was performed to display the DME, and then a VENN analysis for screening the overlapping DME. Subsequently, the target genes of the overlapping DEM were predicted by the TargetScan database (http://targetscan.org/). These putative target genes were then subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The significant GO and KEGG pathway terms were identified by using a cutoff P < 0.05 and a count >2. Data was stored in the GEO database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174451).



Luciferase Reporter Assay

The lncRNA GAS5 and SDC1 3′UTR segments containing the putative binding site for miR-665 were amplified and inserted into a pmirGLO vector (Promega), resulting in the lncRNA GAS5 WT and SDC1 WT. Meanwhile, a mutation was introduced into the potential miR-665 binding sites (designated as lncRNA GAS5 MUT and SDC1 MUT) by using the Quick Change Stratagene method. VSMCs (2 × 104 per well) were cultured in 24-well plates and then transfected with 50 nM miR-665 mimic/inhibitor together with 0.5 μg of luciferase reporter vector containing the GAS5 WT/MUT or SDC1 WT/MUT, by using Lipofectamine 2000. Forty-Eight hours later, luciferase activity was assessed with a Dual-Luciferase Reporter Assay System (Promega).



Senescence-Associated β-Galactosidase Activity Assay

Cellular senescence was analyzed using a senescence-associated β-galactosidase (SA-β-gal) staining kit (Beyotime Biotechnology) according to the manufacturer's protocol. Briefly, HA-VSMCs in six-well plates were grown to 50% confluence and fixed with β-gal fixation solution (2% formaldehyde/0.2% glutaraldehyde in PBS) for 5 min, washed with PBS, and then incubated overnight with SA-β-gal staining solution at 37°C. The percentage of SA-β-gal-positive cells was examined in four randomly selected fields under a microscope (Leica Microsystems GmbH, Weltzar, Germany) and calculated as previously described (Tan et al., 2016).



NAD+/NADH Assay

The cellular content of NAD+ and NADH was determined using a NAD+/NADH Assay Kit with WST-8 (S0175, Beyotime Biotechnology, Shanghai, China) according to the manufacturer's instructions. In brief, approximately 1 × 106 VMSCs were plated into each well of six-well plates and incubated with 200 μLof NAD+/NADH extraction solution. The NAD+/NADH ratio was calculated based on the NAD+ and NADH standard curves.



γ-H2AX and GAS5 Immunofluorescence Assay

VSMCs were plated in six-well plates. After interventions and cell transfection and being cultured overnight, VSMCs were fixed with 4% paraformaldehyde, and after 0.5% tritonX-100 infiltration, 5%BSA working solution was utilized for the blocking step at ambient temperature for 2 h. After that, the cells were incubated with γ-H2AX antibody and GAS5 antibody at 4°C overnight, followed by an incubation with Alexa Fluor 594 dye-conjugated secondary antibodies at ambient temperature in the dark for 2 h. Next, the samples were stained with DAPI at ambient temperature for 10 min. Finally, the slides were photographed under an Olympus confocal microscope (FV1000MPE, Olympus, Tokyo, Japan).



Quantitative Real-Time PCR Assay

QRT-PCR was performed using a PrimeScriptTM RT reagent kit with gDNA Eraser (TaKaRa, Dalian, China) following the manufacturer's protocol. The levels of mRNA expression were quantified by standard real-time PCR protocol with SYBR Premix Ex Taq (TaKaRa, Dalian, China). All reactions were carried out in triplicate. GAPDH was used as a reference gene. The primers used were as follows: lncRNA GAS5, F: GTTGTGTCCCCAAGGAAGGATG AG, R: TGTCTAATGCCTGTGTGCCAATGG; miR-665, F: ACACTCCAGCTGGGACCAGGAGGCTGAG, R: CTCAACTGGTGTCGTGGA; SDC1, F: AAGATATCACCTTGTCACAGCA, R: GTTCTGGAGACGTGGGAATAG; U6, F: CTCGCTTCGGCAGCACA, R: AACGCTTCACGAATTTGCGT; GAPDH, F: CAGGAGGCATTGCTGATGAT, R: GAAGGCTGGGGCTCATTT.



Western Blot Analysis

Briefly, total protein was extracted using a RIPA buffer (Beyotime Institute of Biotechnology, Shanghai, China), and the protein concentration in each sample was determined with a BCA assay kit (Beyotime Institute of Biotechnology). Next, 30 μg protein from each sample was separated by 10% SDS-PAGE and transferred onto PVDF membranes. The membranes were subsequently blocked with 5% non-fat milk at ambient temperature for 1 h. After that, co-incubation of the membranes and primary antibodies anti-γ-H2AX, anti-SDC1, and anti-GAPDH (Abcam, Cambridge, UK) was carried out at 4°C overnight, followed by another 2 h incubation with the corresponding horseradish peroxidase-conjugated secondary antibodies at ambient temperature. The protein bands were visualized by using an Enhanced Chemiluminescent Substrate kit (Pierce; Thermo Fisher Scientific, Inc.) and analyzed by Image-Pro Plus 6.0.



Clinical Serum Samples

Study participants were recruited from 93 individuals aged 24–79 years, including males and females, who underwent health examinations at the First Affiliated Hospital of Guangdong Pharmaceutical University (Guangzhou, China) from July 2019 to September 2020. The experiment was carried out with the informed content from each participant and an approval by the Clinical Research Ethics Committee of the First Affiliated Hospital of Guangdong Pharmaceutical University.

The exclusion criteria were as follows: definite CVD, such as coronary heart disease, heart failure, rheumatic heart disease; diabetes mellitus; being treated for hypertension; being treated for lipid regulation; acute or chronic inflammatory diseases; tumors or diseases of the hematopoietic system; and drug or alcohol abuse. Smoking and untreated dyslipidemia had no significant effect on PWV, and therefore, the subjects with these two cardiovascular risk factors could be included.

Serum samples were isolated by centrifugation (1,200 × g, 10 min) followed by another centrifugation (10,000 × g, 10 min) to remove residual debris. All centrifugations were performed at 4°C, and serum samples were stored at −80°C for RNA extraction.



PWV Measurement

Brachial-ankle pulse wave velocity (baPWV), a marker of arterial stiffness, was measured using an automatic waveform analyzer (modelBP-203RPEIII, OMRON, Japan). The included subjects were subdivided into three groups according to baPWV and age: control, early vascular aging (EVA), and aging groups. Two standard deviations of age-corrected PWV values greater than the normal reference values of healthy people are usually used as EVA criteria.



Animals

Male Sprague–Dawley rats, aged 6 (young group) and 24 months (old group), were purchased from Guangdong Medical Laboratory Animal Center (Guangzhou, China). All rats were caged under temperature controlled conditions with water and food ad libitum. The experimental procedures and protocols were approved by the Institutional Animal Care and Use Committee of Guangdong Pharmaceutical University. The media of aortic tissue isolated from young and old rats were collected as previously described (Wang and Lakatta, 2002). Then, the content of miR-665 was detected by qRT-PCR.



Statistical analysis

SPSS version 13.0 for Windows (SPSS Inc., IL, USA) and GraphPad Prism 4.0 (GraphPad Software, CA, USA) were utilized for data statistics. The difference between two groups was analyzed by Student's t-test, and one-way analysis of variance (ANOVA) for analyzing among more than two groups, followed by a Bonferroni test. The correlation analysis between miR-665 and lncRNA GAS5 as well as SDC1 in the serum was conducted using Pearson correlation test. A P < 0.05 was considered to be statistically significant.




RESULTS


MiR-665 Is Involved in the Regulation of VSMC Senescence

To explore the molecular mechanism by which miRNAs involve in cellular senescence, a cellular senescence model was established by passaging HA-VSMCs. As shown in Figure 1A, SA-β-gal staining analysis showed that the positive rate of SA-β-gal was increased significantly in aging cells. Then miRNA microarray was used to analyze the DEMs in young and aging VSMCs, and we identified the top 20 overlapping DEMs, followed by the validation by qRT-PCR (Figures 1B,C; Supplementary Table 1). The qRT-PCR results revealed that, in aging VSMCs, the levels of miR-433-5p, miR-376b-5p, miR-665, miR-1262, and miR-487b-5p expression were significantly upregulated, and the levels of miR-3173-5p, miR-16-1-3p, and miR-1908-5p expression were markedly downregulated. Our previous study pointed out miR-665 as a novel regulator of VSMC senescence. Most importantly, miR-665 showed a more obvious alteration than other miRNAs in miRNA microarray and qRT-PCR assays; miR-665 was, therefore, selected for further analysis.


[image: Figure 1]
FIGURE 1. MiR-665 is involved in the regulation of VSMC senescence. (A) Representative photomicrographs and average data of SA β-gal staining (blue) in young and aging VSMCs. Scale bar indicates 50 μm. *P < 0.05; Original magnification × 100. (B,C) Top 20 DEMs in young and aging VSMCs as determined via microarray analysis and qRT-PCR assays. *P < 0.05 compared with young groups. (D) qRT-PCR-based determination of miR-665 inhibition efficiency in aging VSMCs. ***P < 0.001. (E) Representative photomicrographs and average data of SA β-gal staining in young VSMCs and aging VSMCs transfected with miR-665 inhibitor or miR-NC. Scale bar indicates 50 μm. *P < 0.05; Original magnification × 100. (F) Representative average ratio of NAD+/NADH in young VSMCs and aging VSMCs transfected with miR-665 inhibitor or miR-NC. *P < 0.05. (G) Representative immunofluorescence assay of γ-H2AX in young and aging VSMCs transfected with miR-665 inhibitor or miR-NC. *P < 0.05; Scale bar indicates 20 μm. (H) Representative Western blot assays of γ-H2AX in young and aging VSMCs transfected with miR-665 inhibitor or miR-NC. *P < 0.05.


Next, we investigated whether miR-665 was involved in VSMCs senescence. Aging VSMCs were transfected with miR-665 inhibitor, and the transfection efficiency was determined using qRT-PCR (Figure 1D). γ-H2AX could be utilized to explore DNA damage and repair (Sharma et al., 2012). Cells would have a lower NAD+/NADH ratio after mitochondrial dysfunction-aging (Wiley et al., 2016). As shown in Figures 1E–H, the increases in numbers of SA-β-gal-positive cells, NAD+/NADH ratio, γ-H2AX immunostaining, and protein in the aging group were significantly reversed by miR-665 inhibitor.



lncRNA GAS5 Acts as a Molecular Sponge to Negatively Regulate miR-665

We found that miR-665 could regulate VSMC senescence, but the molecular mechanism remained unclear. Previous studies show that lncRNAs can act as miRNA sponges, thus reducing regulatory effects of miRNAs on mRNAs (Paraskevopoulou and Hatzigeorgiou, 2016). Here, we explored the potential relationship between lncRNA GAS5 and miR-665. First, we determined the subcellular fractionation of lncRNA GAS5 and found that lncRNA GAS5 was mainly located in the cytoplasm, suggesting its role in post-transcriptional control (Figure 2A). Next, we examined the expression of lncRNA GAS5 in young and aging VSMCs and found the significant downregulation of its expression in aging VSMCs (Figure 2B).


[image: Figure 2]
FIGURE 2. LncRNA GAS5 acts as a molecular sponge to negatively regulate miR-665. (A) Representative subcellular fractionation of lncRNA GAS5. Scale bar indicates 20 μm. (B) Representative average data of lncRNA GAS5 determined by qRT-PCR assays in young and aging VSMCs. *P < 0.05. (C) qRT-PCR-based determination of transfection efficiency of miR-665 in aging VSMCs. ***P < 0.001. (D) qRT-PCR-based measurement of transfection efficiency of lncRNA GAS5 in aging VSMCs. ***P < 0.001. (E) Representative predicted binding region of miR-665 and lncRNA GAS5, and relative luciferase activity determined by dual luciferase reporter assay. *P < 0.05. (F) Representative average data of miR-665 determined by qRT-PCR in young and aging VSMCs transfected with pcDNA-GAS5 and pcDNA-NC. *P < 0.05.


Subsequently, aging VSMCs were transfected with miR-665 and lncRNA GAS5, and the transfection efficiency was determined using qRT-PCR (Figures 2C,D). As shown in Figure 2E, online bioinformatics tools (TargetScan software) showed that a potential miR-665 binding site was identified on the lncRNA GAS5 3′-UTR, which was further validated by luciferase gene reporter analysis. With transfection of miR-665 mimics/inhibitor, the relative luciferase activity significantly decreased/increased in wild type but did not change in the MUT type (Figure 2E).

Finally, we used pcDNA-GAS5 to overexpress lncRNA GAS5 in aging VSMCs, leading to a significant decrease of miR-665 expression. Results showed that the expression of miR-665 was significantly decreased when transfected with pcDNA-GAS5 (Figure 2F).



SDC1 Functions as a Target of miR-665 in VSMCs

As with other miRNAs, miR-665 can negatively regulate gene expression by binding to the 3′UTR of downstream target genes. A bioinformatics analysis was performed to identify the potential target genes of miR-665. As shown in Figure 3A, a potential binding site to miR-665 was identified on the 3′UTR of SDC1 mRNA. Therefore, a luciferase reporter assay was conducted to further examine whether miR-665 might regulate SDC1 expression. Our results show that the relative luciferase activity in the SDC1 WT was significantly downregulated/upregulated by transfection with the miR-665 mimic/inhibitor although there was no obvious change in the SDC1 MUT. We then analyzed the expression of SDC1 mRNA and protein in young and aging VSMCs. As expected, SDC1 mRNA and protein levels in aging VSMCs were all significantly lower than those in young VSMCs (Figure 3B). We also detected the expression of SDC1 in the transcription and translation levels transfecting with miR-665 inhibitor. Consequently, inhibition of miR-665 markedly increased SDC1 protein and mRNA levels in aging VSMCs (Figure 3C).


[image: Figure 3]
FIGURE 3. SDC1 functions as a target of miR-665 in VSMCs. (A) Representative predicted binding region of miR-665 and SDC1 and relative luciferase activity determined by dual luciferase reporter assay. *P < 0.05. (B) Representative qRT-PCR and Western blot assays of SDC1 in young and aging VSMCs. *P < 0.05. (C) Representative qRT-PCR and Western blot assays of SDC1 in young and aging VSMCs transfected with miR-665 inhibitor or miR-NC. *P < 0.05.




MiR-665 Interacts With lncRNA GAS5 and SDC1 to Regulate VSMC Senescence

First, we successfully transfected si-SDC1 into aging VSMCs (Figure 4A). Then, rescue experiments were performed to further confirm the regulation of lncRNA GAS5/miR-665/SDC1 to VSMC senescence. As shown in Figure 4B, the rate of SA-β-gal positive cells was greatly decreased by overexpression of lncRNA GAS5 in aging VSMCs, which was restored by miR-665 overexpression. SA-β-gal results also demonstrate that the rate of SA-β-gal positive cells was significantly increased by co-transfection with pcDNA-GAS5 and SDC1 siRNA, compared with corresponding control siRNA (Figure 4B). As expected, miR-665 overexpression or SDC1 silencing remarkably reversed the effects of lncRNA GAS5 on the NAD+/NADH ratio, γ-H2AX immunostaining, and protein (Figures 4C–E).


[image: Figure 4]
FIGURE 4. MiR-665 interacts with lncRNA GAS5 and SDC1 to regulate VSMC senescence. (A) qRT-PCR-based evaluation of transfection efficiency of SDC1 in aging VSMCs. ***P < 0.001. (B) Representative photomicrographs and average data of SA β-gal staining in young and aging VSMCs cotransfected with pcDNA-GAS5 and miR-665 mimic/miR-NC or si-SDC1/si-NC. *P < 0.05. (C) Representative average ratio of NAD+/NADH in young and aging VSMCs cotransfected with pcDNA-GAS5 and miR-665 mimic/miR-NC or si-SDC1/si-NC. *P < 0.05. (D) Representative immunofluorescence assay of γ-H2AX in young and aging VSMCs cotransfected with pcDNA-GAS5 and miR-665 mimic/miR-NC or si-SDC1/si-NC. *P < 0.05. (E) Representative Western blot assays of γ-H2AX in young and aging VSMCs cotransfected with pcDNA-GAS5 and miR-665 mimic/miR-NC or si-SDC1/si-NC. *P < 0.05.




Serum Level of miR-665 Is Higher and Negatively Correlated to lncRNA GAS5 and SDC1 in the Aging and EVA Groups

To explore the effect of miR-665 in aging, we used qRT-PCR to detect the expression of miR-665 in serum samples from 38 aging and 34 EVA individuals and compared the results with those from 21 controls. We found that miR-665 were highly expressed in the aging and EVA group, especially in EVA individuals (Figure 5A). Indeed, in animal experiments, we found that miR-665 expression was markedly higher in the media of central arteries of old rats when compared with that of young rats (Figure 5B). At the same time, the expression of lncRNA GAS5 and SDC1 in the aging and EVA groups was lower than that of control group (Figures 5C,D). Similarly, their expression was lowest in the EVA group. The correlation analysis showed that the expression of miR-665 mRNA was negatively correlated with the expression of lncRNA GAS5 in 72 individuals with EVA and aging (r = −0.62, P < 0.01; Figure 5E). We also revealed a negative correlation between miR-665 mRNA and SDC1 mRNA in 72 individuals (r = −0.67, P < 0.01; Figure 5F).


[image: Figure 5]
FIGURE 5. Serum level of miR-665 is higher and is negatively correlated to lncRNA GAS5 and SDC1 in the aging and EVA groups. (A) qRT-PCR assays of miR-665 for serum samples of aging, EVA, and control individuals. *P < 0.05, **P < 0.01. (B) qRT-PCR assays of miR-665 in the media of central arteries of young and old rats. **P < 0.01. (C) qRT-PCR assays of lncRNA GAS5 for serum samples of aging, EVA, and control individuals. **P < 0.01. (D) qRT-PCR assays of SDC1 for serum samples of aging, EVA, and control individuals. **P < 0.01. (E) Pearson correlation analysis of serum miR-665 and serum lncRNA GAS5 in individuals with aging and EVA. r = −0.62, P < 0.01. (F) Pearson correlation analysis of serum miR-665 and serum SDC1 in individuals with aging and EVA. r = −0.67, P < 0.01.





DISCUSSION

The results of the present study demonstrate that miR-665 level was increased in aging VSMCs. In addition, VSMC senescence was attenuated by miR-665 inhibition. Moreover, miR-665 regulated VSMC senescence via interacting with lncRNA GAS5 and SDC1. Finally, in clinical serum samples, miR-665 was higher in individuals with aging and EVA, especially in EVA individuals. Collectively, lncRNA GAS5/miR-665/SDC1 may provide new insights into the pathogenesis of vascular aging.

Several studies demonstrate that the functional changes of miRNAs affect the expression of aging-related genes through regulating key molecular pathways (Kim et al., 2017; Majidinia et al., 2020). The aberrant expressions of miR-21, miR-155, miR-126, miR-146a/b, miR-143/145, miR-223, and miR-221 were found in aging-associated CVD (Gangwar et al., 2018). Although miRNAs have become the target of research on aging and aging-related interventions, the molecular mechanism by which miR-665 regulates VSMC senescence is not fully understood. In this study, a microarray analysis found a significant differential expression of miR-665 in young and aging VSMCs, and miR-665 could function as a vital modulator of VSMC senescence. Through experiments on animals and patients, we found that the serum level of miR-665 was higher in aging groups including EVA individuals compared with that of young controls. No related survey has been carried out on the direct relationship between miR-665 and vascular senescence. However, the abnormal expression of miR-665 in cardiomyocyte, cardiac and vascular endothelial cells, VSMCs, and its regulation on diseases indicate that miR-665 may play an important role in regulating cardiovascular function (Li et al., 2017; Fan et al., 2018; Lin et al., 2019; Yu et al., 2019; Liu et al., 2020). In addition, Fan et al. (2018) and Li et al. (2017) report that increased miR-665 resulted in decreased proliferation of vascular endothelial cells and VSMCs, supporting the possibility that miR-665 is involved in the process of vascular senescence.

LncRNA GAS5 is a kind of lncRNA related to cell proliferation, and in recent years, its regulatory roles in CVD has been paid more and more attention (Jiang and Ning, 2020). However, the expression of lncRNA GAS5 in aging-related diseases and its influence on aging are reported with different results. lncRNA GAS5 expression was increased in peripheral blood mononuclear cells of patients with type 2 diabetes mellitus, and it was positively correlated with aging markers (Sathishkumar et al., 2018). However, in an animal experiment, compared with young mice, the expression level of lncRNA GAS5 in the ovary of middle-aged mice was downregulated (Cuomo et al., 2018). Yao et al. (2019) demonstrate that knockdown of lncRNA GAS5 in vascular endothelial progenitor cells can significantly inhibit cell proliferation and stimulate cell senescence. In addition, lncRNA GAS5 knockdown can aggravate the microvascular dysfunction induced by hypertension, affecting VSMC phenotypic transformation (Wang et al., 2016). The above differences may be due to the fact that lncRNA GAS5 plays different roles in different cell types and diseases.

LncRNAs act as endogenous miRNA sponges to regulate miRNAs and, thus, regulates gene expression. The mechanism of ceRNA, namely, the RNA-miRNA regulatory pathway, has important biological significance. In the present study, double luciferase experiments confirmed that miR-665 could directly target lncRNA GAS5 3'-UTR. Furthermore, lncRNA GAS5 was downregulated and negatively regulated the expression of miR-665 in senescent VSMCs. In clinical experiments, we also found that the serum level of miR-665 was negatively correlated with lncRNA GAS5 in individuals with aging and EVA. In addition, increased miR-665 reversed the effects of lncRNA GAS5 on VSMC senescence, determining by SA-β-Gal staining, NAD+/NADH ratio, and immunostaining of γ-H2AX. The confirmed results are consistent with our previous prediction. Until now, no related literature has been found on the negative regulation of miR-665 by lncRNA GAS5 on cell senescence and aging. There is evidence that lncRNA GAS5 is associated with cell and tissue senescence through sponging miRNA (Yao et al., 2019; Cabiati et al., 2020).

Among the several potential target genes of miR-665 predicted by the TargetScan software, SDC1 was reported to be associated with senescence. Similarly, double luciferase experiments confirmed that only the relative luciferase activity in the SDC1 WT was significantly downregulated/upregulated by transfection with miR-665 mimic/inhibitor.

SDC1 is one of the crucial members of the heparin sulfate proteoglycan family on the cell surface. Oh et al. (2011) prove that the expression of SDC1 was decreased in aged skin in both males and females. Cells depleted of SDC1 exhibited typical senescence phenotypes (Kang et al., 2020). Chaterji et al. (2014) find that SDC1 knockout induced a contractile-to-secretory phenotype shift in VSMCs with a corresponding increase to inflammation. In the present study, the expression of SDC1 was decreased in senescent VSMCs at the transcriptional and translational levels. The inhibition of miR-665 resulted in a marked increase in SDC1 protein and mRNA expression in aging VSMCs. The correlation analysis showed that serum miR-665 mRNA was negatively correlated with SDC1 in individuals with aging and EVA. Finally, silencing SDC1 also reversed the effects of lncRNA GAS5 on VSMC senescence.

As with the majority of studies, the design of the current study is subject to limitations. Because our study focuses on miR-665, the investigation on lncRNA GAS5 is insufficient. Additionally, there were few animal experimental results. Therefore, subsequent studies on lncRNA GAS5 and animal experiments are required in the future.

The results of this experiment provide a possible explanation: miR-665 regulates VSMC senescence by targeting SDC1, and lncRNA GAS5 regulates SDC1 expression in aging VSMCs through sponging miR-665. We have predicted and confirmed that the lncRNA GAS5/miR-665/SDC1 axis is a crucial signaling pathway in VSMC senescence. Further investigations, including clinical trials, are needed to validate our results. Our findings may provide a new treatment strategy for aging-related CVD, such as atherosclerosis and hypertension.
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CircGLIS3 Promotes High-Grade Glioma Invasion via Modulating Ezrin Phosphorylation
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High-grade glioma is highly invasive and malignant, resistant to combined therapies, and easy to relapse. A better understanding of circular RNA (circRNA) biological function in high-grade glioma might contribute to the therapeutic efficacy. Here, a circRNA merely upregulated in high-grade glioma, circGLIS3 (hsa_circ_0002874, originating from exon 2 of GLIS3), was validated by microarray and Real-time quantitative reverse transcription PCR (qRT-PCR). The role of circGLIS3 in glioma was assessed by functional experiments both in vitro and in vivo. Fluorescence in situ hybridization (FISH), RNA pull-down, RNA immunoprecipitation (RIP), and immunohistochemical staining were performed for mechanistic study. Cocultured brain endothelial cells with glioma explored the role of exosome-derived circGLIS3 in the glioma microenvironment. We found that upregulation of circGLIS3 promoted glioma cell migration and invasion and showed aggressive characteristics in tumor-bearing mice. Mechanistically, we found that circGLIS3 could promote the Ezrin T567 phosphorylation level. Moreover, circGLIS3 could be excreted by glioma through exosomes and induced endothelial cell angiogenesis. Our findings indicate that circGLIS3 is upregulated in high-grade glioma and contributes to the invasion and angiogenesis of glioma via modulating Ezrin T567 phosphorylation.
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INTRODUCTION

Gliomas account for 25.1% of all primary brain and other central nervous system tumors according to CBTRUS (Central Brain Tumor Registry of the United States); approximately 70% of gliomas are high-grade gliomas (HGG, WHO grade III, and WHO grade IV gliomas) (Ostrom et al., 2020). HGG are highly aggressive and lethal malignancies, especially glioblastoma multiforme, with a 5-year relative survival rate of 7.2% (Ostrom et al., 2020). HGG are characterized by wide invasion; they can invade through vascular and brain parenchyma, which shelters them from surgery and radiotherapy and causes tumor recurrence in a short time (Cuddapah et al., 2014). Meanwhile, HGG have abundant and aberrant vasculature; they advance in tumor progress through multiple angiogenesis mechanisms (Kane, 2019). Although comprehensive treatment of surgery combined with chemoradiotherapy provides a benefit for patients with HGG, it remains largely refractory to treatment due to the high invasiveness and angiogenesis characters (Marenco-Hillembrand et al., 2020). Despite that developing treatments on reducing glioma progress such as anti-vascularization drugs are under investigation (Kim et al., 2018), the prognosis of HGG is still badly poor. It is necessary to explore the underlying mechanisms of glioma etiology for advancing the development of new effective therapy.

Circular RNA (circRNA) is a novel class of RNA firstly found in 1976 (Sanger et al., 1976). With the development of deep sequencing and bioinformation, a growing evidence showed that circRNA can widely participate in multiple physiological and pathological processes, including tumor oncology (Hansen et al., 2013; Chen et al., 2019; Huang et al., 2019). In addition, circRNA is abundant in mammalian brain and found dysregulated in glioma, indicating various regulatory functions of circRNA in glioma (Rybak-Wolf et al., 2015; Song et al., 2016; Sun et al., 2020). Widely proposed mechanisms of circRNA include sequestrating microRNA to restore mRNA from degradation (Zheng et al., 2020), binding with proteins (usually called RNA-binding protein, RBP) (Zang et al., 2020), and competing with its linear homologous counterparts (Ashwal-Fluss et al., 2014). CircRNA can also be translated into short functional peptides (Yang et al., 2018). However, studies on how circRNA interacts with proteins in glioma are rare. He et al. (2019) found that the RBP FUS regulates the expression of circ_002136 upstream to promote glioma angiogenesis. Only recently, Lou et al. (2020) discovered CDR1 as directly binding to the p53 DBD domain and protecting it from MDM2 ubiquitination. Above all, further investigations are required to fully understand the function and underlying mechanism of circRNA in glioma.

Considering the gap in circRNA research, we performed circRNA microarray analysis and focused on circGLIS3 (circBase ID: hsa_circ_0002874), which is upregulated in HGG. We proved that circGLIS3 can promote glioma invasion both in vitro and in vivo. Mechanistically, we confirmed that circGLIS3 binds with p-Ezrin(T567) in glioma. Ezrin comes from the ezrin/radixin/moesin (ERM) family, which is crucial for cell membrane structure and signal transduction (McClatchey, 2014; Zhang et al., 2020). Aberrant phosphorylation of ezrin plays a part in metastasis of many tumors (Zhan et al., 2019). Moreover, we found that circGLIS3 can be secreted by glioma through exosomes and promote human brain microvascular endothelial cells (hBMEC) vascularization. In conclusion, our study reveals that circGLIS3 promotes high-grade glioma invasion and angiogenesis by modulating Ezrin T567 phosphorylation.



MATERIALS AND METHODS


Human Glioma and Non-tumor Brain Tissue Samples

We collected 28 glioma samples and 5 non-tumor brain tissues (NBT) from patients without glioma who were required for intracranial decompression surgery for other reasons (Supplementary Table 1). All patients enrolled in this study signed an informed consent. The study methodologies conformed to the standards set by the Declaration of Helsinki. All samples were separated and stored in 30 min after surgical resection, for microarray, RT-PCR, and isolation of primary glioma cells. All studies were approved by the Clinical Research Ethics Committee of Zhujiang Hospital, Southern Medical University. All patients signed consent forms.



Circular RNA Microarray

Total RNAs extracted from the 16 NBT and glioma samples of different grades were cryo-pulverized using BioPulverizer (BioSpec) and homogenized with TRIzol (Invitrogen Life Technologies) by Mini-BeadBeater-16 (BioSpec). RNA was collected from each sample based on Arraystar’s standard protocols. Briefly, total RNAs were digested with RNase R (Epicentre, Inc.) to remove linear RNAs and enrich circRNAs. The enriched circRNAs were amplified and transcribed into Cy3 fluorescent cRNA utilizing a random priming method (Arraystar Super RNA Labeling Kit; Arraystar). The labeled cRNAs were hybridized onto Arraystar Human circRNA Array v2 (8 × 15K, Arraystar). After having washed the slides, the arrays were scanned using the Agilent Scanner G2505C. Scanned images were imported into Agilent Feature Extraction software for raw data extraction (GEO accession number: GSE165926). Quantile normalization of raw data and subsequent data processing were performed using the R software limma package. Differentially expressed circRNAs between NBT and glioma tissues (fold change ≥ 2 and P ≤ 0.05) were considered as statistically significant. Hierarchical clustering was performed to determine the distinguishable expression pattern of circRNAs among samples.



Cell Culture

The human glioma cell lines U251 (Chinese Academy of Sciences, China), as well as U87, U87MG, LN18, A172, U118, and U138 (American Type Culture Collection, United States) were cultured in DMEM (Dulbecco’s modified Eagle’s medium) (Gibco, Carlsbad, CA, United States) containing 10% fetal bovine serum (Gibco, Carlsbad, CA, United States). Normal human astrocytes HEB were cultured in astrocyte medium. hBMECs (Guangzhou Jennio Biotech, China) were cultured in Endothelial Cell Medium (ScienCell, United States). For the examination of RNA stability, U251 cells were treated with 2 μg/ml actinomycin D (Sigma-Aldrich, China). Inhibitors fasudil hydrochloride and GO6983 were purchased from APExBIO (United States), and NSC305787 was purchased from MCE (China).

The primary glioma cells G10 (derived from glioblastoma, WHO grade IV) and G15 (derived from anaplastic oligodendroglioma, WHO grade III) were dissociated from clinical samples with the Neurosphere Dissociation Kit (P) (Miltenyi Biotec, Germany). Primary glioma cells were cultured in DMEM/F12 supplemented with N2 and B27-A (1:50, Gibco, United States), as well as bFGF and bEGF (20 ng/ml, Gibco, United States). For coculture, hBMEC and G15 or G10 were cultured by a 1:1 mixture of primary glioma cell culture medium and ECM in a six-well transwell system.

For exosome isolation from cell culture supernatant, cells were cultured in serum-free culture medium.

All these cell lines were maintained at 37°C with 5% CO2 in a humidified incubator.



Real-Time Quantitative Reverse Transcription PCR and RNase R Treatment

Total RNA was extracted with TRIzol reagent (Takara, Japan). The quality of isolated RNA was detected using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, United States). RNA was reverse transcribed into cDNA with PrimeScript RT Reagent Kit (Takara, Japan). qRT-PCR was conducted on a Bio-Rad CFX connect system (Bio-Rad, CA, United States) with TB Green Premix Ex Taq (Takara, Japan). The quantification of circRNA and mRNA was normalized to GADPH. For treatment with RNase R (Epicentre, Madison, United States), 1 μg of RNA was digested with 1 unit of RNase R at 37°C for 10 min. The specific primers used are listed in Supplementary Table 2.



Cell Transfection

The full-length cDNA of circGLIS3 or circGLIS3-FLAG with reversed complementary flanking sequence was amplified and cloned into plasmid pcDNA3.1 (Genepharm, China). Lipofectamine 2000 (Thermo Fisher Scientific, United States) and OptiMEM (Gibco) were used to transfected plasmid into glioma cell lines (for 6 h) or hBMEC (for 4 h). The shRNA targeting the back-splice junction of circGLIS3 (sh-circGLIS3-1, 5′-UCCUGGGAAAGGCUUAUAATT3′; sh-circGLIS3-2, 5′-GGAAAGGCUUAUAACCCACTT-3′) and negative control shRNA (sh-NC) were synthesized and cloned into the LV16 lentiviral vector (Genepharm, China). Cells were incubated with lentivirus and polybrene for 24 h and were selected with puromycin (5 μg/ml, Solarbio, China) for 1 week. The overexpression or knockdown efficiency was confirmed by RT-PCR. The plasmid amplified sequences are shown in Supplementary Figure 2A.



Migration, Invasion, and Wound Healing Assays

For migration and invasion assays, 3 × 104 treated U87 or U251 cells were suspended in 250 μl serum-free medium and added into the upper chambers (BD Pharmingen, United States) coated with or without Matrigel (Corning, United States), and 750 μl complete medium was added into the bottom chambers. After 24 h, cells on the lower compartment were stained and counted.

For wound healing assay, after 48 h post-transfection of U251 cells, we used a 200-μl pipette tip to scratch lines in the middle of the wells then cultured cells with serum-free medium. The width of wounds was measured and normalized to initial distance.



Intracranial Xenograft Model

After circGLIS3 overexpression plasmid or shRNA lentiviral transfection, 5 × 105 U87MG cells were injected into the right hemicerebrum of 4-week-old female BALB/c-nu mice. Mice were anaesthetized by pentobarbital sodium during the surgery. Tumor growth was monitored using an in vivo imaging system (IVIS Lumina II, Caliper, United States) after the injection of luciferase substrate-D-luciferin (Yeasen, Shanghai, China). Some mice were sacrificed after 16 days, and the brains were removed for further hematoxylin and eosin (HE) and immunohistochemistry (IHC) analysis (n = 3 for each group). The remaining mice were monitored for weights and survival time (n = 5 for each group). The animal study was reviewed and approved by the Animal Ethics Committee of Southern Medical University and were performed according to the National Institutes of Health (Approval ID: LAEC-2020-090).



Fluorescence in situ Hybridization

Cell climbing pieces were fixed and prehybridized at 55°C for 2 h, then hybridized with specific Cy3-labeled circGLIS3 junction probes (Cy3–5′-TGGTGTGGGTTATAAGC CTTTCCCAGGATTTG-3′-Cy3) (Genepharm, China) at 42°C overnight and dyed with DAPI. The prehybridization buffer and hybridization buffer were obtained using Fluorescent in situ Hybridization Kit (Riobo Biotech, Guangzhou, China).



RNA Sequencing

U251 cells were transfected with sh-circGLIS3 or sh-NC lentivirus for 24 h with polybrene and then treated with puromycin for 7 days. Total RNAs were extracted using TRIzol reagent (Takara, Japan). Two replicates were performed for each group, resulting in a total of six samples. The first step in the workflow involves purifying the poly-A-containing mRNA molecules using poly-T oligo-attached magnetic beads. Following purification, the mRNA is fragmented into small pieces using divalent cations under elevated temperature. The cleaved RNA fragments are copied into first-strand cDNA using reverse transcriptase and random primers. This is followed by second-strand cDNA synthesis using DNA Polymerase I and RNase H. These cDNA fragments then have the addition of a single “A” base and subsequent ligation of the adapter. The products are then purified and enriched with PCR amplification. We then quantified the PCR yield by Qubit and pooled samples together to make a single-strand DNA circle (ssDNA circle), which gave the final library.

DNA nanoballs (DNBs) were generated with the ssDNA circle by rolling circle replication (RCR) to enlarge the fluorescent signals at the sequencing process. The DNBs were loaded into the patterned nanoarrays, and pair-end reads of 100 bp were read through on the BGISEQ-500 platform for the following data analysis study. For this step, the BGISEQ-500 platform combines the DNB-based nanoarrays and stepwise sequencing using Combinational Probe-Anchor Synthesis Sequencing Method.

Raw reads were filtered using SOAPnuke v1.5.2 and were mapped to hg19 using Bowtie2 v2.2.5 (GEO accession number: GSE165859). Differential expression analysis was performed using DESeq. Clustered heat maps were generated in R using the pheatmap package. The differential genes were classified according to the GO and KEGG annotation and classification. Enrichment analysis was generated in R using the phyper package. The P value was corrected with FDR. Usually, FDR ≤ 0.01 is regarded as significant enrichment.



Immunohistochemistry and Immunofluorescence (IF)

Paraffin sections were incubated with primary antibodies at 4°C overnight. For immunohistochemistry (IHC), sections were incubated with secondary antibodies at 37°C for 1 h, stored in HRP-labeled streptavidin solution for 10 min, followed by staining with diaminoaniline (DAB). For immunofluorescence (IF), glioma sections were incubated with Alexa Fluor® conjugated secondary antibodies, then dyed by DAPI. The antibodies and its dilution are shown in Supplementary Table 3.



RNA Pull-Down

Plasmid and control vector-transfected U251 cell lysates were incubated with biotin-labeled circGLIS3 probe (5′-TGGTGTGGGTTATAAGCCTTTCCCAGGATTTG-3′-Biotin, Genepharm, Shanghai, China). The biotin-labeled RNA complex was pulled down by streptavidin-coated magnetic beads, and the proteins were separated via SDS-PAGE gel. Differentially expressed gel bands were manually cut and digested with sequencing-grade trypsin (Promega, Madison, WI, United States). The digested peptides were analyzed with a Triple TOF 6600 LC-MS system (AB Sciex). The fragment spectra were analyzed using the UniProt database with PEAKS Studio 8.5 (version 8.5, Bioinformatics Solutions Inc., Waterloo, ON, Canada).



RNA Immunoprecipitation

RNA immunoprecipitation (RIP) was conducted with Magna RIP Kit (Millipore, Billerica, MA, United States) following the manufacturer’s instruments. U251 cell lysate was incubated with magnetic beads which were conjugated with anti-p-Ezrin(T567) (ab76247, Abcam), anti-Ezrin (ab40839, Abcam), or positive control anti-SNRNP70 and negative control anti-IgG antibody (Millipore, MA, United States) at 4°C for 6 h. The beads were washed. Then, immunoprecipitated RNA and protein were purified and enriched to detect the target RNAs and proteins by qRT-PCR and Western blot.



Western Blot Analysis

The total protein was exacted with RIPA buffer containing protease inhibitors and phosphatase inhibitors (CWBio, Beijing, China). Products were separated by SDS-PAGE, then electransferred onto a PVDF membrane (Bio-Rad, CA, United States). The membranes were blocked with 5% BSA and incubated with primary antibodies at 4°C overnight and then incubated with secondary antibodies at room temperature for 1 h. The antibodies and its dilution are shown in Supplementary Table 3. Finally, the bands were visualized using Image Lab software with HRP Substrate (Millipore, United States).



Statistical Analysis

Statistical analyses were performed by SPSS 20.0 (IBM, United States) and GraphPad Prism 7.0 (GraphPad Software Inc., United States). Data were shown as mean ± standard error of mean (SEM). The differences between two groups were assessed by unpaired two-tailed Student’s t-test. Comparisons between multiple groups were performed by one-way or two-way analysis of variance ANOVA with Bonferroni post hoc tests. CircGLIS3 expression heterogeneity in glioma tissues was assessed with the χ2 test. The survival rates were evaluated by Kaplan–Meier method and tested by log-rank test. Pearson correlation analysis was performed by simple linear regression. P-value < 0.05 was considered as statistically significant.




RESULTS


CircGLIS3 Is Highly Expressed in High-Grade Glioma

We performed circRNA microarray analysis from four NBTs, four WHO grade II gliomas (LGG), three WHO grade III gliomas, and five WHO grade IV glioblastomas (HGG). As shown in Figure 1A, 13,257 circRNAs were detected using probes designed for 13,617 human circRNAs from circBase1 (Glažar et al., 2014) and other literatures, revealing differential circRNA expression patterns in gliomas and NBT.
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FIGURE 1. CircGLIS3 is highly expressed in HGG. (A) The cluster heat map from microarray data (P < 0.05) shows circRNAs with different expression patterns among 16 tissue samples. (B) The volcano plot for the differently expressed circRNAs among NBT (n = 4), LGG (n = 4), and HGG (n = 8), circGLIS3 is signed out. (C) Quantification fold change of five circRNAs originated from GLIS3 in microarray data. The GLIS3 mRNA quantification is from Song et al. (2016), NBT (n = 4), WHO grade II (n = 4), WHO grade III (n = 3), and WHO grade IV (n = 5). (D) Sanger sequencing of circGLIS3 qPCR divergent primer amplification products. Sequences can blast to the circGLIS3 junction. (E) Northern blot of circGLIS3 qPCR amplification products with or without RNase R treatment. (F) RT-PCR of RNAs in U87 cells with or without RNase R treatment. (G) qPCR for the abundance of circGLIS3 and linear GLIS3 mRNA in U87 cells treated with actinomycin D at indicated time points. (H) RT-PCR detection of circGLIS3 in NBT (n = 5), LGG (n = 12), and HGG (n = 11). (I) RT-PCR detection of circGLIS3 in HEB and glioma cell lines. The experiments were repeated for three times with three repetitions for each group. The data are presented as the mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


Among the candidates, we found hsa_circ_0002874, which was circularized by exon 2 of the GLIS3 gene (we termed hsa_circ_0002874 as circGLIS3 below) and was highly expressed in HGG samples compared with LGG and NBT (P = 0.0271 and 0.0090; Figure 1B and Supplementary Table 4), in accordance with Song et al. (2016). CircGLIS3 expression was both elevated in WHO grade III and WHO grade IV of HGG (P = 0.0039 and 0.0430) (Figure 1C). Furthermore, among the five circRNAs originated from GLIS3 (circGLIS3, hsa_circ_0004822, hsa_circ_0138784, hsa_circ_0006370, and hsa_circ_0086248) measured by microarray analysis, the circGLIS3 expression level in glioma was increased most (Figure 1C), similarly with the GLIS3 mRNA expression level according to Song et al. (2016), indicating that circGLIS3 might be specifically regulated in HGG.

Next, we examined circGLIS3 characteristics. Sanger sequencing with the circGLIS3 divergent primers was performed to verify the back-spliced structure of circGLIS3 (Figure 1D). Treatment with RNase R followed by Northern blot or RT-PCR in U87 cells showed that circGLIS3 is resistance to RNase R digestion (Figures 1E,F). Moreover, treatment with actinomycin D demonstrated that circGLIS3 is more stable than GLIS3 linear mRNA (Figure 1G). We then measured the circGLIS3 expression level by RT-PCR and also found a universal upregulation of circGLIS3 in HGG tissues and glioma cell lines (Figures 1H,I).



CircGLIS3 Enhances Migration and Invasion of Glioma Cells in vitro and in vivo

Next, we aimed to explore the biological function of circGLIS3 in HGG. The pcDNA3.1 vector comprising the full length of circGLIS3 with a flanking sequence at the 5′ and 3′ ends was designed to specifically upregulated circGLIS3 expression without influencing GLIS3 mRNA expression (Supplementary Figures 1A,B). Cell function assays were performed after transfecting vectors into glioma cell lines U87 and U251. As shown in Figures 2A,B, elevating circGLIS3 in U87 and U251 cells increased the number of migrating or invading cells through transwell chambers and the Matrigel-coated transwell chambers. Opposite results were observed in U87 and U251 after knocking down circGLIS3 by lentivirus carrying circGLIS3 short hairpin RNAs (shRNA), which proved the active effect of circGLIS3 on migration and invasion in glioma (Figures 2C,D and Supplementary Figure 1C). Wound scratching assay also showed the improving moving abilities in U251 cells by circGLIS3 (Figure 2E). While changing the circGLIS3 expression level in glioma cells had no effect on glioma proliferation, apoptosis, and vascular mimicry (data not shown).
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FIGURE 2. CircGLIS3 enhances migration and invasion of glioma cells in vitro and in vivo. (A) Transwell migration and invasion assay of U87 and (B) U251 cells transfected with circGLIS3 plasmid, 3 × 104 cells were seeded in the upper chamber (magnification, ×100; scale bar, 100 μm). (C) Transwell migration and invasion assay of U87 and (D) U251 cells transfected with sh-circGLIS3 lentivirus, 3 × 104 cells were seeded in the upper chamber (magnification, ×100; scale bar, 100 μm). (E) Wound healing assays of treated U251 cells (magnification, ×100; scale bar, 100 μm). The experiments were repeated for three times with three repetitions for each group. (F) Hematoxylin eosin staining of 16 days intracranial xenograft model (n = 3 for each group) (scale bar, 100 μm). (G) Weights and (H) Kaplan–Meier survival curve of the intracranial xenograft model (n = 5 for each group). The data are presented as the mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


To investigate the influence of the circGLIS3 expression level on tumor progression in vivo, circGLIS3 overexpression plasmid or sh-circGLIS3 lentivirus-transfected U87MG cells were used to form intracranial xenografting models. Tumors formed by upregulated or downregulated circGLIS3 U87MG and control U87MG cells had similar sizes (Supplementary Figures 2A–D), consistent with in vitro experiment results that circGLIS3 has no influence on glioma proliferation. The HE staining of intracranial tumors showed that, compared to the sh-NC group glioma surrounded by several satellites, there are few satellites around a smooth tumor borders in the sh-circGLIS3 groups (Figure 2F). Each satellite tumor showed a central vessel and peripheral glioma cells. While in the circGLIS3 group, single or several glioma cells invade into brain parenchyma, causing a rougher border of glioma compared with the NC group (Figure 2F). Likewise, circGLIS3 was associated with a decreased weight loss in nude mice (P = 0.0284 of the circGLIS3 group, P = 0.0068 and 0.0010 of the sh-circGLIS3 group) (Figure 2G). The medium survival time of the circGLIS3 group (19 days) was shorter than the NC group (22 days) (P < 0.05), and the medium survival time of the sh-circGLIS3 groups (36 and 31 days) was longer than the time of the sh-NC mice group (20 days) (both P < 0.0001) (Figure 2H). These results showed that a higher circGLIS3 expression level was correlated with malignant phenotype in glioma.



CircGLIS3 Directly Binds With p-Ezrin(T567) and Elevates p-Ezrin(T567) Level in Glioma

We sought to determine the possible molecular mechanism of circGLIS3 in HGG. As previous studies reported that circRNA function relates with its cellular location, we designed circGLIS3 junction probe with Cy3 modification and performed RNA fluorescence in situ hybridization (FISH) assay in two glioma cell lines U87 and U251. As shown in Figure 3A, abundant cytoplasmic circGLIS3 were observed.
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FIGURE 3. CircGLIS3 directly binds with p-Ezrin(T567) and elevates the p-Ezrin(T567) level in glioma. (A) Fluorescence in situ hybridization (FISH) assay with Cy3-labeled circGLIS3 probe (magnification, ×640; scale bar, 10 μm). (B) Western blot of GLIS3 protein after the upregulated or downregulated circGLIS3 level in U251 cells. (C) RNA-Seq analysis of U251 cells transfected by sh-circGLIS3 or sh-NC lentivirus. (D) KEGG and (E) GO enrichment analysis in U251 cells. (F) RNA pull-down experiments with U251 extract. Pull-down probe efficiency was determined by RT-PCR. (G) RNA pull-down experiments with U251 extract. Specific bands were identified by mass spectrometer. (H) Summary of circGLIS3 binding proteins according to KEGG. (I) Western blot detection after upregulated or downregulated circGLIS3 in U251. (J) Western blot detection of p-Ezrin(T567) in U87 transfected by concentration gradient circGLIS3 plasmid. (K) Western blot of RIP lysate by anti-Ezrin, anti-p-Ezrin(T567), anti-IgG, and anti-SNRNP70 antibodies. (L) RT-PCR analysis of Ezrin, p-Ezrin(T567), IgG-negative control, and SNRNP70-positive control immunoprecipitated RNA of U87 (left) and U251 (right). (M) Western blot of p-Ezrin(T567) in U87 and U251 after being treated with DMSO or fasudil hydrochloride for 2 days. (N) Western blot of U87 and U251 after treated with GO6983 for 2 days. (O) RT-PCR of U87 and U251 after being treated with GO6983 for 2 days. (P) Confocal microscope image of Ezrin and ROCK2 or RIOK1. Scale bar, 5 μm. (Q) Western blot of p-Ezrin(T567) in U87 after being treated with NSC305787 for 9 h. The results are presented as the mean ± SEM of biological triplicate assays. *P < 0.05, **P < 0.01, ****P < 0.0001.


Firstly, because circGLIS3 is cytoplasmic and changing the circGLIS3 expression level had no effect on the expression of GLIS3 mRNA and protein (Supplementary Figures 1B,C and Figure 3B), we excluded the possibility that circGLIS3 acts by influencing its parental gene transcription or translation. Then, we analyzed the translational potential of circGLIS3 on circRNADb2 (Chen et al., 2016) and found a putative open reading frame (ORF) and two internal ribosomal entrance sites (IRES) within the circGLIS3 sequence. So we designed a circGLIS3-FLAG plasmid with addition of a separating FLAG tag sequence to both sides of the circGLIS3 junction, referring to Zhang et al. (Yang et al., 2018) (Supplementary Figures 3A,B). However, a predicted 139-aa protein band was not observed by Western blot in transfected U87 and U251 cell lines (Supplementary Figures 3C,D).

We further performed RNA sequencing of sh-circGLIS3 or sh-NC lentivirus-transfected U251 cells. Results showed a transcriptional inhibitory effect on cell adhesion and cell membrane after downregulating the circGLIS3 expression level (Figures 3C–E). Next, we performed RNA pull-down assays in plasmid-transfected U251 cells with biotin-labeled circGLIS3 junction probe. Specific bands around 55 and 100 kDa were identified by mass spectrometry (Figures 3F,G). Compared with the negative control group, 83 proteins with enrichment were detected from circGLIS3-overexpressing cell lysates, most of which were involved in regulation of genes/chromosomes (39.8%) and assembly of cytoskeleton (13.3%) (Figure 3H). Considering its cytoplasmic location and the biological function on movement, we focused on cytoskeleton proteins, especially the most enriched protein Ezrin.

Because phosphorylation of Thr567 (T567) is crucial for Ezrin conformation and activation, we also wondered whether circGLIS3 affects Ezrin phosphorylation status. We transfected U251 cells with circGLIS3 plasmid or shRNA lentivirus and observed a correlated phosphorylation level alteration on Thr567 in Ezrin but no effect on total Ezrin expression (Figure 3I). In addition, circGLIS3 raised the Ezrin T567 phosphorylation level in a dose-dependent manner in U87 (Figure 3J). Given the fact that circGLIS3 elevated p-Ezrin(T567), we performed RIP assays to confirm the interaction between Ezrin and circGLIS3. Surprisingly, phosphorylated Ezrin(T567), but not Ezrin protein, could specifically bind to circGLIS3 (Figures 3K,L).

Since ROCK2 and PKC, two reported Ezrin kinases on threonine 567, were not detected by circGLIS3 pull-down and the following mass spectrometry, and the only threonine kinase RIOK1 detected by mass spectrometry is in the nucleus rather than cytoplasm or membrane, we supposed that circGLIS3 directly binds to p-Ezrin(T567) and maintains its active condition rather than form a complex with Ezrin and kinases to enhance Ezrin phosphorylation. Firstly, we treated U87 and U251 cells with threonine kinase inhibitors: (i) fasudil hydrochloride, a non-specific ROCK inhibitor (IC50 of 0.158 μM for ROCK2) which also has an inhibitory effect on PKC (IC50 of 12.30 μM for PKC), or (ii) GO6983, a pan-PKC inhibitor. Treatment with fasudil hydrochloride did not reduce the 567 position threonine residues of Ezrin phosphorylation in U87 cells and even elevated p-Ezrin(T567) in U251 cells (Figure 3M). GO6983 could reduce the p-Ezrin(T567) level in U87 and U251 cells, but disappointedly upregulated the circGLIS3 level (Figures 3N,O). It seemed that Ezrin was mainly phosphorylated by PKC in glioma. Next, we used confocal microscopy to observe the cellular co-localization of Ezrin with ROCK2 or RIOK1. Vector-mediated circGLIS3 overexpression in U87 cells showed no changed co-localized degree (Figure 3P) and no effect on RIOK1 nucleus localization. Then, Western blot was carried out to measure whether changing the circGLIS3 expression level would reversely influence the expression of threonine kinase. Results showed that circGLIS3 can inhibit the RhoA/ROCK2 pathway and have no effect on the RIOK1 protein level (Figure 3I).



Elevated p-Ezrin(T567) Is Related to High Grade and Poor Prognosis of Glioma Patients

We further explored the function of p-Ezrin(T567) in gliomas. Ezrin inhibitor NSC305787 mimics the Ezrin morpholino phenotype and binds directly to Ezrin, which can inhibit the Ezrin T567 phosphorylation (Figure 3Q). Transwell assay showed that glioma cell motion could be restrained when inhibiting phosphorylation of the T567 residue of Ezrin with NSC305787, which is also observed in glioma cells after transfecting sh-circGLIS3 lentivirus (Figure 4A). Next, we used NSC305787 to rescue the effects of circGLIS3 on glioma cells. Migration and invasion assays showed that NSC305787 can partially cancel out the influence of circGLIS3 (Figures 4A,B; 1 μM NSC305787 for 24 h), while this efficiency was not obvious in wound healing assays (Figure 4C; 0.5 μM NSC305787 for 48 h; 1 μM NSC305787 treated for 48 h could cause U251 cell rounding and death).
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FIGURE 4. Elevated p-Ezrin(T567) is related to high grade and poor prognosis of glioma patients. (A) Transwell migration and invasion of U87 and (B) U251 cells, 3 × 104 cells were seeded and treated with 1 μM NSC305787 (noted as pE group) or DMSO for 24 h (magnification, ×100, scale bar, 100 μm). (C) Wound healing assay of U251 cells after being transfected with plasmid for 2 days and treated with 0.5 μM NSC305787 (noted as pE group) or DMSO (magnification, ×100; scale bar, 100 μm). (D) Kaplan–Meier survival curve analysis and (E) dot distribution graph of p-Ezrin(T567) IHC staining score were shown within 109 glioma patients of different WHO grades. (F) IHC staining of p-Ezrin(T567) in 109 different grades of gliomas. Vascular endothelial cells also showed a strong positive stain with p-Ezrin(T567) (magnification, ×40 (upper), scale bar, 200 μm; ×100 (lower), scale bar, 100 μm). (G) Immunofluorescence stain of p-Ezrin(T567) and CD34 in glioma tissue (scale bar, left: 300 μm, right: 80 μm). (H) Fluorescence in situ hybridization of circGLIS3 and immunofluorescence stain of p-Ezrin(T567) in 58 NBT and glioma samples (NBT = 3, LGG = 9, HGG = 46) [magnification, ×40 (left), scale bar, 200 μm; ×640 (right), scale bar, 40 μm]. (I) Fluorescence intensity analysis of circGLIS3 in situ stain in 58 samples. (J) Fluorescence intensity analysis of p-Ezrin(T567) in situ stain in 58 samples. (K) A positive correlation was shown between circGLIS3 and p-Ezrin(T567) expression in 58 samples using Pearson correlation analysis. The results are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


To figure out the correlation between p-Ezrin(T567) expression and clinical-pathological features in glioma patients, we conducted tissue microarray analysis in different grades of 109 glioma tissues. The Kaplan–Meier survival curve showed that a high level of p-Ezrin(T567) is related with poor prognosis (OS P = 0.0430, DFS P = 0.0445) (Figure 4D). Besides, we found that the expression of p-Ezrin(T567) was also positively correlated with glioma grade (P = 0.0116 and 0.0162) (Figure 4E,F), but not with sexual (P = 0.4086), age (P = 0.0585), and glioma recurrence (P = 0.1263) (Table 1). Interestingly, we also find a perivascular distribution pattern of p-Ezrin(T567) in glioblastoma (Figures 4F,G), similarly with 87MG perivascular distribution of glioma satellite in nude mice (Figure 2F).


TABLE 1. Correlation between p-Ezrin(T567) expression and clinical–pathological features in 109 glioma patients.

[image: Table 1]
To figure out the correlation of circGLIS3 expression with p-Ezrin(T567) levels in glioma clinical samples, we stained both circGLIS3 and p-Ezrin(T567) on another tissue microarray with 58 NBT and glioma tissues. As shown in Figure 4H, only in HGG could a specific positive co-stain of circGLIS3 with p-Ezrin(T567) be observed. Fluorescence intensity analysis of in situ stain also showed that circGLIS3 and p-Ezrin(T567) are up-expressed in HGG (Figures 4I,J). Besides, Pearson correlation analysis revealed that the expression of circGLIS3 was correlated with the level of p-Ezrin(T567) in glioma tissues (Figure 4K).



CircGLIS3 Is Secreted Into Glioma Microenvironment and Participates in Tumor Angiogenesis

Lasda and Parker (2016) reported that circRNA can be selectively secreted out by exosomes, so we wondered whether circGLIS3 can be excreted through exosomes and play a role in glioma microenvironment. Human astrocyte cell line HEB and glioma cell lines U87 and U251 were cultured in serum-free culture medium. The culture supernatants of HEB, U87, and U251 were collected for exosome isolation (Figures 5A,B). RT-PCR was conducted to measure the expression levels of circGLIS3 and GLIS3 mRNA in exosomes (Figure 5C). Results showed that circGLIS3 was more abundant in glioma cell exosomes compared with HEB exosomes. Besides, the ratio of circGLIS3 to GLIS3 mRNA within exosomes is increased compared with the cellular RNA ratio, indicating a selective secretion of circGLIS3 in glioma exosomes (Figure 5C).
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FIGURE 5. CircGLIS3 is secreted into the microenvironment and participates in tumor angiogenesis. (A) Electron microscopy images of exosomes isolated from HEB, U87, and U251 cell culture supernatant (scale bar, 200 nm). (B) Western blot of exosomal markers and b-actin control in HEB, U87, and U251 cells and exosomes. (C) RT-PCR for the level of circGLIS3 and its linear counterparts in HEB, U87, and U251 cells (left) and corresponding exosomes (right); data were normalized to GAPDH. Fold enrichment of circGLIS3 compared to GLIS3 mRNA in each cell line is calculated according to 2–ΔΔCT and shown above the column. (D) RT-PCR of hBMEC after being cocultured with G15 and G10 for 5 days. Cells were cultured by a 1:1 mixture of primary glioma cell culture medium and ECM medium. (E) Tube formation assay of 3 × 105 hBMEC in a 24-well plate after being cocultured with G10 for 7 days (upper) or (F) after being transfected with circGLIS3 plasmid (300 ng/ml) for 48 h (lower) (scale bar, 150 μm). (G) Western blot of p-Ezrin(567) and Ezrin in hBMEC after transfected with the circGLIS3 plasmid for 48 h. (H) Diagram of circGLIS3 in glioma progression. The results are presented as the mean ± SEM of biological triplicate assays. **P < 0.01, ***P < 0.001, ****P < 0.0001.


Due to the invasiveness and perivascular characteristics of glioma cells in nude mice model HE stain (Figure 2F) and the perivascular stain distribution of p-Ezrin(T567) in glioma tissue IHC and IF stain (Figures 4F–H), we discussed whether and how the exosome-derived circGLIS3 of glioma would influence vascular endothelial cells. We cocultured hBMECs with two primary glioma cells G10 and G15, derived from glioblastoma (WHO grade IV) and anaplastic oligodendroglioma (WHO grade III), separately. Both G10 and G15 revealed a trend of increasing circGLIS3 level in hBMEC after being cocultured for 5 days without direct contact (Figure 5D).

To figure out the function of circGLIS3 in hBMEC, we conducted tube formation assay with hBMEC which was cocultured with G10 for 5 days or transfected with circGLIS3 plasmid and found that both treatment can increase vascularization in hBMEC (Figures 5E,F). Western blot following transfection with plasmid showed that circGLIS3 could also promote the phosphorylation level of Ezrin T567 in hBMEC (Figure 5G). Taken together, our data suggest that circGLIS3 might be packaged into exosomes and be absorbed by brain vascular endothelial cells for the purpose of tumor angiogenesis in glioma (Figure 5H).




DISCUSSION

Gene regulation might be far more important than gene function since exons only cover 2.94% of the human genome (Encode Project Consortium., 2012). Non-coding RNAs can function as regulators widely participating in physiopathology processes. Spatial and time-specific expression of non-coding RNA brings complexity and precision to regulation. As a rising star of non-coding RNA, circRNAs have attracted wide attention since circRNA CDR1as was found to be functional by sponging miR-7 7 years ago (Hansen et al., 2013). Structurally, a circRNA sequence without 5′ Gcp cap and 3′ polyadenylate tail makes it more stable and could be detected as a biomarker (Rajappa et al., 2020). Moreover, the circRNA loop structure tends to form internal secondary and tertiary structures, which brings complicacy to predict and discover interactions between circRNAs and other biomolecules. Experimental measurements are necessary to study the circRNA–protein interaction, owing to the limited efficiency of bioinformatics analyses (Huang et al., 2020). Above all, the expression and regulatory function of most circRNAs still need clarification.

CircGLIS3 is originated from gene GLIS3, which encodes a nuclear protein with dual transcriptional influence. A few studies have referred to the correlation of the GLIS3 transcriptional level with higher grade of gliomas and with poor outcome of ependymoma (Lukashova-v et al., 2007; Cooper et al., 2010), but the function and mechanism have not been discovered. An abnormal expression of circGLIS3 in HGG was only mentioned by Song et al. (2016). He performed RNA-seq in 46 gliomas and normal brain samples to test a new computational pipeline for detecting circRNAs without investigating circRNA functions. Our circRNA microarray analysis also found circGLIS3 merely upregulated in high-grade glioma. Here, we demonstrate that circGLIS3 plays an important role in glioma progress. Functionally, the circGLIS3 expression level was positively related to glioma invasion. Overexpression of circGLIS3 could increase glioma migration and invasion abilities in vitro, while downregulated circGLIS3 in glioma cells displayed an opposite effect. Meanwhile, intracranial glioma nude mouse models showed that the invasion phenotype of glioma cells is positively correlated with the circGLIS3 expression level. Mechanistically, we demonstrate the direct interaction with circGLIS3 and p-Ezrin(T567). CircGLIS3 could increase the phosphorylation level of Ezrin T567 in glioma cells and then increase glioma cell motility. Finally, we preliminarily discussed whether circGLIS3 participated in regulating the glioma microenvironment. We found that circGLIS3 can be excreted by glioma through exosomes, elevate the circGLIS3 level of hBMEC, and lead to an angiogenesis effect in hBMEC. Collectively, circGLIS3 contributes to high-grade glioma invasiveness via directly binding with p-Ezrin(T567) and contributes to glioma angiogenesis via exosome secretion.

Notably, unlike the widespread studies on the circRNA sponging mechanism, our results showed that circGLIS3 functions in regulating posttranslational modification in protein Ezrin. As one of the non-coding RNAs, circRNA somehow shares similar functions within lncRNA. Since Wang et al. found out that lnc-DC can prevent dephosphorylation of STAT3 Y705 by SHP1 in human dendritic cells in 2014, scattered studies clarified the role of non-coding RNAs on protein posttranslational modification (Wang et al., 2014, 2018; Liu et al., 2015). However, due to the complex structure of circRNA, there are relatively few studies on the interaction between circRNA and proteins overall. Only recently was a circRNA named CDR1as found out, preventing p53 from ubiquitination in gliomas (Lou et al., 2020). Unfortunately, considering that the correct and complete domains are vital in transforming active conditions of Ezrin, and accurately nucleotide sequence is necessary in confirming the circRNA stem-loop structure, we did not design truncation Ezrin protein and mutation circGLIS3 in our study to find out a precise binding domain in which circGLIS3 blocked Ezrin from dephosphorylation.

Besides, our results also showed the relation between Ezrin T567 phosphorylation and glioma. Ezrin has been widely studied in tumor metastasis (Zhan et al., 2019; Fan et al., 2021). Ezrin mRNA expression level, total protein level, and p-Ezrin(F353) level are reported to contribute to glioma malignant phenotype (Wick et al., 2001; Mao et al., 2014; Liu et al., 2020). However, the 567 position threonine residue phosphorylation status of Ezrin in glioma has not been studied yet. We found that a higher IHC score of p-Ezrin(T567) might correspond to higher glioma WHO grade and to a shorter lifetime for patients. Besides, Ezrin is a cytoskeletal protein rather than a canonical RBP. Previous studies showed how non-coding RNA impacted Ezrin on a transcriptional level. It is reported that microRNA-204 and circARHGAP12 regulate Ezrin through binding to the 3′-UTR of Ezrin mRNA (Mao et al., 2014; Fan et al., 2021). In this study, we confirmed that circGLIS3 can regulate Ezrin biological function in glioma through directly binding with p-Ezrin(T567).

Another key finding obtained from the current study was that circGLIS3 regulates the glioma microenvironment. Growing evidence showed that multiple tumors changed their microenvironment through exosome secretion. Messages containing mRNA, microRNA, proteins, and circRNA are selectively packaged and conveyed through the exosome (Lasda and Parker, 2016). Lucero et al. (2020) revealed that glioma-derived miRNA-containing extracellular vesicles could induce glioma angiogenesis, and Ding et al. (2020) found out that exosome-derived circNFIX could enhance temozolomide resistance in glioma. Our research detected that glioma cells can selectively secrete circGLIS3 via exosome. Besides, since we observed the perivascular characteristic of glioma cells in nude mouse model HE stain and tissue microarray IHC and IF stain, we discussed the influence of glioma on endothelial cells. Glioma cells cocultured with hBMEC can actually upregulate circGLIS3 in endothelial cells and promote hBMEC angiogenesis. Moreover, circGLIS3 functioned in hBMEC also by modulating Ezrin phosphorylation.

While further researches are required, the potential value of circGLIS3 as a glioma biomarker and a therapeutic target cannot be ignored. These findings suggest that despite many obstacles, there are thousands of functional circRNAs remaining to be found in regulating proteomics, as well as quantities of novel and efficient experimental and bioinformatic approaches remaining to be produced in studying circRNA–protein interactions. These findings also suggest the potential of circRNAs in regulation of the tumor microenvironment and as targets for diagnosis and therapy.



CONCLUSION

In summary, our study demonstrates that circGLIS3 is upregulated in high-grade glioma and contributes to the invasion and angiogenesis of glioma via modulating Ezrin T567 phosphorylation.
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Background: Tumor-derived exosomes (EXOs), commonly differentially expressed in circular RNAs, have been shown to be crucial determinants of tumor progression and may regulate the development and metastasis of hepatic carcinoma (HCC).

Methods: Possibly differentially expressed circRNAs in patients with HCC were screened out from the Gene Expression Omnibus (GEO). EXOs were isolated from the culture medium of HCC cells and plasma of patients with HCC, followed by characterization by transmission electron microscope, NanHCCight, and western blotting. Additionally, RNA immunoprecipitation and luciferase reporter gene assays were carried out to explore the molecular mechanism of hsa_circRNA_103809 (circ-0072088) in HCC cells.

Results: The screening results showed that circ-0072088 was highly expressed in patients with HCC, and its increase indicated unfavorable prognosis of patients according to quantitative reverse transcription-polymerase chain reaction (qRT-PCR). Additionally, circ-0072088 was mainly secreted by HCC cells via EXOs in plasma of such patients, and its high level in plasma EXOs was closely associated with tumor node metastasis (TNM) staging and tumor size. Moreover, HCC-secreted EXOs mediated the degradation of miR-375 via circ-0072088 and upregulated MMP-16, thus suppressing the metastasis of HCC.

Conclusion: Upregulated in patients with HCC, circ-0072088 may be an index for diagnosis and prognosis of HCC. In addition, HCC-derived EXOs coated with circ-0072088 might be a treatment for HCC, with the ability to inhibit the metastasis of HCC cells.

Keywords: tumor cell-derived exosomes, circ-0072088, miR-375, MMP-16, hepatic carcinoma


INTRODUCTION

Liver cancer (LC) is a common digestive tract malignancy (Yamashita and Kaneko, 2016). According to data survey (Bray et al., 2018), each year witnesses over 800,000 new cases with LC and over 700,000 deaths from the disease. Clinically, hepatic carcinoma (HCC) is the main type of LC, accounting for 90% of LC (Wang and Wei, 2020). Some progress has been made in the treatment of HCC. Surgery combined with chemoradiotherapy is the mainstay of treatment for the disease, but the 5-year survival of some patients is not ideal (Zhang D. et al., 2019; Zhu and Rhim, 2019). Due to the absence of typical clinical symptoms, early HCC is not diagnosed widely, so most patients with HCC usually miss timely treatment (Yin et al., 2019). Alpha-fetoprotein (AFP) is an index for diagnosing HCC, but its sensitivity and specificity are unsatisfactory (Luo et al., 2020). Thus, it is urgent to search for a potential diagnostic and prognostic index for HCC and study the specific mechanism.

Exosomes (EXOs) are microvesicles (MVs) (approximately 40–100 nm in length) found in most types of cells in the human body (Pegtel and Gould, 2019). Increasing studies have found that EXOs form polycysts via reverse germination and are released into the extracellular space when the polycysts fuse with the extracellular body (Meldolesi, 2018; Kalluri and LeBleu, 2020). The role of EXOs as a cell-to-cell communicator is primarily due to their rich proteins, lipids, microRNAs (miRs), lncRNAs, and circRNAs (Wang and Wei, 2020). Different from other linear RNAs, circRNAs are novel ncRNAs without covalently closed circular DNA (cccDNA) with 5′ or 3′ polarity (Chen and Yang, 2015; Du et al., 2017). They can regulate miRs by absorbing them via stable complementary binding (Liu J. et al., 2019). CircRNAs are found to be with high abundance in EXOs (Fanale et al., 2018), but there are currently few studies on whether circRNAs in EXOs play the same role in the regulation of miRs.

This study analyzed potentially differentially expressed circRNAs in patients with HCC based on the Gene Expression Omnibus (GEO) and found notably upregulated circ-0072088 in them, which suggests its involvement in the development of HCC. Additionally, we discovered a targeting association of circ-0072088 with miR-375 through online prediction. Moreover, miR-375 has been confirmed to participate in the growth and metastasis of HCC in early studies, suggesting the involvement of circ-0072088 in the development of HCC via miR-375.

Therefore, this study mainly determined the potential value of circ-0072088 in HCC, with the aim of offering potential strategies for HCC and improving the prognosis of patients.



MATERIALS AND METHODS


Analysis Based on GEO

We logged in to the official website http://www.ncbi.nlm.nih.gov/geo, searched keywords (circRNA, HCC), and selected the GSE97332 microarray through screening (without missing data and without control microarray sample) to download the Series Matrix File(s) and annotation file (GPL19978). There were seven HCC samples and seven controls in the file. The files were synthesized into matrix files and analyzed by limma package, with the threshold log fold change = 4, p = 0.001. Finally, the volcano plot and thermography were drawn separately to show differentially expressed circRNAs.



Clinical Data

A total of 50 patients with HCC treated in our hospital between January 2013 and June 2014 were selected. During operation, tumor tissues and paracancerous tissues were obtained, transported to the laboratory in liquid nitrogen and stored at −80°C. In addition, 50 healthy individuals who underwent physical examination in the Guangdong Provincial People’s Hospital were enrolled as controls. Serum was sampled from each participant. Inclusion criteria were as follows: patients confirmed with HCC via imaging and pathology, meeting the tumor node metastasis (TNM) staging criteria (seventh edition). Exclusion criteria were as follows: patients with other concurrent tumors; patients unable to cooperate with follow-up; patients with infection before admission, severe heart or brain function damage, or immunodeficiency; patients who had received antitumor therapy before the study. All enrolled patients provided the written informed consent, and the study was approved by the Medical Ethics Committee of our hospital and in agreement with the Declaration of Helsinki (JBMR, 2018).



Cell Culture

At 37°C with a 5% CO2 atmosphere, the purchased HCC cells (HepG2, HCCLM3, SMMC-7721, Huh-7, and Hep3B) were cultured in DMEM (Sigma, United States) containing 10% fetal bovine serum (FBS), while THLE-3 cells were cultured in RPMI-1640 medium containing 10% FBS.



Cell Transfection

Specific shRNA (sh-circ-0072088#1,2,3) was designed for stable silencing according to circ-0072088, and non-specific shRNA (sh-NC) was used as the negative control (NC). Primer sequences were designed and synthesized by GenePharma. In addition, miR-375-mimics and miR-375-inhibit were designed, with mimics-NC and inhibit-NC as NCs. pcDNA3.1 vector was used to construct MMP-16 overexpression vector (pcDNA3.1-MMP16), with pcDNA3.1-NC as the NC. All the vectors were offered by the RiboBio company (Guangzhou). Moreover, Lipofectamine 2000 (Invitrogen, United States) was used to transfect the above vectors into HCC cells, and 48 h later, the cells were collected for assays.



Extraction of EXOs

EXOs of cells collected from the medium were measured by gradient centrifugation. Briefly, cells were centrifuged (3,000 × g) for 30 min to remove the cell debris and collect the supernatant. The collected supernatant was then subjected to a 30-min centrifugation (10,000 × g) to remove MV, followed by a 70-min centrifugation (110,000 × g, 4°C) to collect EXOs, which were stored at −80°C after resuspension in PBS.



Identification of EXOs

EXOs were identified via TEM and nanoparticle tracking. Briefly, the collected EXOs were immobilized with 2.5% glutaraldehyde (pH 7.2) at 4°C overnight, washed with PBS, and fixed with 1% osmium tetroxide for 60 min at room temperature. EXOs were then embedded into 10% gelatin, immobilized with glutaraldehyde at 4°C, and cut into small sections (<1 mm) that were subsequently treated with dehydration of gradient ethanol. The pure alcohol was exchanged with propylene oxide. Fresh Quetol-812 epoxy resin and polymerized resin were embedded into the samples at 35, 45, 12, 60, and 24°C for 12 h, respectively. Ultra-thin sections (100 nm) were cut using an ultramicrotome, stained with uranyl acetate for 10 min and then lead citrate for 5 min at room temperature, for observation under a transmission electron microscope (TEM).

EXO samples diluted with sterile PBS at 1:50 were injected into a NanoSight NS300 device (Malvern Instruments, United States). Capture and analysis were set up under the instructions. Particles were visualized by laser scattering, and Brownian motion was captured by digital video. Finally, the concentration of the tracked particles was measured.



Staining of PKH67

For the purpose of exploring whether Huh-7-derived EXOs (sh-circ-0072088#1-Exo, pcDNA-circ-0072088-Exo) transfected with sh-CIRC-0072088#1 or pcDNA-circ-0072088 can be taken up by Hep3B cells, we carried out experiments with reference to the study of Ren et al. (2019). First, labeled EXOs that were absorbed by the recipient cells were collected from 100-ml culture medium, and DMEM with or without PKH67-labeled EXO solution was put into each well. After 24 h of incubation, the uptake of EXOs into recipient cells was evaluated under a laser scanning confocal microscopy (LSCM; Leica TCS SP2, Leica Microsystems, Mannheim, Germany).



Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) Assay

TRIzol (Invitrogen, United States) was used to extract total RNA from collected samples, and a reverse transcription kit (PrimeScript RT Reagent Kit, Takara, JPN) was used to collect cDNA. The ABI Prism 7,500 sequence detection system (Application Biosystems, United States) and SYBR Green Real-Time PCR Master Mix Kit (Takara, JPN)PCR kit were utilized for gene amplification and detection, strictly following the reaction system and conditions. The reaction system included upstream and downstream primers (10 μmol/L) at 0.8 μl each, SYBR Green Master Mix at 12.5 μl, cDNA at 5 μl, and ddH2O in a final volume of 25 μl. The reaction conditions were as follows: pre-denaturation at 94°C for 10 min, denaturation at 95°C for 15 s, annealing at 55–60°C for 20 s, and extension at 72°C for 30 s, for a total of 40 cycles. All samples were determined three times. With GAPDH as the internal reference of circRNA and mRNA and U6 as that of miR, the relative expression of genes was calculated using the comparative cycle threshold (Ct) means based on 2–ΔΔCt [ΔCt = Ct – Ct(GAPDH)] (Livak and Schmittgen, 2001) (Table 1).


TABLE 1. Primer sequences.
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Invasion and Migration Assays

Transwell Matrigel and wound healing assays were carried out to analyze the changes in cell invasion and migration. In total, 5 × 104 Huh-7 and Hep3B cells were transferred to a 24-well plate (Corning, Corning, NY, United States) and resuspended in serum-free DMEM (100 μl) for invasion assay. They were placed in the upper compartment coated with Matrigel membrane, and DMEM containing 10% PBS (600 μl) was added into the lower one. After 24 h of culture, cells (remaining in the upper compartment) were gently wiped with Q-tips, and cells invading from the bottom surface were immobilized with 4% paraformaldehyde, followed by 20 min of staining with 0.1% crystal violet in the dark. Imaging and counting of the cells were carried out under a microscope (Lycra, Solms, Germany).

Cell migration was measured by wound healing assay. First, an equal number of Huh-7 and Hep3B cells were transferred to a six-well plate. Then, the cell monolayer on the plate was winded via a pipette tip to create a wound. After 24 h, the migration of transplanted cells and wound healing were observed under a microscope.



Western Blotting (WB) Assay

The total protein in the collected samples was lysed using the radioimmunoprecipitation assay (RIPA) buffer, and the protein concentration was determined by a bicinchoninic acid (BCA) kit. The protein was treated by 12% SDS-PAGE, transferred to a PVDF membrane, and sealed with 5% defatted milk. The membrane was then incubated with specific I antibodies (E-cadherin, N-cadherin, GAPDH, and MMP-16, Abcam, United States) and then with an HRP-bound secondary antibody. Finally, it was evaluated in the ECL system (Thermo Fisher Scientific, Rochester, NY, United States).



Immunofluorescence

To identify the extracted tumor-derived EXOs, we detected CD63 and CD81 in EXOs by immunofluorescence. Immunofluorescence staining was performed with secondary antibodies of anti-CD63, anti-CD81, and Alexa Fluor® 594 (Thermo Fisher Scientific, United States), with nuclei stained with 4,6-diamino-2-phenylindole (DAPI) as controls. The images were analyzed under a LSCM.



Fluorescent in situ Hybridization (FISH)

The cell suspension was transferred to autoclaved slides and pre-hybridized (1 × PBS/0.5% Triton X-100), followed by hybridization with specific probes in a hybridization buffer at 60°C overnight. Circ-0072088-specific Cy3 was used to label probe (Genesed) in hybridization. The nucleus was counterstained with DAPI, and a LSCM was used for cell observation.



Subcellular Grading Determination

In this study, a PARISTM kit (Ambion, Austin, TX) was used to locate circRNAs in cells. Briefly, subcellular grading determination was performed in 1 × 104 cells. First, the collected cells were resuspended with cell separation buffer. Then, they were placed on ice for 10 min. After centrifugation, a cell destruction buffer was used for preserving nuclear precipitate and supernatant for RNA extraction, and nuclear precipitate and supernatant were quantified via qRT-PCR with GAPDH and U6 as internal references, respectively.



Dual Luciferase Reporter (DLR) Assay

A DLR system psiCHECKTM (Thermo Fisher Scientific) was applied in a luciferase assay. Circ-0072088 (WT) and its mutant sequence were cloned into plasmid psiCHECK-2. HEK293T cells (4 × 104 cells per well) were subjected to overnight culture in a 24-well plate, and the mutants were transfected with 400 ng psiCHECK vector/psiCHECK-circ-0072088WT/psiCHECK-circ-0072088 mutant/psiCHECK-MMP-16 WT/psiCHECK-MMP-16. Plasmids expressing marine kidney luciferase were determined using the Lipofectamine 2000. After 1 day, the cells were determined in the DLR gene assay system (Promega) to understand their luciferase activity after lysis. Several luciferase assays were performed on the cells after co-transfection with miR-375-mimics or its mutant.



RNA-Binding Protein Immunoprecipitation (RIP) Assay

A Magna RIP (Millipore) was applied in a RIP analysis. In brief, Huh-7 and Hep3B cells lysed with RIP buffer were added with magnetic beads and conjugated overnight (4°C) by anti-argonaute2 or IgG antibody (NC). Subsequently, the protein was treated by RNA purification after digestion with protease K buffer. Finally, qRT-PCR was conducted to measure the abundance of circ-0072088 and miR-375.



Animal Research

In order to determine the role of tumor cell-secreted EXOs in HCC, we established a nude mouse model. Untreated Hep3B cells (control), pcDNA-circ-0072088-Exo and Hep3B cells co-cultured with pcDNA-circ-0072088-Exo and Hep3B, and sh-circ-0072088#1-Exo-Hep3B cells co-cultured with sh-circ-0072088#1-Exo and Hep3B were resuspended and adjusted to 4 × 106/150 μl, followed by subcutaneous injection into male nude mice (n = 20). Tumor growth was metered via a digital caliper every 7 days. After 28 days, all mice were killed by euthanasia, and the tumor was removed to measure the tumor weight and volume. The collected tumor tissues were detected by immunohistochemistry. In addition, lung tissues of the nude mice were collected for hematoxylin–eosin (HE) staining to detect pulmonary metastasis, and the number of lung metastases of nude mice was calculated. The nude mice were euthanized by carbon dioxide inhalation (cervical dislocation). This study was conducted with the approval of the Hospital Ethics Committee and followed the guidelines for research publication of the International Association of Veterinary Editors (MacArthur Clark and Sun, 2020).



Statistical Analyses

GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, California, United States) and SPSS 20.0 (SPSS Inc., Chicago, Illinois, United States) were adopted for analyses of all the collected data. Inter-group comparison of data was carried out via the independent-samples t-test. Count data, presented by%, were compared using the chi-square test. One-way analysis of variance (ANOVA) and LSD-t were used for multi-group and post hoc comparisons. Additionally, expression profiles at different time points were verified by the repeated-measures ANOVA (F), and the post hoc test was made by Bonferroni. Additionally, the Pearson test was used to analyze the relationship between genes, and the diagnostic value of circ-0072088 in HCC was analyzed by receiver operating characteristic (ROC) curves. A p-value < 0.05 denotes a significant difference.



RESULTS


Circ-0072088 Is Highly Expressed in EXOs of Tumor Tissues and Serum of Patients With HCC

To quantify circRNA in patients with HCC, we first analyzed GSE97332 microarray and found upregulated circ-0072088 in HCC samples (Figures 1A–C). And to detect circ-0072088 in cases with HCC, we quantified it in tumor tissues and cells from patients with HCC. The results revealed notably higher circ-0072088 expression in the tissues and cells than in paracancerous tissue and healthy hepatic cells (Figures 2A,B) and also significantly elevated circ-0072088 expression in serum EXOs of tumor patients than in serum EXOs of healthy individuals (Figure 2C). ROC curve analysis showed that circ-0072088 had a high diagnostic value for HCC, with an area under the curve (AUC) of 0.899 (Figure 2D). Moreover, we assigned the enrolled patients into high- and low-expression groups in light of the median circ-0072088 (Figure 2E) and further evaluated the association of circ-0072088 with patients’ clinical data and prognosis, finding that those with high expression showed notably increased probabilities of tumor > 5 cm and high TNM staging (Table 2). We also carried out K-M and Cox regression analyses and found notably decreased 5-year survival among those with high circ-0072088 and the role of circ-0072088 as an independent factor for the prognosis of patients with HCC (Figure 2F and Table 3). The results indicate that circ-0072088 may be involved in the development of HCC.
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FIGURE 1. GEO-based microarray analysis. (A) Volcano plot of GSE97332 microarray with differential circRNAs based on limma package (n = 7). (B) Thermography of GSE97332 microarray with differential circRNAs based on pheatmap package (n = 7). (C) Comparison between circ-0072088 and circBase databases confirmed by Sanger sequencing.
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FIGURE 2. Expression of circ-0072088 in cases with HCC and its diagnostic and prognostic value. (A) Relative expression of circ-0072088 in tumor tissues of patients with HCC according to qRT-PCR (n = 50). (B) Relative expression of circ-0072088 in HCC cells according to qRT-PCR (n = 3). (C) Relative expression of circ-0072088 in serum EXOs of HCC patients and healthy individuals (n = 50). (D) Clinical value of circ-0072088 in serum EXOs in diagnosing HCC according to the ROC curve (n = 50). (E) High and low expression groups divided according to median circ-0072088 expression (n = 50). (F) Changes of 5-year survival rate in the low expression group according to K-M analysis on survival (n = 50). **P < 0.01 and ***P < 0.001.



TABLE 2. Association of circ-0072088 with patients’ clinical data.
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TABLE 3. Cox regression analysis.

[image: Table 3]


Knocking Out Circ-0072088 Can Suppress Invasion and Migration of HCC Cells

To determine the clinical significance of circ-0072088 in HCC and understand the related mechanism, we knocked down the expression of circ-0072088 in HCC cells (Figure 3A) and selected most different sh-circ-0072088#1 for transfection into HCC cells (Figure 3B). According to the Transwell assay, the invasion of HCC cells was notably suppressed after the knockdown of circ-0072088 (Figure 3C). The wound healing assay showed that the migration of HCC cells were significantly inhibited after the knockdown (Figure 3D). And based on the WB assay, the cells showed greatly increased E-cadherin and greatly decreased N-cadherin after the knockdown (Figure 3E). These results suggest the involvement of circ-0072088 in the development of HCC cells.
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FIGURE 3. Effect of circ-0072088 on the metastasis of HCC cells. (A) Relative expression of plasmids after knock-down of circ-0072088 according to the qRT-PCR (n = 3). (B) Relative expression of circ-0072088 in HCC cells after transfection of sh-circ-0072088#1 according to the qRT-PCR (n = 3). (C) Changes in cell invasion after transfection of sh-circ-0072088#1 according to the Transwell assay (n = 3). (D) Changes in cell migration after transfection of sh-circ-0072088#1 according to the wound healing assay (n = 3). (E) Expression of E-cadherin and N-cadherin in cells after transfection of sh-circ-0072088#1 according to the WB assay (n = 3). *P < 0.05 and **P < 0.01.




Circ-0072088 Can Act as a Sponge of miR-375

An early study indicated (Zhu et al., 2019) that circRNAs can act as the sponges of miRs. For the purpose of verifying whether circ-0072088 had the function of ceRNA in HCC cells, we conducted RNA FISH and subcellular grading determination and found that circ-0072088 was mainly distributed in the cytoplasm (Figures 4A,B), which suggests the posttranscriptional regulation ability of circ-0072088. To find the potential miRs of circ-0072088, we made prediction based on Circular RNA Interactome1 and discovered a targeted binding locus between miR-375 and circ-0072088 (Figure 4C). Then we quantified miR-375 in HCC cells after knocking down circ-0072088. According to qRT-PCR, HCC cells showed notably increased miR-375 after the knockdown (Figure 4D), indicating that circ-0072088 may be able to regulate miR-375. With the aim of confirming the role of circ-0072088 as a sponge of miR-375, we conducted RIP and DLR assays. As a result, the fluorescence activity of circ-0072088-WT was suppressed by miR-375-mimics (Figure 4E), and miR-375 and circ-0072088 were both precipitated by the Ago2 antibody (Figure 4F). These assays indicate the role of circ-0072088 as a sponge of miR-375.
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FIGURE 4. Circ-0072088 can act as miR-375 sponge. (A) Distribution of circ-0072088 in HCC cells according to the RNA FISH assay (n = 3). (B) Distribution of circ-0072088 in HCC cells according to the subcellular grading determination (n = 3). (C) Targeted binding locus and mutation locus of circ-0072088 with miR-375 (n = 3). (D) Changes in the relative expression of miR-375 in HCC cells after transfection of sh-circ-0072088#1 according to the qRT-PCR assay (n = 3). (E) Targeted binding of circ-0072088 with miR-375 according to the dual luciferase reporter assay (n = 3). (F) Precipitation of circ-0072088 and miR-375 by Ago2 antibody and their binding ability according to the RIP assay (n = 3). ∗P < 0.05 and ∗∗P < 0.01.




MiR-375 Can Regulate MMP-16 in a Targeted Manner

To get a deeper understanding of the potential mechanism of miR-375, we predicted the potential target genes of miR-375, finding a target binding locus between MMP-16 and miR-375 (Figure 5A). qRT-PCR and WB assays revealed significantly suppressed MMP-16 mRNA and protein by transfection of miR-375-mimics (Figures 5B,C), and the DLR assay revealed the suppression of fluorescence activity of MMP-16-WT by miR-375-mimics (Figure 5D), suggesting the ability of miR-375 in regulating MMP-16 in a targeted manner.


[image: image]

FIGURE 5. MiR-375 can targetedly regulate MMP-16. (A) Targeted binding locus and mutant locus between miR-129-5p and HMGB1 (n = 3). (B) Changes in the relative expression of MMP-16 mRNA in cells after up-regulation of miR-375 according to the qRT-PCR assay (n = 3). (C) Changes in the relative expression of MMP-16 protein in cells after up-regulation of miR-375 according to the WB assay (n = 3). (D) Targeted regulation of miR-375 to MMP-16 according to the dual luciferase reporter assay (n = 3). *P < 0.05.




Association of Circ-0072088 With miR-375 and MMP-16

We also quantified miR-375 and MMP-16 in patients with HCC. The qRT-PCR assay revealed a notable decrease in miR-375 in tumor tissues of patients with HCC (Figure 6A) and a significant increase in MMP-16 (Figure 6B). In addition, the Pearson correlation coefficient revealed a negative association of circ-0072088 with miR-375 and a positive association of circ-0072088 with MMP-16 in tumor tissues of patients with HCC (Figure 6C).
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FIGURE 6. Association of circ-0072088 with miR-375 and MMP-16. (A) Relative expression of miR-375 in tumor tissues of patients with HCC according to the qRT-PCR assay (n = 50). (B) Relative expression of MMP-16 in tumor tissues of patients with HCC according to the qRT-PCR assay (n = 50). (C) Association of circ-0072088 with miR-375 and MMP-16 in tumor tissues of patients with HCC according to the Pearson’s test (n = 50). ∗∗∗P < 0.001.




Circ-0072088, as a Sponge of miR-375, Suppresses Invasion and Migration of HCC by Regulating MMP-16

For verifying the involvement of the circ-0072088/miR-375/MMP-16 axis in HCC metastasis, we conducted a rescue experiment. The results revealed significantly increased MMP-16 mRNA and protein after transfection of miR-375-inhibit and pcDNA-MMP-16 and the reverse of it after co-transfection of sh-circ-0072088#1 with miR-375-inhibit or pcDNA-MMP-16 (Figures 7A,B). As the assays indicated, HCC cells showed notably stronger invasion and migration after transfection of miR-375-inhibit or pcDNA-MMP-16 (Figures 7C,D) and a reversion in them after co-transfection of the two. Additionally, the WB assay showed that the cells showed reversed protein expression of E-cadherin and N-cadherin after the co-transfection (Figure 7E).


[image: image]

FIGURE 7. Circ-0072088 suppresses invasion and migration of HCC by regulating MMP-16 as miR-375 sponge. (A) Relative expression of MMP-16 mRNA in HCC cells after co-transfection according to qRT-PCR (n = 3). (B). Relative expression of MMP-16 protein in HCC cells after co-transfection according to qRT-PCR (n = 3). (C) Changes in the number of invasive HCC cells after co-transfection according to the Transwell assay (n = 3). (D) Changes in migration rate of HCC cells after co-transfection according to the wound healing assay (n = 3). (E) Relative protein expression of E-cadherin and N-cadherin in HCC cells after co-transfection according to the WB assay (n = 3). *P < 0.05 and **P < 0.01.




Identification of Tumor-Derived EXOs

It has been reported that tumor-derived EXOs can regulate cell processes by transferring differentially expressed genes. We collected EXOs secreted by transfected Huh-7 cells via gradient centrifugation, finding round or oval EXOs and envelope structure under TEM (Figure 8A) with a diameter between 50 and 130 nm via detection of NanoSight N300 (Figure 8B). Moreover, we found positive CD63 and CD81 in EXOs according to the WB assay (Figure 8C) and expression of CD63 and CD81 in EXOs via immunofluorescence staining (Figure 8D). The results suggest successful isolation of EXOs from Huh-7 cells. We then labeled Huh-7-secreted EXOs with PKH67 to analyze the delivery of the EXOs to untreated Hep3B and found PKH67-labeled EXOs in Hep3B cells (Figure 8E), indicating successful delivery of Huh-7-secreted EXOs to Hep3B cells.
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FIGURE 8. Identification of tumor-derived Exo. (A) The morphology of EXOs secreted by tumor cells under transmission electron microscope (n = 3). (B) particle size of EXOs secreted by tumor cells according to detection by NanoSight N300 (n = 3). (C) Protein expression of CD63 and CD81 in EXOs secreted by tumor cells according to the WB assay (n = 3). (D) Expression of CD63 and CD81 in EXOs secreted by tumor cells according to immunofluorescence staining (n = 3). (E) Absorption of PKH67-labeled EXOs secreted by tumor cells that were delivered to untreated Hep3B (n = 3).




Huh-7-Derived EXOs Can Regulate Invasion and Migration of Hep3B Cells

We conducted corresponding assays to identify the impact of Huh-7-derived EXOs on Hep3B cells. First, the qRT-PCR assay revealed upregulated circ-0072088 in pcDNA-circ-0072088-Exo-Hep3B cells and suppression in circ-0072088 in sh-circ-0072088#1-Exo-Hep3B (Figure 9A). Additionally, the wound healing assay revealed enhanced migration and invasion of pcDNA-circ-0072088-Exo-Hep3B cells (Figures 9B,C) and greatly inhibited migration and invasion of sh-circ-0072088#1-Exo-Hep3B cells. Furthermore, as indicated by the WB assay, pcDNA-circ-0072088-Exo-Hep3B cells had decreased E-cadherin protein and increased N-cadherin and MMP-16 proteins, while sh-circ-0072088#1-Exo-Hep3B cells showed the opposite situation (Figure 9D). The results suggest that Huh-7-derived EXOs can regulate the metastasis of Hep3B cells.
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FIGURE 9. Huh-7-derived Exo can regulate the metastasis of Hep3B cells. (A) Impact of Huh-7-derived EXOs on circ-0072088 in Hep3B cells according to the qRT-PCR assay (n = 3). (B) Impact of Huh-7-derived EXOs on invasion of Hep3B cells according to the transwell assay (n = 3). (C) Impact of Huh-7-derived EXOs on migration of Hep3B cells according to the scratch adhesion assay (n = 3). (D) Impact of Huh-7-derived EXOs on protein expression of E-cadherin, N-cadherin, and MMP-16 in Hep3B cells according to the WB assay (n = 3). *P < 0.05.




Ability of Huh-7-Derived EXOs in Regulating Tumor Growth in Nude Mice

At the end of the study, we evaluated the impact of pcDNA-circ-0072088-Exo-Hep3B and sh-circ-0072088#1- Exo-Hep3B in in vivo models. Our assay revealed notably larger tumor size in the pcDNA-circ-0072088-Exo-Hep3B group than in controls and notably smaller tumor volume and mass in the sh-circ-0072088#1-Exo-Hep3B group than in controls (Figures 10A,B). Additionally, the WB assay revealed a significant decrease in E-cadherin protein in the pcDNA-circ-0072088-Exo-Hep3B group and a remarkable increase in MMP-16 and N-cadherin proteins (Figure 10C), while the reverse was true in the sh-circ-0072088#1-Exo-Hep3B group. Moreover, the immunohistochemical test revealed a notable decrease and a significant increase in the positive rates of E-cadherin and N-cadherin in the pcDNA-circ-0072088-Exo-Hep3B group, respectively, and also the reverse was observed in the sh-circ-0072088#1-Exo-Hep3B group (Figure 10D). Finally, we collected the lung tissues of nude mice and evaluated tumor metastasis by HE staining, finding a notable increase in lung metastasis nodes in the pcDNA-circ-0072088-Exo-Hep3B group and a notable decrease in the sh-circ-0072088#1-Exo-Hep3B group (Figure 10E). The results suggest that after intervention with circ-0072088, Huh-7-derived EXOs can regulate tumor growth and metastasis in nude mice.
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FIGURE 10. Huh-7-derived EXOs can regulate tumor growth and metastasis in nude mice. (A) Effect of Huh-7-derived EXOs on tumor volume in nude mice within 28 days (n = 5). (B) Effect of Huh-7-derived EXOs on tumor mass in nude mice within 28 days (n = 5). (C) Effect of Huh-7-derived EXOs on E-cadherin, N-cadherin, and MMP-1 proteins in tumor of nude mice according to WB assay (n = 5). (D) Effect of Huh-7-derived EXOs on E-cadherin and N-cadherin in tumor of nude mice according to immunohistochemistry (n = 5). (E) Effect of Huh-7-derived EXOs on tumor metastasis nodes in lung tissue of nude mice (n = 5). *P < 0.05 and **P < 0.01.




DISCUSSION

As a common malignancy in the digestive system, HCC poses a great threat to public health and safety (Hartke et al., 2017). Our study revealed that circ-0072088 was highly expressed in tumor tissues and serum EXOs in patients with HCC, and the high expression indicates an unfavorable prognosis of patients. In addition, tumor-derived EXOs can be used as a circ-0072088 vector to regulate the metastasis of HCC cells. Therefore, tumor-derived EXOs might be a strategy for the treatment of HCC.

Recent studies have pointed out that circRNAs are stable in structure and highly conserved among different species. Of note, circRNAs are closely related to the development of human malignancies. For instance, circ-0001721 accelerates the development of osteosarcoma via the miR-372-3p/MAPK7 axis (Gao et al., 2020), and circRNA circAGFG1 accelerates the progression of triple-negative breast cancer via regulating CCNE1, the sponge of miR-195-5p (Yang et al., 2019). Circ-0072088, also known as circZFR, is a newly discovered circRNA at chr5:32379220-32388780. Our study revealed an increase in circ-0072088 in HCC samples through analysis on the GSE97332 microarray, suggesting the possible involvement of circ-0072088 in the development of HCC. The subsequent verification assays revealed notably upregulated circ-0072088 in tumor and serum EXOs in some HCC patients and notably lower 5-year survival in patients with high circ-0072088 expression. Moreover, significantly inhibited invasion and migration of HCC cells were observed after knocking down circ-0072088. These data indicate that circ-0072088 can modulate the metastasis of HCC cells.

CeRNAs, as a crucial theory of circRNAs’ involvement in tumor regulation, have become a hot spot in RNA research (Ouyang et al., 2019; Zhang Y. et al., 2019). For understanding the mechanism of circ-0072088 in regulating HCC, we first located circ-0072088 in HCC cells and found that it was mainly located in the cytoplasm of HCC cells, suggesting its ability to regulate miRs. Subsequently, we predicted and found a targeted binding locus between miR-375 and circ-0072088. MiR-375, an early discovered miR, is lowly expressed in patients with HCC and participates in the growth of HCC by regulating multiple target genes (Li et al., 2018; Liu Z. et al., 2019; Wang et al., 2021). Our study uncovered the negative association of lowly expressed miR-375 with circ-0072088 in HCC patients and confirmed the regulation of circ-0072088 on miR-375 through RIP and DLR assays. Additionally, it was found that miR-375 can regulate MMP-16 in HCC. MMP-16, a member of the MMP family, participates in the process of embryo development, reproduction, and tissue remodeling (Zhang et al., 2017; Lou et al., 2020; Oclon and Hrabia, 2021). There is also one study showing the crucial role of MMP-16 in epithelial–mesenchymal transition in patients with HCC (Scheau et al., 2019). The rescue experiment confirmed that knocking down circ-0072088 can suppress the overexpression of MMP-16 protein and mRNA in cells transfected with miR-375-inhibit or pcDNA-MMP-16, thus inhibiting the invasion and migration of HCC cells.

EXOs, as essential substances of intercellular communication, can regulate tumor progression and metastasis (Gonda et al., 2019; Zhang and Yu, 2019). As some studies indicate (Steinbichler et al., 2017; Zhao et al., 2017), EXOs can transfer biomolecules into tumor cells and thus promote tumor cells or tumor progression. Recently, tumor cell-derived EXOs have been verified to be important determinants of tumor progression (Mashouri et al., 2019; McAndrews and Kalluri, 2019). Therefore, we speculated that EXOs derived from transfected HCC cells could regulate the metastasis of HCC cells. For verifying, we first isolated EXOs derived from Huh-7 transfected with pcDNA-circ-0072088 or sh-circ-0072088#1 for assays. We successfully isolated EXOs after intervention and then co-cultured Huh-7-derived pcDNA-circ-0072088-Exo or sh-circ-0072088#1-Exo with Hep3B cells to obtain pcDNA-circ-0072088-Exo-Hep3B and sh-circ-0072088#1-Exo-Hep3B cells. As a result, compared with controls, pcDNA-circ-0072088-Exo-Hep3B cells showed notably stronger invasion and migration activities, while sh-circ-0072088#1-Exo-Hep3B cells exhibited notably decreased invasion and migration. Subsequently, the in vivo experiment revealed the ability of EXOs derived from HCC cells in regulating the growth of tumor volume in nude mice and inhibiting cell metastasis.

The above experiments have confirmed that circ-0072088 is highly expressed in HCC patients and inhibits cell metastasis via the miR-375/MMP-16 axis, while HCC-derived EXOs coated with circ-0072088 can inhibit the metastasis of HCC cells. However, there are still some limitations in this study. For instance, although it is confirmed that circ-0072088 has potential target miRs, whether it can regulate HCC metastasis through these miRs needs further study. Therefore, the association of circ-0072088 with HCC metastasis can be explored in a follow-up study to improve our conclusions.



CONCLUSION

To sum up, upregulated in patients with HCC, circ-0072088 may be an index for diagnosis and prognosis of HCC, and HCC-derived EXOs coated with circ-0072088 might be a treatment for HCC due to its ability to suppress the metastasis of HCC cells.
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hsa_circ_0000825 40.6 chr18 MTCL1
hsa_circ_0084615 241 chr8 ASPH (Barboro et al., 2020)
hsa_circ_0002083 18.2 chrid ETS1 (Rodgers et al., 2019)
hsa_circ_0091934 1.7 chrX FLNA (Ravipaty et al., 2017)
hsa_circ_0091894 10.3 chrX FLNA (Ravipaty et al., 2017)
hsa_circ_0085923 8.1 chr8 PLEC (Martiny et al., 2018)
hsa_circ_0007386 8.8 chr2 CRIM1 (Hudson et al., 2015)
hsa_circ_0044468 8.6 chr17 ITGAS3 (Kurozumi et al., 2016)
hsa_circRNA_402986 7.9 chr3 PLOD2 (He et al., 2018)
hsa_circ_0025506 75 chr12 GPRC5A (Sawada et al., 2020)

*References refer to the previous identification of these genes in cancer.
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circRNA FC Chromosome Parental gene

hsa_circ_0064644 5.1 chr3 RBMS3 (Zhu et al., 2019)
hsa_circ_0082672 5.1 chr7 HIPK2 (Imberg-Kazdan et al., 2013)
hsa_circ_0022382 3.3 chri1 FADS2
hsa_circ_0049657 3.0 chr19 NFIX (Grabowska et al., 2014)
hsa_circ_0005402 3.0 chr15 ANXA2 (Criner et al., 2015)
hsa_circ_0082680 2.9 chr7 HIPK2 (Imberg-Kazdan et al., 2013)
hsa_circ_0001187 2.5 chr21 DOPEY2
hsa_circ_0082546 2.5 chr7 MTPN
hsa_circ_0022383 2.5 chri1 FADS2
hsa_circ_0056731 2.4 chr2 CACNB4

*References refer to the previous identification of these genes in cancer.
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circRNA

hsa_circ_0060539
hsa_circ_0001589
hsa_circ_0026457
hsa_circ_0043570
hsa_circ_0060540
hsa_circ_0008805
hsa_circ_0084021
hsa_circ_0026358
hsa_circ_0007058
hsa_circ_0004405

FC

7.8
6.3
6.0
5.0
5.0
4.8
3.4
3.2
3.2
2.8

Chromosome

chr20
chré
chr12
chr17
chr20
chr17
chr8
chr12
chr11
chrb

Parental gene

SDC4 (Leblanc et al., 2018)
HIST1H1D
KRT5 (Du et al., 2019)
TNS4 (Muharram et al., 2014)
SDC4 (Leblanc et al., 2018)
ARHGAP23
PLEKHAZ2 (Bii et al., 2018)
KRT7 (Thomas et al., 2016)
TEAD1 (Knight et al., 2008)
FAM169A

*References refer to the previous identification of these genes in cancer.
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circRNA

hsa_circ_0000367
hsa_circRNA_404686
hsa_circ_0004183
hsa_circ_0001666
hsa_circRNA_400850
hsa_circ_0021652
hsa_circ_0000288
hsa_circ_0021647
hsa_circ_0006220
hsa_circ_0043278

FC

19.2
18.5
17.7
13.6
13.8
13.0
12.7
12.4
11.4
1.4

Chromosome

chrit
chri
chr10
chré
chrit
chrii
chrit
chrit
chr17
chr17

Parental gene

SIAE (Oh et al., 2020)
GPR137B (Du et al., 2015)
FRMDA4A (Zheng et al., 2016)
FAM1208
TRAPPC4
CAPRINT (Shi et al., 2019)
CAPRINT (Shi et al., 2019)
CAPRINT (Shi et al., 2019)
TADA2A
TADA2A

*References refer to the previous identification of these genes in cancer.
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Low High Total Chi-square P
(score =0, 1) (score =2, 3)
Total 43 66 109
Sexual Male 26 45 71 0.6827  0.4086
Female 17 21 38
Age <45 30 34 64 3.578 0.0585
<45 13 32 45
WHO grade | 5 5 10 6.366 0.0116*
Il 24 24 48 (for trend)
Ml 12 25 37
\% 2 12 14
Grade Low 29 29 58 5.777 0.0162*
High 14 37 51
Recurrence Yes 21 42 63 2.338 0.1263
No 22 24 46

P < 0.05.
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Group Average age Lubrication Desire Arousal Orgasm Sexual pain Satisfaction

LD 45 3.35 4+ 0.48™ 2.50 £0.80 2.95+0.84 3.73+0.33 3.73 £0.97 4.20+£0.55
NC 46 5.10 £0.50 3.40 £1.05 3.30+£0.76 427 £1.35 5.67 4+ 0.39 513+0.93

FSFI, female sexual function index; LD, lubrication disorder; NC, normal control.
**P-value < 0.01.
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Name

hsa_circ_0026782

hsa-miR-874-3p

ASB2

B-actin

ue

GAPDH

Direction

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence (5'-3')

CCTATAATTGGAAGGACCTGTGC
CCCACCATCCAACTCATCCC
CGGGCCTGCCCTGGCCCGAG
CAGCCACAAAAGAGCACAAT
ACATCACGTGAGGGCCAAA
GCACTGAGGAAGCTGCAATC
AGCGAGCATCCCCCAAAGTT
GGGCACGAAGGCTCATCATT
CTCGCTTCGGCAGCACA
AACGCTTCACGAATTTGCGT
GAGCCACATCGCTCAGACAC
CATGTAGTTGAGGTCAATGAAGG
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RNA Name Regulated 1og2FC  P-values

circRNA hsa_circ_0002075 Up Inf 2.08E—-02
hsa_circ_0026782 Up Inf 2.17E-02
hsa_circ_0069863 Up Inf 2.56E—-02
hsa_circ_0072162 Up Inf 4.37E-02
hsa_circ_0000576 Down —4.04  2.90E-02

miRNA 20_5251-3p (mmu-miR-1190) Down —-1.93 6.31E-03
hsa-miR-874-3p Down —1.43 4.37E-04
hsa-miR-10527-5p Down —1.28 4.27E-02

hsa-miR-212-5p Up 1.56 3.62E—-03

mRNA TPM1 Up 3.47 1.46E-02
ASB2 Up 511 8.91E-04

MMP16 Up 3.04 3.37E-02

TPM1 Up 4.72 1.83E-03

TPM1 Up 4.19 4.57E—-03

TPM1 Up 4.61 2.15E-03

MCF2L Down —3.56 1.76E-02

FC, fold change; Inf, positive infinity.
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NR_104175.1
FR351114
NON-HSAG029733
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ENST00000588609
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NON-HSAG042749
ENST00000438293

Gene

ETNK2
NON-HSAG045301
LOC400799
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Semenogelin II
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Rho guanine nucleotide exchange factor (GEF) 35
Sushi domain containing 4

ST6 beta-galactosamide alpha-2,6-sialyltranferase 1
Chromosome 2 open reading frame 71
Dehydrogenase/reductase (SDR family) member 3
Sterile alpha motif and leucine zipper containing kinase AZK
Chromosome 5 open reading frame 62
Transmembrane protein ENSP00000343375

Family with sequence similarity 101, member B
Olfactory receptor, family 2, subfamily T, member 8
Sorbin and SH3 domain containing 1
Transmembrane protease, serine 6

DEAD (Asp-Glu-Ala-Asp) box polypeptide 6
spondin 2, extracellular matrix protein

HLA-DBQ1

Accession no.

NM_025139
NM_031413
NM_003008
NM_138295
NM_001003702
NM_017982
NM_173216
NM_001029883
NM_004753
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NM_032947
BC031304
NM_182705
NM_001005522
NM_001034954
BC039082
NM_004397
NM_012445
NM_001243961

Fold change
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2.0991595
2.0236611
2.506473
2.5608928
2.0617623
2.2889757
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2.7114112
2.154

Regulation

Up
Down
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Up
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NM_138782
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NM_003162
NM_001034954
NM_001463
NM_001979
AB018295
NM_007048
NM_182487
NM_001146162

Gene

SPON2
FCHO2
LOC100132352
STRN
SORBS1
FRZB
EPHX2
FAM153A
BTN3A1
OLFML2A
TRIM77P

IncRNA

NON-HSAG037252
NON-HSAT102095
TCONS_[2_00028804
ENST00000562064
TCONS_00010265
NR_038973.1
NON-HSAT021480
TCONS_00002078
NON-HSAT142393
FR052374
ENST00000541885

Gene

NON-HSAG037252
FCHO2
linc-ANKRD20A4-2
CTD-2015G9.2-001
linc-FASTKDS-1
FAM170B-AS1
AP000445.1
linc-LPHN2-2
RP11-420P3.2
FR052374
RP11-439H13.2-001

Correlation coefficient

0.9947499
0.9945368
0.9832951
0.9825929
0.9794563
0.9777894
—0.9769811
0.9747958
0.9737392
0.9723832
0.9723254

P-value

3.30E-09
3.87E-09
3.34E-07
3.93E-07
7.60E-07
1.04E-06
1.19E-06
1.71E-06
2.02E-06
2.46E-06
2.48E-06
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GeneName

Fatty acid 2-hydroxylase

Uncharacterized LOC645984

Shisa homolog 9 (Xenopus laevis)

NK2 homeobox 1

Sodium channel, voltage-gated, type VI, alpha
Nucleolar and spindle associated protein 1
Ventral anterior homeobox 1

Chromosome 20 open reading frame 132
Programmed cell death 1 ligand 2

Solute carrier family 29 (nucleoside transporters), member 1
Very low density lipoprotein receptor
Tropomyosin 2 (beta)

Uncharacterized LOC100131129

Peptidyl arginine deiminase, type Il

CD300 molecule-like family member f
Programmed cell death 1 ligand 2

CD36 molecule (thrombospondin receptor)
Suppression of tumorigenicity 5

T-cell acute lymphocytic leukemia 1

Fc receptor-like B

Genbank Accession

NM_024306
AK095436
NM_001145205
NM_003317
NM_002976
NM_016359
NM_199131
NM_213631
NM_025239
NM_001078177
NM_001018056
NM_213674
AK127184
NM_007365
NM_139018
NM_025239
NM_001001547
NM_005418
NM_003189
NM_001002901

FC (abs)

2.7454393
2.289749
2.3817623
2.2473493
3.4931335
2.0980568
2.798632
2.831788
3.0216887
2.2991307
2.4687624
2.175945
2.1942973
3.0724247
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2.3056405
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Factor Univariate Cox regression Multivariate Cox regression
P-value HR-value 95 Cl% P-value HR-value 95 Cl%

Sex (male vs. female) 0.297 0.712 0.375-1.349

Age (=60 years vs. < 60 years) 0.853 1.069 0.577—-1.945

Liver cirrhosis (Yes vs. No) 0.727 0.895 0.479-1.670

Serum AFP (<20 ng/ml vs. > 20 ng/ml) 0.261 0.553 0.197—1.554

Tumor size (<56 cmvs. > 5 cm) 0.036 0.505 0.267—0.955 0.487 0.748 0.329-1.699
TNM staging (I + Il vs. Il + V) 0.006 0.402 0.210-0.770 0.039 0.489 0.248—0.963
Circ-0072088 (low expression vs. high expression) 0.004 0.391 0.207-0.736 0.028 0.475 0.245-0.922






OPS/images/fcell-09-726323/fcell-09-726323-t002.jpg
Factor Relative expression of circ-0072088 P-value
Low High
circ-0072088  circ-0072088
expression expression
group (n =25) group (n = 25)
Sex 0.544
Male (n = 34) 16 18
Female 9 7
(n=16)
Age 0.395
>60 (n = 23) 10 13
<60 (n =27) 18 12
Liver cirrhosis 0.382
Yes (n =19) 8 1
No (n = 31) 17 14
Serum AFP 0.082
(ng/ml)
<20(n=6) 5 1
>20 (n = 44) 20 24
Tumor size (cm) 0.010
<5(n=21) 15 6
=5 (n=29) 10 19
TNM staging 0.004
|+ 11 (n = 20) 15 5
I+ 1v 10 20

(n =30)
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CORTICAL.BONE.
BMD(mg HA/ccm)

CANCELLOUS.BONE.

BMD(mg HA/ccm)
TOTAL.BONE.F.BMD
(mg HA/ccm)
BV.TV/mm
TB.TH/mm
TB.N/mm
TB.SP/mm

OVX control

569.98 + 25.22

100.25 + 19.78

443.79 £ 23.37

23.49 £16.75
0.13 +£0.03
220+1.76
0.36 +0.20

OVX OE-SPTBN1

626.38 + 48.58

116.73 & 36.60

486.16 £ 53.71

28.41 £16.81
0.16 £0.08
3.82 + 3.54
0.34 +£0.20

P-value

0.003

0.204

0.026

0.315

0.186
0.05

0.699

*P < 0.05 was considered statistically significant.
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Senile control Senile si-SPTBN1

CORTICAL.BONE. 485.44 + 51.48 531.84 + 46.95
BMD(mg HA/ccm)
CANCELLOUS.BONE. 84.79 +9.95 94.00 +11.14

BMD(mg HA/ccm)
TOTAL.BONE.F.BMD 380.15 £ 51.96 436.16 + 42.48

(mg HA/ccm)

BV.TV/mm 2219 4+ 1577 26.68 + 16.04
TB.TH/mm 0.12 £ 0.01 0.10 +£0.03
TB.N/mm 2.02+1.64 3.62 +3.67
TB.SP/mm 0.42 £0.20 0.39 +£0.21

P-value

0.039

0.054

0.012

0.497
0.028
0.182
0.752

*P < 0.05 was considered statistically significant.
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CORTICAL.BONE.
BMD(mg HA/ccm)

CANCELLOUS.BONE.

BMD(mg HA/ccm)

TOTAL.BONE.F.BMD
(mg HA/ccm)
BV.TV/mm
TB.TH/mm
TB.N/mm
TB.SP/mm

OVX control

650.57 £ 39.89

107.26 £ 26.80

519.89 + 61.20

13.82 £ 2.64
0.14 +£0.03
1583 £0.27
0.64 +£0.15

OVX si-SPTBN1

570.17 £ 47.66

92,561 +18.82

456.28 £ 44.59

11.14 £ 1.68
0.11 +£0.02
1.06 £0.22
0.74 £0.14

P-value

<0.001

0.171

0.016

0.058
0.039
0.007
0.253

*P < 0.05 was considered statistically significant.
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Senile control Senile si-SPTBN1 P-value

CORTICAL.BONE. 540.57 + 62.18 460.07 £ 59.34 0.008
BMD(mg HA/ccm)

CANCELLOUS.BONE. 92.06 + 16.12 84.70 +19.46 0.369
BMD(mg HA/ccm)

TOTAL.BONE.BMD 419.89 £ 61.20 361.95 + 46.33 0.028
(mg HA/ccm)

BV.TV/mm 14.31 £3.19 10.95 + 2.60 0.073
TB.N/mm 1.49 £0.38 1.00 £0.21 0.022
TB.TH/mm 0.13 +£0.02 0.10 +£0.01 0.025
TB.SP/mm 0.67 +£0.16 0.80 £0.15 0.178

*P < 0.05 was considered statistically significant.





OPS/images/fcell-09-653724/fcell-09-653724-g008.jpg
I 1 1
o o (=]
< (0] N

10
0
)

Jaguinu [assap

1

uOoIjok.) BWIN|OA |[9SSOA

0.0-
0.0-

UojoRJy BWN|OA |3SSOA Uojjoel) sWN|OA [3SSaA UoRoel} SliN|oA [9SSaA

Senile si-SPTBNI1
Senile OE-SPTBN1

OVX si-SPTBNI1
OVX OE-SPTBN1

Senile control
Senile control

OVX control
OVX control






OPS/images/fcell-09-653724/fcell-09-653724-g007.jpg
control

si-SPTBNI1

OE-SPTBNI1

1|3|7I14

1]3I7‘14

1|3‘7‘14

pSmad3‘—-— —— — — S GNP W G- —

| 47kDa

SPTBNI “ a4 ¥ SRy SN e i : . “‘275kDa

Runx2 ‘

= N ey

B-actin |-—-—————-| 42kDa

OE-SPTBNI1

control

si-SPTBNI1

1‘3‘7‘14

1|3|7‘14

1|3‘7|14

SPTBNI[ - - ,]275kDa
PSTAT1 [ ~ - # . w= W=  37kDa
B-actin ] 42kDa

40
E 30-
5 30 T
& *k
2 204
2
L)
< 104
O
0- T
N N N
o
o&‘" Ty /\Q\\
o Q Q
% o<o

Relative protein level

Relative protein level

Relative protein level

0.25-

0.20-

0.154

0.10-

0.05

0.00-

0.0-

control

control

0-
OE-SPTBN1

si-SPTBN1 OE-SPTBN1
TGF$
— *

B
si-SPTBN1 OE-SPTBN1
SPTBN1
* *
control si-SPTBN1

Relative protein level

=
R
]

ot
w

Relative protein level
o =3
- %]

e

control

e e
- -
o on

Relative protein level
o o
a

00 -
OE-SPTBN1

control

SPTBN1

o

OE-SPTBN1

si-SPTBN1
Runx2 %
1
si-SPTBN1  OE-SPTBNA
pSTAT1
%k

LI
1

si-SPTBN1

control

IR Day1
[ Day3
B Day7
[ Day14

Bl Day1
1 Day3
&1 Day7
] Dayi4





OPS/images/fcell-09-653724/fcell-09-653724-g006.jpg
Day 14

Day 21

control negative si-SPTBN1 OE-SPTBNI control negative si-SPTBNI1 OE-SPTBNI1

control si-SPTBN1 OE-SPTBNI —— Si-SPTBNI OE-SPTBNL1

1|3|7|14 1I3|7|14 1|3|7|14

s mm s | 67kDa

11kDa
275kDa
42kDa
Ocn * SPTBN1
Runx2 Osx SPTBN1 1.5+ 1.5- * & Dayt
* - - ay
’ 0.15+ ) —’ ) 0.20+ — _ 0.15- [ _* — z 5 i e
8 E 0.15 -% ‘ W Dey3 £ 1.0 £ 1.04 &3 Day7
£ 0.104 £ _5 = Day7 So % 3 Day14
% g s [ Day14 K 5
5 g 010 K & 0
2 0.05- * g * g 2 0.5- 2 0.5-
& g oos{ i, % % %
@ ¢ * ¢ 2 3

0.00- —  0.004 0.004 0.0- — 00
control  si-SPTBN1 OE-SPTBN1 control  si-SPTBN1  OE-SPTBN{ contrel  si-SPTBN1  OE-SPTBN1 control <i-SPTBN1 OE-SPTEN1 control si-SPTBN1 OE-SPTBN1





OPS/images/fcell-09-653724/fcell-09-653724-g005.jpg
Comp-P1-A

Cell number (x10%)

2.5+ -~ control
- -# negative
B 2.0 -4 si-SPTBN1
x
5 1.5
E
s 1.0
c
© i
(&} 0.5 %k

oc 1 1 1 1 1
Day 1 Day 2 Day 4 Day 6 Day 8

-e- control

-& negative
2.0 —+ OE-SPTBN1
1.5
1.0
0.5

0.0 | ] 1 ] 1
Day 1 Day 2 Day 4 Day 6 Day 8

10 10 N v
Comp-FITC-A -10° 10° 107 P
Comp-FITC-A

control si-SPTBN1

N ©w R (3]
1 1 1 1

Relative protein level

Comp-PI-A

OE-SPTBN1

@l Day 1
1 Day 3
& Day 5
1 Day 7
[ Day 9

control si-SPTBN1 OE-SPTBNI1
s e |2 ]a]s]7 2]z ]5]7]s
CycinE1l |y st o 1 (g R - ———
COSPOSES | oy e e o i e $0 ammcnss | 17kDa
SPTBN1 . R i R S s et s s | 275kDa
B-actin (W — o oo W o W0 W o w9 42kDa
Cyclin E1 * Caspase 3 SPTBN1
* 4- 1.0+
) * B
2 M % B 0.
£ E
] 2 064
* 2 ] b
o p 0.4-
2 2 2
% " * E 0.2
14 4
L o 0 .
control si-SPTBN1 OE-SPTBN1 control si-SPTBN1  OE-SPTBN1 control  si-SPTBN1
8=
9
~ 6—
10° - Q1 10° =4 Q1 Q
_: 072 qf 0.68 E
104_: 1041 _9
= 7 ]
4 F 1 o
3 ] § 103ﬂ ‘6.
10 E _5 a
6 i: . o i—:cm i <
OE-SPTBNI1 negative






OPS/images/fcell-09-653724/fcell-09-653724-g004.jpg
I » U T ] 1 = ) S ™
L] % 'A y ¢ »"' P '! - J -
n i - .. ‘\‘ =2 e
[ o? 5 oL B e a e
" A vy R i, Gy
* ¥ A 4 | v o’ | - ) ‘; 2l
Fi J "% & -. —
" - V4 » " y ) RN B . \
.o s B ( - > o : - ™
Y '\&. / En ‘ Py r-,f;.i"’""v
. N 4y / ‘ e e
| / - | AR P .
§ q‘ 4 / / [ . % -
Y 1 h E - -
. [ o »
/ w ’ r - b
f " - 2

Senile control Senile OE-SPTBN1

0.04-
o L
0.02+

0.01-

SPTBN1* mean density

0.00-

(J

S
9°°\\ “

50 pum

SPTBN1* mean density

OVX control

OVX control

0.05-
0.04-
0.03-
0.02-

0.01-

0.00-

OVX OE-SPTBNI1





OPS/images/fcell-09-653724/fcell-09-653724-g003.jpg
R 1Ny
e

R &

‘\ ] s b
a A t 'o 0 15 9
4 .,..M_M.Mw Y & %

¥ —
- &Q : - Qﬁﬂ w..u&%.._.!“ J .vvw m
m * \e @o M * \\V@ OAJ Mw..%ﬂ. ' v.m OJI T *
= % Y = % 0 Sk By
P QﬁMJ’ P e w’»‘ﬂﬁ.a -ﬁo ob
7 9] 2 17 0] / * i i @ s
b b ) % St 2
“ % W I T T T T 1 t@ X.(w »..r.. P ) I T T T T 1
2 & ® & & o 1 2 & R 2 & » o R R 8 2 g © °
N - -~ h .
5 [ .y “ra ’
Iy “gysi1o0 oAmsod Zxuny Iy "g/sl92 aAnisod xsQ 0 .._r i 1y "g/s|199 aanisod usQ
| S dh
) ool
.-.o-.!n;xl.&.-M.&..ﬂﬂ«l L B -

Gde T TEWLETY T S tew B Y O R T W RECR T (TR VR
Pt Y, R bl L% AREANTY e it & MY IR R
N\ . / , 4 F ey r e ...: .\ A Ry g = N B \

5 - * ] ﬁ f ﬁ Mv.v.cgn ; A..HAP - o g n-\ rv " .-.. ) ) 5
,Wﬁ OM R 5 e . oy S O\
&wr.. ) R, Y e D Fa ) N\ Y
) it Fe i ¥ b - "+ ?.r \ /-p y ¥
s s S o~ _ 75§ by | o8 |
2 e S 7 Y e b T z N\ T
gy 2o -.M .“.M’r .fﬂé [aa) u\\ .J.‘ .\:.\ls.;. \.N.A.?.zvo ! [aa] < \ % _!.W. ..\u.,n 3 o
TmAgE Ayt WU — = : b g B =~ Lo \ e B £

P * o TV =] » s Pt <o A [=) ¢ W4 % vl S
&‘4'- oo B3 5 e %/ &vllw ” A&Mﬁ. 'vc A.y«J“Wmvw\ 3 o Mu @ v | .......on ., f:_ g t.ﬁn m
Tar _ .mm = et TN e - LR Wl 4' 5
o’ ).%u . any . : =) 1 g ..mwvum. A N..pf. ) I 9d T ...r , N S
._mu-sl.. & %—.. ’ JW‘.. .k.q. > = Sy PYRE g RS "W, o 3] L e ke g , A

: } o S e F RN L \ y
ey = > s bt ol < ¥ AN

& Y e i b J A y | , |
g s % | “ ‘)h_n) '~ ) W :wb

e _ﬁ\vma- N o i S B O iy ©

(T - : ﬂw . () Oapd doseadl o o « s

of Sty 1 GRS A8 ) ek A thh

T e (9 \N6
' u..*”u.a.ﬂma. : : S N, A0

TR «m S A
e~ ...M../.v. ¥t (¢ A \

*%

= —
Z Z \\V 0v0 M *
= o S % =2
= = Yo 9% ~
7 B S, ® >
) wn R &
cb -b -\\ 0\\ ob \o
o~ 7 QO .00 7
L = 0 (Y oy
= ) T o 0 ° w ° %, = r T T T T 1
) I T T T S, o N - ot S, = 0 o 0 =) 10 o

7 $ W
©n g o ] 0 % n . g & & < =

(Y 1y "g/s|192 aAnisod xsQ )
] "
1y "g/sl|199 aAnpisod zxuny 1y “g/sl192 aanisod usQ
ey
._.w-._ E.rﬂ.&x =
- _
- z e = %
. : _

= = LN AT A & = 2
= T i 1 r,.u&#ﬁl . = P m
m B P.,.f_.... wm:..r w n )

S u noﬂ b M-. ! (3]
2 o R X m\; LY - bt
E o Y E = =
2 & AR & o 2 5
wn = RNk DS oo = n

3 TN - K™

N T ...,“.qu..,.c.f A n..

F \k. ! - ..r.
Lty
i 18 mm ,M%.. ;

&

OVX OE-SPTBNI1

Senile OE-SPTBN1





OPS/images/fcell-09-653724/fcell-09-653724-g002.jpg
SPTBN1* mean density

Senile-control

Senile-control

Senile-control

0.020 -

0.015

0.010-

0.005-

0.000-

S um

Senile-siSPTBN1

Senile-siSPTBN1

S

Senile-siSPTBN1

SPTBN1* mean density

OVX-control OVX-siSPTBN1

OVX-control OVX-siSPTBN1

el . £

OVX-control OVX-siSPTBNI1

0.025

0.020

0.015

0.010

0.005

0.000-






OPS/images/fcell-09-653724/fcell-09-653724-g001.jpg
BVITV

Tb. Th

0.20 -

0.154

0.10

0.05

0.00-
Senile Young

0.08

0.06

0.04

0.02

Senile Young

Tb.N

Senile

Kk

0.5

0.0~

Senile Young

Senile Young

BVITV

Th.Th

0.10-

0.08

0.06

0.08

0.0
Sham 8W 12W 16W Sham 8W 12W 16W
0.06
5_ *
z
g
44 [}
T 0.04-
c
]
Q
£
Z 0.024
i
|—
o
»n
0.00-

0_
Sham 8W 12W 16W Sham 8W 12W 16W

Young

Senile

Sham OvVX

OVX SenileShamYoung





OPS/images/fcell-09-653724/cross.jpg
3,

i





OPS/images/fcell-09-595156/fcell-09-595156-t001.jpg
Pathways

Steroid biosynthesis
Metabolic pathways

Rap1 signaling pathway

Axon guidance
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Ras signaling pathway

Regulation of actin cytoskeleton
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EBP, DHCR?7, LSS, HSD17B7, NSDHL, DHCR24
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*It has not been specified in these research that circ-ITCH is an independent prognostic marker with OS rate or DFS rate.
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circRNA Expression Function Targeted gene Signaling References.
change pathway
circBACH2 Upregulated Proliferation (+) Invasion/migration (+) miR-139-5p/LMO4 - Caietal., 2019
circNEKG Upregulated Proliferation (+) Invasion/migration (+) miR-370-3p/FZD8 Wnt signaling ChenF. etal., 2018
Apoptosis (—)
circDOCK1 Upregulated Proliferation (+) Invasion/migration (+) miR-124 - Cui and Xue, 2020
circLDLR Upregulated Proliferation (+) Invasion/migration (+) miR-195-5p/LDLR - Gui et al., 2020
Apoptosis (—)
circ_0011290 Upregulated Proliferation (+) Apoptosis (—) Glycolysis miR-1252/FSTL1 - Hu et al., 2020
(+)
circ_0004458 Upregulated Proliferation (+) Apoptosis (—) miR-885-5p/RAC1 - Jinetal., 2018
CirclTGA7 Upregulated Proliferation (+) Invasion/migration (+) miR-198/EGFR1 - Li C. et al., 2020
circNUP214 Upregulated Proliferation (+) Invasion/migration (+) miR-145/ZEB2 — Lietal, 2018
circRAPGEF5 Upregulated Proliferation (+) Invasion/migration (+) miR-198/FGFR1 - Liu et al., 2019
circTP53 Upregulated Proliferation (+) miR-1233-3p/MDM2 P53 signaling Ma et al., 2020
circ_0025033 Upregulated Proliferation (+) Invasion/migration (+) miR-1231 and miR-1340 - Pan et al., 2019
Apoptosis (—)
circ_0058124 Upregulated Proliferation (+) Invasion/migration (+) miR-940/MAPK1 NOTCH3 signaling Yao et al., 2019;
Metabolic ability (+) ** miR-281-5p/NUMB Liu et al., 2020;
miR-370-3p/LMO4 Sun J. W. et al., 2020
circ-IlTCH Downregulated Proliferation (—) Invasion/migration (—) miR-22-3p/CBL Wnt/B-catenin Wang et al., 2020
CircEIF3I Upregulated Proliferation (+) Invasion/migration (+) miR-361-3p - Wei et al., 2018;
(circ_0011385) Apoptosis (—) miR-149/KIF2A Wang et al., 2020;
Xia et al., 2020
circZFR Upregulated Proliferation (+) Invasion/migration (+) miR-1261/C8orf4 - Wei et al., 2018
circRASSF2 Upregulated Proliferation (+) Invasion/migration (+) miR-1178/TLR4 - Wu et al., 2020a
Apoptosis (—)
circFNDC3B Upregulated Proliferation (+) Invasion/migration (+) miR-1178/TLR4 - Wau et al., 2020b
circPRMT5S Upregulated Proliferation (+) Invasion/migration (+) miR-30c/E2F3 - Xue et al., 2020
Apoptosis (—)
circ_0039411 Upregulated Proliferation (+) Invasion/migration (+) miR-1179/ABCA9 - Yang X. et al., 2020
Apoptosis (—) miR-1205/MTA1
circFOXM1 Upregulated Proliferation (+) miR-1179/HMGB1 - Ye et al., 2020
circ_0067934 Upregulated Proliferation (+) Invasion/migration (+) miR-1304/CXCR1 - Zhang et al., 2019
Apoptosis (—)
circ_0005273 Upregulated Proliferation (+) Invasion/migration (+) miR-1183/SOX2 - Zhang V. et al., 2020
circ_0103552 Upregulated Invasion/migration (+) miR-127 - Zheng et al., 2020
circ_0102272 Upregulated Proliferation (+) Invasion/migration (+) - - Liu et al., 2020
circ_102171 Upregulated Proliferation (+) Invasion/migration (+) CTNNBIP1*** Wnt/B-catenin Bietal., 2018
Apoptosis (—)
circABCB10 Upregulated Proliferation (+) Invasion/migration (+) KLFE**** - Han et al., 2020
circEIF6 Upregulated Proliferation (+) Apoptosis (—) Autophagy miR-144-3p/TGF-a - Liu et al., 2018
(+) Chemoresistance (+)
circ_0007694 Downregulated Proliferation (—) Invasion/migration (—) - PIBK/AKT/mTOR Long et al., 2020
Apoptosis (+) Wnt signaling™**
circ_0067934 Upregulated Proliferation (+) Invasion/migration (+) - PIBK/AKT Wang et al., 2019
Apoptosis (—)
circ_0124055 Upregulated Proliferation (+) Apoptosis (—) - - Sun J. W. et al., 2020
and
circ_0101622
circNCOR2 Upregulated Proliferation (+) Invasion/migration (+) miR-516a-5p/MTA2 - Luan et al., 2020
circHIPK3 Upregulated Proliferation (+) Invasion/migration (+) miR-338-3p/RAB23 - Shu et al., 2020
circ_103598 Upregulated Proliferation (+) miR-23a-3p/IL6 - Zhang V. et al., 2020
CircFAT1 (e2) Upregulated Proliferation (+) Invasion/migration (+) miR-873/ZEB1 = Liu et al., 2020a

*Suppressed glucose uptake, decreased lactate production, and increased ATP contents were associated with Has_circ_0011290-depletion.

**The oxygen consumption rate (OCR) of basal respiration and maximum respiration in TPC cells was significantly decreased after circ_0058124 knockdown.
***The direct interaction was verified by RNA pulldown.

****The interaction between Circ-ABCB10 and KLF6 was only bioinformatically predicted.
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Study Sample Special treatment Detection Number of Number of differently Number of References
method circRNAs expressed circRNA novel
(>two fold change) circRNA*

1 6 paired TC and ~ Microarray 5490 98 (88 upregulated, — Peng et al., 2017
normal tissues 10 downregulated)
6 paired TC and - Microarray 5490 355 (129 upregulated, - Peng et al., 2017
benign nodule 226 downregulated)
tissues

2 3 paired TC and s RNA sequencing 9103 87 (41 upregulated, 33 Lan et al., 2018b
normal tissues 46 downregulated)

3 3 paired TC and Rnase R™ Microarray 13,617 383 (206 upregulated, - Ren etal., 2018
normal tissues 177 downregulated)

4 5 paired TC and Rnase R RNA sequencing NA 231 (133 upregulated, — SunJ. W. etal,
normal tissues 98 downregulated) 2020

5 5 paired TC and Rnase R Microarray NA 1137 (678 upregulated, 358 Ye et al.,, 2020
normal tissues 459 downregulated)

6 5 paired invasive - Microarray NA 607+ - Yao et al., 2019
TC and normal
tissues
5 paired invasive - Microarray NA 49 - Yao et al., 2019
and non-invasive
TC tissues

7 5 paired TC and Rnase R Microarray NA 924 (478 upregulated, s Wu et al., 2020a
normal tissues 446 downregulated)

8 Serum exosomes Removed ribosomal RNA sequencing NA 22 (3 upregulated, — Yang et al., 2019
from 3 paired PTC RNA, Rnase R 19 downregulated)
patients and control
group

9 11 paired TC and - RNA sequencing 17,864 146 - Teng et al., 2018
normal tissues

10 5 paired TC and Removed ribosomal RNA sequencing NA 54 (35 upregulated, — Liu et al., 2020b
normal tissues RNA, Rnase R 19 downregulated)

11 3 paired TC and Removed ribosomal RNA sequencing 30,954 28 (17 upregulated, = Long et al., 2020
normal tissues RNA, Rnase R 11 downregulated)

*circRNAs that have not been annotated at the time the studies were ready for publication.
**Linear RNAs were removed from total RNAs using RNase R.
**The number of upregulated and downregulated circRNA was not revealed in this studly.
NA, not available.
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Exosomal circRNA Producer cell Expression Target miRNA (Target gene) Function References
circRNA_100284 Arsenite-transformed hepatic Upregulated miR-271 (EZH2) Accelerates cell cycle and promotes cell Daiet al., 2018
epithelial cell proliferation
CDR1-AS Hepatocellular carcinoma Upregulated miR-1270 (AFP) Accelerates cell proliferation and migration Suetal, 2019
¢irc0000284 Cholangiocarcinoma Upregulated miR-637 (LYGE) Accelerates proliferation and migration Wang J. et al., 2019
circ-DB Adipocyte Upregulated miR-34a (USP7, CCNA2) Promotes HCC proliferation and decreases DNA Zhang et al., 2019a
damage
¢irc0051443 Normal hepatic cells Downregulated miR-331-3p (BAK1) Causes tumor cell apoptosis and cell cycle arrest Chen W. et al., 2020
circPDESA Pancreatic cancer Upregulated miR-338 (MACC1) Promotes EMT Prognostic biomarker LiZ etal., 2018
circRanGAP1 Gastric cancer Upregulated miR-877-3p (VEGFA) Promotes migration and invasion Lu et al., 2020
circPTGR1 Hepatocellular carcinoma Upregulated miR-339a (MET) Promotes migration and invasion Wang G. et al., 2019
circlARS Pancreatic cancer Upregulated miR-122 (RhoA) Upregulates the permeability of HUVEC cells LiJ.etal., 2018
circRNA-100338 Hepatocellular carcinoma Upregulated Unknown (directly bind to NOVA2) Upregulates the permeability of HUVEC cells Huang et al., 2020
circPRMTS Urothelial carcinoma of the bladder Upregulated miR-30c (SNAIL1) Biomarker for metastasis Chenetal., 2018
circNRIP1 Gastric cancer Upregulated miR-149-5p (AKT1) Promotes metastasis Zhang et al., 2019
circWHSC1 Ovarian cancer Upregulated miR145, miR1182 (MUC1, TERT) Promotes peritoneal dissemination Zong et al., 2019
ciRS-122 Colorectal cancer Upregulated miR-122 (PKM2) nduces chemoresistance Wang Y. et al., 2020
ciRS-133 Gastric cancer Upregulated miR-133 (PRDM16) Adipocyte browning Zhang et al., 2019
circ-0051443 Hepatocellular carcinoma Downregulated miR-331-3p (BAK1) Diagnostic biomarker (AUC 0.8089) ChenW. et al., 2020
hsa_circ_0065149 Gastric cancer Downregulated Unknown Diagnostic biomarker (AUC 0.64) Shao et al., 2020
circ-KIAA1244 Gastric cancer Downregulated Unknown Diagnostic and prognostic biomarker (AUC 0.7481) Tang et al,, 2018
circ_0000419 Gastric cancer Downregulated Unknown Diagnostic biomarker (AUC 0.84) Tao et al., 2020
hsa_circ_0001946 and Esophageal squamous cell cancer Downregulated Unknown Diagnostic biomarker (Sensitivity: 84%, Specificity: Fan et al., 2019
hsa_circ_0043603 98%)
hsa-circ-0004771 Colorectal cancer Upregulated Unknown Diagnostic biomarker (AUC 0.86-0.88) Pan et al., 2019
hsa_circ_0014235 and Lung squamous cell carcinoma Upregulated Unknown Diagnostic biomarker (AUC 0.8) Wang Y. et al., 2020
hsa_circ_0025580
hsa_circRNA_0056616 Lung adenocarcinoma Downregulated Unknown Diagnostic biomarker for lymph node metastasis He et al., 2020
(AUC 0.812)
FECR1 Small cell lung carcinoma Upregulated miR-584 (ROCK1) Biomarker for prognosis and response to Li et al.,, 2019
chemotherapy
circPDAC Pancreatic cancer Upregulated Unknown Diagnostic biomarker (Sensitivity: 0.45, Specificity: Seimiya et al., 2020
0.90)
CDR1-AS Ovarian cancer Downregulated miR-1270 (SCAI) Biomarker for cisplatin resistance Zhao Z. et al., 2019
circNFIX Glioma Upregulated miR-132 (ABCG2) nduces chemoresistance Diagnostic biomarker Ding et al., 2020
(0.885) and prognostic biomarker
circ_0044516 Prostate cancer Upregulated miR-29a-3p (Unknown) Diagnostic biomarker (AUC not shown) Li et al., 2020
circFNDC3B Papillary thyroid cancer Upregulated miR-1178 (TLR4) Diagnostic biomarker (AUC not shown) Wau et al., 2020
Other circRNAs determined by Breast cancer, endometrial cancer, Upregulated Diagnostic biomarker (AUC not shown) Xu et al., 2018; Liet al,,
bioinformatic analysis pancreatic ductal adenocarcinoma, and 2019a; Wang J. et al.,
lung adenocarcinoma, papillary downregulated 2019; Yang et al., 2019;

thyroid carcinoma

Chen F. et al., 2020
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F: AGTGATGTGGCCCCTACA AG
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Karedath et al., 2019
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Okholm et al., 2017
ddPCR High Low Digital quantification; eliminates the effect of Specialized machine required Chen D.F. et al., 2018
rolling RT production circRNA quantification
Nanostring-nCounter High edium to high Enzyme free, digital quantification Specialized machine required Dahl et al., 2018
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