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Long non-coding RNA (lncRNA) maternally expressed gene 3 (MEG3) is a lncRNA located at the DLK1-MEG3 site of human chromosome 14q32.3. The expression of MEG3 in various tumors is substantially lower than that in normal adjacent tissues, and deletion of MEG3 expression is involved in the occurrence of many tumors. The high expression of MEG3 could inhibit the occurrence and development of tumors through several mechanisms, which has become a research hotspot in recent years. As a member of tumor suppressor lncRNAs, MEG3 is expected to be a new target for tumor diagnosis and treatment. This review discusses the molecular mechanisms of MEG3 in different tumors and future challenges for the diagnosis and treatment of cancers through MEG3.
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1 INTRODUCTION
Cancer is a major global public health issue and the leading cause of death in the United States (Siegel et al., 2022). Since 1991, tumor mortality rates have continued to decline, resulting in estimated 3.2 million fewer deaths (Siegel et al., 2022). This has led to slow or stagnant research on cancers suitable for early screening, such as breast cancer (BC), prostate cancer (PCa), and colorectal cancer (CRC) (Siegel et al., 2022). Therefore, it is of great importance to strengthen research on antitumor mechanisms.
Long noncoding RNAs (LncRNAs) are a class of RNA molecules longer than 200 nucleotides that do not encode any proteins (Arun et al., 2016). Previously, lncRNAs were ignored as genomic transcription noises, but growing evidence shows that lncRNAs are a class of RNAs with special functions. LncRNAs are closely associated with the occurrence of human diseases (Bridges et al., 2021). Studies have found that many diseases, including cancers, are closely related to abnormal sequence and spatial structure, abnormal expression, and abnormal protein binding of lncRNAs (Liang et al., 2020). For example, lncRNA urothelial cancer associated 1 (UCA1) promotes PCa progression by sponging miR-143 (Yu et al., 2020a). In addition, the lncRNA zinc finger protein 24 transcription regulator (ZNFTR) plays an inhibitory role in pancreatic cancer (PC) by modulating the activating transcription factor (ATF3)/zinc finger protein 24 (ZNF24)/vascular endothelial growth factor A (VEGFA) pathway (Li et al., 2021). Although growing evidence shows the importance of lncRNAs in cancers, further studies are still needed.
MEG3, a member of lncRNAs, is an imprinted gene that belongs to the DLK1-MEG3 imprinting region of human chromosome 14 and was first discovered as a homologous imprinted gene of mouse GLT2 (Figure 1). MEG3 has been found to be downregulated in many neoplasms, including squamous cell carcinoma of the head and neck (Ji et al., 2020), lung cancer (Zhao et al., 2019a), esophageal squamous cell carcinoma (ESCC) (Li et al., 2020a), gastric cancer (GC) (Yan et al., 2014), hepatocellular carcinoma (HCC) (He et al., 2017), gallbladder cancer (GBC) (Bao et al., 2020), cholangiocarcinoma (CCA) (Lu, 2019), CRC (Wang et al., 2021a), renal cell cancer (RCC) (He et al., 2018), Wilms’ tumor (WT) (Teng et al., 2020), bladder cancer (BCa) (Shan et al., 2020), PCa (Wu et al., 2019), testicular germ cell tumor (TGCT) (Yang et al., 2016), BC (Shaker et al., 2021), ovarian cancer (OC) (Tao et al., 2020), endometrial cancer (EC) (Xu et al., 2020), choriocarcinoma (Ji and Li, 2019), cervical cancer (CC) (Pan et al., 2021a), leukemia (Yu et al., 2020b), multiple myeloma (MM) (Shen et al., 2018), T-cell lymphoblastic lymphoma (T-LBL) (Fan et al., 2017), neuroblastoma (Ye et al., 2020), glioma (Qin et al., 2020), meningioma (Ding et al., 2020), retinoblastoma (RB) (Gao and Lu, 2016), thyroid cancer (TC) (Liu et al., 2018a), PC (Zhang and Feng, 2017), osteosarcoma (Shen et al., 2019), chordoma (Chen et al., 2017), melanoma (Wu et al., 2020). Low expression or deletion of MEG3 is associated with large tumor size, advanced FIGO stage, deep infiltration, early metastasis, and poor survival. Whereas, ectopic expression of MEG3 could inhibit the proliferation, migration, and invasion of tumor cells, and promote tumor cells apoptosis. Therefore, MEG3 is considered as a potential tumor suppressor.
[image: Figure 1]FIGURE 1 | Schematic representation of the DLK1–MEG3 locus on human chromosome 14.
2 MEG3 IN VARIOUS CANCERS
2.1 MEG3 in respiratory system neoplasms
2.1.1 MEG3 in squamous cell carcinoma of the head and neck
Squamous cell carcinoma of the head and neck mainly includes squamous cell carcinoma of the tongue, nasopharyngeal carcinoma (NPC), laryngeal carcinoma, and oral carcinoma. Squamous cell carcinoma of the head and neck is a leading cause of cancer and death. More than 600,000 cases are diagnosed worldwide annually. It is highly aggressive, has a short survival period, and is prone to chemotherapy resistance (Ferris et al., 2016). Therefore, it is crucial to identify new treatment strategies.
Jia et al. (2014) reported that the upregulated expression level of MEG3 suppressed the proliferation and cell cycle progression as well as promoted cell apoptosis in tongue squamous cell carcinoma cells. However, the limitation of this study is that the experimental data failed to prove the expression level of miR-26a alone as a prognostic marker of tongue squamous cell carcinoma. A team from the Chinese University of Hong Kong confirmed that MEG3 acts as a tumor suppressor in NPC (Chak et al., 2017). Therefore, it is necessary to conduct in-depth studies to promote the development of lncRNA-oriented diagnosis and treatment strategies for NPC. Further, Zhao et al. (2019b) found that high expression of MEG3 inhibited the proliferation, migration, and invasion of laryngeal cancer cells, as well as the epithelial-to-mesenchymal transition (EMT) process. A recent study revealed that the expression of MEG3 was downregulated in oral squamous cell carcinoma and the overexpression of MEG3 negatively regulated the Wnt/β-catenin signaling pathway to inhibit the proliferation and metastasis of tumor cells (Liu et al., 2017). One year later, another group from Chongqing Medical University suggested that MEG3 may regulate the proliferation and metastasis of oral squamous cell carcinoma cells by targeting miR-21 (Zhang et al., 2018). Subsequently, another study pointed out that rs11160608 of the MEG3 gene is related to the occurrence of oral squamous cell carcinoma in the Chinese population (Hou et al., 2019). However, this paper lacks large sample size and experimental research.
Many studies have also elucidated lncRNA-miRNA-mRNA networks in squamous cell carcinoma of the head and neck. Emerging evidence elucidated that MEG3 inhibited the EMT process by targeting E-cadherin and reducing the expression of miR-421 (Ji et al., 2020). A study by Lin et al. (2021) showed that MEG3 can promote autophagy and apoptosis in NPC cells by increasing phosphatase and tensin homolog (PTEN) expression through interaction with miR-21. Further, another study pointed out that MEG3 regulated the expression of apoptotic peptidase activating factor 1 (APAF-1) by competitively binding to miR-23a in laryngeal cancer (Zhang et al., 2019a). In addition, Tan et al. (2019) found that high expression of MEG3 promotes the expression of suppressor of cytokine signaling (SOCS) 5 and SOCS6 by inhibiting the expression of miR-548d-3p, thus regulating the JAK-STAT signaling pathway in oral cancer. Based on this, further studies on the characterization and downstream signaling pathways of MEG3 will help to develop novel therapeutic strategies. An in-depth study confirmed that MEG3 inhibits the stemness and invasion of oral tumor stem cells by sponging miR-421 (Chen et al., 2021).
In summary, MEG3 plays a tumor suppressor role in various head and neck malignancies through lncRNAs-miRNAs-mRNAs regulatory pathway and some other mechanisms. These studies provide new ideas for the clinical treatment of squamous cell carcinoma of the head and neck. However, the sample size of some of these experimental studies is not large enough and the exploration of the exact molecular mechanism is lacking, which needs to be improved in future studies.
2.1.2 MEG3 in lung cancer
Lung neoplasms are one of the four major tumors (Siegel et al., 2022). In line with pathological features, lung neoplasms consist of non-small cell lung cancer (NSCLC) and small cell lung cancer. Among them, NSCLC occupies approximately 85% of lung tumor cases (Yang et al., 2011). However, because symptoms are not obvious in the early stage, most patients with NSCLC are not diagnosed until the late stage, resulting in a poor prognosis (Lai et al., 2012). Therefore, early diagnosis and effective treatment of lung neoplasms remains a crucial area that needs to be studied.
Chemotherapy resistance is a main factor that affects the prognosis of patients with lung neoplasms. MEG3 up-regulates the sensitivity of lung tumor cells to chemotherapy drugs. Recently, it was reported that MEG3 enhances the anti-tumor activity of curcumin in gemcitabine-resistant NSCLC cells through the PTEN pathway (Gao et al., 2021). In addition, Xia et al. (2015) and Wang et al. (2017a) demonstrated that downregulation of the expression level of MEG3 enhances cisplatin resistance of lung tumor cells by regulating the WNT/β-catenin signaling pathway and the miR-21-5p/SRY-box transcription factor 7 (SOX7) axis, respectively. Moreover, a group from Jilin University clarified that overexpression of MEG3 inhibited autophagy of tumor cells, thus improving the sensitivity of vincristine (Xia et al., 2018). Another study showed that MEG3 regulated mitochondrial apoptosis pathway induced by p53 and Bcl-xl to improve the cisplatin sensitivity of lung cancer to chemotherapy (Liu et al., 2015).
MEG3 has also been shown to act as a miRNA sponge in lung cancer. Su et al. (2016) has shown that MEG3 and miR-3163 might synergistically inhibit the translation of s-phase kinase-associated protein 2 (Skp2) mRNA in NSCLC, thus inhibiting the growth of NSCLC cells. Although this paper identified miR-3163 as a mediator of MEG3 regulation of Skp2, the possibility that Skp2 levels are altered by other mechanisms in NSCLC cells cannot be ruled out, and this possibility should be analyzed in future studies. One year later, another research group demonstrated that MEG3 regulates the miR-21-5p/SOX7 axis in cisplatin-resistant NSCLC cells (Wang et al., 2017a). In addition, Wu et al. (2018) proposed that MEG3 could reduce the degradation of BRCA1 by miR-7-5p and promote the apoptosis of NSCLC cells. Similar results elucidated that the MEG3/miR-650/solute carrier family 34-member 2 (SLC34A2) axis may be associated with stem cell morphology, cell migration and invasion (Zhao et al., 2019a). Furthermore, Lv et al. (2021) indicated that MEG3 inhibited NSCLC cell migration and invasion by sponging miR-21-5p, thereby upregulating PTEN expression. Another research group showed that the expression of MEG3 was decreased in NSCLC and was effective in the treatment of NSCLC by regulating miR-543/IDO signaling pathway to affect the immunity and autophagy of lung neoplasm cells (Wang et al., 2021b).
MEG3 also acts as a tumor suppressor through several other mechanisms or pathways. A recent study concluded that the MEG3 rs4081134 polymorphism is associated with a reduced risk of lung tumors in northeast China (Yang et al., 2018). Another significant research reported that the expression level of MEG3 in normal lung tissues was higher than that in NSCLC tissues, and the downregulation of MEG3 might be an adverse prognostic factor in patients with NSCLC (Zhang et al., 2017a). However, this study also has many shortcomings, such as this is a retrospective study, there are selection bias and non-randomization problems. Kruer et al. (2016) indicated that MEG3 assists in controlling the occurrence of lung cancer cells via the Rb pathway. Intriguingly, the innovation of this study is that it suggests that MEG3 is a downstream effector molecule of Rb pathway in inhibiting the progression of NSCLC. Subsequent studies have shown that MEG3 inhibits telomere activity and function, cell proliferation, migration, and invasion by moderating dyskerin pseudouridine synthase 1 protein expression, thus inhibiting the progression of NSCLC (Yang et al., 2020a). Similar results showed that upregulation of MEG3 activates p53, inhibits the proliferation of NSCLC cells, and partially promotes cell apoptosis (Xu et al., 2018a). And the next step is to study the specific regulatory mechanism of MEG3 by PTX in nude mice.
These experimental data suggest that MEG3 can be used as a diagnostic and therapeutic target for lung cancer by enhancing sensitivity to chemotherapy, acting as a molecular sponge, and other mechanisms. Besides, more large sample sizes and further studies are needed in the future to verify the existing conclusion.
It was demonstrated that MEG3 can inhibit the progress of respiratory system neoplasms through increasing the expression of E-cadherin, PTEN, APAF-1, JAK-STAT, Skp2, SOX7, BRCA1, SLC34A2, and IDO by sponging miR-421, miR-21-5p, miR-23a, miR-548d-3p, miR-3163, miR-7-5p, miR-650, and miR-543, respectively. The specific mechanisms and functional characteristics of MEG3 in respiratory system neoplasms are listed in Tables 1, 2.
TABLE 1 | Characterization of MEG3 function in respiratory and digestive system neoplasms.
[image: Table 1]TABLE 2 | Features of the studies included in this review of respiratory and digestive system neoplasms.
[image: Table 2]2.2 MEG3 in digestive system neoplasms
2.2.1 MEG3 in esophageal squamous cell carcinoma
ESCC is a familial aggregation of malignant cancers related to people’s eating habits. It is prevalent in some regions, particularly in counties bordering Hebei, Henan and Shanxi provinces in northern China. The molecular mechanism underlying ESCC remains unclear and requires further study.
The study by Dong et al. (2017) revealed that MEG3 might upregulate the expression levels of E-cadherin and forkhead box O1 (FOXO1) through sponging miR-9. Not long after, a study reported that the expression of MEG3 was downregulated in ESCC tissues, and that MEG3 might inhibit the growth of ESCC cells as well as induce apoptosis by activating endoplasmic reticulum (ER) stress (Huang et al., 2017). Another study generated similar results MEG3 was associated with tumor progression and poor prognosis (Ma et al., 2019). Additionally, Li et al. (2020a) reported that MEG3 inhibited EMT in ESCC by inhibiting the phosphoserine aminotransferase 1 (PSAT-1)-dependent glycogen synthase kinase 3 beta (GSK-3β)/Snail signaling pathway. A team from Nanchang University conducted an in-depth study on the mechanism of MEG3/MDM2/p53/miR-149-3p/forkhead box P3 (FOXP3) axis in ESCC occurrence and development (Xu et al., 2021a). Together, these data indicate that MEG3 serves as a tumor suppressor in ESCC.
2.2.2 MEG3 in gastric cancer
The incidence of GC is the result of genetic and environmental factors and is associated with high mortality and metastasis rates. Among the top five most common cancers worldwide, GC ranks fourth and is the second leading cause of cancer-related deaths (Fock, 2014). Typically, GC is detected at an advanced stage of infection, proliferation, and lymph node metastasis. Gastrectomy remains the main treatment for GC, but patients with advanced GC cannot receive effective treatment (Catalano et al., 2009). Hence, it is imperative to understand GC’s underlying molecular mechanisms and to develop new treatments.
Recent studies have also showed that MEG3 plays a role as a tumor suppressor through the miRNA sponge mechanism. An in-depth study revealed that MEG3 partially inhibited the proliferation of GC cells by increasing DNA methyltransferase 1 (DNMT-1) by antagonizing miR-148a (Yan et al., 2014). One year later, another group confirmed that MEG3 upregulated Bcl-2 by competitively binding to miR-181a, thus suppressing the proliferation, migration, and invasion of GC cells (Peng et al., 2015). Similar results indicated that MEG3 might interact with miR-141 and target transcription factor 3 (E2F3) (Zhou et al., 2015). In addition, Cui et al. (2018a) found that MEG3 suppresses the progression of GC by targeting secreted frizzled-related protein 1 (SFRP1) and negatively regulating miR-208a. Besides, Ding et al. (2019) proved that MEG3 might appear to be a tumor suppressor by modulating the miR-181a-5p/ATP4B axis in GC.
Emerging evidence revealed that overexpression of MEG3 noticeably inhibited GC growth and metastasis by targeting miR-21 (Dan et al., 2018). Another research group found that miR-770 and its host gene MEG3 might play a tumor-suppressive role in GC (Guo et al., 2017). In addition, Sun et al. (2014) demonstrated that decreased expression of MEG3 in GC cells might be related to MEG3 hypermethylation. Upon restoring MEG3 expression or inhibiting methylation, tumor development can be inhibited both in vivo and in vitro. Subsequently, another research group revealed that the upregulated expression of MEG3 might function as a tumor suppressor gene by activating p53 (Wei and Wang, 2017). Further, Jiao and Zhang (2019) and Xu et al. (2018b) explained that MEG3 suppresses the growth and metastasis of GC cells by inhibiting EMT. A team from Nanjing Medical University identified that the MEG3 RS7158663 might be associated with the risk of gastric neoplasm (Kong et al., 2020).
Accordingly, these findings suggest that MEG3 acts as a tumor suppressor in GC through the miRNA sponge mechanism and other pathways. At present, the role of MEG3 in GC through enhancing the sensitivity of chemoradiotherapy is still blank, and researchers can strengthen the research in this aspect. Based on the existing mechanism, other molecular mechanisms of MEG3 in GC can be explored in the future.
2.2.3 MEG3 in hepatocellular carcinoma
Undoubtedly, liver neoplasms pose a considerable threat to human health, and their incidence is increasing worldwide. HCC is the most common type of liver neoplasm, comprising approximately 90% of the cases (Llovet et al., 2021); its incidence is expected to increase due to the rise in hepatitis C cirrhosis and non-alcoholic fatty liver disease. Therefore, there is an urgent need to develop new strategies for treating liver cancer.
A research group highlighted that the tissue-specific regulation of miR-29a in MEG3 methylation in HCC cells might contribute to the growth of HCC (Braconi et al., 2011). A study by Anwar et al. (2012) confirmed that DLK1-MEG3 is absent in human HCC, thus, MEG3 is used as a biomarker to predict the outcome of epigenetic therapy. Three years later, another group confirmed that methylation of the MEG3 promoter region resulted in the downregulation of MEG3 in HCC cells. Further, dendritic curcumin can induce the re-expression of MEG3, offering a promising treatment for HCC (Zamani et al., 2015). In addition, a study by Zhu et al. (2015) found that MEG3 interacts with the p53 protein and activates its target gene, thus acting as a tumor suppressor in HCC cells. Notably, the innovation of this study is to reveal the interaction between MEG3 and p53 for the first time. Other researchers discovered that MEG3 can inhibit cell proliferation, invasion, colony formation, block the cell cycle, and promote apoptosis of HCC cells (Chang et al., 2016). Chen et al. (2016) confirmed that the tumor suppressive function of MEG3 was partly accomplished through the activation of ER stress and the p53 pathway. In addition, emerging evidence demonstrated that the ubiquitin-like with PHD and ring finger domains 1 (uHRF1)/DNMT1/MEG3/p53 axis might serve as a potential prognostic marker and therapeutic target for HCC (Zhuo et al., 2016). Concurrently, Liu et al. (2016a) reported that hypermethylation in the promoter region explained the low expression of MEG3 in HCC as MEG3 induces apoptosis by affecting cell cycle progression. In another study, Fan et al. (2019) demonstrated the molecular mechanism by which the arsenic trioxide PKM2 pathway regulating MEG3 in HCC by affecting EMT. Recently, it was reported that the downregulated expression of MEG3 might boost the proliferation, migration, and invasion of HCC by signaling the expression of TGF-β1 (Dong et al., 2019). Moreover, an in-depth study validated that downregulation of MEG3 promotes the proliferation and invasion ability of HCC cells, and the mechanism was related to the activation of the PI3K/AKT pathway by consistent adaptor-related protein complex 1 subunit gramma 1 (AP1G1) expression (Sun et al., 2019). In addition, Pu et al. (2019) innovatively proposed that MEG3 inhibited autophagy by downregulating interleukin enhancer binding factor 3 (ILF3) and regulating the PI3K-Akt-mTOR and Beclin-1 signaling pathways. Notably, this study suggested that low concentration of adenosine combined with ectopic expression of MEG3 may be a good therapeutic strategy for HCC. Recently, it was reported that MEG3 suppressed the development of HCC stem cells both in vivo and in vitro (Jiang et al., 2020).
Recently, many studies have elucidated lncRNA-miRNA-mRNA networks in HCC. Li et al. (2017) found that the molecular regulatory axis MEG3/miR-26a/DNA methyltransferase 3 beta (DNMT3B) is a promising new target for HCC treatment. Another study showed that MEG3 exerts anticancer effects in HCC by negatively regulating PKM2 and PTEN activities through miR-122 (Zheng et al., 2018). Similar results indicated that the overexpression of MEG3 in HCC partially released the inhibition of miR-664 on alcohol dehydrogenase 4 (ADH4) transcription and translation by sponging miR-664 (He et al., 2017). A team from Tianjin Medical University found that high glucose levels might improve the poor outcome of patients with HCC and diabetes by targeting the MEG3/miR-483-3p/ER protein 29 (ERp29) regulatory network (Li et al., 2019a). In the same year, another group proved that MEG3 was decreased in HCC tissues and cells, and its high expression regulates the miR-9-5p/SRY-box transcription factor 11 (SOX11) axis (Liu et al., 2019). Recently, it was reported that MEG3 regulates the PTEN/AKT/matrix metallopeptidase 2 (MMP-2)/matrix metallopeptidase 9 (MMP-9) signaling axis and participates in HCC development by targeting miR-10a-5p (Zhang et al., 2019b). In addition, Wu et al. (2021) showed that the MEG3/miR-544b/BTG2 axis may play a crucial role in the occurrence and progression of HCC.
MEG3 has been studied more in HCC than in other cancers. These studies fully demonstrate the role of MEG3 as a tumor suppressor in HCC. However, in these studies, some of the research teams still have some problems, such as insufficient sample size, lack of in vivo experimental verification, lack of further exploration of the downstream molecular mechanism of MEG3 and so on.
2.2.4 MEG3 in gallbladder cancer
GBC is a highly fatal neoplasm and the most common cancer of the biliary system (Zhu et al., 2022). Therefore, it is important to elucidate the molecular mechanism of GBC.
Liu et al. (2016b) demonstrated that MEG3 was downregulated in GBC tissues, and MEG3 inhibited GBC cell proliferation and induce apoptosis. Two years later, another group reported that MEG3 inhibits the expression of the downstream gene, large tumor suppressor kinase 2 (LATS2), by regulating the stability of EZH2 (Jin et al., 2018). A study by Bao et al. (2020) showed that MEG3 inhibited cell proliferation and induced apoptosis in human GBC cells in vitro. Therefore, targeting MEG3 could be a new approach to GBC treatment.
2.2.5 MEG3 in cholangiocarcinoma
CCA is a highly invasive and heterogeneous primary malignant tumor originating from the intrahepatic and extrahepatic bile duct epithelial cells. Most CCA are detected at a late stage when treatment is no longer effective (Liu et al., 2022). Therefore, an understanding of CCA’s molecular mechanisms and a search for new biomarkers could have a tremendous impact on CCA treatment.
A recent study demonstrated that CCA progression was largely suppressed by MEG3 as elevated expression of MEG3 inhibits cell viability, metastasis, and EMT (Li et al., 2019b). In addition, Lu (2019) found that MEG3 suppressed the occurrence and development of CCA by regulating miR-361-5p/TNF receptor-associated factor 3 (TRAF3)/NF-κB pathway.
2.2.6 MEG3 in colorectal cancer
Despite great achievements in the prevention and treatment of CRC, the disease remains an important cause of cancer death, thus a global public health concern (Siegel et al., 2022). In addition, CRC’s pathogenesis is unknown, and the treatment course is long. Therefore, revealing its mechanism of onset and development may provide new therapeutic methods for improving patient prognosis.
Yin et al. (2015) reported that there was a significant positive correlation between low MEG3 expression and low histological grade, deep invasion, and advanced TNM stage in CRC tissues. A subsequent study showed that the rs7158663 single nucleotide polymorphism of MEG3 played a role in the CRC development (Cao et al., 2016). Moreover, an in-depth research demonstrated that decreased MEG3 expression may enhance CRC cell proliferation and inhibit apoptosis through upregulation of TGF-β1 and its downstream sphingosine kinase 1 (SPHK1) (Dong et al., 2018). It is important to note that this study used three different ethnic colorectal cancer cells, excluding racial differences in the pathogenesis of colorectal cancer, so the conclusion are relatively reliable. Subsequent studies showed that through the regulation of miR-141/programmed cell death 4 (PDCD4), MEG3 induces oxaliplatin sensitivity in CRC cells (Wang et al., 2018a). A study by Zhu et al. (2018) confirmed that MEG3 might inhibit the proliferation and metastasis of CRC cells by downregulating the expression level of Clusterin and its direct binding with the Clu protein. A team from China Medical University showed that MEG3 is downregulated in CRC and that it regulates cell function by targeting ADAR1 (Wang et al., 2019a). An in-depth study firstly document the correlation between MEG3 and serum vitamin D. and reported that MEG3 is a possible prognostic factor and therapeutic target for CRC (Zuo et al., 2020). Another study pointed out that the MEG3/miR-103a-3p/pyruvate dehydrogenase E1 subunit beta (PDHB) pathway regulates cell proliferation, invasion, and ER stress, thus confirming the antitumor effects of abnormal expression of MEG3 and miR-103a-3p gene knockout in CRC progression (Wang et al., 2021a).
It was demonstrated that MEG3 can inhibit the progress of digestive system neoplasms through increasing the expression of DNMT-1, Bcl-2, E2F3, SFRP1, ATP4B, DNMT3B, PKM2, PTEN, ADH4, ERp29, SOX11, AKT/MMP-2/MMP-9, BTG2, TRAF3, PDCD4, and PDHB by sponging miR-148a, miR-181a, miR-141, miR-208a, miR-26a, miR-122, miR-664, miR-483-3p, miR-9-5p, miR-10a-5p, miR-544b, miR-361-5p, and miR-103a-3p, respectively. The specific mechanisms and functional characteristics of MEG3 in digestive system neoplasms are listed in Tables 1, 2.
2.3 MEG3 in genitourinary system neoplasms
2.3.1 MEG3 in renal cell cancer
Renal cancer is an extremely common form of malignant tumor of the urinary system and is mostly seen in men aged 60–70 years. With the expansion of conventional imaging examinations, the misdiagnosis rate has decreased (Capitanio and Montorsi, 2016) and the incidence of RCC is increasing. Therefore, RCC’s pathogenesis should be further explored to identify new biomarkers and therapeutic targets.
A recent study revealed that MEG3 activates the mitochondrial pathway by inhibiting the expression of Bcl-2, thus inducing apoptosis in RCC cells (Wang et al., 2015a). Subsequent studies showed that MEG3 upregulates the expression of RAS, such as family 11 member B (RASL11B), by downregulating the expression of miR-7 (He et al., 2018). In addition, Gong et al. (2020) showed that MEG3 suppressed tumor growth, and the MEG3/ST3Gal1/EGFR axis provides a new idea for the diagnosis and therapy of RCC. In summary, these data suggest that MEG3 is involved in RCC tumor suppression.
2.3.2 MEG3 in Wilms’ tumor
Nephroblastoma, also known as WT, is the most prevalent primary kidney neoplasm in children, comprising 5% of overall in childhood cancers (Balis et al., 2021). Thus, understanding the pathogenesis of WT is important to improve patient prognosis.
The unprecedented results of Teng et al. (2020) proved that there is a significant reduction in MEG3 expression in WT tissues and cell lines. The overexpression of MEG3 dramatically decreased the growth, migration, and invasion of WT cells by modulating the Wnt/β-catenin pathway. In summary, this study demonstrated that MEG3 has an antitumor effect in WT.
2.3.3 MEG3 in bladder cancer
As the most prevalent malignancy of the genitourinary system, BCa occurs at an alarming rate. In addition, the pathophysiological mechanisms underlying BCa remain unclear. Therefore, novel treatments are required.
Emerging evidence confirmed that the expression level of MEG3 in BCa tissues was dramatically reduced, whereas overexpression of MEG3 led to a reduction in autophagy ability in BCa (Ying et al., 2013). Similarly, Greife et al. (2014) reported that the expression of DLK1 and MEG3 generally decreased in BCa tissues and cell lines. A study by Jilin University showed that high expression of MEG3 inhibits the migration and invasion of BCa cells and enhance chemotherapy sensitivity to cisplatin (Feng et al., 2018). Another study pointed out that MEG3 inhibited proliferation and promoted apoptosis of BCa cells by regulating miR-96/TPM1 (Liu et al., 2018b). In addition, Huang et al. (2019) revealed that MEG3 negatively regulates the PHLPP2-c-Jun-c-Myc axis by competing with miR-27a, thus inhibiting the aggressiveness and metastasis of BCa cells. A detailed study demonstrated that MEG3 regulates the expression of PTEN by targeting miR-494 to inhibit the occurrence and development of BCa (Shan et al., 2020).
Therefore, MEG3 has an anti-tumor effect in BCa and could potentially provide alternative treatment options. Whereas, there are few studies on the role of MEG3 as a molecular sponge in BCa and future studies can focus on exploring whether other pathways or miRNAs play an antitumor role in BCa.
2.3.4 MEG3 in prostate cancer
A serious threat to men’s health, PCa is one of the most prevalent malignancies of the genitourinary system; therefore, it is of great significance to understand its molecular mechanisms and search for new biomarkers to reduce PCa incidence.
A recent study pointed out that overexpression of MEG3 induced G0/G1 phase arrest by downregulating cyclin D1 expression in PC3 and DU145 cells, thus inducing tumor cell apoptosis in PCa (Luo et al., 2015). In addition, Wu et al. (2019) showed that MEG3 acts as a miRNA sponge in PCa and effectively inhibited PCa development by targeting miR-9-5p/QKI-5 axis. The in vitro model established by Tai et al. (2020) confirmed that PAMAM-PEG-EPDT3/pMEG3 nanoparticles improves the effect of gene therapy in castration-resistant PCa cells. In the same year, another group revealed that MEG3 inhibits PCa progression by binding to EZH2 and promoting H3K27 trimethylation of engrailed homeobox 2 (EN2) (Zhou et al., 2020). In summary, the above data suggest that MEG3 has a tumor-suppressive effect on PCa.
2.3.5 MEG3 in testicular germ cell tumor
TGCT is a urogenital malignancy, in men aged 15–44 years, in the United States and is histologically classified as seminoma, non-seminoma, and spermatocytic neoplasms (Ghazarian et al., 2017). Although most patients with TGCT respond well to treatment, some respond poorly during the advanced stages; therefore, novel treatments could mitigate this issue.
A study to better understand the related molecular mechanisms clarified that a high level of MEG3 expression could competitively bind to miR-1297 and eliminate the inhibitory effect of miR-1297 on PTEN/PI3K/AKT (Yang et al., 2016). This leads to the inactivation of AKT and inhibits the growth of tumor cells. In conclusion, these findings indicate that MEG3 may be a promising target for TGCT diagnosis and treatment.
2.3.6 MEG3 in breast cancer
Although predominant in women, BC comprises 31% of cancers, and its incidence has risen 41% since 1989, partly due to declining fertility rates and weight gain (Siegel et al., 2022). Therefore, a new therapeutic approach is required to elucidate the underlying molecular mechanisms of BC.
Sun et al. (2016a) showed that ectopic expression of MEG3 reduced MDM2 transcription and suppressed the proliferation, migration, and invasion of BC cells. Subsequent studies showed that the expression level of MEG3 in BC tissues is dramatically decreased (Zhang et al., 2016a). The serum level of MEG3 is related to BC differentiation, TNM stage, and lymph node metastasis. Other research showed that excessive MEG3 expression inhibited the growth, invasion, and tumor angiogenesis of BC by downregulating the AKT signaling pathway (Zhang et al., 2017b). In addition, Cui et al. (2018b) revealed that suppression of MEG3 expression in BC was positively correlated with the expression of heparin sulfate proteoglycan 2. A group from Zhengzhou University discovered that miR-506 regulated the expression of Sp1 transcription factor (SP1) and Sp3 transcription factor (SP3), thereby reducing MEG3 methylation and inhibiting the migration and invasion of BC cells (Wang et al., 2018b). Subsequently, Zhang et al. (2019c) suggested that MEG3 suppressed tumor growth and induced apoptosis of BC cells by activating the ER stress, NF-κB, and p53 pathways. A year later, another group firstly genotype three polymorphisms (rs3087918, rs11160608, and rs7158663) in MEG3 and found that the wild-type homozygous GG of MEG3 rs3087918 might be associated with a decreased risk of lung tumors (Ali et al., 2020). Recently, it was reported that the expression level of MEG3 was significantly decreased with the mutant A and G alleles, and the presence of both rs7158663 and low MEG3 is diagnostic or unfavorable prognostic factors for patients with BC (Zheng et al., 2020). Moreover, a team from Hebei University provided new insights into the molecular pathogenesis of triple-negative BC, where lncRNA MCM 3AP-AS1 promoted tumor cell proliferation by downregulating MEG3 (Ren et al., 2021). Shaker et al. (2021) showed that MEG3 is used as a miRNA decoy, leading to an increase in miR-182 and miR-29 expression.
MEG3 also plays a key role in radiotherapy and chemotherapy for BC. Bayarmaa et al. (2019) revealed that MEG3 rs10132552 was related to cisplatin-containing chemotherapy response in BC patients, and MEG3 rs10132552 and rs941576 might be associated with disease-free survival. Not long after, a study reported that inhibition of MEG3 methylation could weaken the chemotherapy resistance of BC cells to target genes; thus, playing a role in tumor suppression (Li et al., 2020b). Moreover, in another study, Yan et al. (2021) confirmed that cisplatin exerted an anti-tumor effect by activating the MEG3/NLR family pyrin domain containing 3 (NLRP3)/Caspase-1/gasdermin D (GSDMD) pathway in triple-negative BC.
Recent studies have also shown the presence of lncRNA-miRNA-mRNA networks in BC. An in-depth study revealed that MEG3 increases the expression of E-cadherin to inhibit tumor cell invasion and EMT by sponging miR-421 (Zhang et al., 2017c). Besides, Zhu et al. (2019) reported that overexpression of MEG3 inactivated the PI3K/AKT signal pathway by sponging miR-21 and suppressed the occurrence of BC. In subsequent studies, the authors found that MEG3 suppresses the pathogenesis of BC through miR-4513/phenazine biosynthesis, such as the protein domain containing (PBLD) axis (Zhu et al., 2020). Moreover, Dong et al. (2021) discovered a targeting relationship between MEG3, miR-141-3p, and RNA-binding motif single-stranded interacting protein 3 (RBMS3).
Hence, MEG3 can function as a tumor suppressor through increasing E-cadherin, PBLD and RBMS3 by inhibiting miR-421, miR-4513 and miR-141-3p respectively. Collectively, these data imply that MEG3 has an antitumor effect in BC.
2.3.7 MEG3 in ovarian cancer
OC is a common malignancy of the female reproductive system. Due to the lack of clear early features and diagnostic biomarkers, many patients are diagnosed at a late stage, resulting in a high mortality rate (Niu et al., 2015). Although surgery, chemotherapy, and radiotherapy have some beneficial effects, the prognosis remains poor. Therefore, it is necessary to identify specific biomarkers for OC to elucidate its invasion and metastasis mechanisms.
A group from China Medical University revealed that MEG3 may be a potential biomarker for epithelial ovarian cancer (EOC) and acts as a tumor suppressor in EOC by modulating autophagy-related 3 (ATG3) activity and triggering autophagy (Xiu et al., 2017). Wang et al. (2018c) showed that high MEG3 expression may suppress tumor cell proliferation and boost apoptosis by targeting PTEN. Another study pointed out that MEG3 was decreased in OC tissues and was negatively related to AGAP2 antisense RNA 1 (AGAP2-AS1). AGAP2-AS1 could downregulate the expression of MEG3 and promote OC cell proliferation (Chen et al., 2019). In addition, a recent study proposed that the serum level of MEG3 is a marker of high-grade OC tumor progression (Buttarelli et al., 2020).
MEG3 also affects the chemosensitivity of patients with OC. A recent study showed that upregulated expression of MEG3 reduces the extracellular vesicle-mediated metastasis of miR-214 in OC cells; in turn, this reduces the resistance of recipient cells to drugs (Zhang et al., 2017d). Notably, these results revealed for the first time that curcumin can be used as a demethylating agent to restore MEG3 expression levels in OC. A subsequent study has shown that the level of MEG3 is used as a biomarker to predict cisplatin resistance of OC (El-Khazragy et al., 2020).
Recently, many studies have demonstrated that MEG3 exerts anti-cancer effects through the lncRNA-miRNA-mRNA axis. Wang et al. (2019b) stated that MEG3 may inhibit the occurrence and development of OC by regulating miR-219a-5p/EGFR axis. Not long after, a study demonstrated that MEG3 increased laminin subunit alpha 4 (LAMA4) expression by sponging miR-30e-3p, thereby suppressing OC cell growth, migration, and invasion (Liu et al., 2020). Moreover, Tao et al. (2020) demonstrated that upregulation of MEG3 plays a positive role by inhibiting proliferation and invasion, promoting cell apoptotic by targeting miR-205-5p.
Therefore, MEG3 may suppress the progress of OC through promoting the expression level of EGFR and LAMA4 by sponging miR-219a-5p and miR-30e-3p respectively. In conclusion, these studies showed that MEG3 is a useful biomarker for OC diagnosis and therapy.
2.3.8 MEG3 in endometrial cancer
According to the US Department of Health and Human Services, EC is the sixth leading cause of cancer-related death. The number of new cases is increasing annually due to obesity and the aging population. Therefore, it is of great significance to study the molecular mechanisms, identify new biomarkers, and seek new diagnosis and treatment methods.
Guo et al. (2016) found that MEG3 expression was reduced in EC tissues, and that high expression of MEG3 inhibited the Notch signaling pathway in EC. Similar results indicated that MEG3 may inhibit the occurrence and development of EC through the Notch and PI3K pathways (Sun et al., 2017). In addition, 3 years later, another group demonstrated that the MEG3/miR-216a axis might mediate the inhibition of PD-L1 in invasive EC (Xu et al., 2020). Therefore, these data imply that MEG3 has an antitumor effect in EC.
2.3.9 MEG3 in choriocarcinoma
Choriocarcinoma is a highly malignant tumor that occurs in women of childbearing age, and is rarely diagnosed in postmenopausal women or girls under 20 years (Rafanan et al., 2017). Therefore, there is an urgent need to develop treatment strategies for choriocarcinoma.
Ji and Li (2019) found that MEG3 inhibited choriocarcinoma formation by positively modulating miR-211/PI3K/AKT/AMPK signaling pathways. Similar results indicated that schisandrin A upregulated MEG3 expression and blocked the PI3K/AKT/NF-κB axis, thereby suppressing the migration and invasion of choriocarcinoma cells (Ji and Ma, 2020). Overall, these data verified that MEG3 acts as a tumor suppressor in choriocarcinoma.
2.3.10 MEG3 in cervical cancer
The incidence of CC continues to increase due to extensive cytological screening, and it remains an ongoing public health problem (Siegel et al., 2022). Therefore, studying the molecular mechanisms, identifying new biomarkers, and seeking new diagnosis and treatment methods could benefit the population.
A study by Qin et al. (2013) showed that the expression of MEG3 was high in non-tumor tissue; it was considerably decreased in tumor tissues. Emerging evidence showed that decreased MEG3 expression was related to hypermethylation of the MEG3 promoter in CC tissues, leading to tumor recurrence and short OS (Zhang et al., 2017e). Subsequent studies have demonstrated that MEG3 methylation in plasma serves as a prognosticator or diagnostic tool for CC (Zhang et al., 2017f). Another study confirmed that MEG3 might bind p-STAT3 protein through ubiquitination to promote its degradation; thus, inhibiting proliferation and promoting the apoptosis of CC cells (Zhang and Gao, 2019). In addition, Wang et al. (2017b) further elaborated the role of MEG3 as a tumor suppressor in CC by modulating the PI3K/AKT/Bcl-2/Bax/P21 and PI3K/AKT/MMP-2/9 axes. An in-depth study revealed that the overexpression of MEG3 suppressed the survival, migration, and invasion of CC cells (Chen and Qu, 2018). Moreover, Wan and Zhao (2020) demonstrated that a low level of MEG3 was an independent prognostic factor for CC patients. Recently, it was demonstrated that MEG3 suppressed the development of CC cells and activated apoptosis by targeting miR-21 (Zhang et al., 2016b).
Research has also shown that MEG3 serves as a molecular sponge for miRNA to inhibit cancer as Zhu and Han (2019) found that lidocaine inhibits proliferation and promotes apoptosis of CC cells by modulating the MEG3/miR-421/anti-proligeration factor 1 (BTG1) axis. In addition, similar results confirmed that MEG3/miR-7-5p/stanniocalcin 1 (STC1) axis mediates ER stress and induces apoptosis in CC cells (Pan et al., 2021a).
In summary, the above data verified that MEG3 inhibited the occurrence and progression of CC. Still, some of the teams’ research had limitations, such as a lack of cell experiments to verify their conclusion. In addition, some studies on the molecular sponging mechanism of MEG3 have only explored the miRNAs where MEG3 acts, without further exploring the downstream pathways of miRNAs. Hopefully, these problems will be solved in the future.
It was demonstrated that MEG3 can inhibit the progress of genitourinary system neoplasms through increasing the expression of RASL11B, TPM1, PHLPP2, PTEN, QKI-5, PI3K/AKT, E-cadherin, PBLD, RBMS3, EGFR, PDGFRA, LAMA4, PD-L1, BTG1, and STC1 by sponging miR-7, miR-96, miR-27a, miR-494, miR-9-5p, miR-1297, miR-421, miR-4513, miR-141-3p, miR-219a-5p, miR-30e-3p, miR-216a, and miR-211, respectively. The specific mechanisms and functional characteristics of MEG3 in genitourinary system neoplasms are listed in Tables 3, 4.
TABLE 3 | Characterization of MEG3 function in genitourinary system neoplasms.
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2.4.1 MEG3 in leukemia
Leukemia is a malignant clonal hematopoietic stem cell disorder. It can be classified into acute myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), chronic myeloid leukemia (CML), and chronic lymphoblastic leukemia (CLL). Therefore, it is important to investigate the molecular mechanisms underlying various types of leukemia and identify new therapeutic methods for effective treatment.
Some studies have shown the presence of lncRNA-miRNA-mRNA networks in leukemia. Yu et al. (2020b) analyzed that MEG3 regulates the expression of ALG9 by sponging miR-155, providing a new idea for the early diagnosis and chemotherapy resistance of AML. Similar results indicated that increased MEG3 expression modulated the expression of miR-147 to inhibit tumor cell proliferation and enhance apoptosis by modulating the JAK/STAT pathway (Li et al., 2018a).
Furthermore, Benetatos et al. (2010) suggested that MEG3 hypermethylation might be associated with decreased survival in patients with AML. Seven years later, another group confirmed that MEG3 expression is markedly reduced in AML cells (Yao et al., 2017a). And subsequent studies showed that hypermethylation of MEG3 promoter in AML might be related to downregulation of tet methylcytosine dioxygenase 2 (TET2) activity (Yao et al., 2017b). In addition, Sellers et al. (2019) highlighted the importance of the DLK1-MEG3 locus in the occurrence and development of AML. A recent study reported that the increase in MEG3 expression in ALL induction therapy is related to good prognosis and can improve patient survival (Gao, 2021). In CML, a study by Li et al. (2018b) showed that MEG3 interacted with miR-184 to downregulate related proteins and reduce cell proliferation and invasion. Additionally, a team from Southwest Medical University have contributed to our understanding of the mechanism of CLL resistance to imatinib (Zhou et al., 2017). It can alleviate imatinib resistance by regulating miR-21 to regulate the proliferation, apoptosis and expression of multidrug resistance transducers in leukemia cells. Moreover, another research group reported that MEG3 suppresses the growth of CML cells by sponging miR-21 and plays a regulatory role in the acute phase of CLL (Li et al., 2018c).
In summary, the above data verified that MEG3 inhibits the occurrence and progression of leukemia.
2.4.2 MEG3 in multiple myeloma
MM is a malignant tumor accompanied by the secretion of monoclonal immunoglobulin, which can be detected in serum or urine (Röllig et al., 2015). Despite the adoption of innovative treatment strategies for MM, low survival rates have persisted. Thus, it is vital to study the molecular mechanisms underlying its pathogenesis and to discover new therapeutic strategies.
Emerging evidence shows a regulatory network of MEG3/miR-181a/homeobox A11 (HOXA11) in MM. Yu et al. (2020c) reported that the demethylation reagent 5-AZa-CdR might upregulate the level of p53 to suppress the proliferation of MM cells by upregulating MEG3 expression. Hence, these studies infer that MEG3 is a tumor suppressor in MM.
2.4.3 MEG3 in T-cell lymphoblastic lymphoma
AS adult T-LBL has a poor prognosis and no internationally recognized therapy, it is pertinent to study its molecular mechanism and find new biomarkers, improving diagnosis and treatment methods.
The study by Fan et al. (2017) showed that MEG3 played a role as a tumor suppressor gene in T-LBL through miR-214/apoptosis inducing factor mitochondria associated 2 (AIFM2) pathways. Not long after, a study reported that MEG3 might suppress the invasion, migration, and drug resistance by suppressing the PI3K/mTOR axis in T-LBL cells (Deng et al., 2018). Together, these data support the hypothesis that MEG3 inhibits the occurrence and progression of T-LBL.
It was demonstrated that MEG3 can inhibit the progress of hematological system neoplasms through increasing the expression of ALG9, JAK/STAT, HOXA11, and AIFM2 by sponging miR-155, miR-147, miR-181a, and miR-214, respectively. The specific mechanisms and functional characteristics of MEG3 in hematological neoplasms are listed in Tables 5, 6.
TABLE 5 | Characterization of MEG3 function in hematological, neuroendocrine, and other system neoplasms.
[image: Table 5]TABLE 6 | Features of the studies included in this review of hematological, neuroendocrine, and other system neoplasms.
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2.5.1 MEG3 in neuroblastoma
NB is the most common extracranial solid tumor in children, with 90% occurring in children under 10 years of age. It is a neuroendocrine tumor its pathogenesis is still unclear.
An in-depth study revealed that MEG3, hyperpolarization-activated cyclic nucleotide-gated potassium channel 3 (HCN3), and linc01105 affect the proliferation and apoptosis of NB cells through the HIF-1α and p53 pathways (Tang et al., 2016). Additionally, Zhuo et al. (2018) proposed that MEG3 is a susceptibility gene for NB. The MEG3 polymorphism analysis indicated that subjects with the rs4081134 AG/AA genotype tended to develop NB in specific subgroups. Two years after, another group showed that high expression of MEG3 suppressed the development of NB by inhibiting FOXO1-mediated autophagy and mTOR-mediated EMT (Ye et al., 2020). In combination, these studies provide new insights into the disease.
2.5.2 MEG3 in glioma
Gliomas are one of the most prevalent and aggressive brain neoplasms worldwide. It grows rapidly, has a strong invasion ability, and has a poor prognosis. Surgical treatment and postoperative chemoradiotherapy are the standard treatment for glioma however, chemotherapy resistance often leads to treatment failure. Therefore, it is imperative to study treatment strategies for gliomas.
A team from Jilin University reported that MEG3 inhibited the proliferation and migration of U251 cells by positive regulation of sirtuin 7 (Sirt7) and participates in the suppression of the PI3K/AKT/mTOR axis in glioma (Xu et al., 2018c). Another research group clarified that the decreased expression of MEG3 was closely related to the reduction in the OS of patients with glioma (Zhao et al., 2018). Subsequently, Buccarelli et al. (2020) stated that MEG3 inhibited the growth of glioma tumors by modulating cell adhesion, EMT, and cell proliferation. Nonetheless, the molecular mechanism of MEG3 in glioma is still not clear. In addition, another research group revealed that downregulation of MEG3 induced EMT, migration, and invasion of glioma cells, and overexpression of MEG3 induced autophagy in glioma cells (Yang et al., 2020b). Similar results indicated that MEG3 might be used as a biomarker for glioma prognosis and as a promising immunotherapy biomarker (Xu et al., 2021b).
Recently, several studies have shown that MEG3 inhibits glioma development through lncRNA-miRNA-mRNA networks. Emerging evidence shows that MEG3 inhibits the proliferation, migration, and invasion of glioma cells by sponging miR-19a to upregulate the expression level of PTEN (Qin et al., 2017). Zhang and Guo (2019) found that the MEG3/miR-96-5p/MTSS I-BAR domain-containing (MTSS1) axis may be a possible approach for treating gliomas. Recently, it has been reported that MEG3 interacts with miR-377 and PTEN and MEG3 inhibited glioma cells through miR-377/PTEN signals (Wang et al., 2019c). In addition, similar results demonstrated that MEG3 glioma progression by sponging miR-6088 to target the SMARCB1 protein (Gong and Huang, 2020).
These data above suggest that MEG3 acts as a tumor suppressor in leukemia through the lncRNAs-miRNAs-mRNAs axis as well as a number of other pathways. In future studies, the researchers can refine their search for the exact molecular mechanism.
2.5.3 MEG3 in meningioma
Among the most common primary tumors of the nervous system, meningioma originates from arachnoid meningeal epithelial cells. It is very important to understand the pathogenesis of meningiomas and identify effective treatment strategies.
Recently, a team from Fujian Medical University found that MEG3 mediated meningioma cell cycle arrest through miR-29c/A-kinase anchoring protein 12 (AKAP12) axis and inhibited tumor cell migration, invasion, and proliferation; thus, providing a new biomarker for the treatment of meningioma (Ding et al., 2020). In summary, this finding implies that MEG3 is a tumor suppressor in meningioma.
2.5.4 MEG3 in retinoblastoma
Although RB is the most common form of intraocular malignancy in both infants and young children, its occurrence is rare (Cassoux et al., 2017). RB severely damages children’s visual function and life; therefore, new approaches to molecular regulatory mechanisms are urgently needed.
Gao and Lu (2016) demonstrated that decreased MEG3 expression is related to RB severity. MEG3 suppresses tumor growth by inhibiting the Wnt/β-catenin pathway. One year later, they clarified that MEG3 was epigenetically inactivated because of the abnormal hypermethylation of its promoter (Gao et al., 2017). Studies have shown that overexpression of DNMT1 can induce MEG3 gene promoter methylation and inactivation; thus, promoting RB cell proliferation (Gao et al., 2020). In conclusion, these data imply that MEG3 inhibits RB progression and functions as a diagnostic and therapeutic target for RB.
2.5.5 MEG3 in thyroid cancer
In adults, TC is the most prevalent primary endocrine malignant neoplasm, and new studies on its molecular regulatory mechanisms are necessary.
An in-depth study showed that high MEG3 expression inhibited tumor invasion and migration by targeting Rac1 (Wang et al., 2015b). A subsequent study clarified that MEG3 enhances the radiosensitivity of TC cells to 131I by sponging miR-182 and inducing tumor cell apoptosis (Liu et al., 2018a). Still, this study lacks elaboration of the detailed mechanisms of how MEG3 affects 131I radiation sensitivity. In summary, the findings indicated that MEG3 plays a significant role in inhibiting TC cell growth.
2.5.6 MEG3 in pancreatic cancer
PC is a rare tumor that originates from islet cells; It is highly malignant and has a very poor prognosis. In terms of treatment, PC is fairly resistant to most conventional treatment regimens. Therefore, the development of new treatment strategies is vital.
Modali et al. (2015) suggested that MEG3 activation and/or inactivation through epigenetic modification might have therapeutic effects on PC. A year later, a team from Soochow University showed that fenofibrate inhibits PC cell proliferation by upregulating MEG3-mediated p53 activation (Hu et al., 2016). Not long after, a study reported that MEG3 regulates the PI3K/AKT/Bcl-2/Bax/Cyclin D1/p53 as well as PI3K/AKT/MMP-2/MMP-9 signaling pathways in PC to suppress tumor growth (Gu et al., 2017). Another study highlighted that MEG3 is downregulated in PC; their study comprehensively established the epigenetic mechanism of MEG3 regulation of c-MET (Iyer et al., 2017). In addition, Zhang and Feng (2017) confirmed that MEG3 might play a tumor-suppressive role in PC by sponging miR-183 and targeting the brain protein I3 (BRI3). Subsequent studies showed that MEG3 exerts tumor-inhibitory effects by regulating cell proliferation, migration, invasion, EMT, and chemotherapy sensitivity (Ma et al., 2018). Further, Han et al. (2020) reported that MEG3 sponges miR-374a-5p to modulate the expression level of PTEN and suppress tumor cell growth in PC. According to another research group, the expression level of MEG3 was negatively related to the expression of PI3K, which was closely related to tumor size, metastasis, and vascular infiltration (Pan et al., 2021b). These results indicate that MEG3 is an effective target for the diagnosis and treatment of PC.
It was demonstrated that MEG3 can inhibit the progress of neuroendocrine system neoplasms through increasing the expression of PTEN, MTSS1, SMARCB1, AKAP12, Rac1, and BRI3 by sponging miR-19a, miR-96-5p, miR-377, miR-6088, miR-29c, miR-182, miR-183, and miR-374a-5p, respectively. The specific mechanisms and functional characteristics of MEG3 in neuroendocrine system neoplasms are listed in Tables 5, 6.
2.6 MEG3 in other neoplasms
2.6.1 MEG3 in osteosarcoma and chordoma
Osteosarcomas account for the majority of bone tumors in children and adolescents. Moreover, the incidence of secondary malignancy in patients is 3.7 times higher than that in the normal population, mainly due to the adjuvant chemotherapy used in osteosarcoma (Bagcchi, 2014). Chordoma is a rare bone tumor with a high recurrence rate; however, its pathogenesis remains unclear. Therefore, new treatment methods are essential.
Two years ago, a team from Nanjing medical university stated that MEG3 contributes greatly to the diagnosis and treatment of osteosarcoma by sponging miRNAs (Jiang et al., 2019). Not long after, another team confirmed that the MEG3/miR-361-5p/forkhead box M1 (FoxM1) signaling axis may be a diagnostic biomarker or therapeutic target for osteosarcoma (Shen et al., 2019). In addition, a study by Li et al. (2020c) proved that MEG3 regulates the proliferation, migration, and apoptosis of osteosarcoma cells by targeting miR-184 and Wnt/β-catenin.
Emerging evidence reported that MEG3 knockdown was an independent prognostic biomarker affecting the OS of patients with osteosarcoma (Tian et al., 2015). Subsequently, Sun et al. (2016b) found that Ewing sarcoma associated transcript 1 (EWSAT1) played a vital role in the growth and metastasis of osteosarcoma cells, through modulating the expression level of MEG3. Another study observed that the MEG3/miR-644a axis may be a novel factor for the diagnosis and treatment of osteosarcoma (Sahin et al., 2017). The results of miR-664a inhibition assay showed that up-regulation of miR-664a inhibits MEG3 gene expression in osteosarcoma. In addition, another research group demonstrated that MEG3 might inhibit the development and metastasis of osteosarcoma by inhibiting the Notch and TGFβ signaling pathways (Zhang et al., 2017g). Shi et al. (2018) revealed that upregulation of MEG3 significantly increased the transactivation of p53, modulated the expression of downstream proteins, and suppressed the proliferation, invasion, and migration of tumor cells. Recently, similar results indicated that MEG3 might effectively suppress the development of osteosarcoma cells and boost cell apoptosis by inhibiting the activation of the intracellular Notch signaling pathway (Chen et al., 2020).
A recent study demonstrated that increased MEG3 expression inhibited the proliferation of chordoma cells, revealing the role of the imprinted gene cluster DLK1-MEG3 in the occurrence and development of chordoma (Chen et al., 2017).
Therefore, these studies imply that MEG3 is a tumor suppressor in osteosarcoma and chordoma. Whereas, if some of the researchers can add animal experiments to confirm their conclusion, it will be even more convincing. And the study of the exact molecular mechanism is very necessary in the future.
2.6.2 MEG3 in melanoma
Melanoma is a highly malignant tumor, and its incidence is gradually increasing. Although it can be treated by surgical resection in the early stage, if it has spread to a metastatic stage, it is almost impossible to cure (Gray-Schopfer et al., 2007). Hence, new treatment strategies would be beneficial.
Li et al. (2018d) suggested that MEG3 might inhibit melanoma progression by activating the Wnt signaling pathway. In addition, another team showed that MEG3 modulated the expression of CYLD by targeting miR-499 and suppressed the proliferation and invasion of melanoma (Long and Pi, 2018). Two years later, a research group from Sun Yat-sen University revealed that MEG3 might inhibit tumor growth and metastasis by modulating the miR-21-E-cadherin axis (Wu et al., 2020).
It was demonstrated that MEG3 can inhibit the progress of other system neoplasms through increasing the expression of FoxM1, CYLD, and E-cadherin by sponging miR-361-5p, miR-499-5p, and miR-21, respectively. The specific mechanisms and functional characteristics of MEG3 in other systemic neoplasms are listed in Tables 5, 6.
2.7 MEG3 in various common inflammatory processes
Furthermore, we have summarized the regulatory pathways of MEG3 in various common inflammatory processes. Xu and Xu (2017) found that the expression level of MEG3 decreased in cartilage tissues and that the downregulation of MEG3 led to the osteoarthritis (OA) through the miR-16/SMAD7 axis. Similar results indicated that MEG3 promotes cell proliferation and inhibits cell apoptosis and extracellular matrix degradation through the miR-361-5p/FOXO1 pathway in OA (Wang et al., 2019d). Recently, it was reported that MEG3 induces the expression of KLF4 by sponging miR-9-5p, promoting chondrocyte proliferation and migration, and inhibiting inflammation (Huang et al., 2021). Additionally, Xiong et al. (2022) found that MEG3 inhibits the progression of OA by regulating the miR-34a/Klotho axis. A group from Jining Medical University showed that MEG3 might exert anti-inflammatory effects by sponging miR-146a in ankylosing spondylitis (Li et al., 2020d). In another study, MEG3 could act as a molecular sponge for miR-7a-5p to regulate the expression level of NOD-like receptor 3 (Meng et al., 2021). Moreover, Wang et al. (2021c) stated that MEG3 might regulate IL-10 expression by targeting miR-98-5p, which may lead to its protective effect against ulcerative colitis (UC). Another study showed how MEG3 alleviated UC inflammation via the miR-206-5p/CREB1 pathway (Wang et al., 2021d). Finally, Li et al. (2019c) reported that MEG3 may inhibit rheumatoid arthritis through the miR-141/AKT/mTOR signaling pathway (Figure 2).
[image: Figure 2]FIGURE 2 | MEG3 mediates mechanisms involved in various common inflammatory processes.
3 COMMON MECHANISMS OF MEG3 IN VARIOUS CANCERS
3.1 MEG3 functions as a tumor suppressor by regulating common cell signal transduction pathways
MEG3 can play the role of tumor suppressor in many tumors by regulating the p53 pathway, PTEN/PI3K/AKT pathway, Wnt/β-catenin pathway, JAK/STAT pathway and other common cell signal transduction pathways. Yu et al. (2020c) showed that the demethylation reagent 5-AZa-CdR might increase the expression level of p53 to suppress the proliferation of MM cells by upregulating MEG3 expression. Pu et al. (2019) identified that MEG3 inhibited autophagy by downregulating ILF3 and regulating the PI3K-Akt-mTOR and Beclin-1 signaling pathways. Liu et al. (2017) demonstrated that the expression of MEG3 was downregulated and negatively regulated the Wnt/β-catenin signaling pathway to inhibit the proliferation and metastasis of oral squamous cell carcinoma. Besides, Tan et al. (2019) showed that high expression of MEG3 promotes the expression of SOCS5 and SOCS6 via the miR-548d-3p-JAK-STAT axis in oral cancer.
3.2 MEG3 and miRNAs
3.2.1 MEG3 interacts with miRNAs as competitive endogenous RNA
It is well known that miRNA can lead to gene silencing by binding mRNA, while MEG3 can function as a ceRNA to affect gene silencing caused by miRNA by binding to miRNA through microRNA response elements, thereby upregulating the expression of target genes. This mechanism is involved in almost all tumor types in which MEG3 acts.
Peng et al. (2015) reported that MEG3 upregulated Bcl-2 by competitively binding to miR-181a, thus suppressing the proliferation, migration, and invasion of GC cells. Wu et al. (2021) showed that the MEG3/miR-544b/BTG2 axis may play a crucial role in the occurrence and progression of HCC. Wu et al. (2019) showed that MEG3 acts as a miRNA sponge in PCa and effectively inhibited PCa development by targeting miR-9-5p/QKI-5 axis. Zhang et al. (2017c) found that MEG3 increases the expression of E-cadherin to inhibit tumor cell invasion and EMT by sponging miR-421. In addition, Pan et al. (2021a) confirmed that MEG3/miR-7-5p/STC1 axis mediates ER stress and induces apoptosis in CC cells. Li et al. (2018a) found that increased MEG3 expression modulated the expression of miR-147 to inhibit tumor cell proliferation and enhance apoptosis by modulating the JAK/STAT pathway. Shen et al. (2018) found a regulatory network of MEG3/miR-181a/HOXA11 in MM. Qin et al. (2017) showed that MEG3 inhibits the proliferation, migration, and invasion of glioma cells by sponging miR-19a to upregulate the expression level of PTEN. Han et al. (2020) reported that MEG3 sponges miR-374a-5p to modulate the expression level of PTEN and suppress tumor cell growth in PC. Shen et al. (2019) confirmed that the MEG3/miR-361-5p/FoxM1 signaling axis may be a diagnostic biomarker or therapeutic target for osteosarcoma. Wu et al. (2020) revealed that MEG3 might inhibit tumor growth and metastasis in melanoma by modulating the miR-21-E-cadherin axis.
3.2.2 Direct effect of MEG3 and miRNAs
Zhang et al. (2018) suggested that MEG3 may regulate the proliferation and metastasis of oral squamous cell carcinoma cells by targeting miR-21. Zhou et al. (2017) hypothesized that high expression of MEG3 reversed imatinib resistance, inhibited tumor cell development and increased apoptosis by targeting the expression of miR-21.
3.3 MEG3 functions as a tumor suppressor by increasing the sensitivity of radiotherapy or chemotherapy
Many studies have shown that MEG3 can regulate the processes related to drug resistance. Gao et al. (2021) showed that MEG3 enhances the anti-tumor activity of curcumin in gemcitabine-resistant NSCLC cells through the PTEN pathway. A study by El-Khazragy et al. (2020) revealed that the level of MEG3 is used as a biomarker to predict cisplatin resistance of OC. Liu et al. (2018a) clarified that MEG3 enhances the radiosensitivity of TC cells to 131I by sponging miR-182 and inducing tumor cell apoptosis.
3.4 MEG3 and methylation modification
Studies have confirmed that hypermethylation of the MEG3 promoter CpG island is caused the decrease or deletion of MEG3 gene expression level was the main reason. Wu et al. (2021) showed that m6A-induced MEG3 may inhibit the proliferation, migration and invasion via the MEG3/miR-544b/BTG2 axis in HCC. Yu et al. (2020c) reported that the demethylation reagent 5-AZa-CdR might upregulate the level of p53 to suppress the proliferation of MM cells by upregulating MEG3 expression. Studies have shown that overexpression of DNMT1 can lead to MEG3 gene promoter methylation and inactivation, which will promote RB cell proliferation (Gao et al., 2020).
In conclusion, the expression of MEG3 is downregulated or absent in a variety of tumors. Overexpression of MEG3 may affect and regulate common cancer-related pathways and interact with miRNAs, mRNAs and proteins through transcriptional regulation, post-transcriptional regulation or epigenetic regulation to play a tumor suppressor role. In the interaction with miRNA, MEG3 can regulate multiple miRNAs, and MEG3 plays a major role in tumor suppression as a ceRNA. Among the tumor suppressive effects of MEG3, the most common is that MEG3 down-regulates the downstream miRNA through the effect of molecular sponge, thus upregulates the expression of its target genes. Target genes can activate common cancer-associated pathways to play the role of tumor suppressor in various tumors. For each type of tumor, MEG3 can exert its effects through multiple pathways.
4 CONCLUSION AND FUTURE PERSPECTIVES
Cancer poses a severe threat to human health globally. Although the overall mortality rate of cancer has declined in recent years, its early diagnosis and treatment still face major challenges. Many patients with malignant tumors are diagnosed at a late stage and have a poor prognosis. Therefore, it is imperative to search for novel biomarkers and explore the various molecular mechanisms for early diagnosis and treatment of cancer.
Numerous studies have shown that lncRNAs are abnormally expressed in many diseases and can act as tumor suppressors or oncogenes. The expression of MEG3 in various tumor tissues and cells is lower than that in normal adjacent tissues. Thus, the loss of MEG3 expression is associated with tumorigenesis. MEG3 overexpression suppresses tumor cell growth in many neoplasms, including squamous cell carcinoma of the head and neck, lung cancer, ESCC, GC, HCC, GBC, CCA, CRC, RCC, WT, BCa, PCa, TGCT, BC, OC, EC, choriocarcinoma, CC, leukemia, MM, T-LBL, neuroblastoma, glioma, meningioma, RB, TC, PC, osteosarcoma, chordoma, and melanoma. Abnormal expression of MEG3 in tumors is closely related to a variety of clinical and pathological features such as age, tumor size, vascular invasion, distant metastasis, OS, and neoplasm recurrence. Many studies have shown that the upregulation of MEG3 may inhibit the proliferation, migration, and invasion of tumor cells and promote the apoptosis.
MEG3 not only has many downstream molecular pathways but also some upstream regulators. Fan et al. (2019) found that arsenic trioxide inhibits EMT in HCC, partly by upregulating MEG3 expression. Wu et al. (2021) disclosed that METTL3-mediated N6-methyladenosine modification might decrease MEG3 expression, which is critical for the occurrence and progression of HCC. Zhu et al. (2018) revealed that vitamin D can induce MEG3 expression, thereby inhibiting CRC cell proliferation and migration. Ji and Ma (2020) showed that schisandrin A might suppress the growth of choriocarcinoma cells by upregulating the expression of MEG3. Gao et al. (2020) explained that DNMT1 can promote the proliferation of RB cells by silencing the expression of MEG3.
In the review, as described in Figure 3, we summarized the specific mechanism by which MEG3 acts as a tumor suppressor. Firstly, as described in Tables 1–6, MEG3 can inhibit the occurrence, development, and improve the prognosis of tumors by directly interacting with miRNA or acting on target genes and proteins. Second, MEG3 acts as a molecular sponge for miRNAs and as a tumor suppressor through the MEG3-miRNA-mRNA axis. In addition, we found that upregulation of MEG3 expression increases the sensitivity of tumor cells to radiotherapy and chemotherapy; thus, improving the effectiveness of current treatment strategies.
[image: Figure 3]FIGURE 3 | MEG3 mediates mechanisms involved in various cancers.
In almost all reports, the expression of MEG3 in tumor tissues is reduced or absent compared with adjacent normal tissues, and overexpression of MEG3 in tumors can play a role in tumor inhibition, such as inhibiting tumor proliferation, migration, invasion or promoting tumor cell apoptosis. These reports have shown that MEG3 is a novel target for tumor diagnosis and therapy. However, some studies failed to draw positive conclusion because of insufficient sample size. Therefore, future studies with larger sample sizes are required to elucidate the specific functional mechanism. At present, research on MEG3 still requires in-depth discussion, and its specific mechanism of action in tumors must be further investigated.
AUTHOR CONTRIBUTIONS
KW, JX, and XW conceived the review; KW, JX, and CZ wrote the manuscript. All authors read and approved the final manuscript.
FUNDING
This work was supported by National Natural Science Foundation of China (Grant No. 82072835) to KW, Key Research and Development Joint Program of Liaoning Province (Grant No. 2020JH 2/10300139) to KW, Natural Science Foundation of Liaoning Province (Grant No. 2019-MS-360) to KW, Shenyang Science and Technology Bureau Plan Projects (Grant No. 20-205-4-076) to KW, 345 Talent Project of Shengjing Hospital of China Medical University (Grant No. M0366) to KW, and Outstanding Scientific Fund of Shengjing Hospital to KW.
ACKNOWLEDGMENTS
We thank Yun Cui from Department of Urology, Beijing Chaoyang Hospital for helping us preparing the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ali, M. A., Shaker, O. G., Alazrak, M., AbdelHafez, M. N., Khalefa, A. A., Hemeda, N. F., et al. (2020). Association analyses of a genetic variant in long non-coding RNA MEG3 with breast cancer susceptibility and serum MEG3 expression level in the Egyptian population. Cancer Biomark. 28, 49–63. doi:10.3233/cbm-191072
 Anwar, S. L., Krech, T., Hasemeier, B., Schipper, E., Schweitzer, N., Vogel, A., et al. (2012). Loss of imprinting and allelic switching at the DLK1-MEG3 locus in human hepatocellular carcinoma. PLoS One 7, e49462. doi:10.1371/journal.pone.0049462
 Arun, G., Diermeier, S., Akerman, M., Chang, K. C., Wilkinson, J. E., Hearn, S., et al. (2016). Differentiation of mammary tumors and reduction in metastasis upon Malat1 lncRNA loss. Genes Dev. 30, 34–51. doi:10.1101/gad.270959.115
 Bagcchi, S. (2014). Osteosarcoma survivors' risk of second cancer. Lancet. Oncol. 15, e425. doi:10.1016/s1470-2045(14)70394-8
 Balis, F., Green, D. M., Anderson, C., Cook, S., Dhillon, J., Gow, K., et al. (2021). Wilms tumor (nephroblastoma), version 2.2021, NCCN clinical practice guidelines in oncology. J. Natl. Compr. Canc. Netw. 19, 945–977. doi:10.6004/jnccn.2021.0037
 Bao, D., Yuan, R. X., and Zhang, Y. (2020). Effects of lncRNA MEG3 on proliferation and apoptosis of gallbladder cancer cells through regulating NF-κB signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 24, 6632–6638. doi:10.26355/eurrev_202006_21649
 Bayarmaa, B., Wu, Z., Peng, J., Wang, Y., Xu, S., Yan, T., et al. (2019). Association of LncRNA MEG3 polymorphisms with efficacy of neoadjuvant chemotherapy in breast cancer. BMC Cancer 19, 877. doi:10.1186/s12885-019-6077-3
 Benetatos, L., Hatzimichael, E., Dasoula, A., Dranitsaris, G., Tsiara, S., Syrrou, M., et al. (2010). CpG methylation analysis of the MEG3 and SNRPN imprinted genes in acute myeloid leukemia and myelodysplastic syndromes. Leuk. Res. 34, 148–153. doi:10.1016/j.leukres.2009.06.019
 Braconi, C., Kogure, T., ValeriN., , HuaNgN., , Nuovo, G., CoStinean, S., et al. (2011). microRNA-29 can regulate expression of the long non-coding RNA gene MEG3 in hepatocellular cancer. Oncogene 30, 4750–4756. doi:10.1038/onc.2011.193
 Bridges, M. C., Daulagala, A. C., and Kourtidis, A. (2021). LNCcation: lncRNA localization and function. J. Cell Biol. 220, e202009045. doi:10.1083/jcb.202009045
 Buccarelli, M., Lulli, V., Giuliani, A., Signore, M., Martini, M., D'Alessandris, Q. G., et al. (2020). Deregulated expression of the imprinted DLK1-DIO3 region in glioblastoma stemlike cells: Tumor suppressor role of lncRNA MEG3. Neuro. Oncol. 22, 1771–1784. doi:10.1093/neuonc/noaa127
 Buttarelli, M., De Donato, M., Raspaglio, G., Babini, G., Ciucci, A., Martinelli, E., et al. (2020). Clinical value of lncRNA MEG3 in high-grade serous ovarian cancer. Cancers (Basel) 12, 966. doi:10.3390/cancers12040966
 Cao, X., Zhuang, S., Hu, Y., Xi, L., Deng, L., Sheng, H., et al. (2016). Associations between polymorphisms of long non-coding RNA MEG3 and risk of colorectal cancer in Chinese. Oncotarget 7, 19054–19059. doi:10.18632/oncotarget.7764
 Capitanio, U., and Montorsi, F. (2016). Renal cancer. Lancet 387, 894–906. doi:10.1016/s0140-6736(15)00046-x
 Cassoux, N., Lumbroso, L., Levy-Gabriel, C., Aerts, I., Doz, F., and Desjardins, L. (2017). Retinoblastoma: Update on current management. Asia. Pac. J. Ophthalmol. 6, 290–295. doi:10.22608/APO.201778
 Catalano, V., Labianca, R., Beretta, G. D., Gatta, G., de Braud, F., and Van Cutsem, E. (2009). Gastric cancer. Crit. Rev. Oncol. Hematol. 71, 127–164. doi:10.1016/j.critrevonc.2009.01.004
 Chak, W. P., Lung, R. W. M., Tong, J. H. M., Chan, S. Y. Y., Lun, S. W. M., Tsao, S. W., et al. (2017). Downregulation of long non-coding RNA MEG3 in nasopharyngeal carcinoma. Mol. Carcinog. 56, 1041–1054. doi:10.1002/mc.22569
 Chang, L., Wang, G., Jia, T., Zhang, L., Li, Y., Han, Y., et al. (2016). Armored long non-coding RNA MEG3 targeting EGFR based on recombinant MS2 bacteriophage virus-like particles against hepatocellular carcinoma. Oncotarget 7, 23988–24004. doi:10.18632/oncotarget.8115
 Chen, H., Zhang, K., Lu, J., Wu, G., Yang, H., and Chen, K. (2017). Comprehensive analysis of mRNA-lncRNA co-expression profile revealing crucial role of imprinted gene cluster DLK1-MEG3 in chordoma. Oncotarget 8, 112623–112635. doi:10.18632/oncotarget.22616
 Chen, J., Peng, X., and Dai, Y. (2019). The long non-coding RNA (lncRNA) AGAP2-AS1 is upregulated in ovarian carcinoma and negatively regulates lncRNA MEG3. Med. Sci. Monit. 25, 4699–4704. doi:10.12659/msm.914766
 Chen, L., Wang, J., Li, J. W., Zhao, X. W., and Tian, L. F. (2020). LncRNA MEG3 inhibits proliferation and promotes apoptosis of osteosarcoma cells through regulating Notch signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 24, 581–590. doi:10.26355/eurrev_202001_20034
 Chen, P. Y., Hsieh, P. L., Peng, C. Y., Liao, Y. W., Yu, C. H., and Yu, C. C. (2021). LncRNA MEG3 inhibits self-renewal and invasion abilities of oral cancer stem cells by sponging miR-421. J. Formos. Med. Assoc. 120, 1137–1142. doi:10.1016/j.jfma.2020.09.006
 Chen, R. P., Huang, Z. L., Liu, L. X., Xiang, M. Q., Li, G. P., Feng, J. L., et al. (2016). Involvement of endoplasmic reticulum stress and p53 in lncRNA MEG3-induced human hepatoma HepG2 cell apoptosis. Oncol. Rep. 36, 1649–1657. doi:10.3892/or.2016.4919
 Chen, X., and Qu, J. (2018). Long non-coding RNA MEG3 suppresses survival, migration, and invasion of cervical cancer. Onco. Targets. Ther. 11, 4999–5007. doi:10.2147/ott.S167053
 Cui, H. B., Ge, H. E., Wang, Y. S., and Bai, X. Y. (2018). MiR-208a enhances cell proliferation and invasion of gastric cancer by targeting SFRP1 and negatively regulating MEG3. Int. J. Biochem. Cell Biol. 102, 31–39. doi:10.1016/j.biocel.2018.06.004
 Cui, X., Yi, Q., Jing, X., Huang, Y., Tian, J., Long, C., et al. (2018). Mining prognostic significance of MEG3 in human breast cancer using bioinformatics analysis. Cell. Physiol. biochem. 50, 41–51. doi:10.1159/000493956
 Dan, J., Wang, J., Wang, Y., Zhu, M., Yang, X., Peng, Z., et al. (2018). LncRNA-MEG3 inhibits proliferation and metastasis by regulating miRNA-21 in gastric cancer. Biomed. Pharmacother. 99, 931–938. doi:10.1016/j.biopha.2018.01.164
 Deng, R., Fan, F. Y., Yi, H., Liu, F., He, G. C., Sun, H. P., et al. (2018). MEG3 affects the progression and chemoresistance of T-cell lymphoblastic lymphoma by suppressing epithelial-mesenchymal transition via the PI3K/mTOR pathway. J. Cell. Biochem. 120, 8144–8153. doi:10.1002/jcb.28093
 Ding, C., Yi, X., Xu, J., Huang, Z., Bu, X., Wang, D., et al. (2020). Long non-coding RNA MEG3 modifies cell-cycle, migration, invasion, and proliferation through AKAP12 by sponging miR-29c in meningioma cells. Front. Oncol. 10, 537763. doi:10.3389/fonc.2020.537763
 Ding, L., Tian, Y., Wang, L., Bi, M., Teng, D., and Hong, S. (2019). Hypermethylated long noncoding RNA MEG3 promotes the progression of gastric cancer. Aging (Albany NY) 11, 8139–8155. doi:10.18632/aging.102309
 Dong, H., Zhang, Y., Xu, Y., Ma, R., Liu, L., Luo, C., et al. (2019). Downregulation of long non-coding RNA MEG3 promotes proliferation, migration, and invasion of human hepatocellular carcinoma cells by upregulating TGF-β1. Acta Biochim. Biophys. Sin. 51, 645–652. doi:10.1093/abbs/gmz046
 Dong, S., Ma, M., Li, M., Guo, Y., Zuo, X., Gu, X., et al. (2021). LncRNA MEG3 regulates breast cancer proliferation and apoptosis through miR-141-3p/RBMS3 axis. Genomics 113, 1689–1704. doi:10.1016/j.ygeno.2021.04.015
 Dong, X., Wang, J., Li, T., Xu, Y. P., and Li, S. Y. (2018). Down regulation of lncRNA MEG3 promotes colorectal adenocarcinoma cell proliferation and inhibits the apoptosis by up-regulating TGF-β1 and its downstream sphingosine kinase 1. Eur. Rev. Med. Pharmacol. Sci. 22, 8265–8272. doi:10.26355/eurrev_201812_16522
 Dong, Z., Zhang, A., Liu, S., Lu, F., Guo, Y., Zhang, G., et al. (2017). Aberrant methylation-mediated silencing of lncRNA MEG3 functions as a ceRNA in esophageal cancer. Mol. Cancer Res. 15, 800–810. doi:10.1158/1541-7786.Mcr-16-0385
 El-Khazragy, N., Mohammed, H. F., Yassin, M., Elghoneimy, K. K., Bayoumy, W., Hewety, A., et al. (2020). Tissue-based long non-coding RNAs "PVT1, TUG1 and MEG3" signature predicts Cisplatin resistance in ovarian Cancer. Genomics 112, 4640–4646. doi:10.1016/j.ygeno.2020.08.005
 Fan, F. Y., Deng, R., Yi, H., Sun, H. P., Zeng, Y., et al. (2017). The inhibitory effect of MEG3/miR-214/AIFM2 axis on the growth of T-cell lymphoblastic lymphoma. Int. J. Oncol. 51, 316–326. doi:10.3892/ijo.2017.4006
 Fan, Z., He, J., Fu, T., Zhang, W., Yang, G., Qu, X., et al. (2019). Arsenic trioxide inhibits EMT in hepatocellular carcinoma by promoting lncRNA MEG3 via PKM2. Biochem. Biophys. Res. Commun. 513, 834–840. doi:10.1016/j.bbrc.2019.04.081
 Feng, S. Q., Zhang, X. Y., Fan, H. T., Sun, Q. J., and Zhang, M. (2018). Up-regulation of LncRNA MEG3 inhibits cell migration and invasion and enhances cisplatin chemosensitivity in bladder cancer cells. Neoplasma 65, 925–932. doi:10.4149/neo_2018_180125N55
 Ferris, R. L., Blumenschein, G., Fayette, J., Guigay, J., Colevas, A. D., Licitra, L., et al. (2016). Nivolumab for recurrent squamous-cell carcinoma of the head and neck. N. Engl. J. Med. 375, 1856–1867. doi:10.1056/NEJMoa1602252
 Fock, K. M. (2014). Review article: The epidemiology and prevention of gastric cancer. Aliment. Pharmacol. Ther. 40, 250–260. doi:10.1111/apt.12814
 Gao, L., Shao, T., Zheng, W., and Ding, J. (2021). Curcumin suppresses tumor growth of gemcitabine-resistant non-small cell lung cancer by regulating lncRNA-MEG3 and PTEN signaling. Clin. Transl. Oncol. 23, 1386–1393. doi:10.1007/s12094-020-02531-3
 Gao, W. (2021). Long non-coding RNA MEG3 as a candidate prognostic factor for induction therapy response and survival profile in childhood acute lymphoblastic leukemia patients. Scand. J. Clin. Lab. Invest. 81, 194–200. doi:10.1080/00365513.2021.1881998
 Gao, Y., Huang, P., and Zhang, J. (2017). Hypermethylation of MEG3 promoter correlates with inactivation of MEG3 and poor prognosis in patients with retinoblastoma. J. Transl. Med. 15, 268. doi:10.1186/s12967-017-1372-8
 Gao, Y., and Lu, X. (2016). Decreased expression of MEG3 contributes to retinoblastoma progression and affects retinoblastoma cell growth by regulating the activity of Wnt/β-catenin pathway. Tumour Biol. 37, 1461–1469. doi:10.1007/s13277-015-4564-y
 Gao, Y., Luo, X., Meng, T., Zhu, M., Tian, M., and Lu, X. (2020). DNMT1 protein promotes retinoblastoma proliferation by silencing MEG3 gene. Nan Fang. Yi Ke Da Xue Xue Bao 40, 1239–1245. doi:10.12122/j.issn.1673-4254.2020.09.03
 Ghazarian, A. A., Kelly, S. P., Altekruse, S. F., Rosenberg, P. S., and McGlynn, K. A. (2017). Future of testicular germ cell tumor incidence in the United States: Forecast through 2026. Cancer 123, 2320–2328. doi:10.1002/cncr.30597
 Gong, A., Zhao, X., Pan, Y., Qi, Y., Li, S., Huang, Y., et al. (2020). The lncRNA MEG3 mediates renal cell cancer progression by regulating ST3Gal1 transcription and EGFR sialylation. J. Cell Sci. 133, jcs244020. doi:10.1242/jcs.244020
 Gong, X., and Huang, M. Y. (2020). Tumor-suppressive function of lncRNA-MEG3 in glioma cells by regulating miR-6088/SMARCB1 Axis. Biomed. Res. Int. 2020, 4309161. doi:10.1155/2020/4309161
 Gray-Schopfer, V., Wellbrock, C., and Marais, R. (2007). Melanoma biology and new targeted therapy. Nature 445, 851–857. doi:10.1038/nature05661
 Greife, A., Knievel, J., Ribarska, T., Niegisch, G., and Schulz, W. A. (2014). Concomitant downregulation of the imprinted genes DLK1 and MEG3 at 14q32.2 by epigenetic mechanisms in urothelial carcinoma. Clin. Epigenetics 6, 29. doi:10.1186/1868-7083-6-29
 Gu, L., Zhang, J., Shi, M., Zhan, Q., Shen, B., and Peng, C. (2017). lncRNA MEG3 had anti-cancer effects to suppress pancreatic cancer activity. Biomed. Pharmacother. 89, 1269–1276. doi:10.1016/j.biopha.2017.02.041
 Guo, Q., Qian, Z., Yan, D., Li, L., and Huang, L. (2016). LncRNA-MEG3 inhibits cell proliferation of endometrial carcinoma by repressing Notch signaling. Biomed. Pharmacother. 82, 589–594. doi:10.1016/j.biopha.2016.02.049
 Guo, W., Dong, Z., Liu, S., Qiao, Y., Kuang, G., Guo, Y., et al. (2017). Promoter hypermethylation-mediated downregulation of miR-770 and its host gene MEG3, a long non-coding RNA, in the development of gastric cardia adenocarcinoma. Mol. Carcinog. 56, 1924–1934. doi:10.1002/mc.22650
 Han, T., Zhuo, M., Yuan, C., Xiao, X., Cui, J., Qin, G., et al. (2020). Coordinated silencing of the Sp1-mediated long noncoding RNA MEG3 by EZH2 and HDAC3 as a prognostic factor in pancreatic ductal adenocarcinoma. Cancer Biol. Med. 17, 953–969. doi:10.20892/j.issn.2095-3941.2019.0427
 He, H., Dai, J., Zhuo, R., Zhao, J., Wang, H., Sun, F., et al. (2018). Study on the mechanism behind lncRNA MEG3 affecting clear cell renal cell carcinoma by regulating miR-7/RASL11B signaling. J. Cell. Physiol. 233, 9503–9515. doi:10.1002/jcp.26849
 He, J. H., Han, Z. P., Liu, J. M., Zhou, J. B., Zou, M. X., Lv, Y. B., et al. (2017). Overexpression of long non-coding RNA MEG3 inhibits proliferation of hepatocellular carcinoma Huh7 cells via negative modulation of miRNA-664. J. Cell. Biochem. 118, 3713–3721. doi:10.1002/jcb.26018
 Hou, Y., Zhang, B., Miao, L., Ji, Y., Yu, Y., Zhu, L., et al. (2019). Association of long non-coding RNA MEG3 polymorphisms with oral squamous cell carcinoma risk. Oral Dis. 25, 1318–1324. doi:10.1111/odi.13103
 Hu, D., Su, C., Jiang, M., Shen, Y., Shi, A., Zhao, F., et al. (2016). Fenofibrate inhibited pancreatic cancer cells proliferation via activation of p53 mediated by upregulation of LncRNA MEG3. Biochem. Biophys. Res. Commun. 471, 290–295. doi:10.1016/j.bbrc.2016.01.169
 Huang, C., Liao, X., Jin, H., Xie, F., Zheng, F., Li, J., et al. (2019). MEG3, as a competing endogenous RNA, binds with miR-27a to promote PHLPP2 protein translation and impairs bladder cancer invasion. Mol. Ther. Nucleic Acids 16, 51–62. doi:10.1016/j.omtn.2019.01.014
 Huang, Y., Chen, D., Yan, Z., Zhan, J., Xue, X., Pan, X., et al. (2021). LncRNA MEG3 protects chondrocytes from IL-1β-induced inflammation via regulating miR-9-5p/KLF4 Axis. Front. Physiol. 12, 617654. doi:10.3389/fphys.2021.617654
 Huang, Z. L., Chen, R. P., Zhou, X. T., Zhan, H. L., Hu, M. M., Liu, B., et al. (2017). Long non-coding RNA MEG3 induces cell apoptosis in esophageal cancer through endoplasmic reticulum stress. Oncol. Rep. 37, 3093–3099. doi:10.3892/or.2017.5568
 Iyer, S., Modali, S. D., and Agarwal, S. K. (2017). Long noncoding RNA MEG3 is an epigenetic determinant of oncogenic signaling in functional pancreatic neuroendocrine tumor cells. Mol. Cell. Biol. 37, 002788-e317. doi:10.1128/mcb.00278-17
 Ji, L., and Li, X. (2019). Long noncoding RNA MEG3 is a tumor suppressor in choriocarcinoma by upregulation of microRNA-211. J. Cell. Physiol. 234, 22911–22920. doi:10.1002/jcp.28853
 Ji, L., and Ma, L. (2020). MEG3 is restored by schisandrin A and represses tumor growth in choriocarcinoma cells. J. Biochem. Mol. Toxicol. 34, e22455. doi:10.1002/jbt.22455
 Ji, Y., Feng, G., Hou, Y., Yu, Y., Wang, R., and Yuan, H. (2020). Long noncoding RNA MEG3 decreases the growth of head and neck squamous cell carcinoma by regulating the expression of miR-421 and E-cadherin. Cancer Med. 9, 3954–3963. doi:10.1002/cam4.3002
 Jia, L. F., Wei, S. B., Gan, Y. H., Guo, Y., Gong, K., Mitchelson, K., et al. (2014). Expression, regulation and roles of miR-26a and MEG3 in tongue squamous cell carcinoma. Int. J. Cancer 135, 2282–2293. doi:10.1002/ijc.28667
 Jiang, M., Wang, Y. R., Xu, N., Zhou, L., and An, Q. (2019). Long noncoding RNA MEG3 play an important role in osteosarcoma development through sponging microRNAs. J. Cell. Biochem. 120, 5151–5159. doi:10.1002/jcb.27791
 Jiang, X., Wang, L., Xie, S., Chen, Y., Song, S., Lu, Y., et al. (2020). Long noncoding RNA MEG3 blocks telomerase activity in human liver cancer stem cells epigenetically. Stem Cell Res. Ther. 11, 518. doi:10.1186/s13287-020-02036-4
 Jiao, J., and Zhang, S. (2019). Long non-coding RNA MEG-3 suppresses gastric carcinoma cell growth, invasion and migration via EMT regulation. Mol. Med. Rep. 20, 2685–2693. doi:10.3892/mmr.2019.10515
 Jin, L., Cai, Q., Wang, S., Wang, S., Mondal, T., Wang, J., et al. (2018). Long noncoding RNA MEG3 regulates LATS2 by promoting the ubiquitination of EZH2 and inhibits proliferation and invasion in gallbladder cancer. Cell Death Dis. 9, 1017. doi:10.1038/s41419-018-1064-1
 Kong, X., Yang, S., Liu, C., Tang, H., Chen, Y., Zhang, X., et al. (2020). Relationship between MEG3 gene polymorphism and risk of gastric cancer in Chinese population with high incidence of gastric cancer. Biosci. Rep. 40, BSR20200305. doi:10.1042/bsr20200305
 Kruer, T. L., Dougherty, S. M., Reynolds, L., Long, E., de Silva, T., Lockwood, W. W., et al. (2016). Expression of the lncRNA maternally expressed gene 3 (MEG3) contributes to the control of lung cancer cell proliferation by the Rb pathway. PLoS One 11, e0166363. doi:10.1371/journal.pone.0166363
 Lai, M. C., Yang, Z., Zhou, L., Zhu, Q. q., Xie, H. y., Zhang, F., et al. (2012). Long non-coding RNA MALAT-1 overexpression predicts tumor recurrence of hepatocellular carcinoma after liver transplantation. Med. Oncol. 29, 1810–1816. doi:10.1007/s12032-011-0004-z
 Li, G., Liu, Y., Meng, F., Xia, Z., Wu, X., Fang, Y., et al. (2019). LncRNA MEG3 inhibits rheumatoid arthritis through miR-141 and inactivation of AKT/mTOR signalling pathway. J. Cell. Mol. Med. 23, 7116–7120. doi:10.1111/jcmm.14591
 Li, H., Wang, P., Liu, J., Liu, W., Wu, X., Ding, J., et al. (2020). Hypermethylation of lncRNA MEG3 impairs chemosensitivity of breast cancer cells. J. Clin. Lab. Anal. 34, e23369. doi:10.1002/jcla.23369
 Li, J., Jiang, X., Li, C., Liu, Y., Kang, P., Zhong, X., et al. (2019). LncRNA-MEG3 inhibits cell proliferation and invasion by modulating Bmi1/RNF2 in cholangiocarcinoma. J. Cell. Physiol. 234, 22947–22959. doi:10.1002/jcp.28856
 Li, J., Zi, Y., Wang, W., and Li, Y. (2018). Long noncoding RNA MEG3 inhibits cell proliferation and metastasis in chronic myeloid leukemia via targeting miR-184. Oncol. Res. 26, 297–305. doi:10.3727/096504017x14980882803151
 Li, L., Pei, S., and Sun, N. (2020). MEG3 targets miR-184 and Wnt/β-catenin and modulates properties of osteosarcoma. Front. Biosci. 25, 1901–1912. doi:10.2741/4884
 Li, M. K., Liu, L. X., Zhang, W. Y., Zhan, H. L., Chen, R. P., Feng, J. L., et al. (2020). Long non-coding RNA MEG3 suppresses epithelial-to-mesenchymal transition by inhibiting the PSAT1-dependent GSK-3β/Snail signaling pathway in esophageal squamous cell carcinoma. Oncol. Rep. 44, 2130–2142. doi:10.3892/or.2020.7754
 Li, P., Gao, Y., Li, J., Zhou, Y., Yuan, J., Guan, H., et al. (2018). LncRNA MEG3 repressed malignant melanoma progression via inactivating Wnt signaling pathway. J. Cell. Biochem. 119, 7498–7505. doi:10.1002/jcb.27061
 Li, W., Han, S., Hu, P., Chen, D., Zeng, Z., Hu, Y., et al. (2021). LncRNA ZNFTR functions as an inhibitor in pancreatic cancer by modulating ATF3/ZNF24/VEGFA pathway. Cell Death Dis. 12, 830. doi:10.1038/s41419-021-04119-3
 Li, X., Cheng, T., He, Y., Zhou, S., Wang, Y., Zhang, K., et al. (2019). High glucose regulates ERp29 in hepatocellular carcinoma by LncRNA MEG3-miRNA 483-3p pathway. Life Sci. 232, 116602. doi:10.1016/j.lfs.2019.116602
 Li, Y., Ren, M., Zhao, Y., Lu, X., Wang, M., Hu, J., et al. (2017). MicroRNA-26a inhibits proliferation and metastasis of human hepatocellular carcinoma by regulating DNMT3B-MEG3 axis. Oncol. Rep. 37, 3527–3535. doi:10.3892/or.2017.5579
 Li, Y., Zhang, S., Zhang, C., and Wang, M. (2020). LncRNA MEG3 inhibits the inflammatory response of ankylosing spondylitis by targeting miR-146a. Mol. Cell. Biochem. 466, 17–24. doi:10.1007/s11010-019-03681-x
 Li, Z., Yang, L., Liu, X., Nie, Z., and Luo, J. (2018). Long noncoding RNA MEG3 inhibits proliferation of chronic myeloid leukemia cells by sponging microRNA21. Biomed. Pharmacother. 104, 181–192. doi:10.1016/j.biopha.2018.05.047
 Li, Z. Y., Yang, L., Liu, X. J., Wang, X. Z., Pan, Y. X., and Luo, J. M. (2018). The long noncoding RNA MEG3 and its target miR-147 regulate JAK/STAT pathway in advanced chronic myeloid leukemia. EBioMedicine 34, 61–75. doi:10.1016/j.ebiom.2018.07.013
 Liang, Y., Song, X., Li, Y., Chen, B., Zhao, W., Wang, L., et al. (2020). LncRNA BCRT1 promotes breast cancer progression by targeting miR-1303/PTBP3 axis. Mol. Cancer 19, 85. doi:10.1186/s12943-020-01206-5
 Lin, L., Liu, X., and Lv, B. (2021). Long non-coding RNA MEG3 promotes autophagy and apoptosis of nasopharyngeal carcinoma cells via PTEN up-regulation by binding to microRNA-21. J. Cell. Mol. Med. 25, 61–72. doi:10.1111/jcmm.15759
 Liu, B., Shen, E. D., Liao, M. M., Hu, Y. B., Wu, K., Yang, P., et al. (2016). Expression and mechanisms of long non-coding RNA genes MEG3 and ANRIL in gallbladder cancer. Tumour Biol. 37, 9875–9886. doi:10.1007/s13277-016-4863-y
 Liu, G., Zhao, X., Zhou, J., Cheng, X., Ye, Z., and Ji, Z. (2018). Long non-coding RNA MEG3 suppresses the development of bladder urothelial carcinoma by regulating miR-96 and TPM1. Cancer Biol. Ther. 19, 1039–1056. doi:10.1080/15384047.2018.1480279
 Liu, J., Ren, W. X., and Shu, J. (2022). Multimodal molecular imaging evaluation for early diagnosis and prognosis of cholangiocarcinoma. Insights Imaging 13, 10. doi:10.1186/s13244-021-01147-7
 Liu, J., Wan, L., Lu, K., Sun, M., Pan, X., Zhang, P., et al. (2015). The long noncoding RNA MEG3 contributes to cisplatin resistance of human lung adenocarcinoma. PLoS One 10, e0114586. doi:10.1371/journal.pone.0114586
 Liu, L. X., Deng, W., Zhou, X. T., Chen, R. P., Xiang, M. Q., Guo, Y. T., et al. (2016). The mechanism of adenosine-mediated activation of lncRNA MEG3 and its antitumor effects in human hepatoma cells. Int. J. Oncol. 48, 421–429. doi:10.3892/ijo.2015.3248
 Liu, Y., Xu, Y., Ding, L., Yu, L., Zhang, B., and Wei, D. (2020). LncRNA MEG3 suppressed the progression of ovarian cancer via sponging miR-30e-3p and regulating LAMA4 expression. Cancer Cell Int. 20, 181. doi:10.1186/s12935-020-01259-y
 Liu, Y., Yue, P., Zhou, T., Zhang, F., Wang, H., and Chen, X. (2018). LncRNA MEG3 enhances (131)I sensitivity in thyroid carcinoma via sponging miR-182. Biomed. Pharmacother. 105, 1232–1239. doi:10.1016/j.biopha.2018.06.087
 Liu, Z., Chen, J. Y., Zhong, Y., Xie, L., and Li, J. S. (2019). lncRNA MEG3 inhibits the growth of hepatocellular carcinoma cells by sponging miR-9-5p to upregulate SOX11. Braz J. Med. Biol. Res. 52, e8631. doi:10.1590/1414-431x20198631
 Liu, Z., Wu, C., Xie, N., and Wang, P. (2017). Long non-coding RNA MEG3 inhibits the proliferation and metastasis of oral squamous cell carcinoma by regulating the WNT/β-catenin signaling pathway. Oncol. Lett. 14, 4053–4058. doi:10.3892/ol.2017.6682
 Llovet, J. M., Kelley, R. K., Villanueva, A., Singal, A. G., Pikarsky, E., Roayaie, S., et al. (2021). Hepatocellular carcinoma. Nat. Rev. Dis. Prim. 7, 6. doi:10.1038/s41572-020-00240-3
 Long, J., and Pi, X. (2018). lncRNA-MEG3 suppresses the proliferation and invasion of melanoma by regulating CYLD expression mediated by sponging miR-499-5p. Biomed. Res. Int. 2018, 2086564. doi:10.1155/2018/2086564
 Lu, W. X. (2019). Long non-coding RNA MEG3 represses cholangiocarcinoma by regulating miR-361-5p/TRAF3 axis. Eur. Rev. Med. Pharmacol. Sci. 23, 7356–7368. doi:10.26355/eurrev_201909_18842
 Luo, G., Wang, M., Wu, X., Tao, D., Xiao, X., Wang, L., et al. (2015). Long non-coding RNA MEG3 inhibits cell proliferation and induces apoptosis in prostate cancer. Cell. Physiol. biochem. 37, 2209–2220. doi:10.1159/000438577
 Lv, D., Bi, Q., Li, Y., Deng, J., Wu, N., Hao, S., et al. (2021). Long non-coding RNA MEG3 inhibits cell migration and invasion of non-small cell lung cancer cells by regulating the miR-21-5p/PTEN axis. Mol. Med. Rep. 23, 191. doi:10.3892/mmr.2021.11830
 Ma, J., Li, T. F., Han, X. W., and Yuan, H. F. (2019). Downregulated MEG3 contributes to tumour progression and poor prognosis in oesophagal squamous cell carcinoma by interacting with miR-4261, downregulating DKK2 and activating the Wnt/β-catenin signalling. Artif. Cells Nanomed. Biotechnol. 47, 1513–1523. doi:10.1080/21691401.2019.1602538
 Ma, L., Wang, F., Du, C., Zhang, Z., Guo, H., Xie, X., et al. (2018). Long non-coding RNA MEG3 functions as a tumour suppressor and has prognostic predictive value in human pancreatic cancer. Oncol. Rep. 39, 1132–1140. doi:10.3892/or.2018.6178
 Meng, J., Ding, T., Chen, Y., Long, T., Xu, Q., Lian, W., et al. (2021). LncRNA-Meg3 promotes Nlrp3-mediated microglial inflammation by targeting miR-7a-5p. Int. Immunopharmacol. 90, 107141. doi:10.1016/j.intimp.2020.107141
 Modali, S. D., Parekh, V. I., Kebebew, E., and Agarwal, S. K. (2015). Epigenetic regulation of the lncRNA MEG3 and its target c-MET in pancreatic neuroendocrine tumors. Mol. Endocrinol. 29, 224–237. doi:10.1210/me.2014-1304
 Niu, K., Shen, W., Zhang, Y., Zhao, Y., and Lu, Y. (2015). MiR-205 promotes motility of ovarian cancer cells via targeting ZEB1. Gene 574, 330–336. doi:10.1016/j.gene.2015.08.017
 Pan, H., Diao, H., Zhong, W., Wang, T., Wen, P., and Wu, C. (2021). A cancer cell cluster marked by LincRNA MEG3 leads pancreatic ductal adenocarcinoma metastasis. Front. Oncol. 11, 656564. doi:10.3389/fonc.2021.656564
 Pan, X., Cao, Y. M., Liu, J. H., Ding, J., Xie, X. Y., and Cao, P. G. (2021). MEG3 induces cervical carcinoma cells' apoptosis through endoplasmic reticulum stress by miR-7-5p/STC1 Axis. Cancer biother. Radiopharm. 36, 501–510. doi:10.1089/cbr.2019.3344
 Peng, W., Zhang, Q., Zhao, F., Wang, F., et al. (2015). Long non-coding RNA MEG3 functions as a competing endogenous RNA to regulate gastric cancer progression. J. Exp. Clin. Cancer Res. 34, 79. doi:10.1186/s13046-015-0197-7
 Pu, Z., Wu, L., Guo, Y., Xiang, M., Liu, L., et al. (2019). LncRNA MEG3 contributes to adenosine-induced cytotoxicity in hepatoma HepG2 cells by downregulated ILF3 and autophagy inhibition via regulation PI3K-AKT-mTOR and beclin-1 signaling pathway. J. Cell. Biochem. 120, 18172–18185. doi:10.1002/jcb.29123
 Qin, N., Tong, G. F., Sun, L. W., and Xu, X. L. (2017). Long noncoding RNA MEG3 suppresses glioma cell proliferation, migration, and invasion by acting as a competing endogenous RNA of miR-19a. Oncol. Res. 25, 1471–1478. doi:10.3727/096504017x14886689179993
 Qin, R., Chen, Z., Ding, Y., Hao, J., Hu, J., and GuoF., (2013). Long non-coding RNA MEG3 inhibits the proliferation of cervical carcinoma cells through the induction of cell cycle arrest and apoptosis. Neoplasma 60, 486–492. doi:10.4149/neo_2013_063
 Qin, W. X., Shi, Y., Zhu, D., Li, Y. P., Chen, Y. H., Cui, J., et al. (2020). EZH2-mediated H3K27me3 enrichment on the lncRNA MEG3 promoter regulates the growth and metastasis of glioma cells by regulating miR-21-3p. Eur. Rev. Med. Pharmacol. Sci. 24, 3204–3214. doi:10.26355/eurrev_202003_20687
 Rafanan, L. F., Greenberg, H., Rondeau, N. U., Mulla, Z. D., and Boman, D. A. (2017). Primary choriocarcinoma in postmenopausal women: Two case reports and review of the Texas Cancer Registry. Gynecol. Oncol. Rep. 22, 69–71. doi:10.1016/j.gore.2017.09.016
 Ren, G., Han, G., Song, Z., Zang, A., Liu, B., Hu, L., et al. (2021). LncRNA mcm3ap-AS1 downregulates LncRNA MEG3 in triple negative breast cancer to inhibit the proliferation of cancer cells. Crit. Rev. Eukaryot. Gene Expr. 31, 81–87. doi:10.1615/CritRevEukaryotGeneExpr.2021038296
 Röllig, C., Knop, S., and Bornhäuser, M. (2015). Multiple myeloma. Lancet 385, 2197–2208. doi:10.1016/s0140-6736(14)60493-1
 Sahin, Y., Altan, Z., Arman, K., Bozgeyik, E., Koruk Ozer, M., and Arslan, A. (2017). Inhibition of miR-664a interferes with the migration of osteosarcoma cells via modulation of MEG3. Biochem. Biophys. Res. Commun. 490, 1100–1105. doi:10.1016/j.bbrc.2017.06.174
 Sellers, Z. P., Bolkun, L., Kloczko, J., Wojtaszewska, M. L., Lewandowski, K., Moniuszko, M., et al. (2019). Increased methylation upstream of the MEG3 promotor is observed in acute myeloid leukemia patients with better overall survival. Clin. Epigenetics 11, 50. doi:10.1186/s13148-019-0643-z
 Shaker, O., Ayeldeen, G., and Abdelhamid, A. (2021). The impact of single nucleotide polymorphism in the long non-coding MEG3 gene on MicroRNA-182 and MicroRNA-29 expression levels in the development of breast cancer in Egyptian women. Front. Genet. 12, 683809. doi:10.3389/fgene.2021.683809
 Shan, G., Tang, T., Xia, Y., and Qian, H. J. (2020). MEG3 interacted with miR-494 to repress bladder cancer progression through targeting PTEN. J. Cell. Physiol. 235, 1120–1128. doi:10.1002/jcp.29025
 Shen, B., Zhou, N., Hu, T., Zhao, W., Wu, D., and Wang, S. (2019). LncRNA MEG3 negatively modified osteosarcoma development through regulation of miR-361-5p and FoxM1. J. Cell. Physiol. 234, 13464–13480. doi:10.1002/jcp.28026
 Shen, X., Bai, H., Zhu, H., Yan, Q., Yang, Y., Yu, W., et al. (2018). Long non-coding RNA MEG3 functions as a competing endogenous RNA to regulate HOXA11 expression by sponging miR-181a in multiple myeloma. Cell. Physiol. biochem. 49, 87–100. doi:10.1159/000492846
 Shi, Y., Lv, C., Shi, L., and Tu, G. (2018). MEG3 inhibits proliferation and invasion and promotes apoptosis of human osteosarcoma cells. Oncol. Lett. 15, 1917–1923. doi:10.3892/ol.2017.7463
 Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2022). Cancer statistics, 2022. Ca. Cancer J. Clin. 72, 7–33. doi:10.3322/caac.21708
 Su, L., Han, D., Wu, J., and Huo, X. (2016). Skp2 regulates non-small cell lung cancer cell growth by Meg3 and miR-3163. Tumour Biol. 37, 3925–3931. doi:10.1007/s13277-015-4151-2
 Sun, K. X., Wu, D. D., Chen, S., Zhao, Y., and Zong, Z. H. (2017). LncRNA MEG3 inhibit endometrial carcinoma tumorigenesis and progression through PI3K pathway. Apoptosis 22, 1543–1552. doi:10.1007/s10495-017-1426-7
 Sun, L., Li, Y., and Yang, B. (2016). Downregulated long non-coding RNA MEG3 in breast cancer regulates proliferation, migration and invasion by depending on p53's transcriptional activity. Biochem. Biophys. Res. Commun. 478, 323–329. doi:10.1016/j.bbrc.2016.05.031
 Sun, L., Yang, C., Xu, J., Feng, Y., Wang, L., and Cui, T. (2016). Long noncoding RNA EWSAT1 promotes osteosarcoma cell growth and metastasis through suppression of MEG3 expression. DNA Cell Biol. 35, 812–818. doi:10.1089/dna.2016.3467
 Sun, M., Xia, R., Jin, F., Xu, T., Liu, Z., De, W., et al. (2014). Downregulated long noncoding RNA MEG3 is associated with poor prognosis and promotes cell proliferation in gastric cancer. Tumour Biol. 35, 1065–1073. doi:10.1007/s13277-013-1142-z
 Sun, Y., Cao, F. L., Qu, L. L., Wang, Z. M., and Liu, X. Y. (2019). MEG3 promotes liver cancer by activating PI3K/AKT pathway through regulating AP1G1. Eur. Rev. Med. Pharmacol. Sci. 23, 1459–1467. doi:10.26355/eurrev_201902_17103
 Tai, Z., Ma, J., Ding, J., Pan, H., Chai, R., Zhu, C., et al. (2020). Aptamer-functionalized dendrimer delivery of plasmid-encoding lncRNA MEG3 enhances gene therapy in castration-resistant prostate cancer. Int. J. Nanomedicine 15, 10305–10320. doi:10.2147/ijn.S282107
 Tan, J., Xiang, L., and Xu, G. (2019). LncRNA MEG3 suppresses migration and promotes apoptosis by sponging miR-548d-3p to modulate JAK-STAT pathway in oral squamous cell carcinoma. IUBMB Life 71, 882–890. doi:10.1002/iub.2012
 Tang, W., Dong, K., Li, K., Dong, R., and Zheng, S. (2016). MEG3, HCN3 and linc01105 influence the proliferation and apoptosis of neuroblastoma cells via the HIF-1α and p53 pathways. Sci. Rep. 6, 36268. doi:10.1038/srep36268
 Tao, P., Yang, B., Zhang, H., Sun, L., Wang, Y., and Zheng, W. (2020). The overexpression of lncRNA MEG3 inhibits cell viability and invasion and promotes apoptosis in ovarian cancer by sponging miR-205-5p. Int. J. Clin. Exp. Pathol. 13, 869–879.
 Teng, G. Y., Wang, Y. J., Geng, M., and Jiang, Z. P. (2020). LncRNA MEG3 inhibits the growth, invasion and migration of Wilms' tumor via Wnt/β-catenin pathway. Eur. Rev. Med. Pharmacol. Sci. 24, 9899–9907. doi:10.26355/eurrev_202010_23200
 Tian, Z. Z., Guo, X. J., Zhao, Y. M., and Fang, Y. (2015). Decreased expression of long non-coding RNA MEG3 acts as a potential predictor biomarker in progression and poor prognosis of osteosarcoma. Int. J. Clin. Exp. Pathol. 8, 15138–15142.
 Wan, S., and Zhao, H. (2020). Analysis of diagnostic and prognostic value of lncRNA MEG3 in cervical cancer. Oncol. Lett. 20, 183. doi:10.3892/ol.2020.12044
 Wang, A., Hu, N., Zhang, Y., Chen, Y., Su, C., Lv, Y., et al. (2019). MEG3 promotes proliferation and inhibits apoptosis in osteoarthritis chondrocytes by miR-361-5p/FOXO1 axis. BMC Med. Genomics 12, 201. doi:10.1186/s12920-019-0649-6
 Wang, C., Tao, X., and Wei, J. (2021). Effects of LncRNA MEG3 on immunity and autophagy of non-small cell lung carcinoma through Ido signaling pathway. World J. Surg. Oncol. 19, 244. doi:10.1186/s12957-021-02346-8
 Wang, C., Yan, G., Zhang, Y., Jia, X., and Bu, P. (2015). Long non-coding RNA MEG3 suppresses migration and invasion of thyroid carcinoma by targeting of Rac1. Neoplasma 62, 541–549. doi:10.4149/neo_2015_065
 Wang, D., Fu, C. W., and Fan, D. Q. (2019). Participation of tumor suppressors long non-coding RNA MEG3, microRNA-377 and PTEN in glioma cell invasion and migration. Pathol. Res. Pract. 215, 152558. doi:10.1016/j.prp.2019.152558
 Wang, G., Ye, Q., Ning, S., Yang, Z., Chen, Y., Zhang, L., et al. (2021). LncRNA MEG3 promotes endoplasmic reticulum stress and suppresses proliferation and invasion of colorectal carcinoma cells through the MEG3/miR-103a-3p/PDHB ceRNA pathway. Neoplasma 68, 362–374. doi:10.4149/neo_2020_200813N858
 Wang, H., Li, H., Zhang, L., and Yang, D. (2018). Overexpression of MEG3 sensitizes colorectal cancer cells to oxaliplatin through regulation of miR-141/PDCD4 axis. Biomed. Pharmacother. 106, 1607–1615. doi:10.1016/j.biopha.2018.07.131
 Wang, J., Xu, W., He, Y., Xia, Q., and Liu, S. (2018). LncRNA MEG3 impacts proliferation, invasion, and migration of ovarian cancer cells through regulating PTEN. Inflamm. Res. 67, 927–936. doi:10.1007/s00011-018-1186-z
 Wang, L., Yu, M., and Zhao, S. (2019). lncRNA MEG3 modified epithelial-mesenchymal transition of ovarian cancer cells by sponging miR-219a-5p and regulating EGFR. J. Cell. Biochem. 120, 17709–17722. doi:10.1002/jcb.29037
 Wang, M., Huang, T., Luo, G., Huang, C., Xiao, X. Y., Wang, L., et al. (2015). Long non-coding RNA MEG3 induces renal cell carcinoma cells apoptosis by activating the mitochondrial pathway. J. Huazhong Univ. Sci. Technol. Med. Sci. 35, 541–545. doi:10.1007/s11596-015-1467-5
 Wang, P., Chen, D., Ma, H., and Li, Y. (2017). LncRNA MEG3 enhances cisplatin sensitivity in non-small cell lung cancer by regulating miR-21-5p/SOX7 axis. Onco. Targets. Ther. 10, 5137–5149. doi:10.2147/ott.S146423
 Wang, W., Xie, Y., Chen, F., Liu, X., Zhong, L. L., Wang, H. Q., et al. (2019). LncRNA MEG3 acts a biomarker and regulates cell functions by targeting ADAR1 in colorectal cancer. World J. Gastroenterol. 25, 3972–3984. doi:10.3748/wjg.v25.i29.3972
 Wang, X., Wang, Z., Wang, J., Wang, Y., Liu, L., and Xu, X. (2017). LncRNA MEG3 has anti-activity effects of cervical cancer. Biomed. Pharmacother. 94, 636–643. doi:10.1016/j.biopha.2017.07.056
 Wang, X. X., Guo, G. C., Qian, X. K., Dou, D. W., Zhang, Z., Xu, X. D., et al. (2018). miR-506 attenuates methylation of lncRNA MEG3 to inhibit migration and invasion of breast cancer cell lines via targeting SP1 and SP3. Cancer Cell Int. 18, 171. doi:10.1186/s12935-018-0642-8
 Wang, Y., Wang, N., Cui, L., Li, Y., Cao, Z., Wu, X., et al. (2021). Long non-coding RNA MEG3 alleviated ulcerative colitis through upregulating miR-98-5p-sponged IL-10. Inflammation 44, 1049–1059. doi:10.1007/s10753-020-01400-z
 Wang, Y. X., Lin, C., Cui, L. J., Deng, T. Z., Li, Q. M., Chen, F. Y., et al. (2021). Mechanism of M2 macrophage-derived extracellular vesicles carrying lncRNA MEG3 in inflammatory responses in ulcerative colitis. Bioengineered 12, 12722–12739. doi:10.1080/21655979.2021.2010368
 Wei, G. H., and Wang, X. (2017). lncRNA MEG3 inhibit proliferation and metastasis of gastric cancer via p53 signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 21, 3850–3856.
 Wu, J. L., Meng, F. M., and Li, H. J. (2018). High expression of lncRNA MEG3 participates in non-small cell lung cancer by regulating microRNA-7-5p. Eur. Rev. Med. Pharmacol. Sci. 22, 5938–5945. doi:10.26355/eurrev_201809_15923
 Wu, J., Pang, R., Li, M., Chen, B., Huang, J., and Zhu, Y. (2021). m6A-Induced LncRNA MEG3 suppresses the proliferation, migration and invasion of hepatocellular carcinoma cell through miR-544b/BTG2 signaling. Onco. Targets. Ther. 14, 3745–3755. doi:10.2147/ott.S289198
 Wu, L., Zhu, L., Li, Y., Zheng, Z., Lin, X., and Yang, C. (2020). LncRNA MEG3 promotes melanoma growth, metastasis and formation through modulating miR-21/E-cadherin axis. Cancer Cell Int. 20, 12. doi:10.1186/s12935-019-1087-4
 Wu, M., Huang, Y., Chen, T., Wang, W., Yang, S., Ye, Z., et al. (2019). LncRNA MEG3 inhibits the progression of prostate cancer by modulating miR-9-5p/QKI-5 axis. J. Cell. Mol. Med. 23, 29–38. doi:10.1111/jcmm.13658
 Xia, H., Qu, X. L., Liu, L. Y., Qian, D. H., and Jing, H. Y. (2018). LncRNA MEG3 promotes the sensitivity of vincristine by inhibiting autophagy in lung cancer chemotherapy. Eur. Rev. Med. Pharmacol. Sci. 22, 1020–1027. doi:10.26355/eurrev_201802_14384
 Xia, Y., He, Z., Liu, B., Wang, P., and Chen, Y. (2015). Downregulation of Meg3 enhances cisplatin resistance of lung cancer cells through activation of the WNT/β-catenin signaling pathway. Mol. Med. Rep. 12, 4530–4537. doi:10.3892/mmr.2015.3897
 Xiong, G., Wang, S., Pan, Z., Liu, N., Zhao, D., Zha, Z., et al. (2022). Long non-coding RNA MEG3 regulates the progress of osteoarthritis by regulating the miR-34a/Klotho axis. Ann. Transl. Med. 10, 454. doi:10.21037/atm-22-894
 Xiu, Y. L., Sun, K. X., Chen, X., Chen, S., Zhao, Y., Guo, Q. G., et al. (2017). Upregulation of the lncRNA Meg3 induces autophagy to inhibit tumorigenesis and progression of epithelial ovarian carcinoma by regulating activity of ATG3. Oncotarget 8, 31714–31725. doi:10.18632/oncotarget.15955
 Xu, D., Dong, P., Xiong, Y., Chen, R., Konno, Y., Ihira, K., et al. (2020). PD-L1 is a tumor suppressor in aggressive endometrial cancer cells and its expression is regulated by miR-216a and lncRNA MEG3. Front. Cell Dev. Biol. 8, 598205. doi:10.3389/fcell.2020.598205
 Xu, D. H., Chi, G. N., Zhao, C. H., and Li, D. Y. (2018). Retracted : Long noncoding RNA MEG3 inhibits proliferation and migration but induces autophagy by regulation of Sirt7 and PI3K/AKT/mTOR pathway in glioma cells. J. Cell. Biochem. 120, 7516–7526. doi:10.1002/jcb.28026
 Xu, G., Meng, L., Yuan, D., Li, K., Zhang, Y., Dang, C., et al. (2018). MEG3/miR-21 axis affects cell mobility by suppressing epithelial-mesenchymal transition in gastric cancer. Oncol. Rep. 40, 39–48. doi:10.3892/or.2018.6424
 Xu, J., Su, C., Zhao, F., Tao, J., Hu, D., Shi, A., et al. (2018). Paclitaxel promotes lung cancer cell apoptosis via MEG3-P53 pathway activation. Biochem. Biophys. Res. Commun. 504, 123–128. doi:10.1016/j.bbrc.2018.08.142
 Xu, J., and Xu, Y. (2017). The lncRNA MEG3 downregulation leads to osteoarthritis progression via miR-16/SMAD7 axis. Cell Biosci. 7, 69. doi:10.1186/s13578-017-0195-x
 Xu, Q. R., Tang, J., Liao, H. Y., Yu, B. T., He, X. Y., Zheng, Y. Z., et al. (2021). Long non-coding RNA MEG3 mediates the miR-149-3p/FOXP3 axis by reducing p53 ubiquitination to exert a suppressive effect on regulatory T cell differentiation and immune escape in esophageal cancer. J. Transl. Med. 19, 264. doi:10.1186/s12967-021-02907-1
 Xu, X., Zhong, Z., Shao, Y., and Yi, Y. (2021). Prognostic value of MEG3 and its correlation with immune infiltrates in gliomas. Front. Genet. 12, 679097. doi:10.3389/fgene.2021.679097
 Yan, H., Luo, B., Wu, X., Guan, F., Yu, X., Zhao, L., et al. (2021). Cisplatin induces pyroptosis via activation of MEG3/NLRP3/caspase-1/GSDMD pathway in triple-negative breast cancer. Int. J. Biol. Sci. 17, 2606–2621. doi:10.7150/ijbs.60292
 Yan, J., Guo, X., Xia, J., Shan, T., Gu, C., Liang, Z., et al. (2014). MiR-148a regulates MEG3 in gastric cancer by targeting DNA methyltransferase 1. Med. Oncol. 31, 879. doi:10.1007/s12032-014-0879-6
 Yang, F., Zhang, L., Huo, X. s., Yuan, J. h., Xu, D., Yuan, S. x., et al. (2011). Long noncoding RNA high expression in hepatocellular carcinoma facilitates tumor growth through enhancer of zeste homolog 2 in humans. Hepatology 54, 1679–1689. doi:10.1002/hep.24563
 Yang, N. Q., Luo, X. J., Zhang, J., Wang, G. M., and Guo, J. M. (2016). Crosstalk between Meg3 and miR-1297 regulates growth of testicular germ cell tumor through PTEN/PI3K/AKT pathway. Am. J. Transl. Res. 8, 1091–1099.
 Yang, Z., Bian, E., Xu, Y., Ji, X., Tang, F., et al. (2020). Meg3 induces EMT and invasion of glioma cells via autophagy. Onco. Targets. Ther. 13, 989–1000. doi:10.2147/ott.S239648
 Yang, Z., Li, H., Li, J., Lv, X., Gao, M., Bi, Y., et al. (2018). Association between long noncoding RNA MEG3 polymorphisms and lung cancer susceptibility in Chinese northeast population. DNA Cell Biol. 37, 812–820. doi:10.1089/dna.2018.4277
 Yang, Z., Wang, Z., and Duan, Y. (2020). LncRNA MEG3 inhibits non-small cell lung cancer via interaction with DKC1 protein. Oncol. Lett. 20, 2183–2190. doi:10.3892/ol.2020.11770
 Yao, H., Duan, M., Lin, L., Wu, C., Fu, X., Wang, H., et al. (2017). TET2 and MEG3 promoter methylation is associated with acute myeloid leukemia in a Hainan population. Oncotarget 8, 18337–18347. doi:10.18632/oncotarget.15440
 Yao, H., Sun, P., Duan, M., Lin, L., Pan, Y., Wu, C., et al. (2017). microRNA-22 can regulate expression of the long non-coding RNA MEG3 in acute myeloid leukemia. Oncotarget 8, 65211–65217. doi:10.18632/oncotarget.18059
 Ye, M., Lu, H., Tang, W., Jing, T., Chen, S., Wei, M., et al. (2020). Downregulation of MEG3 promotes neuroblastoma development through FOXO1-mediated autophagy and mTOR-mediated epithelial-mesenchymal transition. Int. J. Biol. Sci. 16, 3050–3061. doi:10.7150/ijbs.48126
 Yin, D. D., Liu, Z. J., Zhang, E., Kong, R., Zhang, Z. H., and Guo, R. H. (2015). Decreased expression of long noncoding RNA MEG3 affects cell proliferation and predicts a poor prognosis in patients with colorectal cancer. Tumour Biol. 36, 4851–4859. doi:10.1007/s13277-015-3139-2
 Ying, L., Huang, Y., Chen, H., Wang, Y., Xia, L., Chen, Y., et al. (2013). Downregulated MEG3 activates autophagy and increases cell proliferation in bladder cancer. Mol. Biosyst. 9, 407–411. doi:10.1039/c2mb25386k
 Yu, W., Shi, Q., Wu, C., Shen, X., Chen, L., and Xu, J. (2020). Promoter hypermethylation influences the suppressive role of long non-coding RNA MEG3 in the development of multiple myeloma.fluences the suppressive role of long non-coding RNA MEG3 in the development of multiple myeloma. Exp. Ther. Med. 20, 637–645. doi:10.3892/etm.2020.8723
 Yu, Y., Gao, F., He, Q., Li, G., and Ding, G. (2020). lncRNA UCA1 functions as a ceRNA to promote prostate cancer progression via sponging miR143. Mol. Ther. Nucleic Acids 19, 751–758. doi:10.1016/j.omtn.2019.11.021
 Yu, Y., Kou, D., Liu, B., Huang, Y., Li, S., Qi, Y., et al. (2020). LncRNA MEG3 contributes to drug resistance in acute myeloid leukemia by positively regulating ALG9 through sponging miR-155. Int. J. Lab. Hematol. 42, 464–472. doi:10.1111/ijlh.13225
 Zamani, M., Sadeghizadeh, M., Behmanesh, M., and Najafi, F. (2015). Dendrosomal curcumin increases expression of the long non-coding RNA gene MEG3 via up-regulation of epi-miRs in hepatocellular cancer. Phytomedicine 22, 961–967. doi:10.1016/j.phymed.2015.05.071
 Zhang, C. Y., Yu, M. S., Li, X., Zhang, Z., Han, C. R., and Yan, B. (2017). Overexpression of long non-coding RNA MEG3 suppresses breast cancer cell proliferation, invasion, and angiogenesis through AKT pathway. Tumour Biol. 39, 1010428317701311. doi:10.1177/1010428317701311
 Zhang, J., and Gao, Y. (2019). Long non-coding RNA MEG3 inhibits cervical cancer cell growth by promoting degradation of P-STAT3 protein via ubiquitination. Cancer Cell Int. 19, 175. doi:10.1186/s12935-019-0893-z
 Zhang, J. J., Guo, S. H., and Jia, B. Q. (2016). Down-regulation of long non-coding RNA MEG3 serves as an unfavorable risk factor for survival of patients with breast cancer. Eur. Rev. Med. Pharmacol. Sci. 20, 5143–5147.
 Zhang, J., Lin, Z., Gao, Y., and Yao, T. (2017). Downregulation of long noncoding RNA MEG3 is associated with poor prognosis and promoter hypermethylation in cervical cancer. J. Exp. Clin. Cancer Res. 36, 5. doi:10.1186/s13046-016-0472-2
 Zhang, J., Liu, J., Xu, X., and Li, L. (2017). Curcumin suppresses cisplatin resistance development partly via modulating extracellular vesicle-mediated transfer of MEG3 and miR-214 in ovarian cancer. Cancer Chemother. Pharmacol. 79, 479–487. doi:10.1007/s00280-017-3238-4
 Zhang, J., Yao, T., Lin, Z., and Gao, Y. (2017). Aberrant methylation of MEG3 functions as a potential plasma-based biomarker for cervical cancer. Sci. Rep. 7, 6271. doi:10.1038/s41598-017-06502-7
 Zhang, J., Yao, T., Wang, Y., Yu, J., Liu, Y., and Lin, Z. (2016). Long noncoding RNA MEG3 is downregulated in cervical cancer and affects cell proliferation and apoptosis by regulating miR-21. Cancer Biol. Ther. 17, 104–113. doi:10.1080/15384047.2015.1108496
 Zhang, L. L., Hu, D., and Zou, L. H. (2018). Low expression of lncRNA MEG3 promotes the progression of oral squamous cell carcinoma by targeting miR-21. Eur. Rev. Med. Pharmacol. Sci. 22, 8315–8323. doi:10.26355/eurrev_201812_16529
 Zhang, S., and Guo, W. (2019). Long non-coding RNA MEG3 suppresses the growth of glioma cells by regulating the miR-96-5p/MTSS1 signaling pathway. Mol. Med. Rep. 20, 4215–4225. doi:10.3892/mmr.2019.10659
 Zhang, S. Z., Cai, L., and Li, B. (2017). MEG3 long non-coding RNA prevents cell growth and metastasis of osteosarcoma. Bratisl. Lek. Listy 118, 632–636. doi:10.4149/bll_2017_121
 Zhang, W., Shi, S., Jiang, J., Li, X., Lu, H., and Ren, F. (2017). LncRNA MEG3 inhibits cell epithelial-mesenchymal transition by sponging miR-421 targeting E-cadherin in breast cancer. Biomed. Pharmacother. 91, 312–319. doi:10.1016/j.biopha.2017.04.085
 Zhang, X., Wu, N., Wang, J., and Li, Z. (2019). LncRNA MEG3 inhibits cell proliferation and induces apoptosis in laryngeal cancer via miR-23a/APAF-1 axis. J. Cell. Mol. Med. 23, 6708–6719. doi:10.1111/jcmm.14549
 Zhang, Y., Liu, J., Lv, Y., Zhang, C., and Guo, S. (2019). LncRNA meg3 suppresses hepatocellular carcinoma in vitro and vivo studies. Am. J. Transl. Res. 11, 4089–4099.
 Zhang, Y., Wu, J., Jing, H., Huang, G., Sun, Z., and Xu, S. (2019). Long noncoding RNA MEG3 inhibits breast cancer growth via upregulating endoplasmic reticulum stress and activating NF-κB and p53. J. Cell. Biochem. 120, 6789–6797. doi:10.1002/jcb.27982
 Zhang, Y. Y., and Feng, H. M. (2017). MEG3 suppresses human pancreatic neuroendocrine tumor cells growth and metastasis by down-regulation of mir-183. Cell. Physiol. biochem. 44, 345–356. doi:10.1159/000484906
 Zhang, Z., Liu, T., Wang, K., Qu, X., Pang, Z., Liu, S., et al. (2017). Down-regulation of long non-coding RNA MEG3 indicates an unfavorable prognosis in non-small cell lung cancer: Evidence from the GEO database. Gene 630, 49–58. doi:10.1016/j.gene.2017.08.001
 Zhao, H., Wang, X., Feng, X., Li, X., Pan, L., Liu, J., et al. (2018). Long non-coding RNA MEG3 regulates proliferation, apoptosis, and autophagy and is associated with prognosis in glioma. J. Neurooncol. 140, 281–288. doi:10.1007/s11060-018-2874-9
 Zhao, Y. Q., Liu, X. B., Xu, H., Liu, S., and Wang, J. M. (2019). MEG3 inhibits cell proliferation, invasion and epithelial-mesenchymal transition in laryngeal squamous cell carcinoma. Eur. Rev. Med. Pharmacol. Sci. 23, 2062–2068. doi:10.26355/eurrev_201903_17247
 Zhao, Y., Zhu, Z., Shi, S., Wang, J., and Li, N. (2019). Long non-coding RNA MEG3 regulates migration and invasion of lung cancer stem cells via miR-650/SLC34A2 axis. Biomed. Pharmacother. 120, 109457. doi:10.1016/j.biopha.2019.109457
 Zheng, Q., Lin, Z., Xu, J., Lu, Y., Meng, Q., Wang, C., et al. (2018). Long noncoding RNA MEG3 suppresses liver cancer cells growth through inhibiting β-catenin by activating PKM2 and inactivating PTEN. Cell Death Dis. 9, 253. doi:10.1038/s41419-018-0305-7
 Zheng, Y., Wang, M., Wang, S., Xu, P., Deng, Y., Lin, S., et al. (2020). LncRNA MEG3 rs3087918 was associated with a decreased breast cancer risk in a Chinese population: A case-control study. BMC Cancer 20, 659. doi:10.1186/s12885-020-07145-0
 Zhou, X., Ji, G., Ke, X., Gu, H., Jin, W., and Zhang, G. (2015). MiR-141 inhibits gastric cancer proliferation by interacting with long noncoding RNA MEG3 and down-regulating E2F3 expression. Dig. Dis. Sci. 60, 3271–3282. doi:10.1007/s10620-015-3782-x
 Zhou, X., Yuan, P., Liu, Q., and Liu, Z. (2017). LncRNA MEG3 regulates imatinib resistance in chronic myeloid leukemia via suppressing MicroRNA-21. Biomol. Ther. 25, 490–496. doi:10.4062/biomolther.2016.162
 Zhou, Y., Yang, H., Xia, W., Cui, L., Xu, R., Lu, H., et al. (2020). LncRNA MEG3 inhibits the progression of prostate cancer by facilitating H3K27 trimethylation of EN2 through binding to EZH2. J. Biochem. 167, 295–301. doi:10.1093/jb/mvz097
 Zhu, J., and Han, S. (2019). Lidocaine inhibits cervical cancer cell proliferation and induces cell apoptosis by modulating the lncRNA-MEG3/miR-421/BTG1 pathway. Am. J. Transl. Res. 11, 5404–5416.
 Zhu, J., Liu, S., Ye, F., Shen, Y., Tie, Y., et al. (2015). Long noncoding RNA MEG3 interacts with p53 protein and regulates partial p53 target genes in hepatoma cells. PLoS One 10, e0139790. doi:10.1371/journal.pone.0139790
 Zhu, J., Wu, Y., Xiao, W., and Li, Y. (2022). Survival predictors of resectable gallbladder carcinoma: An analysis of the surveillance, epidemiology, and end results database. Am. Surg. , 000313482210742. doi:10.1177/00031348221074238
 Zhu, M., Wang, F., Mi, H., Li, L., Wang, J., Han, M., et al. (2020). Long noncoding RNA MEG3 suppresses cell proliferation, migration and invasion, induces apoptosis and paclitaxel-resistance via miR-4513/PBLD axis in breast cancer cells. Cell Cycle 19, 3277–3288. doi:10.1080/15384101.2020.1839700
 Zhu, M., Wang, X., Gu, Y., Wang, F., Li, L., and Qiu, X. (2019). MEG3 overexpression inhibits the tumorigenesis of breast cancer by downregulating miR-21 through the PI3K/Akt pathway. Arch. Biochem. Biophys. 661, 22–30. doi:10.1016/j.abb.2018.10.021
 Zhu, Y., Chen, P., Gao, Y., Ta, N., Zhang, Y., Cai, J., et al. (2018). MEG3 activated by vitamin D inhibits colorectal cancer cells proliferation and migration via regulating Clusterin. EBioMedicine 30, 148–157. doi:10.1016/j.ebiom.2018.03.032
 Zhuo, H., Tang, J., Lin, Z., Jiang, R., Zhang, X., Ji, J., et al. (2016). The aberrant expression of MEG3 regulated by UHRF1 predicts the prognosis of hepatocellular carcinoma. Mol. Carcinog. 55, 209–219. doi:10.1002/mc.22270
 Zhuo, Z. J., Zhang, R., Zhang, J., Zhu, J., Yang, T., Zou, Y., et al. (2018). Associations between lncRNA MEG3 polymorphisms and neuroblastoma risk in Chinese children. Aging (Albany NY) 10, 481–491. doi:10.18632/aging.101406
 Zuo, S., Wu, L., Wang, Y., and Yuan, X. (2020). Long non-coding RNA MEG3 activated by vitamin D suppresses glycolysis in colorectal cancer via promoting c-myc degradation. Front. Oncol. 10, 274. doi:10.3389/fonc.2020.00274
GLOSSARY
LncRNA Long non-coding RNA
MEG3 Maternally expressed gene 3
BC Breast cancer
PCa Prostate cancer
CRC Colorectal cancer
UCA1 Urothelial cancer associated 1
ZNF24TR Zinc finger protein 24 transcription regulator
PC Pancreatic cancer
ATF3 Activating transcription factor 3
ZNF24 Zinc finger protein 24
VEGFA Vascular endothelial growth factor A
ESCC Esophageal squamous cell carcinoma
GC Gastric cancer
HCC Hepatocellular carcinoma
GBC Gallbladder cancer
CCA Cholangiocarcinoma
RCC Renal cell cancer
WT Wilm’s tumor
BCa Bladder cancer
TGCT Testicular germ cell tumor
OC Ovarian cancer
EC Endometrial cancer
CC Cervical cancer
MM Multiple myeloma
T-LBL T-cell lymphoblastic lymphoma
RB Retinoblastoma
TC Thyroid cancer
NPC Nasopharyngeal carcinoma
EMT Epithelial to mesenchymal transition
APAF-1 Apoptotic peptidase activating factor 1
NSCLC Non-small cell lung cancer
PTEN Phosphatase and tensin homolog
SOX7 SRY-box transcription factor 7
Skp2 S-phase kinase associated protein 2
SLC34A2 Solute carrier family 34 member 2
DKC1 Dyskerin pseudouridine synthase 1
FOXO1 Forkhead box O1
ER Endoplasmic reticulum
PSAT-1 Phosphoserine aminotransferase 1
GSK-3β Glycogen synthase kinase 3 beta
FOXP3 Forkhead box P3
DNMT-1 DNA methyltransferase 1
E2F3 E2F transcription factor 3
SFRP1 Secreted frizzled related protein 1
uHRF1 Ubiquitin like with PHD and ring finger domains 1
AP1G1 Adaptor related protein complex 1 subunit gramma 1
ILF3 Interleukin enhancer binding factor 3
DNMT3B DNA methyltransferase 3 beta
ADH4 Alcohol dehydrogenase 4
ERp29 Endoplasmic reticulum protein 29
SOX11 SRY-box transcription factor 11
MMP-2 Matrix metallopeptidase 2
MMP-9 Matrix metallopeptidase 9
LATS2 Large tumor suppressor kinase 2
TRAF3 TNF receptor associated factor 3
SPHK1 Sphingosine kinase 1
PDCD4 Programmed cell death 4
PDHB Pyruvate dehydrogenase E1 subunit beta
RASL11B RAS like family 11 member B
EN2 Engrailed homeobox 2
SP1 Sp1 transcription factor
SP3 Sp3 transcription factor
NLRP3 NLR family pyrin domain containing 3
GSDMD gasdermin D
PBLD Phenazine biosynthesis like protein domain containing
RBMS3 RNA binding motif single stranded interacting protein 3
EOC Epithelial ovarian cancer
ATG3 Autophagy related 3
AGAP2-AS1 AGAP2 antisense RNA 1
PDGFRA Platelet derived growth factor receptor alpha
BTG1 Anti-proligeration factor 1
STC1 Stanniocalcin 1
AML Acute myeloid leukemia
ALL Acute lymphocyte leukemia
CML Chronic myelogenous leukemia
CLL Chronic lymphocytic leukemia
TET2 Tet methylcytosine dioxygenase 2
HOXA11 Homeobox A11
AIFM2 Apoptosis inducing factor mitochondria associated 2
HCN3 Hyperpolarization activated cyclic nucleotide gated potassium channel 3
Sirt7 Sirtuin 7
MTSS1 MTSS I-BAR domain containing
AKAP12 A-kinase anchoring protein 12
BRI3 Brain protein I3
FoxM1 Forkhead box M1
EWSAT1 Ewing sarcoma asssociated transcript 1
OA osteoarthritis
ECM extracellular matrix
AS Ankylosing Spondylitis
NLrp3 nod-like receptor 3
UC ulcerative colitis
RA rheumatoid arthritis
ceRNA competitive endogenous RNA
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