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Abstract

:

Long non-coding RNA (lncRNA), a novel and effective modulator in carcinogenesis, has become a study hotspot in recent years. The imprinted oncofetal lncRNA H19 is one of the first identified imprinted lncRNAs with a high expression level in embryogenesis but is barely detectable in most tissues after birth. Aberrant alterations of H19 expression have been demonstrated in various tumors, including gastric cancer (GC), implicating a crucial role of H19 in cancer progression. As one of the top malignancies in the world, GC has already become a serious concern to public health with poor prognosis. The regulatory roles of H19 in gastric carcinogenesis have been explored by various research groups, which leads to the development of GC therapy. This review comprehensively summarizes the current knowledge of H19 in tumorigenesis, especially in GC pathogenesis, with emphasis on the underneath molecular mechanisms depicted from its functional partners. Furthermore, the accumulated knowledge of H19 will provide better understanding on targeted therapy of GC.






Keywords:


lncRNA; H19; gastric cancer








1. Introduction


Long non-coding RNAs (lncRNAs) are a group of regulatory RNAs longer than 200 nucleotides with no protein-coding potential. A large number of lncRNAs have been identified from mammalian genome within recent years. According to the genomic localization, lncRNAs can be catalogued roughly into intergenic, intronic, bidirectional, enhancer, sense and antisense lncRNAs [1]. Up to now, most of the studies about lncRNAs focus on their regulatory role on gene expression at both transcriptional and post-transcriptional levels [2]. Despite limited conservation in terms of primary sequence, lncRNAs function similarly in different species. For instance, lncRNAs usually exert their functions through interacting with distinct partners including proteins and miRNAs as decoyer, guider or scaffold [3].



Four common molecular behaviors of lncRNAs have been summarized [3]. Firstly, they convey signals. LncRNAs are sometimes considered as signal markers of some biological events, because they show special expression patterns under certain physiological or pathological conditions [4]. Secondly, some lncRNAs are also known as decoys, which function as “molecular sink” to titrate away RNA or protein targets [5,6]. The third point is that there are studies suggesting lncRNAs to be guiders [3,7,8]. This subtype of lncRNAs binds to proteins and leads the ribonucleoproteins (RNPs) to target sites to convey regulation information. Moreover, previous research also demonstrated the role of some lncRNAs as scaffolds. Due to special conformation, lncRNAs serve as platforms to collect relevant components including proteins and RNAs [3,9].



As an emerging field, more and more lncRNAs have been discovered by a wide use of sequencing techniques such as next-generation sequencing (NGS) and RNA sequencing (RNA-Seq) [10]. Numerous lncRNAs have been reported to be involved in different types of cancers including gastric cancer (GC) [11,12]. Meanwhile, LncRNA H19 has been considered as a vital player in cancer development, not only because the alteration of H19 expression is frequently observed, but also it actively participates in a wealth of malignancies and almost all stages of tumorigenesis [13].



H19 is a transcript from H19/IGF2 genomic imprinted cluster which is located on chromosome 11p15.5. This imprinted gene locus also contains IGF2 (insulin-like growth factor-II) gene. H19 is transcribed from the maternally-inherited chromosome, and IGF2 is from the paternally-inherited one, indicating the involvement of H19 in embryonic growth and development [14]. IGF2 has multiple functions in many biological processes, such as promoting cell growth [15]. Besides H19, there are still other transcripts from H19/IGF2 locus including HOTS (H19 opposite tumor suppressor), 91H, PIHit and miR-675 [16]. H19 gene, containing five exons, is the first imprinted lncRNA gene identified [17]. It is transcribed by polymerase II similar as mRNA except lacking a common open reading frame. Moreover, both sequence and secondary structure of H19 show a great extent of conservations among mammals, which may be consistent with its universal functions [18]. Due to alternative splicing, H19 has two main isoforms: one minor variant is without part of exon 1, which plays an important role during embryonic development for it is detected in human embryonic and placental tissues; the other one, lacking exon 4, is also shown with a potential effect on development [19,20].



Dysregulation of H19 has been reported in various kinds of tumorigenesis. However, in gastric carcinogenesis, the functional role of H19 has yet to be fully investigated. GC is one of the most malignant cancers around the world which causes thousands of deaths each year [21]. According to WHO statistics, it was the fourth most common cancer in the world in 2012 and occurs frequently in Asia, especially in China (approximately half of the world cases) [22]. GC is a complex disease and there are many outward factors that lie behind. Infection of Helicobacter pylori (H. pylori) is the main potential risk factor of GC, which contributes to more than 80% cases [23]. Other reasons including high-salt and low-vegetable diet, smoking, family history, and EBV infection also drive GC [24]. Although many advanced diagnostic and surgical approaches for treatment of GC have been set up, its overall survival rate is still low, partially owing to poorly understood molecular mechanisms [24]. Thus, in this review, we will comprehensively summarize the physiological role of H19 and its dysregulation in tumorigenesis, especially in GC.




2. Physiological Role of H19


As a parentally imprinted gene, expression of H19 shows a dynamic way during mouse and human embryo development. It starts from the blastocyst stage and reaches a high level in the tissues of endodermal, mesodermal and ectodermal origins [25]. However, once the baby is born, H19 expression will be inhibited in most of mammalian tissues [26,27]. A high accumulation of H19 has been detected in mature skeletal muscle of both mice and human, possibly due to enhanced RNA stabilization during muscle cell differentiation [28]. Moreover, a previous study also suggested that a high level of H19 was observed in primary human articular chondrocytes which was regulated by SOX9 [29].



DNA methylation status at imprinting control regions (ICRs) within H19 promoter has been considered as the predominant controller of H19 expression during mammalian development [30]. Alterations of DNA methylation status in H19 gene caused by genome-wide epigenetic reprogramming, including DNA methylation, methylation maintenance and DNA demethylation during mammalian life cycle, are mainly responsible for the dynamic expression pattern of H19 gene [31].



Owing to a special and evolutionary-conserved secondary structure, the main functional pattern of H19 is to recruit protein or miRNA factors via related binding sites [32], while another pattern of H19 to exert its function is through H19/miR675 axis. The following sections describe the biological processes in which H19 is involved via either H19/miR-675 axis or associations with other partners.



2.1. H19/miR-675 Axis


Besides serving as an independent lncRNA, H19 is also the primary precursor of miR-675 and determines the level of this miRNA to a certain extent [33]. Since miR-675 has multiple targets in diverse signaling pathways, H19 is able to regulate a number of biological processes via miR-675. For example, it was reported that H19/miR-675 axis promoted skeletal muscle differentiation through decreasing Smad1, Smad5 and Cdc6 [34]. In addition, by targeting transforming growth factor-β1 (TGF-β1) and histone deacetylase 4/5 (HDAC4/5), H19/miR-675 axis facilitated osteoblast differentiation [35].




2.2. HuR (Human Antigen R)


Previous studies have demonstrated that H19/miR-675 axis was critical during mammalian development [14,36]. One of the mechanisms is through the association between H19 and HuR, a typical RNA binding protein [37]. H19–HuR interaction has been proven to inhibit the processing of miR-675 from H19 in placenta at Drosha stage, which decreased miR-675 and suppressed placental growth [37]. Silencing of H19 and miR-675 resulted in placental overgrowth in a mouse model and the dynamic expression of HuR closely regulated the fluctuant processing of miR-675 during gestation [37].




2.3. KSRP (RNA Binding Protein K Homology-Type Splicing Regulatory Protein)


KSRP, an RNA binding protein, binds to the AU-rich elements (ARE) of mRNA and makes mRNA decay [38]. KSRP also facilitates the maturation of a set of miRNAs by interacting with their precursors [39]. It was reported that KSRP interacted with H19 in the C2C12 cells. This interaction could be abrogated by the activation of AKT signaling pathway, and KSRP was released to bind with and degrade myogenin mRNA as well as other relative labile mRNAs during myogenic differentiation [40].




2.4. IMP-1 (IGF-II mRNA-Binding Protein 1) and PTBP1 (Polypyrimidine Tract-Binding Protein 1)


IMP-1 belongs to VICKZ family of zipcode-binding proteins. Members in this family interplay with mRNAs to affect cell proliferation and migration [41]. IMP-1 was proven to bind to H19 and IGF-II mRNA physically in a sequential and cooperative way through a series of in vitro experiments including electrophoretic mobility-shift assay (EMSA), equilibrium and kinetic assay. This well-ordered formation of protein–RNA complex favors final ribonuleoprotein (RNP) particle stability, which may be indispensable for storage, process and degradation of RNA transcripts [42]. It was further illustrated by an experiment conducted in mouse NIH3T3 embryo fibroblasts that the binding between IMP and H19 contributed to H19 subcellular localization in cytoplasm, which might play a crucial role during mammal development [43].



PTBP1, another RNA binding protein regulating RNA metabolism, is also one of the H19 interactive proteins identified by UV-crosslinking [43]. However, the function of H19-PTBP1 is still unknown.




2.5. HnRNP U (Heterogeneous Nuclear Ribonucleoprotein U)


As a ubiquitously existing ribonucleoprotein, hnRNP U has been characterized as an interactive protein of several lncRNAs such as Xist and PANDA [44,45]. It has been reported that, via associating with hnRNP U, H19 repressed RNA Pol II-mediated global transcription by inhibiting the phosphorylation of RNA Pol II carboxy-terminal domain (CTD) at Ser5 in HCC cells [46,47]. Since RNA Pol II-mediated global transcription also plays a role under pathological conditions, this H19/HnRNP U system is highly expected to serve as a novel therapeutic target in certain human diseases.




2.6. MBD1 (Methyl-CpG–Binding Domain Protein 1)


H19 gene, which belongs to imprinted gene network (IGN), controls the expression of other eight imprinted genes within this network, such as IGF2, SLC38A4, DCN, DLK1, PEG1, GTL2, CDKN1C and IGF2R. All of them were reported to regulate embryonic growth in mouse and human [48]. When H19 gene is deleted, these targeted genes are up-regulated, and subsequently an overgrowth phenotype of mice appears [49]. In general, expression of imprinted genes are predominantly determined by epigenetic modifications [50]. There was a report indicating that H19 repressed these imprinting genes via interacting with MBD1 (methyl-CpG-binding domain protein 1) in primary MEFs. MBD1 is one of the members of a nuclear protein family; all of these members, including MECP2 and MBD1-4, contain the same methyl-CpG binding domain (MBD) [51]. MBD1 binds specifically to methylated DNA domains and recruits methylation related enzymes to modulate gene expression [51]. MBD1 was suggested to be driven by H19 to differentially methylated regions (DMRs) of targeted imprinted genes (IGF2, SLC38A4 and PEG1) to induce H3K9me3 modifications, so as to regulate those genes expression [51].




2.7. PRC2 (Polycomb Repressive Complex 2)


PRC2 has been predicted to be associated with an estimated 20% lncRNAs [52], many of which have been validated, such as HOTAIR [53], MALAT1 [3] and MEG3 [54,55]. H19 has also been identified as a member of PRC2-associating transcriptome. As a key chromosome epigenetic regulation complex which consists of core components (EZH2/EZH1, EED, SUZ12, and RBBP4/6) and supplementary ones (PCLS and JARID2), PRC2 keeps transcriptional repression by methylating H3K27me2/3 [56].




2.8. SAHH (S-Adenosylhomocysteine Hydrolase)


SAHH is the only enzyme that catalyzes the hydrolysis of SAH, an inhibitor of SAM-dependent methyltransferases (S-adenosylmethionine). Importantly, SAHH participates in SAM-dependent gene methylation in many biological processes [57]. It was identified as one of the interactive proteins of H19 in ribonucleoprotein complexes in HEK293 cells. SAHH bounded to the U-rich element in 3’-terminus of H19, which suppressed SAHH enzyme activity. This was examined in both skeletal muscle cells and myoblasts derived myotubes in mice model [58]. Silencing of H19 led to an increased activity of SAHH and further promoted DNMT3B-dependent gene methylation [58]. This effect of H19-SAHH complex may extend to global biological processes according to genome-wide methylation profiling after H19 silencing [58].




2.9. Let-7 Family


Kallen et al. have already proven that H19 absorbed let-7 family members through conserved binding sites and interacted with miRNA ribonucleoprotein complexes, leading to inhibition of let-7 activity and regulation of let-7 downstream effectors, such as Dicer, HMAG2 and IGF2, therefore, mouse muscle differentiation was slowed down and a precocious differentiation was prevented [59]. In another case, H19 serves as an upstream suppressor of let-7 bioavailability. Loss of H19 in muscle of both human subjects with type-2 diabetes and mice with insulin resistant resulted in an increase of let-7 bioavailability and reduced expression of let-7 targets, including insulin receptor (INSR) and Lipoprotein lipase (LPL), which were mainly responsible for the following impaired glucose uptake [60].




2.10. miR-106a


A novel approach named miRNA crosslinking and immunoprecipitation (miR-CLIP) developed by Jochen Imig and his colleagues was applied to identify lncRNA-miRNA interactions. The results illustrated that H19-miR-106a interaction occurred in both Hela cells and myoblasts, where H19 functioned to regulate the level of miR-106a, which was crucial during myoblast differentiation [61].




2.11. Summary of H19 Binding Partners


H19 is capable of being folded into a special secondary structure, which allows it to serve as a platform and collect relative proteins [62]. In addition, these proteins are actively involved in a wide variety of physiological and pathological processes such as RNA metabolism, gene transcription, epigenetic modification, skeletal muscle differentiation and tumor development, suggesting a diversified function of H19. All of the interactive proteins with H19 are summarized in Figure 1. Meanwhile, miRNAs are another group of partners that are essential for lncRNAs to exert their functions. In fact, miRNAs themselves are crucial modulators of gene expression transcriptionally or post-transcriptionally via targeting to mRNAs [63]. LncRNAs usually function as a “sponge” to disable miRNAs [64], while sometimes, lncRNAs and miRNAs can also regulate expression of each other [65,66]. miRNAs which interact with H19 are summarized in Figure 2.





3. The Role of H19 in Tumorigenesis


H19 is one of the well-studied lncRNAs during tumorigenesis [67]. It was first identified as a tumor suppressor [68]. However, accumulating evidence showed that H19 was significantly increased in several tumors as an oncogene [13,69]. Whether functional role of H19 is tumor suppressive or oncogenic is still controversy, and it might depend on different cancer types, development stages and molecular background to a large extent [70,71]. Abnormal expression of H19 has been discovered in a bulk of cancers [72,73,74], including breast cancer [75], lung cancer [71], cervical cancer [76] and bladder cancer [69]. The underneath molecular mechanisms are largely dependent on the partners that H19 works with.



3.1. H19/miR-675 Axis


H19/miR-675 axis was illustrated to play essential roles in cancers through targeting oncogenic or tumor suppressive factors [13,77]. H19-derived miR-675 directly targeted and decreased c-Cbl and Cbl-b in breast cancer cells [78]. Loss of c-Cbl and Cbl-b further induced the expression of tyrosine kinase receptors and the activation of AKT and ERK signaling pathway, and therefore, enhanced proliferation and metastasis of breast cancer cell both in vitro and in vivo [78]. Retinoblastoma protein (Rb), a tumor suppressor, was verified as a target of miR-675 both in colorectal cancer and AFP-secreting hepatocellular carcinoma [79,80]. Other targets of miR-675 in different tumors contain: Twist 1 (a key mediator in EMT) in hepatocellular cancer [80], Cadherin 13 (a member of cadherin subfamily) in glioma [81], G protein-coupled receptor (GPR55) in non-small cell lung cancer [82] and TGFBI (an extracellular matrix protein) in prostate cancer [83]. miR-675 was also demonstrated to play an important role in bladder cancer cell growth via modulating p53 level, although p53 was not a direct target of miR-675 [84].




3.2. H19/let-7 Axis


H19/let-7 axis functioned as an oncogene in some tumors. For example, H19 promoted invasion and migration of pancreatic ductal adenocarcinoma (PDAC) cells via stopping let-7 from targeting HMGA2 [85]. With the similar molecular mechanism, H19 increased metastatic ability of pancreatic cancer as well as ovarian cancer and uterine serous carcinoma cells.




3.3. p53


P53 is a well-known tumor suppressor and lies in the center of multiple cancer-related signaling pathways [86]. Meanwhile, H19-derived miR-675 has been shown to promote bladder cancer cell proliferation via repressing p53 expression [84]. On the other hand, the fact that the binding sites for p53 located within H19 promoter was identified, which allowed p53 negatively regulate expression of H19 in tumor cells [87]. In addition, H19 expression was increased sharply in many cancer cell lines of liver, bladder, lung, ovarian and breast under the condition of hypoxic stress, which occurs commonly in tumor development [62]. During hypoxia, p53 increases H19 through activating HIF signaling pathway [62].




3.4. IGF2


IGF2 promotes proliferation in several cancer types and serves as an anti-apoptotic agent [88]. H19 and IGF2 expression is activated by a common enhancer, it is also a common binding partner both H19 and IGF2 compete for [89]. Thus, excessive H19 usually induces a sharp decrease of IGF2, whereas deletion of H19 results in IGF2 overexpression [89]. Interestingly, another lncRNA from the same gene locus named 91H, which is the antisense of H19, also regulates IGF2 expression in esophageal squamous cell carcinoma and breast cancer [90,91].




3.5. PRC2


In bladder cancer, H19 has been proven to interact with PRC2 through EZH2, one of the core components of PRC2 complex by RNA immunoprecipitation assay [69]. Binding to H19 further facilitates EZH2 recruitment to the promoters of E-cadherin (cell metastasis repressor) and Nkd1 (inhibitor of Wnt/β-catenin signaling). Therefore, expressions of E-cadherin and Nkd1 are suppressed leading to enhanced metastasis and invasion of bladder cancer cells [69]. In addition, it has been proven that H19/EZH2 complex is a vital regulator during mammary tumorigenesis [75].




3.6. miR-200a and miR-138


In colorectal cancer cells, miR-200a and miR-138 have been verified as interactive miRNAs of H19 by Liang et al. [92]. This interaction impairs bioavailability of miR-200a and miR-138 to their mRNA targets (Vimentin, ZEB1 and ZEB2). Vimentin and ZEB1/2 are crucial mediators of epithelial to mesenchymal transition (EMT) in colon cancer. Excessive H19 functioned as a “molecular sponge” to absorb miR-200a and miR-138, and promoted EMT of colorectal cancer cell lines [92].





4. Dysregulation of H19 in Gastric Carcinogenesis


GC is one of the most malignant and common tumors around the world, and there have already been plenty of studies illustrating that H19 is significantly up-regulated in both GC tissues and cell lines, and is positively correlated with poor prognosis.



In a previous study, H19 was shown as one of the most increased lncRNAs with a ~8.91-fold change in human primary GC tumors comparing with non-tumor tissues [12]. Additionally, Li et al. also identified some potential lncRNAs that expressed differently between gastric tumors and normal tissues through screening a 74 GC patients cohort [93], among which, H19 was selected because of a remarkable increased level in GC tissues. Moreover, several GC cell lines, such as MKN45, BGC-823 and AGS exhibited a high expression level of H19 [93,94]. Ectopic expression of H19 could promote proliferation, migration and invasion of GC cells, whereas silencing of H19 resulted in cell apoptosis [88,89,90,91]. Intriguingly, H19 was reported to be not only up-regulated in GC tissues but also in the plasma of GC patients. Circulating H19 in plasma could serve as a potential biomarker for GC clinical diagnosis at early stage [95]. Similarly, in GC, H19 behaved diversely with different companions.



4.1. H19/miR-675 Axis


Both H19 and miR-675 are up-regulated in primary GC when compared with noncancerous tissues [93]. H19/miR-675 axis promoted proliferation, migration, invasion of GC cells and subcutaneous tumors in nude mice [93,96]. Runt Domain Transcription Factor1 (RUNX1), a member of Runt-related (RUNX) gene family and also a crucial tumor suppressor, has been identified as a direct target of miR-675 in GC [96]. H19/miR-675 axis was shown to enhance GC cell growth via inhibiting RUNX1 and activating Akt/mTOR signaling pathway [96,97]. Calneuron 1(CALN1) is another target of miR-675 in GC [93]. All the targets of miRNA-675 are summarized in Figure 3.




4.2. p53


Researchers have found that physical binding between H19 and p53 served as both effector and regulator of p53 in GC [94]. Overexpression of H19 partially inactivated p53 activity and suppressed expression of Bax, which highly induced cell proliferation in GC [94].




4.3. IGF2


As parts of imprinted gene cluster, expression of H19 and IGF2 are well controlled by genomic imprinting [98]. Loss of imprinting (LOI) of H19–IGF2 locus frequently occurred in a variety of cancers [99,100]. Yu et al. examined LOI of IGF2 and H19 in 89 GC patients and found that the positive rate of IGF2 and H19 LOI in GC tissues were 45% and 8.6%, respectively. Moreover, GC in corpus has a high feasibility of IGF2 LOI compared with that in antrum [101].




4.4. Isthmin1 (ISM1)


ISM1, usually known as an angiogenesis inhibitor, has been identified as another H19 binding protein in MKN45 cell line. Meanwhile, ISM1 expression is regulated by H19 [93]. Although detailed biological function of the association between H19 and ISM1 has not been illustrated, it has been proposed that this association regulates GC cell growth and mobility because ISM1 regulates surviving and apoptosis in many tumor cells [102].




4.5. miR-141


H19 expression is also regulated by a series of molecules during GC development. Similar to proteins, expression of H19 is controlled by certain transcription factors such as c-Myc [101]. In GC cell lines, SGC-7901 and MKN45, miR-141 has been shown to suppress H19 expression by binding to it and further led to H19 degradation. After ectopic expression of miR-141, targets of H19 including miR-675, IGF1 and IGF2 are all declined. Meanwhile, H19 modulates Drosha and Dicer as well as ZEB1, a target of miR-141 [103].




4.6. Other Companions


Besides these already-validated interactive proteins and miRNA described above, there are still some partners predicated by several computational methods based on some well-established RNA-binding proteins (RBP) datasets such as StarBase version 2.0 (http://starbase.sysu.edu.cn/) and LNCipedia (http://www.lncipedia.org/) [104]. StarBase v2.0 shows that H19 is predicted to interact with eIF4AIII, DGCR8 and FU, as well as numerous miRNAs.





5. Conclusions and Future Directions


To our knowledge, despite its emerging and complicated biological functions, H19 exerts its functions primarily only through two direct mechanisms: producing miR-675 as its primary precursor or interacting with diversified partners including proteins and miRNAs. Although the currently identified targets of miR-675 seem to display a scattered distribution, most of them participate in growth, differentiation and different stages of tumor development, which also suggests an important position of H19 in growth-related gene networks. Targeting either H19 or the production of miR-675 may lead to the discovery of putative therapeutic methods for some aberrant-miR-675-induced human diseases.



Direct interacting with special partners mechanically under certain physiological and pathological conditions is the most common characteristic of lncRNA [105]. We have summarized binding proteins and miRNAs of H19 in a variety of cell context, and those related to GC were highlighted. The close interactive network of H19 in GC development is shown in Figure 4. In spite of the fact that only p53 and ISM1 have been identified as H19 interaction proteins in GC, other associated proteins in diverse biological processes of different cancers might provide valuable clues for a further investigation. The network of H19 interactive proteins might be explored and an overall view of H19 functions in GC would be elucidated. Moreover, it is also important for researchers to find out the reasons why H19 switches its associative protein partners in different development periods, physiological statuses or clinical diseases.



Although many efforts have been made to investigate the associating factors of H19 and only a handful of proteins and miRNAs have been identified, still very limited is known in regards to the molecular mechanisms and biological effects of the interactions between H19 and its binding partners. More efforts should be made towards this direction, especially in tumor research. Currently, a phase I/IIa clinical trial of H19-based constructs (BC-H19/DTA-H19) in bladder cancer has already indicated a response rate of 66% [106]. The results may provide novel study angles for clinical treatment of cancer patients.







Acknowledgments


This study is supported by General Research Fund (RGC Reference No. CUHK14114414 and CUHK14110016) from The Research Grants Council of Hong Kong.




Author Contributions


Ka Fai To and Wei Kang provided direction and guidance throughout the preparation of this manuscript. Li Zhang, Yuhang Zhou and Tingting Huang conducted the literature review and drafted the manuscript. Alfred S. L. Cheng and Jun Yu reviewed the manuscript and made significant revisions on the drafts.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Devaux, Y.; Zangrando, J.; Schroen, B.; Creemers, E.E.; Pedrazzini, T.; Chang, C.P.; Dorn, G.W., 2nd; Thum, T.; Heymans, S.; Cardiolinc, N. Long noncoding RNAs in cardiac development and ageing. Nat. Rev. Cardiol. 2015, 12, 415–425. [Google Scholar] [CrossRef] [PubMed]

	



Fang, Y.; Fullwood, M.J. Roles, Functions, and Mechanisms of Long Non-coding RNAs in Cancer. Genom. Proteom. Bioinform. 2016, 14, 42–54. [Google Scholar] [CrossRef] [PubMed]

	



Wang, K.C.; Chang, H.Y. Molecular mechanisms of long noncoding RNAs. Mol. Cell 2011, 43, 904–914. [Google Scholar] [CrossRef] [PubMed]

	



Huarte, M.; Guttman, M.; Feldser, D.; Garber, M.; Koziol, M.J.; Kenzelmann-Broz, D.; Khalil, A.M.; Zuk, O.; Amit, I.; Rabani, M.; et al. A large intergenic noncoding RNA induced by p53 mediates global gene repression in the p53 response. Cell 2010, 142, 409–419. [Google Scholar] [CrossRef] [PubMed]

	



Kino, T.; Hurt, D.E.; Ichijo, T.; Nader, N.; Chrousos, G.P. Noncoding RNA gas5 is a growth arrest- and starvation-associated repressor of the glucocorticoid receptor. Sci. Signal. 2010, 3. [Google Scholar] [CrossRef] [PubMed]

	



Hung, T.; Wang, Y.; Lin, M.F.; Koegel, A.K.; Kotake, Y.; Grant, G.D.; Horlings, H.M.; Shah, N.; Umbricht, C.; Wang, P.; et al. Extensive and coordinated transcription of noncoding RNAs within cell-cycle promoters. Nat. Genet. 2011, 43, 621–629. [Google Scholar] [CrossRef] [PubMed]

	



Wutz, A.; Rasmussen, T.P.; Jaenisch, R. Chromosomal silencing and localization are mediated by different domains of Xist RNA. Nat. Genet. 2002, 30, 167–174. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Yang, Z.; Trottier, J.; Barbier, O.; Wang, L. LncRNA MEG3 induces cholestatic liver injury by interaction with PTBP1 to facilitate Shp mRNA decay. Hepatology 2017, 65, 604–615. [Google Scholar] [CrossRef] [PubMed]

	



Kotake, Y.; Nakagawa, T.; Kitagawa, K.; Suzuki, S.; Liu, N.; Kitagawa, M.; Xiong, Y. Long non-coding RNA ANRIL is required for the PRC2 recruitment to and silencing of p15 (INK4B) tumor suppressor gene. Oncogene 2011, 30, 1956–1962. [Google Scholar] [CrossRef] [PubMed]

	



Pauli, A.; Valen, E.; Lin, M.F.; Garber, M.; Vastenhouw, N.L.; Levin, J.Z.; Fan, L.; Sandelin, A.; Rinn, J.L.; Regev, A.; et al. Systematic identification of long noncoding RNAs expressed during zebrafish embryogenesis. Genome Res. 2012, 22, 577–591. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Cao, W.J.; Wu, H.L.; He, B.S.; Zhang, Y.S.; Zhang, Z.Y. Analysis of long non-coding RNA expression profiles in gastric cancer. World J. Gastroenterol. 2013, 19, 3658–3664. [Google Scholar] [CrossRef] [PubMed]

	



Song, H.; Sun, W.; Ye, G.; Ding, X.; Liu, Z.; Zhang, S.; Xia, T.; Xiao, B.; Xi, Y.; Guo, J. Long non-coding RNA expression profile in human gastric cancer and its clinical significances. J. Transl. Med. 2013, 11, 225. [Google Scholar] [CrossRef]

	



Raveh, E.; Matouk, I.J.; Gilon, M.; Hochberg, A. The H19 Long non-coding RNA in cancer initiation, progression and metastasis—A proposed unifying theory. Mol. Cancer 2015, 14, 184. [Google Scholar] [CrossRef] [PubMed]

	



Gabory, A.; Jammes, H.; Dandolo, L. The H19 locus: Role of an imprinted non-coding RNA in growth and development. Bioessays 2010, 32, 473–480. [Google Scholar] [CrossRef] [PubMed]

	



Bruchim, I.; Sarfstein, R.; Werner, H. The IGF Hormonal Network in Endometrial Cancer: Functions, Regulation, and Targeting Approaches. Front. Endocrinol. (Lausanne) 2014, 5, 76. [Google Scholar] [CrossRef] [PubMed]

	



Nordin, M.; Bergman, D.; Halje, M.; Engstrom, W.; Ward, A. Epigenetic regulation of the IGF2/H19 gene cluster. Cell Prolif. 2014, 47, 189–199. [Google Scholar] [CrossRef]

	



Pachnis, V.; Belayew, A.; Tilghman, S.M. Locus unlinked to α-fetoprotein under the control of the murine raf and Rif genes. Proc. Natl. Acad. Sci. USA 1984, 81, 5523–5527. [Google Scholar] [CrossRef] [PubMed]

	



Smits, G.; Mungall, A.J.; Griffiths-Jones, S.; Smith, P.; Beury, D.; Matthews, L.; Rogers, J.; Pask, A.J.; Shaw, G.; VandeBerg, J.L.; et al. Conservation of the H19 noncoding RNA and H19-IGF2 imprinting mechanism in therians. Nat. Genet. 2008, 40, 971–976. [Google Scholar] [CrossRef] [PubMed]

	



Matouk, I.; Ayesh, B.; Schneider, T.; Ayesh, S.; Ohana, P.; de-Groot, N.; Hochberg, A.; Galun, E. Oncofetal splice-pattern of the human H19 gene. Biochem. Biophys. Res. Commun. 2004, 318, 916–919. [Google Scholar] [CrossRef] [PubMed]

	



Lin, W.L.; He, X.B.; Svensson, K.; Adam, G.; Li, Y.M.; Tang, T.W.; Paldi, A.; Pfeifer, S.; Ohlsson, R. The genotype and epigenotype synergize to diversify the spatial pattern of expression of the imprinted H19 gene. Mech. Dev. 1999, 82, 195–197. [Google Scholar] [CrossRef]

	



Carcas, L.P. Gastric cancer review. J. Carcinog. 2014, 13, 14. [Google Scholar] [CrossRef] [PubMed]

	



Ferlay, J.; Steliarova-Foucher, E.; Lortet-Tieulent, J.; Rosso, S.; Coebergh, J.W.; Comber, H.; Forman, D.; Bray, F. Cancer incidence and mortality patterns in Europe: Estimates for 40 countries in 2012. Eur. J. Cancer 2013, 49, 1374–1403. [Google Scholar] [CrossRef] [PubMed]

	



Venerito, M.; Selgrad, M.; Malfertheiner, P. Helicobacter pylori: Gastric cancer and extragastric malignancies—Clinical aspects. Helicobacter 2013, 18, 39–43. [Google Scholar] [CrossRef] [PubMed]

	



Nagini, S. Carcinoma of the stomach: A review of epidemiology, pathogenesis, molecular genetics and chemoprevention. World J. Gastrointest. Oncol. 2012, 4, 156–169. [Google Scholar] [CrossRef] [PubMed]

	



Davis, R.L.; Weintraub, H.; Lassar, A.B. Expression of a single transfected cDNA converts fibroblasts to myoblasts. Cell 1987, 51, 987–1000. [Google Scholar] [CrossRef]

	



Leibovitch, M.P.; Nguyen, V.C.; Gross, M.S.; Solhonne, B.; Leibovitch, S.A.; Bernheim, A. The human ASM (adult skeletal muscle) gene: Expression and chromosomal assignment to 11p15. Biochem. Biophys. Res. Commun. 1991, 180, 1241–1250. [Google Scholar] [CrossRef]

	



Lustig, O.; Ariel, I.; Ilan, J.; Lev-Lehman, E.; de-Groot, N.; Hochberg, A. Expression of the imprinted gene H19 in the human fetus. Mol. Reprod. Dev. 1994, 38, 239–246. [Google Scholar] [CrossRef] [PubMed]

	



Milligan, L.; Antoine, E.; Bisbal, C.; Weber, M.; Brunel, C.; Forne, T.; Cathala, G. H19 gene expression is up-regulated exclusively by stabilization of the RNA during muscle cell differentiation. Oncogene 2000, 19, 5810–5816. [Google Scholar] [CrossRef] [PubMed]

	



Dudek, K.A.; Lafont, J.E.; Martinez-Sanchez, A.; Murphy, C.L. Type II collagen expression is regulated by tissue-specific miR-675 in human articular chondrocytes. J. Biol. Chem. 2010, 285, 24381–24387. [Google Scholar] [CrossRef] [PubMed]

	



Sasaki, H.; Ishihara, K.; Kato, R. Mechanisms of IGF2/H19 imprinting: DNA methylation, chromatin and long-distance gene regulation. J. Biochem. 2000, 127, 711–715. [Google Scholar] [CrossRef] [PubMed]

	



Messerschmidt, D.M.; Knowles, B.B.; Solter, D. DNA methylation dynamics during epigenetic reprogramming in the germline and preimplantation embryos. Genes Dev. 2014, 28, 812–828. [Google Scholar] [CrossRef] [PubMed]

	



Mohamadkhani, A. Long Noncoding RNAs in Interaction With RNA Binding Proteins in Hepatocellular Carcinoma. Hepat. Mon. 2014, 14, e18794. [Google Scholar] [CrossRef] [PubMed]

	



Cai, X.; Cullen, B.R. The imprinted H19 noncoding RNA is a primary microRNA precursor. RNA 2007, 13, 313–316. [Google Scholar] [CrossRef] [PubMed]

	



Dey, B.K.; Pfeifer, K.; Dutta, A. The H19 long noncoding RNA gives rise to microRNAs miR-675–3p and miR-675–5p to promote skeletal muscle differentiation and regeneration. Genes Dev. 2014, 28, 491–501. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Zheng, Y.; Jia, L.; Li, W. Long Noncoding RNA H19 Promotes Osteoblast Differentiation Via TGF-β1/Smad3/HDAC Signaling Pathway by Deriving miR-675. Stem Cells 2015, 33, 3481–3492. [Google Scholar] [CrossRef]

	



Gao, W.L.; Liu, M.; Yang, Y.; Yang, H.; Liao, Q.; Bai, Y.; Li, Y.X.; Li, D.; Peng, C.; Wang, Y.L. The imprinted H19 gene regulates human placental trophoblast cell proliferation via encoding miR-675 that targets Nodal Modulator 1 (NOMO1). RNA Biol. 2012, 9, 1002–1010. [Google Scholar] [CrossRef] [PubMed]

	



Keniry, A.; Oxley, D.; Monnier, P.; Kyba, M.; Dandolo, L.; Smits, G.; Reik, W. The H19 lincRNA is a developmental reservoir of miR-675 that suppresses growth and Igf1r. Nat. Cell Biol. 2012, 14, 659–665. [Google Scholar] [CrossRef] [PubMed]

	



Chou, C.F.; Mulky, A.; Maitra, S.; Lin, W.J.; Gherzi, R.; Kappes, J.; Chen, C.Y. Tethering KSRP, a decay-promoting AU-rich element-binding protein, to mRNAs elicits mRNA decay. Mol. Cell. Biol. 2006, 26, 3695–3706. [Google Scholar] [CrossRef] [PubMed]

	



Trabucchi, M.; Briata, P.; Garcia-Mayoral, M.; Haase, A.D.; Filipowicz, W.; Ramos, A.; Gherzi, R.; Rosenfeld, M.G. The RNA-binding protein KSRP promotes the biogenesis of a subset of microRNAs. Nature 2009, 459, 1010–1014. [Google Scholar] [CrossRef] [PubMed]

	



Giovarelli, M.; Bucci, G.; Ramos, A.; Bordo, D.; Wilusz, C.J.; Chen, C.Y.; Puppo, M.; Briata, P.; Gherzi, R. H19 long noncoding RNA controls the mRNA decay promoting function of KSRP. Proc. Natl. Acad. Sci. USA 2014, 111, E5023–E5028. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.; Huang, Z.; Liu, X.; Huang, W.; Chen, S.; Zhou, Y.; Li, D.; Singer, R.H.; Gu, W. IMP1 suppresses breast tumor growth and metastasis through the regulation of its target mRNAs. Oncotarget 2016, 7, 15690–15702. [Google Scholar] [CrossRef] [PubMed]

	



Nielsen, J.; Kristensen, M.A.; Willemoes, M.; Nielsen, F.C.; Christiansen, J. Sequential dimerization of human zipcode-binding protein IMP1 on RNA: A cooperative mechanism providing RNP stability. Nucleic Acids Res. 2004, 32, 4368–4376. [Google Scholar] [CrossRef] [PubMed]

	



Runge, S.; Nielsen, F.C.; Nielsen, J.; Lykke-Andersen, J.; Wewer, U.M.; Christiansen, J. H19 RNA binds four molecules of insulin-like growth factor II mRNA-binding protein. J. Biol. Chem. 2000, 275, 29562–29569. [Google Scholar] [CrossRef] [PubMed]

	



Hasegawa, Y.; Brockdorff, N.; Kawano, S.; Tsutui, K.; Tsutui, K.; Nakagawa, S. The matrix protein hnRNP U is required for chromosomal localization of Xist RNA. Dev. Cell 2010, 19, 469–476. [Google Scholar] [CrossRef] [PubMed]

	



Puvvula, P.K.; Desetty, R.D.; Pineau, P.; Marchio, A.; Moon, A.; Dejean, A.; Bischof, O. Long noncoding RNA PANDA and scaffold-attachment-factor SAFA control senescence entry and exit. Nat. Commun. 2014, 5, 5323. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Yang, F.; Yuan, J.H.; Yuan, S.X.; Zhou, W.P.; Huo, X.S.; Xu, D.; Bi, H.S.; Wang, F.; Sun, S.H. Epigenetic activation of the miR-200 family contributes to H19-mediated metastasis suppression in hepatocellular carcinoma. Carcinogenesis 2013, 34, 577–586. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Wu, X.; Liu, Y.; Yuan, J.; Yang, F.; Huang, J.; Meng, Q.; Zhou, C.; Liu, F.; Ma, J.; et al. Long noncoding RNA H19 inhibits the proliferation of fetal liver cells and the Wnt signaling pathway. FEBS Lett. 2016, 590, 559–570. [Google Scholar] [CrossRef] [PubMed]

	



Gabory, A.; Ripoche, M.A.; Le Digarcher, A.; Watrin, F.; Ziyyat, A.; Forne, T.; Jammes, H.; Ainscough, J.F.; Surani, M.A.; Journot, L.; et al. H19 acts as a trans regulator of the imprinted gene network controlling growth in mice. Development 2009, 136, 3413–3421. [Google Scholar] [CrossRef] [PubMed]

	



Ripoche, M.A.; Kress, C.; Poirier, F.; Dandolo, L. Deletion of the H19 transcription unit reveals the existence of a putative imprinting control element. Genes Dev. 1997, 11, 1596–1604. [Google Scholar] [CrossRef] [PubMed]

	



Barlow, D.P.; Bartolomei, M.S. Genomic imprinting in mammals. Cold Spring Harb. Perspect. Biol. 2014, 6. [Google Scholar] [CrossRef] [PubMed]

	



Gigek, C.O.; Chen, E.S.; Smith, M.A. Methyl-CpG-Binding Protein (MBD) Family: Epigenomic Read-Outs Functions and Roles in Tumorigenesis and Psychiatric Diseases. J. Cell. Biochem. 2016, 117, 29–38. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Q.; Deng, F.; Qin, Y.; Zhao, Z.; Wu, Z.; Xing, Z.; Ji, A.; Wang, Q.J. Long non-coding RNA regulation of epithelial-mesenchymal transition in cancer metastasis. Cell Death Dis. 2016, 7, e2254. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, M.C.; Manor, O.; Wan, Y.; Mosammaparast, N.; Wang, J.K.; Lan, F.; Shi, Y.; Segal, E.; Chang, H.Y. Long noncoding RNA as modular scaffold of histone modification complexes. Science 2010, 329, 689–693. [Google Scholar] [CrossRef] [PubMed]

	



Kaneko, S.; Bonasio, R.; Saldana-Meyer, R.; Yoshida, T.; Son, J.; Nishino, K.; Umezawa, A.; Reinberg, D. Interactions between JARID2 and noncoding RNAs regulate PRC2 recruitment to chromatin. Mol Cell 2014, 53, 290–300. [Google Scholar] [CrossRef] [PubMed]

	



Brockdorff, N. Noncoding RNA and Polycomb recruitment. RNA 2013, 19, 429–442. [Google Scholar] [CrossRef] [PubMed]

	



Mozgova, I.; Kohler, C.; Hennig, L. Keeping the gate closed: Functions of the polycomb repressive complex PRC2 in development. Plant J. 2015, 83, 121–132. [Google Scholar] [CrossRef] [PubMed]

	



Turner, M.A.; Yang, X.; Yin, D.; Kuczera, K.; Borchardt, R.T.; Howell, P.L. Structure and function of S-adenosylhomocysteine hydrolase. Cell Biochem. Biophys. 2000, 33, 101–125. [Google Scholar] [CrossRef]

	



Zhou, J.; Yang, L.; Zhong, T.; Mueller, M.; Men, Y.; Zhang, N.; Xie, J.; Giang, K.; Chung, H.; Sun, X.; et al. H19 lncRNA alters DNA methylation genome wide by regulating S-adenosylhomocysteine hydrolase. Nat. Commun. 2015, 6, 10221. [Google Scholar] [CrossRef] [PubMed]

	



Kallen, A.N.; Zhou, X.B.; Xu, J.; Qiao, C.; Ma, J.; Yan, L.; Lu, L.; Liu, C.; Yi, J.S.; Zhang, H.; et al. The imprinted H19 lncRNA antagonizes let-7 microRNAs. Mol. Cell 2013, 52, 101–112. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Wu, F.; Zhou, J.; Yan, L.; Jurczak, M.J.; Lee, H.Y.; Yang, L.; Mueller, M.; Zhou, X.B.; Dandolo, L.; et al. The H19/let-7 double-negative feedback loop contributes to glucose metabolism in muscle cells. Nucleic Acids Res. 2014, 42, 13799–13811. [Google Scholar] [CrossRef] [PubMed]

	



Imig, J.; Brunschweiger, A.; Brummer, A.; Guennewig, B.; Mittal, N.; Kishore, S.; Tsikrika, P.; Gerber, A.P.; Zavolan, M.; Hall, J. miR-CLIP capture of a miRNA targetome uncovers a lincRNA H19-miR-106a interaction. Nat. Chem. Biol. 2015, 11, 107–114. [Google Scholar] [CrossRef] [PubMed]

	



Matouk, I.J.; Mezan, S.; Mizrahi, A.; Ohana, P.; Abu-Lail, R.; Fellig, Y.; Degroot, N.; Galun, E.; Hochberg, A. The oncofetal H19 RNA connection: Hypoxia, p53 and cancer. Biochim. Biophys. Acta 2010, 1803, 443–451. [Google Scholar] [CrossRef] [PubMed]

	



Wahid, F.; Shehzad, A.; Khan, T.; Kim, Y.Y. MicroRNAs: Synthesis, mechanism, function, and recent clinical trials. Biochim. Biophys. Acta 2010, 1803, 1231–1243. [Google Scholar] [CrossRef] [PubMed]

	



Xia, T.; Liao, Q.; Jiang, X.; Shao, Y.; Xiao, B.; Xi, Y.; Guo, J. Long noncoding RNA associated-competing endogenous RNAs in gastric cancer. Sci. Rep. 2014, 4, 6088. [Google Scholar] [CrossRef] [PubMed]

	



Braconi, C.; Kogure, T.; Valeri, N.; Huang, N.; Nuovo, G.; Costinean, S.; Negrini, M.; Miotto, E.; Croce, C.M.; Patel, T. microRNA-29 can regulate expression of the long non-coding RNA gene MEG3 in hepatocellular cancer. Oncogene 2011, 30, 4750–4756. [Google Scholar] [CrossRef] [PubMed]

	



Chiyomaru, T.; Fukuhara, S.; Saini, S.; Majid, S.; Deng, G.; Shahryari, V.; Chang, I.; Tanaka, Y.; Enokida, H.; Nakagawa, M.; et al. Long non-coding RNA HOTAIR is targeted and regulated by miR-141 in human cancer cells. J. Biol. Chem. 2014, 289, 12550–12565. [Google Scholar] [CrossRef] [PubMed]

	



Yoshimizu, T.; Miroglio, A.; Ripoche, M.A.; Gabory, A.; Vernucci, M.; Riccio, A.; Colnot, S.; Godard, C.; Terris, B.; Jammes, H.; et al. The H19 locus acts in vivo as a tumor suppressor. Proc. Natl. Acad. Sci. USA 2008, 105, 12417–12422. [Google Scholar] [CrossRef] [PubMed]

	



Hao, Y.; Crenshaw, T.; Moulton, T.; Newcomb, E.; Tycko, B. Tumour-suppressor activity of H19 RNA. Nature 1993, 365, 764–767. [Google Scholar] [CrossRef] [PubMed]

	



Luo, M.; Li, Z.; Wang, W.; Zeng, Y.; Liu, Z.; Qiu, J. Long non-coding RNA H19 increases bladder cancer metastasis by associating with EZH2 and inhibiting E-cadherin expression. Cancer Lett. 2013, 333, 213–221. [Google Scholar] [CrossRef]

	



Matouk, I.J.; DeGroot, N.; Mezan, S.; Ayesh, S.; Abu-lail, R.; Hochberg, A.; Galun, E. The H19 non-coding RNA is essential for human tumor growth. PLoS ONE 2007, 2, e845. [Google Scholar] [CrossRef] [PubMed]

	



Matouk, I.J.; Halle, D.; Gilon, M.; Hochberg, A. The non-coding RNAs of the H19-IGF2 imprinted loci: A focus on biological roles and therapeutic potential in Lung Cancer. J. Transl. Med. 2015, 13, 113. [Google Scholar] [CrossRef] [PubMed]

	



Ariel, I.; de Groot, N.; Hochberg, A. Imprinted H19 gene expression in embryogenesis and human cancer: The oncofetal connection. Am. J. Med. Genet. 2000, 91, 46–50. [Google Scholar] [CrossRef]

	



Kondo, M.; Suzuki, H.; Ueda, R.; Osada, H.; Takagi, K.; Takahashi, T.; Takahashi, T. Frequent loss of imprinting of the H19 gene is often associated with its overexpression in human lung cancers. Oncogene 1995, 10, 1193–1198. [Google Scholar] [PubMed]

	



Kim, H.T.; Choi, B.H.; Niikawa, N.; Lee, T.S.; Chang, S.I. Frequent loss of imprinting of the H19 and IGF-II genes in ovarian tumors. Am. J. Med. Genet. 1998, 80, 391–395. [Google Scholar] [CrossRef]

	



Berteaux, N.; Lottin, S.; Monte, D.; Pinte, S.; Quatannens, B.; Coll, J.; Hondermarck, H.; Curgy, J.J.; Dugimont, T.; Adriaenssens, E. H19 mRNA-like noncoding RNA promotes breast cancer cell proliferation through positive control by E2F1. J. Biol. Chem. 2005, 280, 29625–29636. [Google Scholar] [CrossRef] [PubMed]

	



Feigenberg, T.; Gofrit, O.N.; Pizov, G.; Hochberg, A.; Benshushan, A. Expression of the h19 oncofetal gene in premalignant lesions of cervical cancer: A potential targeting approach for development of nonsurgical treatment of high-risk lesions. ISRN Obstet. Gynecol. 2013, 2013, 137509. [Google Scholar] [CrossRef] [PubMed]

	



Matouk, I.J.; Halle, D.; Raveh, E.; Gilon, M.; Sorin, V.; Hochberg, A. The role of the oncofetal H19 lncRNA in tumor metastasis: Orchestrating the EMT-MET decision. Oncotarget 2016, 7, 3748–3765. [Google Scholar] [PubMed]

	



Vennin, C.; Spruyt, N.; Dahmani, F.; Julien, S.; Bertucci, F.; Finetti, P.; Chassat, T.; Bourette, R.P.; le Bourhis, X.; Adriaenssens, E. H19 non coding RNA-derived miR-675 enhances tumorigenesis and metastasis of breast cancer cells by downregulating c-Cbl and Cbl-b. Oncotarget 2015, 6, 29209–29223. [Google Scholar] [PubMed]

	



Tsang, W.P.; Ng, E.K.; Ng, S.S.; Jin, H.; Yu, J.; Sung, J.J.; Kwok, T.T. Oncofetal H19-derived miR-675 regulates tumor suppressor RB in human colorectal cancer. Carcinogenesis 2010, 31, 350–358. [Google Scholar] [CrossRef] [PubMed]

	



Hernandez, J.M.; Elahi, A.; Clark, C.W.; Wang, J.; Humphries, L.A.; Centeno, B.; Bloom, G.; Fuchs, B.C.; Yeatman, T.; Shibata, D. miR-675 mediates downregulation of Twist1 and Rb in AFP-secreting hepatocellular carcinoma. Ann. Surg. Oncol. 2013, 20, S625–S635. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y.; Wang, Y.; Luan, W.; Wang, P.; Tao, T.; Zhang, J.; Qian, J.; Liu, N.; You, Y. Long non-coding RNA H19 promotes glioma cell invasion by deriving miR-675. PLoS ONE 2014, 9, e86295. [Google Scholar] [CrossRef] [PubMed]

	



He, D.; Wang, J.; Zhang, C.; Shan, B.; Deng, X.; Li, B.; Zhou, Y.; Chen, W.; Hong, J.; Gao, Y.; et al. Down-regulation of miR-675–5p contributes to tumor progression and development by targeting pro-tumorigenic GPR55 in non-small cell lung cancer. Mol. Cancer 2015, 14, 73. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, M.; Chen, Q.; Liu, X.; Sun, Q.; Zhao, X.; Deng, R.; Wang, Y.; Huang, J.; Xu, M.; Yan, J.; et al. lncRNA H19/miR-675 axis represses prostate cancer metastasis by targeting TGFBI. FEBS J. 2014, 281, 3766–3775. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.; Chen, Z.; Fang, J.; Xu, A.; Zhang, W.; Wang, Z. H19-derived miR-675 contributes to bladder cancer cell proliferation by regulating p53 activation. Tumour Biol. 2016, 37, 263–270. [Google Scholar] [CrossRef] [PubMed]

	



Ma, C.; Nong, K.; Zhu, H.; Wang, W.; Huang, X.; Yuan, Z.; Ai, K. H19 promotes pancreatic cancer metastasis by derepressing let-7's suppression on its target HMGA2-mediated EMT. Tumour Biol. 2014, 35, 9163–9169. [Google Scholar] [CrossRef] [PubMed]

	



Muller, P.A.; Vousden, K.H. Mutant p53 in cancer: New functions and therapeutic opportunities. Cancer Cell 2014, 25, 304–317. [Google Scholar] [CrossRef] [PubMed]

	



Dugimont, T.; Montpellier, C.; Adriaenssens, E.; Lottin, S.; Dumont, L.; Iotsova, V.; Lagrou, C.; Stehelin, D.; Coll, J.; Curgy, J.J. The H19 TATA-less promoter is efficiently repressed by wild-type tumor suppressor gene product p53. Oncogene 1998, 16, 2395–2401. [Google Scholar] [CrossRef] [PubMed]

	



Livingstone, C. IGF2 and cancer. Endocr. Relat. Cancer 2013, 20, R321–R339. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, J.V.; Levorse, J.M.; Tilghman, S.M. Enhancer competition between H19 and IGF2 does not mediate their imprinting. Proc. Natl. Acad. Sci. USA 1999, 96, 9733–9738. [Google Scholar] [CrossRef] [PubMed]

	



Berteaux, N.; Aptel, N.; Cathala, G.; Genton, C.; Coll, J.; Daccache, A.; Spruyt, N.; Hondermarck, H.; Dugimont, T.; Curgy, J.J.; et al. A novel H19 antisense RNA overexpressed in breast cancer contributes to paternal IGF2 expression. Mol. Cell. Biol. 2008, 28, 6731–6745. [Google Scholar] [CrossRef] [PubMed]

	



Gao, T.; He, B.; Pan, Y.; Xu, Y.; Li, R.; Deng, Q.; Sun, H.; Wang, S. Long non-coding RNA 91H contributes to the occurrence and progression of esophageal squamous cell carcinoma by inhibiting IGF2 expression. Mol. Carcinog. 2015, 54, 359–367. [Google Scholar] [CrossRef] [PubMed]

	



Liang, W.C.; Fu, W.M.; Wong, C.W.; Wang, Y.; Wang, W.M.; Hu, G.X.; Zhang, L.; Xiao, L.J.; Wan, D.C.; Zhang, J.F.; et al. The lncRNA H19 promotes epithelial to mesenchymal transition by functioning as miRNA sponges in colorectal cancer. Oncotarget 2015, 6, 22513–22525. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Yu, B.; Li, J.; Su, L.; Yan, M.; Zhu, Z.; Liu, B. Overexpression of lncRNA H19 enhances carcinogenesis and metastasis of gastric cancer. Oncotarget 2014, 5, 2318–2329. [Google Scholar] [CrossRef]

	



Yang, F.; Bi, J.; Xue, X.; Zheng, L.; Zhi, K.; Hua, J.; Fang, G. Up-regulated long non-coding RNA H19 contributes to proliferation of gastric cancer cells. FEBS J. 2012, 279, 3159–3165. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, X.; Yin, C.; Dang, Y.; Ye, F.; Zhang, G. Identification of the long non-coding RNA H19 in plasma as a novel biomarker for diagnosis of gastric cancer. Sci. Rep. 2015, 5, 11516. [Google Scholar] [CrossRef] [PubMed]

	



Zhuang, M.; Gao, W.; Xu, J.; Wang, P.; Shu, Y. The long non-coding RNA H19-derived miR-675 modulates human gastric cancer cell proliferation by targeting tumor suppressor RUNX1. Biochem. Biophys. Res. Commun. 2014, 448, 315–322. [Google Scholar] [CrossRef] [PubMed]

	



Liu, G.; Xiang, T.; Wu, Q.F.; Wang, W.X. Long Noncoding RNA H19-Derived miR-675 Enhances Proliferation and Invasion via RUNX1 in Gastric Cancer Cells. Oncol. Res. 2016, 23, 99–107. [Google Scholar] [CrossRef] [PubMed]

	



Srivastava, M.; Hsieh, S.; Grinberg, A.; Williams-Simons, L.; Huang, S.P.; Pfeifer, K. H19 and IGF2 monoallelic expression is regulated in two distinct ways by a shared cis acting regulatory region upstream of H19. Genes Dev. 2000, 14, 1186–1195. [Google Scholar] [PubMed]

	



Byun, H.M.; Wong, H.L.; Birnstein, E.A.; Wolff, E.M.; Liang, G.; Yang, A.S. Examination of IGF2 and H19 loss of imprinting in bladder cancer. Cancer Res. 2007, 67, 10753–10758. [Google Scholar] [CrossRef] [PubMed]

	



Nakagawa, H.; Chadwick, R.B.; Peltomaki, P.; Plass, C.; Nakamura, Y.; de La Chapelle, A. Loss of imprinting of the insulin-like growth factor II gene occurs by biallelic methylation in a core region of H19-associated CTCF-binding sites in colorectal cancer. Proc. Natl. Acad. Sci. USA 2001, 98, 591–596. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.; Lu, P.; Zhu, Z.; Xu, H.; Zhu, X. Loss of imprinting of insulin-like growth factor 2 is associated with increased risk of lymph node metastasis and gastric corpus cancer. J. Exp. Clin. Cancer Res. 2009, 28, 125. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, W.; Ke, Z.; Zhang, Y.; Cheng, G.H.; Irwan, I.D.; Sulochana, K.N.; Potturi, P.; Wang, Z.; Yang, H.; Wang, J.; et al. Isthmin is a novel secreted angiogenesis inhibitor that inhibits tumour growth in mice. J. Cell. Mol. Med. 2011, 15, 359–374. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, X.; Ye, F.; Yin, C.; Zhuang, Y.; Yue, G.; Zhang, G. The Interaction Between MiR-141 and lncRNA-H19 in Regulating Cell Proliferation and Migration in Gastric Cancer. Cell. Physiol. Biochem. 2015, 36, 1440–1452. [Google Scholar] [CrossRef] [PubMed]

	



Fritah, S.; Niclou, S.P.; Azuaje, F. Databases for lncRNAs: A comparative evaluation of emerging tools. RNA 2014, 20, 1655–1665. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Wen, L.; Zhu, H. Unveiling the hidden function of long non-coding RNA by identifying its major partner-protein. Cell Biosci. 2015, 5, 59. [Google Scholar] [CrossRef] [PubMed]

	



Smaldone, M.C.; Davies, B.J. BC-819, a plasmid comprising the H19 gene regulatory sequences and diphtheria toxin A, for the potential targeted therapy of cancers. Curr. Opin. Mol. Ther. 2010, 12, 607–616. [Google Scholar] [PubMed]








[image: Ijms 18 00450 g001 550] 





Figure 1. H19 associated proteins. Different associated proteins of H19 reported up to date are shown. These proteins are involved in various biological processes as indicated in the outward cycle. Most of them are RNA binding proteins (KSRP, IMP-1, HuR and HnRNP U) and DNA/chromatin modification factors (SAHH, PRC2 and MBD1), suggesting of a crucial role of H19 on gene expression. P53 and ISM1 have been identified as associated proteins of H19 in GC. PTBP1, another RNA binding protein, has also identified as one of H19 interaction proteins with unclear function. GC, gastric cancer. 
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Figure 2. H19 interactive miRNAs. Different associated miRNAs of H19 are demonstrated. These four miRNAs are involved in several kinds of cancers and development via targeting functional factors as indicated in tables. In GC, H19 associates with miR-141 and further affects downstream targets: miR-675, IGF1R, IGF2, Drosha, Dicer and ZEB1. EMT, epithelial–mesenchymal transition; CRC, colorectal cancer; GC, gastric cancer. 
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Figure 3. Summary of direct targets of H19/miR-675 axis in different cancer types. H19/miR-675 suppresses prostate cancer metastasis via decreasing TGFB1; enhances tumorigenesis and metastasis of breast cancer by downregulating c-Cbl and Cbl-b; promotes colorectal cancer via decreasing tumor suppressor, RB; mediates AFP-secreting HCC as oncogene via decreasing RB and Twist 1; increases tumorigenesis potential of glioma via targeting Cadherin 13 and CDK6; modulates NSCLC development as a tumor suppressor via targeting GPR55; promotes gastric tumorigenesis through targeting RUNX1 and CALN1. RB, retinoblastoma protein; HCC, hepatocellular carcinoma; NSCLC, non-small cell lung carcinoma. 
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Figure 4. Summary of molecular mechanisms of H19 in GC development. On the one hand, miR-675 derived from H19 can target and degrade RUNX1 and CALN1 mRNA to enhance GC development via influencing potential signaling pathways. On the other hand, H19 binds with p53 to inhibit its activity and decrease BAX. H19 can also bind to ISM1 to induce ISM1 stabilization. The downregulation of miR-141 and c-Myc activation can up-regulate H19 expression in gastric tumorigenesis. GC, gastric cancer; up arrow, upregulation; down arrow, downregulation. 
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