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Abstract
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]Long noncoding RNAs (lncRNAs) are important regulators of cell processes that are usually dysregulated in gastric cancer (GC). Based on their high specificity and ease of detection in tissues and body fluids, increasing attention has spurred the study of the roles of lncRNAs in GC patients. Thus, it is necessary to elucidate the molecular mechanisms and further explore the clinical applications of lncRNAs in GC. In this review, we summarize current knowledge to examine dysregulated lncRNAs in GC and their underlying molecular mechanisms and activities in GC, which involve microRNA sponging, mRNA stability, genetic variants, alternative splicing, transcription factor binding, and epigenetic modification. More significantly, the potential of lncRNAs as prognostic, circulating, and drug-resistant biomarkers for GC is also described. This review highlights the method of dissecting molecular mechanisms to explore the clinical application of lncRNAs in GC. Overall, this review offers assistance in using lncRNAs as novel candidates for molecular mechanisms and for the identification of revolutionary biomarkers for GC.
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Core tip: The noncoding genome exhibits an extensive landscape of cancer hallmarks. With the emergence of the promising effects of long noncoding RNAs (lncRNAs) in the treatment and diagnosis of cancer, advancements in the understanding of the molecular mechanisms of lncRNAs reveal a new era of therapeutic methods against gastric cancer and biomarkers. Although significant data imply the great translational application potential of lncRNAs in gastric cancer, these approaches still require further validation and a large cohort of patients to assess the long-term clinical outcomes.

INTRODUCTION
[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25]Gastric cancer (GC) is a type of malignant tumor with a high recurrence rate and is the third most dangerous malignant tumor after lung cancer and liver cancer worldwide[1,2]. GC accounted for over 1 million new diagnoses and nearly 800000 patient deaths in 2018[3]. Statistics indicate that the incidence and mortality of GC are increasing annually in low- and middle-income countries, especially in Eastern Asia, Eastern Europe, and South America[3,4]. Although the overall incidence of the disease showed a downward trend, gastroesophageal junction cancers and cases in selected special populations, such as young adults, and in developed countries are on the rise[5].
[image: ]The carcinogenesis of GC is a multistage process with a slowly progressive and multifactorial pathology. The risk factors for GC include Helicobacter pylori infection, obesity, excessive ingestion of salt and nitrates, and blood group A[6]. In addition, the risk factors involved at molecular levels, such as genomic variation, abnormal regulation, and epigenetic alterations, also participate in the development of GC[7]. Thus, identification of specific and effective diagnostics, treatments, and prognostic biomarkers for GC is pivotal.
[bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34]Accumulating evidence indicates that noncoding RNAs (ncRNAs), including microRNAs (miRNAs) and long noncoding RNAs (lncRNAs), act in the regulation of the carcinogenesis process of GC[8-12]. lncRNAs are RNA transcripts of more than 200 nucleotides that are not translated into proteins[13] and are less conserved than mRNAs in defining cell ontogeny[14]. lncRNAs are a highly versatile class of transcripts that have sparked new lines of research in nearly all fields of life sciences[15]. More recently, emerging studies have identified lncRNAs as major players in many types of cancer processes[16]. Increasing evidence has suggested that lncRNAs might be able to be used as a potential biomarker for diagnosis, medical treatment, and prognostics in human cancer[17-19].
[bookmark: OLE_LINK14][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK26][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK27][bookmark: OLE_LINK30][bookmark: OLE_LINK59][bookmark: OLE_LINK60]Evidence suggests that aberrant expression of lncRNAs is associated with GC[11,20], and certain lncRNAs have been implicated in diagnosis and prognostication[21]. The molecular mechanisms of lncRNAs in GC, including genetic mutations, miRNA sponging, transcription factor (TF) interactions, and epigenomic modifications, have also been investigated over a wide range. Remarkably, certain new research directions have emerged in the field of lncRNAs related to GC. For example, studies have investigated the application of circulating lncRNAs in body fluids in GC patients. A number of research studies have shown that abnormal expression of lncRNAs is one of the major causes of drug resistance (drug-resistant lncRNAs). An increasing number of lncRNAs have been suggested to have prognostic value in predicting survival in patients with GC (prognostic lncRNAs). The role of lncRNAs in cancer has been gradually amplified, and the potential mechanism between lncRNAs and GC must be further elucidated. Therefore, this review aims to clarify the molecular regulatory mechanism of lncRNAs and their clinical applications in GC.

MOLECULAR MECHANISM DISSECTION OF LNCRNA DYSREGULATIONS IN GC
[bookmark: OLE_LINK81][bookmark: OLE_LINK82]miRNA sponging
[bookmark: OLE_LINK31][bookmark: OLE_LINK35][bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK51][bookmark: OLE_LINK56][bookmark: OLE_LINK61][bookmark: OLE_LINK64][bookmark: OLE_LINK73][image: ][image: ]Numerous studies have shown that thousands of lncRNAs have the potential to act as “miRNA sponges” and are also recognized as competing endogenous RNAs (ceRNAs) that can decrease the number of miRNAs available to target mRNAs[22]. These results suggest that mRNAs could share the same group of miRNA binding sites and thus the function of indirectly regulating lncRNA cellular abundance based on competition for miRNA binding[23]. There are four major features of ceRNAs: (1) The effectiveness of their interactions can be appreciably impacted by the relative concentration of the lncRNAs and the corresponding miRNAs in a ceRNA motif; (2) the function of miRNA suppression of ceRNAs can be effective when the expression of ceRNAs is changed to a certain extent under diverse conditions; (3) subcellular localization and tissue or cell specificity are key factors for the range of miRNAs in a ceRNA; and (4) miRNA response elements (MREs) are unequal in ceRNAs. For example, certain differences exist in the nucleotide composition of MREs for two diverse MREs of the same miRNA, resulting in the diverse affinity of each binding MRE. The ability of ceRNAs to identify carcinogenesis, cancer development, and cancer progression has been continually verified.
[bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK123]In GC, a large number of lncRNA-mediated ceRNAs have been identified to contribute to the exploration of the molecular mechanisms of carcinogenesis and to develop novel treatment methods in GC (Table 1). For example, studies have reported that some lncRNAs are abnormally upregulated[24-26] and associated with the proliferation of GC cells. The expression of miR-675 and lncRNA H19 shows a strong positive correlation and can act as a potential mediator for H19-related GC cells (Figure 1A). Comprehensive analysis shows that RUNX1-mediated GC cell phenotypic changes are induced by H19/miR-675. Interestingly, this ceRNA has been validated in many studies[27-29]. Other studies have reported that GAPLINC, an lncRNA located at chromosome 18, is upregulated in GC compared with normal matched tissues[30]. GAPLINC is necessary for the efficient invasion and proliferation of GC cells. GAPLINC inhibition and gene expression profiling in GC cells show changes in the cell migration pathway, with a high correlation with CD44 expression. Additionally, the lncRNA GAPLINC and CD44 can both target miR-211-3p according to predictive computational methods. GAPLINC can regulate CD44 expression by competing with miR211-3p in vitro and in vivo[30] (Figure 1A). Collectively, the novel association between gene expression disorders and lncRNA-mediated ceRNAs offers novel directions for understanding GC from a global perspective.

[bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK255][bookmark: OLE_LINK83]mRNA stability
[bookmark: OLE_LINK128][bookmark: OLE_LINK129][bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK134]mRNA can stabilize or decay target transcripts by binding lncRNAs. The expression of the lncRNA TINCR is higher in GC tissues than in control normal tissues. Patients with high TINCR expression in GC cells are associated with a poorer prognosis. Results indicate that the lncRNA TINCR can affect the stability and expression of KLF2 mRNA by binding to the STAU1 protein. KLF2 regulates the transcription and expression of the cyclin-dependent kinase genes CDKN1A/p21 and cdkn2b/p15, thus influencing the proliferation and apoptosis of GC cells[31] (Figure 1B). The lncRNA MACC1-AS1 is the antisense lncRNA of MACC1, and its expression in GC tissues is significantly higher than that in normal control tissues, indicating a poor prognosis in GC patients. MACC1-AS1 is increased under metabolic stress, and MACC1 expression is promoted by enhancing the stability of MACC1 mRNA, thus promoting metabolic plasticity[32] (Figure 1B). A similar mechanism is used by the lncRNA EGFR-AS1. The lncRNA EGFR-AS1 is significantly upregulated in GC tissues, and the expression of EGFR-AS1 and EGFR is positively correlated in GC tissues. Furthermore, in vitro and in vivo data indicate that the proliferation of GC cells can be inhibited via knockdown of EGFR-AS1. According to its mechanism, EGFR mRNA stability is decreased and leads to the downregulation of EGFR with the depletion of EGFR-AS1[33]. In summary, alteration of mRNA stability is crucial for lncRNAs to play their roles in GC.

[bookmark: OLE_LINK84][bookmark: OLE_LINK104]Genetic variants
[bookmark: OLE_LINK147][bookmark: OLE_LINK155][bookmark: OLE_LINK156][bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK159][bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK166][bookmark: OLE_LINK167][bookmark: OLE_LINK170][bookmark: OLE_LINK171][bookmark: OLE_LINK172]Single nucleotide polymorphisms (SNPs) are a common type of genetic variant and are considered to be genomic variation phenomena that directly or indirectly alter gene expression, protein activities, and signaling pathways[34]. A number of genetic variants have been identified in human lncRNA regions and are reported to be related to various diseases, including cancers. Compared with CC carriers in Jinan and Huainan populations, HOTAIR rs920778 TT carriers have an increased risk of GC. In detecting the functional correlation of the rs920778 SNP, researchers observed that rs920778 regulated the allele of HOTAIR expression in GC cell lines and tissue samples, and the expression level of HOTAIR was higher in T allele carriers[35] (Figure 1C). SNPs influence gene expression and dysregulation and further contribute to cancer development or prognosis. Wang et al[36] indicated that patients with the GA genotype of the rs2839698 SNP in a group treated with surgery alone had significantly lower risks of recurrence and death and significantly increased survival. Chen et al[37] indicated that GC patients with the AG or GG genotype of rs3737589 had lower overall survival rates than those with the AA genotype. These results indicated that the risk of GC increases if the lncRNA TP73-AS1 rs3737589 polymorphism is present. Moreover, the rs3737589 polymorphism might become a potential specific biomarker for predicting the survival of GC patients[37]. Other types of genetic variants, such as copy number variants (CNVs), lead to the overexpression of oncogenes or the inactivation of tumor suppressor genes and have important effects on cellular functions in cancers[38,39]. CNV is a type of genomic structural variation that leads to an abnormal copy number of genes, e.g., gene amplification, gain, loss, and deletion. Hu et al[30] indicated that one-third of dysregulated lncRNAs are related to CNVs in the genome of GC patients. Because lncRNAs might play a role in tumorigenesis, whether CNV-related lncRNA has a tumorigenic effect and its diagnostic or prognostic significance in GC deserve further study. The studies on associations between genetic variants and lncRNAs in GC are insufficient in both quantity and depth. Thus, further use of GWAS (genome-wide association study) and public databases, such as LincSNP 2.0[40], and the combination of these methods can be highly useful in the investigation of lncRNAs associated with various pathological conditions.

[bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK117][bookmark: OLE_LINK91][bookmark: OLE_LINK92]Alternative splicing
[bookmark: OLE_LINK173][bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK177][bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK102][bookmark: OLE_LINK103]Alternative splicing is a type of post-transcriptional regulation that increases transcriptome diversity by producing multiple tissue- and cell-specific splicing subtypes[41]. The approach based on high-throughput sequencing and its application in transcriptome studies have changed our understanding of alternative splicing[42]. Alternative splicing of lncRNAs increases the diversity and functional capacity of lncRNAs at the post-transcriptional level in carcinogenesis and cancer progression. Conesa et al[43] reported that LINC00477 was downregulated in GC compared with normal gastric tissues at an overall level. Distinguished from normal coding RNAs, low abundance transcripts present a number of lncRNAs because of the large number of isoforms due to alternative splicing in RNA-Seq[43]. Conesa et al[43] suggested that the real expression level of the multiple isoforms of LINC00477 could not be reflected by RNA-Seq and reported that isoform 1 of LINC00477 was downregulated whereas isoform 2 was upregulated in GC cells both in vitro and in vivo (Figure 1D). Modulation of the phosphorylation of the SR splicing factor for MALAT1 can regulate alternative splicing in interphase cells. However, this role of MALAT1 has not been reported in GC, and a large gap still exists in the field of alternative splicing of lncRNAs in GC.

[bookmark: OLE_LINK118][bookmark: OLE_LINK112][bookmark: OLE_LINK113]TF binding
[bookmark: OLE_LINK186][bookmark: OLE_LINK187][bookmark: OLE_LINK188][bookmark: OLE_LINK189][bookmark: OLE_LINK190][bookmark: OLE_LINK198][bookmark: OLE_LINK209][bookmark: OLE_LINK210]The majority of studies that address lncRNAs focus on defining their regulatory functions, whereas few investigations are directed toward assessing how lncRNAs themselves are transcriptionally regulated. Many studies have suggested that dysregulated lncRNAs are associated with many types of human cancers and other types of complex diseases[44,45] and that dysregulation is common because of the abnormal expression of TFs. TFs perform their functions by binding to the promoters of downstream lncRNAs and activating their transcriptional activities. Many key and essential TFs, such as p53[46], E2F1[47], and EZH2[48], can lead to abnormal expression of lncRNAs in cancers. In GC tissues, the TF SP1 regulates the lncRNA AGAP2-AS1 and leads to its higher expression in GC tissues. AGAP2-AS1 could inhibit P21 and E-cadherin to play an essential role in GC development[49]. Zhang et al[50] revealed that LINC00668 was a direct target of E2F1 and that upregulation of E2F1 might partially contribute to the overexpression of LINC00668 in GC. In addition, there are other types of regulation of lncRNAs mediated by TFs in GC.
In a previous study, the authors demonstrated a positive feedback loop between lncRNA PVT1 and TF FOXM1 in GC patients. The stability of the FOXM1 protein was enhanced with PVT1 binding. The TF FOXM1 also binds directly to and constitutively transactivates the PVT1 promoter. Transcription-induced lncRNAs promote the function of mRNA by stabilizing the transcription of the coding protein, which can be considered a novel mechanism[51] (Figure 1E). Additional regulatory mechanisms of lncRNAs mediated by TFs in GC should be investigated and explored.

[bookmark: OLE_LINK119][bookmark: OLE_LINK120][bookmark: OLE_LINK121]Epigenetic modification
[bookmark: OLE_LINK219][bookmark: OLE_LINK220][bookmark: OLE_LINK192][bookmark: OLE_LINK193][bookmark: OLE_LINK206][bookmark: OLE_LINK207]Epigenetics is the study of the heritable changes in DNA that can influence the packaging of chromatin. These changes are not caused by any modification in the primary DNA sequence[52,53]. lncRNAs affect the expression of central genes through various epigenetic regulatory mechanisms during GC development, such as DNA methylation, histone modification, and chromatin remodeling[54].

DNA methylation
[bookmark: OLE_LINK238][bookmark: OLE_LINK239]One of the major and common forms of epigenetic modification is DNA methylation[55,56]. DNA methylation usually occurs in CpG islands (cytosine-guanine dinucleotides) or CG-rich regions, which are typically located upstream of the promoter region. DNA methylation of gene promoters is essential for gene silencing and is frequently found in various cancers. Similar to coding genes, DNA methylation of lncRNAs can also regulate the expression of lncRNAs. For example, NEAT1 is a potential binding lncRNA of ALKBH5. In GC cells and tissues, NEAT1 is upregulated and associated with invasion and metastasis. ALKBH5 affects the methylation level of NEAT1 and further accelerates the invasion and metastasis of GC[57] (Figure 1F and G). In vivo and in vitro data found the lncRNA AK058003 is overexpressed under hypoxia in GC patients and accelerates GC migration and invasion. AK058003 can also mediate the metastasis of hypoxia-induced GC cells. The reduction of CpG island methylation in SNCG by the lncRNA AK058003 increases the expression of SNGG under hypoxic conditions. In addition, DNA methylation changes by interacting with DNA methyl transferees (DNMTs) are also found in many lncRNAs in cancers, including GC. In GC tissues and cell lines, upregulation of the lncRNA ecCEBPA inhibits CEBPA promoter methylation because of the interaction of ecCEBPA with DNMT1[58].
The expression of the lncRNA MLK7-AS1 is higher in GC tissues than in matched normal tissues, and GC patients with higher MLK7-AS1 expression are associated with a poorer survival. These findings also suggest that cell proliferation and induced apoptosis can be inhibited via knockdown of MLK7-AS1 in GC cells.
MLK7-AS1 interacts with DNMT1 and recruits it to the miR-375 promotor, hyper-methylating the miR-375 promotor and repressing miR-375 expression in GC[59].

[bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK196]Histone modification
[bookmark: OLE_LINK261][bookmark: OLE_LINK262][bookmark: OLE_LINK268][bookmark: OLE_LINK269]Histones are highly alkaline proteins that wind DNA to form nucleosomes. Histone modifications are considered to be structural changes in histones, and H1/H5, H2A, H2B, H3, and H4 are five families of histones[60,61]. Histone methylation and acetylation are two major types of histone epigenetic processes. Certain lncRNAs can alter the histone methylation status in GC by interacting with chromatin regulatory enzymes, particularly EZH2 (a subunit of PRC2). For example, the binding of EZH2 and H3K27 is reduced with EZH2 and SUZ12 knockdown, which verifies the association between the lncRNA HOTAIR and PRC2[62]. This result indicates that target genes can be silenced by HOTAIR, which recruits the PRC2 complex following H3K27me3 modification in the development of GC (Figure 1H). Histone acetylation is another type of histone modification. Data on GC tissues and cell lines show that the lncRNA MALAT1 is upregulated. The expression of MALAT1 is related to cell invasion and migration by enhanced EGFL7 expression via alteration of the level of H3 histone acetylation in the EGFL7 promoter region[63].

[bookmark: OLE_LINK199][bookmark: OLE_LINK200][bookmark: OLE_LINK201]POTENTIAL CLINICAL APPLICATION OF LNCRNAS AS BIOMARKERS IN GC
[bookmark: OLE_LINK292][bookmark: OLE_LINK293][bookmark: OLE_LINK298][bookmark: OLE_LINK299][bookmark: OLE_LINK300][bookmark: OLE_LINK301]A biomarker is a type of biochemical index that can mark the alteration of a structure or function in subcellular structures, cells, tissues, organs, and systems and has broad application prospects. For the target population in cancers, biomarkers can be applied to many fields, such as diagnosis, staging, and evaluation of therapeutic effectiveness of novel drugs and therapies. In recent years, increasing numbers of studies have suggested that lncRNAs can become effective biomarkers for cancer prognosis and treatment.

Prognostic lncRNAs
[bookmark: OLE_LINK307][bookmark: OLE_LINK308]Prognosis is the assessment or prediction of the likely course of a disease and the chance of recovery or survival from diseases, including cancer. Predicting survival is a major challenge that requires a better understanding of the mechanism and treatment for GC. One of the major reasons for the poor prognosis of GC is the lack of early effective prognostic indicators. In recent years, increasing evidence has revealed that lncRNAs may become potential prognostic biomarkers for GC (Figure 2A). The expression of the lncRNA TUG1 is higher in GC tissues than in adjacent control tissues and shows a positive correlation with the invasion and stage of cancer. Higher TUG1 expression is associated with a poorer prognosis and may serve as a specific predictor of prognosis of GC[64]. Expression of the lncRNA SNHG3 is higher in many GC cell lines. In vitro and in vivo results from GC cells have revealed that SNHG3 can promote cell proliferation and metastasis. Overexpression of TUG1 is associated with unfavorable clinical outcomes[11]. The lncRNA UCA1 is upregulated in GC patients and promotes the proliferation and migration of GC cells. A higher UCA1 expression level is associated with a poor overall survival[65]. All of these studies indicate that dysregulated lncRNAs are associated with the survival of GC patients. In addition, variations of certain lncRNAs can also predict the survival of GC patients. For example, the SNP rs145204276 can regulate the expression level of the lncRNA GAS5 in GC samples. The SNP rs145204276 of GAS5 is associated with susceptibility to GC. Kaplan-Meier analysis shows that the genotype del/del of rs145204276 in the lncRNA GAS5 is significantly associated with a higher survival rate.

Circulating lncRNAs
[bookmark: OLE_LINK222][bookmark: OLE_LINK223][bookmark: OLE_LINK224][bookmark: OLE_LINK225][bookmark: OLE_LINK226][bookmark: OLE_LINK227][bookmark: OLE_LINK228][bookmark: OLE_LINK2][bookmark: OLE_LINK36][bookmark: OLE_LINK328][bookmark: OLE_LINK329][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK334][bookmark: OLE_LINK335]Based on their advantages of ease and lower invasiveness, circulating biomarkers are ideal in cancers compared with other types of biomarkers. For cancer detection, the advantages of lncRNAs, including good stability, high abundance, tissue specificity, and detection ability in body fluids, such as circulating exosomes, serum, plasma, and urine, make them ideal noninvasive biomarkers. lncRNAs are also detected in the gastric juice of GC patients (Figure 2B, Table 2). Xian et al[66] suggested that the expression of the lncRNAs ZNFX1-AS1 and HULC are differential in the plasma of GC patients compared with healthy control samples. The expression of HULC and ZNFX1-AS1 is higher in the peripheral blood of GC patients because they can be released into circulation via exosomes[66]. A study reported that expression of the lncRNA H19 was higher in the plasma of GC patients than in normal control samples. The expression level of H19 decreased significantly after surgical removal of gastric tumors in selected GC patients[67]. Exosomes are vesicles (30-150 nm) containing complex RNA and proteins. Body fluids such as blood, saliva, urine, cerebrospinal fluid, and milk are all found to have exosomes. Many studies have suggested that cancer cells release exosomes into peripheral circulation and that exosomal lncRNAs may more accurately show changes in GC[68]. The expression of the lncRNAs UEGC1 and UEGC2 was confirmed to be upregulated in exosomes and tumors in GC, especially in early GC patients. These results suggest that the tumor-originated exosomal lncRNA UEGC1 can be used as a circulating biomarker for early-stage GC[69]. Gastric juice is a body fluid that has many advantages, such as ease of sampling, and therefore could be applied in the diagnosis of GC. The expression level of PVT1 is confirmed to be higher in gastric juice from GC samples than in that from normal controls[70]. The expression of the lncRNA ABHD11-AS1 is higher in GC tissues and gastric juice than in control tissues and gastric juice from patients with other gastric diseases, such as mucosa or minimal gastritis, atrophic gastritis, and gastric ulcers. The expression level of the lncRNA ABHD11-AS1 in gastric juice is also correlated with tumor size and stage. The authors also indicated that the positive detection rate of early GC reached 71.4%[71]. Although lncRNAs might become superior biomarkers for GC, additional research based on large samples is required to confirm the sensitivity and specificity of circulating lncRNA biomarkers in GC.

Drug-resistant lncRNAs
[bookmark: OLE_LINK336][bookmark: OLE_LINK337][bookmark: OLE_LINK9][bookmark: OLE_LINK1][bookmark: OLE_LINK8]In addition to surgical resection, chemotherapy is one of the main treatment methods for GC. One of the major reasons for chemotherapy failure in GC patients is multidrug resistance during the treatment process. Many studies have reported that lncRNAs can participate in drug resistance in cancer[72]. Abnormal expression of lncRNAs has been found in various stages, including drug resistance of GC cells (Figure 2C). The lncRNA D63785 is overexpressed in GC and promotes proliferation, migration, and invasion in GC. miR-422 expression is increased via knockdown of lnc-D63785, which makes GC cells more sensitive to doxorubicin[73]. The lncRNA PVT1 is dysregulated and promotes the progression of GC. PVT1 can enhance 5-fluorouracil resistance of GC cells by activating BCL2[74]. MRUL is an lncRNA located 400 kb downstream of ABCB1. In multidrug-resistant GC cell lines, including SGC7901/ADR and SGC7901/VCR, MRUL is upregulated. Knockdown of MRUL can reduce the expression level of ABCB1. All of these results suggest that the expression of ABCB1 is increased by MRUL, which is a drug target that can reverse the resistant phenotype in GC patients[75]. The expression of the lncRNA SNHG5 is higher in cisplatin-resistant GC patients than in cisplatin-sensitive GC patients[76].
[bookmark: OLE_LINK341][bookmark: OLE_LINK342]Targeted therapy based on RNA is a novel treatment strategy for GC that can realize the goal of target specificity. lncRNAs could become a drug target based on the application of small interfering RNAs and the CRISPR-associated protein 9 (CRISPR/Cas9) system in GC. The expression of the lncRNA HOTAIR is higher in GC tissues and cell lines than in other tissues. The proliferation, migration, invasion, and metastasis of GC cells can be repressed by knockdown of HOTAIR[77,78]. The lncRNA TINCR is overexpressed in GC. The silencing of TINCR by siRNA can reduce proliferation, colony formation, and tumorigenicity[31]. Moreover, the lncRNA HULC is overexpressed in GC tissues compared with control normal tissues. Knockdown of HULC can enhance cisplatin-induced apoptosis in GC cells[79]. All of the data support the conclusion that lncRNAs could become direct therapeutic targets for certain drugs in GC. However, a novel therapeutic method based on lncRNAs in GC has not been translated into clinical treatment. More detailed and in-depth studies should be conducted on the roles of lncRNAs in GC drug resistance.

CONCLUSION
[bookmark: OLE_LINK343][bookmark: OLE_LINK344][bookmark: OLE_LINK37][bookmark: OLE_LINK40]Initially considered to be transcriptional noise, lncRNAs have made significant contributions to various fields of cancer (including GC) study, including mechanistic and functional studies and translational treatments. As outlined in this review, strong evidence currently exists for a major role of lncRNAs in GC. Although the molecular mechanisms of lncRNAs are complex and many questions remain, a large number of lncRNAs have been revealed to perform key and essential functions in carcinogenesis, metastasis, prognosis, and drug resistance in GC. There is little doubt that lncRNAs play an essential role in GC and can become effective clinical biomarkers for diagnosis, prognosis, and treatment. However, certain key obstacles exist to the application of lncRNAs in clinical treatment. First, a systematic and comprehensive understanding of the mechanism of lncRNAs in GC is needed. Second, unknown physiological responses might occur when certain lncRNAs are silenced because of the complex regulatory interactions between lncRNAs and other genes or other types of ncRNAs. Third, accurate measurement of lncRNAs in body fluid and tissues is challenging because of their low abundance, ease of degradation, and instability. Fourth, although lncRNAs are considered a type of tissue-specific RNA, selected lncRNAs are still expressed in many types of tissues, which increases the difficulty of their clinical application for GC. Thus, substantial work remains on the road from molecular dissection to clinical application in GC compared with coding genes. 
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[bookmark: OLE_LINK290][bookmark: OLE_LINK291]Figure 1 Molecular mechanism of long noncoding RNAs in gastric cancer. A: MicroRNA (miRNA) sponge. H19 and GAPLINC, acting as molecular sponges, bind to miR-675 and miR-211-3p, thus increasing the expression of their target genes RUNX1 and Cd44; B: mRNA stability. Target transcripts are stabilized or decayed when long noncoding RNA (lncRNA) binds to mRNA; C: Genetic variants. Genetic variants located at lncRNAs influence the expression of lncRNA; D: Alternative splicing. LINC00477 generates three transcripts based on alternative splicing; E: Transcription factor binding. Transcription factor directly interacts with the lncRNA PVT1 and regulates its expression; F: Epigenetic modification; G: DNA methylation. DNA methylation sites located at or near lncRNA regulate lncRNA expression; H: Histone modification. H3K27me results in suppression or gain of transcriptional activity.
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Figure 2 Potential clinical application of long noncoding RNAs as biomarkers in gastric cancer. A: Long noncoding RNAs (lncRNAs) with dysregulated expression or variants can act as prognostic biomarkers for gastric cancer (GC) patients; B: Dysregulated lncRNAs identified from body fluids can be used to detect GC; C: Selected dysregulated lncRNAs are associated with drug resistance in GC patients, animal models, and cell lines. lncRNA: Long noncoding RNA.

Table 1 Long noncoding RNAs regulated by microRNAs in gastric cancer
	lncRNA
	Synonym
	Pattern
	miRNA
	Function
	Ref.

	H19
	ENSG00000130600
	Up
	miR-675
	Proliferation and invasion
	[27-29]

	GAPLINC
	ENSG00000266835
	Up
	miR-211-3p
	Invasion and survival
	[30]

	ANRIL
	ENSG00000240498
	Up
	miR-99a/449a
	Tumor growth and invasion
	[80]

	BANCR
	ENSG00000278910
	Up
	miR-532
	Angiogenesis and metastasis
	[81]

	GAS5
	ENSG00000234741
	Down
	miR-23a
	Critical role in tumorigenesis
	[82]

	HOTAIR
	ENSG00000228630
	Up
	miR-331-3p
	Unknown
	[83]

	MALAT1
	ENSG00000251562
	Up
	miR-23b-3p
	Related to chemoresistance
	[84]

	MEG3
	ENSG00000214548
	Down
	miR-21
	Suppression of epithelial-mesenchymal transition
	[85]

	NEAT1
	ENSG00000245532
	Up
	miR-506
	Critical role in tumorigenesis
	[86]

	SNHG12
	ENSG00000197989
	Up
	miR-199a/b-5p
	Proliferation
	[87]


lncRNA: Long noncoding RNA; miRNA: MicroRNA.

Table 2 Long noncoding RNAs as circulating biomarkers for gastric cancer
	lncRNA
	Synonym
	Pattern
	Tissue
	Ref.

	ZNFX1-AS1
	ENSG00000177410
	Up
	Plasma
	[67]

	HULC
	ENSG00000285219
	Up
	Plasma
	[67]

	H19
	ENSG00000130600
	Up
	Plasma
	[68]

	UEGC1
	-
	Up
	Exosomes
	[70]

	UEGC2
	-
	Up
	Exosomes
	[70]

	PVT1
	ENSG00000249859
	Up
	Gastric juice
	[71]

	ABHD11-AS1
	ENSG00000225969
	Up
	Gastric juice
	[72]

	CCAT2
	ENSG00000280997
	Up
	Plasma
	[88]


lncRNA: Long noncoding RNA.
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