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Abstract
MicroRNAs (miRNAs) have received much attention in the past decade as 
potential key epigenomic regulators of tumors and cancer stem cells (CSCs). The 
abnormal expression of miRNAs is responsible for different phenotypes of gastric 
cancer stem cells (GCSCs). Some specific miRNAs could be used as promising 
biomarkers and therapeutic targets for the identification of GCSCs. This review 
summarizes the coding process and biological functions of miRNAs and demon-
strates their role and efficacy in gastric cancer (GC) metastasis, drug resistance, 
and apoptosis, especially in the regulatory mechanism of GCSCs. It shows that the 
overexpression of onco-miRNAs and silencing of tumor-suppressor miRNAs can 
play a role in promoting or inhibiting tumor metastasis, apart from the initial 
formation of GC. It also discusses the epigenetic regulation and potential clinical 
applications of miRNAs as well as the role of CSCs in the pathogenesis of GC. We 
believe that this review may help in designing novel therapeutic approaches for 
GC.

Key Words: Gastric cancer, Cancer stem cells; MicroRNAs; Epigenetics; Therapeutic 
target
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Core Tip: Gastric cancer stem cells (GCSCs), as progenitor cells of gastric cancer (GC), are closely related to invasion, 
metastasis, drug resistance, and other biological processes. MicroRNAs (miRNAs) are involved in controlling the growth 
and differentiation mechanism of GCSC by regulating cell cycle, angiogenesis, cell invasion and migration, GCSC 
phenotype, and other signaling pathways. In addition, miRNAs directly or indirectly regulate the expression of tumor-
promoting genes or tumor suppressor genes through different signaling pathways and it is suggested that miRNAs could be 
related to the initial formation of GC. In vivo, studies have shown that the biological function of GCSCs could be modulated 
by delivering therapeutic miRNA mimics into vivo or transgene and knockout with miRNA antagonists. It's vital to focus on 
whether interfering with certain miRNA levels by the methods described above leads to reversal or prevention of GC 
metastasis.

Citation: Sun QH, Kuang ZY, Zhu GH, Ni BY, Li J. Multifaceted role of microRNAs in gastric cancer stem cells: Mechanisms and 
potential biomarkers. World J Gastrointest Oncol 2024; 16(2): 300-313
URL: https://www.wjgnet.com/1948-5204/full/v16/i2/300.htm
DOI: https://dx.doi.org/10.4251/wjgo.v16.i2.300

INTRODUCTION
Gastric cancer (GC) is one of the top five most prevalent cancers worldwide[1]. It is characterized by a high recurrence 
rate, high drug resistance, and extensive metastasis. As it does not exhibit many evident symptoms in its early stages, 
most patients of GC are diagnosed at advanced stages, making it difficult to perform surgery and resulting in a poor 
prognosis. Fortunately, the development of precision medicine in recent years has extended the range of targeted therapy 
beyond trastuzumab for treating GC. Immune checkpoint inhibitors can also improve the prognosis of patients with 
advanced GC to some extent[2]. However, despite various advancements in treatment methods, patients with GC still 
have a median 5-year survival rate of 32%, while those with distant metastases have a median 5-year survival rate of only 
6%. Patients with metastases or recurrence have a particularly terrible prognosis, with a median survival period of only 8 
months[3].

As a self-renewing tumor-initiating cell subgroup in tumors, cancer stem cells (CSCs) can not only divide and differ-
entiate into different tumor cell types[4] but can also increase the expression of drug-efflux pumps, activate anti-apoptotic 
pathways, and enhance the DNA-repair capacity[5,6]. According to Takaishi et al[1], CSCs can be found in various solid 
tumors, including those of GC. In 2008, surface markers were first used to distinguish GC stem cells (GCSCs) from 
normal human GC cell lines[7]. However, the origin of GCSCs has not yet been determined. There are currently two 
dominant opinions regarding their origin. According to one, gastric normal stem cells undergo a malignant transition to 
produce GCSCs, which then undergo carcinogenic mutations and become tumor progenitor cells that promote tumor 
invasion, metastasis, and heterogeneity[8]. According to the second opinion, GCSCs are derived from bone marrow-
derived stem cells (BMSCs), which are recruited to the site of infection or tissue injury to repair inflammatory damage[9]. 
BMSCs are thought to be the progenitor cells of Helicobacter pylori (Hp)-associated GC. BMSCs also participate in the 
development of Hp-associated GC by differentiating into gastric epithelial cells and tumor-associated fibroblasts.

GCSCs are a subset of GC cells that exhibit unlimited self-renewal proliferation (also called “pluripotency”), multi-
differentiation potential, high tumorigenicity, and significant angiogenesis abilities. Numerous variables control the 
stemness of GCSCs. Polar epithelial cells acquire fibroblast characteristics through a multistep process known as the 
epithelial–mesenchymal transition (EMT), which involves intercellular contact loss and cytoskeletal recombination during 
embryonic development. The EMT process improves the ability of GC cells to invade and metastasize. The feedback 
encourages the production of GCSCs, which then take part in the start-up and maintenance of EMTs. EMT-related gene 
expression endows GC cells with invasion and metastasis characteristics, treatment resistance, and GCSC phenotypes 
such as CD133, CD44, and EpCAM. They are not only the main means to identify and isolate GCSCs but also the 
biological basis for regulating their stemness.

MicroRNAs (miRNAs) control various cellular functions, including self-renewal and cell differentiation. They also 
participate in GC development, apoptosis, angiogenesis, EMT, and other such processes. They mechanically impede 
translation and control the expression of their target genes by inserting themselves into the 3′-untranslated region (UTR) 
of the target mRNA or by degrading the target mRNA. The relationship between the gene-expression profiles of miRNAs 
and the clinical outcomes of GC has been extensively studied[10]. This review discusses the epigenetic regulation and 
potential clinical applications of miRNAs as well as the increasing involvement of CSCs in the pathogenesis of GC.

BIOGENESIS AND FUNCTIONS OF MIRNAS
Typically, miRNAs, which are evolutionarily conserved non-coding single-stranded RNAs, comprise 19–25 nucleotides
[11]. Most miRNA genes are transcribed by RNA polymerase II (Pol II), and sometimes by RNA polymerase III (Pol III), 
with the long primary transcript (pri-miRNAs), harboring a hairpin structure, which comprises the miRNA sequence[12]. 
The following are the two crucial components of the microprocessor complex involved in miRNA synthesis: A double-
stranded RNase III enzyme (DROSHA) and cofactor DiGeorge syndrome Critical Region 8 (Figure 1). Both are partic-

https://www.wjgnet.com/1948-5204/full/v16/i2/300.htm
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Figure 1 Transcription and synthesis of microRNAs. These figures were created with BioRender.com, https://www.biorender.com/. miRNAs: MicroRNAs; 
Pol: Polymerase; pri-miRNA: primary transcript.

ularly important in the cleavage reaction in the nucleus, which produces approximately 70 nucleotides stem–loop 
precursor miRNAs, termed pre-miRNAs[13,14]. The mirtron pathway, also called the non-canonical pathway of miRNA, 
is the primary alternative mechanism for miRNA processing. A mirtron is a short hairpin intron with a splicing receptor 
and a donor site. Hence, the mirtron pathway is thought to be dependent on DICER but independent of DROSHA. Pre-
miRNAs have been remapped to the nucleus of exportin-5 for processing[12]. In the cytoplasm, DICER enzymes (a 
subclass of RNase III enzymes) cleave the hairpin structure to form a double-stranded miRNA with approximately 22 
nucleotides. Helicases convert these double-stranded miRNAs into single-stranded miRNAs, which interact with 
Argonaute (AGO) proteins to form a multiprotein RNA-induced silencing complex (Figure 1). In this complex, the 
translation of a particular mRNA is prevented or degraded by miRNAs[15]. After interacting with a particular mRNA, 
miRNAs divide the mRNA chain into two pieces, decreasing the stability of mRNA and blocking its translation into 
protein[16]. miRNAs play a regulatory role in the gene expression involved in numerous biological processes, including 
cell differentiation and proliferation, cell death, and cell-cycle progression[17]. A single miRNA can simultaneously 
anchor numerous targets. In addition, multiple miRNAs can impact a single mRNA. This phenomenon demonstrates the 
bidirectional nature of the effect of miRNAs and highlights their critical role in both healthy and unhealthy cellular 
processes[10].

DYSREGULATION OF MIRNAS IN CANCER
Most miRNAs are located at fragile sites or around cancer-related genomes[18]. They can simultaneously target Wnt/β-
catenin, transforming growth factor β (TGF-β), Notch, and other signal pathways. Disorders of miRNA are present in 
almost all cancers. These disorders play an important role in the development of cancer by contributing to the generation, 
proliferation, metastasis, and apoptosis of cancer cells. The link between miRNAs and various cancers has been 
extensively studied over the past two decades. The plasma levels of miR-135b in patients with GC are noticeably greater 
than those in healthy individuals[19]. miR-23 and miR-21a could be responsible for poor prognosis in non-small cell lung 
cancer[20]. Abnormal methylation and expression of the promoters of miR-124, miR-218, and miR-193b are frequent in 
cervical cancer[21]. Methylation of the ataxia-telangiectasia group D complementing gene reduces the Wnt signal 
activation, while miR-449a overexpression inhibits the catenin expression[22]. miR-29b retards the growth of prostate 

https://www.biorender.com/
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cancers and triggers cell apoptosis by boosting the expression of BIM and Bcl-2[23].
The functional diversity of miRNA reflected in cancers is related to many factors. Single nucleotide polymorphisms 

(SNPs) can be found in both coding and non-coding genes. Some SNPs associated with miRNA are located in the miRNA 
promoter region, the miRNA gene sequence, and at the miRNA-binding site of the target gene[24]. SNPs control the 
biological activity, transcription, and expression of target genes, which eventually affect the propensity of a person for 
disease and the efficacy of pharmacological treatments. Many of these SNPs related to miRNAs can be used as potential 
biomarkers for cancer prognosis[25]. Additionally, epigenetic changes in the CpG island or histone modifications that 
activate or repress transcription can affect the promoter regions of miRNA genes. These regulatory mechanisms can 
increase the gene expression of oncogenic miRNAs and reduce that of tumor-suppressor miRNAs[10]. Furthermore, host 
genes may occasionally control the production of miRNAs in genes. Additionally, modifications in the host-gene 
expression, such as hypermethylation, can reduce the miRNA-expression level[26]. Moreover, miRNAs can be affected 
when DROSHA genes contain SNPs or mutations[27], which indicates that mutations not only stop DROSHA processing 
but also cause pri-miRNA to express at a lower level. A direct connection has been reported between the regulation of 
miRNA in tumors, its regulation by lncRNA and circRNA, and the self-regulation of miRNA. lncRNA and circRNA are 
spongy miRNA architectures with several miRNA-binding sites. lncRNA and circRNA can directly bind miRNAs as 
competing endogenous RNAs[28], thereby controlling the expression levels of miRNA target genes. The expression of 
pre-miRNA or mature miRNA can also be controlled directly or indirectly by other miRNAs. For instance, miR-424 or 
miR-503 interacts with pri-miR-9 and maintains a certain dynamic equilibrium. The expression of miR-9 increases when 
homeostasis is disturbed, which affects the state of stemness-regulated tumor cells[29].

MICRORNA IN GCSCS: AN OVERVIEW
Abnormal expression of miRNAs is attracting increasing interest because such an expression could be closely related to 
GCSCs and play an integral role in the development of certain features of GC. However, as this is a relatively new field, 
there are some uncertainties. For example, miRNAs are involved in controlling the growth and differentiation mecha-
nisms of GCSCs by targeting and regulating various signaling pathways such as the regulation of the cell cycle 
(Figure 2A), angiogenesis (Figure 2B), invasion and migration of cells (Figure 2C), and regulation of the GCSC phenotype. 
The mechanism of the action of miRNAs in regulating the stemness of GCSCs and GC cells is shown in Table 1.

Onco-miRNAs in GCSCs
miR-17-92 cluster: The miR-17-92 cluster, comprising miR-17-3p, miR-17-5p, miR-18, miR-19a, miR-20a, miR-19b, and 
miR-92a, is one of the most extensively investigated miRNA clusters[30]. The CSC spheroid formation assay (involving 
the size and number of tumors) is the standard method to measure the stemness of tumor cells[31]. miR-17-5p is highly 
expressed in CD44 (+)/EpCAM (+) GCSCs. Its expression is positively correlated with the GC cell-colony-formation 
ability. The number and density of tumor spheroids in GC cell lines with a high expression of miR-17-5p are greater than 
those in the control group. Tolerance to cisplatin and paclitaxel also improved in GC cell lines with a high expression of 
miR-17-5p[32]. Furthermore, the activity of the p21 3′-UTR reduced in the miR-17-5p-transfected GC cell line, indicating 
that miR-17-5p controls the cell cycle by targeting p21[33]. miR-18, another member of this cluster, improves the stemness 
of GC cells by: (1) Increasing the proportion of CD44 (+) in GC cell lines; (2) controlling the phenotype of GCSCs (such as 
ALDH1, SOX2, and OCT4); and (3) targeting Meis Homeobox 2 down-regulation of HMGB3 expression[34]. Similarly, the 
frequency of CD44 (+)/EpCAM (+) cells rose in the GC cell line transfected with pre-miR-19b, pre-miR-20a, pre-miR-92a, 
and miR-92a. In addition, miR-19 and miR-92a could bind to the 3'-UTR of HIPK1, while miR-20a could bind to the 3'-
UTR of E2F1 and activate the β-catenin signal transduction pathway. Consequently, enhanced GCSC-colony formation 
and improved resistance to 5-FU are observed[35]. Cyclin-dependent kinase (CDK) 4 and CDK6, proliferating cell nuclear 
antigens, and p53 gene-expression levels downregulate when miR-92a is knocked down, which also greatly decreases the 
ability of GC cell lines to form colonies[36].

miR-21: In GC cells, miR-21 is abundantly expressed. A clinical study showed that the high expression of miR-21-5p is 
linked to poor prognosis[37]. The expression of miR-21 in the colonies formed by two cell lines (MKN-45 and AGS) was 
up-regulated by 1.8-fold and 4.7-fold[38], respectively. Another in vitro study confirmed its high expression in GCSCs
[39]. miR-21 participates in the regulation of GCSCs by acting on multiple genes and pathways. For example, it acts on 
exosome miR-21-5p to induce the MMT of PMCs and on Smad7 to promote GC transfer[40]. In addition, miR-21 
participates in the maintenance of GCSCs mediated by Chromobox protein homolog 7 (CBX7). CBX7 positively regulates 
the expression of miR-21 through the AKT-NF-κB pathway, up-regulates the expression of stem cell markers such as 
CD44, CD24, and Oct-4 in GC cells, and increases the size and number of colonies formed[41]. PTEN and p53 are 
downstream target genes of miR-21. They are also two important tumor-suppressor genes. The expression of Bmi-1 and 
miR-21 in GC tissues is positively correlated. miR-21 mediates the function of Bmi-1 in regulating stem-cell-like 
properties, while miR-34a negatively regulates stem-cell-like properties by down-regulating Bmi-1. Bmi-1 binds to the 
PTEN promoter and directly inhibits PTEN, resulting in the activation of AKT. p53 and PTEN can also be regulated via 
miR-21. NF-κB can be activated with AKT. Binding of NF-κB to miR-21 promoters can be promoted and its expression 
level can be positively regulated. PTEN and p53 expressions are down-regulated by overexpressed miR-21. The level of 
phosphorylated AKT downstream of PTEN increases, which in turn increases the EMT and invasion capacity of GC cells
[42].
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Table 1 MicroRNA dysregulation on gastric cancer stem cells

Function miRNAs Validated targets Pathological process involved Ref.

miR-17-
5p

p21 Enhances the colony-forming ability of GCSCs, regulates the cell cycle of 
GCSCs, and promotes the drug resistance of GCSCs

[38]

miR-18 Meis2, HMGB3 Enhances the colony-forming ability of GCSCs and promotes the drug 
resistance of GCSCs

[39]

miR-19b HIPK1, β-catenin Enhances the colony-forming ability of GCSCs and promotes the drug 
resistance of GCSCs

[40]

miR-20a E2F1, β-catenin Enhances the colony-forming ability of GCSCs and promotes the drug 
resistance of GCSCs

[40]

miR-92a HIPK1, β-catenin, CDK 4, CDK6, p53 Enhances the colony-forming ability of GCSCs, regulates the cell cycle of 
GCSCs, and promotes the drug resistance of GCSCs

[41]

miR-21 Bmi-1, PTEN, p53, AKT Targets Smad 7, promotes GC metastasis while down-regulating the 
expression of PTEN and p53 to increase the EMT and invasiveness of GC 
cells

[47]

miR-95 DUSP5, ERK, JNK Promotes GC cell stemness through activation of the DUSP5-mediated 
MAPK axis

[49]

miR-106b Smad 7, TGF-β Up-regulates EMT markers and TGF-β/Smad signaling pathway to 
preserve GCSC characteristics

[51]

miR-132 SIRT1, CREB Up-regulates the SIRT1/CREB/ABCG2 signaling pathway to promote 
cisplatin resistance

[53]

miR-151a-
3p

YTHDF3, SUMO1, Smad2/3 Targets YTHDF3, activates Smad 2/3 pathway, and increases GC cell 
dryness

[56]

miR-196a-
5p

Smad4 Negative regulates Smad4 expression and inhibits GCSC stemness [58]

miR-451b KREMEN1, CASK, LRP5/6, Fzd, 
AKT, PI3K, PCNA, Bcl-2

Promotes the migration and drug resistance of GCSCs [59]

miR-483-
5p

Cyclin D1, Bcl-2, matrix metallopro-
teinase 2

Regulates the Wnt/β-catenin pathway and promotes the proliferation, 
invasion, and self-renewal of GCSCs

[60]

miR-492 DNMT3B Targets DNMT3B to maintain GCSC dryness, reduces the sensitivity of 
GCSCs to DDP

[61]

miR-501-
5p

BLID, Caspase-9, Caspase-3, AKT, 
DKK1, NKD1, GSK3β

Targets DKK1, NKD1, and GSK3β, activates the Wnt/β-catenin signaling 
pathway, maintains self-renewal, and promotes GCSC phenotype

[63,
64]

Oncogenic 
(promotion)

miR-6778-
5p

SHMT1 Up-regulates the stemness of GCSCs and reduces their sensitivity to 5-FU [65,
66]

miR-7-5p Smo, Hes1 Inhibits the expression of Smo and Hes1 as well as the stemness and 
invasion of GCSCs

[67]

miR-15a-
5p

ONECUT2, β-catenin, Cyclin D1 Inhibits the expression of ONECUT2, down-regulates the expression of β-
catenin and Cyclin D1, and inhibits the proliferation of GCSCs

[69]

miR-26a HOXC9, MMP2 Inhibits EMT and angiogenesis of GCSCs by inhibiting the expression of 
HOXC9

[70]

miR-29c VEGFA, VEGFR2, ERK Inhibits the migration, invasion, and angiogenesis of GC cells by inhibiting 
the VEGFA/VEGFR2/ERK pathway

[71]

miR-34a Bcl-2, Notch, HMGA2, Caspase-3 Up-regulates the expression of Bcl-2, increases the sensitivity of GCSCs to 
chemotherapeutic drugs, and inhibits EMT

[74]

miR-98 BCAT1 Inhibits the stemness of GC cells and the expression of EMT markers, and 
down-regulates ABCG2 to increase the sensitivity of GCSCs to DDP

[75]

miR-101 SOCS2, C-myc, CDK2, CDK4, CDK6, 
CCND2, CCND3, CCNE2, p14, p16, 
p21, p27

Negatively regulates SOCS2, inhibits the expression of C-myc, CDK2, 
CDK4, CDK6 and CCNE2, and promotes the expression of cancer inhibitors 
p14, p16, p21, and p27 to inhibit cell proliferation

[77]

miR-144-
3p

GLI2 Negatively regulates GLI2 expression and inhibits proliferation, invasion, 
and EMT of GC cells

[79]

miR-155-
5p

- Down-regulates NF-kB p65 to reprogram BM-MSCs to GC-MSCs [82,
83]

miR-216a-
3p

Wnt3a BRD4 enhances GC cell stemness by targeting miR-216a-3p and 
subsequently activating the Wnt/β-catenin pathway

[84]

Tumor-
suppressive 
(inhibition)
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miR-345 EPS8 Spheroid-formation ability of GCSCs, inhibits the expression of EPS8, and 
reduces the migration ability of GCSCs

[85]

miR-375 SLC7A11 Inhibits the stemness of GC cells while acting on SLC7A11 to induce 
ferroptosis in GC cells

[86]

miR-449a CDK6 Regulates CDK-rb-E2F1 and down-regulates CDK6 protein to inhibit the 
proliferation of GC cells

[90]

miR-449c-
5p

MYC/Notch1 Regulates MYC/Notch1 and increases GC cell migration or invasion 
capacity

[88]

miR-867-
3p

TMED3 Negatively regulates TMED3 expression to enhance the sensitivity of GC 
cells to DDP

[91]

miRNAs: MicroRNAs; GCSCs: Gastric cancer stem cells; GC: Gastric cancer; DUSP5: Dual-specificity phosphatase 5; TGF-β: Transforming growth factor β; 
EMT: Epithelial–mesenchymal transition; Smo: Smoothened; CDK: Cyclin-dependent kinase; BM-MSCs: Bone marrow-derived mesenchymal 
stem/stromal cells.

miR-95: CRISPR-Cas9 Library screening showed that the miR-95-3p level is elevated in GC tissues[43]. Du et al[44] 
verified this result through in vitro experiments and revealed the relationship between the miR-95 expression and 
stemness and EMT in GC cells. Dual-specificity phosphatase 5 (DUSP5) is a miR-95 target and it inhibits the expression of 
MAPK signals. Notably, miR-95 may promote the stemness of GC cells by activating the DUSP5-mediated MAPK axis. 
Hence, after the transfection of the miR-95 mimic, the GCSC phenotype and colony-formation ability of cell lines 
significantly improve, DUSP5 down-regulates, the phosphorylation degree of ERK and JNK increases, the MAPK 
pathway gets activated, the expression of the EMT-related marker vimentin up-regulates, and the expression of E-
cadherin is reduced. One explanation is that miR-95 may promote GC cell stemness by activating the DUSP5-mediated 
MAPK axis.

miR-106b: Elevated miR-106b expression is often associated with lymph node metastases in GC[45]. Knockdown of miR-
106b significantly reduces the spheroiding ability of CD44 (+) GC cells as well as the expression of TGF-β receptor I, 
phosphorylated Smad 2/3, and Slug. In contrast, EMT markers E-cadherin and Occludin are up-regulated, while 
vimentin and a-SMA are down-regulated. Smad 7 is an inhibitor of TGF-β1 signaling[46] and a downstream target of 
miR-106b. The latter activates the TGF-β/Smad signaling pathway by down-regulating Smad 7. Therefore, miR-106b may 
retain GCSC features by upregulating EMT markers and the TGF-β/Smad signaling pathway[47].

miR-132: Compared with LGR5(+) stem cells, LGR5(-) stem cells can form compact spheroids and have a higher survival 
rate under cisplatin. In addition, compared with LGR5(-) cells, the expression of miR-132 in LGR5(+) GCSCs is 
significantly increased and its resistance to cisplatin is positively correlated with the overexpression of miR-132. The 
expression of miR-132 tends to be negatively correlated with the SIRT1 expression[48]. Therefore, miR-132 can activate 
the ABCG2 signaling pathway by reducing the SIRT1 Levels (P < 0.05), resulting in increased CREB acetylation levels. 
Hence, miR-132 may promote cisplatin resistance by regulating SIRT1/CREB/ABCG2 signaling pathways[49].

miR-151a-3p: Small extracellular vesicles (sEVs) play an important role in intercellular communication[50]. Li et al[51] 
found that miR-151a-3p sEV is highly expressed in the plasma of patients with liver metastasis (LM) of GC, and that the 
use of miR-151a-3p-rich sEVs in mice with GC promotes GC-LM without any effect on GC cell proliferation in situ. 
Subsequent studies showed that miR-151a-3p sEV targets YTHDF3, reduces SP6 transcriptional inhibition by decreasing 
the translation of SUMO1 in an N6-methyladenosine-dependent fashion, activates the Smad 2/3 pathway, and increases 
the GC cell stemness. miR-151a-3p could be an LM-specific miRNA that enhances the GC cell stemness and promotes LM.

miR-196a-5p: A translational study showed that miR-196-a2 is a genetic factor significantly related to overall survival
[52], and that miR-196a-5p knockdown significantly decreases the cell number and colony formation of aggressive CD44 
(+). Luciferase reporter assays have shown that Smad 4 is a direct specific target of miR-196a-5p, whose expression is 
negatively correlated with Smad 4. The positive regulatory effect of miR-196a-5p on GCSCs may be achieved by targeting 
Smad4 and by negatively regulating its expression[53].

miR-451b: In GC cell lines, the proportion of CD45 (+) cells is up-regulated under the action of docetaxel, and the 
stemness-related expression of SIRT1, CXCR4, and miR-451 and resistance to chemical radiation are up-regulated[39]. 
The miR-451b inhibitor reduces the migration ability of GCSCs by 38% within 48 h. The transcription level of the CASK 
gene involved in cell adhesion decreases by 40%. The expression of KREMEN1, which antagonizes the Wnt signaling 
pathway, is up-regulated, while that of AKT is down-regulated. P53, Bax, and CASP3 are positively regulated by the 
expression of PI3K, PCNA, and Bcl-2, respectively[54].

miR-483-5p: In GCSCs isolated from MKN-45 GC cell lines, the expression levels of miR-483-5p are up-regulated (P < 
0.01). MTT experiments have shown that the overexpression of miR-483-5p following the transfection of its mimic 
significantly promotes the proliferation, invasion, and self-renewal of GCSCs. Annexin V propidium iodide staining 
showed that miR-483-5p inhibits apoptosis. In addition, β-catenin and its downstream targets Cyclin D1, Bcl-2, and matrix 
metalloproteinase 2 are up-regulated. Thus, miR-483-5p might function as an oncogene that regulates GCSCs through the 
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Figure 2 Regulatory role of microRNAs in gastric cancer stem cells. A: Process by which MicroRNAs (miRNAs) regulate the cell cycle of gastric cancer 
stem cells (GCSCs), where miR-20 inhibits the cell cycle by inhibiting E2F1. miR-92a and miR-449a promote the cell cycle by upregulating the expression of Cyclin-
dependent kinase 2. miR-449a can also inhibit the expression of p21, thereby promoting the cell cycle. B: Process by which miRNAs participate in the angiogenesis 
process associated with GCSCs. miR-21 promotes angiogenesis by inhibiting the expression of PTEN, while miR-26 promotes it by down-regulating MMP. miR-451b 
inhibits the formation of blood vessels by inhibiting the expression of AKT. C: Process through which miRNAs are involved in cell invasion and transfer, which mainly 
involves the Wnt/β-catenin and transforming growth factor β (TGF-β) pathways. miR-17-92a, miR-216-3p, and miR-451b up-regulation of the Wnt/β-catenin pathway. 
miR-151a-3p and miR-196a-3p positively regulate the TGF-β pathway, while miR-29c negatively regulates it. These figures were created with BioRender.com, https://
www.biorender.com/.

Wnt/β-catenin signaling pathway[55].

miR-492: Wu et al[56] studied the association between miR-492 and the stemness maintenance of GCSCs and drug 
resistance through in vitro and in vivo experiments. The miR-492 overexpression significantly up-regulates the expression 
of GCSC markers in GC cells. The maintenance of GCSC stemness by miR-492 is achieved by targeting DNMT3B. In 
addition, knocking down miR-492 can increase and promote the sensitivity of cisplatin to GCSCs. However, the 
mechanism needs to be further explored.

miR-501-5p: In human hepatocellular carcinoma, miR-501-5p is overexpressed. It promotes the proliferation, migration, 
invasion, and drug resistance of cancer cells[57]. The overexpression of miR-501 has been reported in doxorubicin-
resistant GC SGC7901/ADR cell secretory exosomes (ADR Exo). The mechanism of resistance may involve the down-

https://www.biorender.com/
https://www.biorender.com/
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regulation of BLID, caspase-9/-3 inactivation, and AKT phosphorylation[58]. Fan et al[59] explored the association of 
miR-501 with GC pathogenesis by examining clinical specimens and by conducting in vitro experiments. They indicated 
that miR-501-5p is significantly up-regulated in GC cell lines as well as in clinical tissues, and that miR-501-5p overex-
pression could significantly enhance the GC cell-colony-forming ability. Luciferase reporter assays and western blotting 
confirmed that miR-501-5p activates the Wnt/β-catenin signaling pathway by targeting DKK1, NKD1, and GSK3β, 
thereby maintaining the self-renewal and promoting the GCSC phenotype.

miR-6778-5p: MiR-6778-5p is an atypical miRNA that is a key regulator for maintaining stemness in DROSHA-silent GC 
cells. It promotes the occurrence of GC malignancies by targeting the expression of SHMT1 in YWHAE in DROSHA-
knockdown GC cells[60]. Zhao et al[61] showed that the knockdown of miR-6778-5p significantly decreases the formation 
of GCSC spheroids by down-regulating the expression of SHMT1 and increases the sensitivity of DROSHA-knockdown 
GCSCs to 5-FU, thereby improving the efficacy of chemotherapy.

Tumor-suppressor miRNAs in GCSCs
miR-7-5p: Smoothened (Smo) and Hairy/Enhancer of split-1 (Hes1) enhance the sphere-formation and cell-invasion 
ability of CD44 (+) cells by participating in the regulation of Notch and Hedgehog pathways. Various in vivo experiments 
have shown that the miR-7-5p mimic inhibits the activity of Smo 3′-UTR-WT and Hes1 3′-UTR-WT. In addition, in vivo 
experiments using lenti-miR-7-5p CD44 (+) cells were used for verification. The results were consistent with those of in 
vitro experiments, indicating that miR-7-5p inhibits GCSC sphere-formation ability, cell-invasion ability, and the 
occurrence and development of GC through the consistent expression of Smo and Hes1[62].

miR-15a-5p: ONECUT2 is an oncogene of GC[63]. Its elevated expression positively correlates with lymphatic metastases. 
miR-15a-5p is weakly expressed, whereas ONECUT2 is strongly expressed in CD133 (+)/CD44 (+) GC cells. Experiments 
using the diluciferase reporter gene have shown that miR-15a-5p inhibits ONECUT2 transcription levels by conser-
vatively binding to the 3′-UTR of ONECUT2. The ONECUT2 overexpression can upregulate the β-catenin and Cyclin D1 
expression, thereby significantly increasing the proportion of G0/G1 phase cells and reducing that of G2/M phase cells. 
The overexpression of miR-15a-5p can significantly inhibit the expression of β-catenin. Cyclin D1, C-myc, and survivin 
have also been shown to inhibit GCSC proliferation[64].

miR-26a: HOXC9 is a member of the homeobox gene family. Its overexpression is linked to the progression of GC. It has 
been suggested that it could be used as a marker of poor prognosis in patients with GC[65]. After silencing HOXC9, the 
percentage of CD44 (+)/EpCAM (+) cells in BGC823 cells significantly decreases, the expression of MMP2 down-
regulates, and the expression of the markers of EMT (N-cadherin and vimentin) reduces, thus mediating angiogenesis. 
After transfection using lenti-miR-26a, the expression of the mRNA level of HOXC9 decreases by 78.3%, while that of the 
protein level decreases by 65.3%. These results show that HOXC9 promotes the transfer of GC cells through EMT. In 
addition, the expression of GCSC markers is up-regulated. And the deletion of miR-26a could be a key factor for the 
abnormal overexpression of HOXC9 in GC.

miR-29c: Overexpression of miR-29c reduces the number of migratory and invasive cells in in vitro experiments[66]. miR-
29c overexpression in endosomes from nude mice significantly reduces the number of peritoneal nodules and lung 
metastasis. In miR-29c-overexpressed cells, N-cadherin, vimentin, and stem cell markers CD24, CD44, CD90, and CD133 
significantly downregulate. Mechanistically, the overexpression of miR-29c is shown to reduce both VEGFA mRNA 
expression and luciferase activity in GCSCs. The ability to generate blood vessels is lower in miR-29c-overexpressed cells 
than it is in the miR-29c NC group, and the level of ERK 1/2 phosphorylation becomes lower than that in control cells. 
Thus, VEGFA is a direct target of miR-29c. Notably, miR-29c could inhibit the migration, invasion, and angiogenesis of 
GC cells through the inhibition of the VEGFA/VEGFR2/ERK pathway[66].

miR-34a: The miR-34 family (miR-34a/b/c) can be used as an indicator of tumor suppressor in GC. Induced by p53, it 
arrests the cell cycle and inhibits GC cell proliferation, migration, and metastasis[67]. The regulation of GCSCs by miR-34 
was first investigated in 2008 when Ji et al[68] reported a decrease in the expression of pri-miR-34a and mature miR-34a in 
Kato III cells and a significant decrease in the size of tumor spheres formed by Kato III cell lines transfected with the miR-
34a mimic. In terms of the mechanism, miR-34a may enhance the GCSC sensitivity to doxorubicin, cisplatin, gemcitabine, 
and docetaxel through positive regulation of the Bcl-2 expression. Another study showed that miR-34a overexpression 
significantly reduces the expression of GCSC surface markers and the EMT-promoting protein Snail, promotes apoptosis, 
and inhibits the proliferation and migration of GC cells[69].

miR-98: Zhan et al[70] used RT-qPCR to detect the miR-98 expression in the GCSCs of CD44 (+) cells. The expression level 
of miR-98 was found to decrease in CD44 (+) GCSCs. Further transfection of CD44 (+) GCSCs with lenti-miR-98 showed 
that the up-regulation of miR-98 significantly reduces the expression of SOX2 protein, NANOG, and OCT4 in CD44 (+) 
GCSCs. Branched-chain aminotransferases 1 (BCAT1), a target gene of miR-98, can reverse the xenograft tumor-formation 
ability after overexpression. Furthermore, it was suggested that the overexpression of miR-98 significantly reduces 
BCAT1 protein expression in the GCSCs of CD44 (+) mice, while it up-regulates the vimentin expression, down-regulates 
the E-cadherin expression, and inhibits the EMT process. CD44 (+) GCSCs were incubated with cisplatin to test the effect 
of miR-98 on resistance exhibited by GCSCs. Down-regulation of ABCG2 by the overexpression of miR-98 significantly 
reduces the half-maximal (50%) inhibitory concentration (IC50) values of cisplatin compared to that of the negative 
control strain.
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miR-101: SOCS2 is a member of the inhibitors of cytokine signaling proteins. Its down-regulation can result in the 
inhibition of cell growth[71]. Zhou et al[72] showed that miR-101 inhibits SOCS2 expression in a dose-dependent manner 
and supports it as a direct target of miR-101 in GC cells. Various mechanistic studies have shown that miR-101 can inhibit 
the expression of c-myc, CDK2, CDK4, CDK6, and CCNE2 by negatively regulating SOCS2, and promote the expression 
of cancer suppressors p14, p16, p21, and p27 to inhibit cell proliferation.

miR-144-3p: GLI2, an end effector of the Hedgehog signaling pathway[73], which is highly expressed in GC tissues, 
indicates a poor prognosis. Lu et al[74] found that the expression of GLI2 was up-regulated, whereas that of miR-144-3p 
was down-regulated in 14/21 patients and most of the GC cell lines. Diluciferase assays confirmed that miR-144-3p can 
bind directly to the 3′-UTR of GLI2 mRNA. Thus, the miR-144-3p expression is negatively correlated with the GLI2 
expression. Transfection of the miR-144-3p mimic reduces the GCSC-colony-forming ability and phenotype. The 
expression of E-cadherin is up-regulated, while that of N-cadherin is down-regulated. The results showed that miR-144-
3p inhibits the proliferation, invasion, and EMT of GC cells, and weakens their stemness, while negatively regulating the 
GLI2 expression, which may be associated with better GC prognosis.

miR-155-5p: miR-155 participates in the reprogramming of normal cells to tumor cells. In ovarian cancer, miR-155-5p is 
involved in the reprogramming of normal fibroblasts to cancer-associated fibroblasts (CAFs)[75]. In the marrow with 
miR-155 deletion, macrophages first accumulate in the cancer microenvironment and then polarize to become tumor-
promoting M2-type macrophages[76]. Bone marrow-derived mesenchymal stem/stromal cells (BM-MSCs) are important 
tumor stromal cell precursors and one of the major sources of GCSCs. Studies have demonstrated that miR-155-5p in GC-
MSCs is significantly down-regulated relative to that in BM-MSCs. Knockdown of miR-155-5p in BM-MSCs results in the 
acquisition of its GC-MSC-like phenotype and function, whereas the miR-155-5p overexpression reverses the phenotype 
and function of the protumor in GC-MSCs[77,78]. Mechanistically, the miR-155-5p mimic binds to the luc-NF-κB p65 3'-
UTR, inhibiting its luciferase activity. miR-155-5p has also been implicated in the reprogramming of BM-MSCs to GC-
MSCs through the down-regulation of NF-κB p65, which could be a therapeutic target for GC.

miR-216a-3p: Song et al[79] suggested that the expression of BRD4 in GC tissues is significantly up-regulated compared to 
that in normal paracancerous tissues. The expressions of ALDH1, NANOG, Oct 1/2/4, SOX2, SOX9, and CD44 are 
significantly reduced in the BRD4-knocked GC cell lines. The expression of the Wnt/β-catenin pathway is also 
significantly decreased. RNA sequencing showed that miR-216a-3p is the most significantly up-regulated miRNA in the 
BRD4 knockdown reaction. BRD4 bound directly to the promoter increases the methylation level of the miR-216a 
promoter, thus reducing the level of the miR-216a-3p gene expression. After the overexpression of miR-216a-3p, the 
luciferase activity of Luc-Wnt3a-3'-UTR-wt significantly reduces, which indicates that Wnt3a is a direct target of miR-
216a-3p. Hence, it can be suggested that BRD4 enhances the GC cell stemness by targeting miR-216a-3p and subsequently 
activating the Wnt/β-catenin pathway. Thus, miR-216a-3p could be a potential therapeutic target for GC.

miR-345: The miR-345 expression in tumor tissues is significantly lower than that in normal tissues. In addition, the 
degree of expression has been reported to correlate with the TNM grade (P < 0.05)[80]. In transwell and sphere-formation 
experiments, overexpressed miR-345 could inhibit the migration and spheroid-forming ability of GC cell lines. The 
expression of Oct 4, CD24, and E-cadherin decreases, while that of Snail and Slug increases. As an oncogene, EPS8 
promotes the migration and formation of GC cell spheres, because miR-345 could target EPS8 by binding directly to its 3'-
UTR.

miR-375: The overexpression of miR-375 in vitro inhibits the colony-formation ability, making it almost impossible for GC 
cells to form spheres. The expression of Oct 3/4, ALDH1, and CD44 decreases. Overexpression of miR-375 in nude mice 
also inhibits the number of tumor formations. The protein and mRNA levels of SLC7A11 decrease in GC cells overex-
pressing miR-375. Further studies have revealed that the luciferase activity of miR-3'-UTR-wt is significantly inhibited by 
the overexpression of miR-375. Therefore, SLC7A11 has been identified as a direct target of miR-375, whereas the miR-
375/SLC7A11 axis has been shown to inhibit GC cell stemness by inducing ferroptosis[81].

miR-449: miR-449 is a cancer-suppressor miRNA that induces aging and apoptosis via activation of the p53 pathway[82]. 
Zhao et al[83] showed that the miR-449c-5p/MYC/Notch1 axis plays an important regulatory role in GC migration or 
invasion capacity and stem maintenance. CDK6, a member of the CDK family, is an important cell-cycle control factor. 
Up-regulation of the CDK6 protein expression prolongs the G1 phase of cells and the proliferation rate changes positively
[84]. Li et al[85] found that the miR-449a expression and CDK6 protein expression were down-regulated in GC tissues. 
Studies on its mechanism showed that miR-449a could not only regulate CDK-rb-E2F1 through self-regulating feedback 
loops but also downregulate CDK6 protein to inhibit GC cell proliferation.

miR-867-3p: miR-876-3p is down-regulated in GCs. Its miRNA levels have been found to be negatively correlated with 
cisplatin resistance in GC patients. It inhibits the resistance of SGC-7901/DDP and MKN-45/DDP, which are cisplatin-
resistant cell lines. It also reduces the stemness, manifested as reduced cell viability, IC50, and colony-forming ability. In 
addition, it down-regulates the Sox 2, Oct 4, CD133, and CD44 expression. Luciferase assays confirmed that TMED3 is a 
direct target of miR-876-3p, and that miR-876-3p enhances the sensitivity of GC cells to DDP by negatively regulating the 
TMED3 expression[86].
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MIRNAS AS THERAPEUTIC TARGETS IN GC: FROM BENCH TO BEDSIDE
Current chemotherapy and radiotherapy treatments usually involve killing differentiated GC cells. However, they cannot 
eliminate all GCSCs with a high renewal capacity, which is often a major cause of GC treatment failure or drug resistance
[87]. miRNAs have already been identified as potential therapeutic targets for anti-cancer drugs. Hence, understanding 
their role in the maintenance of the stemness of GCSCs is of clinical value. Some characteristics of miRNAs make them a 
particularly good target for early clinical studies to inhibit EMT. The identification and diagnosis of miRNAs in GCSCs 
have been extensively investigated. For example, studies have been conducted on the up-regulation of miR-15b-5p in 
CD44 (+) GCSCs, miR-3631-3p in CD90 (+) GCSCs, and miR-1910-5p in CD2 (+) GCSCs[88].

miRNAs are considered to exhibit possible tumor-promoting roles in various GCSC subtypes. Many preclinical and 
clinical studies on miRNAs as targets are underway. However, their effective delivery to target tissues faces substantial 
obstacles. Viral vectors can be used for the in vivo delivery of genes. Viral vectors afford low vector-related toxicity risk 
and high gene-transfer efficiency, making them highly useful for miRNA therapy. Several studies have reported on the 
lentivirus-based therapeutic miRNA delivery[40,73]. Therapeutic miRNAs can be delivered to specific sites with the help 
of nanovesicles, thereby affording specifically targeted effects[89]. For example, intelligent gelatinase-stimuli-infused 
nanoparticles (NPs) have been employed to deliver miR-200c. These NPs promote the integration of miR-200c into GCSCs 
and realize its sustained expression in cancer cells[90].

Aging involves DNA hypermethylation, whereas cancer cells are generally characterized by hypomethylation. Because 
the DNA methylation clock is an important marker of aging, hypermethylation at specific sites in some tumor cells is 
considered to be owing to age-related epigenetic changes[91]. Aberrant methylation and expression of some miRNA 
promoters are common in GC. Accelerated aging owing to epigenetic methylation in GC patients has a certain prognostic 
value in GC. Hence, epigenetic methylation can be used as an indicator of molecular subtypes[92]. Despite its importance, 
the mechanism of how this epigenetic clock affects cancer and even CSCs has not yet been elucidated. Hence, further in 
vivo and in vitro model experiments on the epigenetic clock are needed.

CONCLUSION
This review discussed some promising early results that highlight the clinical value of miRNAs as therapeutic targets 
affecting stemness in GC. In addition, the results support further investigation of miRNAs in other diseases as well. The 
review also showed that miRNAs related to the stemness regulation of cancer stem cells, such as miR-17-92 cluster and 
miR-95, play an important role in the tumor phenotype and cell activity. Hence, they can be used as prognostic indicators 
for GC treatment and chemotherapy resistance. The discovery of miR-449 and miR-15a-5p suggests that some miRNAs 
with tumor-suppressor genes can intervene in the early apoptosis of GC cells and inhibit the initial formation of tumors. 
This review shows that the early stage of GC tumors can also be metastatic. Moreover, it suggested that miRNAs have a 
therapeutic potential and can be used as an effective novel cancer therapy. Optimized therapeutic miRNA mimics can be 
delivered in vivo or gene knockout can be conducted using miRNA antagonists to regulate GCSCs, which may help in 
reversing or preventing GC metastasis. We believe emerging therapeutic approaches for GC would benefit from a strong 
understanding of the regulatory role of miRNAs in GCSCs, including the characterization of certain overexpressed 
miRNAs that help in the diagnosis and differentiation of GCSC subtypes and in elucidating their tumor-promoting 
mechanisms. Robust in vitro and in vivo models should be developed to test candidate therapies that will accelerate 
further research in this exciting field.
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