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Abstract

s. The mechanism of how GC develops is vague, and therapies are
Gastric cancer (GC) is one of the most common malignant tumor
inefficient. The function of microRNAs (miRNAs) in tumorigenesis has attracted the attention from many scientists. During the
development of GC, miRNAs function in the regulation of different phenotypes, such as proliferation, apoptosis, invasion and
metastasis, drug sensitivity and resistance, and stem-cell-like properties. MiRNAs were evaluated for use in diagnostic and
prognostic predictions and exhibited considerable accuracy. Although many problems exist for the application of therapy, current
studies showed the antitumor effects of miRNAs. This paper reviews recent advances in miRNA mechanisms in the development of
GC and the potential use of miRNAs in the diagnosis and treatment of GC.
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mRNAs.ManymiRNAs contribute to cancer development,
Introduction
and the ectopic expression of miRNAs is associated with
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Gastric cancer (GC) is one of the most common malignant
tumors, with high morbidity and mortality worldwide.[1] It
produces a tremendous burden, especially in Asia, Latin
America, and central and eastern Europe.[2] GC is second in
incidence and mortality of all malignant tumors in China.
Approximately 498,000 Chinese people died from GC in
2015.[3-5] Gastrointestinal endoscopic screening reduces the
risk of death in Asian countries.[6] However, the economic
and medical burden for endoscopic screening is too high.[7]

Therefore, it is important and imperative to study and
understand the mechanism throughout the development of
GC and identify new efficient non-invasive methods for the
detection, prognostic prediction, and treatment.

MicroRNAs (miRNAs) are endogenous RNAs, approxi-
mately 22 nucleotides (nts), that play regulatory roles in
animals and plants. MiRNAs are an abundant class of gene
regulators in multi-cellular organisms that may affect the
expression of numerous protein-coding genes.[8,9] MiRNAs
directly bind to complementary sequences in the 30-
untranslated regions (30-UTR) of target mRNAs to regulate
degradation or translational repression of the target
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tumor initiation and progression, such as proliferation,
invasion, and other malignant phenotypes.[10,11] During the
past decade, studies found that miRNAs were unexpectedly
rich in information content with respect to cancer. Analysis
of microarray data showed that many miRNAs, long non-
coding RNAs (lncRNAs) and circular RNAs (circRNAs)
were detected during the process of malignant transforma-
tion of GC from normal tissues to atrophic gastritis and
tumorigenesis.[12,13] The differential expression pattern of
miRNAs in GC creates specific miRNA signatures that
characterize distinct histologic subtypes, cancer progression,
and patient prognosis.[14-16] The study ofmiRNAcharacter-
istics and their regulatory genes will help us better
understand the functions and mechanism of the develop-
ment of GC. The present review summarizes the recent
advances of the role and application of miRNAs in GC.

Roles of MiRNAs in the Development of Gastric Cancer
MiRNAs are involved in different cellular processes, like
metabolism, differentiation, development, and apoptosis.
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These miRNAs function as promoters or suppressors
depending on the character of the target mRNAs or genes.

miR-508-3p may activate the canonical NF-kB signaling
pathway in GC.[23] MiR-411 regulates the NF-kB signaling

Figure 1: Common signaling pathway with miRNAs involved in the different malignant phenotypes of gastric cancer. Akt: Protein kinase B; ALEX1: Arm protein lost in epithelial cancers on
chromosome X 1; Bmi-1: B-lymphoma moloney murine leukemia virus insertion region-1; CypB: Cyclophilin B; EGFR: Epidermal growth factor receptor; ERK: Extracellular signal-regulated
kinase; HER-2: Human epidermal growth factor receptor 2; IKK-b: IkB kinase-b; JAK: Janus kinase; MAPK: Mitogen-activated protein kinase; MEG2: Protein-tyrosine phosphatase
megakaryocyte 2; MEK: Mitogen-activated protein kinase; MST1: Mammalian sterile 20-like 1; NF-kB: Nuclear factor-kB; POU2F2: POU class 2 homeobox 2; PTEN: Phosphatase and tensin
homolog; RASSF8: Ras-association domain family 8; SLC34A2: Solute carrier 34 A2; SLIT2/ROBO1: Slit guidance ligand 2/a ligand of the roundabout 1; Smad4: Drosophila protein, mothers
against decapentaplegic homolog 4; STAT3: Signal transducer and activator of transcription 3; SUFU: Suppressor of fused homolog; TGF-b: Transforming growth factor-b; YAP1: YES-
associated protein 1; YES1: YES proto-oncogene 1.
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Specific expression profiles exist in normal and gastric
tumor tissues.[17,18] Previous studies showed that miRNAs
played a pivotal role in GC progression. MiRNAs function
as oncogenes or tumor-suppressive genes to regulate many
aspects of GC, such as proliferation, apoptosis, metastasis,
chemo-sensitivity and chemo-resistance, and the stemness
of cancer stem cells (CSCs) [Figure 1].

Proliferation
857
Several miRNAs may contribute to the proliferation of GC
via influencing the growth of cancer cells. Previously, miR-
21 was closely related to tumorigenesis. Zhang et al[19]

found that miR-21 was markedly over-expressed in human
GC tissues and cancer cell lines, and it repressed reversion-
inducing cysteine-rich protein with Kazal motifs (RECK)
expression, which resulted in the proliferation and
development of GC. Another frequently reported miRNA
related to GC cell proliferation is Let-7. The Let-7 miRNA
family works as a negative regulator of the target high
mobility group AT-hook 2 (HMGA2).[20] Hayashi et al[21]

showed that CagA induced the epigenetic silence of let-7
expression, which triggered the up-regulation of Ras
expression in Helicobacter pylori-related tumorigenesis of
GC. Li et al[22] also found that miR-503 played a negative
regulatory role in the proliferation of GC cells via the
targeting of the 30-UTR regions of HMGA2 mRNA. A
couple of miRNAs related to GC cell proliferation target
classic signaling pathways, such as the nuclear factor-kB
(NF-kB) pathway. For example, miR-508-3p directly
targets NF-kB1 and RELA (p65), and the inactivation of
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pathway via the targeting of SET domain containing 6.[24]

Recent studies showed that several miRNAs acted as onco-
miRs that were pro-proliferative factors in GC. Protein-
tyrosine phosphatase megakaryocyte 2 (MEG2), which is a
target of miR-181a-5p, suppressed the proliferation and
migration of tumor cells via the dephosphorylation of
epidermal growth factor receptor (EGFR) and human
epidermal growth factor receptor 2, and indirect inhibition
of EGF-induced signal transducer and activator of
transcription 3 (STAT3) activation.[25,26] Wu et al[27]

demonstrated that miR-17-5p may play a pro-proliferative
role in GC. It directly targeted suppressor of cytokine
signaling 6 and promoted the proliferation of GC cells.
MiR-92b also activated the phosphatidylinositol 3 kinase
(PI3K)/protein kinase B (AKT) signaling pathway. Ni et al
found that miR-92b played a supporting role by targeting
DOC-2/DAB2 interacting protein in GC cell prolifera-
tion.[28] Wang et al[29] showed that the up-regulation of
miR-664a-3p remarkably enhanced the proliferation and
invasion via the Hippo pathway in vitro and in vivo. MiR-
192 and miR-215 target adenomatous polyposis coli,
which is a well-known negative regulator of Wnt signaling
function during the tumorigenesis of colorectal cancer to
play an oncogenic in GC proliferation and migration.[30]

MiR-371a-3p is also a positive force in tumorigenesis via
the targeting of transducer of human epidermal growth
factor receptor 2, 1 (TOB1).[31] Myeloid-derived suppres-
sor cells, which are marked by the myeloid differentiation
factor Schlafen 4, showed increasing expression of miR-
130b, which stimulated epithelial cell proliferation,
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promoted the induction of metaplasia, and advanced
xenograft tumor growth.[32]

effect in this experiment. Knockdown of miR-17-5p/20a
promoted cancer cell apoptosis and resulted in cell cycle
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Researchers also found that miRNAs acted as tumor
suppressive genes in GC. Matsuo et al[33] reported that
miR-29c up-regulated regulator of chromosome conden-
sation 2 and suppressed the growth of GC cells, and miR-
29c antagomirs promoted proliferation. Another study
found that miR-29c was lost in the inception phase of
gastric tumorigenesis, and further experiments revealed
that miR-29c directly targeted integrin b1 to act as a tumor
suppressor.[34] MiR-203 over-expression and knockdown
of its target PIBF1 suppressed tumor cell proliferation, and
the knockdown ofmiR-203 promoted the growth of tumor
cells.[35] YES proto-oncogene 1 (YES1) activates the Wnt/
b-catenin pathway to promote cancer cell proliferation.
MiR-140-5p negatively regulates YES1 expression and
acts as a tumor suppressor in GC.[36,37] MiR-873 and
retinoic acid 6 worked in a similar manner to miR-140-5p
and YES1.[38]H. pylori infection induced interleukin-6 (IL-
6) to influence STAT3 activity and suppressed the
expression of miR-520d-5p. The inhibition of miR-
520d-5p expression promoted cyclophilin B expression
and caused activation of STAT3 and the Janus kinase
(JAK)/STAT pathway, which resulted in the proliferation
of GC cells.[39] Min et al[40] demonstrated that miR-30a
played a tumor-suppressive role via mediation of integrin
subunit a 2 in carcinogenesis. Jiang et al[41] showed that
miR-1254 inhibited the PI3K/AKT signaling pathway via
the targeting of Smurf1, which led to the suppression of
tumor cell proliferation, migration, and invasion.

LncRNA and circRNAs participate in the progression of
GC. An increasing number of researchers are paying
attention to the interaction between miRNAs and other
non-coding RNAs. LncRNA TRPM2-AS acts as a miRNA
sponge of miR-612. Silence of TRPM2-AS suppressed GC
cell proliferation, metastasis, and radio-resistance, and
ectopic expression showed an obvious opposite effect.[42]

CircRHOBTB3 acted as a sponge for miR-654-3p. Its over-
expression produced decreased proliferation, G/S arrest in
vitro and xenograft tumor growth inhibition in vivo.[43]

Apoptosis
858
Anomalous apoptosis is an important reason for cancer
occurrence, development, and therapeutic inefficiency.
Apoptosis-related genes or miRNAs are novel mechanisms
for the study of the development of cancers, and the
targeting of these molecules is a potential method for
cancer therapeutics.

Zhang et al[44] reported that B-cell lymphoma-2-like
protein 11 (BCL2L11) was an important factor mediating
apoptosis progress, and miR-24 directly binds to the 30-
UTR of BCL2L11mRNA to regulate its expression, which
enhances GC cell growth and migration and inhibits
apoptosis. Duan et al[45] recently found that regenerating
gene IV (RegIV) was associated with GC peritoneal
metastasis and 5-FU resistance, and it was a target of miR-
24. The ectopic expression of miR-24 triggered tumor cell
cycle blockade and apoptosis. Except for cancer cell
proliferation, miR-17-5p/20a also exerted a pro-apoptotic
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blockade.[46] MiR-1265 suppresses cell autophagy and
proliferation and increases apoptosis via the regulation of
calcium-binding protein 39 expression and the adenosine
monophosphate-activated protein kinase-mammalian tar-
get of rapamycin signaling pathway.[47] Early experiments
revealed that poor expression of miR-106b enhanced
apoptosis of GC cells via inhibition of the JAK1/STAT3
signaling pathway, and arm protein lost in epithelial
cancers on chromosome X 1 was a direct target of miR-
106b.[48] Low miR-135b expression targeted mammalian
sterile 20-like 1 to regulate the mitogen-activated protein
kinase signaling pathway, which resulted in apoptosis and
inhibition of cisplatin resistance of GC cells.[49] MiR-324-
3p over-expression contributed to the loss of drosophila
protein, mothers against decapentaplegic homolog 4 and
activated the Wnt/b-catenin signaling pathway, which
resulted in tumor cell growth and apoptosis inhibition.
MiR-19a-3p regulated the expression of pituitary homeo-
box 1, which targeted genes that were all relating to
apoptosis, induced apoptosis and suppressed growth in
GC cells.[50] The above references showed that miRNAs
target the main apoptotic genes or affect the signaling
transduction to regulate cancer cell apoptosis.

Invasion and Metastasis
The main reason cancers cause high mortality is because
the cells easily invade andmetastasize to adjacent tissues or
blood vessels. The mechanisms of invasion and metastasis
are not clear. Studies of the mechanisms of tumor invasion
and metastasis are urgent for early diagnosis. MiRNAs are
related to the invasion and metastasis of GC and may be
used as a tool for the detection and therapeutic targeting of
the metastasis of cancers.

Many recent studies found thatmiRNAsplayed apivotal role
in the metastasis of GC cells, which involved many signaling
pathways. The Wnt signaling pathway also produced a
marked effect.[51] Peng et al[52] determined that miR-194
targeted suppressor of fused homolog (SUFU), which is an
important negative regulator of Wnt and Hedgehog
signaling. The anti-SUFU siRNAs eliminated the suppression
of the antagonists and promoted tumor migration and
proliferation. MiR-29c-3p mediated an inner ear-specific
protein, cell migration inducing hyaluronan binding protein
(KIAA1199 or CEMIP), expression and activated the
fibroblast growth factor receptor 4/Wnt/b-catenin andEGFR
signaling pathways, which induced metastasis behavior.[53]

Kang et al[54,55] recognized thatmiR-15a andmiR-16-1 acted
as tumor suppressors that improved the metastasis and
proliferation of GC via the targeting of YES-associated
protein 1 and activation of the rapidly accelerates RAF/
mitogen-activated protein kinase (MEK)/extracellular signal-
regulated kinase (ERK) signaling pathway. Wang et al[56]

found that the tumor-suppressivemiRNAmiR-218 inhibited
metastasis via the POU class 2 homeobox 2-oriented
network, including simultaneously mediating multiple
molecules. The network also regulated the NF-kB and slit
guidance ligand 2/a ligand of the roundabout 1 signaling
pathways andmodulated themetastasis ofGCcells. The high
expression of miR-27a was closely related to the metastatic
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characteristic of thepatients’ clinical statistics.MiR-27aplays
a pro-metastatic effect via inhibition of the PH domain and

aggressiveness behavior.[73] LncRNA UCA1 is a competing
endogenous RNAofmiR-495 that up-regulates phosphatase
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leucine-rich repeat protein phosphatase 2 and activation of
the protein kinase B/glycogen synthase kinase 3 b (AKT/
GSK3b) pathway.[57]MiR-939 suppressed themigrationand
invasion phenotype and decreased the incidence of lung
metastasis in vivo via targeting of the solute carrier 34 A2
(SLC34A2) to inhibit the SLC34A2/Raf/MEK/ERK path-
way.[58]Many studies clearly indicated thedifferent targets of
miRNAs in tumor cells. Wu et al[59] found that miR-19a/b,
Max dimerization protein 1 and c-Myc created a positive
feedback loop that facilitated the malignant phenotype
metastasis. MiR-589 participated in an atypical miR-589-
leukemia inhibitory factor receptor-PI3K/AKT-c-Jun feed-
back loop as a facilitating factor, which induced tumor cell
metastasis and invasion.[60] MiR-647 suppressed GC cell
migration and invasion via the serum response factor/myosin
heavy chain 9 axis.[61] Down-regulation of miR-142-5p
directly promoted the expression of the cysteine-rich
angiogenic inducer 61 and promoted cell metastasis.[62]

The silencing of miR-34a also up-regulated insulin-like
growth factor 2 mRNA-binding protein 3 expression and
promoted metastasis.[63] Blockade of autophagy-mediated
glutaminolysis contributed toGCgrowthandmetastasis, and
Zhang et al[64] found that miR-133a-3p targeted gamma-
aminobutyric acid type A receptor-associated protein-like 1
(GABARAPL1) to trigger this process. He et al[65] found that
hypoxia-induciblemiR-224 acted as anoncogene to promote
the migration and invasion phenotype via targeting and
lowering Ras-association domain family 8 (RASSF8)
expression. Knockdown of RASSF8 promoted the transcrip-
tional activity of NF-kB and p65 translocation. Mousa
et al[66] showed thatmiR-4316 inhibited vascular endothelial
growth factor A (VEGF-A) expression and induced the
suppression of migration and colony formation in tumor cell
lines. b-Elemene extracted from Chinese herbal medicine
showed a good effect on the inhibition of metastasis in nude
mice. Deng et al[67] confirmed that b-elemene suppressed
miR-1323 and up-regulated casitas B lymphoma-b (Cbl-b)
expression to achieve these results.

Angiogenesis is critical for the progression of invasion and
metastasis. MiR-21 played an important role during tumor
angiogenesis via the targeting of RECK and regulation of
matrix metalloproteinases.[19] Ye et al[68] discovered that
the low expression of miR-7 activated p65-mediated
abnormal NF-kB expression and promoted metastasis,
which ultimately led to a poor prognosis. The delivery of
miR-7 in BALB/c mice produced therapeutic effects via the
inhibition of angiogenesis, lymph node metastases and
inflammation. Zhang et al[69] demonstrated that low miR-
29a/c expression promoted the release of VEGF in GC
cells, which enhanced vascular cell growth and angiogen-
esis. Exosomal miR-155 caused tumor angiogenesis via the
down-regulation of c-Myb and up-regulation VEGF, but it
also suppressed the expression of Forkhead box O3
protein.[70,71] MiR-23a derived from exosomes promoted
tumor angiogenesis via suppression of phosphatase and
tensin homolog (PTEN) expression.[72]

Interactionwithother non-codingRNAsalso affects invasion
behavior. LncRNA RGMB-AS1 functioned as a miR-574
sponge and up-regulated histone deacetylase 4 to promote
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of regenerating liver-3 expression to accelerate the develop-
ment of GC.[74] MiR-150-5p and its sponge circLMTK2
showedapositive effectonproliferationandmetastasis inGC
via the regulation of c-Myc expression.[75] The above studies
demonstrated the indispensable roles of miRNAs in the
process of migration, invasion, and metastasis of GC.

Drug Sensitivity and Drug Resistance
Chemotherapy is the standard therapy for advanced GC.
Chemotherapy is useful in the treatment of advanced
malignant tumor patients and extends their survival time.
However, multi-drug resistance generally leads to treat-
ment failure and a poor prognosis of patients. Drug
sensitivity and drug resistance are common in diverse
cancer cells, and many factors influence the drug response.
Commonly administered chemotherapeutic agents include
platinum drugs and 5-fluorouracil. The roles of miRNAs in
the modulation of chemo-sensitivity and chemo-resistance
have received increased attention.

MiRNAs have the capacity to affect drug sensitivity via
specific genes or signaling pathways. Wang et al[76] found
that cisplatin (DDP) and docetaxel (DOC) restored the
expression of miR-29 family members. Via suppression of
catenin-d and Ras homolog gene family member A (RhoA)
signaling, MiR-29 family members mediate a significant
part of the efficacious benefits of patients via suppression of
catenin-d and Ras homolog gene family member A (RhoA)
signaling, especially patients who experienced recurrence
after chemotherapy.MiR-148a-3p conferredmitochondrial
fission and suppressed cyto-protective autophagy by
enhancing cisplatin cytotoxicity in experiments.[77] Chen
et al[78] found a decreased concentration of miR-143-3p in
gastric tumor tissues, andmiR143-3p transgenic expression
in cell lines diminished proliferation and regenerated
chemosensitivity to cisplatin via the targeting of bromodo-
main-containing protein 2. Suppression of miR-633
expression significantly enhanced doxorubicin (DOX)/
DDP-induced GC cell apoptosis in vitro by increasing
Fas-associated protein with death domain protein levels,
and miR-633 antagomirs in combination with DOX
prominently decreased tumor growth and sensitized tumors
cells to chemotherapy.[79] A positive feedback loop played
an important role in the chemoresistance to oxaliplatin and
metastasisvia epithelial-mesenchymal transition (EMT)and
stemness-like properties. The over-expression of miR-577
suppressed SDPR expression and released a complex that
included serum deprivation protein response protein to
activate the ERK-NF-kB pathway, which up-regulated the
transcription of miR-577.[80] MiR-508-5p also influenced
multi-drug resistance. High expression of miR-508-5p
targeted P-glycoprotein and zinc ribbon domain-containing
1 and changed the chemo-resistant phenotype of tumor
cells.[81] Shao et al[82] found that a high level of miR-135b-
5p suppressed apoptosis and induced cisplatin resistance.
Zheng et al[83] demonstrated that E2F transcription factor 1
(E2F1) decreasedmiR-34c expression to promote resistance
to paclitaxel combinedwith cisplatin inGCcells. Liu et al[84]

created nanoparticles (NPs) that were stimulated by
gelatinase to co-transport miR-200c and docetaxel, and
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the results showed that the released miR-200c had a
significantly synergistic effect of docetaxel. Exosome-

Stemness of Cancer Stem Cells
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delivered anti-miRs also have chemo-sensitive and che-
mo-resistant functions. For example, miR-374a-5p over-
expression promoted a chemo-resistance characteristic of
GC cells, and miR-374a-5p knockdown had an opposite
effect. Exosome-delivered anti-miR-374a-5p promoted cell
apoptosis and reversed oxaliplatin resistance via enhancing
neurogenic differentiation 1 levels.[85] Wang et al[86] also
reported that exosome-mediated delivery of a miR-214
inhibitor reversed a DDP-resistant phenotype. They found
that gradually injecting exo-anti-214 in nude mice reduced
GC cell growth and restored sensitivity to DDP. Exosomal
transfer of the oncogenic miRNA miR-501 inhibited cell
death inducer expression, inactivated caspases-9/-3 and
induced phosphorylation of AKT, which led to a rapid
growth rate of tumors and resistance to DOX.[87]

Chemotherapy with fluorouracil is also widely used in the
clinic for GC treatment. Li et al[88] demonstrated that
treatment with 5-fluorouracil increased the expression of
miR-204 and inhibited the transforming growth factor-b
(TGF-b) pathway, and high miR-204 expression may
reverse the chemotherapy resistance via the targeting of
TGF-b receptors 1. Zhang et al[89] found that miR-567
exerted its chemo-sensitive function to 5-fluorouracil and
oxaliplatin in tumor cells primarily by a miR-567-
PIK3AP1-PI3K/AKT-c-Myc feedback loop. Another re-
port showed that miR-939 enhanced 5-fluorouracil-
induced chemo-sensitivity via inhibition of the
SLC34A2/Raf/MEK/ERK pathway, which was activated
in research studies.[58] For TNF-related apoptosis-inducing
ligand (TRAIL), which is a novel and low-toxic antitumor
drug, one study showed that GC miR-494 expression level
was associated with a TRAIL-sensitive phenotype. The
over-expression of miR-494 decreased survivin levels and
established an axis for a potential mechanism to promote
TRAIL-induced mitochondrial collapse and apoptosis
pathway.[90] Notably, Wei et al[91] found that a well-
known neurotransmitter related to stress, isoproterenol,
also led to chemo-resistance in GC cells, and transfection
with miR-373 inhibited the effects of isoproterenol on drug
sensitivity. Interestingly, different non-coding RNAs, such
as miRNAs, lncRNAs, and circRNAs, are critically
involved in GC drug-resistant phenotype development.[92]

Apatinib is a novel and highly selectively targeted agent of
anti-angiogenesis, and it showed great prospects as an
advanced GC patient treatment. The silencing of an
endogenous sponge for miR-3657, circRACGAP1, sup-
pressed apatinib-induced autophagy. MiR-3657 rescued
this effect, which may increase safety.[93] For example,
circAKT3, as a sponge for miR-198, increased predomi-
nant regulatory isoform of PI3K expression to confer DDP
resistance and suppress apoptosis of tumor cells.[94]

Similarly, there some cirRNAs contribute to DDP resis-
tance via interaction with miRNAs, such as circFN1 and
circPVT1.[95,96]

Treatments with these miRNAs may be a novel approach
to reverse drug resistance. The above research achieve-
ments are meaningful in the clinical application of drug-
resistant diagnosis and further chemotherapy drug
sensitization treatments, especially for advanced patients.
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CSCs are an important origin for cancer occurrence and
recurrence. CSCs are the origin of cancer and targeting
CSCsmay be of significant clinical value in the treatment of
GC. One miRNA may regulate CSCs via various target
genes and have an amplifying effect in the regulation of
CSC properties.

CD44 is a CSC marker. Mounting evidence shows that the
ectopic expression of CD44 also influences the stemness of
cancer cells.[97] MiR-34a, a key regulator of tumor
suppression, decreases CD44 level.[98,99] Jang et al[100]

designed nanovesicles containing poly L-lysine-graft-
imidazole (PLI)/miR, PLI-condensing miRs, and found
that the application of this PLI/miR-34a-containing
nanovesicle to nude mice suppressed the expression of
CD44. They further found that in CD44-positive tumor-
bearing mouse models, this PLI/miR-34a-containing nano-
vesicle also significantly delayed tumor growth in CD44-
positive tumor-bearing mouse models. MiR-200c NPs and
miR-200c/DOC NPs also negatively regulated CD44
expression and elevated E-cadherin levels and were further
reported to inhibit CSC stemness and reverse EMT.[84]

Similarly, Li et al[101] also found that miR-149 expression
was markedly down-regulated in cancer-associated fibro-
blasts, which promoted stem-like properties and EMT of
tumor cells. B-lymphoma Moloney murine leukemia virus
insertion region-1 (Bmi-1), another known stem cell
marker, regulated stemness phenotype in various CSCs.
Wang et al[102] found that miR-34a regulated stem cell-like
properties in GC via the regulation of p53 and PTEN-AKT
signaling through the c-Myc/Bmi-1/miR-21 pathway.

MiR-21 was also up-regulated by chromobox protein
homolog 7 and maintained the stem cell-like features of
GC.[103] MiR-26a targeted homeobox transcription factors
C9 (HOXC9) promoted the stemness phenotype and
metastasis of tumor cells.[104] Some classic signaling
pathways are also regulated by miRNAs. For example,
miR-501-5p directly targeted and inhibited several repress-
ors of the Wnt/b-catenin signaling cascade to enhance a
stem-cell-like phenotype.[105] In Drosha-silenced or Drosha
low-expressing GC cells, miR-6778-5p up-regulated serine
hydroxymethyl transferase 1 to mediate a compensatory
activation of cytoplasmic carbon metabolism, which was
essential for the maintenance of CSCs in GC.[106] IL-1
signaling up-regulated the expression of miR-135b, pro-
moted stem-cell characteristics and the invasiveness of
tumor cells via decreasing of RECK and forkhead box N3
(FOXN3) mRNAs.[107] Because CSCs that endow malig-
nant phenotypes to normal cancer cells are regarded as the
initiation of cancer, miRNAs in the regulation of CSCs also
regulate other malignant phenotypes, such as growth,
metastasis, and chemo-resistance, even in precancerous
lesions. For example, the miRNA-17-92 cluster includes
seven members: miR-17-5p, miR-17-3p, miR-18a, miR-
19a, miR-19b, miR-20a, and miR-92a. Wu et al[108]

reported that the over-expression of miR-17-92 cluster
members (miR-92a,miR-20a, andmiR-19b)maintained the
self-renewal ability of gastric CSCs and promoted prolifer-
ation of tumor cells, perhaps via the targeting of E2F1 and
homeodomain-interactingproteinkinase1and inhibitionof
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the Wnt/b-catenin signaling pathway. The same group
found that a member of the miR-17-92 cluster, miR-17-5p,

Four miRNAs (miR-138, miR-196a, miR-150, and miR-
155) were specifically over-expressed and two miRNAs

Chinese Medical Journal 2020;133(15) www.cmj.org
promoted proliferation and miR-19a/b promoted metasta-
sis in vitro and in vivo.[27,59] They also found that another
member of this cluster, miR-92a-1-5p, influenced the
formation of gastric intestinal metaplasia via the targeting
of Forkhead box D1 and regulation of the NF-kB/caudal-
type homeobox 2 axis.[109] LncRNA HCP5 from mesen-
chymal stem cells enhanced the characteristics of stem cells
and induced chemo-resistance. It sequestered miR-3619-5p
and increased peroxisomal proliferating-activated receptor
gamma co-activator 1 alpha expression, which enhanced
fatty acid oxidation in GC cells.[110]

Precancerous Inflammatory Lesions
861
Inflammation in the stomach caused by H. pylori is a
significant risk factor for the occurrence and development
of GC. Abundant miRNAs are reported as significant tools
and markers in cancer and gastric inflammation, such as
miR-21, miR-143, miR-145, andmiR-155. These miRNAs
play roles in cell cycle growth or tumor invasion. For
example, high miR-15 expression down-regulated the
expression of some genes that are involved in a defective
DNA mismatch repair system, which leads to gastric
pathologies.[111] NF-kB played an essential role in the
process from H. pylori-mediated inflammation to cancer,
such as combination with the miR-223-3p promoter.
H. pylori infection activated miR-7 via NF-kB signaling,
regulation of RELA expression via direct and indirect
signaling, which regulated the process of gastric carcino-
genesis.[112] CagA-induced MiR-223-3p directly targeted
AT-rich interactive domain 1A to play a role in cell
proliferation andmigration,whichprovided an explanation
of carcinogenesis.[113] Li et al[114] reported that IL-17A was
related toH. pylori infection in the gastric mucosa. IL-17A-
induced miR-146a regulated the inflammatory response via
NF-kB during the H. pylori-induced inflammation. An
inflammasome is forms via activation of the innate immune
signaling complex when bacterial infections occur.[115]

NOD-like receptor protein 3 (NLRP3) is an essential
component of the inflammasome, and it accelerated the
proliferation of epithelial cells and induced gastric carcino-
genesis. Li et al[116] demonstrated that H. pylori infection
inhibited miR-22 expression, which resulted in NLRP3 up-
regulation and represented oncogenic effects. Hsa-miR-
223-3p and cytokine IL-10 work in tandem to control
NLRP3 expression.[117] MiR-3178 targeted TNF receptor-
associated factor 3, which activated NF-kB and alleviated
inflammation and gastric carcinogenesis.[118] The effect of
H. pylori-induced inflammation on the occurrence of GC
may be further elucidated via the identification of the
miRNAs mechanism of action.

Roles of MiRNAs in the Clinical Application of Gastric
Cancer

Diagnostic prediction

Multiple miRNA expression signatures in tissues may
contain many information for GC diagnosis. For example,
the differential expression of miRNAs in cancer tissues
may be used as a representation of different types of GC.
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(miR-7 and miR-153) were decreased in the tissues of
gastric mucosa-associated lymphoid tissue (MALT) lym-
phomas patients.[119] Another study in Japan showed that
eight miRNAs (miR-145, miR-133a, miR-125b, miR-99a,
miR-105, miR-143, miR-199a, and miR-100) were over-
expressed in diffuse-type GC, and four miRNAs (miR-202,
miR-494, miR-373, and miR-498) were over-expressed in
intestinal-type lesions.[14] Studies also showed the outcome
prediction value of miRNA expression signatures. Li
et al[120] identified a seven-miRNA signature in paraffin-
embedded GC tissues, the miR-30a-5p, miR-21, miR-126,
miR-338, let-7a, miR-10b, and miR-223 expression
signature may be used as a predictor for overall survival
(hazard ratio [HR] = 3.046) and relapse-free survival
(HR = 3.337) of tumor patients.

The 5-year survival rate of GC is poor, and greater than
80% of patients are diagnosed at an advanced stage rather
than an early stage. Most patients with GC are symptom-
less or present atypical symptoms at the early stage.
Therefore, early detection is important and imperative.
MiRNAsmay serve as a useful tool for the earlier detection
of GC. For example, the increased expression of miR-200
family members was associated with early GC (stage IA) in
patients.[121] Serum levels of miR-25 improved GC
screening with a sensitivity and specificity of 67.3% to
69.4% and 80.4% to 81.0%, respectively.[122] Zhu
et al[123] demonstrated that some miRNAs (miR-425-5p,
miR-1180-3p, miR-122-5p, miR-24-3p, and miR-4632-
5p) in circulating plasma discriminated early stage patients
from atrophic gastritis patients.

With the growing number of patients with GC, the lack of
non-invasive detection methods for early diagnosis is one
of the biggest problems in China. Non-invasive body fluid
tests for the detection of cancers are a satisfactory method.
However, the present serum tumor biomarkers for GC,
such as carcinoembryonic antigen, have a low positive
rate.[124] MiRNAs are small and relatively stable in blood,
which is easier for testing. Therefore, the detection of
circulating tumor-specific miRNAs has become a novel
method for the diagnosis and prognosis of tumors.
Different miRNAs were found and detected in the blood
of patients with carcinoma of the stomach, and some of
these markers may be used for further diagnosis and
prediction of prognosis.[3] Shin et al[125] recognized a
three-miRNA signature (miR-652, miR-629, and miR-
627) as a promising classifier for GC using microarray
screening. They tested the signature in patient plasma
samples and got a sensitivity of 86.7% and specificity of
85.5%. Huang et al[126] also identified a six-miRNA panel
in serum, and the area under the receiver-operating
characteristic curve was 0.702 in the validation phases.

Except for tissue and blood, detectingmiRNA expression in
other fluids, such as gastric juice and urine, may also be a
usefulmethod fordiagnosis.MiR-21andmiR-106a levels in
gastric juice were obviously different in patients with GC
compared to thosewith benign gastric diseases. The value of
the area under the receiver-operating characteristic curve
was up to 0.969 and 0.871, respectively.[127] A meta-
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analysis revealed that the testing of gastric juice miRNAs
was reliable and reproducible and may become a new

for solid tumors, over half of the patients experience a
relapse or general metastasis.[10] Therefore, non-operative
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biologic marker for the screening of gastric carcinoma.[128]

MiR-6807-5p and miR-6856-5p expression in urine was
higher in patients withGC, their expression levels decreased
after curative resection, which supports their use as novel
biomarkers for diagnosis.[129]

Prognostic prediction
Except for diagnostic prediction, miRNAs also have
prognostic evaluation value in GC. For example, the
expression of miR-200 family members provided superior
predictive power for overall survival compared to single
indicators.[121] Ueda et al[130] verified that low expression of
let-7g (HR= 2.600) and miR-433 (HR= 2.100) and high
expression of miR-214 (HR= 2.400) were related to poor
outcome in patients with GC.[14] The expression of miR-153
in tumor tissues was associated with worse overall survival
(HR= 0.253) and disease-free survival (HR= 0.228) in
patients with GC. Guo et al[131] found that high hsa-mir-
3923 expression in patients with GCmay be an independent
prognosis element for poor survival. Chen et al developed a
prognostic model that included six miRNAs (miRNA-549,
miRNA-100, miRNA-653, miRNA-374a, miRNA-668, and
miRNA-509-3). This miRNA signature differentiated be-
tween high- and low-risk patients (HR= 1.699) and forecast
3- and5-year survival.[132]MiR-1236-3p expression in tumor
tissues was significantly declined, which was an independent
prognostic factor for overall survival in patientswithGC.[133]

MiRNA expression in blood samples may also be used for
prognostic prediction. Multivariate analysis showed that
low miR-203 levels and high miR-25 levels in serum
independently forecast metastasis and poor prognosis for
patients with GC.[122,134] Hou et al[135] confirmed that low
serum miRNA-206 expression may be used for diagnosis
and to predict the recurrence of gastric carcinoma and
patients’ prognosis. Liu et al[136] found that 7 miRNAs
(miR-125b, let-7e, miR-222, miR-148a, miR-21, miR-26a,
and miR-126) in plasma predicted the recurrence and
prognosis of GC independently or in combination with a
pathologic factors index (HR = 1.839 of seven miRNAs
and HR= 3.379 of the combination in validation set).
Further study showed that patients with stages II and III
GC benefited from the prognostic prediction. Nishibeppu
et al[137] reported that high levels of miR-1229-3p in
plasma were an independent predictor of poor prognosis
for recurrence-free survival in GC (HR = 3.710).

Previously publishedwork provided information on specific
miRNA expression, and a ton of data demonstrated that
thesemiRNAs exhibiteddecent sensitivity and specificity for
the diagnosis and prognosis prediction of GC. Although
more independent extensive groups or cohorts are needed to
verify the conclusions of previous studies,miRNAsmaybe a
group of new, non-invasive biomarkers with ample
accuracy for GC diagnostic and prognostic analyses.

Cancer treatment
862
The treatment for GC includes operative and non-
operative treatments. Although surgery is conventional
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treatments are indispensable. The clinical use of miRNAs
as a treatment for GC remains in the experimental phase in
helping to enhance chemo-sensitivity or chemotherapy
response. An ongoing clinical trial focused on the discovery
and validation of miRNAs in predicting the effect of
chemotherapy response in patients with GC. These
researchers tried to combine biologic biomarkers and
clinical factors to establish a prediction model for
promoting the response of chemotherapy in GC (data
from https://clinicaltrials.gov).

Except for being chemo-sensitive or chemo-resistant, miR-
NAs may also be used to enhance therapeutic efficacy in
cancers. MiRNA-based drugs may have bright application
prospects. Some miRNAs are being tested as an miRNA-
based cancer therapy in clinical trials. A clinical trial of
MRX34 (Mirna Therapeutics, Austin, Texas, USA) con-
structed a miR-34 mimetic to re-express miR-34 in cancer
cells. The experimentwas performed inpatientswith primary
liver cancer or liver metastases in a phase I clinical trial
protocol.[138,139] In apre-clinical study fornon-small cell lung
cancer, MRX34 treatment had marked effects in decreasing
the expression of the checkpoint signal PD-L1 and enhancing
the expression of CD8(+) cells in cancer tissues.[140] MRX34
showed some curative effect in this experiment, but this
clinical trial was stopped in 2016 because of the various and
severe immune side effects in patients.[141]

It is obvious that the safety and efficiency of miRNA-based
drugs remain a problem. More studies are required to
focus on the use of miRNAs in laboratory-to-clinical
transformation.

Prospect
As one of themost commonmalignant tumors inChina,GC
causes a high mortality rate annually. Recent research of
miRNAs and cancers has drawn great attention from
scientists, and many researchers examined the relationship
between miRNAs and GC from laboratory to clinical
applications. Numerous miRNAs were found and their
functions, properties and signaling pathways were studied.
However, it is important to study the interaction networks
between miRNAs and investigate whether these molecules
work synergistically or counteract each other. Problems still
exist. The results of these studies are not consistent, and
various miRNAs exhibited conflicting results of expression
in different cohorts.[11] The expressions of miRNAs are the
characteristic of heterogeneity in different studies, especially
circulating miRNAs.[142,143] Even if specific miRNAs
correlate with tumorigenesis and have diagnostic or
prognostic values, most of the studies were case control
studies with small sample sizes. Further investigation with
large-scale validation is needed. Problems occurred during
clinical transformation, and abundant evidence is needed
beforemiRNAsmaybe adopted to treat peoplewith cancer.
Additionally, there are few large-scale investigations on the
safety and efficacy of miRNA-based drugs.

The development of cancer is a multi-gene and multi-step
continuous dynamic process, and we still have a long way
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to go. Fortunately, recent studies showed the broad
prospects of miRNAs. The relatively stable property of

6. Zhang X, Li M, Chen S, Hu J, Guo Q, Liu R, et al. Endoscopic
screening in Asian countries is associated with reduced gastric
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miRNAs in the circulation makes them suitable for use as
circulating biomarkers in cancer diagnostic and prognostic
analysis. Furthermore, the acquisition of a miRNA
signature compared to a single miRNA is more likely to
provide useful information for clinical use on the
individual-based management of diseases. Elucidation of
the functions and relationships between these miRNAs and
their target genes will increase the prospect for the effective
therapeutic method for patients with GC. To achieve this
goal, the optimization of laboratory techniques and
experiment flow is necessary. Up until the present moment,
the effect of miRNA application in the early diagnosis and
risk stratification of precancerous lesions of GC is not
clear. The application of miRNAs from laboratory to
clinical transformation in therapeutics remains a big
problem, but these molecules may be a promising research
direction.

Conclusions
Abundant research supports that miRNAs provide a novel
understanding in the occurrence and development of GC.
MiRNAs may function to target mRNAs for regulation
and interaction with other non-coding RNAs. The
characteristics of miRNAs, like presence in accessible
body fluids, make miRNAs promising biomarkers and
potential targets for therapeutic interventions. Although
converting research of basic medicine to clinical practice
remains a huge challenge, experimental results offer hope
for further research.
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