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Abstract. Gastric cancer (GC) is a prevalent digestive system 
malignancy that is associated with a poor prognosis specifi-
cally for advanced‑stage patients. MicroRNAs  (miRNAs) 
are small, non‑coding RNAs that have been reported to play 
roles as oncogenes or tumour suppressors in all types of 
cancer, including GC, by post‑transcriptionally regulating 
cancer‑related genes. Recently, miR‑34a and miR‑34b/c, 
members of the microRNA‑34 (miR‑34) family, were identi-
fied to be direct transcriptional targets of the onco‑suppressor 
p53. In this review, we report that miR‑34 is epigenetically 
downregulated or silenced in GC tissues and cell lines, changes 
which may result from mutations in p53 or DNA methylation 
and histone modifications of the miR‑34 promoter regions. 
Moreover, miR‑34 has been identified as a tumour‑suppressor 
in GC. p53‑induced miR‑34 regulates several different 
target genes and signalling pathways, inducing apoptosis, 
senescence, and cell cycle arrest and repressing GC  cell 
proliferation, migration and metastasis, thus contributing to 
the suppression of carcinogenesis and GC cancer progression. 
Furthermore, miR‑34 is a novel prognostic and predictive 
biomarker in GC, and restoring miR‑34 expression by deliv-
ering miR‑34 mimics may be a promising therapeutic strategy 
for the treatment of GC.
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1. Introduction

Gastric cancer (GC) is the fourth most common malignancy 
in humans and the second leading cause of cancer‑related 
death worldwide, with approximately one million new cases 
each year (1). Chronic infection with Helicobacter pylori is 
a major risk factor for the initiation and progression of GC, 
with approximately  90% of non‑cardia GC attributed to 
infection with this bacterium (2,3). At present, early diagnosis 
of GC patients is extremely difficult, and the prognosis for 
advanced‑stage patients remains extremely poor, with a 5‑year 
survival rate of only ~24% (2). Thus, the identification of novel 
biomarkers and an improved understanding of the mechanisms 
underlying GC carcinogenesis, progression, and metastasis are 
of utmost importance.

MicroRNAs (miRNAs) are endogenous RNAs with a 
length of ~22 nucleotides, which are key post‑transcriptional 
regulators of gene expression  (4). In general, these small 
non‑coding RNAs bind to 3'‑untranslated regions (UTRs) on 
their target messenger RNAs (mRNAs), typically resulting 
in repressed gene expression (5). Increasing evidence indi-
cates that miRNAs are involved in many crucial biological 
processes, including cell proliferation, invasion, migration, 
differentiation, and apoptosis, as well as tumour metastasis 
and angiogenesis (4,5). In addition, miRNAs are known to 
play significant roles in all types of cancers, including GC, 
and they also function as oncogenes or tumour suppressors 
by post‑transcriptionally regulating cancer‑related genes (6). 
Recently, microRNA‑34 (miR‑34) family members, including 
miR‑34a and miR‑34b/c, have been identified as direct tran-
scriptional targets of the onco‑suppressor p53, the expression 
levels of which are significantly influenced by DNA damage 
and oncogenic stress (7). In various human cancers, including 
GC, the expression of miR‑34 family members is epigeneti-
cally silenced. Moreover, p53‑induced miR‑34 promotes cell 
apoptosis and senescence, induces cell cycle arrest, represses 
cancer cell invasion and metastasis, and inhibits epithe-
lial‑mesenchymal transition to inhibit carcinogenesis and 
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cancer development (4). Successful cancer treatments should 
not only be aimed at targeting proliferating cancer cells but 
also resting cancer stem cells (CSCs) (8,9). Given its essential 
role in the self‑renewal and differentiation of CSCs, miR‑34a 
may represent a promising therapeutic target against CSCs 
in GC (10). Here, we review the biogenesis and epigenetic 
dysregulation of miR‑34 in human GC, and summarize veri-
fied miR‑34 target genes in GC. This review also discusses the 
potential clinical value of miR‑34 as a novel prognostic and 
predictive biomarker, as well as its potential use as a thera-
peutic target for the treatment of GC.

2. Biogenesis and structure of the miR‑34 family

The miR‑34 family consists of three homologous miRNAs 
(miR‑34a and miR‑34b/c) that are encoded by two distinct 
genomic loci located on chromosomes 1p36 and 11q23, respec-
tively (Fig. 1)  (11‑13). First, miR‑34 genes are transcribed 
as primary transcripts (pri‑miR‑34) from the transcription 
start site in the nucleus by RNA polymerase II/III. Next, the 
pri‑miR‑34 is polyadenylated and capped with 7‑methylguano-
sine. The pri‑miR‑34 is then cleaved into precursor miR‑34 
(pre‑miR‑34) by DGCR8 (DiGeorge syndrome critical region 
gene 8), and the pre‑miR‑34 is finally transported to the cyto-
plasm to create a miR‑34 duplex, which contains the mature 
miR‑34 mediating post‑transcriptional gene silencing by 
partially binding to the 3'‑UTR of target message RNAs (14).

Animal studies have demonstrated that miR‑34a is ubiq-
uitously expressed and that the highest levels are found in the 
brain, whereas the highest levels of miR‑34b/c expression are 
found in the lungs, with lower levels in the brain and testis (7). 
Expression of miR‑34b/c in other tissues is scarce or unde-
tectable (7). miR‑34c is also abundantly expressed in human 
sperm and testis, but it is absent in human ovaries (15). Thus, 
these findings suggest that these three miR‑34 isoforms may 
have tissue‑specific functions. Interestingly, miR‑34a and 
miR‑34c have identical seed sequences (nucleotides 2‑7 from 
the 5'‑UTR), whereas the miR‑34b seed sequence is similar, 
but not identical (Table I) (16), indicating that miR‑34a and 
miR‑34c may share similar mRNA targets. miR‑34 isoforms 
use their seed sequences to recognize the 3'‑UTRs of their 
target mRNAs by incomplete base pairing, inducing mRNA 
destabilization or translational repression of target genes.

3. miR‑34 joins the p53 tumour‑suppressor network

p53, which serves as a tumour‑suppressor gene, has been 
implicated in many malignancies in humans (17,18). In 2007, 
several studies have identified miR‑34a and miR‑34b/c as direct 
p53 target genes that regulate cell proliferation and induce 
apoptosis (7,13,19,20). Upstream regions of miR‑34 family 
genes house one or more predicted p53 binding sites, and p53 
directly binds to those response elements, transactivating the 
expression of miR‑34 (7,13). Yamakuchi et al demonstrated that 
restoration of miR‑34a decreased the level of silent informa-
tion regulator 1 (SIRT1) that inactivates p53 by deacetylation, 
leading to an increase in acetylated p53 levels and expression 
of p21 and PUMA, which are post‑transcriptional targets of 
p53 that regulate the cell cycle and apoptosis, respectively (21). 
Additionally, other studies have described a positive feedback 

loop between p53 and miR‑34a, such as a miR‑34a/MDM4/p53 
loop and a miR‑34a/MYC/p53 loop, in which p53 activates 
miR‑34a expression and miR‑34a in turn increases the activity 
of p53, thereby inducing a series of cellular processes associ-
ated with tumour suppression and apoptosis (22,23). Notably, 
Christoffersen et al showed that oncogene‑induced senescence 
strongly upregulated miR‑34a in a p53‑independent manner, 
which indicates that alternative cancer‑related pathways 
regulate miR‑34a, emphasizing its significance as a tumour 
suppressor (24).

4. Function of miR‑34 and its target genes in gastric cancer

miR‑34 has been deemed to possess tumour‑suppressive 
properties in light of its synergistic effect with the well‑known 
tumour suppressor p53 (25). In previous studies, it has been 
reported that restoration of miR‑34a expression induces 
pro‑apoptotic functions in various cancer cell lines, whereas 
inactivation of endogenous miR‑34a protects wild‑type 
p53‑expressing cells from DNA damage‑induced cell 
death (20,26,27). Ectopic expression of miR‑34 has also been 
shown to induce cell cycle arrest in various cancer cell lines 
by suppressing cyclins D1 and E2, cyclin‑dependent kinase 4 
(CDK4) and CDK6 (13,28). Indeed, miR‑34 has been shown 
to promote the processes that inhibit carcinogenesis, such as 
apoptosis and senescence, and to inhibit cancer progression 
via cell cycle arrest and suppression of proliferation, invasion 
and metastasis (26‑29).

miR‑34 is recognized as a tumour suppressor, and general-
ized silencing of miR‑34 results in abnormally high expression 
of oncogenic targets in tumours (30,31). Consequently, miR‑34 
target genes have commonly been found to be overexpressed 
in GC. By microarray analysis, Zhou et al identified IGF2BP3, 
a target of miR‑34a, as the highest upregulated gene in nine 
GC cell lines (32).Notably, some distinctions exist with regard 
to their respective target genes: miR‑34b targets Notch2 and 
Notch4, whereas miR‑34c targets Notch1‑4 (10,33).

As a vital component of the p53 suppressor network, 
miR‑34 has been well documented to regulate multiple 
apoptosis‑related genes in GC (34,35). As shown in Table II, 
miR‑34a promotes GC cell apoptosis by negatively modulating 
survivin, Bcl‑2, and Tigf2. Among these target genes, Bcl‑2, 
along with its family members, is believed to be a central 
regulator of apoptosis (10). miR‑34 has also been shown to be 
regulated by p53 during the suppression of tumour cell prolif-
eration. It has previously been reported that miR‑34a negatively 
modulates survivin in GC cells and that survivin expression in 
tumours correlates with the proliferation of cancer cells (36). 
Although SIRT1 dysregulation by miR‑34a in GC cells has 
been demonstrated to be responsible for inhibiting prolifera-
tion and promoting apoptosis, SIRT1 has been shown to act as 
a tumour suppressor in intestinal carcinogenesis (37).

The miR‑34a/CD44 axis is thought to affect the metastatic 
ability of GC cells by regulating the cellular cytoskeleton‑
associated protein Ras homolog family member A (RhoA), 
LIM domain kinase‑1 (LIMK‑1), and matrix metallopro-
teinase (MMP)‑2 (38). Interestingly, it has been shown that 
simultaneous overexpression of MET and PDGFR results in a 
stronger inhibitory effect of the suppressive action of miR‑34a 
on GC cell migration, invasion, and proliferation than when 
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either target is overexpressed alone (39). Moreover, CD44 is 
a significant marker of cancer stem cells (CSCs), including 
gastric CSCs  (40). In recent years, the ability of tumour 
sphere formation of GC cells, which generally represents 
the self‑renewal and differentiation potential of CSC, has 
been documented to be correlated with miR‑34a‑mediated 
suppression through direct modulation of the downstream 
targets CD44, Bcl‑2, Notch, HMGA2, Nanog, Oct4, SOX‑2 and 
YY1 (16,33). Although most information concerning the role 
of miRNA‑34a in CSC generation or differentiation has been 
obtained only from studies in cell culture models, miR‑34a 
may also represent a promising therapeutic target against 
CSCs in GC.

Almost all the published reports have confirmed a tumour‑
suppressive function of miR‑34a in GC. However, there are 
some reports that demonstrated an adverse function of miR‑34a 
in other cancers. Pu et al reported that transfection with the 
miR‑34a mimic made osteosarcoma G‑292 cells multi‑chemo-
resistant, with resistance against cisplatin increasing 1.66‑fold, 
mainly through the downregulation of the Delta like ligand 1 
(DLL1) gene, the ligand of the Notch pathway (41). Moreover, 
Krause et al demonstrated an oncogenic role for miR‑34a as 
it promoted genomic instability, tumourigenesis and tumour 
progression by regulating the Kaposi's sarcoma‑associated 
herpesvirus (KSHV)‑encoded chemokine receptor 
vGPCR  (42). Additionally, in an early study, the authors 

reported that the knockdown of miRNA‑34a with siRNA 
significantly inhibited the proliferation of renal carcinoma, 
HeLa and MCF7 cells, which indicated that the overexpression 
of miR‑34a may be an acquired trait during carcinogenesis but 
warrants further investigation (43). In a word, to clarify the 
tumour‑suppressive and oncogenic roles in versatile cancers 
requires more mechanistic and detailed studies.

5. Expression of miR‑34 in gastric cancer

Aberrant expression of miR‑34. Since the first report of loss 
of expression in glioblastoma (11), miR‑34a and miR‑34b/c 
have been found to be aberrantly expressed in various human 
cancers, including GC (56). Indeed, miR‑34 has been shown to 
be downregulated in most GC tissues compared with normal 
mucosa (Table  III). Hui et  al evaluated the expression of 
miR‑34a in 76 GC tissues and corresponding adjacent normal 
tissues by quantitative real‑time polymerase chain reac-
tion (qPCR), and they showed that miR‑34a expression was 
decreased in GC tissues and that downregulation of miR‑34a 
expression correlated significantly with the Lauren classi-
fication of GC (57). In addition, Kim et al analysed 90 GC 
tissues and 34 normal samples and identified a miRNA profile 
signature distinguishing GC from normal stomach epithelium, 
indicating that the expression of miR‑34b in GC tissue was 
downregulated to 0.64 compared with normal tissue  (58). 

Figure 1. Structure and biogenesis of the miR‑34 family. miR‑34a is encoded by an individual transcript, and the gene is located at the chromosome 1p36 
locus (11). In contrast, miR‑34b and miR‑34c share a common host gene located on chromosome 11q23 (12). The mature miR‑34a sequence is located within 
the second exon of its host gene, approximately 30 kb downstream of the first exon, and the proximal region of the first exon houses a predicted p53 binding site. 
miR‑34b‑ and miR‑34c‑encoding sequences are located within intron 1 and exon 2, respectively, of the same precursor (miR‑34b/c), and the proximal regions of 
their transcriptional start site houses a consensus p53‑binding site (7,13). These p53‑binding sites are evolutionarily conserved and consistent with the general 
characteristics of p53‑regulated protein‑coding targets. First, the miR‑34 gene is transcribed by RNA polymerase II/III, thereby generating a primary miR‑34 
(pri‑miR‑34) that then undergoes nuclear cleavage to form precursor miR‑34 (pre‑miR‑34) by the microprocessor complex of Drosha and DGCR8. Finally, 
pre‑miR‑34 is cleaved by RNase Dicer in the cytoplasm to create a miR‑34 duplex, which contains the mature miR‑34 that assembles into the miRNA‑induced 
silencing complex (miRISC) with Argonaute, while the other is supposedly degraded.
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Likewise, Wang et al demonstrated that the expression of 
miR‑34a and miR‑34c, but not miR‑34b, was lower in GC than 
that in adjacent normal tissue (33).

In human GC cell lines, expression of the miR‑34 family 
has been extensively investigated (Table IV). For example, by 
qPCR, Hui et al discovered that a panel of GC cell lines, such as 
NCI‑N87, AGS, MKN‑45, MKN‑28, BGC‑823 and SGC7901, 
all expressed significantly lower levels of miR‑34a than the 
immortalized normal human gastric epithelial cell line GES‑1, 
indicating that decreased miR‑34a expression may be related 
to GC oncogenesis (57). In addition, Suzuki et al found that 
miR‑34b/c expression was downregulated in a larger panel of 
GC cell lines (59).

Of note, miR‑34 expression was also explored using the 
TCGA (The Cancer Genome Atlas) database in previous 
studies. For example, Wei et al investigated miR‑34a expres-
sion in an independent cohort (n=352 GC specimens) from 
the TCGA database (50). The results revealed lower levels 
of miR‑34a expression in GC tissues and significantly lower 
levels of miR‑34a expression in T3 and T4  tumour stages 
compared with T1, and low levels of miR‑34a predicted longer 
survival rates in patients with GC (50).

However, as shown in Table III, miR‑34a and miR‑34b/c 
were upregulated in GC tissues in all three studies conducted 
in Japan and some conducted in China. The lack of agreement 
between different studies with respect to miR‑34 expres-
sion can be explained by a variety of factors, some of which 
are discussed below. First, different studies used different 
reagents and analytical approaches. Second, the inclusion of 
a small number of cancer samples may affect the reliability 
of the miR‑34 expression level measurements. Moreover, 
studies reporting upregulated expression of miR‑34 generally 
profiled a large number of miRNAs in human GC tissues, an 
approach that may lack sensitivity, specificity and reliability. 
Significantly, miR‑34 expression levels in GC tissues obtained 
from GC patients without distant metastases, as opposed to 
those obtained from patients with higher clinical TNM stages 
and with poor tumour differentiation, were demonstrated to 
be different. In addition, prior administration of any type of 
targeted therapy, radiotherapy, chemotherapy, and/or interven-
tion for GC may also affect miR‑34 expression levels in GC 
tissues. Moreover, living conditions (rural or urban), social 
status, and lifestyle behaviour, such as cigarette smoking and 

alcohol consumption, are also associated with miR‑34 expres-
sion patterns in GC (60). The inconsistency in the methods 
employed in the mentioned reports requires additional anal-
yses to draw a reliable conclusion that is applicable for cancer 
diagnosis and treatment.

Mechanisms of miR‑34 inactivation. In previous studies, the 
expression of miR‑34a and miR‑34b/c was commonly lost 
or downregulated in many types of cancerous tissues and 
cancer cell lines, including GC. However, the correlation of 
downregulated miR‑34 with GC and its precise role during 
carcinogenesis and cancer progression are still unclear. 
Therefore, identifying the underlying mechanisms involved 
in the downregulated expression of miR‑34 is of the utmost 
importance.

As miR‑34 is directly transactivated by tumour suppressor 
p53, missense mutations in the p53 gene and genomic altera-
tions of the p53 binding site may result in the downregulation 
of miR‑34 expression  (70). In this regard, Hanazono et al 
reported that a p53 gene mutation was present in approximately 
50% of GC patients and that expression of wild‑type p53 
protein becomes undetectable in GC tissues as it is replaced 
by overexpression of mutant forms (71). In addition, Ji et al 
demonstrated the lowest level of miR‑34a expression in Kato 
III (a GC cell line), which is generally considered to carry a 
mutant form of p53 (10). Moreover, Corney et al demonstrated 
a reduction of miR‑34a expression in human epithelial ovarian 
cancer (EOC) tissues with both wild‑ or mutant‑type p53 
(decreased by 93 and 100%, respectively), and of miR‑34b/c 
expression in 72% of EOC tissues bearing a p53 mutation (72).

Several studies have shown that silencing of miR‑34a and 
miR‑34b/c in GC is associated with epigenetic inactivation 
of miR‑34 genes (70,73). Epigenetic modifications include 
DNA methylation, histone modification, and chromatin 
remodelling  (74). In mammalian genomes, DNA meth-
ylation occurs almost exclusively on cytosine residues that 
precede guanine (CpG), within clusters of CpG dinucleotides 
in guanine‑cytosine‑rich regions of the genome called 
‘CpG islands’. Approximately 60% of human genes harbour 
CpG islands in their promoter regions (74). The process of CpG 
island methylation is catalysed by DNA methyltransferases 
(DNMTs) (75). The proximal upstream regions of miR‑34a 
and miR‑34b/c also contain CpG islands within promoter 

Table I. Sequences of the human miR‑34 family members.

miR‑34 isoforms	 Previous IDs	 Sequence (5'~3')

hsa‑miR‑34a‑5p	 hsa‑miR‑34a	 22‑UGGCAGUGUCUUAGCUGGUUGU‑43
hsa‑miR‑34a‑3p	 hsa‑miR‑34a*	 64‑CAAUCAGCAAGUAUACUGCCCU‑85
hsa‑miR‑34b‑5p	 hsa‑miR‑34b; hsa‑miR‑34b*	 13‑UAGGCAGUGUCAUUAGCUGAUUG‑35
hsa‑miR‑34b‑3p	 hsa‑miR‑34b	 50‑CAAUCACUAACUCCACUGCCAU‑71
hsa‑miR‑34c‑5p	 hsa‑miR‑34c	 13‑AGGCAGUGUAGUUAGCUGAUUGC‑35
hsa‑miR‑34c‑3p	‑	  46‑AAUCACUAACCACACGGCCAGG‑67

miR‑34‑5p is the traditional mature miR‑34 that assembles into RNA‑induced silencing complex (RISC), and its complementary strand 
miR‑34‑3p is supposedly degraded. The seed sequences on 5'‑UTRs (underlined) combine with targeted mRNAs for regulatory purposes. 
These data were collected from miRbase (www.mirbase.org) (modified from ref. 16).
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regions, and miR‑34 genes are transcribed from transcription 
start sites located in the CpG island (76). Recently, several 
studies have demonstrated that silenced expression of miR‑34a 
and miR‑34b/c in GC tissues and cell lines results from 
aberrant CpG island methylation in their promoter regions. 
Lodygin et al reported that in a broad range of cancer tissues 
and cell lines, miR‑34a expression was silenced due to aber-
rant CpG island methylation of its promoter (73). Likewise, 
using methylation‑specific PCR analysis, Suzuki  et  al 
confirmed that the CpG islands of miR‑34b and miR‑34c 
were completely methylated in most GC cell lines tested. In 
contrast, in normal human gastric epithelial cells, the majority 
of CpG sites were unmethylated (59). In their study, these 
investigators also detected elevated levels of miR‑34b and 
miR‑34c methylation in 83 of 118 (70.3%) tumour tissues from 
primary GC patients by means of bisulphite‑pyrosequencing. 
In contrast, only limited methylation (<15.0%) was detected in 
normal gastric mucosa (59). Using a qPCR method, Tsai et al 
demonstrated that expression of miR‑34b was upregulated 
following treatment of five GC cell lines with 5‑Aza‑dC (a 
DNA‑demethylating agent) (66).

In addition to DNA methylation, histone modification is 
another pivotal type of epigenetic modification that corre-
lates with the silencing of miR‑34 expression in human 
GC. Liu et al demonstrated that HOX antisense intergenic 
RNA (HOTAIR) epigenetically silenced miR34a expres-
sion by binding to polycomb repressive complex 2 (PRC2) 
to promote the epithelial‑to‑mesenchymal transition in 
human GC (52). PRC2 represses miR‑34a gene transcription 
by trimethylating histone H3 lysine 27 (H3K27me3) in its 
promoter region (52). Likewise, Zhang et al demonstrated that 
SIRT7, a NAD+‑dependent acetylated lysine 18 of histone H3 
(H3K18Ac) deacetylase that is overexpressed in human GC, 
promoted GC growth and inhibited apoptosis of GC cells. It 
was found that SIRT7 selectively bound to promoter regions 
of miR‑34a and deacetylated H3K18ac, resulting in decreased 
miR‑34a expression (77). Moreover, Lin et al showed that 
depletion of HDAC1, a histone deacetylase (HDAC), in 
GC cells by transfection with a specific knockdown siRNA, 
resulted in a nearly 4‑fold upregulated expression level of 
miR‑34a (38). Moreover, alteration of the miR‑34 biogenesis 
machinery may also cause aberrant miR‑34 expression. Based 

Table III. miR‑34 family expression in gastric cancer tissues (partial list).

		  Fold change	 Tissue samples	 Sample	 Validation	
miRNA	 Expression	 (vs. normal)	 (cancerous/normal)	 regions	 methods	 (Refs.)

miR‑34b/c	 Upregulated	 1.90/4.20	   17 (11/6) 	 Japan	 qRT‑PCR	 (61)
miR‑34a	 Upregulated	 1.76‑3.55	   20 (10/10)	 China	 qRT‑PCR	 (62)
miR‑34a	 Upregulated	 1.25	   74 (37/37)	 Japan	 Oligo chips	 (63)
miR‑34a	 Upregulated	‑	    40 (20/20)	 China	 qRT‑PCR	 (64)
miR‑34a	 Upregulated	 4.03	   27 (22/5)	 Japan	 Microarray chips	 (65)
miR‑34b	 Downregulated	 0.64	 124 (90/34)	 Korea	 Microarray chips	 (58)
miR‑34b	 Downregulated	 0.583	 144 (72/72)	 Taiwan, China	 qRT‑PCR	 (66)
miR‑34a	 Downregulated	 <0.5	   48 (39/9)	 Hungary	 qRT‑PCR	 (60)
miR‑34a	 Downregulated	 ~0.5	   20 (10/10)	 China	 qRT‑PCR	 (44)
miR‑34a	 Downregulated	‑	    24 (12/12)	 China	 qRT‑PCR	 (45)
miR‑34a	 Downregulated	 0.299	     6   (3/3)	 China	 Microarray chips	 (67)
miR‑34a/c	 Downregulated	‑	    64 (32/32)	 China	 qRT‑PCR	 (33)
miR‑34a	 Downregulated	‑	  137 (high 64/low 73)	 China	 qRT‑PCR	 (68)
miR‑34a	 Downregulated	 0.43‑0.64	 152 (76/76)	 China	 qRT‑PCR	 (57)
miR‑34a	 Downregulated	 ~0.6	 40 (20/20)	 China	 qRT‑PCR	 (50)
miR‑34a	 Downregulated	 ~0.5	 16 (8 /8)	 China	 Microarray chips	 (69)

Table IV. miR‑34 family expression in gastric cancer cell lines.

miRNA	 Expression	 GC cell lines	 Validation methods	 (Refs.)

miR‑34a	 Downregulated	 NCI‑N87, AGS, MKN‑45, MKN‑28, BGC‑823 and	 qRT‑PCR	 (57)
		  SGC‑7901		
miR‑34a	 Downregulated	 AGS, BGC‑823, MGC‑803 and SGC‑7901	 qRT‑PCR	 (69)
miR‑34a	 Downregulated	 MGC803, SGC‑7901, HGC‑27 and NCI‑N87	 qRT‑PCR	 (46)
miR‑34a/b/c	 Downregulated	 AGS, MKN45, NCI‑N87 and Kato III	 TaqMan RT‑PCR	 (10)
miR‑34b/c	 Downregulated	 MKN74, SNU1, SNU638, JRST, Kato III, AZ521, 	 TaqMan RT‑PCR	 (59)
		  MKN28, MKN45, AGS and NCI‑N87
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on the above‑mentioned studies, the putative mechanisms 
responsible for miR‑34 gene silencing in GC, which include 
p53 mutations, DNA methylation, and histone modification, 
are partially described in Fig. 2.

In addition to the influence of the intrinsic factors 
described above, miRNA dysregulation by Helicobacter pylori 
(H.  pylori) infection in gastric carcinogenesis has also 
been explored. H.  pylori dysregulates the expression of 

Figure 2. Schematic diagram of the putative regulatory mechanisms of miR‑34 expression in normal cells and gastric cancer (GC) cells. (A) The regulation of 
miR‑34 expression by p53. In normal cells, once activated, wild‑type p53 protein binds to p53 response elements residing around miR‑34 gene promoter regions 
and promotes the transcription of miR‑34. In GC cells, mutations in the p53 gene or genomic alterations of the p53 binding site results in the downregulation of 
miR‑34 expression. (B) DNA methylation of the miR‑34 promoter regions. The regions surrounding the miR‑34 gene promoter regions are widely embedded 
with CpG islands and spaced with nucleosomes. The DNA methyltransferase (DNMT) and histone deacetylase (HDAC) complexes are excluded from the 
promoter regions, and the miR‑34 genes are normally expressed in normal cells. But in GC cells, the promoter regions of miR‑34 genes are accessible to DNMT 
and HDAC complexes, causing the methylation of CpG islands and subsequent silencing of miR‑34 genes transcription. Moreover, H. pylori infection is also 
associated with the methylation of miR‑34, yet the concrete mechanism is unclear. (C) Histone modification of the miR‑34 promoter regions. In GC cells, the 
histones of nucleosomes and lysine on histone H3 are methylated after methyl cytosine binding protein (MBP)‑ and HDAC‑containing complexes bind to the 
promoter regions of miR‑34 genes, causing transcriptional silencing of miR‑34 genes. HOTAIR, HOX antisense intergenic RNA; PRC2, polycomb repressive 
complex 2; CA, co‑activator protein; HAT, histone acetyltransferase; TF, transcription factor. (Modified from ref. 76).
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various miRNAs in human gastric mucosa, which has been 
linked to H.  pylori‑induced host inflammatory immune 
responses and H. pylori‑mediated gastric carcinogenesis (78). 
Chang et al reported that miR‑34a was upregulated 2‑fold 
in H. pylori‑negative versus H. pylori‑positive cancers (79). 
Suzuki  et  al demonstrated that the levels of miR‑34b/c 
methylation were approximately three times higher in 
H.  pylori‑positive than H.  pylori‑negative mucosae  (59), 
suggesting that methylation of miR‑34b/c is associated with 
H. pylori infection. A more comprehensive understanding of 
the mechanisms underlying reduced expression of miR‑34 is 
needed to fully explain miR‑34 dysregulation by H. pylori. It is 
critically important to dissect these intricate pathways and to 
understand how host‑pathogen interactions can disrupt these 
comprehensive regulatory pathways.

6. Signalling pathways modulated by miR‑34 in gastric 
cancer

As a major downstream effector of receptor tyrosine kinases 
(RTKs) and G protein‑coupled receptors (GPCRs), the phos-
phoinositide 3‑kinase (PI3K)/AKT pathway has been shown 
to play a crucial role in carcinogenesis and tumour develop-
ment (80). Recent studies have revealed that nodes of the PI3K 
signal transduction system are frequently targeted by miRNAs 
in a variety of human cancers, including GC. Liu et al found 
that EGF‑induced EGFR phosphorylation in GC cells acti-
vated MMP‑7 and consequently promoted cancer invasion and 
metastasis, and this process could be inhibited by miR‑34a via 
modulation of PI3K/AKT signalling cascades (45). In addi-
tion, Peng et al found that miR‑34a significantly decreased 
the phosphorylation of AKT by targeting PDGFR and MET, 
two upstream RTKs. They also reported that miR‑34a inhib-
ited carcinogenesis, proliferation, invasion, and metastasis in 
GC by targeting PDGFR and MET through the PI3K/AKT 
pathway  (48). Wang  et  al reported that miR‑34a mimics 
plus diallyl disulphide (DADS) decreased the expression 
of phosphorylated PI3K (p‑PI3K) and phosphorylated AKT 
(p‑AKT), thereby causing inactivation of the PI3K/AKT 
pathway and enhancing the anti‑invasion and pro‑apoptotic 
effects of DADS in SGC‑7901 cells  (81). The PI3K/AKT 
pathway has been demonstrated to be implicated in drug 
resistance in GC. Sun et al reported that the upregulation of 
survivin expression induced by p‑AKT and hypoxia‑inducible 
factor 1α (HIF‑1α) contributed to the cisplatin resistance of 
GC cells (82). Furthermore, Cao et al revealed that restoration 
of miR‑34a improved the sensitivity of GC cells (SGC‑7901) 
to cisplatin, possibly via the PI3K/AKT/survivin signalling 
pathway (47).

In addition to the PI3K/AKT pathway, Tang et al used 
bioinformatic analysis to discover additional pathways that 
could be involved in the development and progression of GC 
and be modulated by miR‑34a, including the p53 signalling 
pathway, the mitogen‑activated protein kinase (MAPK), 
Wnt/β‑catenin, Smad, and Notch signalling pathways (83). 
Moreover, Liu  et  al reported that silencing of miR‑34a 
induced by HOTAIR promoted EMT in GC, possibly through 
activation of the HGF/c‑MET/Snail pathway (52). Kim et al 
demonstrated that in Epstein‑Barr virus (EBV)‑infected 
GC cells, transcriptional upregulation of NADPH oxidase 

2 (NOX2) and the subsequent accumulation of reactive 
oxygen species (ROS) was induced by EBV nuclear antigen 1 
(EBNA1), through downregulation of miR34a expression (55). 
Together, these results suggest that EBNA1 promotes cell 
viability by regulating EBNA1/miR34a/NOX2/ROS signal-
ling in GC cells (55).

7. Clinical implications of miR‑34

Promising biomarkers in GC. The correlation between miR‑34a 
expression and the prediction/prognosis for GC patients has 
been well established (50,68,69). A higher recurrence rate 
and an inferior survival outcome have been observed in GC 
patients with low expression levels of miR‑34a compared 
with patients who express higher miR‑34a levels (50,68). In 
addition to its value as a prognostic biomarker, the methyla-
tion level of miR‑34 genes has also been explored in relation 
to the predictive merits for GC. Suzuki et al observed that 
the methylation level of miR‑34b/c was higher in the gastric 
mucosa of patients with multiple GC than in the gastric 
mucosa of H. pylori‑positive healthy controls or patients with 
single GC (59). In addition, the methylation level of miR‑34b/c 
in noncancerous gastric body mucosa was an independent 
predictive risk factor for metachronous GC in patients treated 
with endoscopic submucosal dissection (ESD) (84). Therefore, 
frequent follow‑up endoscopy is needed in GC patients 
presenting with high miR‑34b/c methylation levels in the 
gastric body after ESD (84).

miR‑34 polymorphism and GC risk. The most frequent genetic 
mutations in the human genome are single nucleotide poly-
morphisms (SNPs), which are variations of a single nucleotide. 
Since the regulatory function of miRNA is dependent on 
base complementation, a SNP occurring either in the miRNA 
seed regions or in targeted mRNA sequences may have 
significant effects (85‑87). By in silico searching and database 
mining, Xu et al found a potentially functional common SNP 
rs4938723 (T>C) in the promoter region of pri‑miR‑34b/c 
(423‑bp upstream from the transcription start site), which was 
located in a typical CpG island (88). Subsequently, Yang et al 
revealed that miR‑34b/c rs4938723 CT/CC genotypes may 
be associated with a decreased risk of GC in a Chinese 
population and that the C allele may be a protective factor in 
GC (89). Pan et al demonstrated a lower occurrence rate of GC 
among patients with CT and CT/CC genotypes in miR‑34b/c 
rs4938723 compared with patients with a TT genotype (90). 
These results were consistent with a meta‑analysis study, which 
reported a reverse association between miR‑34b/c rs4938723 
polymorphism and susceptibility to GC (91).

Therapeutic applications in cancers. As a promising tumour 
suppressor, miR‑34a has been considered as a therapeutic 
candidate in cancer. It is tempting to hypothesize that restora-
tion of the expression of miR‑34 may represent a novel and 
feasible treatment for GC patients, or that it could become a 
complementary therapy to conventional surgical resection 
and chemoradiation (46,50,69). Consistent with its role as a 
negative regulator of CSCs in prostatic and pancreatic cancer, 
restoration of miR‑34a has been documented to inhibit the 
self‑renewal potential of gastric CSCs, which may offer a 
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novel target against GC (10). The sensitivity to cisplatin could 
be restored to some extent by elevating cellular miR‑34a, indi-
cating that improved treatment could be obtained in GC patients 
by administering cisplatin together with miR‑34a  (47,51). 
Moreover, ectopic expression of miR‑34a can also elevate the 
sensitivity of GC cells with low levels of miR‑34a expression 
to doxorubicin, gemcitabine, and docetaxel (10).

The development of immunotherapy targeting the PD1 
(programmed cell death protein 1) or PDL1 (programmed 
death ligand 1) checkpoint has led to considerable progress 
in the treatment of many cancers. Recently, Wang  et  al 
showed that the downregulation of miR‑34a in acute myeloid 
leukaemia was inversely correlated with high protein expres-
sion of PDL1 and miR‑34a was capable of targeting a predicted 
site in the PDL1 3'‑UTR, resulting in transcriptional repres-
sion (92). Cortez et al also demonstrated that p53 specifically 
modulated the tumour immune response in non‑small cell 
lung cancer by repressing PDL1 via miR‑34  (93). These 
results suggest that miR‑34a could function as a potential 
immunotherapeutic target, and delivery of miR‑34a combined 
with standard therapies may represent a new approach in 
cancer immunotherapy.

Although miR‑34 overexpression has great therapeutic 
potential according to the recent research findings, a major 
challenge that limits the transition from basic in  vitro 
studies to in vivo clinical applications is the deficiency of a 
miRNA delivery system that can elevate miR‑34 in target 
sites to therapeutically optimal levels. It is significant that 
Jang et al has demonstrated that nano‑vesicles containing 
poly‑l‑lysine‑graft‑imidazole (PLI)/miR‑34a complexes 
(NVs/miR‑34a) not only efficiently delivered miR‑34a into 
GC cells in vitro but also successfully delivered miR‑34a 
systemically with an accumulation of miR‑34a by tumours 
in vivo (54). Significant antitumour efficacy was observed in a 
gastric tumour xenograft nude mouse model that was injected 
with NVs/miR‑34a via the tail vein of the mouse (54). In addi-
tion, Di Martino et al described a lentiviral miR‑34a mimic 
delivery system that elevated miR‑34a expression significantly 
in multiple myeloma cells, and the multiple myeloma xenograft 
formation and size were suppressed by lentiviral miR‑34a in 
the mouse models (94). Lentiviral delivery system was also 
used to deliver miR‑34a to prostate cancer progenitor cells, and 
the results showed that the lentivirus‑delivered miR‑34a inhib-
ited cancer cell metastasis (95). The stable nucleic acid lipid 
particle (SNALP) is a synthesized vector that provides another 
successful strategy for miR‑34a mimic delivery, exhibiting 
high stability in serum but low toxicity. SNALP‑encapsulated 
miR‑34a mimics were successfully delivered in  vitro in 
multiple myeloma (MM) cells with a significant change of gene 
expression with relevant effects on multiple signal transduc-
tion pathways (96). The same system was then experimented 
in vivo and the exciting results showed a significant inhibition 
of MM xenograft growth and a prolonged mice survival (96).

The application of miR‑34a is not limited to laboratory, 
clinical trials have also confirmed the therapeutic prospect 
of miR‑34a in various cancer types. Daige et al ever reported 
that the systemic delivery of MRX34, a liposome‑formulated 
miR‑34 mimic, increased the levels of miR34a expression by 
approximately 1,000‑fold in vitro and caused the inhibition 
of liver tumour xenograft growth  (97). Recently, MRX34 

was included in clinical trials as the first miRNA‑associated 
therapeutic agent. And the first clinical trial (NCT01829971) 
of MRX34 implemented in 2013 that enrolled 155 patients 
with 7  cancer types, including solid tumours and blood 
malignancies. In this trial a good therapeutic effect was 
observed but only with some immunoreaction, which provided 
bright prospect for MRX34 to clinical oncotherapy. In 2017, 
Beg et al recruited 47 patients with various solid tumours to 
assess the maximum tolerated dose (MTD), safety, pharmaco-
kinetics, and clinical activity of MRX34. The authors found 
that MRX34 with dexamethasone premedication was associ-
ated with acceptable safety. And the MTD was 93 mg/m2 for 
hepatocellular carcinoma (HCC) patients and 110 mg/m2 for 
non‑HCC patients (98).

8. Conclusion

The three miR‑34 isoforms (i.e. miR‑34a and miR‑34b/c) are 
encoded by two different transcriptional units. Furthermore, 
the seed sequence of miR‑34a and miR‑34c is identical, indi-
cating that they hold similar mRNA targets, while miR‑34b is 
a little different, as described in Fig. 1 and Table I. miR‑34a 
and miR‑34b/c are direct target genes of p53 which has 
been shown to be downregulated or lost in various types 
of malignancies, including gastric cancer (GC) (Table  III 
and Table IV). Moreover, it has been demonstrated to play 
a crucial role in repressing tumorigenesis and progression. 
This tumour‑suppressive process is credited to the regula-
tion of multiple biological processes, including cell cycle 
arrest, metastasis, induction of senescence and apoptosis by 
targeting more than 30 different oncogenes (e.g. SIRT1, YY1, 
MMP7, PDGFR‑α/β, Met, Bcl‑2, Snail, Tgif2, HMGA2, CD44, 
NOX2 and IGF2BP3), as well as tumour immune evasion by 
targeting PD‑L1, death‑associated protein kinase 2 (DAPK2), 
specificity protein 1 (Sp1) or androgen receptor (AR) (99,100). 
Moreover, miR‑34a and miR‑34b/c have been demonstrated 
to target the expression of the same oncogenes such as YY1, 
Bcl‑2, Notch and HMGA2 in gastric cancer to regulate 
cancer metastasis, stemness and apoptosis (Table II). Several 
key mediators or signalling pathway nodes (e.g. PI3K/AKT, 
MAPK, Wnt/β‑catenin, Smad and Notch pathways) that are 
abnormally activated during the process of carcinogenesis 
have been shown to be effectively modulated by miR‑34 in 
GC. A large number of studies concerning the use of miR‑34a 
mimics for cancer therapy have been carried out in vitro and 
in vivo, and its tumour suppressive role has been confirmed. 
Many vectors such as nanovesicles, lentiviruses, SNALPs, 
polymeric nanogels and liposomes have been designed to 
achieve the effective systemic delivery of miR‑34a mimics. The 
application of miR‑34a in clinical oncotherapy has also been 
mentioned. MRX34, a liposome‑formulated miR‑34 mimic, 
serving as the first miRNA‑associated drug for oncotherapy 
tested in clinical trials, exhibited good antitumor activity in 
patients with refractory solid tumours and blood malignancies. 
Moreover, the application of MRX34 for treating numerous 
types of cancers is feasible, contributing to its broad distribu-
tion in various tissues (97,98). The combinations of miR‑34a 
with other tumour‑suppressive miRNA agents in ‘cocktails’, 
such as in combination with miR‑15a, may benefit patients by 
means of the synergistic effects. Moreover, when administered 
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together, miR‑34a can elevate the sensitivity of cancer cells 
to chemotherapeutic agents, including cisplatin, gemcitabine 
and docetaxel. Additionally, miR‑34a and miR‑34b/c have also 
been demonstrated to play a significant role in tumour suppres-
sion in vitro. However, few studies of miR‑34b/c in vivo have 
been reported, thus their application for oncotherapy in the 
clinic warrants exploration.

In conclusion, miR‑34 has been identified as a novel 
diagnostic, prognostic, and predictive biomarker for GC, and 
restoration of miR‑34 levels may produce a synergistic effect 
with other drugs to achieve a better clinical outcome in GC 
patients.
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