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ABSTRACT
Small non-coding RNAs including microRNAs (miRNAs) have been recently
recognized as important regulators of gene expression. MicroRNAs play myriads of
roles in physiological processes as well as in the pathogenesis of a number of diseases
by translational repression or mRNA destabilization of numerous target genes. The
miR-106b-25 cluster is highly conserved in vertebrates and consists of three members
including miR-106b, miR-93 and miR-25. MiR-106b and miR-93 share the same seed
sequences; however, miR-25 has only a similar seed sequence resulting in different
predicted target mRNAs. In this review, we specifically focus on the role of miR25 in healthy and diseased conditions. Many of miR-25 target mRNAs are involved
in biological processes such as cell proliferation, differentiation, and migration,
apoptosis, oxidative stress, inflammation, calcium handling, etc. Therefore, it is no
surprise that miR-25 has been reported as a key regulator of common cancerous and
non-cancerous diseases. MiR-25 plays an important role in the pathogenesis of acute
myocardial infarction, left ventricular hypertrophy, heart failure, diabetes mellitus,
diabetic nephropathy, tubulointerstitial nephropathy, asthma bronchiale, cerebral
ischemia/reperfusion injury, neurodegenerative diseases, schizophrenia, multiple
sclerosis, etc. MiR-25 is also a well-described oncogenic miRNA playing a crucial role
in the development of many tumor types including brain tumors, lung, breast, ovarian,
prostate, thyroid, oesophageal, gastric, colorectal, hepatocellular cancers, etc. In this
review, our aim is to discuss the translational therapeutic role of miR-25 in common
diseased conditions based on relevant basic research and clinical studies.

A detailed description of the miRNA biogenesis is
beyond the scope of this review. Therefore, here we just
briefly mention some important aspects and otherwise
refer to excellent reviews for more details (Figure 1) [4–
6]. MicroRNA genes are processed either from introns of
protein-coding genes or dedicated miRNA gene loci [7,
8]. An individual primary transcript can either produce a
single miRNA or generate a miRNA cluster containing
two or more miRNAs [7]. According to our current
knowledge, microRNA genes are transcribed by RNA
polymerase II as primary microRNAs (pri-microRNAs)
(Figure 1). A typical pri-miRNA consists of a stem of 3335 bp, a terminal loop and single-stranded RNA segments

INTRODUCTION
MicroRNAs and their biogenesis
Although almost 85% of the human genome is
known to be transcribed [1, 2], only 2% of the genome
codes for proteins. The vast majority of the genome
yields non-coding RNAs including long and small noncoding RNAs [3, 4]. MicroRNAs (miRNAs, miRs) are
a dominating class of small noncoding RNAs in most
somatic tissues [3, 4]. They are approximately 21-25
nucleotide in length and their major function is to mediate
post-transcriptional gene silencing [3, 4].
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at both the 5’ and 3’ sites [5]. Pri-miRNAs are cleaved
by the Microprocessor complex containing the RNase III
enzyme Drosha and its essential cofactor DGCR8 and
form precursor microRNAs (pre-miRNAs) in the nucleus
(Figure 1) [5]. Drosha has tandem RNase III domains
which dimerize to form one processing center [5]. The
first RNase III domain cuts the 3’ strand of the stem of
pri-miRNA and the second RNase III domain cuts the 5’
strand. The produced pre-microRNAs are double-stranded
and approximately 70 nucleotide in length, and have a
terminal loop [4–6] (Figure 1). These pre-miRNAs are
subsequently transported to the cytoplasm by exportin-5
where their terminal loops are cleaved by another RNase
III enzyme (DICER) to form a small RNA (miR-miR*)
duplex [4–6] (Figure 1). DICER cleavage sites are located
at a 21-25 nucleotides distance from the 3’ end and 22
nucleotides away from the 5’ end. This small RNA duplex
is loaded onto an Argonaute (AGO) protein to form an
effector complex called RNA-induced silencing complex
(RISC) [4–6] (Figure 1). Then the two strands of the
small RNA duplex are unwinded, and generally, only
one strand will be the single-stranded mature microRNA
(miR), and the other strand will be degraded (miR* or

passenger strand) [4–6] (Figure 1). The guide strand is
determined during the AGO loading process and generally
becomes later the mature miR [5]. The strand at 5’ side is
typically selected as the guide strand (miR-5p) [5]. Strand
selection is not completely strict. Therefore, the notfavored and less abundant passenger strand at the 3’ side
could also be selected and act as mature miRNA (miR3p). Alternative strand selection (5p to 3p arm switching)
could be tissue-specific [5]. Mature miRNAs can either
inhibit the translation of target mRNAs or promote
their destabilization and degradation through imperfect
sequence-specific binding to the 3’ untranslated region
(3’- UTR) of target mRNAs [5, 6] (Figure 1). Individual
miRNAs may simultaneously target multiple mRNAs.
Moreover, the expression of individual mRNAs can be
regulated by multiple miRNAs. Therefore, miRNAs may
act as fine tuners or as on/off switches of gene expression
[9, 10] (Figure 1).
Classification rules of miRNAs have not yet been
unified. It is generally considered that miRNAs with
identical seed sequences at nucleotides 2-8 of the mature
miRNA belong to the same miRNA (“seed”) family
[5]. The occurrence of miRNAs belonging to distinct

Figure 1: Maturation of miR-25. UTR: untranslated region, ORF: open reading frame.
www.oncotarget.com

21581

Oncotarget

“seed” families within the same cluster is also commonly
observed [5]. The seed sequence corresponds to the 3’
UTR of the target mRNAs and determines the possible
mRNA targets of the miRNA [5, 7].
Since the original discovery of the first miRNA,
lin-4 in 1993 [11] and the second miRNA, let-7 in
Caenorhabditis elegans [11–14], the exponentially
increasing number of studies indicate that the functions of
miRNAs are not limited to the regulation of developmental
events. MicroRNAs also regulate many other aspects
of biological processes in animals and plants including
oxidative stress, cell death, cell proliferation, etc. in
many tissue types [15–18]. Therefore, dysregulation of
miRNAs in pathological conditions may alter gene
networks. Consequently, miRNA replacement or antisense inhibition therapy offers a new approach to treat
diseases by modulating gene pathways rather than single
molecular targets [19].

relevant research paper in the PubMed database using
the following keywords: miR-25, health; miR-25,
physiological conditions; miR-25, normal conditions;
miR-25, development [22–24]. Therefore, we can only
deduce the possible roles of miR-25 in healthy conditions
from research papers using miR-25 overexpressing or
loss of function cells or animals. Under physiological
conditions, mature miR-25 seems to play a crucial role
in the regulation of developmental events [22, 23].
According to the AMIGO 2 gene ontology database, miR25 is a negative regulator of cardiac muscle growth and
cardiac cell development (GO:0055022). Therefore, it is
no surprise that miR-25 also play an important role in
the development of cardiac hypertrophy and heart failure
under pathophysiological conditions (Figure 2). Under
normal conditions, many of miR-25 target mRNAs are
involved in biological processes such as response to
DNA damage, cell cycle regulation, cell proliferation,
migration, and differentiation. In addition, many of miR25 target molecules can be found among extracellular
matrix components and membrane receptors. Under
pathophysiological conditions, miR-25 is also a welldescribed oncogenic miRNA. It plays a crucial role in the
development and spread of many tumor types including
brain tumors, lung, breast, ovarian, prostate, thyroid,
esophageal, gastric, colorectal, hepatocellular cancers, etc.
Other groups of miR-25 target molecules are important
regulators of apoptosis, autophagy, oxidative stress,
inflammation, calcium handling, etc. These mechanisms
could be key factors in the pathogenesis of acute
myocardial infarction, heart failure, diabetes mellitus,
diabetic nephropathy, tubulointerstitial nephropathy,
asthma bronchiale, cerebral ischemia/reperfusion injury,
neurodegenerative diseases, schizophrenia, multiple
sclerosis, etc. In this review, we aim to provide an indepth discussion of the translational therapeutic role of
miR-25 in diseased conditions based on relevant basic
research articles and clinical studies.

MicroRNA-25
The miR-106b/25 cluster is highly conserved
in vertebrates [20]. The three members of the cluster,
miR-106b, miR-93, and miR-25 are located in a 515
bp region on chromosome 7q22 in intron 13 of the
host gene minichromosome maintenance protein 7
(MCM7). These three miRNAs are co-transcribed with
their host gene [6, 20, 21]. The host gene MCM7 is a
component of the highly conserved MCM2-7 complex
(MCM complex) [6, 20, 21]. The MCM complex is
a member of DNA helicases which are essential in the
initiation of DNA replication in eukaryotic cells [8].
MiR-106b and miR-93 share the same seed sequences;
however, miR-25 has only a similar seed sequence
resulting in different predicted target mRNAs [20]. In
this review, we focus on the role of miR-25 in healthy
and diseased conditions. The mature miR-25 (miR-253p) consists of 22 nucleotides (CAUU GCAC UUGU
CUCG GUCU GA) (ww and www.miRbase.org) and has
1163 predicted target mRNA transcripts with conserved
sites (TargetScanHuman version 7.1). Mature miR-25
belongs to the evolutionary broadly conserved miR25-3p/32-5p/92-3p/363-3p/367-3p seed family and has
the same predicted mRNA targets as the other miRNA
members of this seed family (TargetScanHuman version
7.1). The mature miR-25* (miR-25-5p) consists of 22
nucleotides (AGGC GGAG ACAC GGGC AAUU GC)
(https://targetexplorer.ingenuity.com/index.htm and www.
miRbase.org) and has 1868 predicted mRNA transcripts;
however, these predicted targets are primarily false
positives (TargetScanHuman version 7.1).

The role of miR-25 in diseased conditions
Non-cancerous diseases
Cardiovascular diseases
Acute coronary syndrome
The acute coronary syndrome (ACS) is the leading
cause of morbidity and mortality in the industrialized
countries. ACS represents a spectrum of coronary artery
diseases including unstable angina (UA), non-STsegment elevation myocardial infarction (NSTEMI) and
ST-segment elevation myocardial infarction (STEMI)
[25]. Acute myocardial infarction in patients is related to
rupture-prone or vulnerable atherosclerotic plaques [26].
A cohort study recruiting 13 patients with non-cardiac
chest pain and 13 patients with UA and angiographicallyproven coronary artery disease reported that members of
the miR-106b/25 cluster were significantly elevated in

The role of miR-25 in health
It is very difficult to find literature about the
function of miR-25 in healthy conditions in the
PubMed database. Surprisingly, there is only a few
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plasma samples of UA patients [26] (Table 1). Another
cohort study recruiting 13 NSTEMI and 13 STEMI
patients showed that the expression of miR-25-3p was
significantly increased in the blood of STEMI patients
as compared to NSTEMI patients (Table 1). According
to the aforementioned clinical studies, circulating miR25 seems to be a potential biomarker in ACS. However,
both studies have many limitations including the small
sample size, non-diverse genetic, social, and treatment
characteristics of ACS patients. Moreover, investigation
of the time dependency of miR-25 upregulation in ACS
patients would be more informative. In contrast to these
clinical observations, the expression of miR-25 failed to
show any change in response to 30-min ischemia and 120min reperfusion in isolated perfused hearts of male Wistar
rats in our previous preclinical study [27]. Nevertheless,
the event of 30-min coronary occlusion followed by 120min reperfusion was considered an early phase of cell
injury due to necrotic and/or apoptotic processes [27].
Moreover, since only a single time point was used upon
ex vivo reperfusion for heart sample harvesting, the time
course of miRNA expression changes remained unknown
in heart tissue and blood [27].

mechanical load (e.g. hypertension, valvular disease, etc.),
ii) decreased mechanical performance (e.g. ischemic heart
disease, myocarditis, contractile protein mutations, etc.),
iii) increased neurohumoral activity, and iv) hereditary
cardiomyopathies with seemingly normal performance
and load [28–30]. During the development of LVH, a
fetal cardiac gene program is activated by a defined set
of transcription factors as an initially adaptive response to
stress [29, 30]. The abnormal expression of fetal proteins
includes contractile elements (e.g., alpha-MHC, betaMHC), ECM matrix components (e.g., collagens), calcium
handling (e.g., SERCA2a) and mitochondrial proteins
(e.g., oxidized elements of the electron transport chain),
etc. These changes lead to a maladaptive response to stress
resulting in the development of fibrosis, heart failure (HF)
and fatal arrhythmias [29, 30]. From a clinical point of
view, heart failure could be classified as heart failure with
preserved ejection fraction (HFpEF, i.e., left vetricular
ejection fraction (LVEF)>50%), heart failure with reduced
ejection fraction (HFrEF, LVEF <40%) and most recently
heart failure with mid-range ejection fraction (HFmrEF,
LVEF 40–49%) [31].
An experimental study proved that transforming
growth factor-β1 (TGF-β1) signaling leads to cardiac
hypertrophy and fibrosis through a Mothers Against
Decapentaplegic Homolog 3 (SMAD3)-dependent
manner 20 days after transverse aortic constriction (TAC)

Left ventricular hypertrophy and heart failure
Left ventricular hypertrophy (LVH) defined as
increase in cardiomyocyte size secondary to i) increased

Figure 2: Repression and overexpression of miR-25 in non-cancerous diseases. CNS: central nervous system, DM: diabetes
mellitus, DNP: diabetic nephropathy, LVH: left ventricular hypertrophy, HF: heart failure, I/R: ischemia/reperfusion, PAH: pulmonary
arterial hypertension, SCA/MJD: Spinocerebellar ataxia type 3/Machado-Joseph Disease, TIN: tubulointerstitial nephropathy. Gene
symbols in bubbles are targets of miR-25 in multiple organs/diseases. Genes in red bubbles are targets of miR-25 in multiple diseases.
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in SMAD3-/- and littermate control mice [32] (Table 1).
This study also demonstrated that miR-25 transfection
into isolated cardiac fibroblasts decreased collagen-1a2
expression [32] (Table 1). In another study, H9c2 cells
subjected to hypoxia/reoxygenation showed decreased
expression of miR-25 and increased level of its direct
target high-mobility group box 1 (HMGB1). HMGB1
is known as a regulator of epithelial to mesenchymal
transition and as an inflammatory as well as a pro-fibrotic
factor [33] (Table 1). H9c2 cells showed increased levels
of apoptosis (caspase-3) and fibrosis markers (collagen I,
collagen III, fibronectin, TIMP1, and MM2) after hypoxia/
reoxygenation [33] (Table 1). The overexpression of miR25 resulted in inhibition of apoptosis and fibrosis through
down-regulation of HMBG1 after hypoxia/reoxygenation
in H9c2 cells [33] (Figure 2). These anti-apoptotic
and anti-fibrotic effects of miR-25 could be further
enhanced by a TGF-β1/SMAD3 inhibitor (SB431542)
[33]. Therefore, miR-25 and HMGB1 seem to be early
regulators of the TGF-β1/SMAD3 signaling pathway
which is a key factor in the development of cardiac
fibrosis and heart failure.
Dirkx et al. and Wahlquist et al. investigated
the role of miR-25 in calcium handling and cardiac
remodeling in TAC-induced LVH and HF models and
also in human failing heart samples. However, their
results are rather controversial [30, 34] (Table 1). Dirkx
et al. found in a mouse model 20 days after TAC surgery
that down-regulation of miR-25 and overactivation of the
calcineurin/Nfat signaling resulted in overactivation of the
Hand2 transcription factor and its target genes leading to
cardiac fibrosis and heart failure [30] (Table 1) (Figure
2). In contrast, Wahlquist et al. reported that cardiac
overexpression of miR-25 could lead to LVH and HF 5.5
months after TAC surgery in mice. Moreover, inhibition
of miR-25 could ameliorate contractile dysfunction by
improving sarcoendoplasmic reticulum calcium ATPase
2 (SERCA2a) activity and Ca2+ handling [34] (Table 1)
(Figure 2). In response to these controversial results,
Bush et al. wrote a commentary on the potential causes
including differences in experiment durations and
follow-up times after TAC surgery, as well as different
antagomiR-25 chemistries and doses [35].
Interestingly, it was found in LVH and HF
induced by uninephrectomy and high salt (10% w/w
NaCl) diet for 20 weeks that cardiac miR-25 level was
significantly up-regulated and its direct target SERCA2
level was significantly decreased [36] (Table 1) (Figure
2). In contrast, circulating miR-25 concentration was
significantly decreased in LVH and HF rats as compared
to controls [36] (Table 1).
These five articles showed that miR-25 expression
is regulated in a time-dependent manner in cardiac
hypertrophy, fibrosis, and heart failure. MiR-25 mimics
could play a beneficial role in early phases of cardiac
remodeling and heart failure. However, overexpression of
www.oncotarget.com

miR-25 could be detrimental due to maladaptive effects in
chronic heart failure. Since miRNA levels in cardiac tissue
and circulation are not always concordant, caution must be
exercised during the utilization of miRs as diagnostic or
prognostic biomarkers.
Arrhythmias
It is also well-known that increased sarcoplasmic
reticulum (SR) Ca2+-leak via ryanodine receptor type2 (RyR2) contributes to the pathogenesis of atrial
fibrillation (AF). Interestingly, the expression of miR-25
was decreased in atria of patients with paroxysmal atrial
fibrillation (PAF) compared with patients with sinus
rhythm [37] (Table 1). Moreover, this study showed that
miR-106b-25−/− mice expressed increased atrial RyR2
protein levels as well as SR Ca2+-leak, and were more
prone to atrial ectopy than wild-type littermates [37]
(Table 1) (Figure 2).
Hypercholesterolemia
Hypercholesterolemia is a well-known risk factor
for cardiovascular diseases, and it leads to increased
oxidative/nitrative stress in the myocardium [38].
Experimental data are very limited on the regulatory role
of miRNAs in hypercholesterolemia-induced cardiac
pathologies. We have previously shown that diet-induced
hypercholesterolemia in male Wistar rats (2% cholesteroland 0.25% sodium cholate-enriched diet for 12 weeks)
leads to the down-regulation of miR-25 in the myocardium
[39] (Table 1). Subsequently, the superoxide-generating
NADPH oxidase 4 (NOX4) which is a direct target of
miR-25, was up-regulated in the myocardium. In the same
study, cardiac oxidative/nitrative stress was also increased
leading to diastolic dysfunction in hypercholesterolemic
rats [39] (Table 1) (Figure 2). Moreover, knock-down of
miR-25 could significantly increase the oxidative stress
and NOX4 protein levels in neonatal rat cardiomyocytes
24 hours after transfection of a miR-25 inhibitor proving
the direct link between miR-25 and NOX4 expression [39]
(Table 1) (Figure 2). However, in another study it was
reported that oxidative stress induced by 2 or 3 hours of
H2O2-incubation (500 μM) could significantly up-regulate
miR-25 expression in H9c2 embryonic rat ventricular
myocytes [40]. Furthermore, the overexpression of
miR-25 markedly reduced the oxidative stress-induced
apoptosis in H9c2 cells by down-regulating mitochondrial
calcium uniporter (MCU) which has been shown to control
the Ca2+ flux through the inner mitochondrial membrane
[40] (Figure 2).
Intimal hyperplasia
Thrombospondin-1 is known as a key factor in
vascular smooth muscle cell (VSMC) migration after
vascular injury. It has been reported that the expression
of miR-25-5p beyond other miRNAs was significantly
decreased in human VSMCs in response to a 6-hour
thrombospondin-1 treatment [41] (Table 1). This study
21584
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Table 1: The role of miR-25 in cardiovascular and renal diseases
Disease

Species and tissue
or cell type

Alteration of miR25 expression

Method
for miR-25
detection

Target
gene

Biological
function

Method
for target
validation

Sample
size in
clinical
studies

Ref.

1

ACS - NSTEMI
vs. STEMI

Human BP
(American)

up-regulation

Qiagen
miRNeasy kit

N/A

N/A

N/A

9 STEMI
vs.
4 NSTEMI

[25]

2

ACS - UA

Human BP
(Chinese)

up-regulation (miR106b-25 cluster)

Taqman
low density
miRNA array

N/A

N/A

N/A

13 UA vs.
13 CONT

[26]

3

H/R

H9c2 cells
(24 h I/1 h R)

down-regulation

qRT-PCR

HMGB1

inflammation

DLRA, miR25 TF

N/A

[33]

down-regulation

Affymetrix
GeneChip
Mouse Gene
St 1.0 Array,
Northern blot,
qRT-PCR

Hand2

hypertrophy
and fibrosis

LRA,
MHC-Hand2
TG mice,
miR-25 TF,
antagomiR-25

N/A

[30]

up-regulation

miRNA array,
qRT-PCR

Col1a2

fibrosis

miR-25 TF

N/A

[32]

calcium
handling

LRA, miR-25
OE mice,
SERCA2a
KO mice,
antagomiR-25
assay

N/A

[34]

4

LVH and HF

heart of TAC mice
(4,8,10 wk) and
human HF

5

LVH and HF

heart of SMAD3-/TAC mice
(10-20 days),
cardiac FB

LVH and HF

heart of TAC
mice (22 wk),
and human HF,
HEK293 cells and
RCm

up-regulation

LVH and HF

uninephrectomized
and salt-fed rat
myocardium (20
wk) and plasma

up-regulation
(myocardium)downregulation (plasma)

qRT-PCR

SERCA2a

calcium
handling

Western blot

N/A

[36]

NOX4

oxidative
stress

LRA

N/A

[39]

6

7

miRNA array,
SERCA2a
qRT-PCR

8

Hypercholesterolemia

rat myocardium (12
wk) and RCm

down-regulation

Agilent’s
microRNA
complate
labeling and
hyb system,
qRT-PCR

9

Paroxysmal atrial
fibrillation

human RA
(German), heart
of miR-25/106b-/mice, H9c2 cells

down-regulation

qRT-PCR

RyR2

calcium
handling

LRA

8 pAF vs.
10 CONT

[37]

10

Atherosclerosis
and vascular
remodelling

down-regulation of
miR-25-5p

Affymetrix
GeneChip
microRNA
Array and
qRT-PCR

N/A

N/A

N/A

N/A

[41]

up-regulation

Agilent’s
microRNA
complate
labeling and
hyb system,
qRT-PCR

N/A

N/A

N/A

40 IA vs.
20 CONT

[42]

up-regulation

Affymetrix
GeneChip
miRNA
4.0 Array,
Northern blot,
qRT-PCR

apoptosis

LRA,
MCU OE,
antagomiR-25
in rats

6 PAH vs.
3 CONT

[43]

11

Intracranial
aneurysm

12

Pulmonary
arterial
hypertension

human aortic
VSMCs

Human BP
(Chinese)

human PASMCs,
rat

MCU

(Continued )
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Disease

Species and tissue
or cell type

Alteration of miR25 expression

Method
for miR-25
detection

Target
gene

Biological
function

Method
for target
validation

Sample
size in
clinical
studies

Ref.

T1DM

male Wistar rats
(3 wk HFD+STZ),
INS-1 cells

up-regulation

Exiqon
miRCURY
LNA array,
qRT-PCR

insulin

glucose
homeostasis

LRA, miR-25
TF

N/A

[45]

14

T1DM

human BS
(European
multicenter and
Danish cohort)

up-regulation

Illumina
Solexa
Sequencing

N/A

N/A

N/A

275
European
T1DM,
129 Danish
T1DM and
151 CONT

[46]

15

TIN

HK-2 cell line
(human)

down-regulation
(miR-106b-25
cluster)

Exiqon
miRCURY
LNA array,
qRT-PCR

TGFBR2

fibrosis

WB, miR-106b
TF

N/A

[20]

16

DNP

mesangial cells
from male SD rats
(12 wk, STZ)

down-regulation

qRT-PCR

NOX4

oxidative
stress

LRA

N/A

[48]

up-regulation

Agilent
human
miRNA
microarray
V19.0,
qRT-PCR

N/A

N/A

N/A

93 IgA
NP vs.
82 CONT

[49]

13

17

IgA NP

human urine
(Chinese)

Abbreviations: ACS: acute coronary syndrome, BP: blood plasma, BS: blood serum, CONT: control, DLRA: dual luciferase reporter assay, DNP: diabetic
nephropathy, FB: fibroblast, IF: immunofluorescence, HF: heart failure, HFD: high fat diet, H/R: hypoxia/reoxygenation, IA: intracranial aneurysm,
IgA NP: IgA nephropathy, IH: immunohistochemistry, LRA: luciferase reporter assay, LVH: left ventricular hypertrophy, KO: knock out, NSTEMI: non
ST-elevation myocardial infarction, OE: overexpression, pAF: paroxysmal atrial fibrillation, PAH: pulmonary arterial hypertension, PASMCs: pulmonary
artery smooth muscle cells, RA: right atrium, RCm: rat cardiomyocytes, SD: Sprague Dawley, STEMI: ST-elevation myocardial infarction, STZ:
streptozotocin, T1DM: type 1 diabetes mellitus, TAC: transverse aortic constriction, TIN: tubulointerstitial nephropathy, TF: transfection, TG: transgene,
UA: unstable angina, VSMC: vascular smooth muscle cell, WB: Western blot, wk: week. The abbreviations in bold are considered as gold standard
methods for miRNA target validation.

may suggest that miR-25-5p and other altered microRNAs
might contribute to the development of atherosclerosis and
intimal hyperplasia.

with apoptosis resistance [43] (Table 1) (Figure 2). The
downregulation of MCU by miR-25 has also been found
in cardiomyocytes by Pan et al. [40] (Table 1) (Figure 2).

Intracranial aneurysm

Diabetes mellitus

Interestingly, a clinical cohort study enrolling 40
patients with intracranial aneurysm (IA), 20 healthy
volunteers and an independent validation cohort including
93 IA patients reported that increased plasma miR-25 level
might be a potential biomarker for intracranial aneurysm
[42] (Table 1).

Diabetes mellitus is a heterogeneous chronic
metabolic disorder characterized by hyperglycemia as a
common feature resulting from impaired insulin secretion,
insulin resistance, or both [44]. Type-2 diabetes mellitus
(T2DM) accounts for more than 85% of all diabetes cases,
and its incidence is continuously rising worldwide [44].
It has been reported that high-fat diet and streptozotocininduced T2DM lead to increased pancreatic miR-25
expression and decreased mRNA expression of its direct
target insulin stabilizing polypyrimidine tract binding
protein 1 (PTBP1) which resulted in decreased insulin
translation and secretion [45] (Table 1) (Figure 2).
Moreover, a clinical study enrolling two T1DM cohorts
(n=275 for European T1DM children and 129 for Danish
T1DM children) and one control group (n=151) reported
that serum miR-25 level was significantly increased in
T1DM children and was inversely correlated with residual
beta cell function [46] (Table 1).

Pulmonary arterial hypertension
Pulmonary arterial hypertension (PAH) is an
obstructive, arterial vasculopathy characterized by
excessive pulmonary artery smooth muscle cell (PASMC)
proliferation and migration [43]. It leads to vascular
stiffening, vasoconstriction, mitochondrial and metabolic
dysfunction and finally right ventricular failure [43]. A
study proved that overexpression of miR-25 in human
PASMC samples resulted in decreased expressions of
mitochondrial calcium uniporter (MCU) and cAMP
response element binding protein (CREB1). These
gene expression alterations resulted in mitochondrial
and metabolic dysfunction and a cancer-like phenotype
www.oncotarget.com
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Chronic kidney disease

IMR-32 cells [50] (Table 2). Furthermore, overexpression
of miR-25 protected cells against apoptosis induced by
oxygen-glucose deprivation/reoxygenation possibly
through the Fas/FasL pathway [50] (Table 2) (Figure
2). This protective effect of miR-25 against apoptosis in
human neuroblastoma SH-SY5Y and IMR-32 cells are
in concordance with the findings of Pan et al. reported
in H9c2 embryonic rat ventricular myocytes [40, 50]
(Table 1-2) (Figure 2). Interestingly, 10-Hz repetitive
transcranial magnetic stimulation was reported to improve
proliferation of adult neural stem cells 7 days after focal
cerebral ischemia in the subventricular zone in rats [52]
(Table 2) Moreover, the beneficial effect of repetitive
transcranial magnetic stimulation was associated with
the overexpression of miR-25 and repression of its direct
target p57 (CDKN1C). It is a member of the cyclindependent kinase (CDK) inhibitors blocking the cell cycle
in G1/S phase [49] (Table 2) (Figure 2). Interestingly, a
study related to CNS development in zebrafish embryos
has also shown that scratch2 transcription factor could
block the cell cycle re-entry by maintaining high levels
of CDKN1C (p57) via the repression of miR-25 in
postmitotic primary neurons [53] (Table 2) (Figure 2).

Chronic kidney disease is often associated with
tubulointerstitial fibrosis leading to progressive functional
deterioration [20]. It has been demonstrated that all
members of the miR-106b-25 cluster including miR-106b,
miR-93 and miR-25 were significantly down-regulated
after 48 h TGF-β1 treatment (5 ng/ml) in human kidney
proximal tubular epithelial cell line (HK-2) [20] (Table
1). Bioinformatics analysis identified the TGF-β type-II
receptor as a potential target of the miR-106b-25 cluster.
Indeed, miR-106b transfection resulted in decreased
expression of TGF-β type II receptor in HK-2 cells [20]
(Table 1). Hence, the repression of miR-25 and miR-106b
may be a key factor in the development of TGF-β1-mediated
fibrosis both in the kidney and the heart [32] (Table 1).
Diabetes mellitus is one of the leading causes of
end-stage renal disease [47]. NADPH oxidase-derived
superoxide seems to play a key role in hyperglycemiainduced oxidative stress in diabetic nephropathy [48].
MiR-25 expression was significantly reduced and NOX4
mRNA and protein levels were increased in the kidney
of streptozotocin-induced diabetic rats and high glucosetreated mesangial cells [45] (Table 1). Furthermore,
mesangial cells transfected with antagomiR-25 showed
significantly increased NOX4 mRNA and protein levels
[48] (Table 1) (Figure 2). These results are in line with
our findings in the hearts of hypercholesterolemic
rats with increased cardiac tissue oxidative stress and
diastolic dysfunction in the presence of decreased miR-25
expression [39] (Table 1) (Figure 2). Therefore, the miR25-NOX4-oxidative stress axis seems to play a common
role in kidney and heart disease.
IgA nephropathy is the most common primary
glomerulonephritis leading to end-stage renal disease
[49]. A clinical cohort study recruiting 3 control and
9 IgA nephropathy patients showed that miR-25 was
significantly increased in the urinary sediment derived
mainly from urinary erythrocytes of IgA nephropathy
patients [49].

Spinocerebellar ataxia type 3
Spinocerebellar ataxia type 3/Machado Joseph
disease (SCA3/MJD) is the most common type of inherited
spinocerebellar ataxia forms [48], and its symptoms include
cerebellar ataxia, spasticity, parkinsonism, dystonia, eye
movement disorders, sensory loss, muscle weakness,
fasciculation, etc. [54]. SCA/MJD is also known as a
polyglutamine (polyQ) disease caused by glutamineencoding CAG nucleotide expansions within endogenous
human genes resulting in an abnormal polyQ tract in
the polyQ-expanded mutant ataxin-3 protein [48]. This
abnormal ataxin-3 protein aggregates in the nucleus
and adjacent areas of the affected neurons exacerbating
cell death [51]. Overexpression of miR-25 was found to
suppress apoptosis in SCA/MJD model cells possibly
by the posttranscriptional reduction of polyQ-expanded
ataxin-3 protein levels [51] (Table 2) (Figure 2). Indeed, the
same research group reported in a clinical cohort study that
serum level of miR-25 was significantly lower in SCA3/
MJD patients (n=35) as compared to healthy controls
(n=25) [51] (Table 2). Moreover, serum miR-25 level
was significantly decreased in SCA3/MJD patients with a
course of disease more than 6 years as compared to those
patients with shorter disease course [51].

Non-cancerous nervous system diseases
Cerebral ischemia/reperfusion injury
Cerebral ischemia is a condition when blood and
oxygen supply to the brain tissues is insufficient [50,
51]. Rapid reperfusion is still the gold standard therapy
for cerebral ischemia and other types of ischemic organ
damages including e.g., ischemic stroke, myocardial
infarction and organ transplantations [50]. However,
reperfusion causes further tissue injuries due to increased
oxidative/nitrative stress leading to mitochondrial
dysfunction, lipid peroxidation, protein oxidation, DNA
damage and finally cell death [38]. MiR-25 was repressed
in a model of 48-h oxygen-glucose deprivation and 48-h
reoxygenation in human neuroblastoma SH-SY5Y and
www.oncotarget.com

Multiple sclerosis
Multiple sclerosis (MS) is an inflammatory and
subsequently degenerative disease of the central nervous
system (CNS). It is defined by focal demyelinated lesions
in the white matter of the brain and spinal cord [55]. A
clinical study enrolling 12 MS relapsing–remitting patients
in stable condition and 14 healthy controls revealed that
members of the miR-106b-25 cluster were down-regulated
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in CD4+CD25highCD127dim/−T regulatory cells of MS patients
[56] (Table 2).

is a high-grade malignant glioma (grade III according
to the WHO classification) developing from low-grade
diffuse astrocytoma (DA; grade II) and progressing into
glioblastoma of grade IV [61]. Glioblastoma multiforme
is the most malignant and aggressive form of gliomas
showing a median survival time of 15 months after
standard therapy [62]. Few studies have investigated
the role of miR-25 in the development of gliomas [62–
66] (Table 3). Most of them indicate that miR-25 is
overexpressed, and behave as an oncomiR during the
development of gliomas [62, 63, 65, 66] (Table 3). These
results suggest that miR-25 has mRNA targets directly
or indirectly regulating pathways related to cell cycle
or cell death. Zhang et al. reported that miR-25 was
overexpressed in more than 90% of human glioma tissues
(grade II-IV) and 60% of human glioma cell lines [62].
Furthermore, miR-25 has been shown to increase glioma
cell proliferation by directly targeting the CDK inhibitor
type 1C (CDKN1C or p57) resulting in an increase of
S/M phase cells and a decrease of G0/G1 phase cells
[62] (Table 3) (Figure 3). The miR-25 and CDKN1C
(p57) axis seem to play a central role in the regulation
of cell cycle re-entry not only in glioblastoma and
cancerous cell proliferation but also in healthy conditions
and after ischemia/reperfusion injury as mentioned in
the previous section [52, 53, 62]. In accordance with
the findings of Zhang et al., another study has found
that miR-25 was overexpressed in human astrocytoma
samples and glioblastoma cell lines leading to tumor
growth and invasion by directly targeting neurofilament
light polypeptide (NEFL) which was an inhibitor of the
mammalian target of rapamycin (mTOR) cell proliferation
pathway [65] (Table 3) (Figure 3). Interestingly, a network
analysis study investigating transcription factors, miRNAs
and their target genes in human anaplastic astrocytoma
reported that miR-25 might target tumor suppressor p53
and it could be regulated by another tumor suppressor, the
phosphatase and tensin homolog (PTEN) [61] (Table 3)
(Figure 3). In contrast, only one study has reported that
overexpression of miR-25 could suppress glioblastoma
growth in vivo and in vitro by a p53 tumor suppressordependent mechanism [64] (Table 3) (Figure 3). In this
study, miR-25 was identified as a miRNA repressed
indirectly by p53 through the transcriptional regulators of
the P53 gene, E2F1 (also called retinoblastoma binding
protein-3) and MYC [64] (Table 3) (Figure 3). In addition,
overexpression of miR-25 resulted in the downregulation
of its direct targets MDM2 and TSC1. Both targets are
negative regulators of the p53 tumor suppressor and the
mTOR cell proliferation pathway, respectively [64]. In that
article, the authors speculated on that overexpression of
miR-25 could stabilize p53 tumor suppressor expression
through activation of mTOR pathway by targeting TSC1.
However, this finding is controversial to the results of
Peng et al. [64, 65].

Schizophrenia
Schizophrenia is a chronic severe neuropsychiatric
disorder with strong genomic and environmental risk
factors. The expression of miR-25, a transcriptional
regulator of SERCA2 was downregulated in a mouse
model of schizophrenia [57] (Table 2) (Figure 2). The
22q11 deletion syndrome (22q11DS) is one of the
strongest known genetic risks for schizophrenia [54]. A
mouse model of 22q11DS had an age-dependent increase
in hippocampal long-term potentiation (LTP), a form of
synaptic plasticity needed in learning and memory [57,
58]. In this mouse model of schizophrenia, the expression
of SERCA2 is increased resulting in elevated loading
of the endoplasmic reticulum with Ca2+ and enhanced
neurotransmitter release as well as increased LTP [57, 58].
A study has found that haploinsufficiency of DGCR8; a
miRNA biogenesis gene in the 22q11DS disease-critical
region led to synaptic SERCA2 overexpression and
increased LTP [57]. Moreover, SERCA2 was elevated in
human brain samples with schizophrenia [57] (Table 2)
(Figure 2).
Neurotoxicity by dioxins
Acetylcholinesterase (AChE) plays a central role in
cholinergic neurotransmission in central and peripheral
nervous systems by hydrolysation of the neurotransmitter,
acetylcholine [56]. Dioxins were shown to decrease
AChE expression directly in neuroblastoma cells and
immune cells by transcriptional regulation via aryl
hydrocarbon receptor and by post-translational regulation
via microRNAs including miR-25 [59]. Proposed
mechanisms of dioxin toxicity are reviewed in detail by
Xie et al. [59].

Asthma bronchiale
A study using human tracheal smooth muscle cells
revealed that miR-25 was significantly down-regulated
after exposing cells to pro-inflammatory cytokines
including IL-1β, TNF-α, and IFN-γ [60]. In this study, the
repression of miR-25 resulted in the overexpression of its
direct target Krüppel-like factor 4 (KLF4). KLF4 is known
as an inhibitor of smooth muscle-specific gene expression
and mediator of inflammation [60] (Table 2) (Figure 2).

Cancerous diseases
Cancerous nervous system diseases
Glial tumors
Astrocytoma originating from astrocytic glial cells
is the most common type of primary tumor type in the
central nervous system [61]. Anaplastic astrocytoma (AA)
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Table 2: The role of miR-25 in non-cancerous nervous system diseases
Disease

Species and
tissue or cell
type

Alteration
of miR-25
expression

Method
for miR-25
detection

Target
gene

Biological
function

Method
for target
validation

Sample size
in clinical
studies

Ref.

1

Cerebral I/R

SH-SY5Y and
IMR-32 cells
(48 h OGD/
48 h R)

upregulation

qRT-PCR

Fas

apoptosis

DLRA,
miR-25 TF,
WB

N/A

[50]

2

Cerebral I/R

brain of male
SD rats (7 days)

upregulation

qRT-PCR

p57

cell cycle
arrest

antagomiR-25,
WB

N/A

[52]

3

postmitotic
CNS
primary neurons
development
of zebrafish
embryos

downregulation

qRT-PCR

p57

cell cycle
arrest

DLRA

N/A

[53]

4

SCA3/MJD

SCA/MJD
model cells,
293T and
SH-SY5Y cells

upregulation

qRT-PCR

ATXN3

ataxia

DLRA

N/A

[51]

5

SCA3/MJD

human BS
(Chinese)

downregulation

qRT-PCR

N/A

N/A

N/A

35 SCA/MJD
vs. 25 CONT

[54]

MS

human BP,
T-cells (Italian)

downregulation
(miR106b-25
cluster)

Agilent
human
miRNA
microarray
V2.0,
qRT-PCR

N/A

N/A

N/A

12 MS vs 14
CONT

[56]

7

Schizophrenia

mouse
hippocampus
(8-10, 16-20
wk) human
brain tissues

downregulation

Agilent
mouse
miRNA
microarray,
qRT-PCR

SERCA2

calcium
handling

miR-25 viral
infection

17
schizophrenia
vs. 22 CONT

[57]

8

Asthma
bronchiale

human tracheal
SMCs

downregulation

miRNA
array

KLF4

inflammation

WB, antimiR-25 TF

N/A

[60]

N/A

N/A

N/A

52 CF
with liver
disease50 CF
without liver
disease

[153]

RB1,
KAT2B

cell cycle
arrest

LRA, IH, WB

N/A

[149]

6

9

CF

human BS
(Australian)

upregulation

Qiagen
miRNA PCR
array for
serum and
plasma

10

Liver
regeneration

male SD rats
(6, 12, 24, 36 h)

upregulation

Agilent rat
miRNA
array, V16,
8X15k

Abbreviations: BP: blood plasma, BS: blood serum, CF: cystic fibrosis, CNS: central nervous system, CONT: control, DLRA: dual
luciferase reporter assay, h: hour, IF: immunofluorescence, IH: immunohistochemistry, I/R: ischemia/reperfusion, LRA: luciferase
reporter assay, KO: knock out, MS: multiple sclerosis, OE: overexpression, OGD: oxygen glucose deprivation, R: reoxygenation, SCA/
MJD: Spinocerebellar ataxia type 3/Machado-Joseph Disease, SD: Sprague Dawley, SMCs: smooth muscle cells, TF: transfection, TG:
transgene, WB: Western blot, wk: week. The abbreviations in bold are considered as gold standard methods for miRNA target validation.

Retinoblastoma

regulator BCL2L1 seemed to be a potentially important
target of miR-25 in RB [67] (Table 3) (Figure 3).

Retinoblastoma (RB) is a typical malignant tumor
appearing in children [67]. A clinical pilot study with a
very limited sample size enrolling 3 healthy and 3 RB
retina samples has reported that miR-25 was significantly
overexpressed in RB [67] (Table 3) (Figure 3). After
miRNA-target analysis using experimentally validated
databases and pathway enrichment analysis, the apoptosis
www.oncotarget.com

Lung cancer
Non-small cell lung cancer
Lung cancer is the leading cause of tumor-related
mortality worldwide [68]. Non-small cell lung cancer
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Table 3: The role of miR-25 in cancerous nervous system diseases
Disease

Species
Alteration
and tissue of miR-25
or cell type expression

Method
for miR-25
detection

Target gene

Biological
function

GBM

human
brain tumor
uptissue
regulation
(American)

Agilent human
miRNA
microarray
version 1,
qRT-PCR

N/A

N/A

N/A

24 CNS
tumors vs.
8 CONT

[66]

GBM

human
GBM
sample
(Chinese),
GMB cell
lines

upregulation

qRT-PCR

NEFL

apoptosis

LRA,
WB

44 GBM vs.
20 CONT

[65]

GBM

human
GBM
sample
(Chinese),
human
GBM cell
lines

upregulation

qRT-PCR

p57

cell cycle
arrest

LRA,
35 GBM vs.
miR-25 TF
5 CONT

[62]

GBM

human
GBM
sample
(dataset)

upregulation

dataset
analysis

p53

apoptosis,
cell cycle
arrest

network
analysis

N/A

[61]

5

GBM

human
GBM cell
lines, mice
(35 days)

upregulation

Nanostring
assay,
qRT-PCR

MDM2,
TSC1

apoptsosis

LRA,
miR-25 TF,
WB

N/A

[64]

6

RB

human RB
sample
(Chinese)

upregulation

Agilent human
miRNA
microarray 2k

Bcl2L1

apoptosis

exp.
validated
databases

3 RB vs.
3 CONT

[67]

1

2

3

4

Method Sample size
for target in clinical
validation
studies

Ref.

Abbreviations: CONT: control, DLRA: dual luciferase reporter assay, GBM: glioblastoma multiforme, IF:
immunofluorescence, IH: immunohistochemistry, LRA: luciferase reporter assay, KO: knock out, OE: overexpression,
RB: retinoblastoma, TF: transfection, TG: transgene, WB: Western blot. The abbreviations in bold are considered as gold
standard methods for miRNA target validation.

(NSCLC) accounts for 80-85% of all lung cancer cases,
and its 5-year survival rate is about 15% [68]. Savita et
al. reported that the overexpression of the miR-106b-25
cluster could directly suppress the ubiquitin ligase
β-TRCP2 gene expression leading to decreased Snail
degradation in H1299 non-small cell lung cancer cells [69]
(Table 4) (Figure 3). Snail has been reported to positively
regulate cell adhesion and migration as well as invasion
[70, 71]. Xiang et al. demonstrated that the oncogenic
effect of miR-25 is partially due to direct targeting and
repressing F-box and WD repeat domain-containing 7
(FBXW7 also known as FBW7) in human NSCLC tissue
samples and cell lines [68] (Table 4) (Figure 3). FBXW7
www.oncotarget.com

is a putative tumor suppressor in human tumorigenesis
due to its ability to recognize and bind target proteins
for ubiquitination and degradation [68]. Other studies
suggested that the overexpression of miR-25 could reduce
apoptosis by different mechanisms in human NSCLC cells
and cell lines [72, 73] (Table 4). Wu et al. reported that
miR-25 directly targeted the modulator of the apoptosis
1 (MOAP1) gene which was a Bax-associated protein
containing BH3-like motif and mediating caspasedependent apoptosis [72] (Table 4) (Figure 3). Chen
et al. found that overexpression of miR-25 directly
repressed the regulator of G protein signaling 3 (RGS3)
gene which potentially could play a role in apoptosis as
21590
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a cancer suppressor [73] (Table 4) (Figure 3). He et al.
reported that radiotherapy-resistant NSCLC human tissues
overexpressed miR-25 as compared to radiosensitive or
non-cancerous tissues [74] (Table 4). In addition, miR25 overexpression correlated negatively with its direct
BTG anti-proliferation factor 2 (BTG2) expression
(Table 4) (Figure 3). BTG2 has been shown to inhibit cell
proliferation and invasion by repressing cyclin D1, matrix
metalloproteinase-1 and metalloproteinase-2 in human
lung cancer cells [74]. Interestingly, down-regulation of

miR-25 by antagomiR-25 treatment was shown to inhibit
NSCLC cell proliferation and induce G1 cell cycle arrest
possibly through indirect down-regulation of the cell
division cycle 42 (CDC42) gene [75] (Table 4) (Figure 4).
REV3Lp is the catalytic subunit of DNA polymerase
zeta playing a crucial role in genome stability in
mammalian cells. A study investigating the polymorphism
of REV3Lp in lung cancer susceptibility in Chinese Han
population (n=500 lung cancer patients and 517 cancerfree control) revealed that (3’UTR) 460 T>C single

Figure 3: Overexpression of miR-25 in cancerous diseases. EAC/BE: esophageal adenocarcinoma/Barrett esophagus, ESCC:
esophageal squamous cell carcinoma, CAC: cholangiocarcinoma, CRC: colorectal cancer, GC: gastric cancer, GBM: glioblastoma
multiforme, HCC: hepatocellular carcinoma, NSCLC: non-small cell lung carcinoma, OVC: ovarian cancer, PC: prostate cancer, PTC/FTC:
papillary thyroid carcinoma/follicular thyroid carcinoma, RB: retinoblastoma. Gene symbols in bubbles are targets of miR-25 in multiple
organs/diseases. Genes in red bubbles are targets of miR-25 in multiple diseases.
www.oncotarget.com

21591

Oncotarget

Table 4: The role of miR-25 in lung cancer
Species and
tissue or cell
type

Alteration
Method
of miR-25 for miR-25
expression detection

Target
gene

Biological
function

Method
for target
validation

Sample size in
clinical studies

Ref.

NSCLC

H1299 cells

upregulation
of miR106b and
miR-93

qRT-PCR

betaTRCP2

ubiquitination

LRA

N/A

[69]

NSCLC

human
NSCLC tissue
(Chinese),
human NSCLC
cell lines

upregulation

qRT-PCR

FBXW7

cell cycle
arrest

LRA, miR-25
TF, WB

16 NSCLC vs.
16 CONT

[68]

NSCLC

human BP
(Chinese),
human NSCLC
cell lines

upregulation

qRT-PCR

MOAP1

apoptosis

LRA, miR-25
TF, MOAP1
OE or KO,
anatgomiR-25
in vivo

81 NSCLC vs.
41 CONT

[72]

NSCLC

human
NSCLC tissue
(Chinese),
human NSCLC
cell line

upregulation

qRT-PCR

RGS3

apoptosis

DLRA, WB

35 NSCLC vs.
ADJNTT

[73]

NSCLC

human
NSCLC tissue
(Chinese),
human NSCLC
cell line

upregulation

BTG2

proliferation
inhibitor

LRA,
antagomiR-25
and miR-25 TF
in vitro, WB

60 NSCLC vs.
32 CONT

[74]

NSCLC

human
NSCLC tissue
(Chinese),
human NSCLC
cell line,
female nude
mice (35 days)

downregulation

qRT-PCR

CDC42

proliferation

LRA,
antagomiR-25
TF in vivo,
CDC42 OE,
WB

11 NSCLC vs.
ADJNTT

[75]

7

NSCLC

human BS
(American,
Chinese)

upregulation

Taqman
low density
array, qRTPCR

N/A

N/A

N/A

221 NSCLC vs.
161 CONT (56
benign nodules)

[77]

8

NSCLC

human NSCLC
tissue, human
BP (Chinese)

upregulation

qRT-PCR

N/A

N/A

N/A

100 female
NSCLC
(non-smoking)

[63]

SCLC

human
SCLS tissue
(Chinese),
human SCLC
cell lines

upregulation

qRT-PCR

CDK2

proliferation

LRA,
anatgomiR-25
in vitro, WB

9 SCLC vs.
ADJNTT

[80]

Disease

1

2

3

4

5

6

9

qRT-PCR

Abbreviations: ADJNTT: adjacent non-tumorous tissue, BP: blood plasma, CONT: control, DLRA: dual luciferase reporter assay,
IF: immunofluorescence, IH: immunohistochemistry, LRA: luciferase reporter assay, KO: knock out, NSCLC: non-small cell lung
carcinoma, OE: overexpression, SCLC: small cell lung carcinoma, TF: transfection, TG: transgene, WB: Western blot. The abbreviations
in bold are considered as gold standard methods for miRNA target validation.
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nucleotide polymorphism (rs465646) showed a strong
association with lung cancer development [76]. The T
allele demonstrated a stronger binding affinity for miR-25
and miR-32 which could down-regulate the endogenous
tumor suppressor REV3L [76]. Furthermore, an ethnically
diverse multicenter case-control study recruiting 221
NSCLC patients, 161 controls and 56 patients with benign
nodules from China and America reported that serum
levels of miR-25 and other four miRNAs (miR-483-5p,
miR-193a-3p, miR-214 and miR-7) were significantly
elevated irrespective of ethnicity groups [77] (Table 4). A
clinical study enrolling 100 Chinese female non-smoking
lung adenocarcinoma patients found that increased plasma
miR-25 levels positively correlated with the mortality rate,
advanced disease stage, regional and distant metastasis
at diagnosis as well as epithelial growth factor receptor
(EGFR) mutation status [63] (Table 4). Another clinical
study investigating circulating miRNA levels in response
to chemotherapy or operation in Russian lung cancer
patients (n=23, T1-3N0-3M0) showed that the plasma
concentration of miR-25 did not change 15 days after
surgery or within 30 days after completing two courses of

paclitaxel-carboplatin chemotherapy as compared to that
before the respective intervention [78]. In another clinical
study enrolling 148 Chinese patients with histologically
proven advanced or metastatic lung adenocarcinoma (stage
IIIB or IV) and showing a complete or partial response to
first-line therapy with the antifolate agent pemetrexed plus
platinum of 4-6 cycles, were divided into an observation
versus pemetrex maintenance group [79]. In the pemetrex
maintenance group, significantly elevated serum miR-25
levels were negatively correlated with progression-free
survival time [79]. In contrast, serum miR-25 levels failed
to correlate with progression-free survival time in the
observation group [79].
Small cell lung cancer
Small cell lung cancer (SCLC) accounts for
approximately 15% of all new lung cancer cases and has
unique clinical and histological characteristics [80]. Zhao
et al., similarly to that in NSCLC samples, reported the
overexpression of miR-25 in human SCLC tissue samples
and cell lines [80]. Interestingly, down-regulation of miR25 by antagomiR-25 treatment was shown to inhibit SCLC

Figure 4: Repression of miR-25 in cancerous diseases. ATC: anaplastic thyroid cancer, CRC: colorectal cancer, NSCLC: non-small

cell lung carcinoma, PC: prostate cancer. Gene symbols in bubbles are targets of miR-25 in multiple organs/diseases. Gene in red bubble
is a target of miR-25 in multiple diseases.
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cell proliferation and induced the cell cycle arrest in the
G1 phase possibly through the down-regulation of the cell
cycle-related proteins cyclin E2 and CDK2. Cyclin E2 was
shown to be a direct target of miR-25 in this study [80]
(Table 4) (Figure 3).

miR-142-3p, miR-505*, miR-1248, miR-181a-2*, and
miR-340* could discriminate between tumor samples
from BRCA1/2 mutation carriers and non-carriers [90].
A BRCA1/2A preclinical mechanistic study reported that
down-regulation of miR-25 by isoliquiritigenin resulted
in increased autophagic cell death by overexpression of
ULK1 and induced chemosensitization in MCF7/ADR
breast cancer cells [91] (Table 5) (Figure 3). Another
study comprehensively analyzed tumor tissue miRNA
expression and patient survival collecting data from the
Cancer Genome Atlas (TCGA) which contains miRNA
sequencing and overall survival datasets of 759 breast
cancer patients [83, 89]. Surprisingly, this study found that
increased expression of miR-25 predicted improved breast
cancer survival [89].

Breast cancer
Breast cancer ranks the first among female cancers
and is the second leading cause of death in women
worldwide [81, 82]. Breast cancer is a heterogeneous
disease entity, and numerous classification systems
have been developed on the basis of histopathological
and molecular genetic features or the appearance in
imaging studies such as mammography or MRI [83].
From the point of view of therapy, both the stage/extent
of the tumor and mentioned special features contribute
to therapeutic decision. Breast cancer has always been
managed more or less on an individual basis; the recent
advances in precision medicine made a great impact on
the management of breast cancer. Plenty of studies have
examined the correlation between miRNA and mRNA
expression in breast cancer and the role of miRNA
expression profile in prognosis, but no clear conclusion
has yet been reached [84]. The vast majority of studies
investigating the role of miR-25 in the development of
breast cancer have found that miR-25 was overexpressed
in human breast cancer tissues and was elevated in the
serum of patients [82, 84–90] (Table 5) (Figure 3). Hu
et al. demonstrated in a two-stage case-control analysis
that serum levels of miR-25, miR-16, miR-222 and miR324-3p were significantly upregulated as compared to
those other miRNAs (miR-191 and miR-484) used as
endogenous control in Chinese breast cancer patients
[85] (Table 5). Wu reported that miR-25 expression was
significantly higher in breast cancer patients based on data
of 683 breast cancer tissues when compared to that in 87
normal breast tissues according to The Cancer Genome
Atlas [83]. Interestingly, another clinical study enrolling
240 Norwegian early breast cancer patients showed strong
and significant associations between the overexpression
of miR-25, miR-18a/b, miR-106b, and miR-505 with high
proliferation, estrogen receptor negativity and cytokeratin
5/6 positivity of cancer [86] (Table 5). Moreover, using
dataset analysis Farazzi et al. reported that miRNA
families might control subtype-specific pathways in
breast cancer and miR-25 showed high miRNA regulatory
activity in triple-negative and basal-like subtypes of
breast cancer [84]. Another study using 21 surgical breast
cancer specimens revealed that increased expression of
miR-25 was associated with high Ki-67 (a marker of cell
proliferation) expression and HER2, ER and PR positivity
[88] (Table 5). Interestingly, a study enrolling 76 breast
cancer patients reported that overexpression of miR-25*,
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Ovarian cancer
Ovarian cancer is the most common cause of
gynecological malignancy-related mortality among
women [92]. Epithelial ovarian cancer (EOC) accounts for
approximately 90 % of ovarian tumors, including serous
adenocarcinoma, endometrial adenocarcinoma and clear
cell carcinoma [93]. Most cases are not diagnosed at an
early stage [89]. Therefore, the 5-year survival rate is still
poor despite advances in the diagnosis and chemotherapy
[93, 94]. Studies investigating the expression of miR25 in epithelial ovarian cancer cell lines, tumorous
tissues and serum from patients provided controversial
findings. A preclinical study demonstrated that miR-25
was overexpressed in human ovarian cancer cells and
cell lines (SKOV3, OVCAR3, OVCAR5, and A2780)
and ovarian surface epithelial cells (OSE) [92] (Table 5)
(Figure 3). In this study, repression of miR-25 in ovarian
cancer cells enhanced apoptosis by directly targeting
Bim (also known as BCL2L11) [95]. Bim is also known
as a direct activator of Bax and neutralizer of Bcl2-like
molecules [95] (Table 5) (Figure 3). Another preclinical
study showed that expression of miR-25 was increased in
human ovarian cancer cells (OVCAR3, SKOV3, ES-2)
[90] (Table 5) (Figure 3). In this study, inhibition of miR25 could suppress proliferation, migration, and invasion
of ovarian cancer cells by directly targeting large tumor
suppressor 2 (LATS2) [93] (Table 5) (Figure 3). A clinical
cohort study enrolling 86 ovarian cancer patients reported
that the increased expression of miR-25 in EOC tissue
was associated with advanced clinical stage, lymph node
metastasis and shorter survival time indicating that miR25 might be involved in carcinogenesis and metastasis of
EOC [96] (Table 5). Moreover, another clinical cohort
study recruiting 180 treated EOC patients and 66 healthy
women from Germany showed that serum levels of miR25 was down-regulated after a median follow-up time
of 21 months [97] (Table 5). Interestingly, Langhe et al.
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Table 5: The role of miR-25 in breast, ovarian and prostate cancer
Disease

Species and
tissue or cell
type

Alteration
of miR-25
expression

Method
for miR-25
detection

Target gene

Biological
function

Method
for target
validation

Sample size
in clinical
studies

Ref.

N/A

N/A

N/A

24 BC vs.
48 CONT

[85]

1

BC

human BS
(Chinese)

upregulation

Solexa
sequencing,
Taqman low
density array,
qRT-PCR

2

BC

human BC
tissue, human BS
(Chinese)

upregulation

Solid
sequencing,
qRT-PCR

N/A

N/A

N/A

88 BC vs.
60 CONT

[82]

3

BC

human BC tissue
(dataset)

upregulation

qRT-PCR and
dataset analysis

N/A

N/A

N/A

683 BC vs.
87 CONT

[91]

4

BC

human BC tissue
(Norwegian)

upregulation

qRT-PCR

N/A

N/A

N/A

240 BC
(T1,2N0M0)

[86]

5

BC

human BC tissue
(Japanese)

upregulation

Qiagen
Human Cancer
microRNA PCR
Array system

N/A

N/A

N/A

21 BC

[88]

6

BC

human BC cell
line, NOD/SCID
mice

upregulation

Affymetrix
miRNA 3.0
array, qRT-PCR

ULK1

autophagy

LRA,
WB

N/A

[81]

OVC

human OVC cell
lines, ovarian
surface epithelial
cells

upregulation

apoptosis

LRA, TF
of miR
mimics and
antagomiR-25
in vitro, WB

N/A

[95]

8

OVC

human OVC
cells, normal
ovarian epithelial
cell line

upregulation

qRT-PCR

LATS2

LRA, miR-25
apoptosis,
mimics and
growth
antagomiR-25
inhibition
TF, WB

N/A

[93]

9

OVC

human OVC
tissue (Chinese)

upregulation

qRT-PCR

N/A

N/A

N/A

86 OVC vs.
ADJNTT

[96]

10

OVC

human BS
(German, 21
months) human
OVC cell lines

downregulation

qRT-PCR

N/A

N/A

N/A

180 OVC vs.
66 CONT

[97]

11

OVC

human BS (Irish)

downregulation

qRT-PCR

N/A

N/A

N/A

25 OVC vs.
25 CONT

[92]

12

OVC

human BP
(American, 15
months)

downregulation

qRT-PCR

N/A

N/A

N/A

14 OVC

[98]

PTEN

metastasis
and
invasion
inhibitor

DLRA,
TF in vitro,
WB

177 PC vs.
ADJNTT

[8]

7

13

PC

human PC tissue
up(American),
regulation
MCM7 TG mice, of the miRnude mice (7
106b-25
wk), human PAC cluster and
cell lines
MCM7

qRT-PCR

BIM

qRT-PCR

(Continued )
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Disease

14

PC

Species and
tissue or cell
type

Alteration
of miR-25
expression

human PC cell
lines

upregulation
of the miR106b-25
cluster and
MCM7

Method
for miR-25
detection

Target gene

Biological
function

Method
for target
validation

Sample size
in clinical
studies

Ref.

PTEN

metastasis
and
invasion
inhibitor

no

N/A

[102]

metastasis
and
anatgomiR-25
invasion or miR-25 TF
inhibitor

9 PC

[101]

qRT-PCR

PC

human PC tissue,
uphuman PC cell
regulation
lines, hypoxic of the 106bneural crest cells 25 cluster

qRT-PCR

PTEN

16

PC

prostate
neuroendocrine
cells, p53 knock
down PC cells

upregulation

qRT-PCR

FBXW7

cell cycle
arrest

RNA
interference

N/A

[103]

17

PC

human PC tissue
(Brazilian)human
PC cell lines

upregulation

qRT-PCR

N/A

N/A

N/A

63 PC

[104]

18

PC

human
osteotropic
PC cell lines,
zebrafish
embryos

downregulation

qRT-PCR

ITGA6,
ITGAV

metastasis
and
invasion

LRA,
miR-25 TF

N/A

[100]

19

PC

human BP
(Caucasian)

downregulation

qRT-PCR

N/A

N/A

N/A

68 PC vs.
79 CONT

[106]

15

Abbreviations: ADJNTT: adjacent non-tumorous tissue, BP: blood plasma, BS: blood serum, BC: breast cancer, DLRA: dual luciferase
reporter assay, IF: immunofluorescence, IH: immunohistochemistry, LRA: luciferase reporter assay, KO: knock out, OE: overexpression,
OVC: ovarian carcinoma, PC: prostate cancer, TF: transfection, TG: transgene, WB: Western blot. The abbreviations in bold are
considered as gold standard methods for miRNA target validation.

demonstrated that four circulating microRNAs including
miR-25-3p let-7i-5p, miR-122, and miR-152-5p were
significantly down-regulated in serous ovarian carcinoma
patients as compared to benign serous cystadenoma
patients in a small sample size clinical study (n=25)
[92] (Table 5). In other tissues, miR-25 is known to
target WNT signaling, and AKT/mTOR pathways which
have previously been found to play a role in ovarian
carcinogenesis and chemoresistance as well [92] (Table
5). Moreover, Benson et al. reported that plasma miR-25
expression was significantly decreased in chemotherapyresistant ovarian cancer patients, as compared to
responders after 7 cycles of decitabine-carboplatin
chemotherapy [98] (Table 5).

and therapy have significantly improved recently,
however, about 25% of patients develop metastases.
Prostate carcinoma may develop to a clinically aggressive
form, which is resistant to androgen deprivation therapy,
develops metastases and expresses neuroendocrine
markers [100, 101]. A study has proven that the
concomitant overexpression of the miR-106b-25 cluster
and its host gene minichromosome maintenance protein
7 (MCM7) cooperates in initiating prostate cancer by
directly targeting the tumor suppressor phosphatase and
tensin homologue (PTEN) gene both in prostate cancer
cell lines and human prostate cancer specimens [8] (Table
5) (Figure 3). PTEN has been shown to suppress the
PI3K/Akt pathway which activates a number of target
proteins to promote nutrient uptake, protein synthesis, cell
survival, cell proliferation, cell motility and angiogenesis
[8]. Furthermore, a study by Liang et al. demonstrated
that hypoxia-induced neuronal and neuroendocrine
differentiation of neuronal crest cells and PC cells by

Prostate cancer
Prostate cancer (PC) is the second most common
cancer among men worldwide [99]. Both early detection
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inducing the miR-106b-25 cluster [101] (Table 5) (Figure
3). In this study, overexpression of the miR-106b-25
cluster resulted in the down-regulation of the tumor
suppressor RE-1 silencing transcription factor (REST)
[101] (Table 5) (Figure 3). Interestingly, REST has also
been shown to be a negative regulator of PI3K/Akt
pathway which is overactivated in PC [101]. Enterolactone
produced by the metabolism of plant lignans by intestinal
bacteria showed anti-proliferative effects in prostate
cancer cell lines by repression of DNA licensing genes
including MCM7 as well as the miR-106b-25 cluster,
and overexpression of tumor suppressor gene PTEN
[102] (Table 5). Interestingly, another mechanistic study
by Li et al. showed that mutation of the p53 (TP53)
tumor suppressor gene in prostate neuroendocrine cells
could lead to overexpression of miR-25 similarly to the
findings of Suh et al. in glioblastoma cells [64, 103]
(Figure 3). This study by Li et al. demonstrated that the
overexpression of miR-25 resulted in the repression
of the E3 ubiquitin ligase FBXW7 leading to increased
expression of its substrate Aurora kinase A (AURKA)
which is a positive cell cycle regulator [103] (Table 5)
(Figure 3). In contrast, Leite et al. found in advanced
prostate cancer specimens (n=63) that the expression
levels of several miRNAs including miR-25 significantly
decreased during the progression of prostate cancer related
to the transition from high grade prostate intraepithelial
neoplasia to invasive adenocarcinoma, and the transition
from localized to metastatic adenocarcinomas [104]
(Table 5) (Figure 4). Moreover, Zoni et al. found that
miR-25 was a negative regulator of the development of
an invasive and metastatic phenotype in human prostate
cancer cells by directly targeting the pro-invasive α6- and
αv-integrins [100, 105] (Table 5). Indeed, a prospective
clinical study enrolling 147 Caucasian age-matched
patients with increased PSA levels and receiving needle
biopsy to diagnose PC reported that decreased expression
of miR-25-3p and other miRNAs correlated with increased
malignancy [106] (Table 5). Interestingly, two clinical
studies could not find any change in miR-25 expression
in urine [107] or urine sediment samples [99] of prostate
cancer patients.

23) could increase the expression of miR-25 in human
thyroid cancer cell lines K1 (papillary type) and WRO
(follicular type) promoting migration and invasion of
thyroid cancer cells [109] (Table 6). This study also
demonstrated that the overexpression of miR-25 directly
reduced the expression of its direct target suppressor of
cytokine signaling 4 (SOCS4) leading to increased IL23 expression in human thyroid cancer cell lines and
tissue samples [109] (Table 6) (Figure 3). A clinical
cohort study enrolling 56 patients with primary PTC,
95 patients with benign thyroid nodules, and 10 age and
gender-matched healthy controls from Northern China
reported that plasma and tissue levels of miR-25-3p
were significantly higher in PTC patients as compared
to healthy controls or patients with benign thyroid
nodules [108] (Table 6). In contrast, a research group
found that miR-25 was repressed in anaplastic thyroid
carcinoma using miRNA microarray [110] (Table 6) and
qPCR for validation their results [111] (Table 6). They
have also demonstrated that overexpression of miR25 by transfection into ACT-1, 8505c and FRO human
anaplastic thyroid cell lines could inhibit proliferation
and colony formation by directly targeting the oncogene
polycomb protein enhancer of zeste 2 (EZH2) [111]
(Table 6) (Figure 4). Parallel with the aforementioned
results, another research group has also found that the
expression of miR-25 was decreased in anaplastic thyroid
carcinoma [112] (Table 6) in human tissue samples and
cell lines [113] (Table 6). Transfection of miR-25 into
8505c anaplastic thyroid cell line and Nthy-ori SV40immortalised thyroid cell line could directly reduce the
expression of survival-promoting mitogen-activated
protein kinase 4 (MEK4) and tumor necrosis factorrelated apoptosis inducing ligand (TRAIL) which could
induce proliferation, migration, and invasion in tumor
cells [113] (Table 6) (Figure 4).

Esophageal cancer
Esophageal cancer represents the eighth most
common cancer and the sixth most common cause of
tumorous death worldwide [114]. Esophageal cancer is
developed from epithelial cells including two subtypes:
1) esophageal adenocarcinoma (EAC) and 2) esophageal
squamous cell carcinoma (ESCC) [114]. Mir-25 was
unequivocally reported to be increased in both subtypes
of esophageal cancer tissues and serum/plasma samples
of patients.

Thyroid cancer
Thyroid cancer represents the most common
malignant tumor originating from endocrine organ
including 1) well-differentiated papillary thyroid
carcinoma (PTC, 80%), 2) follicular thyroid carcinoma
(15%), 3) poorly differentiated thyroid carcinoma (<1%)
and 4) anaplastic thyroid carcinoma (<2%) [108]. The
role of miR-25 in the development of different histologic
types of thyroid cancer seems to be controversial.
Mei et al. published that a pro-inflammatory and
carcinogenesis promoting cytokine, interleukin-23 (IL-
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Esophageal adenocarcinoma
Esophageal adenocarcinoma (EAC) is an aggressive
type of esophageal cancer with an overall 5-year survival
rate of <20% [115]. Barrett’s esophagus (BE) is a
precursor abnormality of EAC [115]. In case of BE, the
squamous epithelium of the esophagus is replaced by a
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Table 6: The role of miR-25 in thyroid cancer
Disease

Species and
tissue or cell
type

Alteration
of miR-25
expression

Method
for miR-25
detection

Target gene

Biological function

Method
for target
validation

Sample size in
clinical studies

Ref.

1

PTC/
FTC

human PTC/FTC
tissue (Chinese),
human PTC/FTC
cell lines

upregulation

qRT-PCR

SOCS4

metastasis and
invasion

LRA,
RNA
interference,
WB

61 PTC/FTC vs.
44 CONT

[109]

2

PTC/
FTC

human PTC/FTC
tissue, human
BP (Northern
Chinese)

upregulation

Agilent Human
miRNA
microarray kit
19.0

N/A

N/A

N/A

56 PTC vs.
10 CONT

[108]

3

ATC

human ATC
tissue (Italian)

downregulation

miRNA CHIP
microarray,
Northern blot

N/A

N/A

N/A

10 ATC vs.
10 CONT

[110]

ATC

human ATC
tissue (French)
human thyroid
epithelial cell
lines

downregulation

qRT-PCR

EZH2

proliferation

DLRA,
WB

N/A

[111]

[112]

[113]

4

5

6

ATC

human ATC
tissue (Irish)

downregulation

Multiplex stemloop RT-PCR

N/A

N/A

N/A

1 CONT, 2 classic
PTC, 1 insular
PTC, 2 ATC,
1 lymphatic
metastasis
ATC, 1 vascular
invasion ATC

ATC

human ATC
cell line
(Irish), human
immortalized
thyroid cell line

downregulation

qRT-PCR

MEK4,
TRAIL

proliferation,
apoptosis

WB

N/A

Abbreviations: ATC: anaplastic thyroid cancer, BP: blood plasma, DLRA: dual luciferase reporter assay, IF: immunofluorescence, IH:
immunohistochemistry, LRA: luciferase reporter assay, KO: knock out, OE: overexpression, PTC/FTC: papillary thyroid carcinoma/follicular thyroid
carcinoma, TF: transfection, TG: transgene, WB: Western blot. The abbreviations in bold are considered as gold standard methods for miRNA target
validation.

to the findings of Poliseno et al. in prostate cancer [8,
116] (Figure 3). Indeed, a clinical study investigating 35
normal epithelial, 34 BE, and 36 EAC tissues of American
participants revealed that miR-25 and other miRNAs were
overexpressed in BE and EAC samples with the most
significant alteration in the BE metaplastic stage [115]
(Table 7). Another clinical study using 119 tissue samples
(24 normal/uninvolved mucosa samples from the distal
esophagus of BE patients, 60 BE and 35 EAC) of Czech
patients has also found that miR-25 and other miRNAs
showed overexpression progressively in the sequence of
normal mucosa, BE and EAC [117] (Table 7). Moreover, a
clinical study enrolling Australian participants (19 healthy
controls, 10 BE, and 18 locally advanced EAC patients)
showed that a serum miRNA panel including miR-25
and other miRNAs (RNU6-1/miR-16-5p, miR-25-3p/
miR-320a, let-7e-5p/miR-15b-5p, miR-30a-5p/miR-3245p, miR-17-5p/miR-194-5p) had enhanced specificity
and sensitivity over single miRNA ratios to distinguish
EAC from controls and BE [118] (Table 7). In addition,

metaplastic, columnar-lined epithelium originating from
the gastroesophageal junction [115]. The progression
of BE to adenocarcinoma follows a series of histologic
evolvement with an increasing progression rate [115].
These histologic events include 1) non-dysplastic Barrett’s
metaplasia, 2) low-grade dysplasia (LGD), 3) high-grade
dysplasia (HGD), and 4) adenocarcinoma [115]. Kan et
al. demonstrated that increased level of miR-25 targeted
and inhibited the translation of the pro-apoptotic Bim (also
known as BCL2L11) in human EAC (OE-33) as well as
metaplastic BE-derived cell lines (HEEpiC, QhTRT,
ChTRT, GihTRT) and esophageal tissues (22 normal
epithelia, 24 BE and 22 EAC) [116] (Table 7) (Figure 3).
Zhang et al. had also reported increased miR-25 levels
and decreased Bim expression in epithelial ovarian cancer
cells similarly to the finding of the aforementioned study
by Kan et al. in EAC [95, 116] (Figure 3). Moreover, the
study by Kan et al. also reported that other elements of
the miR-106b-25 cluster and its host gene, MCM7 were
also overexpressed in EAC. These results are similar
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Table 7: The role of miR-25 in gastrointestinal tumors

1

Disease

Species and
tissue or cell
type

Alteration
of miR-25
expression

EAC/BE

human EAC
and BE cell
lines, human
EAC tissues
(American)

Method for miRTarget gene
25 detection

Biological
function

Method for
target validation

Sample size in
clinical studies

Ref.

up-regulation
of the miR106b-25 cluster
and MCM7

Applied
Biosystem
Taqman
MicroRNA assay
(human),
qRT-PCR

BIM

apoptosis

LRA,
WB

22 CONT
epithelia, 24
BE, 22 EAC

[116]

N/A

N/A

N/A

35 CONT
epithelia, 34
BE, 36 EAC

[115]

2

EAC/BE

human EAC
and BE tissue
(American)

up-regulation

Applied
Biosystems’ realtime PCR-based
TaqMan Human
Micro-RNA Card
Set v3.0 for 754
miRNAs

3

EAC/BE

human EAC and
BE tissue (Czech)

up-regulation

Affymetrix
GeneChip miRNA
3.0 arrays

N/A

N/A

N/A

24 ADJNTT,
60 BE, 35 EAC

[117]

up-regulation

TaqMan
OpenArray
Human
microRNA panel
for 758 miRNAs

N/A

N/A

N/A

19 CONT,
10 BE, 18 EAC

[118]

N/A

N/A

N/A

10 EAC vs.
11 CONT

[119]

EAC/BE

human BS
(Australian)

5

EAC/BE

human BS
(American)

up-regulation

Solexa deep
sequencing for
small RNAs,
qRT-PCR

6

ESCC

human ESCC
cell lines, human
ESCC tissue
(Chinese)

up-regulation

qRT-PCR

CDH1

metastasis
and invasion
inhibitor

LRA, WB

N/A

[114]

7

ESCC

human ESCC
cell lines, human
ESCC tissue
(Chinese)

up-regulation

qRT-PCR

DSC2

metastasis
and invasion
inhibitor

LRA, WB

124 ESCC

[121]

8

ESCC

human ESCC
tissue (Northern
Chinese)

up-regulation

qRT-PCR

N/A

N/A

N/A

5 ESCC

[122]

9

ESCC

human ESCC
tissue, BS
(Chinese)

up-regulation

qRT-PCR

N/A

N/A

N/A

20 ESCC vs.
20 CONT
tissue,
194 ESCC vs.
94 CONT
serum

[72]

10

ESCC

human BS
(Chinese)

up-regulation

Taqman low
density array,
qRT-PCR

N/A

N/A

N/A

111 ESCC

[123]

11

ESCC

human BP
(Japanese)

up-regulation

3D-Gene miRNA
microarray, qRTPCR

N/A

N/A

N/A

105 ESCC vs.
50 CONT

[120]

human GC cell
lines

up-regulation
of the miR106b-25 cluster
and MCM7

miRNA
microarray chips
(V2) for 250
human miRNAs,
qRT-PCR,
Northern blot

BIM, p21

apoptosis cell
cycle arrest

LRA, WB

N/A

[125]

4

12

GC

(Continued)
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Species and
tissue or cell
type

Alteration
of miR-25
expression

GC

human GC cell
lines

up-regulation
of the 106b-25
cluster and
MCM7

qRT-PCR

GC

human GC tissue
and human BP
(Chinese), human
GC cell lines,
nude mice

up-regulation

GC

human GC tissue
(Chinese, 80
months), human
GC cell lines,
nude mice

GC

human GC tissue
and human BP
(Chinese), human
GC cell lines

17

GC

human GC tissue
(Chinese), human
GC cell lines

up-regulation

18

GC

human GC tissue
and human BP
(Chinese)

19

GC

human BP
(Chinese)

Disease

13

14

15

16

Method for miRTarget gene
25 detection

Biological
function

Method for
target validation

Sample size in
clinical studies

Ref.

Col1a2, p53

metastasis
and invasion
inhibitor,
apoptosis, cell
cycle arrest

antagomiR-25
TF, IF

N/A

[127]

qRT-PCR

TOB1

growth
inhibitor

LRA,
antagomiR-25 TF,
WB

103 GC vs.
80 CONT

[126]

up-regulation

qRT-PCR

FBXW7

cell cycle
arrest

LRA,
antagomiR-25
TF in vitro and in
vivo, WB

40 GC vs.
ADJNTT

[129]

up-regulation

qRT-PCR

LATS2

apoptosis
growth
inhibition

DLRA,
antagomiR-25
and miR-25 TF

14 GC vs.
14 CONT

[131]

qRT-PCR

RECK

metastasis
and invasion
inhibitor

LRA,
antagomiR-25
and miR-25 TF,
WB

27 GCs

[132]

up-regulation
of the miR106b-25 cluster

qRT-PCR

N/A

N/A

N/A

40 GC vs.
ADJNTT

[130]

up-regulation

Taqman low
density array,
qRT-PCR

N/A

N/A

N/A

160 CONT,
124 GNCA,
36 GCA

[135]

N/A

N/A

N/A

133 GC vs.
109 CONT

[134]

GC

human BP
(Chinese)

up-regulation

Exiqon
miRCURY ready
to use PCR
human panelI+II-V.M for 168
miRNAs

21

GC

human GC
tissue (EPICEURGAST
study)

up-regulation
of the miR106b-25 cluster

Applied
Biosystems Big
Dye Terminators
Cycle Sequencing
Kit

N/A

N/A

N/A

365 GC vs.
1284 CONT

[124]

22

GC

human GC tissue
(Korean)

up-regulation

qRT-PCR

N/A

N/A

N/A

91 GC vs.
26 CONT

[143]

23

CRC

human CC cell
lines

up-regulation

ArrayExpress
microRNA
microarray chip,
qRT-PCR

MCU

apoptosis

LRA, IF

N/A

[138]

24

CRC

human BS
(Chinese)

up-regulation
of the miR106b-25 cluster

qRT-PCR

N/A

N/A

N/A

66 CRC vs.
86 CONT

[139]

25

CRC

human CRC
tissue (Japanese)

up-regulation
of the miR106b-25 cluster

Agilent miRNA
microarray, Early
Access Version,
qRT-PCR

N/A

N/A

N/A

13 CRC vs.
4 CONT

[141]

20

(Continued)
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26

27

Disease

Species and
tissue or cell
type

Alteration
of miR-25
expression

CRC

human CRC
tissue (Chinese)

up-regulation

CRC

human CRC
tissue (Chinese),
BALB/c-nu nude down-regulation
mice, human
CRC cell line

Method for miRTarget gene
25 detection
qRT-PCR

N/A

qRT-PCR

SMAD7

Biological
function

Method for
target validation

Sample size in
clinical studies

Ref.

N/A

N/A

186 CRC vs.
18 CONT

[140]

20 CRC vs.
ADJNTT

[142]

proliferation,
LRA, miR-25 TF,
metastasis and
WB
invasion

Abbreviations: ADJNTT: adjacent non-tumorous tissue, BP: blood plasma, BS: blood serum, CAC: cholangiocarcinoma, CONT: control, CRC: colorectal
cancer, DLRA: dual luciferase reporter assay, EAC/BE: esophageal adenocarcinoma/Barrett esophagus, ESCC: esophageal squamous cell carcinoma, GC:
gastric cancer, GCA: gastric cardia adenocarcinoma, GNCA: gastric non-cardia adenocarcinoma, IF: immunofluorescence, IH: immunohistochemistry,
LRA: luciferase reporter assay, KO: knock out, OE: overexpression, TF: transfection, TG: transgene, WB: Western blot. The abbreviations in bold are
considered as gold standard methods for miRNA target validation.

a small sample size American study using 10 EAC (stage
I-III) and 11 healthy control serum samples also verified
that serum level of miR-25 was elevated in EAC [119]
(Table 7).

miR-25 was associated with lymph node metastasis [123]
(Table 7). Another clinical study recruiting 111 Chinese
ESCC patients confirmed that miR-25 was overexpressed
in serum and tissue samples of ESCC patients [123]
(Table 7). However, overexpression of miR-25 showed
a positive correlation with overall survival in this study
[123] (Table 7). Moreover, a third clinical study enrolling
105 Japanese ESCC patients and 50 healthy controls
also reported that miR-25 level was significantly higher
in plasma and tissues samples of ESCC patients [119]
(Table 7). Plasma miR-25 levels were significantly
reduced in postoperative samples as compared to those
preoperatively, while increased again if ESCC recurred
[119] (Table 7).

Esophageal squamous cell carcinoma
Esophageal squamous cell carcinoma (ESCC)
is the predominant histological subtype of esophageal
carcinomas in Asian countries accounting for
approximately 90% of all esophageal tumors [120].
The prognosis is very poor due to early invasion and
metastasis via the well-developed network of submucosal
lymphatic vessels [115]. Xu et al. reported that the upregulation of miR-25 in ESCC samples of Chinese
patients significantly correlated with the presence of
lymph node metastases and advanced TNM stage [114].
In this study, miR-25 directly targeted E-cadherin
(CDH1) and inhibited its metastasis suppressor
function and promoted cell migration and invasion in
human ESCC cell lines (KYSE-150 and KYSE-410)
[114] (Table 7) (Figure 3). Fang et al. demonstrated
that miR-25 could down-regulate desmocollin-2
(DSC2) in human ESCC cell lines (EC109, KYSE150,
KYSE180 and SHEEC) [121] (Table 7) (Figure 3). The
repression of DSC2 was proposed to increase the level
of free γ-catenin. It competes with β-catenin to form a
complex with E-cadherin [121]. This competition might
subsequently cause an increase in free cytoplasmic
β-catenin level leading to its enhanced nuclear transport
and transcriptional activity. This activates invasionassociated gene expression and ESCC invasion [121].
Zhu et al. found in 5 North Chinese ESCC patients that
miR-25 was significantly overexpressed in ESCC tissues
as compared to normal basal or differentiated cells [122]
(Table 7). A clinical study enrolling 194 ESCC patients
and 94 healthy volunteers in China showed that miR-25
was overexpressed both in serum and tissue samples of
ESCC patients [123] (Table 7). The overexpression of
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Gastric cancer
Gastric cancer (GC) ranks the second among
cancer-related mortality causes [124]. Over 95% of
gastric tumors are adenocarcinomas [125]. Proximal and
distal gastric adenocarcinomas are the two main clinical
manifestations of GC [124]. Histologically, there are
two major types: 1) intestinal type presenting clearly
defined glandular structures (54% of cases) and 2)
diffuse type adenocarcinoma consisting of individually
infiltrating neoplastic cells (32% of cases) [124, 126]. In
addition, there is an indeterminate type as an uncommon
variant (15% of cases) [124, 126]. Interestingly, the
highest incidence of GC is frequently found in Eastern
Asia especially in China, Eastern Europe and South
America, and the lowest in North America and most
parts of Africa [126]. A number of studies found
unequivocally that miR-25 is overexpressed in human
GC cell lines, tissue and serum/plasma samples as well.
A mechanistic study by Petrocca et al. found that E2F1
(also called retinoblastoma binding protein 3) induced
the overexpression of the miR-106b/25 cluster via
its host gene MCM7 [125] (Table 7). Moreover, miR-
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106b and miR-93 could control E2F1 by a negative
feedback loop that might be important in preventing
E2F1 self-activation and, possibly, apoptosis [125]
(Table 7) (Figure 3). In addition, overexpression of the
miR-106b/25 cluster resulted in a decreased response of
gastric cancer cells to TGFβ interfering with the synthesis
of cell cycle inhibitor p21 (also called CDKN1A) and the
pro-apoptotic Bim (also called BCL2L11)[125] (Table
7) (Figure 3). Interestingly, another study using human
gastric cell lines also reported that the amplification
of MCM7 and its intron miR-25 might be the major
molecular switchers in the development of gastric cancer
[127]. This study reported that MCM7 and miR-25 were
able to suppress the adjacent gene, collagen type I alpha
2 chain (Col1a2) as well as the tumor suppressor p53
and activate the proto-oncogene tyrosine-protein kinase
c-Src gene in human GC cell lines [127]. Li et al. showed
overexpression of miR-25 in plasma and tissue samples
of GC patients which promoted gastric cancer migration,
invasion and proliferation by directly targeting the tumor
suppressor TOB1 (also known as transducer of ERBB2,
1 or transducer of Her1/2) and correlated with poor
survival [126] (Table 7) (Figure 3). In contrast, a single
nucleotide polymorphism rs41274221 in the mature
miR-25 gene was associated with reduced tumor growth
and metastasis in GC patients [128]. In this study, the
overexpression of miR-25 with AA genotype resulted
in the reduced ability of binding on the direct target
TOB1 mRNA as compared with GG or GA phenotypes
[128] (Table 7) (Figure 3). The reduced binding ability
of mir-25 resulted in protective effects in gastric cancer
cell lines in this study [128] (Table 7) (Figure 3). Others
demonstrated that overexpression of miR-25 promoted
cell proliferation, invasion and migration by directly
down-regulating the tumor suppressor E3 ubiquitin
ligase FBXW7 and up-regulating its substrates including
G1/S-specific cyclin E1 (CCNE1) and v-myc avian
myelocytomatosis viral oncogene homolog (MYC) in
human GC samples and cell lines [129, 130] (Table 7)
(Figure 3). It was also reported that miR-25 and miR107 could simultaneously reduce the expression of large
tumor suppressor 2 (LATS2) gene promoting cell growths
and invasion in human gastric cancer cell lines [131]
(Table 7) (Figure 3). Zhao et al. published that miR25 may directly target the tumor suppressor reversioninducing-cysteine-rich protein with kazal motifs (RECK)
inducing cell growth and motility in human GC tissues
and cell lines [132] (Table 7) (Figure 3). RECK has
been reported to suppress matrix metalloproteinases
including MMP-2, MMP-9, and MMP-14 which are also
involved in angiogenesis and cancer progression related
breakdown of the extracellular matrix [132]. Clinical
studies have also found that miR-25 is elevated in tissue
and/or plasma/serum samples of GC patients (stage I-III)
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from China [133–136], Korea [137] and Europe [124]
(EPIC-EURGAST study).

Colorectal cancer
Colorectal cancer is the second most common
cancer among men and women worldwide. Mir-25
has been shown to directly target an important factor
in inflammatory carcinogenesis, the angiopoietin-like
protein 2 and the mitochondrial calcium uptake regulating
mitochondrial calcium uniporter in cells and colorectal
carcinoma cell lines (Table 7) (Figure 3) [138]. Clinical
studies have also found that miR-25 is overexpressed in
colorectal cancer tissue and serum samples of Chinese
[139, 140] and Japanese patients [141] showing correlation
with TNM stage and patient prognosis [140] (Table 7). In
contrast, Li et al. found that miR-25 was downregulated
and its direct target Smad7 – a TGF-β type 1 receptor
superfamily member - was upregulated in human
colorectal cancer tissue samples of Chinese patients [142]
(Table 7) (Figure 4).

Hepatocellular carcinoma
Hepatocellular carcinoma (HCC) is the third most
common cause of cancer-related mortality with the
highest incidence in Asia and Africa [143]. A number
of studies have unequivocally shown overexpression of
miR-25 and the miR-106b/25 cluster in HCC cell lines,
clinical HCC tissue, and serum samples. Mir-25 has
been reported to reduce apoptosis by directly targeting
the pro-apoptotic Bim (also known as BCL2L11) in
human liver cell lines and HCC tumor tissues [144].
MiR-25 has also reduced the expression of TNF-related
apoptosis-inducing ligand (TRAIL) via the PTEN/PI3K/
Akt/Bad axis in liver cancer stem cells [145], human
cholangiocarcinoma cell lines, and tissue samples [146]
(Table 8) (Figure 3). Bim has also been shown to be a
direct target of miR-25 in ovarian cancer, esophageal
adenocarcinoma, and gastric cancer. Overexpression
of miR-25 and reduction of TRAIL-induced apoptosis
has also been associated with thyroid cancer [147].
Interestingly, WNT/beta-catenin pathway was reported
to induce miR-25 expression leading to the repression
of its direct target RhoGDI1 and overexpression of the
epithelial-mesenchymal transition inducing SNAIL in
HCC cell lines and human HCC tissues [148] (Table 8)
(Figure 3). Another study using hepatoma and normal
hepatic cell lines demonstrated that miR-25 gene and
other 4 miRNA genes were in hypomethylation status
and these miRNAs were also upregulated in HCC [149]
(Table 8) (Figure 3). Overexpression of the miR-106b-25
cluster and repression of its direct target retinoblastoma
1 (RB1) oncogene and histone acyltransferase (KAT2b)
were also reported in regenerating liver after 2/3
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Table 8: The role of miR-25 in hepatocellular carcinoma
Disease

Species and
tissue or cell
type

Alteration
of miR-25
expression

Method
for miR-25
detection

Target
gene

Biological
function

1

HCC

human
HCC tissues
(Asian),
human HCC
cell cultures

up-regulation
of the miR106b-25 cluster

qRT-PCR

BIM,
E2F1

apoptosis,
cell cycle
arrest

2

HCC

liver cancer
stem cells

up-regulation

qRT-PCR

PTEN

3

HCC

human
HCC tissue
(Chinese),
human HCC
cell lines

up-regulation

qRT-PCR

4

HCC

human HCC
cell lines

up-regulation

5

HCC

human
HCC tissue
(Chinese)

6

HCC(HBV,
HCV)

human BS
(Chinese)

human BS
(Chinese)

7

HCC (HBV)

8

human HBV
pos. HCC
HCC (HBV)
tissue human
BP (Chinese)

9

10

11

Method
for target
validation

Sample
size in
clinical
studies

Ref.

LRA,
55 HCC vs.
antagomiR-25
ADJNTT
TF, WB

[145]

metastasis
and invasion
inhibitor

antagomiR-25
TF

[146]

RhoGDI1

metastasis
and invasion
inhibitor

LRA, WB,
35 HCC vs.
miRNA or
ADJNTT
siRNA TF, IF

[148]

MeDip chip

N/A

N/A

bioinformatics

N/A

[150]

up-regulation

qRT-PCR

N/A

N/A

N/A

133
HCC vs.
ADJNTT

[153]

up-regulation

Solexa
sequencinq,
RT-PCR

N/A

210 CONT,
135 HBV,
48 HCV,
120 HCC

[154]

N/A

23 HBV
pos. HCC,
20 liver
cirrhosis,
20 chronic
hepatitis B,
16 CONT

[149]

[156]

N/A

N/A

N/A

N/A

N/A

up-regulation

qRT-PCR

up-regulation

Taqman
low density
array,
qRT-PCR

N/A

N/A

N/A

50 HCC vs.
37 cancer
free HBV
pos.

HCC (HBV)

human
HBV pos.
HCC tissue
(Chinese),
human HCC
cell lines

up-regulation
of the miR106b-25 cluster
and MCM7

qRT-PCR

N/A

N/A

N/A

120
HCC vs.
ADJNTT

[157]

HCC

human HCC
cells

up-regulation
of the miR106b-25 cluster

Northern
blot

N/A

N/A

N/A

N/A

[144]

CAC

human
CAC tissue
(American),
human CAC
cell lines

up-regulation

qRT-PCR

TRAIL

apoptosis

LRA,
IF

15 CAC vs.
4 CONT

[147]

Abbreviations: ADJNTT: adjacent non-tumorous tissue, BS: blood serum, CAC: cholangiocarcinoma, CONT: control, DLRA: dual
luciferase reporter assay, HBV: hepatitis B virus, HCC: hepatocellular carcinoma, HCV: hepatitis C virus, IF: immunofluorescence,
IH: immunohistochemistry, LRA: luciferase reporter assay, KO: knock out, OE: overexpression, TF: transfection, TG: transgene, WB:
Western blot. The abbreviations in bold are considered as gold standard methods for miRNA target validation.
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partial hepatectomy [150] (Table 8) (Figure 3). This
observation might have clinical translational value in
the renewal of HCC because partial hepatectomy is a
commonly performed operation to treat hepatic tumors.
Another study reported that miR-25 directly repressed
cytochrome P450 2B6. This member of the cytochrome
P450 family is responsible for the metabolism of nearly
25% of drugs including several anticancer agents (e.g.,
tamoxifen, cyclophosphamide, and iphosphamide, etc.)
[151] (Table 8) (Figure 3).
A clinical study enrolling 131 Chinese HCC
patients has reported that overexpression of miR-25 in
human HCC tissue showed a negative correlation with
overall survival [152] (Table 8). Another study recruiting
513 subjects from China showed that elevation of miR25 in blood serum could be a biomarker of HCC [153]

(Table 8). Another cohort study enrolling Chinese
patients with HBV-related small HCC (23 cases), liver
cirrhosis (20 cases), chronic hepatitis B (20 cases) and
healthy controls (16 cases) has found that serum miR-25
could be a potential biomarker not only of HBV-related
HCC but also of liver cirrhosis and chronic hepatitis B
infection [149] (Table 8). Interestingly, clinical studies
reported that increased levels of circulating miR-25 were
positively correlated with liver diseases in children with
cystic fibrosis as well [154] (Table 8). Additional studies
reported that the miR-106b-25 cluster or miR-25 alone
was overexpressed in HBV positive HCC tissue and serum
samples [149, 155, 156] (Table 8). Moreover, transfection
of human HCC cells with hepatitis B virus X protein
resulted in overexpression of the miR-106b-25 cluster and
its host gene MCM7 [157] (Table 8).

Figure 5: MiR-25 acts as a double-edged sword in the development of diverse diseases. ATC: anaplastic thyroid cancer,
CAC: cholangiocarcinoma, CNS: central nervous system, CRC: colorectal cancer, DNP: diabetic nephropathy, EAC/BE: esophageal
adenocarcinoma/Barrett esophagus, GC: gastric cancer, GBM: glioblastoma multiforme, HCC: hepatocellular carcinoma, LVH: left
ventricular hypertrophy, HF: heart failure, I/R: ischemia/reperfusion, NSCLC: non-small cell lung carcinoma, OVC: ovarian cancer, PAH:
pulmonary arterial hypertension, PC: prostate cancer. Genes in red bubbles are targets of miR-25 in multiple organs/diseases.
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CONCLUSIONS

EFOP-3.6.2-16-2017-00006 projects. Márta Sárközy was
supported by the New National Excellence Program of the
Ministry of Human Capacities (UNKP-17-4-I-SZTE-43).

In the past decade, a growing body of evidence
showed that miRNAs are key regulators of different
human diseases. These miRNAs could be potentially new
therapeutic targets in the future. MiR-25 is expressed
in a wide variety of tissues and cell types targeting
many mRNAs. In this review, we have shown that both
overexpression and repression of miR-25 could result
in the development of different diseases (Figure 5).
Expressional change of miR-25 seems to act as a doubleedged sword in case of three target mRNAs including p57,
SERCA2, and TRAIL. Overexpression or repression of
these target mRNAs causes different diseases in the same
(p57) or different tissues (SERCA2 and TRAIL) (Figure
5). Moreover, there are common target mRNAs of miR25 in different tissue and cell types regulating the same
biological process. The expressional changes of these
common target mRNAs could result in different diseases
sharing common general pathomechanisms (e.g., NOX4
regulating oxidative stress in heart and kidney diseases,
Col1a2 in myocardial fibrosis and tumor metastasis, BIM
in different cancer types, etc.) (Figure 5). Therefore, longterm miR-25 based therapy seems to be possible in the
diseased target cells. Nevertheless, potentially harmful
effects of miR-25 based drugs (antagomiR-25 or miR25 mimic) could originate not only from off-target side
effects (unwanted gene expression changes or chemical
toxicity) but also could result from on-target side effects
in non-targeted and non-diseased tissues.
On the other hand, different molecular mechanisms
may lead to the development of a specific disease
and these molecular mechanisms could be regulated
by different miRNAs. Therefore, miRNAs could be
diagnostic and prognostic biomarkers of certain diseases.
MiR-25 seems to be an important biomarker in cancerous
diseases, however, expressional level of miR-25 alone
does not seem to be sufficient to set up diagnosis or
assess disease progression. Expressional change of miR25 among a specific set of miRNAs or other biomarkers
might be more reliable in the diagnosis or prognosis of a
specific disease, however, validation of the usefulness of
such diagnostic panels still need to be done.

REFERENCES
1. Djebali S, Davis CA, Merkel A, Dobin A, Lassmann T,
Mortazavi A, Tanzer A, Lagarde J, Lin W, Schlesinger
F, Xue C, Marinov GK, Khatun J, et al. Landscape of
transcription in human cells. Nature. 2012; 489:101–08.
https://doi.org/10.1038/nature11233.
2. Hangauer MJ, Vaughn IW, McManus MT. Pervasive
transcription of the human genome produces thousands of
previously unidentified long intergenic noncoding RNAs.
PLoS Genet. 2013; 9:e1003569. https://doi.org/10.1371/
journal.pgen.1003569.
3. St Laurent G, Wahlestedt C, Kapranov P. The Landscape
of long noncoding RNA classification. Trends Genet. 2015;
31:239–51. https://doi.org/10.1016/j.tig.2015.03.007.
4. Gurha P. MicroRNAs in cardiovascular disease. Curr
Opin Cardiol. 2016; 31:249–54. https://doi.org/10.1097/
HCO.0000000000000280.
5. Ha M, Kim VN. Regulation of microRNA biogenesis.
Nat Rev Mol Cell Biol. 2014; 15:509–24. https://doi.
org/10.1038/nrm3838.
6. Krol J, Loedige I, Filipowicz W. The widespread regulation
of microRNA biogenesis, function and decay. Nat Rev
Genet. 2010; 11:597–610. https://doi.org/10.1038/nrg2843.
7. Concepcion CP, Bonetti C, Ventura A. The microRNA-17-92
family of microRNA clusters in development and disease.
Cancer J. 2012; 18:262–67. https://doi.org/10.1097/
PPO.0b013e318258b60a.
8. Poliseno L, Salmena L, Riccardi L, Fornari A, Song MS,
Hobbs RM, Sportoletti P, Varmeh S, Egia A, Fedele G,
Rameh L, Loda M, Pandolfi PP. Identification of the miR106b~25 microRNA cluster as a proto-oncogenic PTENtargeting intron that cooperates with its host gene MCM7
in transformation. Sci Signal. 2010; 3:ra29. https://doi.
org/10.1126/scisignal.2000594.
9. Notari M, Pulecio J, Raya Á. Update on the Pathogenic
Implications and Clinical Potential of microRNAs in
Cardiac Disease. BioMed Res Int. 2015; 2015:105620.
https://doi.org/10.1155/2015/105620.

CONFLICTS OF INTEREST

10. Ono K, Horie T, Nishino T, Baba O, Kuwabara Y, Kimura
T. MicroRNAs and High-Density Lipoprotein Cholesterol
Metabolism. Int Heart J. 2015; 56:365–71. https://doi.
org/10.1536/ihj.15-019.

None of the authors declared any financial, personal
or another conflicts of interest.

11. Lee RC, Feinbaum RL, Ambros V. The C. elegans
heterochronic gene lin-4 encodes small RNAs with
antisense complementarity to lin-14. Cell. 1993; 75:843–54.
https://doi.org/10.1016/0092-8674(93)90529-Y.

FUNDING
This work was supported by grants from the
National Research, Development and Innovation Office
(NKFIH K115990). The work and publication were
supported by the GINOP-2.3.2–15–2016-00040 and the

www.oncotarget.com

12. Pasquinelli AE, Reinhart BJ, Slack F, Martindale MQ,
Kuroda MI, Maller B, Hayward DC, Ball EE, Degnan

21605

Oncotarget

B, Müller P, Spring J, Srinivasan A, Fishman M, et al.
Conservation of the sequence and temporal expression of
let-7 heterochronic regulatory RNA. Nature. 2000; 408:86–
89. https://doi.org/10.1038/35040556.

25. Ward JA, Esa N, Pidikiti R, Freedman JE, Keaney JF,
Tanriverdi K, Vitseva O, Ambros V, Lee R, McManus DD.
Circulating Cell and Plasma microRNA Profiles Differ
between Non-ST-Segment and ST-Segment-Elevation
Myocardial Infarction. Fam Med Med Sci Res. 2013; 2:108.

13. Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE,
Bettinger JC, Rougvie AE, Horvitz HR, Ruvkun G. The
21-nucleotide let-7 RNA regulates developmental timing in
Caenorhabditis elegans. Nature. 2000; 403:901–06. https://
doi.org/10.1038/35002607.

26. Ren J, Zhang J, Xu N, Han G, Geng Q, Song J, Li S, Zhao
J, Chen H. Signature of circulating microRNAs as potential
biomarkers in vulnerable coronary artery disease. PLoS
One. 2013; 8:e80738. https://doi.org/10.1371/journal.
pone.0080738.

14. Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation
of the heterochronic gene lin-14 by lin-4 mediates temporal
pattern formation in C. elegans. Cell. 1993; 75:855–62.
https://doi.org/10.1016/0092-8674(93)90530-4.

27. Varga ZV, Zvara A, Faragó N, Kocsis GF, Pipicz M,
Gáspár R, Bencsik P, Görbe A, Csonka C, Puskás LG,
Thum T, Csont T, Ferdinandy P. MicroRNAs associated
with ischemia-reperfusion injury and cardioprotection by
ischemic pre- and postconditioning: protectomiRs. Am J
Physiol Heart Circ Physiol. 2014; 307:H216–27. https://
doi.org/10.1152/ajpheart.00812.2013.

15. Ambros V. The functions of animal microRNAs. Nature.
2004; 431:350–55. https://doi.org/10.1038/nature02871.
16. Bartel DP. MicroRNAs: target recognition and regulatory
functions. Cell. 2009; 136:215–33. https://doi.org/10.1016/j.
cell.2009.01.002.

28. Towbin JA, Bowles NE. The failing heart. Nature. 2002;
415:227–33. https://doi.org/10.1038/415227a.

17. He L, Hannon GJ. MicroRNAs: small RNAs with a big role
in gene regulation. Nat Rev Genet. 2004; 5:522–31. https://
doi.org/10.1038/nrg1379.

29. Heineke J, Molkentin JD. Regulation of cardiac hypertrophy
by intracellular signalling pathways. Nat Rev Mol Cell Biol.
2006; 7:589–600. https://doi.org/10.1038/nrm1983.

18. Caiazza C, Mallardo M. The Roles of miR-25 and its
Targeted Genes in Development of Human Cancer.
MicroRNA. 2016; 5:113–19. https://doi.org/10.2174/2211
536605666160905093429.

30. Dirkx E, Gladka MM, Philippen LE, Armand AS, Kinet V,
Leptidis S, El Azzouzi H, Salic K, Bourajjaj M, da Silva
GJ, Olieslagers S, van der Nagel R, de Weger R, et al. Nfat
and miR-25 cooperate to reactivate the transcription factor
Hand2 in heart failure. Nat Cell Biol. 2013; 15:1282–93.
https://doi.org/10.1038/ncb2866.

19. Hennessy EJ, Moore KJ. Using microRNA as an alternative
treatment for hyperlipidemia and cardiovascular disease:
cardio-miRs in the pipeline. J Cardiovasc Pharmacol. 2013;
62:247–54. https://doi.org/10.1097/FJC.0b013e31829d48bf.

31. Tschöpe C, Van Linthout S, Kherad B. Heart Failure with
Preserved Ejection Fraction and Future Pharmacological
Strategies: a Glance in the Crystal Ball. Curr Cardiol Rep.
2017; 19:70. https://doi.org/10.1007/s11886-017-0874-6.

20. Tang Q, Zhong H, Xie F, Xie J, Chen H, Yao G. Expression
of miR-106b-25 induced by salvianolic acid B inhibits
epithelial-to-mesenchymal transition in HK-2 cells. Eur J
Pharmacol. 2014; 741:97–103. https://doi.org/10.1016/j.
ejphar.2014.07.051.

32. Divakaran V, Adrogue J, Ishiyama M, Entman ML,
Haudek S, Sivasubramanian N, Mann DL. Adaptive
and maladptive effects of SMAD3 signaling in the adult
heart after hemodynamic pressure overloading. Circ
Heart Fail. 2009; 2:633–42. https://doi.org/10.1161/
CIRCHEARTFAILURE.108.823070.

21. Yu D, Shin HS, Lee YS, Lee YC. miR-106b modulates
cancer stem cell characteristics through TGF-β/Smad
signaling in CD44-positive gastric cancer cells. Lab
Invest. 2014; 94:1370–81. https://doi.org/10.1038/
labinvest.2014.125.

33. Liu Q, Wang Y, Yang T, Wei W. Protective effects of miR25 against hypoxia/reoxygenationinduced fibrosis and
apoptosis of H9c2 cells. Int J Mol Med. 2016; 38:1225–34.
https://doi.org/10.3892/ijmm.2016.2702.

22. Cao L, Kong LP, Yu ZB, Han SP, Bai YF, Zhu J, Hu X, Zhu
C, Zhu S, Guo XR. microRNA expression profiling of the
developing mouse heart. Int J Mol Med. 2012; 30:1095–
104. https://doi.org/10.3892/ijmm.2012.1092.
23. Ma H, Hostuttler M, Wei H, Rexroad CE 3rd, Yao J.
Characterization of the rainbow trout egg microRNA
transcriptome. PLoS One. 2012; 7:e39649. https://doi.
org/10.1371/journal.pone.0039649.

34. Wahlquist C, Jeong D, Rojas-Muñoz A, Kho C, Lee A,
Mitsuyama S, van Mil A, Park WJ, Sluijter JP, Doevendans
PA, Hajjar RJ, Mercola M. Inhibition of miR-25 improves
cardiac contractility in the failing heart. Nature. 2014;
508:531–35. https://doi.org/10.1038/nature13073.

24. Liu X, Trakooljul N, Hadlich F, Muráni E, Wimmers K,
Ponsuksili S. MicroRNA-mRNA regulatory networking
fine-tunes the porcine muscle fiber type, muscular
mitochondrial respiratory and metabolic enzyme activities.
BMC Genomics. 2016; 17:531. https://doi.org/10.1186/
s12864-016-2850-8.

36. Amara VR, Surapaneni SK, Tikoo K. Dysregulation of
microRNAs and renin-angiotensin system in high salt dietinduced cardiac dysfunction in uninephrectomized rats.

www.oncotarget.com

35. Bush EW, van Rooij E. miR-25 in heart failure. Circ
Res.
2014;
115:610–12.
https://doi.org/10.1161/
CIRCRESAHA.114.304909.

21606

Oncotarget

from children with newly diagnosed type 1 diabetes and
healthy controls: evidence that miR-25 associates to
residual beta-cell function and glycaemic control during
disease progression. Exp Diabetes Res. 2012; 2012:896362.

PLoS One. 2017; 12:e0180490. https://doi.org/10.1371/
journal.pone.0180490.
37. Chiang DY, Kongchan N, Beavers DL, Alsina KM, Voigt
N, Neilson JR, Jakob H, Martin JF, Dobrev D, Wehrens
XH, Li N. Loss of microRNA-106b-25 cluster promotes
atrial fibrillation by enhancing ryanodine receptor
type-2 expression and calcium release. Circ Arrhythm
Electrophysiol. 2014; 7:1214–22. https://doi.org/10.1161/
CIRCEP.114.001973.

47. Padmashree DG, Swamy NR. Molecular signaling
cascade of miRNAs in causing Diabetes Nephropathy.
Bioinformation.
2013;
9:401–08.
https://doi.
org/10.6026/97320630009401.
48. Fu Y, Zhang Y, Wang Z, Wang L, Wei X, Zhang B,
Wen Z, Fang H, Pang Q, Yi F. Regulation of NADPH
oxidase activity is associated with miRNA-25mediated NOX4 expression in experimental diabetic
nephropathy. Am J Nephrol. 2010; 32:581–89. https://doi.
org/10.1159/000322105.

38. Csonka C, Sárközy M, Pipicz M, Dux L, Csont T.
Modulation of Hypercholesterolemia-Induced Oxidative/
Nitrative Stress in the Heart. Oxid Med Cell Longev. 2016;
2016:3863726. https://doi.org/10.1155/2016/3863726.
39. Varga ZV, Kupai K, Szűcs G, Gáspár R, Pálóczi J, Faragó
N, Zvara A, Puskás LG, Rázga Z, Tiszlavicz L, Bencsik
P, Görbe A, Csonka C, et al. MicroRNA-25-dependent
up-regulation of NADPH oxidase 4 (NOX4) mediates
hypercholesterolemia-induced oxidative/nitrative stress
and subsequent dysfunction in the heart. J Mol Cell
Cardiol. 2013; 62:111–21. https://doi.org/10.1016/j.
yjmcc.2013.05.009.

49. Duan ZY, Cai GY, Bu R, Lu Y, Hou K, Chen XM. Selection
of urinary sediment miRNAs as specific biomarkers of
IgA nephropathy. Sci Rep. 2016; 6:23498. https://doi.
org/10.1038/srep23498.
50. Zhang JF, Shi LL, Zhang L, Zhao ZH, Liang F, Xu X,
Zhao LY, Yang PB, Zhang JS, Tian YF. MicroRNA-25
Negatively Regulates Cerebral Ischemia/Reperfusion
Injury-Induced Cell Apoptosis Through Fas/FasL Pathway.
J Mol Neurosci. 2016; 58:507–16. https://doi.org/10.1007/
s12031-016-0712-0.

40. Pan L, Huang BJ, Ma XE, Wang SY, Feng J, Lv F, Liu
Y, Liu Y, Li CM, Liang DD, Li J, Xu L, Chen YH. MiR25 protects cardiomyocytes against oxidative damage by
targeting the mitochondrial calcium uniporter. Int J Mol Sci.
2015; 16:5420–33. https://doi.org/10.3390/ijms16035420.

51. Huang F, Zhang L, Long Z, Chen Z, Hou X, Wang C, Peng
H, Wang J, Li J, Duan R, Xia K, Chuang DM, Tang B,
Jiang H. miR-25 alleviates polyQ-mediated cytotoxicity by
silencing ATXN3. FEBS Lett. 2014; 588:4791–98. https://
doi.org/10.1016/j.febslet.2014.11.013.

41. Maier KG, Ruhle B, Stein JJ, Gentile KL, Middleton FA,
Gahtan V. Thrombospondin-1 differentially regulates
microRNAs in vascular smooth muscle cells. Mol Cell
Biochem. 2016; 412:111–17. https://doi.org/10.1007/
s11010-015-2614-9.

52. Guo F, Han X, Zhang J, Zhao X, Lou J, Chen H, Huang
X. Repetitive transcranial magnetic stimulation promotes
neural stem cell proliferation via the regulation of MiR-25
in a rat model of focal cerebral ischemia. PLoS One. 2014;
9:e109267. https://doi.org/10.1371/journal.pone.0109267.

42. Li P, Zhang Q, Wu X, Yang X, Zhang Y, Li Y, Jiang F.
Circulating microRNAs serve as novel biological markers
for intracranial aneurysms. J Am Heart Assoc. 2014;
3:e000972. https://doi.org/10.1161/JAHA.114.000972.

53. Rodríguez-Aznar E, Barrallo-Gimeno A, Nieto MA.
Scratch2 prevents cell cycle re-entry by repressing miR-25
in postmitotic primary neurons. J Neurosci. 2013; 33:5095–
105. https://doi.org/10.1523/JNEUROSCI.4459-12.2013.

43. Hong Z, Chen KH, DasGupta A, Potus F, Dunham-Snary K,
Bonnet S, Tian L, Fu J, Breuils-Bonnet S, Provencher S, Wu
D, Mewburn J, Ormiston ML, Archer SL. MicroRNA-138
and MicroRNA-25 Down-regulate Mitochondrial Calcium
Uniporter, Causing the Pulmonary Arterial Hypertension
Cancer Phenotype. Am J Respir Crit Care Med. 2017;
195:515–29. https://doi.org/10.1164/rccm.201604-0814OC.

54. Shi Y, Huang F, Tang B, Li J, Wang J, Shen L, Xia K,
Jiang H. MicroRNA profiling in the serums of SCA3/MJD
patients. Int J Neurosci. 2014; 124:97–101. https://doi.org/
10.3109/00207454.2013.827679.

44. Korkmaz-Icöz S, Lehner A, Li S, Vater A, Radovits T,
Hegedűs P, Ruppert M, Brlecic P, Zorn M, Karck M, Szabó
G. Mild Type 2 Diabetes Mellitus Reduces the Susceptibility
of the Heart to Ischemia/Reperfusion Injury: Identification
of Underlying Gene Expression Changes. J Diabetes Res.
2015; 2015:396414. https://doi.org/10.1155/2015/396414.

55. Kaunzner UW, Al-Kawaz M, Gauthier SA. Defining
Disease Activity and Response to Therapy in MS. Curr
Treat Options Neurol. 2017; 19:20. https://doi.org/10.1007/
s11940-017-0454-5.
56. De Santis G, Ferracin M, Biondani A, Caniatti L, Rosaria
Tola M, Castellazzi M, Zagatti B, Battistini L, Borsellino
G, Fainardi E, Gavioli R, Negrini M, Furlan R, Granieri E.
Altered miRNA expression in T regulatory cells in course
of multiple sclerosis. J Neuroimmunol. 2010; 226:165–71.
https://doi.org/10.1016/j.jneuroim.2010.06.009.

45. Setyowati Karolina D, Sepramaniam S, Tan HZ, Armugam
A, Jeyaseelan K. miR-25 and miR-92a regulate insulin I
biosynthesis in rats. RNA Biol. 2013; 10:1365–78. https://
doi.org/10.4161/rna.25557.
46. Nielsen LB, Wang C, Sørensen K, Bang-Berthelsen CH,
Hansen L, Andersen ML, Hougaard P, Juul A, Zhang CY,
Pociot F, Mortensen HB. Circulating levels of microRNA
www.oncotarget.com

57. Earls LR, Fricke RG, Yu J, Berry RB, Baldwin LT,
Zakharenko SS. Age-dependent microRNA control

21607

Oncotarget

of synaptic plasticity in 22q11 deletion syndrome and
schizophrenia. J Neurosci. 2012; 32:14132–44. https://doi.
org/10.1523/JNEUROSCI.1312-12.2012.

and motility by targeting FBXW7. Int J Clin Exp Pathol.
2015; 8:9147–53.
69. Savita U, Karunagaran D. MicroRNA-106b-25 cluster
targets β-TRCP2, increases the expression of Snail and
enhances cell migration and invasion in H1299 (non
small cell lung cancer) cells. Biochem Biophys Res
Commun. 2013; 434:841–47. https://doi.org/10.1016/j.
bbrc.2013.04.025.

58. Earls LR, Bayazitov IT, Fricke RG, Berry RB, Illingworth E,
Mittleman G, Zakharenko SS. Dysregulation of presynaptic
calcium and synaptic plasticity in a mouse model of 22q11
deletion syndrome. J Neurosci. 2010; 30:15843–55. https://
doi.org/10.1523/JNEUROSCI.1425-10.2010.
59. Xie HQ, Xu T, Chen Y, Li Y, Xia Y, Xu SL, Wang L, Tsim
KW, Zhao B. New perspectives for multi-level regulations
of neuronal acetylcholinesterase by dioxins. Chem Biol
Interact. 2016; 259:286–90. https://doi.org/10.1016/j.
cbi.2016.06.030.

70. Barrallo-Gimeno A, Nieto MA. The Snail genes as inducers
of cell movement and survival: implications in development
and cancer. Development. 2005; 132:3151–61. https://doi.
org/10.1242/dev.01907.
71. Vega S, Morales AV, Ocaña OH, Valdés F, Fabregat I, Nieto
MA. Snail blocks the cell cycle and confers resistance
to cell death. Genes Dev. 2004; 18:1131–43. https://doi.
org/10.1101/gad.294104.

60. Kuhn AR, Schlauch K, Lao R, Halayko AJ, Gerthoffer WT,
Singer CA. MicroRNA expression in human airway smooth
muscle cells: role of miR-25 in regulation of airway smooth
muscle phenotype. Am J Respir Cell Mol Biol. 2010;
42:506–13. https://doi.org/10.1165/rcmb.2009-0123OC.

72. Wu C, Li M, Hu C, Duan H. Clinical significance of serum
miR-223, miR-25 and miR-375 in patients with esophageal
squamous cell carcinoma. Mol Biol Rep. 2014; 41:1257–66.
https://doi.org/10.1007/s11033-013-2970-z.

61. Xue L, Xu Z, Wang K, Wang N, Zhang X, Wang S. Network
analysis of microRNAs, transcription factors, target genes
and host genes in human anaplastic astrocytoma. Exp
Ther Med. 2016; 12:437–44. https://doi.org/10.3892/
etm.2016.3272.

73. Chen Z, Wu Y, Meng Q, Xia Z. Elevated microRNA-25
inhibits cell apoptosis in lung cancer by targeting RGS3.
In Vitro Cell Dev Biol Anim. 2016; 52:62–67. https://doi.
org/10.1007/s11626-015-9947-2.

62. Zhang J, Gong X, Tian K, Chen D, Sun J, Wang G, Guo
M. miR-25 promotes glioma cell proliferation by targeting
CDKN1C. Biomed Pharmacother. 2015; 71:7–14. https://
doi.org/10.1016/j.biopha.2015.02.005.

74. He Z, Liu Y, Xiao B, Qian X. miR-25 modulates NSCLC
cell radio-sensitivity through directly inhibiting BTG2
expression. Biochem Biophys Res Commun. 2015;
457:235–41. https://doi.org/10.1016/j.bbrc.2014.12.094.

63. Xu FX, Su YL, Zhang H, Kong JY, Yu H, Qian BY.
Prognostic implications for high expression of MiR-25 in
lung adenocarcinomas of female non-smokers. Asian Pac
J Cancer Prev. 2014; 15:1197–203. https://doi.org/10.7314/
APJCP.2014.15.3.1197.

75. Yang T, Chen T, Li Y, Gao L, Zhang S, Wang T, Chen M.
Downregulation of miR-25 modulates non-small cell lung
cancer cells by targeting CDC42. Tumour Biol. 2015;
36:1903–11. https://doi.org/10.1007/s13277-014-2793-0.

64. Suh SS, Yoo JY, Nuovo GJ, Jeon YJ, Kim S, Lee TJ, Kim T,
Bakàcs A, Alder H, Kaur B, Aqeilan RI, Pichiorri F, Croce
CM. MicroRNAs/TP53 feedback circuitry in glioblastoma
multiforme. Proc Natl Acad Sci USA. 2012; 109:5316–21.
https://doi.org/10.1073/pnas.1202465109.

76. Zhang S, Chen H, Zhao X, Cao J, Tong J, Lu J, Wu W, Shen
H, Wei Q, Lu D. REV3L 3'UTR 460 T>C polymorphism
in microRNA target sites contributes to lung cancer
susceptibility. Oncogene. 2013; 32:242–50. https://doi.
org/10.1038/onc.2012.32.

65. Peng G, Yuan X, Yuan J, Liu Q, Dai M, Shen C, Ma J,
Liao Y, Jiang W. miR-25 promotes glioblastoma cell
proliferation and invasion by directly targeting NEFL. Mol
Cell Biochem. 2015; 409:103–11. https://doi.org/10.1007/
s11010-015-2516-x.

77. Wang C, Ding M, Xia M, Chen S, Van Le A, Soto-Gil R,
Shen Y, Wang N, Wang J, Gu W, Wang X, Zhang Y, Zen K,
et al. A Five-miRNA Panel Identified From a Multicentric
Case-control Study Serves as a Novel Diagnostic Tool for
Ethnically Diverse Non-small-cell Lung Cancer Patients.
EBioMedicine. 2015; 2:1377–85. https://doi.org/10.1016/j.
ebiom.2015.07.034.

66. Birks DK, Barton VN, Donson AM, Handler MH, Vibhakar
R, Foreman NK. Survey of MicroRNA expression in
pediatric brain tumors. Pediatr Blood Cancer. 2011; 56:211–
16. https://doi.org/10.1002/pbc.22723.

78. Ponomaryova AA, Morozkin ES, Rykova EY,
Zaporozhchenko IA, Skvortsova TE, Dobrodeev АY,
Zavyalov AA, Tuzikov SA, Vlassov VV, Cherdyntseva
NV, Laktionov PP, Choinzonov EL. Dynamic changes in
circulating miRNA levels in response to antitumor therapy
of lung cancer. Exp Lung Res. 2016; 42:95–102. https://doi.
org/10.3109/01902148.2016.1155245.

67. Yang Y, Mei Q. miRNA signature identification of
retinoblastoma and the correlations between differentially
expressed miRNAs during retinoblastoma progression.
Mol Vis. 2015; 21:1307–17. https://doi.org/10.3390/
molecules21101307.

79. Shi SB, Wang M, Tian J, Li R, Chang CX, Qi JL. MicroRNA
25, microRNA 145, and microRNA 210 as biomarkers
for predicting the efficacy of maintenance treatment with

68. Xiang J, Hang JB, Che JM, Li HC. MiR-25 is up-regulated
in non-small cell lung cancer and promotes cell proliferation

www.oncotarget.com

21608

Oncotarget

pemetrexed in lung adenocarcinoma patients who are
negative for epidermal growth factor receptor mutations
or anaplastic lymphoma kinase translocations. Transl Res.
2016; 170:1–7. https://doi.org/10.1016/j.trsl.2015.11.006.

breast cancer in paraffin-embedded formalin-fixed breast
tumors. Int J Cancer. 2015; 136:593–602.
91. Wu X, Zeng R, Wu S, Zhong J, Yang L, Xu J.
Comprehensive expression analysis of miRNA in breast
cancer at the miRNA and isomiR levels. Gene. 2015;
557:195–200. https://doi.org/10.1016/j.gene.2014.12.030.

80. Zhao Z, Liu J, Wang C, Wang Y, Jiang Y, Guo M.
MicroRNA-25 regulates small cell lung cancer cell
development and cell cycle through cyclin E2. Int J Clin
Exp Pathol. 2014; 7:7726–34.

92. Langhe R, Norris L, Saadeh FA, Blackshields G, Varley R,
Harrison A, Gleeson N, Spillane C, Martin C, O’Donnell
DM, D’Arcy T, O’Leary J, O’Toole S. A novel serum
microRNA panel to discriminate benign from malignant
ovarian disease. Cancer Lett. 2015; 356:628–36. https://doi.
org/10.1016/j.canlet.2014.10.010.

81. Wang Z, Wang N, Liu P, Chen Q, Situ H, Xie T, Zhang
J, Peng C, Lin Y, Chen J. MicroRNA-25 regulates
chemoresistance-associated autophagy in breast cancer
cells, a process modulated by the natural autophagy inducer
isoliquiritigenin. Oncotarget. 2014; 5:7013-7026. https://
doi.org/10.18632/oncotarget.2192.

93. Feng S, Pan W, Jin Y, Zheng J. MiR-25 promotes ovarian
cancer proliferation and motility by targeting LATS2.
Tumour Biol. 2014; 35:12339–44. https://doi.org/10.1007/
s13277-014-2546-0.

82. Wu Q, Wang C, Lu Z, Guo L, Ge Q. Analysis of serum
genome-wide microRNAs for breast cancer detection. Clin
Chim Acta. 2012; 413:1058–65. https://doi.org/10.1016/j.
cca.2012.02.016.

94. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013.
CA Cancer J Clin. 2013; 63:11–30. https://doi.org/10.3322/
caac.21166.

83. Cancer Genome Atlas Network. Comprehensive molecular
portraits of human breast tumours. Nature. 2012; 490:61–
70. https://doi.org/10.1038/nature11412.

95. Zhang H, Zuo Z, Lu X, Wang L, Wang H, Zhu Z. MiR25 regulates apoptosis by targeting Bim in human ovarian
cancer. Oncol Rep. 2012; 27:594–98.

84. Farazi TA, Ten Hoeve JJ, Brown M, Mihailovic A, Horlings
HM, van de Vijver MJ, Tuschl T, Wessels LF. Identification
of distinct miRNA target regulation between breast
cancer molecular subtypes using AGO2-PAR-CLIP and
patient datasets. Genome Biol. 2014; 15:R9. https://doi.
org/10.1186/gb-2014-15-1-r9.

96. Wang X, Meng X, Li H, Liu W, Shen S, Gao Z.
MicroRNA-25 expression level is an independent
prognostic factor in epithelial ovarian cancer. Clin
Transl Oncol. 2014; 16:954–58. https://doi.org/10.1007/
s12094-014-1178-6.

85. Hu Z, Dong J, Wang LE, Ma H, Liu J, Zhao Y, Tang J,
Chen X, Dai J, Wei Q, Zhang C, Shen H. Serum microRNA
profiling and breast cancer risk: the use of miR-484/191
as endogenous controls. Carcinogenesis. 2012; 33:828–34.
https://doi.org/10.1093/carcin/bgs030.

97. Meng X, Joosse SA, Müller V, Trillsch F, Milde-Langosch
K, Mahner S, Geffken M, Pantel K, Schwarzenbach H.
Diagnostic and prognostic potential of serum miR-7, miR16, miR-25, miR-93, miR-182, miR-376a and miR-429 in
ovarian cancer patients. Br J Cancer. 2015; 113:1358–66.
https://doi.org/10.1038/bjc.2015.340.

86. Jonsdottir K, Janssen SR, Da Rosa FC, Gudlaugsson E,
Skaland I, Baak JP, Janssen EA. Validation of expression
patterns for nine miRNAs in 204 lymph-node negative
breast cancers. PLoS One. 2012; 7:e48692. https://doi.
org/10.1371/journal.pone.0048692.

98. Benson EA, Skaar TC, Liu Y, Nephew KP, Matei D.
Carboplatin with Decitabine Therapy, in Recurrent
Platinum Resistant Ovarian Cancer, Alters Circulating
miRNAs Concentrations: A Pilot Study. PLoS One.
2015; 10:e0141279. https://doi.org/10.1371/journal.
pone.0141279.

87. Gerson KD, Maddula VS, Seligmann BE, Shearstone JR,
Khan A, Mercurio AM. Effects of β4 integrin expression
on microRNA patterns in breast cancer. Biol Open. 2012;
1:658–66. https://doi.org/10.1242/bio.20121628.

99. Egidi MG, Cochetti G, Guelfi G, Zampini D, Diverio S, Poli
G, Mearini E. Stability Assessment of Candidate Reference
Genes in Urine Sediment of Prostate Cancer Patients for
miRNA Applications. Dis Markers. 2015; 2015:973597.
https://doi.org/10.1155/2015/973597.

88. Sakurai M, Masuda M, Miki Y, Hirakawa H, Suzuki T,
Sasano H. Correlation of miRNA expression profiling in
surgical pathology materials, with Ki-67, HER2, ER and PR
in breast cancer patients. Int J Biol Markers. 2015; 30:e190–
99. https://doi.org/10.5301/jbm.5000141.

100. Zoni E, Kruithof-de Julio M, van der Pluijm G. miR-25,
integrin and cancer invasiveness. Oncoscience. 2015;
2:663–64. https://doi.org/10.18632/oncoscience.214.

89. Chang JT, Wang F, Chapin W, Huang RS. Identification of
MicroRNAs as Breast Cancer Prognosis Markers through
the Cancer Genome Atlas. PLoS One. 2016; 11:e0168284.
https://doi.org/10.1371/journal.pone.0168284.

101. Liang H, Studach L, Hullinger RL, Xie J, Andrisani OM.
Down-regulation of RE-1 silencing transcription factor
(REST) in advanced prostate cancer by hypoxia-induced
miR-106b~25. Exp Cell Res. 2014; 320:188–99. https://
doi.org/10.1016/j.yexcr.2013.09.020.

90. Tanic M, Yanowski K, Gómez-López G, Rodriguez-Pinilla
MS, Marquez-Rodas I, Osorio A, Pisano DG, MartinezDelgado B, Benítez J. MicroRNA expression signatures for
the prediction of BRCA1/2 mutation-associated hereditary
www.oncotarget.com

102. McCann MJ, Rowland IR, Roy NC. The anti-proliferative
effects of enterolactone in prostate cancer cells: evidence
21609

Oncotarget

for the role of DNA licencing genes, mi-R106b cluster
expression, and PTEN dosage. Nutrients. 2014; 6:4839–55.
https://doi.org/10.3390/nu6114839.

112. Aherne ST, Smyth PC, Flavin RJ, Russell SM, Denning
KM, Li JH, Guenther SM, O’Leary JJ, Sheils OM.
Geographical mapping of a multifocal thyroid tumour using
genetic alteration analysis & miRNA profiling. Mol Cancer.
2008; 7:89. https://doi.org/10.1186/1476-4598-7-89.

103. Li Z, Sun Y, Chen X, Squires J, Nowroozizadeh B, Liang C,
Huang J. p53 Mutation Directs AURKA Overexpression via
miR-25 and FBXW7 in Prostatic Small Cell Neuroendocrine
Carcinoma. Mol Cancer Res. 2015; 13:584–91. https://doi.
org/10.1158/1541-7786.MCR-14-0277-T.

113. Aherne ST, Smyth P, Freeley M, Smith L, Spillane C,
O’Leary J, Sheils O. Altered expression of mir-222 and
mir-25 influences diverse gene expression changes in
transformed normal and anaplastic thyroid cells, and
impacts on MEK and TRAIL protein expression. Int J
Mol Med. 2016; 38:433–45. https://doi.org/10.3892/
ijmm.2016.2653.

104. Leite KR, Tomiyama A, Reis ST, Sousa-Canavez JM,
Sañudo A, Camara-Lopes LH, Srougi M. MicroRNA
expression profiles in the progression of prostate cancer—
from high-grade prostate intraepithelial neoplasia to
metastasis. Urol Oncol. 2013; 31:796–801. https://doi.
org/10.1016/j.urolonc.2011.07.002.

114. Xu X, Chen Z, Zhao X, Wang J, Ding D, Wang Z, Tan
F, Tan X, Zhou F, Sun J, Sun N, Gao Y, Shao K, et al.
MicroRNA-25 promotes cell migration and invasion in
esophageal squamous cell carcinoma. Biochem Biophys
Res Commun. 2012; 421:640–45. https://doi.org/10.1016/j.
bbrc.2012.03.048.

105. Zoni E, van der Horst G, van de Merbel AF, Chen L,
Rane JK, Pelger RC, Collins AT, Visakorpi T, SnaarJagalska BE, Maitland NJ, van der Pluijm G. miR-25
Modulates Invasiveness and Dissemination of Human
Prostate Cancer Cells via Regulation of αv- and α6-Integrin
Expression. Cancer Res. 2015; 75:2326–36. https://doi.
org/10.1158/0008-5472.CAN-14-2155.

115. Wu X, Ajani JA, Gu J, Chang DW, Tan W, Hildebrandt
MA, Huang M, Wang KK, Hawk E. MicroRNA expression
signatures during malignant progression from Barrett’s
esophagus to esophageal adenocarcinoma. Cancer Prev
Res (Phila). 2013; 6:196–205. https://doi.org/10.1158/19406207.CAPR-12-0276.

106. Cochetti G, Poli G, Guelfi G, Boni A, Egidi MG, Mearini
E. Different levels of serum microRNAs in prostate cancer
and benign prostatic hyperplasia: evaluation of potential
diagnostic and prognostic role. OncoTargets Ther. 2016;
9:7545–53. https://doi.org/10.2147/OTT.S119027.

116. Kan T, Sato F, Ito T, Matsumura N, David S, Cheng
Y, Agarwal R, Paun BC, Jin Z, Olaru AV, Selaru FM,
Hamilton JP, Yang J, et al. The miR-106b-25 polycistron,
activated by genomic amplification, functions as an
oncogene by suppressing p21 and Bim. Gastroenterology.
2009;
136:1689–700.
https://doi.org/10.1053/j.
gastro.2009.02.002.

107. Bryzgunova OE, Zaripov MM, Skvortsova TE, Lekchnov
EA, Grigor’eva AE, Zaporozhchenko IA, Morozkin ES,
Ryabchikova EI, Yurchenko YB, Voitsitskiy VE, Laktionov
PP. Comparative Study of Extracellular Vesicles from the
Urine of Healthy Individuals and Prostate Cancer Patients.
PLoS One. 2016; 11:e0157566. https://doi.org/10.1371/
journal.pone.0157566.

117. Slaby O, Srovnal J, Radova L, Gregar J, Juracek J, Luzna
P, Svoboda M, Hajduch M, Ehrmann J. Dynamic changes
in microRNA expression profiles reflect progression
of Barrett’s esophagus to esophageal adenocarcinoma.
Carcinogenesis. 2015; 36:521–27. https://doi.org/10.1093/
carcin/bgv023.

108. Li M, Song Q, Li H, Lou Y, Wang L. Circulating miR25-3p and miR-451a May Be Potential Biomarkers for
the Diagnosis of Papillary Thyroid Carcinoma. PLoS
One. 2015; 10:e0132403. https://doi.org/10.1371/journal.
pone.0132403.

118. Chiam K, Wang T, Watson DI, Mayne GC, Irvine TS,
Bright T, Smith L, White IA, Bowen JM, Keefe D,
Thompson SK, Jones ME, Hussey DJ. Circulating Serum
Exosomal miRNAs As Potential Biomarkers for Esophageal
Adenocarcinoma. J Gastrointest Surg. 2015; 19:1208–15.
https://doi.org/10.1007/s11605-015-2829-9.

109. Mei Z, Chen S, Chen C, Xiao B, Li F, Wang Y, Tao Z.
Interleukin-23 Facilitates Thyroid Cancer Cell Migration
and Invasion by Inhibiting SOCS4 Expression via
MicroRNA-25. PLoS One. 2015; 10:e0139456. https://doi.
org/10.1371/journal.pone.0139456.

119. Zhang K, Wu X, Wang J, Lopez J, Zhou W, Yang L,
Wang SE, Raz DJ, Kim JY. Circulating miRNA profile
in esophageal adenocarcinoma. Am J Cancer Res. 2016;
6:2713–21.

110. Visone R, Pallante P, Vecchione A, Cirombella R, Ferracin
M, Ferraro A, Volinia S, Coluzzi S, Leone V, Borbone E,
Liu CG, Petrocca F, Troncone G, et al. Specific microRNAs
are downregulated in human thyroid anaplastic carcinomas.
Oncogene. 2007; 26:7590–95. https://doi.org/10.1038/
sj.onc.1210564.

120. Komatsu S, Ichikawa D, Hirajima S, Kawaguchi T,
Miyamae M, Okajima W, Ohashi T, Arita T, Konishi H,
Shiozaki A, Fujiwara H, Okamoto K, Yagi N, Otsuji E.
Plasma microRNA profiles: identification of miR-25 as a
novel diagnostic and monitoring biomarker in oesophageal
squamous cell carcinoma. Br J Cancer. 2014; 111:1614–24.
https://doi.org/10.1038/bjc.2014.451.

111. Esposito F, Tornincasa M, Pallante P, Federico A, Borbone
E, Pierantoni GM, Fusco A. Down-regulation of the miR-25
and miR-30d contributes to the development of anaplastic
thyroid carcinoma targeting the polycomb protein EZH2.
J Clin Endocrinol Metab. 2012; 97:E710–18. https://doi.
org/10.1210/jc.2011-3068.
www.oncotarget.com

21610

Oncotarget

121. Fang WK, Liao LD, Li LY, Xie YM, Xu XE, Zhao WJ,
Wu JY, Zhu MX, Wu ZY, Du ZP, Wu BL, Xie D, Guo
MZ, et al. Down-regulated desmocollin-2 promotes cell
aggressiveness through redistributing adherens junctions
and activating beta-catenin signalling in oesophageal
squamous cell carcinoma. J Pathol. 2013; 231:257–70.
https://doi.org/10.1002/path.4236.

131. Zhang M, Wang X, Li W, Cui Y. miR-107 and miR-25
simultaneously target LATS2 and regulate proliferation and
invasion of gastric adenocarcinoma (GAC) cells. Biochem
Biophys Res Commun. 2015; 460:806–12. https://doi.
org/10.1016/j.bbrc.2015.03.110.
132. Zhao H, Wang Y, Yang L, Jiang R, Li W. MiR-25 promotes
gastric cancer cells growth and motility by targeting
RECK. Mol Cell Biochem. 2014; 385:207–13. https://doi.
org/10.1007/s11010-013-1829-x.

122. Zhu L, Yan W, Rodriguez-Canales J, Rosenberg AM, Hu
N, Goldstein AM, Taylor PR, Erickson HS, Emmert-Buck
MR, Tangrea MA. MicroRNA analysis of microdissected
normal squamous esophageal epithelium and tumor cells.
Am J Cancer Res. 2011; 1:574–84.

133. Zhang R, Wang W, Li F, Zhang H, Liu J. MicroRNA106b~25 expressions in tumor tissues and plasma of
patients with gastric cancers. Med Oncol. 2014; 31:243.
https://doi.org/10.1007/s12032-014-0243-x.

123. Wu C, Wang C, Guan X, Liu Y, Li D, Zhou X, Zhang Y,
Chen X, Wang J, Zen K, Zhang CY, Zhang C. Diagnostic
and prognostic implications of a serum miRNA panel in
oesophageal squamous cell carcinoma. PLoS One. 2014;
9:e92292. https://doi.org/10.1371/journal.pone.0092292.

134. Zhou X, Zhu W, Li H, Wen W, Cheng W, Wang F, Wu Y,
Qi L, Fan Y, Chen Y, Ding Y, Xu J, Qian J, et al. Diagnostic
value of a plasma microRNA signature in gastric cancer:
a microRNA expression analysis. Sci Rep. 2015; 5:11251.
https://doi.org/10.1038/srep11251.

124. Espinosa-Parrilla Y, Muñoz X, Bonet C, Garcia N, Venceslá
A, Yiannakouris N, Naccarati A, Sieri S, Panico S, Huerta
JM, Barricarte A, Menéndez V, Sánchez-Cantalejo E, et al.
Genetic association of gastric cancer with miRNA clusters
including the cancer-related genes MIR29, MIR25, MIR93
and MIR106: results from the EPIC-EURGAST study.
Int J Cancer. 2014; 135:2065–76. https://doi.org/10.1002/
ijc.28850.

135. Zhu C, Ren C, Han J, Ding Y, Du J, Dai N, Dai J, Ma H, Hu
Z, Shen H, Xu Y, Jin G. A five-microRNA panel in plasma
was identified as potential biomarker for early detection of
gastric cancer. Br J Cancer. 2014; 110:2291–99. https://doi.
org/10.1038/bjc.2014.119.
136. Li F, Guo Y, Liu J, Zhang R. The significance of elevated
plasma expression of microRNA 106b~25 clusters in
gastric cancer. PLoS One. 2017; 12:e0178427. https://doi.
org/10.1371/journal.pone.0178427.

125. Petrocca F, Visone R, Onelli MR, Shah MH, Nicoloso MS,
de Martino I, Iliopoulos D, Pilozzi E, Liu CG, Negrini
M, Cavazzini L, Volinia S, Alder H, et al. E2F1-regulated
microRNAs impair TGFbeta-dependent cell-cycle arrest
and apoptosis in gastric cancer. Cancer Cell. 2008; 13:272–
86. https://doi.org/10.1016/j.ccr.2008.02.013.

137. Kim BH, Hong SW, Kim A, Choi SH, Yoon SO. Prognostic
implications for high expression of oncogenic microRNAs
in advanced gastric carcinoma. J Surg Oncol. 2013;
107:505-510.

126. Li BS, Zuo QF, Zhao YL, Xiao B, Zhuang Y, Mao XH,
Wu C, Yang SM, Zeng H, Zou QM, Guo G. MicroRNA-25
promotes gastric cancer migration, invasion and
proliferation by directly targeting transducer of ERBB2,
1 and correlates with poor survival. Oncogene. 2015;
34:2556–65. https://doi.org/10.1038/onc.2014.214.

138. Marchi S, Lupini L, Patergnani S, Rimessi A, Missiroli
S, Bonora M, Bononi A, Corrà F, Giorgi C, De Marchi E,
Poletti F, Gafà R, Lanza G, et al. Downregulation of the
mitochondrial calcium uniporter by cancer-related miR25. Curr Biol. 2013; 23:58–63. https://doi.org/10.1016/j.
cub.2012.11.026.

127. Tamilzhalagan S, Rathinam D, Ganesan K. Amplified 7q2122 gene MCM7 and its intronic miR-25 suppress COL1A2
associated genes to sustain intestinal gastric cancer features.
Mol Carcinog. 2017; 56:1590–602. https://doi.org/10.1002/
mc.22614.

139. Niu Y, Wu Y, Huang J, Li Q, Kang K, Qu J, Li F, Gou D.
Identification of reference genes for circulating microRNA
analysis in colorectal cancer. Sci Rep. 2016; 6:35611.
https://doi.org/10.1038/srep35611.
140. Li X, Yang C, Wang X, Zhang J, Zhang R, Liu R. The
expression of miR-25 is increased in colorectal cancer and
is associated with patient prognosis. Med Oncol. 2014;
31:781. https://doi.org/10.1007/s12032-013-0781-7.

128. Zhou J, Zhou J, Wang W, Li W, Wu L, Li G, Shi J, Zhou
S. The polymorphism in miR-25 attenuated the oncogenic
function in gastric cancer. Tumour Biol. 2016; 37:5515–20.
https://doi.org/10.1007/s13277-015-4376-0.

141. Nishida N, Nagahara M, Sato T, Mimori K, Sudo T,
Tanaka F, Shibata K, Ishii H, Sugihara K, Doki Y, Mori
M. Microarray analysis of colorectal cancer stromal
tissue reveals upregulation of two oncogenic miRNA
clusters. Clin Cancer Res. 2012; 18:3054–70. https://doi.
org/10.1158/1078-0432.CCR-11-1078.

129. Gong J, Cui Z, Li L, Ma Q, Wang Q, Gao Y, Sun H.
MicroRNA-25 promotes gastric cancer proliferation,
invasion, and migration by directly targeting F-box and
WD-40 Domain Protein 7, FBXW7. Tumour Biol. 2015;
36:7831–40. https://doi.org/10.1007/s13277-015-3510-3.
130. Zhang Y, Peng Z, Zhao Y, Chen L. microRNA-25 Inhibits
Cell Apoptosis of Human Gastric Adenocarcinoma Cell
Line AGS via Regulating CCNE1 and MYC. Med Sci
Monit. 2016; 22:1415-1420.
www.oncotarget.com

142. Li Q, Zou C, Zou C, Han Z, Xiao H, Wei H, Wang W,
Zhang L, Zhang X, Tang Q, Zhang C, Tao J, Wang X, Gao
X. MicroRNA-25 functions as a potential tumor suppressor

21611

Oncotarget

of microRNA expression by DNA methylation in
hepatocellular carcinoma. Mol Biosyst. 2015; 11:532–39.
https://doi.org/10.1039/C4MB00563E.

in colon cancer by targeting Smad7. Cancer Lett. 2013;
335:168–74. https://doi.org/10.1016/j.canlet.2013.02.029.
143. Clark T, Maximin S, Meier J, Pokharel S, Bhargava P.
Hepatocellular Carcinoma: Review of Epidemiology,
Screening, Imaging Diagnosis, Response Assessment, and
Treatment. Curr Probl Diagn Radiol. 2015; 44:479-86.

151. Xu X, Liu Z, Wang J, Ling Q, Xie H, Guo H, Wei X, Zhou
L, Zheng S. miRNA profiles in livers with different mass
deficits after partial hepatectomy and miR-106b~25 cluster
accelerating hepatocyte proliferation in rats. Sci Rep. 2016;
6:31267. https://doi.org/10.1038/srep31267.

144. Kishikawa T, Otsuka M, Yoshikawa T, Ohno M, Takata
A, Shibata C, Kondo Y, Akanuma M, Yoshida H, Koike
K. Regulation of the expression of the liver cancer
susceptibility gene MICA by microRNAs. Sci Rep. 2013;
3:2739. https://doi.org/10.1038/srep02739.

152. Jin Y, Yu D, Tolleson WH, Knox B, Wang Y, Chen S, Ren
Z, Deng H, Guo Y, Ning B. MicroRNA hsa-miR-25-3p
suppresses the expression and drug induction of CYP2B6 in
human hepatocytes. Biochem Pharmacol. 2016; 113:88–96.
https://doi.org/10.1016/j.bcp.2016.06.007.

145. Li Y, Tan W, Neo TW, Aung MO, Wasser S, Lim SG,
Tan TM. Role of the miR-106b-25 microRNA cluster in
hepatocellular carcinoma. Cancer Sci. 2009; 100:1234–42.
https://doi.org/10.1111/j.1349-7006.2009.01164.x.

153. Su ZX, Zhao J, Rong ZH, Geng WM, Wu YG, Qin CK.
Upregulation of microRNA-25 associates with prognosis in
hepatocellular carcinoma. Diagn Pathol. 2014; 9:47. https://
doi.org/10.1186/1746-1596-9-47.

146. Feng X, Jiang J, Shi S, Xie H, Zhou L, Zheng S.
Knockdown of miR-25 increases the sensitivity of liver
cancer stem cells to TRAIL-induced apoptosis via PTEN/
PI3K/Akt/Bad signaling pathway. Int J Oncol. 2016;
49:2600–10. https://doi.org/10.3892/ijo.2016.3751.

154. Li LM, Hu ZB, Zhou ZX, Chen X, Liu FY, Zhang JF, Shen
HB, Zhang CY, Zen K. Serum microRNA profiles serve as
novel biomarkers for HBV infection and diagnosis of HBVpositive hepatocarcinoma. Cancer Res. 2010; 70:9798–807.
https://doi.org/10.1158/0008-5472.CAN-10-1001.

147. Razumilava N, Bronk SF, Smoot RL, Fingas CD,
Werneburg NW, Roberts LR, Mott JL. miR-25 targets TNFrelated apoptosis inducing ligand (TRAIL) death receptor-4
and promotes apoptosis resistance in cholangiocarcinoma.
Hepatology. 2012; 55:465–75. https://doi.org/10.1002/
hep.24698.

155. Cook NL, Pereira TN, Lewindon PJ, Shepherd RW, Ramm
GA. Circulating microRNAs as noninvasive diagnostic
biomarkers of liver disease in children with cystic fibrosis.
J Pediatr Gastroenterol Nutr. 2015; 60:247–54. https://doi.
org/10.1097/MPG.0000000000000600.

148. Wang C, Wang X, Su Z, Fei H, Liu X, Pan Q. MiR-25
promotes hepatocellular carcinoma cell growth, migration
and invasion by inhibiting RhoGDI1. Oncotarget. 2015;
6:36231-36244. https://doi.org/10.18632/oncotarget.4740.

156. Wen Y, Han J, Chen J, Dong J, Xia Y, Liu J, Jiang Y, Dai J,
Lu J, Jin G, Han J, Wei Q, Shen H, et al. Plasma miRNAs
as early biomarkers for detecting hepatocellular carcinoma.
Int J Cancer. 2015; 137:1679–90. https://doi.org/10.1002/
ijc.29544.

149. Wang Y, Gao Y, Shi W, Zhai D, Rao Q, Jia X, Liu J,
Jiao X, Du Z. Profiles of differential expression of
circulating microRNAs in hepatitis B virus-positive small
hepatocellular carcinoma. Cancer Biomark. 2015; 15:171–
80. https://doi.org/10.3233/CBM-140451.

157. Yen CS, Su ZR, Lee YP, Liu IT, Yen CJ. miR-106b
promotes cancer progression in hepatitis B virus-associated
hepatocellular carcinoma. World J Gastroenterol. 2016;
22:5183–92. https://doi.org/10.3748/wjg.v22.i22.5183.

150. He XX, Kuang SZ, Liao JZ, Xu CR, Chang Y, Wu
YL, Gong J, Tian DA, Guo AY, Lin JS. The regulation

www.oncotarget.com

21612

Oncotarget

