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Abstract Increasing evidence shows that abnormal
microRNA (miRNA) expression is involved in tumorigenesis.
MiR-25 was previously reported to act as tumor suppressor or
oncogene in diverse cancers. However, their expression, func-
tion, and mechanism in gastric cancer (GC) are not well
known. Here, we show that miR-25 was overexpressed in
primary tumor tissues of GC patients and was significantly
correlated with a more aggressive phenotype of GC in pa-
tients. MiR-25 inhibition significantly decreased the prolifer-
ation, invasion, and migration of GC cells in vitro.
Furthermore, miR-25 repressed F-box and WD-40 domain
protein 7 (FBXW7) expression by directly binding to 3-
untranslated region (UTR) of FBXW7, and the inverse corre-
lation was observed between the expressions of miR-25 and
FBXW7 mRNA in primary GC tissues. Moreover, the resto-
ration of FBXW7 led to suppressed proliferation, invasion,
and migration of GC cells. In vivo, miR-25 promotes tumor
growth of GC. Taken together, miR-25 promotes GC progres-
sion by directly downregulating FBXW7 expression and may
be employed as a novel prognostic marker and therapeutic
target of GC.
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Introduction

Gastric cancer (GC) is the second leading cause of cancer-
related death worldwide [1]. The highest incidence of GC is
frequently found in Eastern Asia, Eastern Europe, and South
America, and the lowest in North America and most parts of
Africa [2]. Although clinical outcome of GC has gradually
improved through earlier diagnosis, surgical resection, and
chemotherapy, 5-year survival rates of patients with GC are
still low [3]. GC is a biologically heterogeneous disease ac-
companying various genetic and epigenetic alterations. A
large number of oncogenes and tumor suppressor genes have
been reported to be responsible for the development of GC,
but the molecular mechanisms underlying the migration and
invasion of advanced GC remains unclear.

MicroRNAs (miRNAs) are short, non-coding RNA mole-
cules that regulate gene expression by directly binding to the
3′-untranslated region (UTR) of their target gene mRNA [4].
MiRNAs have been found to regulate a variety of cellular
processes such as cell proliferation, differentiation, invasion,
migration, and epithelial–mesenchymal transition [5–8]. An
increasing number of miRNAs were shown to be involved
in metastasis and invasion of GC, including miR-21 [9],
miR-29 [10, 11], miR-30b [12], miR-141 [13], and miR-223
[14]. Although compelling evidences indicated that miR-25 is
associated with gastric carcinogenesis, where miR-25 exerted
potential proliferative, antiapoptotic, cell cycle-promoting ef-
fects, and tumorigenic activity [15, 16], the role of miR-25 in
GC metastasis and invasion remains unclear.

F-box and WD-40 domain protein 7 (FBXW7) is a com-
ponent of SCF (complex of SKP1, CUL1, and F box protein)-
type ubiquitin ligases and regulates a network of proteins with
central roles in cell division, cell growth, and cell differentia-
tion, including cyclin E, MYC, JUN, and Notch [17–20].
FBW7 is also a tumor suppressor, the regulatory network of
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which is perturbed in many human malignancies. Milne et al.
reported that loss of FBXW7 played a role in conventional
gastric carcinogenesis, and Li et al. demonstrated that miR-
223 functioned as an oncogene in human gastric cancer by
targeting FBXW7 [21, 22].

In this study, we validated that miR-25 was substantially
increased and downregulated expression of miR-25 signifi-
cantly inhibited proliferation, invasion, and migration of GC
cells. We found that miR-25 directly targeted FBXW7, and
FBXW7 overexpression could partially attenuate the effect of
miR-25 in GC. Furthermore, our data showed that miR-25
directly downregulated FBXW7 expression through binding
to FBXW7-3′-UTR, and the expression of FBXW7 was neg-
atively correlated with miR-25 in GC tissues.

Materials and methods

Patients and samples

A total of 40 GC tissues and matched normal tissues were
surgically collected in our department, and informed consent
was taken from all subjects. This work was approved by the
Ethics Committee of the No. 281 Hospital of the Chinese
People’s Liberation Army.

Cell culture

GC cell lines of GES-1, AGS, MKN-45, NUGC-3, HGC-27,
and SGC-7901 were purchased from ATCC and cultured with
F12 (AGS), DMEM/high glucose (MKN-45 or HGC-27), or
RPMI 1640 (GES-1, NUGC-3, or SGC-7901) medium
(HyClone) supplemented with 10 % FBS at 37 °C in 5 %
CO2, respectively.

RNA extraction and quantitative reverse-transcriptase
polymerase chain reaction

Trizol reagent (Invitrogen) was used to isolate total RNAs
from frozen tissues and GC cells according to the manufac-
turer’s protocol. Quantitative reverse-transcriptase polymer-
ase chain reaction (qRT-PCR) assays for FBXW7 and miR-
25 were performed via PrimeScriptTM RT reagent Kits
(TaKaRa), TaqMan® MicroRNA Reverse Transcription Kit
(Applied Biosystems), SYBR® Green Realtime PCR Master
Mix, and Permix Ex Taq (TaKaRa) according to the manufac-
turer’s protocol. Primers used were as follows: FBXW7 for-
ward, 5′-CCACTGGGCTTGTACCATGTT-3′ and reverse,
5′-CAGATGTAATTCGGCGTCGTT-3′; and GAPDH for-
ward, 5′-CGGATTTGGTCGTATTG-3′, and reverse, 5′-
GAAGATGGTGATGGGATT-3′. Primers for U6 and miR-
25 were purchased from GeneCopoeia (RiboBio). FBXW7

level was normalized with GAPDH, and miR-25 level was
normalized with U6.

Cell proliferation assay

HGC-27 and SGC-7901 cells were seeded at a density of 104

per well in 96-well plates, respectively. The cells were
transfected with anti-miR-NC, anti-miR-25, si-NC, si-
FBXW7, empty vector, FBXW7 vector or cotransfected with
miR-25 and FBXW7 vector, respectively. After 48 h, cell
proliferation was analyzed using Cell Counting kit 8 (CCK8,
Beyotime) according to the manufacturer’s protocol.

Cell migration and invasion assays

1×106 cells/ml of HGC-27 and SGC-7901 cells were pre-
pared after transfection with anti-miR-NC, anti-miR-25, si-
NC, si-FBXW7, empty vector, and FBXW7 vector or
cotransfection with miR-25 and FBXW7 vector, for 24 h, re-
spectively. The migration and invasion of the cells were ana-
lyzed using QCMTM Laminin Migration Assay (ECM220)
and Cell Invasion Assay kit (ECM 550). Cells which had
migrated or invaded to the lower membrane were counted
using a microscope (Olympus, Tokyo, Japan).

Vector construct

For 3′-UTR of FBXW7, complementary 53-mer DNA oligo-
nucleotides containing the putative miR-25 target site within
the 3′-UTR of human FBXW7 mRNAwere synthesized with
flanking SpeI and HindIII restriction enzyme digestion sites
(sense, 5′-GATTCACTTAGAAATTTTATTTTCTTATAACT
TAAGTGCAATAAAATGTGTT-3′; antisense, 5′-AACACA
TTTTATTGCACTTAAGTTATAAGAAAATAAAATTTC
TAAGTGAATC-3′). Another construct containing mutant
seed region was also generated as a control (GTGCAAT to
ATCCGGT). The DNAs and pMIR-REPORTTM Luciferase
vectors were used to build the luciferase report vectors. The
mutant 3′-UTR of FBXW7 served as a control. For FBXW7
vector,Homo sapiens full open reading frame cDNA clone for
FBXW7 was transcribed, and the product was amplified by
using primers with flanking SpeI and HindIII restriction en-
zyme digestion sites, followed by the DNAswere inserted into
pcDNA3.1 vector.

Oligonucleotide transfection

Transfection of anti-miR-NC, anti-miR-25, miR-NC, or miR-
25 via micrOFFTM anti-miR-25 kit and micrONTMmiR-25 kit
(RiboBio) according to the manufacturer’s protocol.
Transfection of the luciferase report vectors, empty vectors,
and miR-25 vectors via Lipofectamine 2000 (Invitrogen).
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Luciferase assay

The HEK293T cells were transfected with wide-type pMIR-
miR-25-3′-UTR or mutant pMIR- miR-25-3-UTR, and
Renilla luciferase control vector (pRL-TK, Promega) using
Lipofectamine 2000, and then the cells were transfected with
miR-NC or miR-25, respectively. After transfection for 24 h,
all of the cells were lysed via dual luciferase reporter assay
system, and then the fluorescence activity was detected via
GloMax Luminometer. The firefly luciferase activity was nor-
malized to the Renilla luciferase activity.

Lentivirus packaging and transduction

MiR-25 and miR-control precursor sequences were amplified
from human genomic DNA and cloned into the lentiviral vec-
tor pLVX-shRNA1 (Clontech Laboratories, Inc., Palo Alto,
CA, USA). Virus packaging was performed in HEK293T
cells. pLV-miR-25 or pLV-miR-control and Lenti-X HTX
Packaging Kit were cotransfected using the Xfect transfection
reagent. The AGS cells were transduced with pLV-miR-25 or
pLV-miR-control. The cell line that stably expressed miRNA-
25 was named LV-miR-25-AGS, and the control vector cell
line was named LV-miR-control-AGS.

Animal studies

Five-week-old female nude mice (BALB/c,nu/nu) were main-
tained under specific pathogen-free conditions. Animal exper-
iments were performed to evaluate tumor growth of GC cells
in vivo. Briefly, to determine the proliferation capacity of LV-
miR-25-AGS and LV-miR-control-AGS in vivo, a total of 1×
106 cells were injected into the axillary fossae of each anes-
thetized nude mouse (n=10 animals per group). Every 7 days
post-inoculation, the length and width of individual tumor
were measured with calipers, and the volume (mm3) was cal-
culated according to the formula: 1/2× length×width2. The
curve of tumor growth was depicted 35 days after inoculation.
Mouse tumors were harvested and weighed.

Western blot assay

Cultured cells were lysed in RIPA buffer, and the lysates were
analyzed using the standard Western blotting analyses.
FBXW7 proteins were detected with anti-FBXW7 mouse
monoclonal Abs (Abcam), and GAPDH proteins serving as
an internal reference were detected with anti-GAPDH rabbit
monoclonal Abs (Abnova). These were followed by incuba-
tion with HRP-conjugated secondary Abs (Santa Cruz
Biotechnology). Bound proteins were visualized by using
SuperSignal® West Dura Extended Duration Substrate kit.

Statistical analysis

One-way ANOVA and two-tail Student’s t test were used to
analyze results using SPSS 16.0. Pearson’s correlation was
used to analyze the relationship between the expressions of
miR-25 and FBXW7 mRNA. P<0.05 was considered statis-
tically significant.

Results

MiR-25 was increased in GC tissues and cell lines
and correlated with metastatic capacity in GC tissues
and upregulation of miR-25 conferred poor prognosis
in patients with GC

Expression of miR-25 in 40 GC patient tissues and matched
normal tissue samples was detected by qRT-PCR. MiR-25 was
significantly increased in GC patient tissues compared with
matched normal tissues (Fig. 1a). Similarly, expression of
miR-25 in five GC cell lines AGS, MKN-45, NUGC-3,
HGC-27, and SGC-7901 was significantly increased compared
with that in human gastric mucosa cell line GES-1 (Fig. 1d).
When the 40 tumors were stratified, based on clinical progres-
sion, miR-25 was markedly increased in the GC tissues of
patients with lymph node metastasis (Fig. 1b). Moreover, using
the Kaplan–Meier method and logrank test, the overall survival
of GC patients with high miR-25 expression was significantly
shorter than those with low miR-25 expression (Fig. 1c).

MiR-25 regulates the proliferation, invasion,
and migration of GC cells in vitro

To determine whether miR-25 promotes the proliferation, mi-
gration, and invasion potential of GC cells, we carried out the
experiments: HGC-27 and SGC-7901 cells were transfected
with anti-miR-25 or anti-miR-NC for 24 h, followed by the
proliferation, invasion, and migration of those cells were ana-
lyzed, respectively. As expected, the results showed that ex-
pression of miR-25 in HGC-27 and SGC-7901 cells
transfected with anti-miR-25 was significantly decreased by
qRT-PCR (Fig. 2a, b) and anti-miR-25 significantly suppressed
the proliferation (Fig. 2c, d), invasion (Fig. 2e, f), and migra-
tion (Fig. 2g, h) of HGC-27 and SGC-7901 cells (P<0.01).
Consistent with the previous study [16, 23], our data showed
that anti-miR-25 significantly reduced the proliferation of
HGC-27 and SGC-7901 cells. Together, miR-25 promotes
the proliferation, invasion, and migration of GC cells.

FBXW7 was a direct target of miR-25

The function of miRNAs in tumor development is dependent
on targeting their key target genes, so it is crucially important
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to identify the targets of miR-25. We used TargetScan 6.2 to
screen the target gene of miR-25. Interestingly, we found that
FBXW7 as a tumor suppressor is associated with cell divi-
sion, growth, and differentiation. To identify whether
FBXW7 is a target of miR-25, we constructed vectors con-
taining the wild-type 3′-UTR or mutant 3′-UTR of FBXW7
mRNA, which was individually fused directly downstream
of the firefly luciferase gene (Fig. 3a). For the luciferase
assays, the wild-type or mutant vector was cotransfected into
HEK293T cells with miR-NC or miR-25. As shown in
Fig. 3b, miR-25 significantly reduced the relative luciferase
activity of the wild-type 3′-UTR of FBXW7 (P<0.01),
while the luciferase activity of the mutant 3′-UTR was not
significantly changed. We also confirmed that miR-25 sig-
nificantly decreased the mRNA and protein expression of
FBXW7 (P<0.01) (Fig. 3c, d). Together, miR-25 downreg-
ulated FBXW7 expression through direct binding to the 3′-
UTR of FBXW7.

MiR-25 promoted GC cell growth and motility
by targeting FBXW7

To further investigate whether the effect of miR-25 on pro-
moting proliferation, invasion, and migration of GC cells was
via targeting FBXW7, we addressed the experiments that the
GC cells were transfected with si-NC, si-FBXW7, empty vec-
tor or FBXW7 vector, and miR-25 or cotransfected with miR-
25 and FBXW7 vector. The results showed that suppression of
FBXW7 expression by siRNA promoted cell proliferation,

Fig. 1 MiR-25 was increased in GC tissues and cell lines and correlated
with metastatic capacity in GC tissues, and upregulation of miR-25
conferred poor prognosis in patients with GC. a Expression of miR-25
in 40 GC tissues and matched normal tissues was detected by qRT-PCR. b
qPCR data of miR-25 levels in primary GC (with or without metastasis). c
Overall survival curves for two groups defined by low and high expression

of miR-25 in patients with GC. d Expression of miR-25 in five GC cell
lines, AGS, MKN-45, NUGC-3, HGC-27, and SGC-7901, and human
gastric mucosa cell line (GES-1) was detected by qRT-PCR. Expression
of miR-25 was normalized with U6. All assays were performed in
duplicates.*P<0.05, **P<0.01 compared with the control

�Fig. 2 MiR-25 inhibition decreased the proliferation, migration, and
invasion of GC cells in vitro. HGC-27 and SGC-7901 cells were
transfected with anti-miR-NC or anti-miR-25 for 24 h, respectively. a, b
Expression of miR-25 in HGC-27 and SGC-7901 cells transfected with
anti-miR-NC or anti-miR-25 was detected by qRT-PCR. After
transfection, 1×106 cells were used to perform the proliferation (c, d),
invasion (e, f), and migration (g, h) assays. All assays were repeated in
duplicates. *P<0.05, **P<0.01 compared with the control
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invasion, and migration and overexpression of FBXW7
protein with pcDNA3.1-FBXW7 inhibited cell prolifera-
tion, invasion, and migration (Fig. 4a–d). Function in-
vestigation revealed that the proliferation, invasion, and
migration of GC cells were significantly enhanced after
transfection with miR-25, whereas the restoration of
FBXW7 markedly led to the migration, invasion, and
proliferation suppression (Fig. 4e–h). We also evaluated
the expression of FBXW7 in 40 GC tissues and the
corresponding normal tissues by qRT-PCR. Data showed
that the average level of FBXW7 mRNA was signifi-
cantly decreased in GC tissues compared with that in
the corresponding normal tissues (Fig. 5a). Moreover,
FBXW7 mRNA level was inversely correlated with
miR-25 level (Fig. 5b). Together, miR-25 promotes the

metastasis, invasion, and proliferation potential of GC
cells by targeting FBXW7.

MiR-25 promotes tumor growth of GC in vivo

To further investigate the effect of miR-25 in vivo, a lentivirus
vector was constructed to mediate the expression of miR-25,
and two stable cell lines were established named LV-miR-25-
AGS and LV-miR-control-AGS. These cell lines were injected
into the axillary fossae of the female nude mice. To evaluate
tumor growth, the length (L) and width (W) of tumor were
measured every 7 days post-inoculation. The volumes of the
tumors resulting from LV-miR-control-AGS injection were
significantly smaller than those resulting from LV-miR-25-
AGS injection (Fig. 6a). The mice were sacrificed 35 days

Fig. 3 FBXW7 was a direct target of miR-25. a The graph shows the
wild-type or mutant binding site of FBXW7-3′-UTR for miR-25 and the
construction model of wild-type or mutant pLUC- FBXW7-3′-UTR
vectors. b Luciferase activity assays of luciferase vectors containing
wild-type or mutant FBXW7-3′-UTR were performed after transfection
with miR-NC or miR-25. The luciferase activity was normalized to
Renilla luciferase activity. The assays were repeated in six wells.

Western blot and qRT-PCR assays show the expressions of FBXW7
mRNA (c) and FBXW7 protein (d) in HGC-27 and SGC-7901 cells
after transfection with miR-NC or miR-25. For Western blot assays,
GAPDH served as an internal control. For qRT-PCR assays repeated in
duplicates, GAPDH served as an internal control for FBXW7 and
RNU6B for miR-25. *P<0.05, **P<0.01 compared with the control
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post-inoculation. In agreement with the tumor volumes, the
weight of tumors from LV-miR-control-AGS group were sig-
nificantly lower than LV-miR-25-AGS (Fig. 6a). The data
suggest that miR-25 promote the growth of AGS-engrafted
tumors in vivo.

Discussion

Although a number of molecular drivers of gastric cancer have
been described over the years, only very recently, miRNAs
have emerged as key players in the pathogenesis of this

Fig. 4 MiR-25 promoted GC cell growth and motility by targeting
FBXW7. a–d Cell proliferation, invasion, and migration ability assays
after HGC-27 and SGC-7901 cells were transfected with si-NC, si-
FBXW7, empty vector, or FBXW7 vector, respectively. e, f HGC-27
and SGC-7901 cells were cotransfected with miR-25 and pcDNA3.1-
FBXW7 or the vector. CCK8 assay was used to measure proliferation.

g In vitro invasion assay of HGC-27 and SGC-7901 cells with miR-25
and pcDNA3.1-FBXW7 or the vector. h In vitro migration assay of HGC-
27 and SGC-7901 cells cotransfected with miR-25 and pcDNA3.1-
FBXW7 or the vector. Data were drawn from three independent
experiments.*P<0.05, **P<0.01, #P<0.05, ##P<0.01 compared with
miR-25 group
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disease [24, 25]. In this study, we determined that miR-25 was
overexpressed in tumor tissues of GC patients compared with
matched adjacent normal tissues andmiR-25 was significantly
correlated with a more aggressive phenotype of GC in pa-
tients. MiR-25 inhibition repressed the proliferation, invasion,
and migration of GC cells in vitro. In addition, we identified
FBXW7 as a direct miR-25-target gene and confirmed its
direct interaction with the miR-25. In vivo, miR-25 promotes
tumor growth of GC. Furthermore, our observation for an
inverse correlation between miR-25 expression and FBXW7
expression in GC tissues fills this important void in literature

for the missing experimental evidence for the function of miR-
25 and FBXW7 in gastric pathogenesis.

Mature miR-25 was believed to be associated with tumor
carcinogenesis, such as miR-25 promoted tumor growth, mi-
gration, and invasion in gastric cancer by targeting tob1 [16].
Another two studies showed that miR-25 promoted apoptosis
resistance in cholangiocarcinoma by targeting TRAL death
receptor-4 [26] and miR-25 promotes adult neural stem/
progenitor cell proliferation and neuronal differentiation
[27]. In our data, we confirmed that miR-25 was
overexpressed in primary tumor tissues of GC patients com-
pared with matched non-tumor tissues. These data implied
that miR-25 overexpression was involved in GC carcinogen-
esis. Moreover, we showed that miR-25 inhibition repressed
the proliferation, invasion, and migration of GC cells in vitro,
suggesting that miR-25 can partially control the metastasis,
invasion, and proliferation potential of GC. Apart from miR-
25 overexpression in a large variety of human tumors, it is
downregulated in the other types of human tumors, such as
in colon cancer and anaplastic thyroid carcinomas [28, 29].
Therefore, miR-25 expression may be oppositely changed in
the development of different tumors.

FBXW7 regulates a network of proteins with central roles
in cell division, cell growth, and cell differentiation [24–27].
Most FBXW7 substrates are proto-oncogenes that are broadly
implicated in the pathogenesis of human cancers. FBXW7 is a
tumor suppressor, and loss of FBXW7 function leads to chro-
mosomal instability, probably owing to hyperactivation of its
many oncogenic substrates [30]. Therefore, the altered expres-
sion of FBXW7 is recognized to be one of the major causes of
carcinogenesis or cancer development. FBXW7 expression is
repressed in tumors. For example, its expression is suppressed
in gliomas and correlates with patient survival [31, 32]. Mori
et al. reported that FBXW7 mRNA expression was signifi-
cantly lower in colorectal cancer tissues than the

Fig. 5 MiR-25 was inversely correlated with FBXW7 expression in GC
tissues. a Expression of FBXW7 in 40 GC tissues and that in the
corresponding nontumor tissues was detected by qRT-PCR. b

Correlation analysis between miR-25 and FBXW7 mRNA level in GC
tissues (Spearman’s correlation analysis, r=−0.4536; P<0.01)

Fig. 6 MiR-25 promotes tumor growth of GC in vivo. a Overexpression
of miR-25 promotes GC growth in vivo (n=10; ***P<0.001). b Tumor
weight averages between Lv-miR-control and Lv-miR-25 groups 35 days
post-inoculation (n=10; **P<0.01). Data are presented as means±SD
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corresponding normal tissues and the low FBXW7 expression
group showed a significantly poorer prognosis than patients in
the high expression group [33]. Lu et al. reported that miR-25
regulated Wwp2 and Fbxw7 and promoted reprogramming of
mouse fibroblast cells to iPSCs [34]. Consistent with these
evidences, our data also indicated that miR-25-induced loss
of FBXW7 enhanced the proliferation, invasion, and metasta-
sis of GC cells and restoration of FBXW7 led to the prolifer-
ation, invasion, and migration suppression. Together, we
highlighted the regulatory mechanism that miR-25-induced
loss of FBXW7 promotes the metastasis, invasion, and prolif-
eration potential of GC cells through direct binding to the 3′-
UTR of FBXW7.

In conclusion, the present study highlighted the regulatory
mechanism that miR-25-induced loss of FBXW7 enhanced
the proliferation, invasion, and migration of GC cells and in-
dicated that miR-25 may be a biomarker for the prognosis of
GC patients.
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