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ABSTRACT
The poor prognosis of late gastric carcinomas (GC) underscores the necessity to identify novel 
biomarkers for earlier diagnosis and effective therapeutic targets. MiRNA-324-5p has been shown 
to be over-expressed in GC, however the biological function of miRNA-324-5p implicated in 
gastric cancer and its downstream targets were not well understood. Wnt/β-catenin signaling 
pathway is aberrantly regulated in GC. We sought to explore if miRNA-324-5p promotes oncogen-
esis through modulating Wnt signaling and EMT. MiRNA-324-5p is highly expressed in GC based 
on qRT-PCR and TCGA data. In addition, in vitro cell proliferation, cell migration assays and in vivo 
animal exenograft were executed to show that miRNA-324-5p is an oncogenic miRNA in GC. 
MiRNA-324-5p activates Wnt signaling and induces EMT in GC. Further, SUFU was identified as 
a target of miRNA-324-5p confirmed by western blotting and luciferase assays. Spearson analysis 
and TCGA data indicate that the expression of SUFU is negatively associated with the expression 
of miRNA-324-5p. Rescue experiments were performed to determine if SUFU mediates the Wnt 
activation, EMT and oncogenic function of miRNA-324-5p. MiRNA-324-5p inhibitors plus SUFU 
siRNAs rescue partially the inhibitory effect on Wnt signaling and EMT caused by miRNA-324-5p 
inhibitors. Finally, the suppression of cell proliferation, migration, and colony formation ability 
induced by miRNA-324-5p inhibitors is alleviated by addition of SUFU siRNAs. In summary, miRNA- 
324-5p is overexpressed in vivo and exerts cell growth and migration-promoting effects through 
activating Wnt signaling and EMT by targeting SUFU in GC. It represents a potential miRNA with 
an oncogenic role in human gastric cancer.
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Introduction

China has the largest population of GC patients. The 
prognosis of late GC patients is very dismal. This 
necessitates novel biomarkers for earlier diagnosis 
and effective therapeutic targets [1]. Deeper under-
standing the GC oncogenesis mechanism will be 
helpful to identify biomarkers for earlier detection 
and more effective intervention to improve the over-
all therapeutic outcome of GC patients.

Mounting evidence has shown that miRNAs are 
implicated in all stages of tumor development 

from onset, progression to metastasis [2,3]. 
Previous studies have shown that miRNA-324-5p 
is up-regulated in a number of cancers such as 
gastric cancer [4], lung cancer [5], malignant mel-
anoma [6], HCC [7], and acute myeloid leukemia 
[8] but down-regulated in CRC [9], medulloblas-
toma [10], suggesting it is an important miRNA 
involved in tumor development [11]. However, the 
biological effect induced by miRNA-324-5p in GC 
and underlying mechanism of its role were largely 
unknown.
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Wnt/β-catenin signaling has been implicated in 
gastric carncinogenesis and tumor progression 
[12–16]. Emerging data have shown that miRNAs 
are involved in Wnt/β-catenin signaling pathway 
by targeting Wnt associated genes at different reg-
ulation layer. We have shown that miRNA-194 
activates Wnt/β-catenin signaling pathway by tar-
geting Wnt negative regulator SUFU [17].

In the present study, we identified that miRNA- 
324-5p is significantly overexpressed in GC com-
pared to NS (non-neoplastic gastric tissues). 
MiRNA-324-5p activates cell proliferation, migra-
tion, and tumor formation in GC cells. In addition, 
miRNA-324-5p activates the Wnt/β-catenin signal-
ing pathway and induces EMT (epithelial to 
mesenchymal transition). SUFU was discovered as 
a target of miRNA-324-5p. Finally, SUFU appears to 
mediate the Wnt activation, EMT and oncogenic 
function of miRNA-324-5p. In summary, we con-
clude that miRNA-324-5p enhances cell prolifera-
tive, migratory property, and induces EMT in GC, 
at least in part, by activating Wnt/β-catenin signaling 
via targeting SUFU.

Materials and methods

Tissue samples and cell lines

In total, we have examined 60 cases of gastric 
cancers (GC) and paired adjacent non-neoplastic 
gastric tissues (NS). The tissue samples were 
obtained from Shenzhen University first affiliated 
hospital and examined by two independent pathol-
ogists. Under an institutionally-approved protocol, 
all patients signed the consent forms. The tissue 
biopsies were immediately stored in liquid nitro-
gen after resection until needed.

The gastric cancer cells AGS, MKN28 were 
from the American Type Culture Collection and 
China Infrastructure of Cell line Resources, 
respectively. The gastric cancer cells BGC-823, 
SGC7901 were purchased from Cell Bank of the 
Chinese Academy of Sciences (Shanghai, China) 
and control HFE-145 (human normal gastric 
epithelial cells) were obtained from Dr. Duane 
T. Smoot at Meharry Medical College. MKN28, 
AGS and SGC7901 cells were cultured in 
RPMI1640 medium (Thermo Fisher Scientific, 

USA) supplemented with 10% FBS, (Gibco) 
100 U/ml penicillin and 100 µg/ml streptomycin 
(Invitrogen Life Technologies, USA). BGC-823 
and HFE-145 were cultured in DMEM medium 
(Hyclone, Logan, Utah) supplemented with 10% 
FBS, 100 U/ml penicillin and 100 µg/ml strepto-
mycin. All cells were cultured in a 5% CO2 incu-
bator at 37°C.

Quantitative reverse-transcriptase PCR (qRT– 
PCR)

For the detection of miRNA-324-5p and SUFU 
mRNA expression, total RNA from tissues or cultured 
cells was isolated using mirVana miRNA Isolation Kit 
(Invitrogen, Carlsbad, CA, USA). Frozen gastric tis-
sues were ground to powder using a grinding 
machine. Cultured cells or tissues lysate were harvest 
using Lysis/Binding Solution with 1/10 volume of 
miRNA Homogenate Additive. The lysate was then 
mixed well by vortexing and incubated on ice for 10 
min. Then equal volume of chloroform was added to 
the lysate. Collect the aqueous phase, add 1.25 
volumes of ethanol, and mix thoroughly. The lysate/ 
ethanol mixture was transferred into a filter cartridge 
which was washed twice. Finally, the RNA was eluted 
with nuclease-free water and stored it at −80 °C until 
used. MiRNA-324-5p expression level was deter-
mined using TaqMan® Universal Master 
Mix�(Applied Biosystems, Foster City, CA, USA) . 
RNU6B TaqMan RT–PCR amplicon (RNU6B 
TaqMan microRNA Assay kit, Applied Biosystems) 
was used as an internal control. PrimeScript™ RT 
reagent Kit and SYBR® Green Master Mix (Takara, 
Dalian) were used to synthesize cDNA and quantify 
the expression of SUFU. The primers of SUFU is: 
sense 5’-GACCCTGGTTACAAATTCTGTTGA-3’, 
antisense 5’-AGGCAGGATGGAGACCTTCAG-3’. 
The expression was normalized to the expression of 
GAPDH.

Transfection of miRNAs and siRNAs

Cholesterol-conjugated miRNA-324-5p inhibitors, 
their corresponding NCs and SUFU siRNAs 
(5’-CGG CCT GAG TGA TCT CTA T-3’, 
5’-GATCCA CAC CTG CAA GAG A-3’ and 
5’-GCA GCT TGA GAGCGT ACA T-3’), were 
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obtained from Ribobio (Guangzhou, China). 
MiRNA-324-5p mimics, inhibitors and their 
respective NCs were chemically synthesized by 
Dharmacon (Lafayette, CO, USA).A mixture of 
three SUFU siRNAs, which successfully down- 
regulated SUFU expression [17], was used. 
Lipofectamine RNAiMAX (Invitrogen) was used 
for transfection of cells with 30–50% confluence. 
The cells were transfected with either miRNA-324- 
5p mimics/inhibitors (60 nM), or co-transfected 
with miRNA-324-5p inhibitors (60 nM) and of 
SUFU-siRNAs(60 nM). Their respective NCs 
were used as the negative controls. 48 hrs after 
miRNAs/siRNAs transfection, RNA, and protein 
were harvested according to the established proto-
cols as described in the qRT-PCR section and 
western blotting section, respectively.

Cell proliferation assay

CCK-8 assay (Dojindo, Japan) was performed to 
assess cell proliferation ability. 30–50% confluent 
cells were transfected with miRNA-324-5p inhibitors 
and subsequently cultured for 48 hours. Followed by 
cells were collected and inoculated into 96-well 
plates at 1000 cells/well. The transfected cells were 
cultured in a 37 °C incubator for 7 days and the 
absorbance at 450 nm was measured every 2 days 
using CCK-8 cell counting kits (Dojindo, Japan) 
with a Microplate Reader (Molecular Devices, USA).

Cell migration assay

According to the established procedure [18], cell 
migration ability was assessed using Transwell cham-
bers (24-well format, BD Biosciences, St Louis, MO, 
USA). 5 × 104 tumor cells were inoculated on the 
upper chamber with 8 μm pores 48 h post transfec-
tion, cultured with serum-free medium. 20% FBS 
growth medium (800 μl) was added to the lower 
chambers and served as a chemoattractant. 
Following 24 h incubation at 37°C, cells that 
migrated to the pores were fixed with 4% parafor-
maldehyde for 20 min and then stained with hema-
toxylin for 10 min. Then five random fields of view 
under the microscope were photographed and cells 
were counted and summarized for statistical analysis.

Wound healing assay

The wound-healing assay was performed to evalu-
ate migratory ability. 30–50% confluent cells were 
inoculated in the six-well plate and tranfected with 
miRNA-324-5p inhibitors. Forty-eight hours later 
when cells reach a confluence of 80–90%, a 200 
µl micropipette tip was used to create a scratch in 
the middle. At 0, 24, 48 h after wounding, the 
progression of migration was pictured using 
Olympus 1 × 71 camera system.

Western blotting

Laemmli sample buffer (Bio-Rad) with a protease 
inhibitor, complete EDTA-free (Roche) was used to 
extract total protein and protein concentration was 
measured by a BCA Protein Assay kit (Pierce, 
Rockford, MA, USA). Cytoplasmic protein and 
nucleoprotein were isolated by the NE-PER™ 
Nuclear and Cytoplasmic Extraction Reagents 
(Thermofisher Scientific, MA USA). Equal amounts 
of extracted protein were electrophoresed on 10% 
SDS-PAGE and transferred to a PVDF membrane 
(Millipore, USA). The membranes were blocked 
with 5% nonfat milk diluted with TBST(Tris- 
Buffered saline Tween-20) for 1 h and then incu-
bated with the primary antibody at 4°C overnight. 
The primary antibodies used in this study included 
SUFU (#2522), Wnt/β-Catenin Activated Targets 
Antibody Sampler Kit (#8655) and Epithelial- 
Mesenchymal Transition (EMT) Antibody Sampler 
Kit (#9782) (1:1000, Cell Signaling, Danvers, MA, 
USA) and GAPDH monoclonal antibody (1:5000, 
Cell Signaling). After incubated with secondary anti-
body and washed with TBST, the membranes were 
subjected to exposure.

Immunofluorescence analysis

Forty-eight hours after transfection, washed cells 
were fixed with 4% formaldehyde for 15 min. Cells 
were then washed with PBS three times and per-
meated with 0.2% Triton X-100 (PBS) for 10 min 
at room temperature. Next, cells were incubated 
with an anti-β-catenin antibody (1:100; L54E2, 
Cell Signaling) overnight at 4°C. After washing 
with PBS, the cells were incubated with Alexa 
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Fluor® 594-Conjugated anti-mouse secondary anti-
body (1:1000, #8890; Cell Signaling) for 1 h at 
room temperature avoiding light. Nuclei were 
stained by DAPI II (Abbott Molecular, Abbott 
Park, Illinois). Images of cells under a Leica con-
focal microscope (Cellular Imaging Facility, 
Lausanne, Switzerland) were pictured and ana-
lyzed with Leica Application Suite (LAS) software.

Luciferase reporter assay

Topflash and Fopflash plasmids were purchased 
from Addgene (Cambridge, MA, USA). When 
cells reach a confluence of 30–50%, we transfected 
60 nM of miRNA-324-5p inhibitors and 100 ng 
Topflash/Fopflash plasmids with 10 ng pTK- 
renilla via Lipofectamine 3000 (Invitrogen). Dual- 
Glo luciferase assay kit (Promega) was used to 
carry out the luciferase reporter assays. The lumi-
nescence intensity was normalized by dividing 
firefly luciferase activity to renilla luciferase 
activity.

SUFU 3’-UTR gene segment with predicted 
miRNA-324-5p binding sites and corresponding 
SUFU 3’-UTR mutant segment were cloned into 
a pDL-UTR vector (Promega, USA). Constructed 
reporter vectors were co-transfected with miRNA- 
324-5p mimics/inhibitors via Lipofectamine 3000 
for 48 h according to the protocol (Invitrogen), 
luciferase activity was measured as described 
above.

Animals and subcutaneous tumor growth assays

Four-to-six-old BALB/c-nu female nude mice were 
purchased from the Shanghai Laboratory Animal 
Center (Shanghai, China). All the animal experi-
ments were approved by Institutional Animal Care 
and Use Committee of Shenzhen University. The 
mice were raised in SPF Laboratory Animal Room 
and were free to obtain food and tap water during 
the experiment. 1 × 106 BGC-823 cells with trans-
fection were suspended with 100 μl PBS and 
injected subcutaneously into the back of nude 
mice. Either 10 nmol nonspecific negative control 
(NSC-inh)(Ribobio Co. Guangzhou, China) or 
cholesterol-conjugated miRNA-324-5p inhibitors 

(324–5p-inh) was injected locally into the corre-
sponding tumor location every 3 to 4 days for 
32 days(n = 6 in each group). Tumor length and 
width were measured twice a week by caliper and 
tumor volume (mm3) was calculated according to 
the formula: volume (mm3 = 1/2× length×width2). 
Tumor-bearing mice were sacrificed on day 32.

TCGA analyses and statistical analyses

TCGA data for gene expression (polyA+ 
IlluminaHiSeq), miRNA expression 
(IlluminaHiseq) for GC was obtained from UCSC 
Xena (http://xena.ucsc.edu).We have analyzed 403 
samples including 368 GCs and 35 adjacent nor-
mal tissues. Log2

(x + 1) transformed RSEM normal-
ized count gene expression data was used. The 
expression differences of miRNA-324-5p and 
SUFU between GCs and histologically normal gas-
tric tissues adjacent to the tumor from TCGA were 
analyzed using Mann-Whitney U test.

Student’s t-test was used for analysis of differ-
ence between two groups in the experiments. 
One-way analysis of variances followed by 
Dunnett’s test was used for comparisons in data-
sets containing multiple groups. The correlation 
between the expression of miRNA-324-5p and 
SUFU in paired GC specimens was analyzed by 
Spearman’s correlation. Data are presented as 
mean ± SD from three independent experiments. 
A p value < 0.05 was considered significant.

Results

miRNA-324-5p is an oncogenic miRNA in GC

The expression level and biological effects of miRNA- 
324-5p in GC were not well studied, so we utilized 
qRT-PCR to test the expression level in 60 paired GC 
tissues (Figure 1(a)). Significantly up-regulation 
(paired student t test, p < 0.0001) of miRNA-324-5p 
were observed in GC as compared to NS. We also 
analyzed GC data (368 GCs and 35 adjacent histolo-
gically normal samples) from TCGA to determine the 
expression level of miRNA-324-5p in GC. In agree-
ment with our result, it showed that miRNA-324-5p 
was significantly overexpressed in GCs compared to 
the adjacent normal gastric tissues (p = 0.015, Figure 1 

CELL CYCLE 2723

http://xena.ucsc.edu).We


(b)). It should be mentioned that adjacent normal 
tissue is not real healthy tissue. It presents a special 
intermediate state between healthy tissue and tumor, 
however, it is relatively easy to access and good con-
trol for variation between patients and anatomic sites 
[8,19]. Thus, adjacent normal tissue is used as 
a control. Similarly, miRNA-324-5p is highly 
expressed in GC cell lines such as AGS, MKN28, 
SGC-7901, BGC-823 (Figure 1(c)), suggesting it may 
be associated with gastric carcinogenesis. . To better 
understand the biological function of miRNA-324-5p, 
we transfect BGC-823 cells with miRNA-324-5p inhi-
bitors. Inhibitor-transfected cells displayed decreased 
cell proliferation rate, suggesting miRNA-324-5p pro-
motes cell proliferation (Figure 2(a)). RT-PCR results 
demonstrate that miRNA-324-5p inhibitors success-
fully knockdown the expression level of miRNA-324- 
5p (Figure 2(b)). Cell migration was also suppressed 
after transfection with miRNA-324-5p inhibitors, 
indicating that miRNA-324-5p plays a tumor- 
promoting role in gastric carcinogenesis (Figure 2 

(c)). To further explore the biological effect induced 
by miRNA-324-5p in vivo, BGC-823 cells with trans-
fection of miRNA-324-5p inhibitors or control were 
injected into flanks of SCID mice (N = 6/group) 
subcutaneously. Cholesterol-conjugated miRNA- 
324-5p inhibitor or control dissolved in PBS were 
injected locally into the corresponding tumor mass 
twice a week until sacrifice. Tumor volume was mea-
sured until day 32. As shown in Figure 2(d), tumor 
volume was significantly decreased in mice treated 
with miRNA-324-5p inhibitors than in those treated 
with NSC-inhibitors (p < 0.05). Altogether, these 
results revealed that miRNA-324-5p plays an onco-
genic role in GC.

miRNA-324-5p activates the Wnt/β-catenin 
signaling pathway and EMT

Wnt/β-catenin signaling is deregulated in 30% of GC 
[12], highlighting the oncogenic property of this path-
way. On the basis of the tumor promoting role of 

Figure 1. MiRNA-324-5p is highly expressed in GC.
(A) MiRNA-324 was overexpressed in GC. Expression of miRNA-324-5p in 60 paired GC tissues was determined by qRT-PCR. (B)The 
quantification of miRNA-324-5p expression levels from 368 GCs and 35 normal tissues using RNA-seq data obtained from The Cancer 
Genome Atlas(TCGA) is shown. (C)MiRNA-324-5p was highly expressed in GC cell lines. 
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miRNA-324-5p, we investigate the relevance of 
miRNA-324-5p in regulating Wnt/β-catenin signal-
ing. To this end, Topflash/Fopflash luciferase assays 
were performed in BGC-823 cells. There are 7 wild 
type TCF/LEF-binding sites in Topflash vector, while 
6 mutated TCF/LEF binding sites upstream of a firefly 
luciferase reporter in Fopflash plasmid. Inhibition of 
miRNA-324-5p resulted in reduced β-catenin- 
dependent luciferase activities (Figure 3(a)). 
Consistently, overexpression of miRNA-324-5p led 
to activation of Wnt/β-catenin signaling activity 
(Figure 3(b)). It is well established that β-catenin 
nuclear translocation is required for Wnt/β-catenin 
signaling activation [20]. Thus, cytoplasmic and 

nuclear localization of β-catenin was analyzed in 
BGC-823 cells. Western blotting after cytoplasmic 
and nuclear extraction illustrated that employment 
of miRNA-324-5p inhibitors resulted in decreased β- 
catenin translocation into the nucleus (Figure 3(c)). 
Concordant with the Western blotting data, confocal 
immunofluorescence assay of β-catenin showed that 
use of miRNA-324-5p inhibitors led to β-catenin 
translocation to the cell membrane (Figure 3(d)). 
This result was in line with the positive control result 
after cells incubated with XAV-939, a well-known 
Wnt signaling inhibitor [17]. Moreover, Wnt- 
dependent gene expression was analyzed after 
miRNA-324-5p inhibition or activation. The 

Figure 2. MiRNA-324-5p has an oncogenic effect in GC.
(A) MiRNA-324-5p promoted cell proliferation. Cell proliferation was measured using CCK8 assay in BGC-823 cells with NSC-inh 
(nonspecitic control) or miRNA-324-5p inhibitors transfection. (B)The expression level of miRNA-324-5p was markedly decreased in 
BGC-823 cells by chemically synthesized miRNA-324-5p inhibitors. (C) MiRNA-324-5p promoted cell migration. Cell migration was 
measured by transwell assay in BGC-823 cells with NSC-inh or miRNA-324-5p inhibitors transfection. Cells were counted from five 
randomly chosen fields. (D) MiRNA-324-5p inhibitors resulted in decreased tumor volumes in vivo. Tumor growth curves are shown 
with volume measured twice a week after injection of either NSC-inh or cholesterol-conjugated 324-inh. Each experiment was 
repeated three times. Student t test was performed.*p < .05. 

CELL CYCLE 2725



expression level of Cyclin D, TCF-1, c-Jun was 
decreased dramatically in BGC-823 cells with treat-
ment of miRNA-324-5p inhibitors (Figure 3(e)). LEF- 
1 was expressed lowly at the basal level. Agreeably, 
increased expression of Cyclin D, TCF-1, c-Jun, LEF- 
1, and TCF1 resulted from miRNA-324-5p activation 
in HFE-145 cells. Together, it suggests that miRNA- 
324-5p activates Wnt signaling pathway.

During Epithelial-mesenchymal transition (EMT), an 
critical developmental process, the epithelial cells 
change into mesenchymal, fibroblast-like cells and 
harbor decreased intracellular adhesion and enhanced 
motility. EMT is the downstream output of activated 
Wnt signaling and EMT plays an essential role in all 
stages of cancer development. EMT was explored after 
up or down regulating miRNA-324-5p levels. 
A reduction of epithelial markers, such as E-cadherin 
and a gain of mesenchymal markers, such as 

Figure 3. MiRNA-324-5p activates Wnt/β-catenin signaling pathway and EMT. (a)MiRNA-324-5p activated Topflash luciferase activity. 
BGC-823 cells were co-transfected with NSC-inh or miRNA-324-5p inhibitors, Topflash/Fopflash plasmids and pTK-renilla. *p < 0.05. 
(b) MiRNA-324-5p activated Topflash luciferase activity. HFE-145 cells were co-transfected with NSC-mim or miRNA-324-5p mimics, 
Topflash/Fopflash plasmids and pTK-renilla. *p < 0.05. (c) Suppression of miRNA-324-5p inhibited the translocation of β-catenin into 
the nucleus. Forty-eight hours after miRNA-324-5p inhibitors transfection, BGC-823 cells were lysed and immunoblotted with β- 
catenin antibody in cytoplasmic and nuclear portion, respectively. (d) Inhibition of miRNA-324-5p blocked the translocation of β- 
catenin into the nucleus. β-catenin localization was detected by confocal immunofluorescence 48 h after transfection of miRNA-324- 
5p inhibitors in BGC-823 cells. (e) MiRNA-324-5p activated Wnt/β-catenin downstream gene expression. Cell lysates were used to 
blot Wnt downstream gene antibody 48 h after transfection of miRNA-324-5p inhibitors or mimics in BGC-823 and HFE-145 cells, 
respectively. (f) MiRNA-324-5p induced EMT. Cell lysates were used to blot EMT markers 48 h after transfection of miRNA-324-5p 
inhibitors or mimics in BGC-823 and HFE-145 cells, respectively. Each experiment was repeated three times.
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Vimentin, Snail, N-cadherin, and ZEB were observed 
in HFE-145 cells with miRNA-324-5p mimics trans-
fection. We suppose that miRNA-324-5p activates 
Wnt signaling which induces the expression of Wnt 
dependent EMT-TF (transcription factor) such as 
Snail and ZEB1 [21]. Snail and ZEB1 in turn led to 
the overexpression of N-cadeherin, Vimentin and 
downregulation of E-cadherin. Similarly, EMT was 
repressed in BGC-823 cells with miRNA-324-5p inhi-
bitors transfection (Figure 3(f)). Of note, Slug expres-
sion level did not change, which is a good control for 
the expression differences observed in other EMT 
associated genes. In a word, these observations suggest 
that miRNA-324-5p activates the Wnt signaling path-
way and induces EMT. 

SUFU is the target of miRNA-324-5p

In order to elucidate which gene miRNA-324-5p 
targets to regulate Wnt/β-catenin signaling path-
way and EMT, the target gene was predicted with 
miRWalk (http://zmf.umm.uni-heidelberg.de/ 
apps/zmf/mirwalk2/). We chose SUFU as 
a candidate gene based on the prediction and the 
fact that SUFU is a negative regulator of Wnt/β- 
catenin signaling by blocking β-catenin in the 
cytoplasm. As shown in Figure 4(a), miRNA-324- 
5p mimics transfection in HFE-145 which has low 
basal level of miRNA-324-5p expression resulted 
in reduced SUFU expression. On the other hand, 
miRNA-324-5p transfection in BGC-823 with rela-
tively high basal level of miRNA-324-5p expres-
sion gave rise to the increased SUFU expression 
(Figure 4(a)). To confirm that miRNA-324-5p 
directly targets SUFU mRNA through binding to 
its 3’UTR, three potential binding sites of miRNA- 
324-5p on 3’UTR of SUFU were analyzed as 
shown in Figure 4(b). A wild-type (pDL-SUFU 
-3’UTR-wt) or a mutant (pDL-SUFU-3’UTR- 
mut) reporter vector containing three mutated 
binding sites was co-transfected into HFE-145 
cells with miRNA-324-5p mimics. Transfection of 
miRNA-324-5p mimics in HFE-145 cells signifi-
cantly reduced SUFU 3’UTR dependent luciferase 
activity of the wild-type reporter, but not the 
mutant. Reciprocally, SUFU 3’UTR dependent 
luciferase activity of the wild-type reporter not 
the mutant was increased with the transfection of 

miRNA-324-5p inhibitors in BGC-823 cells 
(Figure 4(c)), validating the specific interaction 
between miRNA-324-5p and the SUFU 3’UTR. 
Consistent with published literature, SUFU was 
down-regulated in 60 paired GC (Figure 4(d)). 
TCGA data analysis also showed that SUFU was 
down-regulated in 386 GC tissues (Figure 4(e)). 
More importantly, a negative correlation was 
found between miRNA-324-5p expression and 
SUFU expression in 60 cases of clinical-paired 
GC tissues (p < 0.05, R = −0.269, figure 4(f)), 
further strengthening the notion that SUFU was 
targeted by miRNA-324-5p. Furthermore, the 
inverse correlation was also found using TCGA 
database (Figure 4(g)), suggesting that the negative 
correlation between miRNA-324-5p and SUFU is 
a common event and SUFU is a target of miRNA- 
324-5p. Admittedly, the correlation is somehow 
weak suggesting that there are other factors regu-
lating the expression of SUFU.

miRNA-324-5p activates Wnt/β-catenin signaling 
pathway and induces EMT via SUFU

To test if SUFU mediates the Wnt and EMT acti-
vation induced by miRNA-324-5p, the Topflash 
assay was performed in BGC-823 cells transfected 
with miRNA-324-5p inhibitors combined with 
SUFU siRNAs. As expected, β-catenin dependent 
luciferase activity was decreased in cells trans-
fected with miRNA324-5p inhibitors and the inhi-
bitory effect was alleviated by SUFU siRNAs 
partially (Figure 5(a)). β-catenin was localized to 
the cytoplasm with miRNA-324-5p inhibition 
while SUFU siRNAs addition reversed the translo-
cation (Figure 5(b)). β-catenin was mostly loca-
lized to the cellular membrane when cells were 
treated with miRNA-324-5p inhibitors as illu-
strated by confocal immunofluorescence of β- 
catenin and more β-catenin moved to the cyto-
plasm after additional SUFU siRNAs transfection 
(Figure 5(c)). Together, it suggests that SUFU 
mediates the Wnt activation induced by miRNA- 
324-5p. To explore if SUFU mediates the EMT 
induced by miRNA-324-5p, EMT markers were 
evaluated. Elevated expression of epithelial mar-
kers such as E-cadherin and a reduction of 
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mesenchymal markers, such as N-cadherin, Snail, 
and Claudin were induced by miRNA-324-5p 
repression. They were attenuated partially in 
BGC-823 cells with combinational transfection of 
miRNA-324-5p inhibitor and SUFU siRNAs 
(Figure 5(d)), suggesting that SUFU mediated 
EMT induced by miRNA-324-5p.

SUFU mediates miRNA-324-5p oncogenic 
function

It is known that miRNA-324-5p, an oncogenic 
miRNA, activates Wnt pathway and induces 
EMT via SUFU. Finally, we sought to investigate 
if SUFU medicates the oncogenic function of 

Figure 4. SUFU is the direct target of miRNA-324-5p. (a) The expression level of SUFU was up-regulated by miRNA-324-5p inhibitors 
in BGC-823 and down-regulated by miRNA-324-5p mimics in HFE-145 cells. (b) The predicted binding sites of miRNA-324-5p on the 
3’UTR region of SUFU and their corresponding mutant sites in luciferase reporters are shown. (c) HFE-145 and BGC-823 cells were co- 
transfected with miRNA-324-5p mimics/inhibitors and SUFU 3’UTR WT (wild-type)/Mutant reporter plasmids. SUFU 3’ UTR dependent 
luciferase activities were reduced or increased by miRNA-324-5p mimics or inhibitors, respectively,*p < 0.05. (d) SUFU expression 
level in 60 paired GC tissues was determined by qRT-PCR and SUFU was down expressed in GC. (e)RNA-seq analysis of SUFU mRNA 
levels in 368 GCs and 35 normal tissues queried from TCGA showed that SUFU was down-regulated in GC, *p < 0.05. (f) Spearman’s 
correlation analysis showed that there was a negative correlation between SUFU and miRNA-324-5p expression in 60 tested tissues, 
*p < 0.001. (g) Expression correlation analysis was performed between miRNA-324-5p and SUFU in GCs from TCGA database 
(n = 368), r = −0.108, p = 0.038. SUFU expression was negatively correlated with that of miRNA-324-5p.
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miRNA-324-5p, rescue assays were performed 
with SUFU siRNAs in BGC-823 cells. Decreased 
ability to migrate observed in cells with miRNA- 
324-5p inhibition was reverted upon the silencing 
of SUFU in scratch assays (Figure 6(a)) and trans-
well assays (Figure 6(b)). Inhibition of miRNA- 
324-5p agreeably reduced colony-forming capacity 
in BGC-823 cells, while knockdown of SUFU res-
cued this inhibition (Figure 6(c)). Overall, these 
findings implied that the oncogenic function of 
miRNA-324-5p is mediated by SUFU at least par-
tially in GC.

Discussion

In the present study, we have explored the cancer- 
relevant function of miRNA-324-5p and underly-
ing mechanism of its oncogenic behavior. We 
showed that GC tissues and cell lines harbor 

elevated expression level of miRNA-324-5p. GC 
cells displayed decreased cell proliferation rate, 
migration, and tumor formation ability when 
miRNA-324-5p were inhibited. In addition, Wnt/ 
β-catenin signaling pathway was activated and 
EMT was induced by miRNA-324-5p. SUFU was 
identified to be a target of miRNA-324-5p. Finally, 
SUFU appears to mediate the Wnt activation, 
EMT, and oncogenic function of miRNA-324-5p. 
Together, we demonstrate that miRNA-324-5p 
enhances cell proliferative, migratory property, 
and induces EMT in GC, at least in part, through 
activating Wnt pathway by targeting SUFU 
(Figure 7).

The pre-miRNA-324 gave rise to two mature 
miRNA-324, miRNA-324-5p, and miRNA-324- 
3p during the maturation process. Previous stu-
dies have revealed miRNA-324-5p was up- 
regulated in lung cancer, malignant melanoma, 

Figure 5. MiRNA-324-5p activates Wnt/β-catenin signaling pathway and EMT via SUFU. (a) Topflash luciferase activity was decreased 
by miRNA-324-5p inhibitors and SUFU siRNAs partially reversed this inhibitory effect. BGC-823 cells were transfected with miRNA- 
324-inh or co-transfected with miRNA-324-inh and SUFU siRNAs. (b) Interference of SUFU relieved the cytoplasmic retention of β- 
catenin induced by miRNA-324-5p blockage. (c) β-catenin translocation to nuclei induced by miRNA-324-5p inhibition was reversed 
by the coupled SUFU knockdown. Confocal immunofluorescence was performed to locate the β-catenin cytoplasmic or nuclear 
localization 48 h after transfection. (d) Suppression of SUFU alleviated the EMT induced by miRNA-324-5p inhibition. Each 
experiment was repeated three times.
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HCC, acute myeloid leukemia, and GC but 
down-regulated in medulloblastoma and kidney 
cancer [8,11]. Until now, only a few studies have 
investigated the biological functions of miRNA- 
324-5p in human cancer. MiRNA-324-5p sup-
presses the proliferation of glioma cells through 
silencing GLI family zinc finger 1 (GLI1) [22]. 
Up-regulation of miRNA-324-5p leads to inhibi-
tion of proliferation and invasion in colorectal 
cancer cells by targeting ELAVL1(Embryonic 
Lethal, Abnormal Vision, Drosophila-Like 
Protein 1) [23]. In addition, miRNA-324-5p 
overexpression resulted in reduced migration 
and invasion by targeting matrix metallopepti-
dase 2 (MMP2), MMP9, ETS proto-oncogene 1 
(ETS1), and Sp1 transcription factor gene 
expression in HCC [24]. This is the first report 
describing the oncogenic function of miRNA- 
324-5p in GC. We have found that miRNA- 
324-5p is highly expressed in GC tissues as 
well as cell lines and inhibition of miRNA-324- 

5p resulted in reduced cell proliferation, migra-
tion and tumorigenicity capacity.

MiRNA-324-5p has the potential to be 
a prognostic factor for multiple cancers. 
A classifier of 19 miRNAs containing miRNA- 
324 has independent prognostic utility for pan-
creatic cancer. It determined the prognosis of 
three pancreatic ductal adenocarcinoma tumor 
subtypes which have significantly different sur-
vival time but the same clinical conditions [25]. 
In addition, the expression levels of 6 miRNAs 
including miRNA-324 in PBMCs (peripheral 
blood mononuclear cells) of CHC (chronic hepa-
titis C) may act as significant risk biomarkers for 
the development of CHC. Since 75% CHC 
patients eventually develop HCC 
(Hepatocellular Carcinoma), the prognostic 
value of these miRNAs is high [26]. We did 
not show miRNA-324-5p have potential prog-
nostic value for GC, however, we found that 
miRNA-324-5p plays an oncogenic role for GC 

Figure 6. MiRNA-324-5p promotes cell migration and colony formation ability by activating Wnt/β-catenin signaling pathway via 
SUFU. (a-b)Suppression of miRNA-324-5p weaken the migration capacity of BGC-823 cells while SUFU siRNAs can alleviate this 
inhibition. BGC-823 cells were transfected with miRNA-324-inh or co-transfected with miRNA-324-inh and SUFU siRNAs. Forty-eight 
hours after transfection, scratch assay and transwell assay were conducted. (c) MiRNA-324-5p inhibitors impaired colony forming 
capacity in BGC-823 cells while SUFU siRNAs reversed the depressive effect. 48 h after transfection with either miRNA-324-5p 
inhibitors or coupled SUFU siRNAs, 200 cells/well were inoculated into a 6-well plate. Cell colonies were stained and counted 14 days 
after plating. Each experiment was repeated three times. *p < 0.05.
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development, suggesting the necessity of future 
research on miRNA-324-5p prognostic capacity.

SUFU negatively regulates the Hedgehog and Wnt 
signaling pathways [27]. It binds to GLI1 and inhibits 
its translocation to the nucleus. SUFU also suppresses 
Wnt signaling by forming a complex with β-catenin 
and enhancing β-catenin translocation to the cyto-
plasm [20,28,29]. SUFU is identified as a very impor-
tant tumor suppressor. It is down expressed in 
a number of tumors such as prostate cancer, lung 
cancer, glioblastoma, astrocytoma, glioma, and GC 
[30–34]. In GC, the expression level of SUFU has 
been shown to be significantly and serially low in GC 
with different stages [34,35]. In our previous study, we 
found that SUFU was down expressed in GC tissues as 
well as cell lines and its expression was negatively 
related to tumor stage [17]. However, the mechanism 
underlying its low expression in GC was poorly stu-
died. Here, we showed that SUFU is targeted by 
miRNA-324-5p which is highly expressed in GC. 
The expression level of SUFU and miRNA-324-5p is 
negatively correlated with each other based on the RT- 
PCR results as well as TCGA analysis, providing 
a reason why SUFU is downregulated in GC.

EMT plays an important role in cancer advance-
ment and metastasis. EMT regulation involves in 
a complicated network of transcriptional regulations 
engaged by many regulatory factors. A number of 

studies have demonstrated that miRNAs play a key 
role in the progression or suppression of EMT. 
MiRNAs target the master transcription factors of 
EMT and also regulate genes associated with signaling 
mediators, adhesion junction, and polarity complex 
proteins. For example, miRNA-200 family, which 
embraces miRNA-200a, miRNA-200b, miRNA- 
200 c, miRNA-141, and miRNA-429, negatively reg-
ulate EMT by targeting ZEB1/2 specifically [36]. 
MiRNA-205, besides the miRNA-200 family, has 
been identified by microarray analyses as a negative 
regulator of EMT [37]. Downregulation of miRNA- 
199a-5p in triple-negative breast cancer cells resulted 
in significantly elevated expression of EMT-associated 
genes such as ZEB1, CDH1, and TWIST [38]. 
MiRNA-9 directly targets E-cadherin leading to 
EMT activation [39].We found that miRNA-324-5p 
targets SUFU to induce EMT by activating Wnt sig-
naling pathway, suggesting a novel mechanism under-
lying the potential significance of SUFU in gastric 
oncogenesis.

Conclusion

The present study revealed that miRNA-324-5p 
enhances cell proliferative, migratory property and 
induces EMT in GC, at least partially, through acti-
vating Wnt signaling pathway by targeting SUFU 

Figure 7. MiRNA-324-5p promotes cell proliferation, migration and EMT by activating Wnt/β-catenin signaling pathway via SUFU.
Graphical abstract shows the mechanism of miRNA-324-5p functioning as an oncogene in gastric cancer. MiRNA-324-5p down- 
regulated SUFU and facilitated β-catenin translocation into the nucleus, resulting in activation of Wnt/β-catenin signaling pathway 
and EMT, thus contributing in the carcinogenic process of GC. 
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(Figure 7). Further work will be required to under-
stand if miRNA-324-5p has diagnostic and prognos-
tic value for gastric cancer intervention.
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