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MicroRNA-154 Inhibits the Growth and Invasion of Gastric Cancer Cells

by Targeting DIXDC1/WNT Signaling
Jifu Song, Zhibin Guan, Maojiang Li, Sha Sha, Chao Song, Zhiwei Gao, and Yongli Zhao

Department of Radiotherapy, Qingdao Jiaozhou City Central Hospital, Jiaozhou, Shandong, P.R. China

MicroRNAs (miRNAs) have emerged as pivotal regulators of the development and progression of gastric
cancer. Studies have shown that miR-154 is a novel cancer-associated miRNA involved in various cancers.
However, the role of miR-154 in gastric cancer remains unknown. Here we aimed to investigate the biological
function and the potential molecular mechanism of miR-154 in gastric cancer. We found that miR-154 was sig-
nificantly downregulated in gastric cancer tissues and cell lines. The overexpression of miR-154 significantly
repressed the growth and invasion of gastric cancer cells. Bioinformatics analysis and Dual-Luciferase Reporter
Assay data showed that miR-154 directly targeted the 3’-untranslated region of Dishevelled—Axin domain con-
taining 1 (DIXDC1). Real-time quantitative polymerase chain reaction and Western blot analyses showed that
miR-154 overexpression inhibited DIXDC1 expression. An inverse correlation of miR-154 and DIXDC1 was
also demonstrated in gastric cancer specimens. Overexpression of miR-154 also significantly suppressed the
activation of WNT signaling. Moreover, restoration of DIXDC1 expression significantly reversed the inhibi-
tory effect of miR-154 overexpression on the cell proliferation, invasion, and WNT signaling in gastric cancer
cells. Overall, these results suggest that miR-154 inhibits gastric cancer cell growth and invasion by targeting

DIXDCI and could serve as a potential therapeutic target for the treatment of gastric cancer.
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INTRODUCTION

Gastric cancer derived from gastric mucosa epithelial
cells is a prevalent digestive cancer and the second lead-
ing cause of cancer-associated deaths worldwide'. Despite
advances in cancer treatment, the survival rate and prog-
nosis of patients with advanced gastric cancer have not
been significantly improved*”. The inhibition of malignant
growth, local advanced invasion, and metastasis of gastric
cancer remains a challenge’. Multiple factors, including
environmental and genetic factors, have been proposed as
having a role in the development and progression of gas-
tric cancer’’. However, the precise molecular mechanism
of gastric cancer development and progression remains
poorly understood. Therefore, it is essential to gain a better
understanding of the molecular pathogenesis underlying
the development of gastric cancer. Such research will help
with the development of novel therapeutic strategies.

In recent years, microRNAs (miRNAs), a new class of
noncoding RNAs with 19-25 nucleotides, have emerged as
critical regulators for gene expression®. miRNAs negatively
modulate gene expression by binding to the 3’-untranslated

region (3"-UTR) of target mRNA, inducing mRNA deg-
radation and translational inhibition”'’. Increasing studies
have shown that dysregulation of miRNAs is involved in
various pathological pathways, regulating numerous bio-
logical processes, including cell growth, apoptosis, and
differentiation®'"">. Dysregulation of miRNAs is common
in the tumorigenesis and metastasis of gastric cancer, and
these dysregulated miRNAs could serve as potential diag-
nostic, prognostic, and therapeutic targets''!. Targeting
gastric cancer-associated miRNAs may provide potential
therapeutic options for gastric cancer.

Dishevelled—Axin domain containing 1 (DIXDC1)is a
novel Disheveled—Axin domain containing protein that
functions as a positive regulator of wingless-related inte-
gration site (WNT) signaling'>'®. A growing body of evi-
dence has suggested an oncogenic role for DIXDCI in
many types of cancers, including non-small cell lung can-
cer'’, pancreatic cancer®, prostate cancer'®, and glioma®.
High levels of DIXDCI1 are detected in gastric cancer
tissues, and this is correlated with histological intesti-
nal type, lymph node metastasis, and depth of tumor
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invasion®'. DIXDCI is colocalized with B-catenin in gas-
tric cancer tissues and is involved in the promotion of
gastric cancer cell invasion and metastasis by activation
of WNT signaling”**. DIXDCI may serve as a potential
target for the development of novel therapies for gastric
cancer. However, the precise molecular mechanism of
DIXDC in the progression of gastric cancer requires fur-
ther study.

Recent studies have reported that miR-154 is a novel
cancer-related miRNA involved in various cancers, includ-
ing breast cancer”, prostate cancer™, glioma®, and hepa-
tocellular carcinoma®. However, whether miR-154 is
involved in gastric cancer is unknown. In this study, we
aimed to investigate the potential role of miR-154 in
gastric cancer. Here we found that miR-154 expression
was significantly downregulated in gastric cancer tissues
and cell lines. Overexpression of miR-154 impeded the
growth and invasion of gastric cancer cells. DIXDCI1 was
identified as a potential target gene of miR-154. miR-154
inhibits the expression of DIXDC1 in gastric cancer cells.
An inverse correlation between miR-154 and DIXDCI
was also detected in gastric cancer specimens. Moreover,
miR-154 suppressed the activation of WNT signaling by
targeting DIXDCI1. The restoration of DIXDCI signifi-
cantly reversed the inhibitory effect of miR-154 on gas-
tric cancer cell growth and invasion. Overall, our results
suggest that miR-154 inhibits gastric cancer cell growth
and invasion by the downregulation of DIXDCI, provid-
ing a potential therapeutic target for gastric cancer.

MATERIALS AND METHODS
Tissue Samples

Paired cancer tissues and the matched normal adjacent
tissues were collected from 16 patients histologically
diagnosed with gastric cancer in Qingdao Jiaozhou City
Central Hospital (Shandong, P.R. China). No patients had
undergone any radiotherapy or chemotherapy before sur-
gical resection. The resected tissues were stored in lig-
uid nitrogen at —80°C until RNA isolation. All patients
enrolled in this study provided informed consent regard-
ing the donation of clinical tissues for research pur-
poses. The experimental protocols were approved by the
Institutional Human Experiment and Ethic Committee of
Qingdao Jiaozhou City Central Hospital and were per-
formed according to the Helsinki Declaration.

Cell Lines

Human gastric cancer cell lines MGC-803, MKN-87,
MKN-45, and AGS and the normal human gastric epithe-
lial cell line GES-1 were purchased from the Cell Bank
of Chinese Academy of Sciences (Shanghai, P.R. China).
Cells were grown in Roswell Park Memorial Institute
(RPMI)-1640 medium (Gibco, Rockville, MD, USA)
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supplemented with 10% fetal bovine serum (FBS) plus
1% streptomycin/penicillin mix (Invitrogen, Carlsbad,
CA, USA) in accordance with the manufacturer’s instruc-
tions. Cell cultures were maintained at 37°C in a humidi-
fied atmosphere of 5% CO,.

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction (qPCR)

Total RNA was isolated using a miRNeasy Mini Kit
(Qiagen, Hilden, Germany). The cDNA was synthesized
using miScript II RT Kit (Qiagen) according to the manu-
facturer’s instructions. PCRs were assayed by SYBR
Green Real-Time PCR (Applied Biosystems, Foster City,
CA, USA) on an ABI 7900 Real-Time PCR System
(Applied Biosystems). U6 small nuclear RNA was used as
internal control for normalization of miR-154 expression.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
served as internal control for normalization of DIXDCI1,
cyclin D1, and c-myc. Relative expression was evaluated
using the 27**Ct method.

Transient Transfection

Oligonucleotides, miR-154 mimics, and negative
control (NC) mimics were purchased from GenePharma
(Shanghai, P.R. China). A Bioinformatics method was
utilized to identify likely binding partners of miR-154.
DIXDC1 was deemed a likely candidate, and its asso-
ciation was explored further. The open reading frame
of DIXDCI was inserted into the pcDNA3.1 vector
(Invitrogen). Transient transfection of oligonucleotides
or vectors was performed with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocols.
The transfection efficiency was assessed by qPCR or
Western blot after 48 h of culture.

Cell Counting Kit-8 (CCK-8) Assay

Cells were seeded into a 96-well plate at 1x 10" cells
per well and cultured overnight. Cells were transfected
with miR-154 mimics and incubated for 48 h. A volume
of 10 ul of CCK-8 solution (Sigma-Aldrich, St. Louis,
MO, USA) was added to each well and incubated at 37°C
for 2 h. Cell proliferation was determined by the measure-
ment of the optical density (OD) value at 490 nm using
a microplate reader (BioTek Instruments, Inc., Winooski,
VT, USA).

Colony Formation Assay

Cells transfected with miR-154 mimics for 48 h were
resuspended in RPMI-1640 containing 10% FBS and
0.3% agarose and layered in six-well plates containing
RPMI-1640 containing 10% FBS and 0.6% agarose at
1,000 cells per well. Cells were cultured at 37°C for 14
days. Colonies were fixed with 4% paraformaldehyde
and stained with 0.1% crystal violet (Sigma-Aldrich).
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The colonies were observed and counted under an optical
microscope.

Cell Invasion Assay

Cell invasion was detected with Transwell chambers
(BD Biosciences, San Jose, CA, USA). The Transwell
upper chamber was precoated with Matrigel (BD Bio-
sciences). Gastric cancer cells (1x10°) suspended into
200 ul of serum-free medium were plated into the upper
chambers, and the bottom chambers were filled with
500 ul of complete medium containing 10% FBS to
induce cells invading through the membrane. Cells were
cultured at 37°C for 24 h, and cells that had invaded
across the Transwell membrane were fixed with metha-
nol and stained with 0.1% crystal violet (Sigma-Aldrich).
The number of invaded cells was counted under an opti-
cal microscope.

Dual-Luciferase Reporter Assay

The wild-type (wt) or mutant (mt) DIXDC1 3’-UTR
containing the putative binding site of miR-154 was
cloned into the pmirGLO reporter luciferase vector
(Promega, Madison, WI, USA). Cells were seeded into
24-well plates and cotransfected with miR-154 mim-
ics and pmirGLO 3’-UTR vector using Lipofectamine
2000 (Invitrogen). After 48 h of culture, the relative
luciferase activity was measured by the Dual-Luciferase
Reporter Assay (Promega) according to the manufactur-
er’s instruction.

Western Blot Analysis

Proteins from cell samples were extracted by lysis buffer
containing Cocktail protease inhibitor (Sigma-Aldrich).
The concentration was determined using a BCA Protein
Assay Kit (Beyotime Biotechnology, Haimen, PR. China).
An equivalent amount of proteins was electrophoresed
on 10% sodium dodecyl sulfate polyacrylamide gels and
then transferred onto a polyvinylidene fluoride membrane
(Bio-Rad, Hercules, CA, USA) using a wet-transferring
method. The membrane was blocked with 5% skimmed
milk at room temperature for 1 h followed by incubation
with primary antibodies: anti-DIXDCI and anti-GAPDH
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) at
4°C overnight. Then the membrane was incubated with
horseradish peroxidase-conjugated secondary antibody
(Abcam, Cambridge, UK) at room temperature for 1 h.
Labeled bands were visualized using an enhanced chemi-
luminescence kit (Pierce, Rockford, IL, USA). Band
intensity was analyzed by Image-Pro Plus 6.0 software.

WNT Activity Assay

WNT activity was determined by TOPFlash-dependent
luciferase reporter assay. Briefly, cells were seeded into
24-well plates and cotransfected with miR-154 mimics,
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TOPFlash vector, and Renilla luciferase vector (Promega)
and incubated for 48 h. Relative luciferase reporter assay
was determined using a Dual-Luciferase Reporter Assay
(Promega).

Data Analysis

All data were presented as means * standard deviation.
Statistical analyses were performed using Student’s 7-test
or a one-way analysis of variance with Bonferroni post
hoc test with SPSS 15.0 software (SPSS Inc., Chicago,
IL, USA). Correction analysis was conducted using
Spearman’s correlation methods. A value of p<0.05 was
regarded as statistically significant.

RESULTS

Decreased Expression of miR-154 in Gastric Cancer
Tissues and Cell Lines

To investigate the potential role of miR-154 in gastric
cancer, we first examined the expression status of miR-
154 in gastric cancer tissues by qPCR. We found that
gastric cancer tissues had significantly decreased expres-
sion of miR-154 compared with adjacent normal tissues
(Fig. 1A). We then detected the expression status of miR-
154 in gastric cancer cell lines. We found that miR-154
expression was frequently downregulated in gastric can-
cer cells compared with gastric epithelial cells (Fig. 1B).
These results suggest that miR-154 might play an impor-
tant role in the development of gastric cancer.

Overexpression of miR-154 Inhibits the Growth
and Invasion of Gastric Cancers

To investigate the exact biological function of miR-154
in gastric cancer, we performed gain-of-function experi-
ments using MGC-803 and MKN-87 cells by transfec-
tion of miR-154 mimics. The qPCR analysis showed that
transfection of miR-154 mimics significantly increased
the expression of miR-154 in MGC-803 and MKN-87
cells (Fig. 2A). The CCK-8 assay showed that miR-154
overexpression significantly inhibited the proliferation of
gastric cancer cells (Fig. 2B). Colony formation showed
that miR-154 expression markedly reduced the colony
formation capability of gastric cancer cells (Fig. 2C).
Moreover, the Transwell invasion assay showed that cell
invasion of gastric cancer cells was also markedly sup-
pressed by miR-154 overexpression (Fig. 2D). These
results suggest a tumor-suppressive role of miR-154 that
exerts an inhibitory effect on gastric cancer cell prolifera-
tion and invasion.

DIXDCI Is a Potential Downstream Target Gene
of miR-154

To investigate the molecular mechanism of miR-154
function in gastric cancer, we searched the potential
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Figure 1. Decreased expression of miR-154 in gastric cancer. (A) Quantitative real-time polymerase chain reaction (qPCR) detection
of miR-154 expression in gastric cancer tissues and adjacent normal tissues. *p<0.05 versus normal tissues. (B) Expression levels
of miR-154 in the normal human gastric epithelial cell line GES-1 and four human gastric cancer cell lines (MGC-803, MKN-87,
MKN-45, and AGS) were detected by gPCR. *p<0.05 versus GES-1.
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Figure 2. miR-154 inhibits gastric cancer cell proliferation and invasion. MGC-803 and MKN-87 cells were transiently transfected
with miR-154 mimics or negative control (NC) mimics for 48 h and subjected to subsequent assays. (A) High expression of miR-154
in miR-154 mimic-transfected cells was detected by qPCR. (B) Cell counting kit-8 (CCK-8) assay was used to detect the effect of
miR-154 overexpression on cell proliferation. (C) The effect of miR-154 overexpression on colony formation capability was detected
by colony formation assay. (D) The effect of miR-154 overexpression on cell invasion was assessed by Transwell invasion assay.
*p<0.05 versus NC mimics.
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downstream target genes of miR-154 using a bioinformat-
ics method. DIXDC1, an oncogene in gastric cancer”"*,
was predicted as a potential target gene of miR-154. As
shown in Figure 3A, DIXDCI 3’-UTR contained the
putative binding site for miR-154. To detect whether
miR-154 directly binds to the putative binding site
in DIXDC1 3’-UTR, we performed Dual-Luciferase
Reporter Assays. The wt or the mt DIXDC1 3’-UTR
containing the putative binding site of miR-154 was
cloned into the pmirGLO reporter luciferase vector.
We found that overexpression of miR-154 significantly
reduced the luciferase activity in cells transfected with
luciferase vector containing wt DIXDC1 3’-UTR, while
miR-154 overexpression showed no significant effect
on cells transfected with luciferase vector containing mt
DIXDCI1 3’-UTR (Fig. 3B). Moreover, we performed
gPCR and Western blot analysis to detect the precise
effect of miR-154 on DIXDCI1 expression. We found
that both the mRNA and protein expression of DIXDC1
was significantly decreased by miR-154 overexpression
in gastric cancer cells (Fig. 4A and B). Therefore, our
results suggest that DIXDCI is a direct target gene of
miR-154 in gastric cancer cells.
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DIXDC1 Is Inversely Correlated With miR-154
Expression in Gastric Cancer Specimens

To further confirm the targeted relationship between
miR-154 and DIXDC1, we detected the expression corre-
lation of miR-154 and DIXDCI1 expression in gastric can-
cer specimens. The qPCR analysis showed that DIXDC1
mRNA expression levels were significantly upregulated
in gastric cancer tissues compared with adjacent normal
tissues (Fig. 5SA). Correlation analysis showed that miR-
154 expression was inversely correlated with DIXDC1
mRNA expression in gastric cancer specimens (Fig. 5B).
These results further confirmed the targeted relationship
between miR-154 and DIXDCI expression in gastric can-
cer tissues.

Overexpression of miR-154 Inhibits the Activation
of WNT Signaling

DIXDCI1 has been suggested as a positive regulator of
WNT signaling'>'®. Considering the regulatory effect of
miR-154 on DIXDC1 expression, we detected the effect
of miR-154 overexpression on WNT signaling. We found
that miR-154 overexpression significantly repressed the
activation of WNT signaling (Fig. 6A). Moreover, the
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Figure 3. miR-154 binds to the Dishevelled—Axin domain containing 1 (DIXDC1) 3’-untranslated region (3’-UTR). (A) Schematic of
the miR-154 putative binding site in wild type (wt) DIXDCI 3’-UTR and mutant (mt) DIXDCI. (B) Dual-Luciferase Reporter Assay
was performed using MGC-803 and MKN-87 cells transfected with miR-154 mimics and pmirGLO reporter luciferase vector contain-

ing wt or mt DIXDC1 3’-UTR. *p<0.05 versus NC mimics.
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Figure 4. miR-154 inhibits DIXDC1 expression. MGC-803 and MKN-87 cells were transfected with miR-154 mimics or NC mimics
for 48 h. The mRNA (A) and protein (B) expression of DIXDC1 was detected by qPCR and Western blot, respectively. *p <0.05 versus
NC mimics. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control.

mRNA expression levels of cyclin D1 (Fig. 6B) and
c-myc (Fig. 6C) were markedly decreased by miR-154
overexpression. These results indicate that miR-154 reg-
ulates WNT signaling in gastric cancer.

Restoration of DIXDCI Expression Reverses the Effect
of miR-154

To investigate whether miR-154 functions through
DIXDCI1, we performed rescue experiments by resto-
ration of DIXDCI1. We found that transfection of the
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pcDNA3.1/DIXDCI1 expression vector significantly re-
stored the protein expression of DIXDC1 in miR-154
mimic-transfected cells (Fig. 7A). To detect whether
miR-154 regulates WNT signaling through targeting
DIXDCI1, we detected the effect of DIXDC1 overexpres-
sion on WNT signaling. We found that overexpression
of DIXDCI significantly reversed the inhibitory effect
of miR-154 on WNT signaling (Fig. 7B). Moreover, the
inhibitory effect of miR-154 overexpression on cell pro-
liferation (Fig. 7C) and invasion (Fig. 7D) was partially
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Figure 5. DIXDCI1 is inversely correlated with miR-154 expression in gastric cancer specimens. (A) The relative mRNA expression
of DIXDCI in gastric cancer and adjacent normal tissues was detected by qPCR analysis. **p<0.01 versus normal tissues. (B) An
inverse correlation between miR-154 and DIXDCI expression in gastric cancer tissues was detected by Spearman’s correlation.

r=-0.8047; p<0.001.
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Figure 7. Restoration of DIXDCI1 reverses the effect of miR-154. MGC-803 and MKN-87 cells were transfected with miR-154
mimics and pcDNA3.1/DIXDCI1 expression vector (without 3’-UTR) and incubated for 48 h. (A) Restoration of DIXDC1 expression
was confirmed by Western blot analysis. (B) The relative activity of WNT signaling was detected by TOPFlash-dependent luciferase
reporter assay. (C) Cell proliferation was measured by the CCK-8 assay. (D) Cell invasion assay was performed using Transwell cham-

bers. *p<0.05 versus NC mimics; &p <0.05 versus miR-154 mimics.

exact role of miR-154 in tumorigenesis requires further
investigation.

DIXDCI1 has emerged as a critical regulator for tum-
origenesis. DIXDC1 is found overexpressed in non-small
cell lung cancer tissues and is positively correlated with
lymph node metastasis and advanced tumor node metas-
tasis stage'’. Moreover, DIXDC1 promotes the migration

and invasion of non-small cell lung cancer cells through
the activation of the phosphatidylinositol 3 kinase/AKT/
activator protein 1 (PI3K/AKT/AP-1) pathway'’. Wang et
al. reported that overexpression of DIXDC1 upregulated
colon cancer cell proliferation by the activation of the
PI3K/AKT pathway®. Furthermore, DIXDC1 promotes
cell proliferation and the drug resistance of non-Hodgkin’s
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lymphoma cells through the activation of the PI3K/AKT
pathway*'. High levels of DIXDCI in pancreatic can-
cer patients are correlated with poor overall survival'®.
Knockdown of DIXDC1 suppresses the growth of pan-
creatic cancer cells'®. Moreover, the silencing of DIXDCI
also impedes the proliferation and metastasis of prostate
cancer" and glioma cells”. In gastric cancer, DIXDCI is
correlated with histological intestinal type, lymph node
metastasis, and tumor invasion depth*’. Furthermore,
gastric cancer patients with high levels of DIXDCI1 have
poor disease-specific survival®’. Also, DIXDCI is colo-
calized with B-catenin in gastric cancer”, indicating the
involvement of DIXDC1 in regulating WNT signaling in
gastric cancer. A recent study shows that DIXDCI1 pro-
motes the nuclear accumulation of B-catenin and the acti-
vation of WNT signaling by which DIXDCI1 upregulates
the invasion and metastasis of gastric cancer cells*. These
findings suggest that DIXDCI may serve as a poten-
tial prognosis biomarker and therapeutic target. Here
we demonstrate that DIXDCI is a direct target gene of
miR-154. Our data show that inhibition of DIXDCI by
miR-154 overexpression significantly suppressed cell pro-
liferation, invasion, and WNT signaling in gastric can-
cer. Moreover, low levels of miR-154 were inversely
correlated with high expression of DIXDCI in gastric
cancer specimens. These data indicate that the dysregula-
tion of miR-154 may contribute to the high expression
of DIXDCI during the progression of gastric cancer.
Therefore, the miR-154/DIXDC1 axis might play an
important role in gastric cancer.

Recent evidence has revealed that DIXDC1 can be
targeted and regulated by miR-582-3p/5p* and miR-1271",
indicating that DIXDCI1 undergoes miRNA-mediated
epigenetic regulation. Suppression of DIXDC1 by miR-
1271 significantly represses the proliferation and inva-
sion of prostate cancer cells". These studies suggest that
miRNAs that target DIXDC1 may function as a poten-
tial tool for the inhibition of DIXDCI1 expression. In this
study, we identified miR-154 as a novel miRNA that
targets and regulates DIXDCI1 expression. Our results
suggest that miR-154 may serve as a potential target for
the development of miRNA-based therapy for DIXDC1-
associated cancers.

Overall, our results reveal a tumor-suppressive role of
miR-154 in gastric cancer. Overexpression of miR-154
impedes the growth and invasion of gastric cancer cells
through the downregulation of DIXDCI1. These findings
indicate that miR-154/DIXDC1 may play a critical role
in the development and progression of gastric cancer.
Inhibition of DIXDC1 by miR-154 may represent a novel
therapeutic strategy for the treatment of gastric cancer.
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