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Metformin suppresses the expression of
Sonic hedgehog in gastric cancer cells
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Abstract. The traditional anti-diabetic drug, metformin, has
been found to have anticancer effects. The Sonic hedgehog
(Shh) signaling pathway is involved in the on cogenesis of
gastric cancer. The aim of the present study was to investi-
gate whether metformin has an effect on the Shh signaling
pathway in gastric cancer cells. HGC-27 and MKN-45 human
gastric cancer cells were treated with metformin at different
concentrations and for different durations. Subsequently the
mRNA and protein levels of Shh, Smoothened (SMO), and
Glioma-associated oncogene (Gli)-1, Gli-2 and Gli-3 were
examined using western blot and reverse transcription-quan-
titative polymerase chain reaction analyses. RNA interference
was used to detect whether the effects of metformin treat-
ment on the Shh signaling pathway were dependent on
AMP-activated protein kinase (AMPK). The results revealed
that the protein and mRNA levels of Shh and Gli-1 were
decreased by metformin treatment in the two cell lines in a
dose- and time-dependent manner. Metformin also signifi-
cantly inhibited the gene and protein expression levels of SMO,
Gli-2 and Gli-3. The small interfering RNA-induced deple-
tion of AMPK reversed the suppressive effect of metformin
on recombinant human Shh-induced expression of Gli-1 in
HGC-27 gastric cancer cells. Therefore, metformin inhibited
the Shh signaling pathway in the gastric cancer cell lines and
the inhibitory effect of metformin on the Shh pathway was
AMPK-dependent.

Introduction

Gastric cancer is one of the most common types of malignant
cancer worldwide (1). In addition tosurgery, chemotherapy and
radio chemotherapy, there is a demand for novel treatment
approaches for gastric cancer due to its poor prognosis (2).
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Metformin is a widely used anti-diabetic drug, which
has been reported to exhibit potential anticancer activity (3).
Previous studies have shown that metformin administra-
tion significantly reduces the incidence and mortality rates
of various types of cancer, including gastric cancer (4-6).
According to the findings reported by a previous study, patients
who were treated with metformin hada lower incidence
of gastric cancer, compared with those who did not receive
metformin treatment (7). However, the mechanism underlying
the anticancer effects of metformin is complex and remains to
be fully elucidated. Activation of the AMP-activated protein
kinase (AMPK) pathway has been recognized as a key aspect
of the anticancer effects of metformin (8).

The Sonic hedgehog (Shh) signaling pathway is one of the
most common signal transduction pathways in human cells (9).
It is critical in normal cell differentiation and embryonic devel-
opment (10). However, abnormal activation of the Shh pathway
has been identified in several types of human cancer (11).
Substantial evidence has shown that the Shh pathway is crucial
to the development and homeostasis of gastric glands. In addi-
tion, abnormal activation of the Shh pathway has been found
toresult in gastric cancer (12-14).

The aim of the present study was to investigate the
effects of metformin on the regulation of the Shh signaling
pathway in gastric cancer cells. The expression levels of Shh,
Glioma associated oncogene (Gli)-1, Gli-2 and Smoothened
(SMO) were examined using western blot and reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR)
analyses. The RNA interference technique was also used to
detect whether the effects of metformin on the Shh signaling
pathway are dependent on AMPK.

Materials and methods

Cell culture. The HGC-27 and MKN-45 human gastric cancer
cell lines were obtained from the Peking Union Medical
College (Beijing, China). The cell lines were cultured in 1640
medium containing 10% fetal bovine serum and penicillin
streptomycin (100 mg/1; Invitrogen; Thermo Fisher Scientific,
Inc.). The cells were maintained at 37°C in a humidified atmo-
sphere with 5% CO,.

RNA interference. Small interfering RNAs (siRNAs) specific
for the AMPKal and control siRNA were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The
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cells were seeded into 12-well plates at a concentration of
3x10° cells/well. Following incubation for 24 h, the cells were
transfected with the AMPKal siRNAs or control siRNA for
48 h using Lipofectamine® 2000 transfection reagent at 37°C
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. Following transfection, the cells were
treated in serum-free medium for 24 h, and then used in the
following experiments. Cells were divided into five groups:
HGC-27 cells treated with PBS alone for 12 h as a blank
control at 37°C; untransfected HGC-27 cells treated with
rhShh (0.5 pg/ml) for 12 hat 37°C; untransfected HGC-27 cells
treated with combination of rthShh (0.5 xg/ml) and metformin
(5 mM) for 12 h at 37°C; HCG-27 cells transfected with siCon-
trol and treated with the combination of rhShh (0.5 yg/ml) and
metformin (5 mM) for 12 h at 37°C; HCG-27 cells transfected
with siAMPK and treated with the combination of rhShh
(0.5 pg/ml) and metformin (5 mM) for 12 h at 37°C.

Western blot analysis. RIPA buffer supplemented with
protease inhibitor was used to lyse the cells for western blot
analysis. The protein concentrations were determined using an
enhanced BCA protein assay kit (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). The protein lysates (30 pug/sample) were
separated using SDS-PAGE onan 8 or 15% gel, and transferred
onto a nitrocellulose membrane (GE Healthcare Life Sciences,
Piscataway, NJ, USA). The membrane was blocked with
5% non-fat dry milk in Tris-buffered saline (TBS) containing
0.1% Tween-20 (TBST). The membranes were then incubated
with primary antibody at 4°C overnight, and subsequently
incubated with horseradish peroxidase-conjugated secondary
antibodies (dilution, 1:3,000; cat. no. BM2006; Boster Systems,
Inc., Pleasanton, CA, USA) for 1 h at room temperature. The
primary antibodies are listed as follows: Rabbit anti-human
monoclonal Shh (dilution, 1:1,000; cat. no. EP1190Y;
Abcam, Cambridge, MA, USA), rabbit anti-human mono-
clonal Gli-1 (dilution, 1:1,000; cat. no. AB49314; Abcam),
rabbit anti-human monoclonal Gli-2 (dilution, 1:1,000; cat.
no. AB26056; Abcam), rabbit anti-human monoclonal Gli-3
(dilution, 1:1,000; cat. no. AB6050; Abcam), rabbit anti-human
monoclonal AMPK (dilution, 1:1,000; cat. no. AB32047,
Abcam), and rabbit anti-human monoclonal GAPDH (dilution,
1:1,000; cat. no. AB9485; Abcam). The bands were visualized
using chemiluminescence (Santa Cruz Biotechnology, Inc.)
and exposed on BioMax film (Kodak, Rochester, NY, USA).
Image J software (version 1.41; National Institutes of Health,
Bethesda, MD, USA) was used for quantitative densitometric
analysis.

RT-gPCR analysis. The total RNA was extracted from the
cells using anRNeasy mini kit (Qiagen, Inc., Valencia, CA,
USA) according to the manufacturer's protocol. cDNA was
synthesized using 2 g of RNA with an RT reagent kit (Takara
Biotechnology Co., Ltd., Dalian, China) and the cDNA was
then used as a template for RT-qPCR analysis. RT-qPCR was
performed using 2 1l cDNA in a 20 pl reaction system with
Maxima SYBR-Green qPCR Master Mix (Thermo Fisher
Scientific, Inc.) using the Bio-Rad CFX96 Real-Time PCR
Detection system (Bio-Rad Laboratories, Inc.). The specific
primers (Table I) were designed using Primer Premier soft-
ware (version, 5.0; Premier Bio soft International, Palo Alto,
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CA, USA). The thermal cycling parameters for RT-qPCR
reactions consisted of an initial denaturation step at 95°C
for 10 min followed by 40 cycles of denaturation at 95°C for
15 sec, annealing at 55°C for 15 sec and extension at 55°C for
15 sec. GAPDH was used as the internal control. The qPCR
amplification was performed using an ABI Prism 7500 system
(Applied Biosystems; Thermo Fisher Scientific, Inc.) and
SYBR-Green PCR master mix (Applied Biosystems; Thermo
Fisher Scientific, Inc.). Relative mRNA expression was calcu-
lated using the delta-delta Cq method (15).

Statistical analysis. All experiments were repeated at least
three times, and representative results are presented. All quan-
titative data are presented as the mean + standard deviation.
Differences between two groups were compared using the
two tailed Student's t-test with SPSS 13.0 statistical software
(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Metformin decreases the protein expression levels of Shh and
Gli-1 in gastric cancer cells. The effects of metformin on the
protein expression of Shh and Gli-1 in gastric cancer cells
were examined using western blot analysis. The gastric cancer
cells were treated with different concentrations of metformin
(0, 1, 5 and 10 mmol/l) for 12 h or with 5 mM metformin for
different durations (0, 3, 6 and 12 h). As shown in Fig. 1A-D,
metformin suppressed the protein expression levels of Shh and
Gli-1 in a dose- and time-dependent manner in the HGC-27
cells. As shown in Fig. 1E-H, treatment with metformin also
suppressed the protein expression levels of Shh and Gli-1 in
the MKN-45 cells.

Metformin decreases the mRNA expression levels of Shh and
Gli-1 in gastric cancer cells. The effects of metformin on
the mRNA levels of Shh and Gli-1 in the gastric cancer cells
were determined using RT-qPCR analysis. The gastric cancer
cells were treated with different concentrations of metformin
(0, 1, 5 and 10 mmol/l) for 12 h or with 5 mM metformin for
different durations (0,3, 6 and 12 h). As shown in Fig. 2A and B,
treatment with metformin decreased the mRNA expression
levels of Shh and Gli-1 in a dose- and time-dependent manner
in the HGC-27 cells. Treatment of metformin also decreased
the mRNA expression levels of Shh and Gli-1 in a dose- and
time-dependent manner in the MKN-45 cells (Fig. 2C and D).

AMPK is involved in metformin-induced suppression of the
Shh signaling pathway in gastric cancer cells. As shown in
Fig. 3A, siRNA specific to AMPKal effectively depleted the
expression of AMPK at the protein level in the transfected
HGC-27 gastric cells, compared with the cells transfected with
control siRNA. The protein levels of Gli-1 were also examined
using western blot analysis. As presented in Fig. 3B, the blank
control group was treated with PBS only. Untransfected cells
were treated with recombinant human (rh) Shhor the combina-
tion of rhShh and metformin. HCG-27 gastric cells transfected
with siControlor siAMPK were also treated with a combination
of rhShh and metformin. As shown in Fig. 3B and C, treatment
with thShh significantly upregulated the expression of Gli-1,
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Table I. Primers used for reverse transcription-quantitative polymerase chain reaction analysis.

Primer Forward Reverse

Gli-1 5'-TCCTTTGGGGTCCAGCCTTG-3' 5'-ATGCCTGTGGAGTTGGGGCT-3'
Gli-2 5'-ACGCTAAGTGGCAGTCCTGT-3' 5'-TGGGGCAGCGAGACTAAATA-3'
Gli-3 5'-GGGGACAAAGATGAAAGCAA-3' 5'-GCTTTGAACGGTTTCTGCTC-3'

Shh 5'-CGCACGGGGACAGCTCGGA AGT-3' 5'-CTGCGCGGCCCTCGTAGTGC-3'
SMO 5'-TTACCTTCAGCTGCCACTTCTACG-3' 5'-GCCTTGGCAATCATCTTGCTCTTC-3'
GAPDH 5'-GAAGGTGAAGGTCGGAGT-3' 5'-GAAGATGGTGATGGGATTTC-3'

Gli, Glioma-associated oncogene; Shh, Sonic hedgehog; SMO, Smoothened; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 1. Metformin suppresses protein levels of Shh and Gli-1 in gastric cancer cells. (A and B) HGC-27 cells were treated with metformin at concentrations
of 0, 1,5 or 10 mM for 12 h, or with (C and D) 5 mM of metformin for 0, 3, 6 and 12 h. (E-H) MNK-45 cells were treated in the same manner. The protein
levels of Shh and Gli-1 were measured using western blot analysis; GAPDH was used as a control. Histograms represent the relative protein levels to those of
GAPDH. All data are presented as the mean + standard deviation (n=4). "P<0.05, vs. control group; “P<0.01, vs. control group. Shh, Sonic hedgehog; Gli-1,
Glioma-associated oncogene homolog-1.
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Figure 2. Metformin suppresses mRNA expression levels of Shh and Gli-1 in gastric cancer cells. (A and B) HGC-27 cells and (C and D) MNK-45 cells were
treated with metformin at concentrations of 0, 1,5 or 10 mM for 12 h, or with 5 mM of metformin for 0, 3, 6 and 12 h. The mRNA expression levels of Shh and
Gli-1 were determined using reverse transcription-quantitative polymerase chain reaction analysis. GAPDH was used as a control. Histograms represent the
relative mRNA levels to those of GAPDH. All data are presented as the mean + standard deviation (n=4). "P<0.05, vs. control; “P<0.01, vs. control. Shh, Sonic

hedgehog; Gli-1, Glioma-associated oncogene homolog-1.

whereas metformin significantly inhibited the upregulation
of Gli-1 induced by rhShh. The depletion of AMPK induced
by siRNA reversed the suppressive effect of metformin on
the rhShh-induced expression of Gli-lin the HGC-27 gastric
cancer cells (Fig. 3B and C).

Metformin decreases the gene and protein expression levels
of Gli-2, Gli-3 and SMO in gastric cancer cells. The effects
of metformin on the gene and protein expression levels of
other hedgehog pathway components in the gastric cancer
HGC-27 cells, including Gli-2, Gli-3 and SMO, are shown
in Fig. 4. As shown in Fig. 4A, treatment with metformin
at a concentration of 5 mM for 12 h exhibited significant
decreases in the mRNA expression levels of Gli-2, Gli-3 and
SMO, compared with the control group, determined using
RT-qPCR analysis (P<0.01). The results of the western blot
analysis (Fig. 4B) demonstrated that 5 mM metformin treat-
ment for 12 h induced significant decreases in the protein
expression levels of Gli-2, Gli-3 and SMO, compared with the
control group (P<0.05).

Discussion

In the present study, it was demonstrated that metformin
significantly inhibited the Shh signaling pathway in gastric
cancer cells. It was also shown that AMPK was involved in
suppression of the Shh signaling pathway by metformin in
gastric cancer cells.

As the leading cause of cancer-associated mortality
worldwide, although there have been advances in the treat-
ment of gastric cancer, the prognosis of gastric cancer
remains poor (1,2). Thus, there is an urgent requirement to
examine novel strategies for the prevention and treatment
of gastric cancer. Metformin is generally accepted as an
anti-diabetic drug and is also considered a first-line treat-
ment for type 2 diabetes (16). However, in previous years,
numerous studies have confirmed that patients treated
with metformin have lower incidence and mortality rates
of various types of cancer, including lung cancer, breast
cancer, pancreatic cancer and gastric cancer (5-8). A study
by Kim et al (7) reported that diabetic patients with no
administration of insulin had a decreased incidence of
gastric cancer when treated with metformin, compared
with those who were not treated with metformin. Another
previous study showed that the use of metformin as a
single agent induced the activation and phosphorylation
of mitogen-activated-protein-kinase through the increased
heterodimerization of C-RAF/B-RAF in non-small cell lung
carcinoma cells (17). In addition, it has been demonstrated
that the duration of metformin treatment is associated with
the decreased risk of gastric cancer, particularly in patients
who used metformin for >3 years (7).

However, the mechanism underlying the anticancer effects
of metformin remain to be fully elucidated Previous studies
have shown that, despite the complexity of the molecular
signaling mechanisms of metformin, several critical molecules
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Figure 3. AMPK is involved in the suppressive effect of metformin on the expression of Gli-1. (A) HGC-27 cells were transfected with siAMPK or with
siControl. At 48 h post-transfection, the cells were lysed and examined using western blot analysis; B-actin was used as aloading control. (B) Cells were treated
with (a) PBS alone as a blank control. Untransfected cells were treated with (b) rhShhor the (c) combination of rhShh and metformin. HCG-27 cells transfected
with (d) siControlor (e) siAMPK were treated with rhShhor the combination of rhShh and metformin. Protein levels of Gli-1 were examined using western
blot analysis. GAPDH was used as a control. (C) Statistical comparisons of protein expression in the five experimental groups (n=4). 'P<0.05, vs. (a) group;
"P<0.05, vs. (b) group. rhShh, recombinant Sonic hedgehog; Gli-1, Glioma-associated oncogene homolog-1; AMPK, AMP-activated protein kinase; siAMPK,

small interfering RNA specific to AMPK.

and pathways have been confirmed to be involved in this
regulation, including the activation of AMPK (8,18), inhibition
of mammalian target of rapamycin complex-1 (19), interrup-
tion of the crosstalk between insulin and insulin-like growth
factor-1 receptor (20) and reductions in the expression of
vascular endothelial growth factor and plasminogen activator
inhibitor-1 (21).

The Shh signaling pathway is well accepted as being key in
numerous cellular processes controlling oncogenesis, angio-
genesis and cancer development (9,10). Previous evidence has
demonstrated that abnormal activation and/or overexpression
of Shh protein is involved in the genesis of gastric cancer (11).
Regulation of the Shh signaling pathway may serve as a novel
treatment approach for gastric cancer.

A previous study showed that metformin reduced the
expression of Shh in pancreatic cancer cells (22). Although
the use of metformin has been associated with a reduction of
gastric cancer, the effects of metformin on the Shh signaling
pathway have not been reported previously. The present study
showed that treatment with metformin decreased the expres-
sion levels of Shh and SMO, and their downstream molecules,
Gli-1, Gli-2 and Gli-3, in gastric cancer cells at the mRNA
and protein levels. These results indicated that inhibition of the
Shh signaling pathway is one of the underlying mechanisms of
the anticancer effects of metformin.

As Shh binds to the transmembrane receptor, Patched,
another transmembrane protein, SMO, is depressed (23).
Consequently, theGli transcription factors, predominantly
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Figure 4. Metformin inhibits the gene and protein expression of other hedgehog pathway components in gastric cancer cells, including Gli-2, Gli-3 and SMO.
Gastric cancer HGC-27 cells were treated with metformin at a concentration of 5 mM for 12 h. The (A) mRNA and (B) protein expression levels of Gli-2, Gli-3
and SMO were determined using reverse transcription-quantitative polymerase chain reaction and western blot analyses, respectively. GAPDH was used as a
control. Histograms represent the relative mRNA levels to those of GAPDH. All data are presented as the mean + standard deviation (n=4). "P<0.05, vs. control
group; “P<0.01, vs. control group. Gli, Glioma-associated oncogene; SMO, Smoothened.

Gli-1, are activated (23). Gli-1 is a potent positive activator of
downstream target genes (24). Thus, Gli-1 was considered a
marker of abnormal activation of the Shh signaling pathway
in the present study.

As the activation of AMPK has been considered as
one important mechanism of the anticancer effects of
metformin (8,18), the present study investigated whether
the suppression of the Shh signaling pathway induced by
metformin was AMPK-dependent. Firstly, it was demonstrated
that the expression of AMPK was suppressed by siRNA
specific to AMPK. The cells were then treated with rhShh and
metformin. Compared with untransfected cells or cells trans-
fected with control siRNA, the expression of Gli-1 induced
by rhShh was significantly increased in the cells transfected
with siRNA specific to AMPK. These results indicated that
the presence of AMPK was essential in metformin-induced
inhibition of the Shh signaling pathway.

In conclusion, the findings of the present study demon-
strated that metformin regulated the expression of Shh in
gastric cancer cells, and that inhibition of the Shh signaling
pathway by metformin was, at least in part, dependent on
AMPK. Further investigations are required to examine the
mechanisms underlying the association between the anticancer
effects of metformin and the Shh signaling pathway.
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