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Metformin inhibits thyroid cancer cell growth, migration,
and EMT through the mTOR pathway
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Abstract Mammalian target of rapamycin (mTOR) signaling
pathways have been shown to be activated in thyroid cancer.
Recent evidences have demonstrated that the antidiabetic
agent metformin, an activator of 5-AMP-activated protein
kinase, can impair the proliferation and migration of cancer
cells via inhibition of mMTOR. However, the underlying mech-
anisms remain unclear. In this study, we show that metformin
can inhibit mTOR pathway to impair growth and migration of
the thyroid cancer cell lines. Cyclin D1 and c-Myc are impor-
tant regulators of cancer cell growth, and we observed that
treatment of thyroid cancer cells with metformin reduced c-
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Myc and cyclin D1 expression through suppression of mTOR
and subsequent inhibition of P70S6K 1 and 4E-BP1 phosphor-
ylation. Metformin reduced epithelial to mesenchymal transi-
tion (EMT) in thyroid carcinoma cells. Moreover, metformin
regulated expression of the EMT-related markers E-cadherin,
N-cadherin, and Snail. Additionally, knockdown of TSC2, the
upstream regulatory molecule of mTOR pathway, or treatment
of rapamycin, the mTOR inhibitor, could abolish the effects of
metformin to regulate thyroid cancer cell proliferation, migra-
tion, EMT, and mTOR pathway molecules. These results in-
dicate that metformin can suppress the proliferation, migra-
tion, and EMT of thyroid cancer cell lines by inhibiting mTOR
signaling. These findings suggest that metformin and its mo-
lecular targets may be useful in thyroid carcinoma therapy.

Keywords Metformin - Thyroid cancer - mTOR - Cell
proliferation - Cell migration - EMT

Introduction

Thyroid cancer is the most common endocrine malignancy,
and its incidence has increased in recent decades [1, 2]. It has
been estimated that thyroid cancer rates have increased 48.0 %
among male individuals and 66.7 % among female individuals
from 1973-1977 to 1998-2002 [3]. Dependent upon the ori-
gin of neoplastic cells and the various influences that act upon
them, thyroid cancer comes in multiple forms, including pap-
illary, follicular, anaplastic, medullary, and other poorly dif-
ferentiated thyroid cancers [4]. While conventional treatments
such as surgery and radioactive iodine therapy are generally
effective, persistent disease causes significantly increased
morbidity and mortality [5]. Various molecular alterations
have been clearly identified in the development of thyroid
cancer, and multiple signaling pathways are involved in
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thyroid tumorigenesis and the progression of thyroid cancer.
In particular, the MAPK and mammalian target of rapamycin
(mTOR) pathways have been shown to be activated in thyroid
cancer [6—8]. Further attention to the molecular pathogenesis
of thyroid cancer could uncover more effective treatment strat-
egies for thyroid cancer.

Metformin (V,N-dimethylbiguanide) is an oral biguanide
used in the clinical management of type 2 diabetes mellitus
[9, 10]. The primary effects of metformin are to suppress he-
patic glucose production, reduce gluconeogenesis, and in-
crease use of glucose by body tissues [11]. In addition to its
antidiabetic role, metformin has been reported to depress tu-
mor growth in various cancers [ 12—14], including thyroid can-
cer. Previous studies have demonstrated that metformin can
inhibit the proliferation of multiple, thyroid cancer cell lines
[15—17]. Metformin is an activator of AMP-activated protein
kinase (AMPK), and activation of AMPK induces inhibition
of the mTOR pathway. This mechanism has been implicated
in metformin-mediated inhibition of cancer cell growth [18].
However, in thyroid cancer cells, the precise molecular mech-
anisms and downstream effectors underlying the actions of
metformin remain largely unknown. In addition to unrestrict-
ed proliferation, cancer cells are capable of distant metastasis,
and metformin has been found to significantly inhibit cell
metastasis in lung adenocarcinoma [19], breast cancer [20],
ovarian cancer [21], and melanoma [22]. However, whether
metformin can depress metastasis of thyroid cancer cells by
regulating the mTOR pathway remains unresolved and is wor-
thy of further exploration.

In this study, we demonstrate that metformin impairs the
proliferation, invasion, and migration of thyroid cancer cells
and that these effects of metformin require involvement of the
mTOR pathway. We also investigate the metformin-mediated
suppression of tumor growth in a nude mouse model. More
importantly, we describe a novel mechanism by which met-
formin inhibits thyroid cancer cell metastasis by suppressing
epithelial-to-mesenchymal transition (EMT) through down-
regulation of the mTOR pathway.

Materials and methods
Cell culture and reagents

The human SW579 and TT thyroid cancer lines were pur-
chased from the American Type Culture Collection (ATCC,;
Rockville, MD, USA). Cells were maintained in RPMI11640
medium (Gibco, Grand Island, NY, USA) supplemented with
heat-inactivated 10 % fetal bovine serum (FBS; HyClone Lab-
oratories, Inc., Logan, UT, USA) in a humidified atmosphere
0f 95 % air plus 5 % CO, at 37 °C. Antibodies used were anti-
cyclin D1, anti-c-Myc, and anti-GAPDH (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA, USA); anti-E-cadherin,
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anti-N-cadherin, and anti-Snail (BD Biosciences San Diego,
CA, USA); anti-AMPK «, anti-p-AMPK« (Thrl72), anti-
mTOR, anti-p-mTOR (Ser2448), anti-p-S6K 1(Thr389), and
anti-p-4E-BP1 (Thr37/46) (Cell Signaling Technology, Inc.,
Danvers, MA, USA). Metformin and rapamycin were obtain-
ed from Sigma-Aldrich (St. Louis, MO, USA). Transforming
growth factor (TGF)-$1 was obtained from R&D Systems,
Inc. (Minneapolis, MN, USA).

Transfection

For transfection, cells were seed in six-well plates and were
transfected with expression for TSC2 siRNA (GenePharma,
Shanghai, China) and control siRNA (GenePharma, Shang-
hai, China) using the Lipofectamine 2000 Reagent
(Invitrogen; Carlsbad, CA, USA) according to the manufac-
turer’s protocol.

Western blot analysis

Cells were lysed in RIPA lysis buffer for 30 min at 4 °C
then mixed with SDS buffer. Samples were separated
using 10 % SDS-PAGE and transferred onto PVDF
membranes (Millipore UK Ltd., Consett, UK). Non-
specific binding was blocked with 0.1 % Tween-20 in
TBS (TBS-T) containing 5 % skim milk powder for
1 h. Membranes were then incubated overnight with the
primary antibodies in TBS-T at 4 °C. Following three 5-
min washes with TBS-T, blots were incubated with HRP-
linked anti-mouse or anti-rabbit secondary antibodies for
1 h at room temperature. After three further washes,
bands were visualized using ECL reaction reagent
(Amersham Pharmacia Biotech, Shinjuku-ku, Tokyo,
Japan).

Cell growth, colony formation, migration, and invasion
assays

Cell growth, colony formation, migration, and invasion assays
following treatment of cells with metformin were performed
as previously reported [23].

In vivo tumor growth and metastasis

SW579-Luc thyroid cancer cells were washed and resuspend-
ed in PBS. Subsequently, a uniform suspension containing 1 x
107 cells in 100 uL PBS was injected into the left armpit or
lateral tail vein of 6-week-old male nude mice (Vital river Inc.
Beijing, China), which were then randomly sorted into two
groups (n=4). The treatment was initiated with either the ve-
hicle alone (control group) or metformin treatment at a con-
centration of 100 mg/kg and administered once a day. In vivo
photon emissions from SW579-Luc cells in mammary glands
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were detected and photographed using an IVIS200 imaging
system (Chinese PLA General Hospital, Beijing, China) on
the 45th day. Tumor size was detected with Vernier calipers,
and tumor volume was calculated using the formula
volume=(longest diameter x short diameter”)/2.

Statistics

Results were expressed as the mean + standard deviation (SD)
from three independent assays. The differences between
groups were analyzed using a Student’s 7 test or the x* test
of variance. Statistical calculations were performed using
SPSS 17.0. Statistical significant was considered when
P<0.05.

Results

Metformin represses activation of mTOR and activates
AMPK

Given that metformin can upregulate p-AMPK and suppress
p-mTOR in many cancers, we investigated whether this also
occurred in SW579 cells. SW579 cells were treated with in-
creasing concentrations of metformin in a dose-dependent
manner. Western blot analysis showed that metformin was
associated with dose-dependent activation of AMPK phos-
phorylation and inhibition of mTOR phosphorylation, espe-
cially at 10-mM concentration. No significant change of the
total mTOR level was observed (Fig. 1a). These results indi-
cate that metformin activates AMPK and inhibits mTOR
phosphorylation level in thyroid cancer cells, specifically.

Metformin suppresses the mTOR pathway in thyroid
cancer cells

As the growth inhibitory effects of metformin have been at-
tributed to downregulation of mTOR signaling, we next ex-
amined whether metformin represses activation of down-
stream targets of mTOR. Western blot analysis revealed that
treatment of SW579 and TT cell lines with metformin led to
reduced phosphorylation of the two mTOR kinase targets
S6K1 and 4E-BP1, and levels of the mTOR signal down-
stream effectors c-Myc and cyclin D1 were decreased
(Fig. 1b). But the total protein levels of S6K1 and 4E-BP1
were not changed (Fig. 1b).

Metformin suppresses the proliferation, migration,
and invasion of thyroid carcinoma cells

To determine the effect of metformin on thyroid cancer cells,
we performed cell proliferation and colony formation assays
using SW579 and TT cell lines. Treatment with metformin
reduced the proliferation and colony-forming activity of these
cell lines (Fig. 2a—d). Upregulation of p-AMPK and downreg-
ulation of p-mTOR were observed following metformin treat-
ment of thyroid cancer cells (Fig. 2a, ¢). Soft agar experiments
revealed that metformin suppressed anchorage-independent
SW579 cell proliferation (Fig. 2g). Together, these results
suggest that metformin can inhibit thyroid cancer cell
proliferation.

Next, the influence of metformin on the migration and in-
vasion of thyroid cancer cells was assessed. Metformin
inhibited the migration of both SW579 and TT cells
(Fig. 2e, f) and decreased the invasion of SW579 cells
(Fig. 2h).
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<« Fig. 2 Metformin suppresses thyroid cancer cell growth, migration, and
invasion in vitro. a, ¢ SW579 and TT cells were treated with or without
10 mM metformin and cell numbers were measured at indicated times.
The representative immunoblot depicts the effect of metformin on p-
AMPK and p-mTOR expression. b, d Colony development in SW579
and TT cells 3 weeks following treatment with or without 10 mM
metformin. Representative images of colonies in plates (lefi panel). e, f
Wound-healing assays were conducted in SW579 and cells treated with or
without 10 mM metformin. Scale bar: 100 um. g Colony formation by
SW579 cells in soft agar 4 weeks following treatment with or without
10 mM metformin. Representative images show soft agar colonies. Scale
bar: 100 um. h Matrigel invasion assay in SW579 cells treated with or
without 10 mM metformin. Representative invasive cells stained with
crystal violet (lefi panels). Scale bar: 100 pm. All values shown are
mean=+SD of triplicate measurements and have been repeated three
times with similar results (*P<0.01 versus corresponding control)

Metformin inhibits thyroid cancer cell tumor growth
in nude mice

To confirm the role of metformin on tumor growth in vivo,
SWS579-Luc cells were injected into the left armpit of 6-week-
old male nude mice. Tumors were measured daily from days
4-45 following injection. Metformin markedly suppressed tu-
mor growth (Fig. 3a, b). Furthermore, at day 45, post-
implantation tumors were visualized using the IVIS200 imag-
ing system, again indicating that treatment of metformin sig-
nificantly inhibited tumor growth (Fig. 3a). These results con-
firm that metformin can modulate tumor cell growth in vivo.
But for the metastasis, we observed no significant difference
between metformin minus and plus groups (Supplementary
Fig. 1).

Metformin inhibits thyroid cancer cell proliferation,
migration, and invasion through regulation of mMTOR
signaling

As is well known, metformin inhibited mTOR pathway
through activation of TSC2. To assess whether metformin-
induced inhibition of cyclin D1 and c-Myc resulted from in-
hibition of mTOR, we transfected SW579 cells with TSC2
siRNA or control siRNA and treated or untreated with met-
formin, respectively. The result showed that TSC2 knock-
down could activate mTOR pathway and upregulate the ex-
pression of c-Myc and cyclin D1, while TSC2 knockdown
abolished the ability of metformin to suppress c-Myc, cyclin
D1, and other mTOR pathway molecules (Fig. 4a).

Next, to determine whether metformin influenced the phe-
notype of thyroid cancer cell through mTOR pathway, we
transfected SW579 cells with TSC2 siRNA or control siRNA
and treated or untreated with metformin. The results showed
that metformin inhibited the proliferation of SW579 cells
(Fig. 4b). Interestingly, knockdown of TSC2 abolished the
ability of metformin to regulate cell proliferation (Fig. 4b).
There was a similar trend in the migration and invasion of
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Fig. 3 Metformin inhibits thyroid cancer cell tumor growth in vivo. a, b
Nude mice were injected SW579-Luc cells and treated with either the
vehicle alone or metformin (100 mg/kg) via oral gavage for 45 days. a
Representative in vivo photon emissions of SW579-Luc cells is shown. b
Tumors were measured with Vermier calipers at indicated times (mean=+
SD; n=4). *P<0.01

SW579 cells treated with metformin after knockdown of
TSC2 expression (Fig. 4c, d).

To further confirm the important role of mTOR in metfor-
min mediating its effects, SW579 cells were exposed to
rapamycin, the mTOR inhibitor, prior to treatment with met-
formin and performed the experiments. As expected, inhibi-
tion of mTOR signaling by rapamycin abolished the ability of
metformin to suppress growth, migration, invasion, and
mTOR pathway molecules (Supplementary Fig. 2A, 2B, 2C,
and 2D). These results indicate that metformin inhibits thyroid
cancer cell proliferation, migration, and invasion through the
suppression of mTOR signaling. In addition, we confirmed
that the inhibitory effect of rapamycin were more obvious than
metformin in all our experiments designed for testing the pro-
liferation, migration, and invasion ability of cells.

Metformin impairs EMT through inhibition of mTOR
activation

EMT plays an important role in cancer cell invasion and me-
tastasis and is subject to regulation by TGF-31 and mTOR. To
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<« Fig. 4 Metformin inhibits thyroid cancer cell proliferation, migration,
and invasion via TSC2-mediated inhibition of the mTOR pathway. a
SW579 cells were transfected with TSC2 siRNA or control siRNA
prior to treatment with or without 10 mM metformin as indicated.
Immunoblot analysis of mTOR signaling and downstream effectors in
SW579 cells was shown. b Cell proliferation was then assessed at the
specified times. ¢ Wound-healing assays and d invasion assays for
SW579 cells treated with or without 10 mM metformin after
knockdown TSC2 expression. Scale bar: 100 um. All values shown are
mean=SD of triplicate measurements and have been repeated three times
with similar results (*P<0.01 versus corresponding control)

test whether metformin has an effect on EMT through mTOR
pathway, we first observed the phenotype following treatment
of metformin in SW579 and TT cells compared with treatment
of TGF-1. As expected, treatment of metformin inhibited
morphologic changes form a polarized epithelial phenotype,
which caused an elongated fibroblastoid phenotype as treat-
ment of TGF-f31 (Fig. 5a, b), indicating that metformin sup-
pressed EMT. Furthermore, metformin upregulated the epithe-
lial marker E-cadherin and downregulated the mesenchymal
markers N-cadherin and Snail following inhibition of the
mTOR pathway (Fig. 5a, b). These results indicated that met-
formin may repress thyroid cancer progression and metastasis
via regulation of EMT.

Knockdown TSC2 prior to metformin treatment could
abolish the effects of EMT (Fig. 5c, d). Moveover, inhibition
of mTOR pathway by rapamycin observed the similar results
(Supplementary Fig. 3A and 3B). These data indicate that
metformin inhibited EMT through regulation of mTOR
signaling.

Discussion

Metformin has been shown to possess an anti-cancer effect
over and above its understood role as an antidiabetic agent.
However, the mechanisms by which metformin inhibits thy-
roid cancer growth and metastasis remain poorly understood.
This study demonstrates that metformin inhibits cell growth,
migration, and invasion of thyroid cancer and that these activ-
ities require the participation of mTOR. This report is the first
to describe metformin-mediated suppression of c-Myc and
EMT marker expression though increased AMPK phosphor-
ylation and subsequent depressed mTOR pathway signaling.
These results provide a novel insight into the mechanisms
underlying metformin-mediated inhibition of cancer develop-
ment and progression.

The increasing incidence [1] and high metastatic rate [24]
of thyroid cancer has led to great interest in identifying the
mechanisms underlying the growth and metastasis of thyroid
cancer cells. Several studies have described important molec-
ular events in the pathogenesis of thyroid cancer, and at the
tumor formation stage, various genetic mutations appear to

play an important role. Mutation of the BRAF-V600E gene
occurs in approximately 45 % of papillary thyroid cancers
[25], while mutation of RAS [8, 26] and ALK [27] genes are
often identified. These mutations drive activation of mTOR
pathway and lead to thyroid tumorigenesis [4]. AMPK path-
way has also been known to have cross-talk with mTOR. In
this study, we observed that treatment with metformin can
apparently activate the AMPK pathway in a dose-dependent
manner, leading to the inhibition of cyclin D1 and c-Myc
expression through downregulated p-mTOR. As proto-onco-
genes, cyclin D1 and c-Myc play critical roles in tumor cell
growth, migration, and invasion [28-31]. Concurrent with
reducing the expression of cyclin D1 and c-Myc, metformin
inhibited growth, migration, and invasion in thyroid cancer
cell lines. Based on these results, metformin can inhibit thy-
roid cancer cell development and progression by reducing the
expression of key proto-oncogenes.

mTOR signaling plays a critical role in human cancer [32].
It can be induced by abnormal activation of upstream signal-
ing involving protein kinase B/AKT and extracellular signal-
regulated kinase (ERK) [33]. In addition to these kinases,
AMPK can regulate mTOR signaling by promoting TSC1/2
complex activation [32]. In this study, we have demonstrated
that metformin, as an activator of AMPK, depresses mTOR
protein phosphorylation in thyroid cancer cells. Our data
therefore reveal a novel mechanism for the inhibition of cyclin
D1 and ¢-Myc expression by metformin though depression of
the mTOR pathway.

EMT underlies cancer cell invasion and metastasis and is a
key event in the progression of many cancers. Earlier studies
have demonstrated that a variety of molecules can induce
EMT, including transforming growth factor beta [34], epider-
mal growth factor [34], AKT [23], and ERK [23]. Metformin
can also influence EMT by acting upon these EMT-regulating
pathways and has been reported to inhibit transforming
growth factor beta-induced EMT [35, 36] and interleukin-6-
induced EMT [19, 37]. Metformin can also inhibit miRNA-
induced EMT and regulate transcriptional control to inhibit
EMT. Recently, a new mechanism of AMPK-mediated regu-
lation of EMT through modulation of the Akt-MDM2-Foxo3a
signaling axis has also been described [38]. Taken together,
these results indicate an important role for metformin in the
regulation of EMT. However, metformin-mediated changes to
thyroid cancer cell phenotype and depression of EMT marker
expression at the post-transcriptional level have been rarely
reported. In this study, we have demonstrated that treatment
with metformin alters the phenotype of thyroid cancer cells
from a mesenchymal to an epithelial phenotype as character-
ized by increased expression of epithelial markers and de-
creased expression of mesenchymal markers. Investigation
of the mechanisms underlying these changes identified that
the expression of EMT markers is different. Metformin in-
hibits EMT via repression of mTOR-mediated enhancement
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However, the inhibitory effect of metformin on tumor
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cells following treatment with or without metformin after knockdown
TSC2 expression for indicated groups. d Immunoblot analysis of
SW579 cells following treatment with or without metformin after
knockdown TSC2 expression for indicated groups. Scale bar: 100 pm

metastasis did not occur in vivo compared with tumor growth
in vivo (Fig. 3a—c, and Supplementary Fig. 1). The main
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reason may be due to different ways of metformin administra-
tion. Some experimental studies utilized intraperitoneal injec-
tion to administer metformin [12, 18, 19, 21], in order to get
relatively high plasma concentration of metformin. However,
metformin is usually taken orally on clinic. In our study, met-
formin was adopted for mice by oral gavage which was closer
to the actual condition of clinical administration. The insuffi-
cient metformin plasma concentration of mice may fail to
inhibit the metastasis of thyroid cancer cells compared with
that of in vitro experiment. There are still other possible rea-
sons, including different metastatic ability of the tumor cells or
inadequate sample size. Nevertheless, the exact effect of met-
formin in tumor metastasis still needs further investigation.

In conclusion, our study demonstrated that metformin can
inhibit thyroid cancer cell proliferation, migration, invasion,
and EMT through activation of AMPK and subsequent sup-
pression of mTOR. These findings suggest that metformin
could be a potential clinical drug for the treatment of thyroid
carcinoma.
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