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Abstract

Medullary thyroid cancer (MTC) is associated with activation of mammalian target of rapamycin
(mTOR) signaling pathways. Recent studies showed that the antidiabetic agent metformin
decreases proliferation of cancer cells through 5’ -AMP-activated protein kinase (AMPK)-
dependent inhibition of MTOR. In the current study, we assessed the effect of metformin on MTC
cells. For this purpose, we determined growth, viability, migration, and resistance to anoikis assays
using two MTC-derived cell lines (TT and MZ-CRC-1). Expressions of molecular targets of
metformin were examined in MTC cell lines and in 14 human MTC tissue samples. We found that
metformin inhibited growth and decreased expression of cyclin D1 in MTC cells. Treatment with
metformin was associated with inhibition of mMTOR/p70S6K/pS6 signaling and down-regulation of
pERK in both TT and MZ-CRC-1 cells. Metformin had no significant effects on pAKT in the cell
lines examined. Metformin-inducible AMPK activation was noted only in TT cells. Treatment
with AMPK inhibitor (compound C) or AMPK silencing did not prevent growth inhibitory effects
of metformin in TT cells. Metformin had no effect on MTC cell migration but reduced the ability
of cells to form multicellular spheroids in nonadherent conditions. Immunostaining of human
MTC showed over-expression of cyclin D1 in all tumors compared with corresponding normal
tissue. Activation of mMTOR/p70S6K was detected in 8/14 (57.1%) examined tumors. Together,
these findings indicate that growth inhibitory effects in MTC cells are associated with
downregulation of both mTOR/6SK and pERK signaling pathways. Expression of metformin’s
molecular targets in human MTC cells suggests its potential utility for the treatment of MTC in
patients.
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Introduction

Medullary thyroid cancer (MTC) derives from parafollicular C-cells of the thyroid and
comprises ~4% of thyroid cancers in United States (Hundahl et al. 1998). MTC occurs in
sporadic and hereditary forms. The heritable variants include three different clinical
phenotypes: multiple endocrine neoplasia type 2A (MEN2A), MEN2B, and familial MTC-
only syndrome (Pelizzo et al. 2007). Prognosis in patients with MTC mainly depends on the
stage of tumor progression at the time of diagnosis, with a mean 10-year survival rate of
100, 93, 71, and 21% for stages I, 11, 111, and IV respectively (Modigliani et al. 1998).

Dominant activating mutations in the RET protooncogene have been identified as the
underlying cause of the development of MTC (de Groot et al. 2006). The activation of
antiapoptotic PI3K/AKT pathway and mitogenic MEK/ERK cascade are crucial events in
cell transformation triggered by oncogenic RET (Segouffin-Cariou & Billaud 2000, Drosten
et al. 2004). Recent studies demonstrated that the presence of the RET mutation is also
associated with activation of the mammalian target of rapamycin (mTOR) signaling in MTC
cells (Grozinsky-Glasberg et al. 2010, Faggiano et al. 2011).

The mTOR protein complex integrates signals from growth factors with protein translation.
mTOR regulates cell growth through p70-S6 kinase (p70S6K), which leads to
phosphorylation of ribosomal protein S6 (Wullschleger et al. 2006, Guertin & Sabatini
2007). The pathway from growth factor receptor stimulation to mTOR activation proceeds
through PI3K/AKT and MAPK/ERK signaling pathways. AKT phosphorylates and inhibits
tuberin sclerosis protein complexes (TSC1 and 2) leading to mTOR activation through
interactions with the mTOR protein complexes mMTORC1 and mTORC2 (Astrinidis &
Henske 2005). In addition to being directly phosphorylated by AKT, TSC2 can be
phosphorylated and inactivated by ERK as well as its downstream kinase RSK (Shaw &
Cantley 2006).

Inhibition of signaling pathways activated by oncogenic RET emerged as an alternative
strategy for the treatment of patients with MTCs (Lanzi et al. 2009). The kinase inhibitor
that blocks activity of RET kinase (Vandetanib) is being used in clinical practice for the
treatment of progressive MTC. Multikinase inhibitors targeting VEGFR (Sorafenib), as well
as mTOR inhibitor (Everolimus), showed antitumor effects in preclinical studies and are in
clinical trials (Lanzi et al. 2009, Lam et al. 2010, Faggiano et al. 2011). However, only
partial responses and transient disease stabilization were reported from the clinical trials, and
most of the MTC patients eventually developed progressive disease (Cabanillas et al. 2010).
Therefore, the understanding of mechanisms controlling MTC progression vs metastatic
phenotypes is important for development of new therapeutic approaches.

There is limited information on how cell signaling activation may control invasion of MTC
cells, and there are no studies that address molecular mechanisms underlying survival of
MTC cells in blood and lymphatic vessels. We previously demonstrated that invasive thyroid
cancer cells are characterized by a gene expression signature that is consistent with epithelial
to mesenchymal transition (Vasko et al. 2007). Studies on various cancer cell lines showed
that activation of MEK-ERK and PI3/AKT/mTOR signaling pathways contributes to cancer
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cell resistance to anoikis (apoptosis induced by detachment from extracellular matrix;
Zugasti et al. 2001, Goldstein et al. 2009, Jensen et al. 2011). It has also been reported that
concurrent inhibition of MEK-ERK and mTOR/p70S6K pathways selectively targets
anoikis-resistant cancer cells with acceptable effects on normal cells in their proper tissue
context (Fukazawa et al. 2002). Therefore, pharmacological agents with ability to inhibit
both MEK/ERK and PI3/AKT/mTOR signaling pathways could play a role in prevention of
metastases.

Analysis of cell signaling network interactions reveals that both MEK/ERK and mTOR/
p70S6K pathways can be inhibited by 5'-AMP-activated protein kinase (AMPK). AMPK
directly phosphor-ylates the TSC2 tumor suppressor on conserved serine sites distinct from
those targeted by other kinases, leading to the inhibition of mMTORC1 (Shaw 2009, Luo et al.
2010). Recent studies also demonstrated interrelationships between AMPK and mitogenic
pathways via kinase suppressor of ras 2 (KSR2; Costanzo-Garvey et al. 2009). It has been
suggested that under metabolic stress, binding of AMPK to KSR2 prevents RAF/MEK to be
targeted to the plasma membrane for their activation (Luo et al. 2010).

The antidiabetic drug metformin has been shown to be a potent AMPK activator. On the
intracellular level, metformin inhibits mitochondrial complex I, which leads to an altered
AMP/ATP ratio and activation of AMPK (EI-Mir et al. 2000). Studies on various cancer cell
lines and animal models demonstrated that metformin inhibits growth via activation of
AMPK pathway (Shaw 2009, Ben Sahra et al. 2010, Martin-Castillo et al. 2010). A recent
study demonstrated growth inhibitory effects of metformin on anaplastic thyroid cancer cell
lines (Chen et al. 2012).

In the current study, we assessed the /n vitro effect of metformin on proliferation and
activation of AKT/mTOR/S6K, MAPK/ERK, and AMPK signaling pathways in MTC-
derived cells. We have also examined the effects of metformin on MTC cell properties that
are required for development of metastases (migration and resistance to anoikis). We also
determined the expression of metformin molecular targets in human MTC tissue samples.

Materials and methods

Human thyroid tissue and cell culture

The study protocol was approved by the Institutional Review Boards at the Washington
Hospital Center and the Uniformed Services University of the Health Sciences. The paraffin-
embedded thyroid tissue samples from 14 patients with MTC were selected from a thyroid
tumor bank maintained at USUHS. There were 11 samples from patients with sporadic MTC
and three samples from patients with hereditary MTC (two MEN2A and one familial MTC).

Human medullary thyroid cancer cell lines harboring C634W RET mutation (TT cells) and
M918T RET mutation (MZ-CRC-1 cells) were obtained from Dr Motoyasu Saji (The Ohio
State University). Cells were maintained in RPMI1640 medium supplemented with heat-
inactivated 20% fetal bovine serum and 1xnonessential amino acids (1%) at 37 °C and
humidified 5% CO,. For an in vitro model of anoikis, TT and MZ-CRC-1 cells were
cultured on poly-HEMA-treated low-adherent plates. Cells were incubated with either
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control medium or medium containing metformin (Sigma Chemical Co.). The
pharmacological inhibitor of pAMPK compound C was purchased from EMD Biosciences
(San Diego, CA, USA).

siRNA transfections

TT cells were transfected with AMPK siRNA specific to al and a2 isoforms of catalytic
subunit or with Stealth RNAI siRNA-negative control (Invitrogen). RNAI duplex—
lipofectamine complexes were prepared using RNAIMAX transfection reagent (Invitrogen
Corp.). The efficiency of silencing was assessed by Block-it fluorescent reagent and by
detection of ac AMPK protein level. Assays were performed 48 h after the initiation of the
transfections.

Protein extraction and western blot analysis

Thyroid cancer cells were incubated with ice-cold cell lysis buffer, scraped, centrifuged, and
the supernatant was stored at —80 °C. Total protein lysate (25 ug) was suspended in reduced
SDS sample buffer and protein lysates were subjected to SDS-PAGE (7%). The separated
proteins were transferred to nitro-cellulose membranes (0.2 um pore size; Invitrogen) by
electrophoretic blotting (Invitrogen). Nonspecific binding was prevented by blocking with
0.1% Tween 20 in PBS (PBS-T) containing 5% nonfat dry milk overnight at 4 °C.

Membranes were incubated overnight with the primary antibody against phospho-p70S6K
(Thr389), total p70S6K, phospho-pS6 (Ser235/236), total pS6, phospho-AKT (Ser473), total
AKT, phospho-ERK (Thr202/Tyr204), total ERK, phospho-AMPKa (Thr172), total
AMPKa, PARP, and cleaved caspase 3 (Cell Signaling, Boston, MA, USA); and cyclin D1,
E-cadherin, and p-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Membranes
were then incubated with the secondary antibody in PBS-T containing 5% nonfat dry milk
for 1 h at room temperature. After washing with PBS-T four times (15 min/wash), protein
bands on the blots were visualized using Li-COR Odyssey imaging system (LI-COR
Biosciences, Lincoln, NE, USA).

Cell viability and proliferation assays

Cell viability was determined by Alamar blue assay (Invitrogen) according to the
manufacturer’s instructions. Cells were plated in 96-well plates and grown until 50%
confluence was reached. Cells were treated with metformin at concentrations varying from
0.1to 5 mM for 24, 48, and 72 h. Ten microliters (10% of sample volume) of Alamar blue
solution were added to each well, and cells were subsequently returned to the incubator for 4
h. The absorbance of Alamar blue reagent was monitored at 570 and 600 nM by
spectrophotometer.

For cell proliferation assay, TT and MZ-CRC-1 cells were plated at a density of 50 000
cells/well in 6-well plates. Cells were allowed to adhere overnight and then treated with
metformin at concentrations varying from 0.1 to 5 mM. After incubation for 24, 48, or 72 h,
cell proliferation rate was determined by cell counting using Vi-CELL Cell Viability
Analyzer from Beckman Coulter (Fullerton, CA, USA).

Endocr Relat Cancer. Author manuscript; available in PMC 2018 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klubo-Gwiezdzinska et al. Page 5

In low-adherent conditions, cell viability was determined by evaluation of mitochondrial
membrane potential with a fluorogenic lipophilic cation (JC-1; Cayman Chemical Company,

Ann Arbor, MI, USA). All experiments were repeated at least three times, and the average

values +s.p. of representative experiments are reported.

Immunostaining of human thyroid tissue samples

Results

Immunostaining was performed on paraffin-embedded tissue sections. Endogenous
peroxidase activity was quenched by incubation in 3% hydrogen peroxide. Sections were
incubated overnight with cyclin D1 or phospho-p70S6K antibodies. Immunostaining was
performed using Vector kits (Vector Labs, Burlingame, CA, USA) according to the
manufacturer’s instruction. For quantification of cyclin D1 expression, at least 200 cells in
three different areas of tumor were examined and percentage of positive nuclei was
calculated. For phospho-p70S6K staining, the results of staining were interpreted as follows:
negative — no staining or focal/low intensity of staining in < 20% of cells and positive
staining — strong staining in more than 20% of cells. The intensity of immunostaining was
scored independently by two investigators (J Klubo-Gwiezdzinska and V Vasko).

Metformin inhibits growth of medullary thyroid cancer cells

To determine the effects of metformin on MTC-derived cell lines viability, we performed an
Alamar blue assay. Treatment with increasing concentration of metformin was associated
with inhibition of TT cell growth in dose- and time-dependent manner (Fig. 1A). Significant
inhibition of TT cells growth was detected after cell exposure for 72 h with micromolar
concentration of metformin. In MZ-CRC-1 cells, significant inhibition of growth was
observed after exposure to metformin at concentration 1 and 5 mM for 48 or 72 h. Direct
cell counts using Vi-CELL Cell Viability Analyzer confirmed data obtained by Alamar blue
assay in TT and MZ-CRC-1 cell lines.

The reduction of cell number after treatment with metformin may be the result of either cell
cycle arrest or cell death. To address this question, we performed western blot analysis with
antibody against proliferation marker (cyclin D1) and apoptotic markers (cleaved caspase 3
and PARP). Treatment with metformin was associated with inhibition of cyclin D1
expression in TT and MZ-CRC-1 cell lines (Fig. 1B) without significant changes in cleavage
of caspase 3 and PARP. The intensity of immunostaining with antibodies against cyclin D1
was decreased in metformin-treated cells (Fig. 1C) corroborating western blot data. These
data indicate that metformin inhibits MTC cell growth through inhibition of proliferation but
not induction of apoptosis.

Metformin inhibits mTOR signaling in MTC-derived cells

As growth inhibitory effects of metformin in various cancer cell lines were attributed to
downregulation of mTOR signaling, we next examined activation of well-established
downstream targets of mMTOR-p70S6K and its substrate ribosomal protein S6 using specific
antibodies. Western blot analysis showed that treatment with metformin was associated with
dose-dependent inhibition of phosphop-p70-S6K and phospho-pS6 in MTC-derived cells
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(Fig. 2A). Immunostaining also showed that intensity of immunostaining with anti-phospho-
pS6 was decreased in MTC cells after treatment with metformin (Fig. 2B).

We also examined the effects of metformin on phosphorylation status of AKT, ERK, and
AMPK in MTC-derived cells by western blot analysis. The level of pAKT was not
significantly affected by treatment with increasing concentration of metformin in any of the
examined cell lines (Fig. 2C). Metformin inhibited pERK in both TT and MZ-CR-1 cells.
Induction of pAMPK was observed in TT cells but not in MZ-CRC-1 cells after treatment
with metformin (Fig. 2C).

Consistent with the results of western blot analysis, the intensity of immunostaining with
anti-pAMPK was increased in TT cells treated with metformin (Fig. 2D) but not in MZ-
CRC-1 cells.

The role of AMPK in metformin-inducible mTOR inhibition

To clarify the role of pAMPK in TT cell response to metformin, we performed experiments
using pharmacological AMPK inhibitor (compound C). Treatment with compound C (2 uM)
decreased metformin-inducible activation of pAMPK (Fig. 3A). However, compound C did
not prevent metfromin-inducible inhibition of phospho-pS6 and downregulation of cyclin D1
in TT cells.

We also performed silencing experiments and examined the effects of metformin on
aAMPK-deficient TT cells. Combined inhibition of both a1 and a a.2 isoforms of catalytic
subunit prevented metformininducible AMPK activation (Fig. 3B). However, loss of AMPK
expression did not prevent metformin-inducible downregulation of phospho-pS6 and only
partially rescued metformin-inducible inhibition of cyclin D1. These results showed that loss
of AMPK activity is not sufficient to completely abrogate inhibitory effects of metformin on
mTOR signaling in TT cells.

The effects of metformin on MTC cell migration and resistance to anoikis

We next examined the effects of metformin on migration of MTC-derived cells and their
resistance to anoikis. TT and MZ-CRC-1 cells intrinsically express E-cadherin and do not
efficiently migrate through 8 UM pore membrane in the Boyden chamber migration assay.
Treatment with metformin had no effects on E-cadherin expression and did not affect
migratory ability of TT or MZ-CRC-1 cells (data not shown).

For analysis of anoikis, TT and MZ-CRC-1 cells were maintained in either adherent cell
culture plates or low-adherent cell culture conditions. In low-adherent conditions, both
MTC-derived cell lines were characterized by establishment of cell-to-cell contacts and
formation of multicellular spheroids. MTC-derived cancer cells that formed spheroids were
viable as demonstrated by JC-1 staining (Fig. 4A).

To determine whether metformin can affect spheroid formation, we pretreated TT and MZ-
CRC-1 cells for 24 h with increasing concentrations of metformin in adherent plates and
then transferred these cells into nonadherent plates. As shown in Fig. 4A, the number and
size of spheroids were decreased in MTC cells pretreated with metformin. The viability of
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these cells was significantly reduced as demonstrated by JC-1 staining. We also performed
analysis of pro-survival signaling in nonadherent cells. Western blot analysis showed that TT
and MZ-CRC-1 cells maintained activation of pAKT, pERK, and p70S6K/pS6 in low-
adherent conditions. Pretreatment with metformin resulted in downregulation of pAKT,
pERK, and p70S6K/pS6 in MTC cells growing in nonadherent conditions (Fig. 4B) and
induction of apoptosis (Fig. 4C). Together, these data demonstrate that metformin impairs
MTC cell survival after detachment from extracellular matrix and sensitizes MTC cells to
anoikis.

Activation of mTOR signaling in human MTCs

Our /n vitro findings demonstrated that metformin inhibits cell growth, decreases cyclin D1
expression, and inhibits mTOR/p70S6K signaling in both MTC-derived cell lines. To
determine whether these /n vitro findings could have relevance in human MTC, we assessed
expression of cyclin D1 and activation of mTOR/p70S6K signaling in human MTC tissue
samples. The level of immunostaining with anti-cyclin D1 was increased in all examined
MTCs compared with the corresponding normal thyroid tissue. Cyclin D1 expression was
detected in nuclei of MTC cells (Fig. 5A). The number of positive nuclei in tumors varied
from case to case and ranged from 10 to 60%. The highest level of cyclin D1 expression was
found in MTC samples from patients with hereditary forms of MTC (two patients with
MENZ2A and one patient with familial MTC).

Immunostaining with phospho-p70S6K was increased in 8/14 (57.1%) examined MTCs
compared with the corresponding normal thyroid tissue (Fig. 5A). All hereditary MTCs and
5/11 sporadic MTCs showed strong immunoreactivity with anti-phospho-p70S6K antibody.
In two cases of widely invasive MTCs, we detected cancer cells that were located inside the
vessels. Positive immunostaining with p-p70S6K was observed in intravascular MTC cells.
Together, these data showed that human MTC cells are characterized by increased
expression of cyclin D1 and activation of mTOR/p70S6K signaling pathway.

Discussion

Targeting cancer cell metabolism is a promising strategy to treat cancer. There is increasing
evidence of the potential efficacy of a commonly used antidiabetic drug, metformin, as an
anticancer agent. The primary systemic effect of metformin is thelowering of bloodglucose
levels through reduction of the hepatic glucose production and increased insulin sensitivity
enabling appropriate usage of glucose by muscles and adipocytes (Ben Sahra et al. 2010). As
insulin is a growth-promoting hormone with mitogenic effects, it has been suggested that
beneficial effects of metformin in cancer patients are related to its systemic insulin-lowering
effects. However, numerous studies demonstrated that in addition to its systemic action,
metformin has direct growth inhibitory effects on cancer cells through inhibition of
MTOR/S6K signaling (Guertin & Sabatini 2007, Ben Sahra et al. 2008, Luo et al. 2010). In
this study, we used MTC-derived cells to examine the effects of metformin on medullary
thyroid cancer cell growth, migration, and resistance to anoikis.

Metformin inhibited MTC cell growth in a dose- and time-dependent manner. In fact, MTC
cells seem to be specifically sensitive to metformin. In contrast to previous studies
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documenting anticancer effects of millimolar concentrations of metformin in breast, ovarian,
and pancreatic cancer cell lines, we observed significant inhibition of MTC proliferation
with micro-molar concentrations applied for 72 h. Inhibition of growth was associated with
downregulation of cyclin D1 but not induction of apoptosis. Our findings are similar to
previously reported observations in breast, prostate, and ovarian cancer cell lines showing
that metformin induces blockade of cell cycle progression in GO/G1 phase (Ben Sahra et al.
2008, Zhuang & Miskimins 2008). In MTC cells, treatment with metformin resulted in
inhibition of mTOR signaling pathway as demonstrated by down-regulation of phospho-
p70S6K and phospho-pS6. Activation of p70S6K appears to be necessary for translation of
specific set of MRNA, encoding ribosomal protein and translation elongation factors (Vesely
et al. 1994, Sonenberg & Gingras 1998). It has also been demonstrated that expression of
other genes important for cell cycle progression, such as Myc and cyclin D, may be
controlled by the p70S6K pathway. These findings could explain the reason why inhibition
of this pathway induces blockade of proliferation in MTC-derived cancer cells.

We demonstrated that metformin-inducible inhibition of mMTOR/S6K signaling was
associated with increased AMPK phosphorylation only in TT cells but not in MZ-CRC-1
cell line. Previous studies on breast and ovarian cancer cell lines demonstrated that the
inhibitory effects of metformin on cancer cell growth were mediated via activation of AMPK
(Dowling et al. 2007, Gotlieb et al. 2008). In contrast, studies using prostate cancer cells
showed that metformin inhibits cell growth independently of its effect on AMPK (Ben Sahra
et al. 2008). In the current study, pharmacological inhibition of AMPK activity or AMPK
silencing did not prevent metformin-inducible inhibition of growth and downregulation of
MTOR/S6K signaling in MTC cells. These data suggest that in addition to AMPK, other
mechanisms could be involved in metformin-inducible downregulation of mMTOR/S6K
signaling and inhibition of cell growth in MTC cells. We also demonstrated that treatment
with metformin was associated with inhibition of MEK/ERK signaling in TT and MZ-
CRC-1 cells. Taking into consideration the role of both MEK/ERK and mTOR/S6K
cascades in development of MTC, the dual inhibition of these signaling pathways by
metformin could represent an attractive strategy for the treatment of MTC.

As local and distant metastases are common in MTC patients, we also examined the effects
of metformin on cancer cell properties that are required for development of metastases
(migration and resistance to anoikis). We found that MTC-derived cells were intrinsically
resistant to anoikis and maintained activation of AKT/mTOR/p-70S6K and ERK signaling
after detachment from extracellular matrix. Treatment with metformin sensitized MTC cell
to anoikis and dramatically impaired their ability to survive in nonadherent conditions.
Resistance to anoikis is a critical element of the metastatic cascade and our findings suggest
the possible utility of metformin as an agent that may prevent metastases.

These findings are specifically promising because we found increased expression of
metformin molecular targets in a series of human MTC samples. We found that activation of
MTOR signaling is common in human MTCs. Positive staining with anti-phospho-p70S6K
antibody in human MTC cells that invaded vessels corroborated /n vitro results and
suggested the role of mTOR signaling in MTC cell resistance to anoikis. Our results are
similar to recently published findings (Rapa et al. 2011) demonstrating activation of mTOR/
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p70S6K signaling in patients with MTCs. Taking into consideration that antineoplastic
effects of metformin are mediated through inhibition of phospho-p70S6K, it is tempting to
speculate that detection of phospho-p70S6K in samples from MTC patients could represent
a marker of tumor cell response to the treatment with metformin.

In the current study, growth inhibitory effects of metformin were observed at concentrations
that were significantly higher than those achievable in humans. The therapeutic
concentrations of metformin in human serum range from 5 to 20 uM (Dell’ Aglio et al.
2009). It is noted that in animal models, antitumor effects of physiological concentration of
metformin (3—13 uM) were observed only after chronic exposure (for up to 13 weeks). The
inhibition of tumor growth was attributed not only to direct effects of metformin on cancer
cells but also to its indirect effects through diminished levels of circulating growth factors. It
is possible that a combination of direct effects of metformin on MTC cells with its systemic
insulin-lowering effects may result in inhibition of MTC growth with concentration that is
achievable in human.

Retrospective data from population-based studies demonstrated that treatment with
metformin reduced cancer risk in humans and improved outcome of different cancers. On
the basis of these studies, metformin is now being used in various clinical trials including in
a neoadjuvant setting and in combination with other drugs. Our /n vitro data showed that
metformin inhibits growth and induces anoikis in MTC-derived cells. Analysis of human
MTC samples demonstrated expression of metformin molecular targets in MTC cells. In
summary, these data suggest that the antidiabetic drug metformin can inhibit growth and
prevent development of metastases in MTC.

Acknowledgements

The authors thank Ildy Katona, Chair, Department of Pediatrics, USUHS for her support of this project.
Funding

This study was supported by the grant from the Department of Pediatrics USUHS (C0861Z) to V Vasko.

References

Astrinidis A & Henske EP 2005 Tuberous sclerosis complex: linking growth and energy signaling
pathways with human disease. Oncogene 24 7475-7481. (doi:10.1038/sj.0nc.1209090)16288294

Ben Sahra |, Laurent K, Loubat A , Giorgetti-Peraldi S, Colosetti P, Auberger P, Tanti JF, Le
Marchand-Brustel Y & Bost F 2008 The antidiabetic drug metformin exerts an antitumoral effect in
vitro and in vivo through a decrease of cyclin D1 level. Oncogene 27 3576-3586. (doi:10.1038/
sj.onc.1211024)18212742

Ben Sahra | , Le Marchand-Brustel Y , Tanti JF & Bost F 2010 Metformin in cancer therapy: a new
perspective for an old antidiabetic drug? Molecular Cancer Therapeutics 9 1092-1099. (doi:
10.1158/1535-7163.MCT-09-1186)20442309

Cabanillas ME , Waguespack SG , Bronstein Y , Williams MD , Feng L , Hernandez M, Lopez A,
Sherman SI & Busaidy NL 2010 Treatment with tyrosine kinase inhibitors for patients with
differentiated thyroid cancer: the M. D. Anderson experience. Journal of Clinical Endocrinology
and Metabolism 95 2588-2595. (d0i:10.1210/jc.2009-1923)20392874

Chen G, Xu S, Renko K & Derwahl M 2012 Metformin inhibits growth of thyroid carcinoma cells,
suppresses self-renewal of derived cancer stem cells, and potentiates the effect of chemotherapeutic
agents. Journal of Clinical Endocrinology and Metabolism [in press]. (doi:10.1210/jc.2011-1754)

Endocr Relat Cancer. Author manuscript; available in PMC 2018 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klubo-Gwiezdzinska et al. Page 10

Costanzo-Garvey DL , Pfluger PT , Dougherty MK, Stock JL , Boehm M, Chaika O , Fernandez
MR, Fisher K, Kortum RL , Hong EG et al. 2009 KSR2 is an essential regulator of AMP kinase,
energy expenditure, and insulin sensitivity. Cell Metabolism 10 366-378. (doi:10.1016/j.cmet.
2009.09.010)19883615

Dell’Aglio DM, Perino LJ , Kazzi Z , Abramson J , Schwartz MD & Morgan BW 2009 Acute
metformin overdose: examining serum pH, lactate level, and metformin concentrations in survivors
Versus non-survivors: a systematic review of the literature. Annals of Emergency Medicine 54 818—
823. (doi:10.1016/j.annemergmed.2009.04.023)19556031

Dowling RJ, Zakikhani M , Fantus IG , Pollak M & Sonenberg N 2007 Metformin inhibits
mammalian target of rapamycin-dependent translation initiation in breast cancer cells. Cancer
Research 67 10804-10812. (doi:10.1158/0008-5472.CAN-07-2310)18006825

Drosten M , Hilken G , Bockmann M, Rodicker F, Mise N, Cranston AN , Dahmen U , Ponder BA &
Putzer BM 2004 Role of MEN2A-derived RET in maintenance and proliferation of medullary
thyroid carcinoma. Journal of the National Cancer Institute 96 1231-1239. (d0i:10.1093/jnci/
djh226)15316058

El-Mir MY , Nogueira V , Fontaine E , Averet N , Rigoulet M & Leverve X 2000 Dimethylbiguanide
inhibits cell respiration via an indirect effect targeted on the respiratory chain complex I. Journal of
Biological Chemistry 275 223-228. (doi:10.1074/jbc.275.1.223)10617608

Faggiano A , Ramundo V , Dicitore A , Castiglioni S, Borghi MO , Severino R , FerollaP, Crino L,
Abbruzzese A, Sperlongano P et al. 2011 Everolimus is an active agent in medullary thyroid
cancer: a clinical and /n vitro study. Journal of Cellular and Molecular Medicine [in press]. (doi:
10.1111/j.15824934.2011.01438.x)

Fukazawa H , Noguchi K, Murakami Y & Uehara Y 2002 Mitogen-activated protein/extracellular
signal-regulated kinase kinase (MEK) inhibitors restore anoikis sensitivity in human breast cancer
cell lines with a constitutively activated extracellular-regulated kinase (ERK) pathway. Molecular
Cancer Therapeutics 1 303-309.12489846

Goldstein NB , Johannes WU , Gadeliya AV , Green MR , Fujita M , Norris DA & Shellman YG 2009
Active N-Ras and B-Raf inhibit anoikis by downregulating Bim expression in melanocytic cells.
Journal of Investigative Dermatology 129 432-437. (doi:10.1038/jid.2008.227)18668139

Gotlieb WH , Saumet J , Beauchamp MC , GuJ, Lau S, Pollak MN & Bruchim | 2008 /n vitro
metformin anti-neoplastic activity in epithelial ovarian cancer. Gynecologic Oncology 110 246-
250. (doi:10.1016/j.ygyno.2008.04.008)18495226

de Groot JW , Links TP, Plukker JT , Lips CJ & Hofstra RM 2006 RET as a diagnostic and
therapeutic target in sporadic and hereditary endocrine tumors. Endocrine Reviews 27 535-560.
(doi:10.1210/er.2006-0017)16849421

Grozinsky-Glasberg S, Rubinfeld H , Nordenberg Y , Gorshtein A, Praiss M, Kendler E , Feinmesser
R, Grossman AB & Shimon | 2010 The rapamycin-derivative RAD001 (everolimus) inhibits cell
viability and interacts with the Akt-mTOR-p70S6K pathway in human medullary thyroid
carcinoma cells. Molecular and Cellular Endocrinology 315 87-94. (doi:10.1016/j.mce.
2009.09.027)19815051

Guertin DA & Sabatini DM 2007 Defining the role of mTOR in cancer. Cancer Cell 12 9-22. (doi:
10.1016/j.ccr.2007.05.008)17613433

Hundahl SA , Fleming ID , Fremgen AM & Menck HR 1998 A National Cancer Data Base report on
53,856 cases of thyroid carcinoma treated in the U.S., 1985-1995 [see comments]. Cancer 83
2638-2648. (d0i:10.1002/(SICI1)1097-0142(19981215)83:12<2638::AID-CNCR31>3.0.CO;
2-1)9874472

Jensen K, Patel A, Klubo-Gwiezdzinska J , Bauer A & Vasko V 2011 Inhibition of gap junction
transfer sensitizes thyroid cancer cells to anoikis. Endocrine-Related Cancer 18 613-626. (doi:
10.1530/ERC-10-0289)21813730

Lam ET , Ringel MD , Kloos RT , Prior TW , Knopp MV, Liang J, Sammet S, Hall NC , Wakely
PE , Vasko VV et al. 2010 Phase Il clinical trial of sorafenib in metastatic medullary thyroid
cancer. Journal of Clinical Oncology 28 2323-2330. (doi:10.1200/JC0.2009.25.0068)20368568

Lanzi C, Cassinelli G, Nicolini V & Zunino F 2009 Targeting RET for thyroid cancer therapy.
Biochemical Pharmacology 77 297-309. (doi:10.1016/j.bcp.2008.10.033)19028457

Endocr Relat Cancer. Author manuscript; available in PMC 2018 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klubo-Gwiezdzinska et al. Page 11

Luo Z, Zang M & Guo W 2010 AMPK as a metabolic tumor suppressor: control of metabolism and
cell growth. Future Oncology 6 457-470. (doi:10.2217/fon.09.174)20222801

Martin-Castillo B , Vazquez-Martin A , Oliveras-Ferraros C & Menendez JA 2010 Metformin and
cancer: doses, mechanisms and the dandelion and hormetic phenomena. Cell Cycle 9 1057-1064.
(d0i:10.4161/cc.9.6.10994)20305377

Modigliani E , Cohen R, Campos JM , Conte-Devolx B , Maes B , Boneu A, Schlumberger M ,
Bigorgne JC , Dumontier P, Leclerc L et al. 1998 Prognostic factors for survival and for
biochemical cure in medullary thyroid carcinoma: results in 899 patients. The GETC Study Group.
Groupe d’etude des tumeurs a calcitonine. Clinical Endocrinology 48 265-273. (doi:10.1046/j.
1365-2265.1998.00392.x)9578814

Pelizzo MR , Boschin IM , Bernante P, Toniato A , Piotto A , Pagetta C , Nibale O , Rampin L,
Muzzio PC & Rubello D 2007 Natural history, diagnosis, treatment and outcome of medullary
thyroid cancer: 37 years experience on 157 patients. European Journal of Surgical Oncology 33
493-497. (doi:10.1016/j.ejs0.2006.10.021)17125960

Rapa | , Saggiorato E , Giachino D , Palestini N , Orlandi F , Papotti M & Volante M 2011 Mammalian
target of rapamycin pathway activation is associated to RET mutation status in medullary thyroid
carcinoma. Journal of Clinical Endocrinology and Metabolism 96 2146-2153. (doi:10.1210/jc.
2010-2655)21543427

Segouffin-Cariou C & Billaud M 2000 Transforming ability of MEN2A-RET requires activation of the
phosphatidylinositol 3-kinase/AKT signaling pathway. Journal of Biological Chemistry 275 3568—
3576. (doi:10.1074/jbc.275.5.3568)10652352

Shaw RJ 2009 LKB1 and AMP-activated protein kinase control of mTOR signalling and growth. Acta
Physiologica 196 65-80. (d0i:10.1111/j.1748-1716.2009.01972.x)19245654

Shaw RJ & Cantley LC 2006 Ras, PI(3)K and mTOR signalling controls tumour cell growth. Nature
441 424-430. (doi:10.1038/nature04869)16724053

Sonenberg N & Gingras AC 1998 The mRNA 5" cap-binding protein elF4E and control of cell
growth. Current Opinion in Cell Biology 10 268-275. (d0i:10.1016/
S0955-0674(98)80150-6)9561852

Vasko V , Espinosa AV , Scouten W, He H, Auer H, Liyanarachchi S, Larin A, Savchenko V
Francis GL , de la Chapelle A et al. 2007 Gene expression and functional evidence of epithelial-to-
mesenchymal transition in papillary thyroid carcinoma invasion. PNAS 104 2803-2808. (doi:
10.1073/pnas.0610733104)17296934

Vesely J, Havlicek L , Strnad M, Blow JJ , Donella-Deana A , Pinna L , Letham DS, Kato J ,
Detivaud L, Leclerc S et al. 1994 Inhibition of cyclin-dependent kinases by purine analogues.
European Journal of Biochemistry 224 771-786. (doi:10.1111/j.1432-1033.1994.00771.x) 7925396

Waullschleger S, Loewith R & Hall MN 2006 TOR signaling in growth and metabolism. Cell 124 471—
484. (doi:10.1016/j.cell.2006.01.016)16469695

Zhuang Y & Miskimins WK 2008 Cell cycle arrest in metformin treated breast cancer cells involves
activation of AMPK, downregulation of cyclin D1, and requires p27Kipl or p21Cipl. Journal of
Molecular Signaling 3 18. (d0i:10.1186/1750-2187-3-18)19046439

Zugasti O, Rul W, Roux P, Peyssonnaux C , Eychene A , Franke TF , Fort P & Hibner U 2001 Raf-
MEK-Erk cascade in anoikis is controlled by Racl and Cdc42 via Akt. Molecular and Cellular
Biology 21 6706-6717. (doi:10.1128/MCB.21.19.6706-6717.2001)11533257

Endocr Relat Cancer. Author manuscript; available in PMC 2018 August 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Klubo-Gwiezdzinska et al.

A W24 h 48h W72h
© TT cells ©
8 120 8
2 100 2
g s0 S
S 60 k]
() (o)
p 40 2
€ 20 €
Q [0}
<4 0 o
& 0 0.5 1 2:5 5 & 0
Metformin (mM)
B TT cells
Metformin (mM) O 1 5
Cyclin D1 | e
B-ACHD e — —

C Control

1)

=

°

>

O

Figure 1.
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The effects of metformin on MTC cells growth. (A) Dose and time dependent effect of
metformin on TT and MZ-CRC-1cells growth. The decrement in number of viable cells was
dependent upon both the concentration of metformin and the duration of exposure (*/Pvalue
<0.05; **Pvalue <0.001). (B) Western Blot analysis demonstrating metformin-inducible
down-regulation of cyclin D1 expression in dose dependent manner. (C) TT cells were
grown on LabTech chamber slides and treated with metformin (5 mM) for 24 h. Treatment
with metformin was associated with inhibition of cyclin D1 expression.
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The effects of metformin on cell signaling activation in MTC-derived cells. (A) Western blot
analysis showing dose dependent inhibition of p-p70-S6K and p-pS6 in TT and MZ-
CRC-1cells treated with metformin. (B) Immunostaining showed decreased phosphorylation
of pS6 in TT cells treated with metformin (5 mM for 24 h). (C) Western blot analysis
showing that metformin had no effect on pAkt, but inhibited pERK in TT and MZ-CR-1
cells. Metformin increased phosphorylation of AMPK in TT cells, but not in MZ-CRC-1
cells. (D) Immunostaining with anti-pAMPK showed increased immunoreactivity in TT
cells that were treated with metformin (5 mM for 24 h).
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The effect of AMPK inhibitor and AMPK silencing on TT cell response to treatment with

metformin. (A) TT cells were treated with metformin alone or in combination with the

AMPK inhibitor compound C. Western blot analysis showing that compound C attenuates

metformin inducible AMPK phosphorylation with no significant effect on metformin

inducible down-regulation of p-pS6 and cyclin D1 in TT cells. (B) Silencing of a1 and a.2

isoforms of the catalytic subunit of AMPK attenuated metformin inducible AMPK

activation, but did not prevent down-regulation of p-pS6 in TT cells. Loss of AMPK only
partially rescued metformin-inducible inhibition of cyclin D1. **/<0.001.
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Figure 4.
The effects of metformin on spheroid formation in low adherent condition and detachment

induced apoptosis (anoikis). (A) After trypsinization TT cells were places on non adherent
culture plates and morphological changes were monitored by microscopy. At 4 h post-
plating, MTC cells formed multi-cellular conglomerates and at 24 h formed spheroids-like
structures. Pretreatment with metformin 1 mM/24 h resulted in reduced size and number of
spheroids and decreased viability of the cells as documented by JC-1 staining. (B) Western
blot showing that pretreatment with metformin (1 mM/24 h) resulted in significant
downregulation of pAKT, pERK, p-p70S6K in TT and MZ-CRC-1 cells growing in low
adherent (LA) conditions compared to the LA cells not pre-treated with metformin. (C)
Treatment with increasing concentrations of metformin for 24 h did not induce apoptosis in
adherent TT cells. Pre-treatment with metformin sensitized TT cells to anoikis.
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Normal MTC Vascular invasion

Figure5.
Immunohistochemical staining with anti-p-p70S6K antibody in human thyroid tissue

samples. The level of p-p70S6K immunostaining is increased in MTC cells compared to
normal thyroid cells. MTC cells that invaded into the vessel show high level of
immunoreactivity with anti-p-p70S6K.
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