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Metformin Reduces Thyroid Cancer Tumor Growth
in the Metastatic Niche of Bone
by Inhibiting Osteoblastic RANKL Productions

Hyo Shik Shin,' Hyun Jin Sun? Young Mi Whang? Young Joo Park,"?
Do Joon Park,"? and Sun Wook Cho'*?

Background: Metformin has antitumoral actions in human cancers, including the thyroid, while its effects on
metastatic lesions are unclear. Patients with bone metastasis (BM) from thyroid cancers have poor survival.
Because metformin inhibits the activation of osteoclasts, which has essential roles in BM, the aim of this study
was to investigate the therapeutic effects of metformin on thyroid cancer BM and osteoclast activation in the
bone microenvironment.

Methods: The anaplastic thyroid cancer (ATC) cell lines FRO and SW1736 were used to test the antitumoral
effect of metformin in vitro and in vivo. A murine model of BM was established by intratibial injection of
cancer cells. To mimic the BM microenvironment, osteoblasts were treated with conditioned media from the
FRO (FRO-CM) and SW1736 (SW1736-CM) cells. Thyroid cancer patients with or without BM were recruited,
and the serum receptor activator of nuclear factor kappa-B ligand (RANKL) levels was measured.

Results: Metformin treatment significantly reduced the viabilities of the FRO and SW1736 cells in vitro and the
tumor growth of SW1736 in vivo. In the murine model of BM, metformin delayed tumor growth in the bone and
decreased the numbers of tartrate-resistant acid phosphatase-positive osteoclasts on the bone surface with re-
duced RANKL in the bone marrow. Furthermore, FRO- or SW1736-CM significantly increased the osteoblastic
RANKL productions and activated osteoclast differentiation in whole marrow cultures, which were blocked by
metformin treatment. Among 67 thyroid cancer patients, the serum RANKL levels were significantly increased
in BM patients compared with patients with lung-only metastasis or no distant metastasis. In addition, the
interleukin-6 superfamily in the FRO- or SW1736-CM stimulated STAT3 phosphorylation, which was inhibited
by gp130 blocking. Metformin treatment decreased the FRO- or SW1736-CM-induced STAT3 phosphorylation
by AMPK phosphorylation. Metformin also inhibited the FRO- or SW1736-CM-induced osteoclastic differen-
tiation of bone marrow-derived monocyte/macrophage by RANK/c-Fos/NFATC1 signaling.

Conclusions: In the microenvironment of BM, metformin effectively reduced ATC tumor growth by inhibiting
cancer cell viability, blocking cancer cell-induced osteoblastic RANKL production, which further activated
osteoclastogenesis, and directly reduced osteoclast differentiation. These multifactorial actions of metformin
suggest that it has potential therapeutic effects in thyroid cancer BM.
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Introduction

THYROID CANCER Is the most common endocrine malig-
nancy and its incidence has increased rapidly in the past
three decades. Although differentiated thyroid cancer (DTC)
has a good prognosis with 80-95% 10-year survival rates,
1—7% of papillary thyroid cancer (PTC) and 7 —-20% of fol-
licular thyroid cancer (FTC) patients have bone metastasis,
which is associated with a worse prognosis (1). The overall

10-year survival rate for patients with DTC bone metastasis is
0-34% (2-9). The mean survival for those patients is esti-
mated to be about four years (6,10). Furthermore, anaplastic
thyroid cancer (ATC), which accounts for 1% of all thyroid
cancers, commonly has features of marked invasiveness with
an extremely poor survival (11-13), and ~5-15% of ATC
patients have distant metastasis in the bone (14).
Radioactive iodine therapy is the standard treatment
of choice for iodine-avid tumors for DTC bone metastasis
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patients; however, its efficacy for bone metastasis is limited
especially with osteolytic lesions (15-18). Furthermore,
comprehensive management strategies using surgical exci-
sion of bony lesions, external beam radiotherapy, arterial
embolization, chemotherapy including tyrosine kinase inhib-
itors, and/or bone-targeting agents such as zoledronic acid or
denosumab have been used in bone metastasis patients, but
their therapeutic efficacies are low (19). Moreover, there are
no effective treatment options for iodine-nonavid lesions
or ATC bone metastasis. Thus, developing new treatment
strategies is urgently needed.

The bone microenvironment consists of several cell types,
including osteoblasts and osteoclasts. Osteoblasts are the
major component of bone, which synthesize bone tissues, and
osteoclasts are multinucleated cells derived from hemato-
poietic/myeloid progenitors that resorb the bone matrix (20).
Although osteoclasts have key roles in the process of bone
resorption, it is also coordinated by coupling signals between
osteoclasts and osteoblasts using the receptor activator of
nuclear factor kappa-B (RANK)-receptor activator of nu-
clear factor kappa-B ligand (RANKL)-osteoprotegerin (OPG)
system (21). Briefly, osteoblastic production of RANKL binds
to the membrane receptor RANK on osteoclasts, leading to
osteoclast differentiation and activation (22). In bone metas-
tasis, osteoblastic production of RANKL is stimulated by
inflammatory cytokines such as interleukin (IL)-1, IL-6, and
PTHrP derived from cancer cells, and sequentially, RANKL
activates osteoclasts resulting in osteolytic bone destruction
(23,24). The osteolytic bone microenvironment also stimu-
lates the release of the growth factors such as IGF, Ca2+, or
TGF-f from the bone surface and promotes cancer cell growth
(25). Collectively, three cell components, osteoblasts, osteo-
clasts, and cancer cells, produce synergistic effects on tumor
growth in bone. Thus, targeting a single component will not
likely be effective for the treatment of bone metastasis.

Metformin, as an AMPK activator, has been established to
have an anticancer role in various human cancers, including
thyroid cancer (26-28). Metformin inhibited cancer cell
growth, migration, and mesenchymal transition through
AMPK activation in various thyroid cancer cell lines (29,30).
Furthermore, metformin treatment reduced tumor growth in a
xenograft mouse model of PTC (31) or in an obesity-induced
FTC model (32). However, the therapeutic effects of met-
formin on metastatic cancer are unclear. An animal study on
breast cancer showed that metformin effectively suppressed
primary tumor growth with a metabolic phenotype of high
fuel intake, while it had minimal effects on metastatic tumors
in the lungs with a high density of inflammatory cells (33).
High mitochondrial glycerophosphate dehydrogenase ex-
pression in the metastatic thyroid cancer model has been
reported to increase sensitivity to metformin (34). The ther-
apeutic effects of metformin on bone metastasis have not
been studied. Meanwhile, AMPK was shown to be a negative
regulator of RANKL in the differentiation of osteoclasts (35).
Furthermore, metformin stimulates an increase of OPG and a
decrease of RANKL expression in the rat proximal tibia,
resulting in the prevention of ovariectomy-induced bone
loss (36). Given these actions of modulating the OPG and
RANKL ratio, metformin may be an efficient therapeutic
drug for bone metastasis by affecting not only cancer cells but
also the bone microenvironment of the metastatic niche. The
aim of this study was to investigate the therapeutic effects of

metformin on thyroid cancer bone metastasis, focusing on the
regulation of the bone microenvironment metastatic niche.

Materials and Methods

The study was approved by the institutional review board
of Seoul National University Hospital (No. 1706-069-859),
and all patients signed a written informed consent before
enrollment. The study was conducted in accordance with the
International Conference on Harmonization Good Clinical
Practice guidelines and the provisions of the Declaration of
Helsinki.

Reagents

Metformin biguanide and SC144 were purchased from
Sigma Aldrich (St. Louis, MO). Anti-human IL-6 antibody,
anti-human soluble IL-6 receptor (sIL-6R) antibody and anti-
mouse gpl30 antibody were purchased from R&D Systems
(Minneapolis, MN).

Cell culture and preparation of conditioned media

FRO (Supplementary Fig. S1) and SW1736 (Supplemen-
tary Fig. S2) cells (anaplastic thyroid carcinoma cell line)
were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (WELGENE, Seoul, Korea) containing 10%
fetal bovine serum (FBS; WELGENE) and 1% penicillin
(100 unit/mL)/streptomycin (100 ug/mL; Gibco, New York,
NY). Primary mouse osteoblasts were cultured in ¢-minimum
essential medium («-MEM) modification (WELGENE)
containing 10% FBS and 1% penicillin (100 unit/mL)/
streptomycin (100 ug/mL). All cells were cultured at 37°C in
5% CO, and 95% air. FRO and SW1736 cells were cultured
in RPMI 1640 medium supplemented with 10% FBS. Upon
reaching 80% confluence, the cells were washed once with
phosphate-buffered saline (PBS), and the medium was re-
placed with RPMI 1640. The conditioned medium (CM) was
collected one day past confluence.

Isolation of mouse primary osteoblasts

Murine primary osteoblasts were isolated from the calvariae
of one-day-old Crl:CD1 mouse pups. Briefly, the calvariae
were removed and washed with Hank’s Balanced Salt Solu-
tion (Gibco). And then, the calvarial tissues were placed in o-
MEM containing penicillin (100 unit/mL)/streptomycin
(100 pug/mL), 0.1% collagenase, and 0.2% dispase in a shaking
incubator at 37°C for digestion. The first 15-minute digests
were discarded, and the second to fifth 15-minute digests were
harvested and filtered through a 70 um nylon filter (SPL Life
Sciences, Seoul, Korea). The filtrates were centrifuged for
5 minutes at 550 g; the supernatant was removed, and the cells
were plated at 5x 10° cells/mL onto a 10 cm dish. After three
days, the cells were detached from the culture dish by treating
them with trypsin-EDTA (Gibco) and collected after centri-
fugation. The first attached cells were designated as ‘‘passage
0.”” Only the second passage of cells was used for experiments.

Isolation of whole bone marrow cells

Whole bone marrow cells (WBMCs) were isolated from
4-week-old male C57BL/6 mice by flushing with «-MEM
containing penicillin (100 unit/mL)/streptomycin (100 pug/mL).
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Cells were filtered through a 70 um nylon filter and centrifuged
for 5 minutes at 550 g. Then, the WBMCs were collected.

Isolation of bone marrow-derived
monocytes/macrophages

Bone marrow-derived monocytes/macrophages (BMMs)
were isolated from 4-week-old male C57BL/6 mice by
flushing with «-MEM (Gibco) containing penicillin (100
unit/mL)/streptomycin (100 ug/mL). The cells were filtered
through a 70 um nylon filter, centrifuged for 5 minutes at
550 g, and then plated in a 90 x 15 mm Petri dish at 3x10°
cells in «-MEM containing 10% FBS and 1% penicillin (100
unit/mL)/streptomycin (100 ug/mL) with macrophage colony
stimulating factor (M-CSF) (30 ng/mL; R&D Systems). One
day after, the attached BMMs were harvested by scraping.

Osteoclastogenesis assay

Isolated WBMCs were seeded at a density of 1x 10° cells/
well in a 96-well plate into «-MEM containing 10% FBS and
1% penicillin (100 unit/mL)/streptomycin (100 ug/mL) with
M-CSF (30 ng/mL), 1,25 (OH), vitamin D3 (10 nM), and PGE,
(1 uM). WBMC:s were cultured in the presence or absence of
metformin (1 mM) and ATC-CM (10%) for 14 days. Isolated
BMMs were seeded at a density of 3 x 10* cells/well in a 96-
well plate into «-MEM containing 10% FBS and 1% peni-
cillin (100 unit/mL)/streptomycin (100 ug/mL) with M-CSF
(30ng/mL) and RANKL (5 ng/mL; R&D Systems). BMMs
were cultured in the presence or absence of metformin (1 mM)
and CM (10%) for 5 days. Osteoclasts were identified by
staining for tartrate-resistant acid phosphatase (TRAP).

Animal experiments

Five-week-old female BALB/c nu/nu mice were pur-
chased from Orient Bio, Inc. (Sungnam, South Korea) and
housed in a specific pathogen-free facility. The Institutional
Animal Care and Use Committee approved the protocols for
the animal study (No.SNU-170607-6-4), and all animals
were maintained and used in accordance with the Guidelines
for the Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, Seoul National University.
Thyroid cancer cells (2 X 10%70 uL PBS) were mixed with
30 uL of Matrigel (BD Biosciences, Franklin Lakes, NJ) and
implanted subcutaneously in the flank area of each mouse.
Metformin was diluted in drinking water (2mg/mL) and
orally administrated throughout the indicated time periods.
For the tumor development study, metformin was given im-
mediately after tumor injection and until the end of the study
(days 0-16). Tumor sizes were measured at least twice per
week, and the tumor volume was calculated with the fol-
lowing equation: Volume="Y2xaxb? where a is the long
tumor diameter, and b is the short tumor diameter (37). After
16 days, mice were euthanized. Subsequently, tumors were
surgically removed and fixed with 4% paraformaldehyde.
For intratibial injection, mice six weeks old were anesthe-
tized with isoflurane during the tumor injection procedure.
A predrilled hole was created in the proximal tibia of mice
using a 30G needle. Luciferase-tagged thyroid cancer cells
(2x10°/10 uL. PBS) were injected into the right proximal
tibia using the Hamilton syringe with a 30G needle. To obtain
in vivo bioluminescence imaging, mice were injected intra-
peritoneally with 100 uL. (3 mg/mL PBS) of p-Luciferin
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(Perkin Elmer, Wellesley, MA). Ten minutes after substrate
injection, the animals were imaged by the Bioluminescence
Imaging System (IVIS 100; Perkin Elmer).

Preparation of bone marrow serum

Bone marrow contents were harvested by centrifugation
at a rate of 845 g and resuspended in 50 uL. PBS. The su-
pernatants were called ‘‘bone marrow serum.”

Histologic assays and TRAP staining

Formalin-fixed, paraffin-embedded tibia tissues were
evaluated with cytokeratin 8 immunohistochemistry staining
(1:200; Abcam, Cambridge, MA). Tibiae were fixed in 4%
paraformaldehyde solution for 48 hours and decalcified in
0.5M EDTA for 14 days at 4°C. The paraffin-embedded
tibiae were sectioned at a thickness of 3 um and stained
with the anti-cytokeratin 8 antibody. TRAP staining on the
bone section was done with a TRAP staining kit (Kamiya
Biomedical Company, Tukwila, WA).

Cell viability/cell proliferation assay

For the cell viability study, cells were seeded onto a 96-
well tissue culture plate with 100 uL. of medium at 8 X
10? cells/mL. After culturing for 1 day, the cells were rinsed
with PBS and treated with metformin at various concen-
trations (0—10 mM) for 48 hours, and a CCK-8 assay was
performed (Dojindo, Kumamoto, Japan). CCK-8 solution
(10 L) was added to each well, and after a 2-hour incubation,
the absorbance at 450 nm was measured with a microplate
reader (SpectraMax 190; Molecular Devices, San Jose, CA).
For the cell proliferation assay, cells were seeded into a 96-
well culture plate with 3 x 10° cells. After culturing for 1 day,
cells were treated with metformin (5 mM) for 48 hours, and a
CyQUANT cell proliferation assay was performed (Invitro-
gen, San Diego, CA). Cell lysis buffer with green fluorescent
dye (200 uL) was added to each well, and after 5 minutes of
incubation at room temperature, fluorescence with excitation
at 480 nm and emission at 530 nm was measured with a mi-
croplate reader (Synergy HTX; BioTek, Winooski, VT).

Western blot analysis

Cell lysates for Western blot analysis were harvested using
the RIPA buffer (Thermo Fisher Scientific, Waltham, MA).
Anti-pSTATS3 (dilution ratio 1:1000, 9145S; Cell Signaling,
Danvers, MA), anti-STAT3 (dilution ratio 1:1000, 9139S;
Cell Signaling), anti-pAMPK (dilution ratio 1:1000,
25318S; Cell Signaling), anti-AMPK (dilution ratio 1:1000,
25328; Cell Signaling), anti-GAPDH (dilution ratio 1:5000,
sc-25778; Santa Cruz, Dallas, TX), anti-NFATCI1 (dilution
ratio 1:1000, sc-7294; Santa Cruz), or anti-c-FOS (dilution
ratio 1:1000, 2250S; Cell Signaling) antibodies were used.
The results are presented as the average of three independent
experiments.

Enzyme-linked immunosorbent assay

The mouse RANKL Quantikine enzyme-linked immuno-
sorbent assay (ELISA), mouse OPG Quantikine ELISA,
human IL-6 Quantikine ELISA, human sIL-6R Quantikine
ELISA, human IL-11 Quantikine ELISA, and human LIF
Quantikine ELISA kits were purchased from R&D Systems.
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The human Oncostatin M ELISA kit was purchased from
Abcam. The levels of cytokines in the CM were measured
according to the manufacturer’s instructions. Absorbance at
450 nm was measured with a microplate reader (SpectraMax
190). (Less than 50% cross-species reactivity was observed
with species tested in the mouse OPG ELISA, human IL-6
ELISA, human IL-11 ELISA, and human LIF ELISA; the
cross-species reactivity of the mouse RANKL ELISA, human
sIL-6R ELISA, and human M ELISA was not tested.).

Retrovirus generation and transduction

To generate the retrovirus, pMSCV-CMV/Luc was trans-
fected into the platinum-A retroviral packaging cell line
using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Supernatants with the retrovirus
from the transfected cells were collected 48 hours after
transfection. The media were then centrifuged for 10 minutes
at 550 g and filtered through a 0.2 um syringe filter. The FRO
cells were transduced with the retrovirus and polybrene
(8 mg/mL) by spin infection at 1000 g for 90 minutes at 37°C
(FRO/L). FRO/L were selected in puromycin.

Statistical analysis

Data are expressed as the meanztstandard deviation.
The statistical analysis was performed by #-test and analysis
of variance (ANOVA) test using the GraphPad Prism soft-
ware version 8. A p-value of less than 0.05 was considered
significant.

Results

Antitumoral effects of metformin on ATC cells in vitro
and xenografts in vivo

To examine the cytotoxic effects of metformin on ATC cells,
FRO and SW1736 cells were treated with metformin at con-
centrations of 0, 0.1, 1, or 5mM for 48 h, and the cell viability
was determined by CCK-8 assays. Figure 1A shows that met-
formin significantly reduced the growth by 63% in the FRO and
40% in the SW1736 cells. The CyQUANT cell proliferation
assay showed that a 48-hour metformin treatment reduced cell
proliferation in both the FRO and SW1736 cells (Fig. 1B). In
addition, flow cytometric analyses showed that metformin sig-
nificantly increased the AnnexinV*PI™ cell population by four-
fold and threefold in the FRO and SW1736 cells, respectively
(Fig. 10), suggesting enhanced early cell apoptosis. We then
investigated whether these antitumoral effects of metformin
could be evoked in an ectopic tumor model in vivo. Xenograft
tumors were established by subcutaneous injections of ATC cells
into athymic nude mice, and metformin treatment was carried
out for 16 days. Different from the in vitro effects, metformin
treatment showed minimal reductions in tumor growth in the
SW1736 cells (22%, p =0.029), and no effects on tumor growth
in the FRO cells (Fig. 1D). Collectively, the antiproliferative
effects of metformin were less sensitive in the ATC-xenograft
in vivo compared with the ATC cell growth in vitro.

Metformin reduces ATC tumor growth
in bone metastasis

The therapeutic effects of metformin on bone metastasis
were studied. Luciferase-tagged FRO cells were injected into
the proximal tibiae of athymic nude mice, and metformin was

given by drinking water for four weeks. After 4 weeks, serum
metformin levels were measured in a range from 6.7 to
21 mg/L, while those levels were undetectable in the control
group (Supplementary Table S1).

At two and four weeks, bioluminescence images showed that
luciferase activities were significantly reduced in the metformin
group compared with the control group (Fig. 2A). In radiogra-
phy results, radiolucent osteolytic lesions were reduced by 67%
in the metformin group compared with the control group
(Fig. 2B). Moreover, cancer cell-specific staining using an anti-
cytokeratin antibody showed that tumor areas were significantly
reduced by 36% in the metformin group compared with the
control group (Fig. 2C). In addition, the numbers of TRAP-
positive osteoclasts on the bone surface adjacent to the tumor
area were significantly lower in the metformin group compared
with the control group (Fig. 2D). The protein levels of RANKL
in the bone marrow serum were significantly reduced in the
metformin group compared with the control group (Fig. 2E).
The bone metastasis model with SW1736 cells also demon-
strated that metformin treatment inhibited tumor growth (Sup-
plementary Fig. S3A) and decreased the RANKL levels in the
bone marrow serum (Supplementary Fig. S3B). Taken together,
metformin inhibited ATC tumor growth in the bone with re-
duced osteoclast numbers in the tumor-adjacent bone and de-
creased RANKL production in the bone marrow serum.

Metformin inhibits ATC-CM-induced osteoblastic
RANKL production and osteoclast differentiation
in whole marrow cultures

To explore whether these in vivo effects of metformin were
directly caused by modulating bone cell actions, osteoblasts
were treated with metformin in the presence of ATC-CM
to mimic the tumor microenvironment. Reverse transcription
polymerase chain reaction analysis showed that treatment
with FRO- or SW1736-CM significantly increased the Rankl
expression, and metformin abolished it (Fig. 3A). In contrast,
Opg expression was not significantly changed by FRO-CM or
SW1736-CM, or by metformin treatment (Fig. 3B). Treat-
ment with FRO- or SW1736-CM also increased the protein
levels of RANKL in osteoblasts, and these effects were
blocked by metformin treatment (Fig. 3C).

To verify whether metformin treatment could affect ATC-
CM-induced osteoclast differentiation, whole marrows that
included osteoblast/stromal cells and BMMs were cultured,
and osteoclastogenesis was induced using 1,25 (OH), vita-
min D5 and PGE, for 12 days. The number of TRAP-positive
multinuclear cells was significantly increased in the FRO- or
SW1736-CM-treated groups, which was abolished by the
metformin treatment (Fig. 3D). Trab5bh and Cathepsin K,
markers for osteoclast differentiation, were significantly
upregulated by the FRO- or SW1736-CM treatment in the
whole marrow cultures, while the metformin treatment re-
duced them (Fig. 3E, F). Taken together, metformin inhibited
ATC-CM-induced osteoblastic RANKL production and re-
duced osteoclast differentiation in whole marrow cultures.

ATC-CM containing the IL-6 superfamily increases
the RANKL production of osteoblasts
through the gp130/STAT3 pathway

To obtain further mechanistic insights, we investigated
which factors in the ATC-CM stimulate osteoblastic
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FIG. 1. Metformin effects on ATC cell survival in vitro and in vivo. (A) FRO or SW1736 cells were treated with

metformin (0, 0.1, 1, 5 mM) for 48 hours, and cell viability was measured by the CCK-8 assay. FRO or SW1736 cells were
treated with metformm (5 mM) for 48 hours (B) Cell proliferation was measured by CyQUANT analy51s (C) Cell apoptosis
was measured by flow cytometric analy51s with Annexin V/PI staining. (D) FRO cells (2x10°/70 uL. PBS with 30 uL
Matrigel) or SW1736 cells (1x107/70 uL. PBS with 30 uL Matrigel) were subcutaneously injected into mice (female,
6 weeks old). Metformin (2 mg/mL in water) was provided immediately after tumor cell injection until the end of the study.
Tumor growth curves of the control and metformin groups from day 7 to 16. *p <0.05 versus metformin(—). ATC, anaplastic

thyroid cancer; PBS, phosphate-buffered saline.

production of RANKL. First, to validate whether the essential
factors were proteins, ATC-CMs were heat inactivated. After
the heat-inactivation, the ATC-CM-induced Rankl expres-
sions were significantly reduced in osteoblasts by 81% and
73%, respectively (Fig. 4A), suggesting that functional pro-
teins have pivotal roles in its expression. To further explore
the effector proteins for osteoblastic RANKL induction,
FRO-CM was subjected to a cytokine array kit that included
36 protein targets (data not shown). IL-6, known as an os-
teoclastogenic modulator by the IL-6/sIL-6R complex (38),
was present abundantly in the FRO-CM compared with the
control-CM. ELISA showed that both IL-6 and sIL-6R were
detected in the FRO-CM and SW1736-CM (Supplementary
Table S2). Because the IL-6/sIL-6R complex has been shown

to produce RANKL in osteoblasts by gp130, a common
receptor for all IL-6 superfamily cytokines (39), we then
blocked it using anti-gp130 antibodies. In osteoblasts, ATC-
CM-induced Rankl expression was significantly decreased by
the treatment with the anti-gp130 (Fig. 4B). In addition, in-
hibition of gpl130 significantly decreased the ATC-CM-
induced STAT3 phosphorylation in osteoblasts (Fig. 4C). To
validate our finding, we then used SC144, which is a small
molecule that specifically inhibits gp130 (40,41). The inhi-
bition of gpl130 by SC144 also decreased the ATC-CM-
induced STAT3 phosphorylation (Fig. 4D) and Rankl
expression (Fig. 4E) in osteoblasts. Collectively, ATC-CM
containing IL-6/sIL-6R induced RANKL production through
gp130/STATS3 signaling in osteoblasts.
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FIG. 2. Metformin inhibits the tumor growth of ATC cells in murine bone. Luciferase-tagged FRO cells (2 x 10°/10 pL
PBS) were injected into the murine bone via intratibial injection. Metformin (2 mg/mL in water) was provided immediately
after tumor cell injection until the end of the study. Tumors in the bone were quantified by (A) bioluminescence imaging
and (B) X-ray imaging at 14 days. After euthanization, the bone was harvested and decalcified, and histologic examination
was performed. (C) Tumor volumes per bone volume were analyzed. (D) TRAP staining was performed, and the number of
osteoclasts per tumor area was analyzed. (E) RANKL proteins were measured in the bone marrow serum. RANKL, receptor
activator of nuclear factor kappa-B ligand; TRAP, tartrate-resistant acid phosphatase.

Metformin inhibits STAT3 phosphorylation
by AMPK activation

We then investigated whether metformin inhibited the
ATC-CM-activated gpl130/STAT3 signaling pathway in
osteoblasts. In osteoblasts, metformin treatment reduced
the ATC-CM-induced STAT3 phosphorylation (Fig. 5A).
Moreover, metformin-mediated AMPK phosphorylation
was augmented by 2.6- and 1.7-fold more in the presence
of the ATC-CM compared with the control-CM, respectively
(Fig. 5B). In addition, AICAR treatment, an AMPK activator,
also inhibited STAT3 phosphorylation in osteoblasts in the
presence of ATC-CM (Fig. 5C), suggesting that the activa-
tion of AMPK inhibits STAT3 phosphorylation, especially in
the condition of tumor microenvironments.

To further explore the clinical relevance of these find-
ings, 68 thyroid cancer patients were recruited. Among
them, 40 patients had no distant metastasis (designated

“no-DM”’), 13 patients had lung-only metastasis (desig-
nated “‘Lung-only’’), and 14 patients had bone metastasis
(designated ‘““BM’’). Ten of the 14 patients in the BM group
showed multiple sites of metastasis, including the lung,
spleen, and kidney. Supplementary Table S3 summarizes
the clinical characteristics of the patients. The diagnostic
age was significantly younger in the no-DM group than in
the Lung-only or the BM group. All patients in the no-DM
and the Lung-only group had PTC, while 38% and 24% of
the patients in the BM group had ATC and FTC, respec-
tively. The serum RANKL levels were significantly higher
in the BM group than in the no-DM or Lung-only group
(Fig. 5D). Furthermore, tumor burdens of bone metastasis
were classified into two groups, high- and low-burden
groups based on the bone scan images and/or the '*F FDG-
PET scan. Serum RANKL levels were higher in the high-
burden than in the low-burden groups (Fig. SE). In addition,
serum thyroglobulin levels, a tumor marker for thyroid
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cancer, which is not specific to skeletal metastasis, were
significantly higher in the BM group than in the other
groups (Supplementary Table S3). Serum C-telopeptide, a
marker for bone resorption, was also significantly higher in
the BM group than in the other groups (Supplementary
Table S3).

Metformin reduces the ATC-CM-mediated osteoclast
differentiation in murine BMMs

A previous study showed that metformin directly sup-
pressed osteoclast differentiation in BMMs by inhibiting
AMPK activation (35). Thus, we investigated whether the
ATC-CM could stimulate osteoclast differentiation in BMMs,
and if so, what is the function of metformin on BMMs. The

number of TRAP-positive multinuclear cells was significantly
increased in the ATC-CM-treated groups compared with
the control-CM group, and metformin treatment blocked it
(Fig. 6A). TRAP5b and Cathepsin K were significantly in-
duced by the ATC-CM during the osteoclastogenic differen-
tiation of the BMMs, and these effects were reduced by
metformin treatment (Fig. 6B, C). To verify the effect of
metformin in BMM cell signaling, we performed Western
blots with an anti-NFATC1 and anti-c-Fos antibody. FRO- or
SW1736-CM treatment resulted in a significant induction
of NFATCI1 and c-Fos expression, and metformin treatment
blocked it (Fig. 6D and Supplementary Fig. S4). Hence,
metformin directly inhibited cancer-mediated activation of
osteoclastogenesis by reducing the RANK/c-Fos/NFATCI1
signaling. These results suggest that osteoclast differentiation
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SC144(-). IL, interleukin.

of BMMs was accelerated with the ATC-CM, which can be
blocked by metformin treatment.

Discussion

In the present study, we demonstrated three independent
actions of metformin to prevent ATC cell BM tumor growth
(Fig. 6E). Metformin directly reduced cancer cell viabilities
by inducing apoptosis, inhibited osteoclast differentiation
of BMMs by reducing transcription factors such as NFATC1
and c-Fos, and most importantly, blocked osteoblastic
RANKL production by inhibiting gpl130/STAT3 signaling
through AMPK activation in the metastatic tumor environ-
ment of the bone. Moreover, this study verified that ATC
producing the IL-6 superfamily has essential roles in osteo-
blastic RANKL production and the sequential activation of
osteoclasts by blocking gpl130/STAT3 signaling in an

AMPK-dependent manner. To our knowledge, the present
study is the first report demonstrating the therapeutic effects
of metformin on bone metastasis in vivo and demonstrates the
mechanism of metformin on cancer-induced osteoblastic
RANKL production.

Previous studies demonstrated that metformin inhibits
RANKL production in osteoblasts, which results in reducing
osteoclast differentiation in vitro (36). Based on these cell
experiments, a hypothesis has been suggested that metformin
has inhibitory effects on bone metastasis of cancer through
the OPG/RANKL/RANK system (42). However, it has not
been verified in in vivo models yet, and a discrepancy exists
generally in the translation of in vitro findings to in vivo
systems in the field of drug development. Indeed, the driving
force of osteoclast activation in BM is extremely strong
compared with other benign pathologies because of the in-
cessant production of inflammatory cytokines and RANKL
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from cancer cells and osteoblasts. Thus, to prove the exact
effects of metformin using an in vivo model of BM is crucial
for developing novel strategies to treat it.

To investigate the major contributing factors for osteoclast
activation in the tumor microenvironment of thyroid cancer
BM, we analyzed thyroid cancer cell factors. Interestingly,
cytokines of the IL-6 superfamily (IL-6, sIL-6R, and IL-11),
were abundantly contained in the ATC-CM. The IL-6 su-
perfamily is well-established cytokines that stimulate Rankl
expression in osteoblast and osteoclast activation (38,43). In
the present study, STAT3 phosphorylation was induced in
osteoblasts, and blocking IL-6/STATS3 signaling by inhibit-
ing gpl130, a common receptor for the IL-6 superfamily,
potentially inhibited the ATC-CM-induced pSTAT3 and
RANKL production. More interestingly, metformin inhibited
STAT3 phosphorylation by activating AMPK and reduced
osteoblastic RANKL production. Consistent with our study, a
previous study also showed that AMPK inhibits STAT3
phosphorylation in the HepG?2 cell system (44). Activation of
osteoclasts in BM cannot be amplified by a single factor but
rather through the synergistic effects of multiple cytokines.
Therefore, targeting a single molecule may not be impactful.
Indeed, depletion of IL-6 receptor alone showed no effects on
inhibiting ATC-CM-induced osteoblastic RANKL expres-
sion. Collectively, targeting common factors such as gp130
could be a beneficial strategy for BM, and metformin is an
effective candidate for targeting gp130/STAT3 signaling.

BM has been classically classified into two types, osteo-
blastic or osteolytic metastasis. Most patients with lung
cancer have predominantly osteolytic lesions (45). Osteolytic
lesions are increased by tumor-derived osteolytic factors such
as IL-6, IL-11, PTHrP, and RANKL (46). The bone matrix
releases the growth factors when stimulated osteoclasts by
osteolytic factors destroy the bone surface, which promotes
progression of cancer and the vicious cycle of BM (25).
Meanwhile, osteoblastic lesions often occur in prostate can-
cer (47). Colonized prostate cancer cells in the bone release
the growth factors, such as platelet-derived growth factor,
insulin-like growth factors, and bone morphogenetic pro-
teins, which are factors that induce the activity of osteoblasts
(46). Stimulation of osteoblasts by cancer cells increases
woven bone formation. Abnormal woven bone and the poor
quality of the bone increase the bone fractures and pain (25).
However, growing evidence suggests that these different
phenotypes of bone metastasis are mainly determined by the
time context rather than by a tissue-specific manner. In thy-
roid cancer BM, mixed phenotypes of both osteoblastic and
osteolytic lesions are generally observed at one time on the
diagnostic images (19). Similar to other bone-targeting
agents blocking osteoblasts, such as zoledronic acid or de-
nosumab, metformin would effectively work on the phase of
osteoclast activation. Moreover, because metformin had
multifactorial effects on RANKL inhibition, inhibiting can-
cer cell proliferation, inducing cell apoptosis, and directly
inhibiting osteoclast differentiation; thus, metformin could
have synergistic effects on current bone-targeting agents.

The present study demonstrated BM-specific increases of
serum RANKL in metastatic thyroid cancer patients, sug-
gesting that metformin can be a potential therapeutic for these
patients. In line with the present study, serum RANKL was
used as a marker for predicting disease progression and
treatment response of BM in breast cancer (48). However, in

the present study, the baseline clinical characteristics such
as age were different between patient groups with or without
BM. Because serum RANKL level correlates with age-
related physiologic bone loss (49), age can be a confounding
factor in the present study. Further well-designed prospec-
tive studies are needed to validate the clinical use of serum
RANKL levels as a companion diagnostic for osteoclast-
targeting novel therapeutics such as metformin.

Metformin has been extensively studied in various aspects
of cancer therapy, and many clinical studies are ongoing.
However, the therapeutic potential of metformin targeting
BM has not been suggested. In addition, the strength of this
study is that the therapeutic potential of metformin on BM
has been demonstrated within the therapeutic range. In this
study, the serum metformin concentration ranged from 6.7 to
21 mg/L. A systemic review from 120 human studies dem-
onstrated that the therapeutic range of metformin in human
plasma ranged from 0.129 to 90mg/L, and the lowest and
highest boundaries were 0 and 1800mg/L (50). Further
clinical study is needed to validate it.

One limitation of this study is that all experimental data
were collected with ATC cell lines. Previous studies have
demonstrated that 5-15% of patients with ATC have BM
(51-54); however, most of the ATC patients were still
diagnosed with locally advanced cancer in the neck and
showed extremely poor survival. To extend the clinical use of
our findings, further study is needed in DTC, including FTCs
and PTCs.

In conclusion, we validated the multifactorial anticancer
actions of metformin, inhibiting cancer cell growth, osteo-
clast differentiation, and osteoblastic RANKL production.
Thus, metformin can be a potent drug for ATC BM.
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