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Background: We have shown that thyroid-stimulating hormone (TSH) has a direct inhibitory effect on osteo-
clastic bone resorption and that TSH receptor (TSHR) null mice display osteoporosis. To determine the stage of
osteoclast development at which TSH may exert its effect, we examined the influence of TSH and agonist TSHR
antibodies (TSHR-Ab) on osteoclast differentiation from murine embryonic stem (ES) cells to gain insight into
bone remodeling in hyperthyroid Graves’ disease.
Methods: Osteoclast differentiation was initiated in murine ES cell cultures through exposure to macrophage
colony stimulation factor, receptor activator of nuclear factor kB ligand, vitamin D, and dexamethasone.
Results: Tartrate resistant acid phosphatase (TRAP)-positive osteoclasts formed in *12 days. This coincided
with the expected downregulation of known markers of self renewal and pluripotency (including Oct4, Sox2,
and REX1). Both TSH and TSHR-Abs inhibited osteoclastogenesis as evidenced by decreased development
of TRAP-positive cells (*40%–50% reduction, p¼ 0.0047), and by decreased expression, in a concentration-
dependent manner, of osteoclast differentiation markers (including the calcitonin receptor, TRAP, cathepsin K,
matrix metallo-proteinase-9, and carbonic anhydrase II). Similar data were obtained using serum immuno-
globulin-Gs (IgGs) from patients with hyperthyroid Graves’ disease and known TSHR-Abs. TSHR stimulators
inhibited tumor necrosis factor-alpha mRNA and protein expression, but increased the expression of osteo-
protegerin (OPG), an antiosteoclastogenic human soluble receptor activator of nuclear factor kB ligand receptor.
Neutralizing antibody to OPG reversed the inhibitory effect of TSH on osteoclast differentiation evidencing that
the TSH effect was at least in part mediated by increased OPG.
Conclusion: These data establish ES-derived osteoclastogenesis as an effective model system to study the regu-
lation of osteoclast differentiation in early development. The results support the observations that TSH has a bone
protective action by negatively regulating osteoclastogenesis. Further, our results implicate TSHR-Abs in offering
skeletal protection in hyperthyroid Graves’ disease, even in the face of high thyroid hormone and low TSH levels.

Introduction

Bone density measurements have demonstrated that
bone loss is common in patients with overt hyperthy-

roidism (1). Decreases in bone mass have been observed even
in patients with mild (subclinical) hyperthyroidism, where
thyroid hormones are within the normal range, but thyroid-
stimulating hormone (TSH) is low or undetectable (2,3) and
both women and men with TSH in the low normal range have
lower bone density measurements (4,5). Nevertheless, these
bone changes have still been considered secondary to thyroid
hormone excess (6) via the action of tri-iodothyronine (T3)
receptors (7).

We first reported that the hypothyroid TSH receptor
(TSHR) knockout (KO) mouse, and even haploinsufficient
mice with normal thyroid hormone levels had decreased bone
mass (8). This observation has since been claimed to be purely
secondary to the hypothyroidism and our observation in the
euthyroid haploinsufficient mice ignored (9). We subse-
quently showed that the TSHR was expressed in both osteo-
clasts and osteoblasts, and that TSH reduced osteoclast
activity, which in turn was related to decreased local pro-
duction of tumor necrosis factor-alpha (TNFa) (10). While
others were unable to show such TSH effects using even high
doses of TSH in vitro (9), we have continued to obtain sup-
portive data. For example, low doses of TSH increased bone
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volume and improved the microarchitecture in ovariecto-
mized rodents (11,12) at a time when there was no increase in
serum thyroid hormones. In humans, a significant inverse
correlation has been noted between serum TSH levels and
bone turnover markers, which were independent of serum
free thyroxine and T3 levels (13). Although there are no
available data on similar effects on the skeleton of agonist
TSHR antibodies (TSHR-Abs) found in hyperthyroid Graves’
disease, there is a distinct possibility that such antibodies may
bind to and activate the skeletal TSHR. In support of this
concept is a recent report that found an inverse relationship
between bone density loss and TSHR-Ab levels (14).

Both complete and partial absence of the TSHR in the
TSHR-deficient mouse stimulated osteoclast differentiation
(8). Since this was observed in heterozygotes, which were
euthyroid, it was not possible to explain such effects on the
basis of thyroid hormone influences. In contrast, the targeted
overexpression of the TSHR solely in osteoclasts in transgenic
mice attenuated osteoclastogenesis (10). We have also attrib-
uted the antiosteoclastogenesis action of TSH, in part, to the
suppression of TNFa through a transcriptional effect (10). This
was further demonstrated by the complete rescue of the en-
hanced osteoclastogenesis of TSHR-deficiency in double ho-
mozygote mice in which both the TSHR and TNFa genes were
deleted (10). Such genetic evidence, together with our phar-
macological studies, makes a compelling case for a role of the
TSHR in regulating osteoclastic bone resorption with opposite
effects to thyroid hormone.

The present study, therefore, had three objectives: (i) to
determine whether TSH specifically affected osteoclastogen-
esis in early development by using a stem cell model; (ii) to
study whether stimulating TSHR-Abs mimic the osteoclast-
inhibitory effects of TSH; and (iii) to investigate whether
TNFa is the sole mechanism of this action or whether alter-
ations in the human soluble receptor activator of nuclear
factor kB ligand (RANK-L)/osteoprotegerin (OPG) pathway
also mediate these effects.

To examine these possibilities in the early stage of osteo-
clast development, we have utilized a culture system in which
murine embryonic stem (ES) cells were induced to form os-
teoclasts by their simultaneous exposure to a cocktail of four
osteoclast differentiation factors (ODFs).

Materials and Methods

Growth and maintenance and differentiation of ES cells

Murine W9.5 ES cells were maintained in Dulbecco’s
modified Eagle’s medium containing 4.5 g/L L-D-glucose,
supplemented with 15% fetal bovine serum (FBS) (StemCell
Technologies, Inc.), 50 U/mL/50 mg/mL penicillin/strepto-
mycin, 1.5�10�4 M monothioglycerol, and 10 ng/mL leuke-
mia inhibitory factor (StemCell Technologies, Inc.) on 0.1%
gelatin-coated culture dishes, and were cultured in a humid-
ified chamber in a 5% CO2-air mixture at 378C. ES cells cul-
tures were passaged at 1:3–5 ratios every 2 days.
Undifferentiated ES cells were trypsinized and plated at
5�104 cells/cm2 in six-well plates; from days 4 to 12, osteo-
clast-like cells were induced by addition of ODFs (15): 10 ng/
mL human macrophage colony-stimulation factor (M-CSF),
50 ng/mL RANKL, 10�8 M 1a,25-dihydroxyvitamin D3 (1a,
25(OH)2D3), and 10�7 M dexamethasone (Dex) (Sigma-
Aldrich Corp.) into the medium. The medium was changed

every 2 days. On day 12, the differentiated cell population was
immediately fixed and used for cytochemical staining, or
harvested.

TSH and TSHR-Ab treatment of ODF cultures

From day 4 to 12, semi-purified TSH (Sigma-Aldrich
Corp.), or on day 10, hamster monoclonal TSHR-Ab MS1 (16)
or human monoclonal TSHR-Ab M22 (kindly supplied by
RSR Ltd.) (17), was added (1 mg/mL). We have previously
compared the TSHR stimulating activity of these two
monoclonal antibodies with TSH stimulating activity (18). At
these concentrations, M22 was equivalent to TSH, whereas
MS-1 had *60% of the activity. Serum IgG fractions, puri-
fied on Protein G columns (Amersham Biosciences), from two
patients with Graves’ disease and TSHR-Abs, and from a
normal control, were also used (1 mg/mL). On day 12, the cells
were collected for analysis using ODF-only treated cells as
control.

Tartrate-resistant acid phosphatase staining

Tartrate-resistant acid phosphatase (TRAP) staining of
osteoclast-like cells differentiated from ES cells was per-
formed as described (8) in which TRAP-positive cells devel-
oped an intense red color. The numbers of TRAP-positive
multinucleated cells, those containing three or more nuclei,
were counted using ocular grids. Three wells were measured
for each condition and these results were expressed as
mean� error of the mean.

Assay of resorbing activity of osteoclast-like cells

Undifferentiated ES cells were plated on a calcium phos-
phate apatite-coated plate (Osteoclast Activity Assay Sub-
strate, OAASTM from OCT USA, Inc.) at 1�104 cells/well. On
day 12, when TRAP-positive osteoclast-like cells appeared,
the cells were removed with a solution of 5% sodium hypo-
chlorite. Bone resorption activity was measured by direct
observation under phase-contrast microscopy. Resorption pit
numbers were determined by light microscopy in multiple
random fields.

RNA isolation

Total RNA (TRIzol; Invitrogen, Life Technologies) was
determined on the basis of absorbance at 260 nm, and its
purity was evaluated by the ratio of absorbance at 260/
280 nm (>1.9). After digestion of genomic DNA by treatment
with Ambion’s TURBO DNA-freeTM DNase I (Ambion), total
RNA (1 mg) was reverse-transcribed into cDNA with random
hexamers (Advantage; Clontech).

Quantitative reverse transcription–polymerase
chain reactions

Reverse transcription–polymerase chain reaction (RT-PCR)
was used to assess the expression of cathepsin K (CTSK), matrix
metallo-proteinase-9 (MMP-9), TRAP, carbonic anhydrase II
(CA2), and calcitonin receptor (CTR) mRNAs during osteoclast-
like cell differentiation. Quantitative RT-PCRs (qRT-PCRs) were
performed using the Applied Biosystem StepOnePlus Real-time
PCR system. The reactions were established with 10mL of SYBR
Green master mix (Applied Biosystems), 0.4mL (0.2mM) of
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sense/anti-sense gene-specific primers, 2mL of cDNA, and
DEPC-treated water to a final volume of 20mL. The PCR mix
was denatured at 958C for 60 seconds before the first PCR cycle.
The thermal cycle profile was denaturing for 45 seconds at
958C; annealing for 30 seconds at 578C–608C (dependent on
primers); and extension for 60 seconds at 728C. The following
primers were used: glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) sense, 50- AAC GAC CCC TTC ATT GAC-30;
GAPDH antisense, 50- TTC ACG ACA TAC TCA GCA C-30;
CTR sense, 50-CCA TTC CTG TAC TTG GTT GGC-30; CTR
antisense, 50-AGC AAT CGA CAA GGA GTG AC-30; TRAP
sense, 50-TAC AGC CCC CAC TCC CAC CCT-30; TRAP anti-
sense, 50-TCA GGG TCT GGG TCT CCT TGG-30; MMP-9
sense,50-CCT GTG TGT TCC CGT TCA TCT-30; MMP-9 anti-
sense, 50-CGC TGG AAT GAT CTA AGC CCA-30; CTSK sense,
50-GGA AGA AGA CTC ACC AGA AGC-30; CTSK antisense,
50-GTC ATA TAG CCG CCT CCA CAG-30; CA2 sense, 50- CAC
CCT TCC AAG ATC TTA TA-30; CA2 antisense, ATC CAT TGT
GTT GTG GTA TG-30; OPG sense, 50-TGA GTG TGA GGA
AGG GCG TTA C-30; OPG antisense, 50-TTC CTC GTT CTC

TCA ATC TC-30; TNFa sense, 50-TCC AGG CGG TGC CTA TGT
CT-30; TNFa antisense, 50-GTT TGA GCT CAG CCC CCT CA-30.
A total of 40 PCR cycles were used. PCR efficiency, uniformity,
and linear dynamic range of each qRT-PCR assay were assessed
by the construction of standard curves using DNA standards.
An average Ct (threshold cycle) from triple assays was used for
further calculation. For each target gene, the relative gene ex-
pression was normalized to that of the GAPDH housekeeping
gene. Data presented (mean) are from three independent ex-
periments in which all sample sets were analyzed in triplicate.

TSHR functional assessment

Cyclic adenosine monophosphate (cAMP) assays were
performed as previously described (18). Briefly, ES cells were
plated at a density of *1.0�105 cells/well on a 24-well plate.
On the 12th day, cultured cells were stimulated with
increasing concentrations of TSH for 1 hour with 2 mM 3-
isobutyl-1-methylxanthine. Intracellular cAMP generation
was measured by enzyme immunoassay (Assay Designs, Inc.).

FIG. 1. Osteoclast differentiation from murine ES cells using four ODFs. ES cells were cultured without (control) or with
medium containing ODFs for 12 days, allowing the formation of osteoclasts. Cultured cells were fixed and then stained as
described. (A) The cells stained for TRAP with enhanced intensity when cultured with ODFs (right panel) in contrast to
control cells (left panel). Osteoclasts were multinucleated cells of various sizes (indicated by arrows). (B) The development of
osteoclasts was measured as the increase in TRAP-positive multi-nucleated cells containing three or more nuclei, which were
counted using grids placed in the ocular lens of the microscope. Three wells were measured in total for each experimental
condition and results expressed as mean� SEM of triplicate cultures (*p< 0.01). (C) Loss of stemness was assessed by real-
time qPCR measurements for the expression of ES cell markers Oct4, Sox2, and REX1 in cells cultured with ODFs for 12 days.
Undifferentiated ES cells were used as control. Significant differences were indicated by an asterisk (*p< 0.01). (D) Differ-
entiation of osteoclasts was confirmed by real-time qPCR measurements for the transcriptional expression of osteoclast-
specific markers, including TRAP, CTR, CTSK, MMP-9, and CA2, in the cultured cells without (filled clear) or with (filled
black) ODFs. Significant differences were indicated by an asterisk (*p< 0.01). ES, embryonic stem; ODFs, osteoclast differ-
entiated factors; TRAP, tartrate-resistant acid phosphatase; SEM, standard error of the mean; qPCR, quantitative polymerase
chain reaction; CTSK, cathepsin K; MMP-9, matrix metallo-proteinase-9; CA2,carbonic anhydrase II; CTR, calcitonin receptor.
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Statistical analyses

Statistically significant differences were analyzed by anal-
ysis of variance or unpaired Student’s t-test as appropriate.
Differences were considered statistically significant when
p< 0.05. Values were presented as the mean� standard error
of the mean.

Results

Characterization of the osteoclast differentiation model

Osteoclasts are large, multinucleated syncytia of hemato-
poietic origin, specifically the monocyte-macrophage lineage,
and strongly express the enzyme TRAP. We differentiated ES
cells into osteoclasts, and microscopic examination suggested
that *10% cells had differentiated into TRAP-positive multi-
nucleated cells after 12 days (Fig. 1A, B). Critical expression
levels of the stem cell transcription factors Oct4, Sox2, and
REX1, which are required to sustain stem cell self-renewal and
pluripotency, were appropriately downregulated in the ES cells
after such differentiation (Fig. 1C). As expected, the gene ex-
pression profile of the differentiated cells favored osteoclasto-
genesis as evidenced by the enhanced transcriptional expression
of the ODFs—TRAP, CTR, CTSK, MMP-9, and CA2 (Fig. 1D).

Effects of TSH and TSHR-Abs on TRAP-positive
multinucleated cell formation and osteoclast
gene expression

The number of TRAP-positive multinucleated cells formed
from ES cells cultured with four ODFs was significantly de-

creased (54.72%� 3.4%, p¼ 0.0047) by the addition of TSH
(up to 1 mU/mL) at day 4 of differentiation (Fig. 2A). Simi-
larly, the transcription of osteoclast gene markers, including
CTR, TRAP, MMP-9, and CA2, were also decreased by TSH in
a dose-dependent fashion when assayed using real-time PCR
although changes in CTSK were minor (Fig. 2B). Similar ex-
periments performed with equivalent doses of monoclonal
TSHR-Abs (MS-1 and M22) gave essentially the same results
with significant inhibition of osteoclastogenesis (Fig. 3A). The
transcription of osteoclast gene markers, including TRAP,
CTR, CTSK, MMP-9, and CA2, were decreased by MS-1 in
a dose-dependent manner. Figure 3B illustrates the MS-1-
induced TRAP response as an example. To ascertain if these
effects were also mimicked by Graves’ disease patients TSHR-
Abs, IgG fractions from two patients with Graves’ disease and
a control IgG were used in 1mg/mL concentrations. One pa-
tient’s IgG (S1) markedly inhibited TRAP, CTSK, and CA2,
whereas the second (S2) was only moderately effective (Fig.
3C). The control IgG (Sn) had no inhibitory effect and rather
enhanced the expression of these genes.

Effects of TSH on the number of osteoclasts
differentiated from ES cells

To directly evaluate the effect of TSH on the number of
osteoclasts measured by their resorption activity, the ES cell
cultures were seeded in OAAS plates without or with four
ODFs in the absence or presence of TSH for 12 days. The cells
were then removed by a hypochorite wash and the number of
resorption pits counted. It was found that the number of re-

FIG. 2. The effect of TSH on
osteoclast differentiation. ES
cells were cultured with the
four ODFs for 12 days,
allowing the formation of
osteoclasts in the absence or
presence of increasing con-
centrations of TSH as indi-
cated. (A) TSH decreased the
number of TRAP-positive
multi-nucleated cells. TRAP-
positive multi-nucleated cells
containing three or more
nuclei were counted. Three
wells were counted in total
for each condition and results
expressed as mean� SEM of
triplicate cultures. (B) TSH
decreased specific osteoclast
markers in cultured cells. The
cells were subjected to real-
time qPCR analysis of TRAP,
CTR, CTSK, MMP-9, and
CA2 gene expression. Values
were normalized to GAPDH
RNA expression. TSH
showed a dose-dependent
decrease in all osteoclast
markers. The results are
representative of three inde-
pendent experiments. *The
p-value comparing ODFs
treatment versus ODFs treatment in the presence of TSH was< 0.01. TSH, thyroid-stimulating hormone; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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sorption pits decreased significantly with the addition of TSH
to the culture (Fig. 4A, B), confirming the reduction in osteo-
clast differentiation.

Expression of TSHR in osteoclasts from ES cells

We first investigated the expression of the TSHR in osteoclasts
differentiated from ES cells using RT-PCRs. These RT-PCR
studies displayed the expected TSHR species, indicating that the
differentiated osteoclast precursor cultures maintained normal
TSHR expression, as seen to a lesser extent with the undiffer-
entiated ES cells (Fig. 5A). This was confirmed by testing TSHR
function in osteoclast precursor cultures from undifferentiated
ES cells and ODF-treated ES cells by TSH-stimulated cAMP
generation. A dose-dependent cAMP response to TSH was
observed (Fig. 5B). This analysis demonstrated that the ODF-
cultured ES cells maintained fully functional TSHRs.

Effect of TSH and TSHR-Abs on OPG
during osteoclast differentiation

Osteoclast differentiation is regulated by the RANK/
RANKL/OPG ligand–receptor system. The binding of RANK

by RANKL induces differentiation of osteoclasts (19,20).
OPG acts as a decoy receptor for RANKL, preventing it from
binding to and activating RANK, and inhibiting the devel-
opment of osteoclasts. Thus, osteoclast differentiation is
markedly affected by the ratio of RANKL:OPG. OPG ex-
pression levels were not increased in our untreated ODFs
culture system. However, OPG transcription was markedly
increased in response to TSH or MS1 TSHR-Ab when as-
sessed by quantitative real-time PCR (Fig. 6A) and which
reflected a corresponding increase in OPG protein as ob-
served by Western blotting (Fig. 6B). While TSH induced
OPG secretion, it also reduced osteoclastogenesis as shown
in Figure 2B. This influence was partly neutralized by anti-
body to OPG (Fig. 6C), indicating that OPG was important
for this full effect. Thus, TSH decreased osteoclast differen-
tiation from ES cells at least in part via an increase in the OPG
levels within the culture.

Effects of TSH on TNFa during osteoclast
differentiation

In contrast to OPG, TNFa has the potential to induce os-
teoclast differentiation and activation (21–23). The increased

FIG. 3. The effects of
TSHR-Ab or Graves’ Dis-
ease IgG on the differential
expression of osteoclast
markers. (A) Stimulating
TSHR-Abs inhibit osteo-
clast marker expression.
The effects of monoclonal
TSHR-Abs MS1 and M22
(1mg/mL) on osteoclast
markers in cultured ES cells
with ODFs are illustrated.
There was a marked
decrease in all osteoclast
markers with MS1 and M22
treatment, whereas this
decrease was not observed
with control antibody
(*p< 0.01). (B) The tran-
scription of osteoclast gene
markers, TRAP, measured
by qPCR, was decreased by
MS-1 in a dose-dependent
manner. (C) Serum IgG
from two patients with
Graves’ disease and TSHR-
Abs decreased specific
osteoclast gene expression.
Sample S1 clearly inhibited
TRAP, CTSK, and CA2,
whereas S2 was less effec-
tive. The normal control
IgG (Sn) showed no
inhibition. The p-value
comparing ODFs treatment
versus ODFs treatment in
the presence of IgG
fractions was< 0.01. The
dashed line in all the panels
indicates the inhibition

caused by TSH at 1 mU/mL within the same experiment. These data are typical of three independent experiments. TSHR-Ab,
TSH receptor antibody; IgG, immunoglobulin-G.
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osteoclastogenesis seen in TSHR null mice was associated
with increased TNFa production. In keeping with these
previous observations, we found that TSH, MS1, and TSHR-
Ab decreased TNFa mRNA in the ES culture model (Fig. 7A).
Consistent with the decreased TNFa mRNA expression, the
protein level was similarly decreased by TSH or MS1 anti-
body (Fig. 7B). However, TNFa expression was enhanced by
recombinant TNFa in the differentiated ES cells over 12 days
(Fig. 8A), but this TNFa-induced TNFa mRNA expression
was also significantly attenuated by TSH (Fig. 8A). In
keeping with these data, the inhibitory effects of TSH on
osteoclast gene markers in the ODF cultured ES cells was
partly neutralized by recombinant TNFa (Fig. 8B). These
data supported the concept that TSH directly inhibited TNFa
expression in osteoclast precursors (8,10), thus reducing
osteoclastogenesis.

Discussion

The TSHR is not restricted to the thyroid gland but is ex-
pressed in a variety of tissues, including bone cells, fibro-
blasts, and adipocytes (24). Several nontraditional biological
roles for the TSHR have been hypothesized, such as those
involving the production of nitric oxide (25), the stimulation
of smooth muscle cells (26) and angiogenesis (27), and the
regulation of adipogenesis (28). We recently described TSHR
expression in osteoclasts and osteoblasts and found that TSH
can modulate bone remodeling independent of thyroid hor-
mones (8,10). Indeed, reduced expression of the TSHR was
associated with the development of osteoporosis with evi-
dence of enhanced osteoclast differentiation in experimental

FIG. 4. Effects of TSH on the resorption activity of oste-
oclasts from ES cells cultured with four ODFs. ES cells were
cultured on calcium-phosphate apatite-coated plates with
or without ODFs in the absence or presence of TSH (1 mU/
mL) for 12 days. When TRAP-positive osteoclasts appeared,
the cells were removed with a solution of 5% sodium
hypochlorite and pits (clear areas) were counted micro-
scopically. (A) Resorbed lacunae (arrows) on the plates
were photographed under an inverted microscope (�200).
Note that compared with ODFs treatment, TSH (1 mU/mL)
significantly decreased the resorption activity of osteo-
clasts. (B) The number of resorption pits in TSH� and
TSHþ cultures was determined by light microscopy in five
randomly chosen fields. Data are presented as mean� SEM
of triplicate cultures. The p-value, calculated by comparing
ODFs treatment versus ODFs treatment in the presence of
TSH, was< 0.01.

FIG. 5. Expression of TSHR in osteoclasts differentiated
from ES cells. (A) Reverse transcription–PCR provided evi-
dence for TSHR expression in osteoclast cultures from ES
cells incubated without or with four ODFs for 12 days. Un-
differentiated ES cells and mouse thyroid cells were used as
negative and positive controls. (B) TSH induced dose-
dependent cAMP generation in ODF-cultured ES cells. The
ES cells were cultured with ODFs for 12 days and intracel-
lular cAMP levels were measured by enzyme-immunoassay.
Control cells were undifferentiated ES cells. TSH treatment of
ODF cultured cells lead to a low level dose-dependent in-
duction of cAMP. Non-ODF-treated ES cells showed only a
minimal response. Chinese hamster ovary cells expressing
wild-type human TSHR (JPO9 cells) (18) were used as a
positive control (not illustrated). cAMP, cyclic adenosine
monophosphate.
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animals lacking the TSHR (8,10). In parallel studies, with
mature murine osteoclast preparations, we found that TSH
directly inhibited TNFa production, and attenuated the in-
duction of TNFa expression by interleukin-1, TNFa, and re-
ceptor activator of NF-kB ligand. TSH also suppressed
osteoclast formation from murine macrophages and RAW-
C3 cells (8,10). The suppression was most profound in cells
that overexpressed the TSHR and was ligand-independent
when a consitutively overactive TSHR was transfected into
primary bone cells. While clearly thyroid hormone, in the
form of T3, activates osteoclast function (7), the TSHR, and by
implication TSH, must have a modulating influence despite
views to the contrary (9). Further, in direct contrast with a
previous report (9) we also demonstrated a potential role for
the stimulating TSHR-Abs found in patients with Graves’
disease. The osteoporosis found in some women with Graves’
disease recovers to a great extent when the patients are ren-
dered euthyroid (1,14), but whether TSHR-Abs are able to
protect bone from excess thyroid hormone during the thyro-
toxicosis stage remains to be demonstrated. Our observations,
however, suggest that the presence of TSHR-Abs may have an
important role in this response.

In the present study, we first established a culture system to
induce osteoclast differentiation from ES cells using the ad-
dition of four ODFs, M-CSF, RANK-L, 25(OH)2D3, and Dex
(15). Using this protocol we achieved a *10.0% differentia-

tion of ES cells into calcitonin receptor expressing cells, which
can be considered preosteoclasts and osteoclasts. Critical
levels of Oct4, Sox2, and REX1 expression, which are required
to sustain stem cell self-renewal and pluripotency, were ap-
propriately downregulated in the ES cells after differentiation,
whereas the number of TRAP-positive cells and the number of
bone pits produced were significantly increased. However,
with the addition of TSH to the cultures, the number of TRAP-
positive cells fell by 40%–50% and the transcription of osteo-
clast gene markers, including CTR, TRAP, CTSK, MMP-9, and
CA2, was also markedly decreased. These results not only
supported the earlier observations that TSH negatively reg-
ulates osteoclastogenesis but also implied that this influence
may occur very early in development and explaining the
TSHR�/þ haploinsufficient mouse phenotype (8,10). The fact
that stimulating TSHR-mAbs were able to mimic the effects of
TSH reinforced the fact that it was the TSHR signaling that
was responsible for the effects on these osteoclasts and further
evidenced the likelihood that such antibodies influence the
bone response to hyperthyroidism in Graves’ disease.

Osteoclast differentiation is regulated by the RANK/
RANKL/OPG ligand-receptor system (29). The binding of
RANK and RANKL induces differentiation of osteoclasts.
OPG, a decoy receptor for RANKL, originating from osteo-
blasts, acts as an antagonist of RANKL. Thus, osteoclast dif-
ferentiation appears to be mainly controlled by the ratio of

FIG. 6. Expression of OPG
levels in differentiated ES cell
cultures. All cells were cul-
tured with four ODFs for 12
days. (A) Real-time PCR
analysis of OPG mRNA levels
in the cultured cells with
ODFs in the presence of TSH
or TSHR stimulating antibody
MS1 as indicated. TSH or MS1
antibody increased the gene
expression of OPG in the
ODF-treated ES cells. Values
were normalized to GAPDH
RNA expression. The results
are representative of three in-
dependent experiments. Sig-
nificant differences were
indicated by an asterisk
(*p< 0.01) comparing ODFs
treatment versus ODFs treat-
ment in the presence of TSH
or MS1 antibody. (B) Total
lysates were subjected to
Western blot analysis for de-
tection of OPG using anti-
OPG (1mg/mL) (inset). b-actin
served as a control. There was
a significant induction of OPG
with TSH or MS1 treatment.
Significant differences were
indicated by an asterisk
(*p< 0.01) comparing ODFs

treatment versus ODFs treatment in the presence of TSH or MS1 antibody. (C) Attenuation of osteoclast markers by
neutralizing antibody to OPG on the TSH treated cells. mRNA expression levels were analyzed by real-time qPCR in the
absence or presence of TSH and neutralize OPG antibody as indicated. Anti OPG treatment reversed the suppression of TSH
on the osteoclast markers. The p-value was calculated comparing ODFs treatment versus ODFs treatment in the presence of
TSH (*p< 0.01) or ODFs treatment in the presence of TSH and OPG antibody (^p < 0.01). OPG, osteoprotegerin.
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RANKL:OPG. Interestingly, in the human thyroid follicular
cancer cell line XTC and in primary human thyroid follicular
cells, OPG mRNA levels and protein secretion have previ-
ously been reported to be upregulated by TSH (30). In the ES
cell system described here, the OPG levels were also signifi-
cantly increased in response to TSH stimulation in a dose-
dependent manner, suggesting a direct interaction of TSH
with osteobast-like cells differentiating in the cultures. Neu-

tralization of OPG clearly attenuated the TSH induced inhi-
bition of osteoclastogenesis. Thus, TSH decreased osteoclast
differentiation from ES cells partially via an increase in the
OPG levels within the cultures.

In contrast to OPG, TNFa is a cytokine that is well known to
enhance osteoclast formation (22,31). In earlier studies using
matured primary osteoclasts, we found that TSH inhibited
TNFa production and attenuated the induction of TNFa ex-

FIG. 7. Expression of TNFa
in differentiated ES cell
cultures. (A) Real-time PCR
analysis of TNFa mRNA
levels in the cultured cells
with ODFs in the presence of
TSH and MS1 antibody.
Values were normalized to
GAPDH RNA expression. The
results are representative of
three independent experi-
ments. Significant differences
were indicated by an asterisk
(*p< 0.01) comparing ODFs
treatment versus ODFs treat-
ment in the presence of TSH
or MS1 antibody. (B) Total
lysates were subjected to
western blot analysis for
detection of the TNFa
isoforms. TNFa expression was decreased by the presence of TSH or MS1 antibody (inset). Densitometric evaluation of both
isoforms in this immunoblot also illustrates the inhibition of TNFa (*p< 0.01). TNFa, tumor necrosis factor-alpha.

FIG. 8. Modulation of TNF
and osteoclast markers. (A)
Undifferentiated ES cells were
cultured with four ODFs for
12 days and stimulated with
TNFa (30 ng/mL) in the pres-
ence or absence of increasing
doses of TSH for 2 hours.
TNFa expression levels were
measured by real-time qPCR.
TSH decreased TNFa
expression levels induced by
recombinant TNFa in a dose-
dependent manner. Values
were normalized to GAPDH
RNA expression. The results
are representative of three
independent sets of similar
experiments. *p< 0.01 com-
paring between ODFs treat-
ment in the presence of TNFa
and ODFs treatment in the
presence of TNFa and TSH.
(B) Attenuation of osteoclast
markers by recombinant
TNFa in the presence of TSH.
mRNA expression levels were
analyzed by real-time qPCR
after 12 days osteoclast differentiation from ES cells with ODFs in presence of TSH alone or TNFa (30 ng/mL) plus TSH. As
indicated in this graph, TNFa reversed the suppression of osteoclast markers induced by TSH alone. Values were normalized
to GAPDH RNA expression. The results are representative of at least three independent sets of similar experiments. The
p-value comparing ODFs treatment versus ODFs treatment in the presence of TSH (*p< 0.01) or ODFs treatment in the
presence of TSH and recombinant TNFa (^p< 0.01).
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pression (8,10). Similarly, in the current experiments em-
ploying ES cells, TSH decreased the TNFa mRNA levels in a
dose-dependent manner and consistent with the decreased
protein level. Further, the well reported effect of TNFa on
inducing its own TNFa mRNA expression was also signifi-
cantly attenuated by TSH. These data supported the concept
that TSH decreased osteoclasteogenesis from ES cells, in part,
by inhibiting TNFa expression (8,10) in addition to enhancing
OPG production in the culture. While the signaling pathways
employed by TSH to influence OPG and TNFa are uncertain,
we do know that TSH can activate protein kinase A and cyclic
AMP production in ES cells (32,33) and we could speculate a
cross signaling mechanism for this activation.

The present study demonstrated that ES cells can be used as
a powerful tool to study the early development of osteoclasts
and can also help evaluate the effects of TSH and TSHR-Abs
on the differentiation of osteoclasts. The present data also
suggest that the bone defect in the TSHR KO mouse is most
likely the result of abnormal bone remodeling starting very
early in development.
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