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Bone remodeling is central to maintaining the integrity of the skeletal system, wherein the developed bone is
constantly renewed by the balanced action of osteoblastic bone formation and osteoclastic bone resorption. In
the present study, we demonstrate a novel function of the Statl transcription factor in the regulation of bone

remodeling. In the bone of the Stat1-deficient mice, excessive osteoclastogenesis is observed, presumably
caused by a loss of negative regulation of osteoclast differentiation by interferon (IFN)-B. However, the bone
mass is unexpectedly increased in these mice. This increase is caused by excessive osteoblast differentiation,
wherein Statl function is independent of IFN signaling. Actually, Statl interacts with Runx2 in its latent
form in the cytoplasm, thereby inhibiting the nuclear localization of Runx2, an essential transcription factor
for osteoblast differentiation. The new function of Statl does not require the Tyr 701 that is phosphorylated
when Statl becomes a transcriptional activator. Our study provides a unique example in which a latent
transcription factor attenuates the activity of another transcription factor in the cytoplasm, and reveals a new

regulatory mechanism in bone remodeling.
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The integrity of the vertebrate skeletal system is main-
tained by two distinct regulatory processes: the embry-
onic developmental and postnatal regulatory processes
(Olsen et al. 2000; Karsenty and Wagner 2002). In the
former process, the development of the skeletal system
depends on the differentiation of chondrocytes, osteo-
blasts, and osteoclasts, all of which coordinate endo-
chondral and membranous bone formation. On the other
hand, in the latter process, referred to as bone remodel-
ing, the bone matrix is constantly degraded by osteo-
clasts and deposited by osteoblasts (Manolagas 2000).
The balanced action of these two cell types is critical for
the normal homeostasis of the skeletal system in adults.
Therefore, tipping this balance in favor of either cell type
sometimes leads to pathological conditions. Excessive
bone resorption is seen in autoimmune arthritis, peri-
odontitis, postmenopausal osteoporosis, Paget’s disease,
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and bone tumors, whereas excessive bone formation or
defective bone resorption lead to osteosclerosis or osteo-
petrosis (Rodan and Martin 2000; Takayanagi et al.
2000a; Teitelbaum 2000). Thus, the investigation of the
regulatory mechanism of differentiation of these two cell
types is important in the understanding of the physiol-
ogy and pathology of the skeletal system.

Previously, we have shown that both type I and type I
interferon systems (i.e., IFN-a/p and IFN-y systems) are
critical for the regulation of the skeletal system by sup-
pressing osteoclastogenesis (Takayanagi et al. 2000b,
2002b). These two IFNs exert their inhibitory functions
by distinct mechanisms, as briefly described below
(Stark et al. 1998; Taniguchi et al. 2001; Takayanagi et al.
2002c¢). During osteoclast differentiation, induced by
RANKL (receptor activator of NF-kB ligand), the IFN-B
gene is induced in osteoclast precursor cells and IFN-3
inhibits the differentiation by interfering with the
RANKL-induced expression of c-Fos, an essential tran-
scription factor for osteoclastogenesis. This inhibition is
dependent on the IFN-activated transcription factor, in-
terferon stimulated gene factor 3 (ISGF3), which consists
of activated Statl, Stat2, and a member of the family of
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interferon regulatory factors (IRFs), IRF-9. On the other
hand, IFN-y is critical in the T-cell-mediated regulation
of osteoclastogenesis. RANKL expression is induced by
activated T cells, but RANKL signaling is negatively
regulated by IFN-y, which is also induced by the acti-
vated T-cells, thereby balancing RANKL signaling (Kong
et al. 1999; Takayanagi et al. 2000b). Statl (signal trans-
ducer and activator of transcription 1) is required for this
IFN-vy signal-mediated inhibition, in which the phos-
phorylated Statl forms a homodimer, termed IFN-y-ac-
tivated factor (GAF). Despite the distinct mechanisms of
regulating osteoclast differentiation by IFN-B and IFN-y,
Statl is involved in both mechanisms, suggesting the
integral role of Statl in the regulation of bone metabo-
lism.

In this regard, it is interesting that an activating mu-
tation in FGFR3 results in human achondroplasia, one of
the most common congenital diseases characterized by
dwarfism, and that Statl is involved in this pathogenesis
(Rousseau et al. 1994; Deng et al. 1996). The skeletal
malformation in achondroplasia is caused by the sup-
pression of chondrocyte proliferation by excessive FGF
signaling, leading to impaired endochondral ossification.
FGF induces the phosphorylation of Statl, and the sup-
pressive effect of FGF on chondrocyte proliferation is not
observed in the skeletal tissue derived from mice lacking
Statl, suggesting that activation of Statl is involved in
the suppressive effect of FGF on chondrocyte prolifera-
tion in endochondral bone formation during embryogen-
esis (Su et al. 1997; Sahni et al. 1999, 2001). Notwith-
standing, it is unknown at present if and how Statl is
involved in the control of transcriptional program(s) of
the skeletal system at the postnatal stage.

The transcription factor Runx2, also called Cbfal, is a
runt family transcription factor, and it plays a central
role in the determination of osteoblast differentiation
(Ducy et al. 1997, 2000). Targeted disruption of Runx?2
results in the complete lack of bone formation by osteo-
blasts, revealing that Runx2 is essential for both endo-
chondral and membranous bone formation (Komori et al.
1997). The haploinsufficiency of the Runx?2 gene leads to
cleidocranial dysplasia in humans, and Runx2*/~ mice
show a similar phenotype characterized by abnormal
membranous ossification, suggesting that the expression
level of Runx2 is closely related to the promotion of
membranous ossification (Otto et al. 1997). Among
growth factors involved in osteoblast differentiation,
bone morphogenetic protein (BMP) family proteins are
most notable, because they have a strong ability to in-
duce ectopic bone formation in vivo (Wang et al. 1990;
Yamaguchi et al. 1991), and targeted disruption of Tob,
an inhibitory protein of BMP signaling, results in the
increased bone mass (Yoshida et al. 2000). Other factors
regulating bone formation include Fos family proteins,
which function in the context of AP-1. Their stimulatory
effect on bone formation is underscored by the pheno-
type of the transgenic mice of Fra-1 and AFosB, similarly
exhibiting enhanced bone formation (Jochum et al. 2000;
Sabatakos et al. 2000).

In the present study, we first show an unexpected phe-
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notype in the skeletal system of the mice deficient in the
Stat1 gene (Stat1~/~ mice). The bone of the mutant mice
exhibits excessive osteoclastogenesis, which is expected
from our previous report demonstrating the critical role
of the IFN-activated ISGF3 in negative regulation of os-
teoclastogenesis. Surprisingly, however, the bone mass
is increased in these mice, suggesting a possibility that
Statl plays a critical role(s) in inhibiting the bone-form-
ing process and that this inhibitory function dominates
over the inhibitory function of bone-resorbing process in
the context of IFN signaling.

To date, the negative regulatory mechanism of bone
formation has been poorly understood. We show here
that Statl is involved in attenuating the transcriptional
activity of Runx2 in a unique manner, that is, by inter-
action with Runx2 in the cytoplasm. This new function
of Statl is independent of IFN signaling. We further
show that the in vitro differentiation of osteoblasts de-
rived from the Statl~/~ mice is increased, which is ac-
companied by the up-regulation of the DNA-binding ac-
tivity of Runx2. Our results thus reveal a novel physi-
ological function of Statl in the regulation of osteoblast
differentiation in the postnatal stage, and offer an inter-
esting example of an otherwise latent transcription fac-
tor in the cytoplasm that has an active and physiologi-
cally critical role.

Results

Increased bone mass in the Statl™~ mice

To investigate the physiological function of Statl in the
skeletal system, we examined the bone phenotype of
Stat1~/~ mice (Meraz et al. 1996) at the age of 12 wk. We
reported previously that both Statl and IRF-9 are re-
quired for IFN-B-mediated inhibition of osteoclastogen-
esis, suggesting that Statl participates in this inhibition
in the context of ISGF3 (Takayanagi et al. 2002b). Con-
sistently, we observed an increased osteoclast number
and enhanced osteoclastic bone resorption in the tibia
of the Stat1~/~ mice (Fig. 1A). Tartrate-resistant acid
phosphatase (TRAP) staining of the epiphyseal area of
adult mice shows that the StatI”/~ mice have signifi-
cantly more osteoclasts in vivo than the wild-type (WT)
littermates (Fig. 1B), an observation similar to the mice
deficient in one of the IFN-a/B receptor components,
IFNARI1 (IFNARI~/~ mice; Takayanagi et al. 2002b).
Interestingly, however, longitudinal sections and soft
X-ray analysis of tibial bones of these mice suggested
that the Stat1~/~ mice have an increased bone mass (Fig.
1C,D). There was no abnormality in the microscopic
analysis of the epiphyseal plate (Fig. 1E). Microcomputed
tomography (uCT) analysis of the diaphysis of the long
bone clearly shows that the cortex bone is markedly
thickened (Fig. 1C). The ratio of cortex width to the bone
diameter at the middle of tibia is greatly increased in the
Stat1~/~ mice (Fig. 2A). Furthermore, bone morphomet-
ric analysis showed that the increase in bone volume
was observed in the trabecular bone as well as in the
cortex bone (Fig. 2B), and the bone mineral density
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(BMD) of the femur was also up-regulated (Fig. 2C). We
also examined the bone phenotype of mice lacking IRF-9
(IRF-97/~ mice), another essential molecule for ISGF3. In
contrast to the Stat1~/~ mice, the IRF-9~/~ mice exhibited
osteopenia, similar to the IFNARI/~ mice, along with
lower bone mineral density compared with the wild-type
mice (Fig. 2D-F). These observations are consistent with

Figure 1. Increased bone mass in Stat1~/~
mice in spite of enhanced osteoclastogen-
esis. (A) Enhanced osteoclastogenesis and
bone resorption in StatI”/~ mice. Bone
morphometric analysis of tibia of 12-week-
old mice shows the elevated values of
markers of osteoclastic bone resorption.
(N.Oc/B.Pm) Number of osteoclasts per
100 mm of bone perimeter; (ES/BS) erosive
surface per bone surface; (Oc.S/BS) osteo-
clast surface per bone surface. (B) TRAP
staining of the proximal epiphysis of the
tibia. Excessive osteoclast formation is ob-
served in Stat1”/~ mice. (C) Increased bone
volume and normal epiphyseal plate in the
tibial bone of Stat1~/~ mice. Toluidine blue
staining of the sagittal section of proximal
tibia of 12-week-old mice. Microcomputed
tomography (uCT) of the middle diaphysis
of tibia. The bone diameter of Stat1~/~ mice
is smaller than that of wild-type mice even
if they are analyzed equally in the middle
of long bones. (D, right) The radiographic
analysis of lower extremities. (Left) The in-
creased radio-opacity in StatI/~ mice is
prominent in long bones as shown in a
high-magnification view of femurs. (E)
Magnified view of the epiphyseal plates.
There is no significant difference in the
morphology of chondrocytes and the width
of the growth plate.

our previous report, indicating the essential role of IRF-9
in the RANKL-dependent autoinhibition of osteoclast
differentiation via induction of IFN-B (Takayanagi et al.
2002b). Unlike the Stat1™/~ mice, there was no abnor-
mality in osteoblast parameters in the bone morphomet-
ric analysis of the IRF-9/~ mice (see Supplementary Fig.
S1). Taken together, these results suggest that Statl
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functions not only in the inhibition of osteoclast differ-
entiation by IFN-B signaling, but also in the other limb
of bone remodeling, osteoblast differentiation, in a con-
text different from the IFN-activated ISGF3. The in-
creased bone mass in the Stat1™/~ mice suggests that this
new regulatory function of Statl in the bone-forming
osteoblast apparently dominates over its “classical”
function in the osteoclasts in the overall bone-remodel-
ing process.

The bone strength test indicates that the increased
bone mass in the mutant mice leads to an increase in
strength, distinct from pathological bone sclerosis or os-
teopetrosis, which induces fragility of the bone (Fig. 2G).
It is notable that there was no severe abnormality in the
gross development of skeletons, long bone length, or
growth plate anatomy in Stat1~/~ mice (Fig. 1C-E), sug-
gesting that the Stat1™/~ mice have no defect in the pro-
cess of endochondral bone formation. Although Statl
regulates chondrocyte proliferation in pathological con-
ditions such as achondroplasia (Sahni et al. 1999), the
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above results indicate that Statl is dispensable for the
physiological regulation of chondrocyte proliferation and
differentiation. Consistent with this theory, we detected
little, if any, expression of Statl mRNA in the normal
skeletal tissue of developing embryos [embryonic days
12.5-16.5 (E12.5-E16.5); P.E. Bialek and G. Karsenty, un-
publ.]. Furthermore, there was no difference in osteocal-
cin expression at E16.5 between wild-type and Stat1~/~
mice (see Supplementary Fig. S2) and no acceleration of
ossification in the newborn Stat1~/~ mice (see Supple-
mentary Fig. S3), suggesting that the regulatory function
of Statl is physiologically critical for the bone remodel-
ing at the postnatal stage.

Acceleration of osteoblast differentiation
in the absence of Stat1

The unexpected bone phenotype of the StatI/~ mice
prompted us to examine the status of bone-forming os-
teoblasts in these mice. As shown in Figure 3A, bone
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morphometric analysis after calcein injection revealed a
notable increase in bone formation rate (BFR). Osteoblast
parameters such as osteoid surface/thickness and osteo-
blast surface were also up-regulated in the mutant mice,
suggesting excessive osteoblast differentiation and ma-
trix synthesis, compared with the wild-type mice (Fig.
3A).

We next studied the in vitro osteoblast differentiation
of precursor cells obtained from the calvarial bone of the
wild-type and Stat1~/~ mice. As shown in Figure 3B, os-
teoblast differentiation was significantly enhanced in
the absence of Statl, as revealed by notable increases in
both alkaline phosphate (ALP) activity and bone nodule
formation as determined by alizarin red staining. Fur-
thermore, mRNAs for osteoblast differentiation marker
genes such as osteocalcin, osteopontin, and type I colla-
gen were all up-regulated in cultured osteoblasts from
the Stat1~/~ mice (Fig. 3C).

We also examined the rates of cell proliferation and

Stat™

expression of Statl in both wild-type and
Stat1~/~ cells (* p < 0.05 vs. Stat1~). The ex-
pression level of Statl is analyzed by im-
munoblotting (lower right).

apoptosis in wild-type and Stat1~/~ osteoblasts; however,
essentially no difference in cellular responses was ob-
served between wild-type and Stat1~/~ osteoblasts, sup-
porting the theory that the loss of Statl selectively af-
fects the osteoblast differentiation program (see Supple-
mentary Fig. S4). To further address this issue, we
ectopically expressed Statl by retroviral gene transfer in
wild-type and Stat1~/~ precursor cells, and examined
their differentiation. As shown in Figure 3D, the expres-
sion of Statl suppressed osteoblast differentiation, with-
out affecting the cell numbers of wild-type and Stat1~/-
precursor cells. Collectively, these results suggest that
Statl interferes with the osteoblast differentiation pro-
gram and that the increased bone volume in the Stat1~/~
mice is, indeed, caused by excessive bone formation by
osteoblasts.

In view of the well-known fact that Statl is activated
in response to IFNs and other cytokines, such as leuke-
mia inhibitory factor (LIF), interleukin (IL)-6, and on-
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costatin M (Meraz et al. 1996; Bellido et al. 1997), we
examined if these cytokines inhibit the differentiation of
osteoblasts in vitro, but no such evidence was obtained
(data not shown).

Enhanced response of osteoblasts to BMP-2
in the absence of Statl

To gain insights into the mechanism by which Statl
interferes with the osteoblast differentiation program,
we screened the mRNA expression of BMP family genes
in wild-type and Stat1™/~ mice. However, there was no
difference in the expression level of mRNA for BMP-2,
BMP-4, BMP-6, and BMP-7, which are known to be po-
tent stimulators of osteoblast differentiation (Fig. 4A).
Although BMP-3 expression is up-regulated in Stat1~/~
cells, BMP-3 is shown to negatively affect the bone mass
(Daluiski et al. 2001). These results make it unlikely that
Statl exerts its inhibitory effect on osteoblast differen-
tiation by affecting the expression of BMPs that promote
their differentiation.

We next examined the differentiation of wild-type and
Stat1~/~ osteoblasts in the presence of exogenous BMP-2,
one of the best-known BMPs that stimulate osteoblast
differentiation. Interestingly, enhanced osteoblast differ-
entiation was observed in precursor cells from the
Stat1~/~ mice relative to those from the wild-type mice
when stimulated with exogenous BMP-2 (Fig. 4B,C), sug-
gesting that Statl is involved in the negative regulation
of the signaling pathway and/or transcriptional mecha-
nism operating downstream of BMP-2..

Enhanced activation of Runx? in Statl~ osteoblasts

The above results provided us a cue to further analyze
the molecular basis of excessive osteoblast differentia-

Figure 4. Effect of Statl deficiency on the ex-
pression of the BMP family and the response to
BMP-2. (A) mRNA expression of BMP family
genes in wild-type and Stat1~/~ osteoblasts in the
presence or absence of BMP-2 (RNase protection
assay). There was no difference in the expression
of osteogenic members such as BMP-2, BMP-4,
and BMP-7. (B) The differentiation of wild-type
and Stat1”/~ osteoblasts in the presence of exog-
enous BMP-2. Stat1~/~ osteoblasts show enhanced
ALP activity and mRNA expression of the ALP
gene even in the presence of excessive BMP-2. (C)
Bone nodule formation is more significant in
Stat17/~ osteoblasts than in wild-type osteoblasts
even with stimulation of BMP-2 (alizarin red
staining).

1984 GENES & DEVELOPMENT

tion in the absence of Statl, that is, the role of Statl in
BMP-2 signaling events. Briefly, BMP-2 binds to its re-
ceptor, which induces the phosphorylation of Smad fam-
ily proteins such as Smad1l, Smad5, and Smad8, resulting
in the formation of a trimetric complex with Smad4
(Heldin et al. 1997; Massague 2000). The Smad complex
translocates to the nucleus and cooperates with another
class of transcription factor, Runx2, to activate the tran-
scription of osteoblast-specific genes (Zhang et al. 2000;
Ito and Miyazono 2003). Moreover, Runx2 expression is
induced by BMP-2 (Lee et al. 2000). Then, we examined
the effect of Statl on the activities of Runx2 and Smad
using two luciferase reporter genes linked to a Runx2-
dependent osteocalcin promoter (1050 OC-luc) or an ar-
tificial promoter that responds to Smads (12XGCCG-
luc).

As shown in Figure 5A, the coexpression of Statl re-
sulted in a strong inhibition of the Runx2-dependent ac-
tivation of the osteocalcin promoter, without affecting
the Smadl-dependent promoter activation, suggesting
that Statl selectively interferes with the transcriptional
activity of Runx2. In this regard, it is worth noting that
no discernible Statl-binding sites are present in the os-
teocalcin promoter (Javed et al. 1999), indicating that
Statl interferes with Runx2 activity without binding to
the promoter. In fact, an electrophoretic mobility shift
assay (EMSA) using the Runx2-binding probe, revealed
that the DNA-binding activity of Runx2 is up-regulated
(by approximately fivefold) in Stat1~/~ osteoblasts, al-
though the Runx2 protein level remained the same as
that in wild-type osteoblasts (Fig. 5B, upper panel).
BMP-2 stimulation caused an increase in Runx2 protein
level in both wild-type and Stat1~/~ osteoblasts, and the
DNA-binding activity of Runx2 was also markedly in-
creased (by approximately fourfold) in Stat1™/~ osteo-
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transfected with ALK3QD, a plasmid that
encodes a constitutively active form of
BMP-2 receptor. (B) DNA-binding activity of
Runx2 is up-regulated in Statl”~ osteo-
blasts. Cell extracts of cultured osteoblasts
derived from wild-type and StatI/~ mice
were analyzed by EMSA using an oligo-
nucleotide probe containing the binding se-
quence with Runx2. Wild-type and Stat17/~
osteoblasts expressed the same level of
Runx2, but the DNA-binding activity of
Runx2 was enhanced in Stat1~/~ osteoblasts.
It is notable that Tyr 701 phosphorylation of
Statl (p-Statl) is not detectable in this con-
dition. BMP-2 increases the Runx2 protein
level in both wild-type and Stat1~/~ osteo-
blasts, but Runx2 activity was still enhanced
in Statl”/~ osteoblasts in the presence of
BMP-2. AP-1 activity is not changed be-
tween these osteoblasts. (C) Association of

endogenous Runx?2 with Statl in primary osteoblasts. Cell extract was prepared from wild-type and Stat1~/~ osteoblasts and analyzed
by immunoprecipitation with anti-Runx2 antibody followed by blotting with anti-Stat1 antibody. The complex formation was reduced

in the presence of BMP-2.

blasts (Fig. 5B, upper panel). On the other hand, wild-
type and Stat1~/~ osteoblasts showed no difference in the
DNA-binding activity of AP-1, which is also involved in
osteoblast differentiation (Fig. 5B, lower panel). These
results in toto indicate that Statl selectively interferes
with the DNA-binding activity of Runx2.

Is the inhibitory effect of Statl on Runx2 activity de-
pendent on its activation by phosphorylation? In the
context of the signaling of IFNs and other cytokines,
Statl is activated by phosphorylation at Tyr 701. In ad-
dition, Ser 727 is also phosphorylated to enhance the
transcriptional activity of Statl (Stark et al. 1998; O’Shea
et al. 2002). Interestingly, the phosphorylation of Tyr 701
of Statl was barely detectable even in wild-type osteo-
blasts irrespective of BMP-2 stimulation, suggesting that
the inhibition of Runx2 activity by Statl is independent
of this phosphorylation (Fig. 5B; see also below). We also
examined the phosphorylation of Ser 727, which is criti-
cal for its transcriptional activity (O’Shea et al. 2002);
however, the serine phosphorylation of Statl was not
detected with or without BMP-2 stimulation (data not
shown), further suggesting that the effect of Statl on
Runx2 activity is exerted without the phosphorylation-
dependent activation of Statl.

Association of Statl with Runx2 in regulation
of Runx2-mediated transcription

To gain insights into the mechanism of how Statl inter-
feres with Runx2 activity, we investigated the associa-
tion between Statl and Runx2. As shown in Figure 5C,
immunoprecipitation and immunoblotting analyses re-

vealed that endogenous Statl interacts with endogenous
Runx2 in primary osteoblasts. Interestingly, the interac-
tion becomes weaker upon BMP-2 stimulation of the os-
teoblasts, in the face of an increase in total Runx2 pro-
tein level (Fig. 5C).

To determine the region of the Statl protein respon-
sible for its association with Runx2, we constructed two
deletion mutants (Stat1AC1 and Stat1AC2) lacking the
C-terminal region containing TAD and SH2 (Fig. 6B;
O’Shea et al. 2002). These proteins as well as Runx2 were
epitope-tagged (see Materials and Methods for the de-
tails), and the intermolecular association was examined
by transiently expressing them in 293T cells. We found
that both C terminus mutants still associate with Runx2
(Fig. 6A, left). We then examined the Statl mutant,
Stat1ASS, lacking the DNA-binding domain (DBD) and
the linker domain (S316-S606; Wu et al. 2002), and found
that this mutant does not associate with Runx?2 (Fig. 6A,
right). Thus, Statl requires the region containing DBD
and the linker domain to associate with Runx2.

We further examined the region of Runx2 that is re-
quired for its association with Statl, by using a similar
coexpression assay. The Runx2 mutant lacking the QA
domain, Runx2AQA (Thirunavukkarasu et al. 1998), can
associate with Statl, but the QA domain alone
(Runx2QA) cannot associate with it (Fig. 6C). On the
other hand, the Runx2 mutant lacking the QA and PST
domains (Runx2runt) can bind with Statl (Fig. 6C).
These observations suggest that the PST domain is dis-
pensable for the association and that the runt domain
may be responsible for its association with Statl.
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Phosphorylation of Statl and its inhibitory effect
on Runx?2 activity

Statl undergoes dimerization upon phosphorylation of Tyr
701 and translocates to the nucleus. To investigate the ef-
fect of this phosphorylation on Statl inhibition of Runx2,
we used a mutant form of Statl in which Tyr 701 is con-
verted to phenylalanine (Stat]1CYF; Chatterjee-Kishore et
al. 2000). As shown in Figure 6D, the overexpression of
Stat] CYF inhibited the Runx2-dependent activation of the
osteocalcin promoter, as efficiently as wild-type Statl. In-
deed, Stat1CYF can still interact with Runx2 (Fig. 6C,E),
lending further support to the notion that the inhibitory
function of Statl on Runx2 activity is dependent on its
interaction with Runx2, but not on its phosphorylation.
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Does activation of Statl affect its interaction with
Runx2? Interestingly, IFN-y stimulation partially re-
lieved the suppressive effect of Statl on the Rnux2-de-
pendent activation of the osteocalcin promoter (Fig. 6D)
and also weakened the Statl interaction with Runx2
(Fig. 6E). On the other hand, this IFN-y effect on
Stat1 CYF was not observed (Fig. 6D,E). These results sug-
gest that Statl activation, which leads to its dimerization
and nuclear translocation, results in the loss of its ability to
interact with Runx2. Consistently, we observed that IFN-y
enhances in vitro osteoblast differentiation (H. Takay-
anagi, unpubl.). Although the physiological significance of
these observations in bone remodeling is not clear at pre-
sent, they lend further support to the idea that Statl inhib-
its Runx2 activity in its transcriptionally latent form.



Inhibition of nuclear translocation of Runx2 by Stat1

The above observations led us to hypothesize that un-
phosphorylated Statl residing in the cytoplasm associ-
ates with Runx2 and interferes with its nuclear translo-
cation. As shown in Figure 7A, immunostaining analysis
revealed that Runx2 efficiently undergoes nuclear trans-
location when it is expressed in 293T cells, but that the
majority of Runx2 remains in the cytoplasm when Statl
is coexpressed, an observation consistent with the re-
sults in Figure 6. This concept is further supported by the
results of immunoblot analysis (Fig. 7B), which indicate
that Runx2 is mainly detectable in the nuclear fraction
in the absence of coexpressed Statl, but this equilibrium
is shifted to the cytoplasm in the presence of Statl. In
view of these results indicating an enhanced interaction
between Statl and Runx2 upon cotransfection of the
cDNAs encoding these two factors, it is likely that this
intermolecular interaction is direct, although this issue
needs to be clarified further.

A Runx2 Stat1 Merge
Runx2
Runx2
+Stat1
B Cytosol Nuclear
Flag-Runx2 + + + +
Stat1 - + - +
IP: Flag —
IB: Stat1
IB: Runx2 ey
C
Runx2 DAPI

Runx2 nuclear localization (%)

Statl is an attenuator of Runx2

Finally, we examined Runx2 nuclear localization in
primary osteoblasts derived from the wild-type and
Stat1~/~ mice. Consistent with the EMSA data showing
the enhanced DNA-binding activity of Runx2 in Stat1~/~
cells (Fig. 5B), Runx2 nuclear translocation is more
prominent in Statl~/~ osteoblasts than in wild-type os-
teoblasts (Fig. 7C), suggesting that Runx2 nuclear local-
ization is regulated by the transcriptionally latent form
of Statl in the cytoplasm.

Discussion

Statl as a negative regulator of bone formation

Skeletal homeostasis is controlled by the intricate coor-
dination of constituent cells including chondrocytes, os-
teoblasts, and osteoclasts (Karsenty and Wagner 2002).
We previously showed that Stat]l mediates the suppres-
sive effect of IFNs on the differentiation of osteoclasts
(Takayanagi et al. 2002b). In fact, excessive osteoclasto-

Figure 7. Cytoplasmic sequestration of
Runx2 by Statl. (A) Localization of Runx2
with or without coexpression of Statl in 293T
cells. Immunostaining shows that Runx2 ef-
ficiently undergoes nuclear translocation
when overexpressed in 293T cells, but the
nuclear localization was inhibited by coex-
pression of Statl, which is located mainly in
the cytoplasm. (B) Detection of Runx2 protein
in cytosolic and nuclear fractions by immu-
noblotting. If Runx2 is solely overexpressed

60 in 293T cells, most of the Runx2 protein is
detected in the nuclear fraction. Under this
40 condition, the association of Runx2 with en-

dogenous Statl is detected in the cytoplasm
at a low level. When Statl is coexpressed, a
great amount of Statl interacts with Runx2 in
the cytoplasm, resulting in the sequestration
of Runx2 in the cytoplasm. (C) Nuclear local-
ization of Runx2 in wild-type and Stat1~/~ os-
teoblasts. The percentage of cells that exhibit
nuclear translocation of Runx2 is signifi-
cantly higher in Stat1”/~ osteoblasts than in
wild-type osteoblasts.

N
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genesis, similar to that observed in IENAR1~/~ mice, was
also found in Stat1~/~ mice. Interestingly, however, bone
mass is increased in the Stat1™/~ mice, revealing that
Statl also plays a critical role in the inhibition of Runx2-
mediated osteoblast differentiation. The net increase in
bone mass suggests that the function of Statl in osteo-
blasts dominates over that in osteoclasts in vivo. It has
been reported that Statl plays a critical role in the FGF-
mediated suppression of chondrocyte proliferation in
disease conditions such as achondroplasia (Sahni et al.
1999, 2001). Our results showing the normal epiphyseal
growth plate and longitudinal bone length in the adult
Stat1~/~ mice suggest that physiological chondrocyte pro-
liferation is not markedly enhanced in the absence of Statl.

Regulation of Runx?2 by Statl at a postnatal stage

Runx2 has been identified as the central transcription
factor for bone formation, but how its function is regu-
lated remains largely unknown. We have shown that the
loss of inhibition of Runx2 activity by Statl results in
increased bone mass in the adult Stat1~/~ mice without
affecting bone formation during the developmental pe-
riod, suggesting that Statl is selectively involved in the
Runx2 regulation in bone remodeling at the postnatal
stage. Since it is currently unknown how Runx2 is regu-
lated during the development of the skeletal system, fur-
ther studies are required to clarify the detailed mecha-
nism of the temporal and spatial regulation of Runx2 for
the normal development and homeostatic regulation of
the skeletal system.

It has been reported that Runx2 overexpression in os-
teoblasts by the type I collagen promoter inhibits osteo-
blast differentiation at a late stage (Liu et al. 2001).
Therefore, sustained Runx2 expression in the late stage
of osteoblast differentiation may inhibit bone formation,
and Runx?2 expression should be strictly controlled in a
stage-dependent manner during osteoblast differentia-
tion (Komori 2002). In this regard, Statl deficiency does
not modify Runx2 expression, but increases the activity
of Runx2, whose expression is physiologically con-
trolled. Thus, Stat1~/~ mice may provide an interesting
model in that the temporal Runx2 expression is normal
but its activity is enhanced.

Involvement of BMP-2 in the regulation of Runx2
by Statl

BMP-2 is a potent inducer of ectopic bone formation, but
it remains to be elucidated whether BMP-2 is essential
for osteoblast differentiation in vivo (Karsenty and Wag-
ner 2002). In this study, we show that osteoblast differ-
entiation is enhanced in Stat1~/~ cells even in the pres-
ence of exogenous BMP-2. Enhanced osteoblast differen-
tiation is also observed in the absence of exogenous
BMP-2, but it remains to be clarified how BMP-2 con-
tributes to the in vivo phenotype of Stat1~/~ mice. Based
on the fact that endogenous BMP-2 expression is detect-
able in cultured osteoblasts and BMP-2 induces and ac-
tivates Runx2 (Zhang et al. 2000; Ito and Miyazono
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2003), we propose that the enhanced response of osteo-
blasts to BMP-2 contributes, at least in part, to the ex-
cessive osteoblast differentiation in Stat1~/~ mice. It is
also interesting that BMP-2 induces Runx2 dissociation
from Statl (Fig. 5C). Although the detailed mechanism
underlying this phenomenon remains to be clarified, we
infer that Runx2 dissociation from Statl upon BMP-2
stimulation is a consequence of Runx2 interaction with
BMP-2-induced transcription factors, most likely the
Smad proteins. In fact, Smadl, Smad5, and Smad8 are
known to be activated by BMP-2, and these factors, to-
gether with Smad4, interact with Runx2 to induce the
transcriptional program for osteoblast differentiation
(Zhang et al. 2000). In other words, the Runx2 dissocia-
tion is a consequence of the swapping of the partner of
Runx?2 before and after BMP-2 stimulation. This issue
obviously needs to be addressed further in a future study.

Stat1 as a cytoplasmic attenuator of Runx2

The mode of action of Statl is unique in that it interferes
with Runx2 in the cytoplasm in its transcriptionally la-
tent form. It has been shown previously that Statl func-
tions in the nucleus in the absence of phosphorylation at
Tyr 701 to mediate the constitutive expression of genes
that respond to activated Statl (in the context of IFN
signaling; Chatterjee-Kishore et al. 2000). On the other
hand, our results indicate that Statl exerts its inhibitory
effect on Runx2 mainly, if not exclusively, in the cyto-
plasm, although the possibility that the latent Statl ad-
ditionally functions in the nucleus to interfere with
Runx?2 cannot be rigorously ruled out. Further work will
be required to elucidate the precise inhibitory mecha-
nism of Runx2 nuclear localization by Statl. It is pos-
sible that Runx2 binding with Statl leads to the confor-
mational change of Runx2, thus concealing the nuclear
localization signal (NLS) domain. Supporting this view
are the previous report that the Runx2 NLS is adjacent to
the runt domain (Thirunavukkarasu et al. 1998) and our
result suggesting that the runt domain may interact with
Statl. Because the DNA-binding activity but not the pro-
tein level of Runx2 is increased in osteoblasts from
Stat1™/~ mice, we infer that Statl-associated Runx2 is
also inactive in terms of its DNA-binding activity.

The inhibitory effect of Statl on Runx2 activity is
unique in that a given transcription factor, in its latent
form, regulates the function of another transcription fac-
tor in the cytoplasm. Collectively, we propose that Statl
functions as a cytoplasmic attenuator of Runx2 in osteo-
blast differentiation. To date, most drug therapies for
osteopenic diseases aim at the suppression of osteoclas-
tic bone resorption. This study may provide an alterna-
tive approach to the modulation of bone formation
through intervention of Statl.

Materials and methods

Mice and bone analysis

The Stat1”/~ and IRF-9/~ mice have been described (Kimura et
al. 1996; Meraz et al. 1996). Mutant mice were backcrossed with



C57BL/6 mice more than 10 times, and subjected to histomor-
phometric and microradiographic examinations as described
(Takayanagi et al. 2002b). All mice were born and kept under
pathogen-free conditions, and showed no abnormality in growth
rate or body weight. Bone mineral density was determined by
the dual energy X-ray absorptiometry (DXA) method using
DCS-600R (Aloka). Bone mechanical strength testing was per-
formed using a three-point bending method with Autograph
AG2000-E (Shimazu). Biochemical parameters were determined
from the load-deformation curve as described (Tanizawa et al.
2000). The maximum load to failure (N) indicated the magni-
tude of the load that caused fracture, and the energy resorption
(N. mm) was determined by the area under the load-deformation
curve up to the maximum load point. All data are shown as
mean = S.E. (n=6). Statistical analysis was performed using
one-way ANOVA or Student’s t-test throughout the paper (n.s.
denotes not significant; * and ** indicate p < 0.05 and p < 0.01,
respectively).

In vitro osteoblast differentiation assay

Osteoblasts were isolated from the calvarial bone of newborn
(3-5 d) mice by enzymatic digestion in «-MEM with 0.1% col-
lagenase and 0.2% dispase as described (Ogata et al. 2000), and
were cultured in o-MEM with 10% FBS. After 2 d, cells were
reseeded (5 x 10* cells per well in a 24-well dish) and cultured in
a-MEM with 10% FBS containing 50 ng/mL ascorbic acid, 10
mM B-glycerophosphate, and 10 nM dexamethasone for the os-
teoblast differentiation assay. After 7 d, ALP activity was as-
sayed, and after 21 d, bone nodule formation was assayed by
alizarin red staining as described (Ogata et al. 2000). After 14 d,
we extracted mRNA from cultured osteoblasts with Sepasol
(Nacalai), and performed semiquantitative reverse transcriptase
PCR (RT-PCR) or RNA blotting analysis of osteoblast-specific
genes as previously described (Ducy et al. 1997). PCR primers
are as follows: ALP (sense, 5-GACTGGTACTCGGATAAC
GAGATGC-3’; antisense, 5-TGCGGTTCCAGACATAGTG
G-3’) and GAPDH (sense, 5'-AGGAGCGAGACCCCACTAAC-
3'; antisense, 5'-TGCCAGTGAGCTTCCCGTTC-3').

Retroviral gene transfer

Packaging and inoculation of retrovirus vectors, pBabe or pBabe-
Statl [a gift from D. Stoiber (Institute of Pharmacology, Univer-
sity of Vienna, Vienna, Austria) and V. Sexl (Institute of Phar-
macology, University of Vienna, Vienna, Austria)] were per-
formed as described previously (Takayanagi et al. 2002b).
Osteoblasts (1 x 10° cells in a well of a 6-well plate) were inocu-
lated with retroviruses and cultured in a-MEM with 10% FBS.
After 2 d of culture, the medium was changed to «-MEM with
10% FBS containing 50 ng/mL ascorbic acid, 10 mM B-glycero-
phosphate, and 10 nM dexamethasone. After 14 d of culture,
cells were fixed for ALP assay or analyzed by immunoblotting.

RNase protection assay

For the RNase protection assay for the mRNAs of the BMP
family members, we extracted total RNA from osteoblasts cul-
tured for 7 d as described above, and analyzed the mRNA using
an RNase protection assay kit (Pharmingen) according to the
manufacturer’s protocol. When we analyzed the osteoblast dif-
ferentiation in the presence of recombinant BMP-2, we added
BMP-2 to the culture of osteoblasts at a concentration of 100
ng/mL throughout the culture period.

Luciferase assay

We transfected the reporter plasmid containing the osteocalcin
promoter, 10500c¢-luc, or mutated (mt) 10500c-luc (Javed et al.
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1999), and the Runx2 expression vector, pEF-BOS-aAl, to 293T
cells with or without the Stat1 expression vector, pSG91, using
FuGENEG (Roche). We similarly transfected 12xGCCG-luc,
ALK3QD, and pcDNA3-Smadl as described (Yoshida et al.
2000) with or without Statl. When necessary, IFN-y (100 U/mL)
was added 36 h after transfection. The luciferase assay was per-
formed 48 h after transfection as described previously (Takay-
anagi et al. 2002a). All data are expressed as mean = S.E. (n = 5).

EMSA

After 7 d of culture of osteoblasts derived from WT or Stat1~/~
mice, proteins were extracted with sonication method using
lysis buffer [20 mM HEPES at pH 7.9, 50 mM NaCl, 10 mM
EDTA, 10% (v/v) glycerol, 10 mM sodium molybdate, 10 mM
ortho vanadate, 100 mM sodium fluoride, 0.1% (v/v) NP-40, 1
mM DTT, 100 pg/mL leupeptin, and 0.5 mM APMSEF]|. Then 35
ng of proteins was used to bind with the [y-32P]JATP-labeled
oligonucleotide probe containing the binding sequence with
Runx2 as described (Kagoshima et al. 1996) or with AP-1 (Jo-
chum et al. 2000). Supershift was performed with a mouse anti-
Runx2 monoclonal antibody (a gift from Y. Ito, Institute of Mo-
lecular and Cell Biology, National University of Singapore, Sin-
gapore).

Immunoprecipitation and immunoblot analysis

Cell extracts were harvested from primary osteoblasts or 293T
cells transfected with indicated expression vectors for 48 h in
TNE buffer (10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 2 mM Na,;VO,, 10 mM NaF, and 10 pg/mL aprotinin).
Cell extracts were incubated with 1 pg of anti-Runx2, anti-Statl
(p84/91; Santa Cruz) or anti-Flag (Sigma) antibodies at 4°C for 1
h. Immune complexes were recovered with protein G Sepharose
(Amersham), subjected to SDS-PAGE, and blotted with indi-
cated antibodies. Nuclear and cytosolic extracts were prepared
as described (Thirunavukkarasu et al. 1998). For immunoblot-
ting, we used anti-HA antibody (Santa Cruz), anti-phospho-
Statl (Tyr 701; New England Biolab), and Ser 727 antibodies
(Upstate). HA-Stat]1AC mutants were constructed by deleting
the C terminus region of HA-Statl (a gift of X.Y. Fu) as described
in Figure 6B. Stat1CYF (a gift of X.Y. Fu, Department of Pathol-
ogy, Yale University School of Medicine, New Haven, CT) and
Stat1ASS (a gift of Y. Eugene Chin, Department of Pathology
and Laboratory Medicine, Brown University School of Medi-
cine, Providence, RI) have been described (Wu et al. 2002). The
construction strategy of Runx2 mutants has been previously
described (Thirunavukkarasu et al. 1998).

Immunofluorescence staining

293T cells were fixed 24 h after transfection in 4% paraformal-
dehyde for 20 min and treated with 0.2% Triton X for 5 min.
Primary osteoblasts were fixed 7 d after incubation in a-MEM
containing 50 pg/mL ascorbic acid, 10 mM B-glycerophosphate,
and 10 nM dexamethasone. Cells were sequentially incubated
in 5% BSA/PBS for 30 min, 2 pg/mL anti-Runx2 monoclonal
antibody or anti-Statl polyclonal antibody in PBST for 60 min,
and then 4 ng/mL Alexa 488 or 546-labeled anti-mouse or anti-
rabbit IgG antibody (Molecular Probe) for 60 min.
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