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Stat1-Mediated Cytoplasmic Attenuation
in Osteoimmunology
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Abstract Signal transducer and activator of transcription 1 (Stat1) is a critical mediator of gene transcription in type |
interferon (IFN-0/B) signaling that is essential for host defense against viruses. In the skeletal system, type | IFNs (IFN-o/p)
also play an important physiological role in the inhibition of receptor activator of NF-xB ligand (RANKL)-induced
osteoclast differentiation and bone resorption: mice deficient in IFN signaling exhibit decreased bone mass accompanied
by the activation of osteoclastogenesis. On the other hand, an unexpected increase in bone mass was observed in Stat1-
deficient mice, indicating that Stat1 has a hitherto unknown function in the regulation of bone formation. Indeed, Stat1 was
found to have a unique, non-canonical function as a cytoplasmic attenuator of Runx2, a key transcription factor for
osteoblast differentiation. Thus, the loss of Stat1 results in excessive activation of Runx2 and osteoblast differentiation,
thereby tipping the balance in favor of bone formation over bone resorption. This is an interesting example in which a
latent transcription factor attenuates the activity of another transcription factor in the cytoplasm, and reveals a novel
regulatory mechanism of bone remodeling by immunomodulatory molecules. Here, we summarize recent advances in
the study of Stat1 and IFNs in the context of osteoimmunology, including latest reports that question whether the inhibitory
function of Stat1 in chondrocytes is responsible for dwarfism in achondroplasia. J. Cell. Biochem. 94: 232-240, 2005.
© 2004 Wiley-Liss, Inc.
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The immune and skeletal systems have var-
ious regulatory molecules in common including
cytokines and transcription factors. Further-
more, immune cells are formed in the bone

marrow, interacting with bone cells. Therefore,
it is reasonable to consider that the physiology
and pathology of one system may affect the
other. It is worth noting that an abnormal
activation of the immune system leads to bone
destruction in diseases such as rheumatoid
arthritis, and animal models deficient in immu-
nomodulatory molecules often develop an unex-
pected skeletal phenotype. Thus, the crosstalk
between immune and skeletal systems or the
interdisciplinary field called “osteoimmunol-
ogy” has attracted much attention in recent
years [Arron and Choi, 2000; Baron, 2004].
The development and homeostasis of the ver-
tebrate skeletal system depend on the balanced
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action of bone-forming osteoblasts and bone-
resorbing osteoclasts [Karsenty and Wagner,
2002]. This balance must be tightly control-
led by various regulatory systems including
the endocrine, nervous, and immune systems.
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Tipping this balance in favor of osteoclasts
leads to pathological bone resorption, as observ-
ed in various osteopenic diseases: autoimmune
arthritis, periodontitis, postmenopausal osteo-
porosis, Paget’s disease, and bone tumors. There-
fore, the regulatory mechanisms of osteoclasts
and osteoblasts are critical for understanding
the health and disease of the skeletal system.
Receptor activator of NF-xB ligand (RANKL)
is a tumor necrosis factor family cytokine es-
sential for the induction of osteoclastogenesis.
RANKL was cloned as an activator of dendritic
cells expressed by activated T-cells, and this
molecule explicitly highlighted the close rela-
tionship between the immune and bone systems
[Theill et al., 2002]. The intracellular signaling
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pathway activated by RANKL has been exten-
sively studied. Briefly, the binding of RANKL to
its receptor, RANK, results in the recruitment
of TNF receptor-associated factor 6 (TRAF6),
which activates the NF-kB and MAPK path-
ways, and also induces the expression of c-Fos.
In cooperation with recently identified costi-
mulatory signals for RANKL, the c-Fos and
TRAF6 pathways induce and activate nuclear
factor of activated T-cells ¢c1 (NFATcl), the
master transcription factor for osteoclastogen-
esis [Takayanagi et al., 2002a; Koga et al., 2004]
(Fig. 1).

Both type I and II IFNs (IFN-o/f and IFN-y,
respectively) play crucial roles in the immune
system in the context of host defense against
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Fig. 1. Crosstalk between RANKL and IFN signaling in osteo-
clast differentiation. RANKL binds to its receptor, RANK, and
activates essential signaling pathways for osteoclastogenesis
including TRAF6, c-Fos, and calcium pathways. The transcrip-
tion factor NFATc1 integrates these pathways, acting as a master
switch for osteoclast differentiation. Recently, immunoglobulin-
like receptors associated with ITAM-harboring adaptors have
been identified as critical costimulatory molecules of RANKL. In
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the inflammatory condition, IFN-y produced by activated T-cells
inhibits RANKL signaling by the downregulation of TRAF6
expression. In addition to osteoprotegerin (OPG), IFN-B, which
is induced by RANKL, is an important physiological regulator of
RANKL signaling by inhibiting the expression of c-Fos. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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pathogens [Taniguchi and Takaoka, 2002].
More recent works revealed that IFNs are
also involved in the negative regulation of
osteoclastogenesis by unique signaling cross-
talks with RANKL [Takayanagi et al., 2002c]
(Fig. 1). In the inflammatory condition, T-cells
maintain bone homeostasis by counterbalan-
cing the action of RANKL through the produc-
tion of IFN-y [Takayanagi et al., 2000b]. IFN-f
also contributes to the regulation of bone
remodeling as a RANKL-induced autoregulator
of RANKL signaling [Takayanagi et al., 2002b].
Since both IFNs utilize Statl as an essential
signaling transducer and transcription factor, it
was naturally expected that Statl may be
involved in the negative regulation of osteoclast
differentiation. Another clue to the function of
Statl in the skeletal system can be obtained
from reports that Stat1 is involved in the nega-
tive regulation of chondrocyte proliferation
downstream of fibroblast growth factor re-
ceptor 3 (FGFR3) [Su et al., 1997; Sahni et al.,
1999]. Nonetheless, Statl-deficient mice have
an increased bone mass without any defects
in enchondral bone formation, suggesting that
Statl has yet an undetermined function in the
skeletal system.

Detailed analyses of osteoblasts derived from
Statl-deficient mice demonstrate that Statl
functions as a cytoplasmic attenuator of Runx2,
which is an essential transcription factor for
osteoblastic bone formation [Ducy et al., 2000].
This novel function of Statl does not re-
quire tyrosine 701 that is phosphorylated
when Statl becomes a transcriptional activator
[Levy and Darnell, 2002]. Here we will focus
on the IFN-independent function of Statl in
Runx2-mediated osteoblast differentiation in
the context of a new mode of transcriptional
attenuation.

RANKL AND IFN-y IN ARTHRITIC
BONE DESTRUCTION

The molecular mechanism by which abnor-
mal immune responses destroy bone in auto-
immune arthritis has long been a mystery.
Although there was circumstantial evidence
that osteoclasts generated from synoviocytes
play a critical role [Takayanagi et al., 1997], it
wasnotuntil RANKL was cloned and found to be
overexpressed in arthritic joints that re-
searchers widely accepted that osteoclasts play
a critical role in arthritic bone destruction

[Takayanagi et al., 2000a]. Finally, recent stud-
ies have provided genetic evidence that RANKL
or osteoclasts are indispensable for inflam-
matory bone destruction [Pettit et al., 2001;
Redlich et al., 2002], although it remains un-
clear whether synovial mesenchymal cells or
T-cells are the major RANKL-expressing cellsin
arthritis.

We hypothesized that T-cells have a negative
regulatory mechanism to counterbalance the
action of RANKL, since abnormal bone resorp-
tion is not observed during normal T-cell res-
ponses despite the expression of RANKL. Using
mice lacking a receptor component for IFN-
v, we found that IFN-y produced by T-cells
strongly suppresses osteoclastogenesis by in-
terfering with the RANKL signaling pathway
[Takayanagi et al., 2000b]. Thus, activated
T-cells not only positively regulate, but also
negatively affect osteoclastogenesis. The inhi-
bitory effect of IFN-y on osteoclastogenesis was
not observed in Statl ™~ cells, showing that
Stat1 is essential for this effect. Furthermore,
the IFN-y inhibition of osteoclastogenesis is
rescued by overexpressing the RANK adaptor
protein TRAF6 in precursor cells, indicating
that TRAF®6 is the target critical for the IFN-y
action.

The mechanism of arthritic bone destruction
initiated by T-cells is summarized in Figure 2.
It is worth noting that RANKL is abundantly
expressed on synovial fibroblasts stimulated
by inflammatory cytokines such as IL-1 or TNF-
o in addition to RANKL on T-cells. Interest-
ingly, despite a significant T-cell infiltration
in arthritic joints, IFN-y expression in these
T-cells is suppressed. Therefore, the paucity of
IFN-y and the enhanced expression of RANKL
may underlie the activation of osteoclastogen-
esis in arthritis.

NEGATIVE FEEDBACK REGULATION OF
RANKL SIGNALING BY IFN-

During the course of a genomewide screening
of target genes induced by RANKL, we detected
multiple IFN-o/B-inducible genes in osteoclast
precursor cells. This led us to investigate the
bone phenotype of mice deficient in an IFN-o/f
receptor component, IFNAR1 [Takayanagietal.,
2002b]. We found that these mice spontaneously
develop marked osteopenia (low bone mass) ac-
companied by enhanced osteoclastogenesis. We
found that RANKL induces the IFN-p gene in
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Fig. 2. Mechanism of arthritic bone destruction. Activated
T-cells stimulate macrophages to secrete proinflammatory cyto-
kines such as TNF-a and IL-1, which strongly induce RANKL on
synovial fibroblasts. In addition, T-cells themselves express
RANKL, although this contribution remains unclear. In contrast,
T-cells produce a very low level of IFN-y, a potent RANKL in-
hibitor produced by T-cells. This imbalance may be responsible
for the aberrant activation of osteoclast formation in arthritis.
[Color figure can be viewed inthe online issue, which is available
at www.interscience.wiley.com.]

osteoclast precursor cells and that IFN-f in-
hibits their differentiation by interfering with
the RANKL-induced expression of c-Fos, an
essential transcription factor for osteoclasto-
genesis. Interestingly, unlike the induction by
virus, IFN-f gene induction by RANKL is
not dependent on interferon regulatory factor
(IRF)-3/IRF-7, but on c-Fos. Thus, a unique
autoregulatory mechanism operates, wherein
RANKL-induced c-Fos induces its own inhibi-
tor. The inhibitory effect of IFN-B on osteo-
clastogenesis was not observed in Statl1 ™'~ or
IRF-97'~ cells, indicating that the interferon-
stimulated gene factor 3 (ISGF3) complex con-
taining Statl and IRF-9 is essential for this
effect (see below).

NOVEL ROLE OF Stat1 IN
BONE REMODELING

Despite the distinct mechanisms of regulat-
ing osteoclast differentiation by IFN-f and IFN-

v, Statl is critically involved in both mechan-
isms to suppress RANKL signaling (see Fig. 1).
These mechanisms are consistent with the
canonical activation pathway of Statl depen-
dent on its phosphorylation: Statl resides in the
cytoplasm in the latent form, and the binding of
IFNs to their receptors results in the activation
of Jak family kinases, which phosphorylate
tyrosine 701 of Statl. Phosphorylated Statl
leads to the activation of transcription factors,
which include ISGF3 (a heterotrimeric complex
consisting of Statl, Stat2, and IRF-9) and IFN-
v-activated factor (GAF; a Statl homodimer)
[Stark et al., 1998; Taniguchi et al., 2001] (Fig. 3).
It was also reported that unphosphorylated
Statl is involved in the transcriptional control
[Chatterjee-Kishore et al., 2000], but there has
been no evidence that Statl has a physiological
function in the cytoplasm.

To investigate the physiological function of
Statl in the skeletal system, we examined the
bone phenotype of Statl '~ mice [Kim et al.,
2003]. Consistent with the observation that
Statl is required for the IFN-B-mediated inhibi-
tion of osteoclastogenesis, we found an increas-
ed osteoclast number and enhanced osteoclastic
bone resorption in Statl~’~ mice. However,
the Statl '~ mice had an increased bone mass,
unlike the IFNARI~~ mice that exhibited
osteopenia. This unexpected bone phenotype of
the Stat1 ™'~ mice prompted us to examine the
status of bone-forming osteoblasts in these
mice. Bone morphometric analysis revealed a
notable increase in bone formation rate and
other osteoblast parameters, such as osteoid
surface/thickness and osteoblast surface, sug-
gesting that excessive osteoblast differentiation
is responsible for the increased bone mass.
In vitro osteoblast differentiation was signifi-
cantly enhanced in the absence of Statl. These
results indicate that Statl interferes with
osteoblast differentiation and bone formation.
In view of the well-known fact that Statl is
activated in response to IFNs and other cyto-
kines, such as leukemia inhibitory factor (LIF),
interleukin (IL)-6, and oncostatin M, we exam-
ined whether these cytokines are involved in the
above described osteoblast phenotype, but no
such evidence was obtained. Although it re-
mains unclarified how FGF regulates osteoblast
differentiation, it is interesting that the expres-
sion of FGFR3 is downregulated and the FGF-
18-stimulated proliferation is accelerated in
Stat1~'~ osteoblasts [Xiao et al., 2004].
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Fig. 3. Canonical mechanism of Stat1 activation by IFNs. The
binding of IFN-a/p to its receptor complex induces the activation
of Jak family tyrosine kinases, Jak1 and Tyk2, resulting in the
phosphorylation of Stat1 and Stat2. This leads to the formation of
a heterotrimeric complex, ISGF3, consisting of Stat1, Stat2, and
IRF-9 and GAF (Stat1 homodimer). IFN-y activates Jak1 and Jak2,

CYTOPLASMIC ATTENUATION OF
Runx2 BY Stat1

To gain insights into the mechanism by which
Statl interferes with the osteoblast differentia-
tion program, we examined the role of Statl
in signaling events induced by bone morphoge-
netic protein (BMP)-2, a potent osteogenic
cytokine. Briefly, BMP-2 binds to its receptor,
which induces the phosphorylation of Smad
family proteins such as Smadl, Smad5, and
Smad8, resulting in the formation of a trimetric
complex with Smad4 [Massague, 2000]. The
Smad complex translocates to the nucleus and
cooperates with another class of transcription
factor, Runx2, to activate the transcription of
osteoblast-specific genes [Ito and Miyazono,
2003]. The expression of Statl resulted in a
strong inhibition of the Runx2-dependent acti-
vation of the osteocalcin promoter, without
affecting the Smad1-dependent promoter acti-
vation, suggesting that Statl selectively in-
terferes with the transcriptional activity of
Runx2. Indeed, an electrophoretic mobility

GAS

which phosphorylates Stat1 and mainly induces GAF. The typical
pathways are depicted in the schematic. ISGF3 and GAF bind to
the interferon-stimulated response element (ISRE) and IFN-y
activation site (GAS) on the promoter of IFN-inducible genes,
respectively. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

shift assay (EMSA) using the Runx2-binding
probe revealed that the DNA-binding activity of
Runx? is upregulated in Statl ™'~ osteoblasts
[Kim et al.,, 2003]. Although a study using
Runx2 transgenic mice suggested that the ab-
normal expression of Runx2 at the late stage of
osteoblast differentiation may affect bone for-
mation [Liu et al., 2001], StatI '~ mice provide
an interesting model in which the temporal
Runx2 expression is normal but its activity is
enhanced.

Is the inhibitory effect of Statl on Runx2
activity dependent on its activation by phos-
phorylation? In the context of the signaling of
IFNs and other cytokines, Statl is activated by
phosphorylation at tyrosine 701. Interestingly,
the phosphorylation of tyrosine 701 of Statl was
barely detectable in osteoblasts irrespective of
BMP-2 stimulation. In addition, the inhibitory
effect on Runx2 was exerted by a mutant form
of Statl in which tyrosine 701 is converted to
phenylalanine, showing that the inhibition of
Runx2 activity by Statl is independent of
phosphorylation.
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Fig. 4. A schematic model of Stat1-mediated cytoplasmic attenuation. Smads and Runx2 are among the
transcription factors activated downstream of BMP-2. Stat1 has no effects on Smad-dependent transcrip-
tional activity, but strongly inhibits Runx2-dependent activity. Stat1 inhibited the nuclear localization of
Runx2 by their physical association in the cytoplasm. This effect is independent of Stat1 phosphorylation or
IFN signaling. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

Finally, we investigated the association be-
tween Statl and Runx2, and found that the
inhibitory effect of Stat1 on Runx2 is dependent
on the physical interaction between the two
molecules. The overexpression of Runx2 result-
ed in the nuclear localization of the protein, but
the coexpression of Statl with Runx2 main-
tained Runx2 in the cytoplasm, inhibiting the
nuclear localization and transcriptional activity
of Runx2. Thus, unphosphorylated Stat1 resid-
ing in the cytoplasm associates with Runx2 and
attenuates the activity of Runx2 (Fig. 4). The
mode of action of Statl is unique, in that it
interferes with another transcription factor,
Runx2, in the cytoplasm in its transcriptionally
latent form.

FUNCTION OF Stat1 IN CHONDROCYTES

An activating mutation in FGFR3 results in
human achondroplasia, one of the commonest
congenital diseases characterized by dwarfism
[Rousseau et al., 1994]. Several studies propos-
ed that the inhibitory effect of FGF-activated

Statl on chondrocyte proliferation causes im-
paired endochondral ossification and skeletal
malformation in achondroplasia [Suet al., 1997;
Sahni et al., 1999, 2001]. Notwithstanding,
there was no severe abnormality in the gross
development of skeletons, longitudinal bone
length, or growth plate anatomy in Statl '~
mice, suggesting that the physiological contri-
bution of Statl to endochondral bone formation
is minimal.

Although Statl is involved in the inhibitory
effect of FGF on chondrocyte proliferation,
recent studies suggest that dwarfism in achon-
droplasia is not associated with Statl, but with
the activation of the MAPK pathway. Notably,
the constitutive activation of the MAPK path-
way results in an achondroplasia-like pheno-
type in mice, and transgenic mice carrying
an activating mutation (G374R) in FGFR3 de-
velop an achondroplasia-like phenotype even
in an Statl-deficient background [Murakami
etal., 2004]. Furthermore, the overexpression of
the C-type natriuretic peptide (CNP) in chon-
drocytes rescues achondroplasia by suppressing
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the activation of the MAPK pathway without
affecting the Statl pathway [Yasoda et al.,
2004]. These results show that the MAPK
pathway is more important in terms of the
regulation of the hypertrophic differentiation
of chondrocytes, and the Statl-mediated inhibi-
tion of cell proliferation may not be respons-
ible for the abnormal enchondral ossification in
achondroplasia, although further studies are
necessary to clarify the molecular basis of this
discrepancy.

SUMMARY AND FUTURE DIRECTIONS

In this review, we summarized our current
understanding of IFN signaling and its down-
stream transcription factors in the regulation of
bone remodeling. The series of studies places
both IFN-o/p and -y systems in the context of
osteoimmunology, indicating that these cyto-
kines are critical not only for immune responses
but also for bone homeostasis in both physiolo-
gical and pathological conditions.

In particular, the new role of Statl in the
inhibition of Runx2 is interesting in that this
and other transcription factor members cross-
talk in the cytoplasm. Runx2 has been identified
as the central transcription factor for bone
formation, but how its function is regulated
has been largely unknown. There was no ac-
celeration of ossification in newborn Statl '~
mice, suggesting that the physiological regula-
tory function of Statl is not important for the
skeletal development but critical for bone re-
modeling at the postnatal stage. Recently,
Bialek et al. [2004]. have identified the Twist
transcription factor as a negative regulator of
Runx2 during the development of the skeletal
system. Taken together, we conclude that the
Runx2 function is regulated by distinct mech-
anisms between embryonic development and
remodeling of the skeletal system. These find-
ings suggest the importance of the temporal
and spatial regulation of Runx2 for the normal
development and homeostatic regulation of
the skeletal system; Twist regulates Runx2 in
the nucleus during embryogenesis and Statl
regulates Runx2 in the cytoplasm in the adult
bone.

Runx family transcription factors play an
important role in various biological systems
such as hematopoiesis, bone metabolism, and
oncogenesis [Li et al.,, 2002; Ichikawa et al.,
2004]. In addition, accumulating evidence sug-

gests that the Runx family regulates the dif-
ferentiation of immune cells [Taniuchi et al.,
2002]. Interestingly, single nucleotide polymor-
phism (SNP) in Runx binding sites is associated
with the onset of several autoimmune diseases
including systemic lupus erythematosus, rheu-
matoid arthritis, and psoriasis [Prokuninaetal.,
2002; Helms et al., 2003; Tokuhiro et al., 2003].
The unexpected bone phenotype revealed an
intriguing crosstalk between Statl and Runx2,
indicating that the regulation of bone metabo-
lism by immunomodulatory molecules extends
beyond the regulation of osteoclastic bone
resorption. The regulation of Runx by Stat
family members may shed light on new aspects
of an intricate network linking the immune and
skeletal systems and provide a novel therapeu-
tic strategy for pathological conditions affecting
both systems.
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