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The human skeleton is a complex organ system comprised of a

collection of many individual bones that are brought together by
connective tissue to accomplish not only a biomechanical and
supportive function, but also a homeostatic role. The skeleton plays a
pivotal role in providing a metabolic supply for the body, supplying
the body with calcium and phosphorous that is needed for a plethora
of cellular processes [1]. To accomplish this dual role, bone cells have
the capability to respond to both local cytokines and circulating
hormones. Osteocytes, osteoclasts, and osteoblasts form the main
cellular component of bone. Osteoclasts are bone resorbing cells while
osteoblasts are bone forming cells. The adult skeleton goes through a
continuous process of bone renewal called remodeling. Mediated by
osteoclasts and osteoblasts, remodeling replaces old bone with new
bone. Although it has long been known that these cells both arise from
bone marrow progenitors, the extent to which the differentiation
pathways interact and depend on one another has been studied only
recently. It has been hypothesized that the local actions of cytokines
play a crucial role in these intercellular signaling cascades [2]. In
addition, exercise (mechanical loading on bone) has been shown to
generate an anabolic effect via regulation of cytokine secretion and
intracellular signaling pathways, such as Wnt signaling, in bone cells.

The balance between bone resorption and bone formation is a
process that must be finely controlled. When this balance becomes
askew, pathologies arise. Osteoporosis can be caused by various factors
that result in a loss of this balance, with bone resorption reigning over
bone formation. Osteoporosis is a system-wide skeletal disorder
characterized by loss of bone mass and strength, ultimately leading to
fragility fractures [3]. The underlying molecular pathways leading to
osteoporosis are not well understood. It is important to recognize the
heterogeneity of the numerous factors responsible for skeletal defects.
Sex hormone deficiency, senescence, hyperthyroidism, corticosteroid
excess, and certain autoimmune disorders all contribute to bone loss
through distinct and independent mechanisms [4]. These pathological
mechanisms ultimately converge at an imbalance in normal bone
remodeling, resulting in the observed osteopenia and osteoporosis.
Thus, in order to effectively select targets for therapeutic intervention
of skeletal defects, it is fundamental to first elucidate the basic
molecular interactions in bone formation and depletion. The following
review will focus on how the signaling protein Stat3 and its signaling
cascade mediate differentiation, growth, and maintenance of
osteoprogenitor cells and their terminally differentiated lineage
constituents. Also discussed are pathologies, specifically Hyper-IgE

Syndrome and osteoporosis that arise when this pathway becomes
disrupted [5].

Stat3 was first discovered in the 1990s to be part of the interferon
signaling pathways as a member of the Stat family, a group of seven
signal transducer and activator of transcription (Stat) proteins [6].
Despite the structural similarities amongst the Stat family, each
participates in quite different cellular processes. All members of the
Stat family have been identified in all bone tissues. Among the seven,
Stat3, Stat5a and Stat5b have been shown to be directly involved in
skeletal development. Interestingly, Stat1 and Stat3 have potential
opposing effects on bone metabolism and healing. Our lab has worked
on the role of Stat3 in bone cells for over five years. Stat3 is a 770-
amino-acid–long protein encoded on chromosome 17. Stat3 is a highly
conserved protein that was first cloned and purified from mouse livers.
Stat3 has since been found to be critical during development in
numerous mammals and invertebrates [6,7]. Although the significance
of Stat3 signaling in the musculoskeletal system has not been well
elucidated, emerging evidence suggests that Stat3 is involved in bone
metabolism and bone response to mechanical loading.

The Stat signaling cascade was originally identified as a receptor-
activated pathway responsive primarily to interferon-gamma (IFNγ)
and members of the interleukin-6 (IL-6) family. The intracellular
domains of many cytokine receptors, mainly IL-6 receptors, are
physically associated with tyrosine kinases of the Janus kinase (JAK)
family. IL-6 belongs to the IL-6 family (or gp130 family), which is
composed of IL-6, IL-11, oncostatin M, leukemia inhibitory factor,
cardiotrophin-1, and novel neurotrophin-1/B-cell stimulatory factor-3
[8,9]. They are pleiotropic cytokines, sharing the glycoprotein chain
gp130 as a common signal transducer [8,10,11]. When IL-6 and other
cell signaling cytokines bind to their membrane-bound receptors,
dimerization of the receptor occurs. The Janus kinase associated with
these activated receptors becomes activated and phosphorylates its
signature tyrosine residues. This phosphorylation creates docking
sites, specifically composed of a Src homology domain, for subsequent
recruitment of the Stat family of proteins. The recruited Stat protein is
then tyrosine phosphorylated. The activated Stat protein then
dimerizes, typically forming a homodimer. The dimerized Stat
proteins can then translocate to the nucleus where they bind to
enhancer elements or palindromic sequences in target genes. The end
result of this signaling cascade is the induction of transcriptional
activation [12-14]. This pathway can be down-regulated or inhibited
through suppression of the cytokine signaling proteins that bind to the
Jak-Stat membrane complex [14].

The cytokines of the IL-6 family, including IL-6, IL-11, and
oncostatin M, which are expressed in osteoblasts and osteocytes, play a
major role in regulating the differentiation of both osteoblasts and
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osteoclasts through the activation of Stat3. IL-6 cytokines act via Stat
activation and promote differentiation of committed osteoblasts [15].
IL-6 is produced by all cells of the osteoblast lineage in response to
other signaling cytokines. In experimental studies using knock-in
models, the up-regulation of IL-6 induces osteoclast formation and, as
a result, increases osteoclastic bone resorption [16]. Increased
osteoclastic bone resorption is often observed in diseases of bone
metabolism, so it has been hypothesized that IL-6 could potentially be
a target for treating such disorders [17].

Disruption of gp130 leads to defects in cartilage and bone
development. Sims et al. [18] analyzed two lines of gp130 knock-in
mice (gp130 ΔSTAT/ΔSTAT and gp130 Y757F/Y757F). gp
130ΔSTAT/ΔSTAT exhibited bone shortening as a result of reduced
chondrocyte differentiation. In another study using gp130-/- mice,
osteoblasts were fewer in number in trabecular bone and exhibited
widespread abnormalities in function [19]. Osteoblasts from these
mice showed decreased mRNA and protein levels of alkaline
phosphatase, both in vivo and in cultured osteoblasts. Since gp130
ΔSTAT/ΔSTAT and gp130-/- models are defective for all signals
dependent on the cytoplasmic tail of gp130, including Stat3 activation,
these results suggest that Stat3 is required for chondrocyte and
osteoblast differentiation and function.

Glycoprotein 130 (gp130) may regulate bone resorption through
Stat3. In order to show that Stat3 is a downstream effector of gp130,
O’Brien et al. [2] conditionally knocked out Stat3 in an osteoblastic cell
line. Expression of this dominant-negative Stat3 protein completely
eliminated osteoclast formation, specifically the formation of
osteoclasts in relation toIL-6 and its receptor [2]. Therefore, Stat3 is
required for many of the cellular processes and responses to gp130
activation. Furthermore, the same cytokines that activate the gp130-
mediated signaling cascade also stimulate the up-regulation of RANK
ligand (RANKL) production by osteoblasts. Osteoclast precursors
express a surface-bound receptor, RANK, for this ligand.
Osteoclastogenesis requires this interaction between bone forming and
bone resorbing cells. This means that enhancing the Stat3signaling
pathway directly affects osteoblasts while indirectly enhancing the
formation of osteoclasts [20,21].

In order to elucidate Stat3’s role in bone metabolism in vivo, studies
have been carried out in conditional knockout models using the Cre-
lox Pre combination system. Universal Stat3 deficiency is lethal at
embryonic day seven, a loss that cannot be compensated for by other
Stat proteins. Itoh et al. [22] bred a strain of mice that had a point
mutation in the tyrosine at position 759 (gp130F759/F759). This
specific tyrosine residue provides the binding site for cytokines that act
as suppressors of the Jak-Stat3 pathway. When this domain is floxed
and conditionally knocked down, this pathway runs unopposed [21].
The gp130F759/F759 mice showed increased number and thickness of
trabeculae and also increased total bone volume. Since the suppressor
of the gp130-mediated Stat3 signaling cascade was knocked out, the
Jak-Stat3 pathway was enhanced. Conversely, Itoh et al. [22]
conditionally knocked down the Stat3 protein in osteoblasts using a
type I collagen promoter. The control and experimental groups
underwent bone histomorphometry of the vertebrae and tibias, bone
mineral density scans, and osteoblast isolation. These mice failed to
show reduced bone size, suggesting that the knockout of Stat3 does not
noticeably affect chondrocyte signaling. Quantitative analysis of
various bone parameters revealed that these mice had reduced total
bone volume and trabecular thickness as well as increased trabecular
separation. The specific targeting of Stat3 in vivo using the type I

collagen promoter did not seem to affect osteoclast number or the
amount of eroded surface per bone surface, suggesting that osteoclast
function was normal. This study clearly demonstrated, however, that
Stat3 signaling plays a crucial role in bone formation in vivo,
specifically in osteoblasts [22].

Besides its action on gene transcription through binding specific
gene-promoter sequences in the nucleus, Stat3 may also regulate bone
homeostasis and mechanically induced bone formation via its
involvement in regulation of cell respiration in mitochondria. It is
known that an increase in reactive oxygen species (ROS) causes the
bone loss observed in old age; the same effect may contribute to
osteoporosis. Stat3 is present in the mitochondria of cells, where it
plays a role in ensuring efficient functioning of the electron transport
chain [23]. The electron transport chain acts to generate energy
through the process of oxidative phosphorylation. When this is
disrupted, ROS are formed. This raises interesting questions on what
effect the inappropriate function of the electron transport chain would
have when Stat3 is knocked down. To test this, Zhou et al. [24]
generated bone-selective Stat3 knockout mice, in which Stat3 is
specifically inactive in osteoblasts and osteocytes, and performed in
vivo mechanical loading on their right ulnas. These bone cell-specific
Stat3-deficient mice had significantly reduced body stature and weight,
with femur lengths showing the most marked disparities. Osteoblasts
from the calvaria were cultured and assayed to evaluate the different
levels of ROS compared to those of wild-type mice. The ROS levels
were shown to be significantly higher in the Stat3knockout mice
compared to those of the control mice [24]. The high levels of ROS
appear to negatively affect in vivo bone formation in response to
mechanical stress, as evidenced by the reduction of load-induced bone
formation in these conditional Stat3KO mice in comparison with the
controls. Loss-of-function of Stat3 in osteoblasts and osteocytes
decreases bone mineral density and strength, as well as reduces the
osteogenic response following mechanical loading.

One of the most well studied pathologies involving Stat3 is Hyper-
IgE Syndrome, also called Job’s Syndrome. The main etiology of
Hyper-IgE Syndrome is a deficiency in the expression of the Stat3
protein. This syndrome was first characterized by Davis in 1966 and
was initially defined as eosinophilia, eczema, and recurrent skin and
pulmonary infections [25]. Hyper-IgE Syndrome is a rare disease,
affecting an estimated one in 100,000 people. It shows an equal
distribution between male and female patients and does not seem to be
localized to one geographic region. In 2007, genetic studies of patients
with Hyper-IgE Syndrome identified a dominant-negative Stat3
mutation, revealing the genetic basis of this pathology. This syndrome
is characterized by elevated levels of immunoglobulin E (IgE) and has
immunological and infectious manifestations [26]. These patients also
show low levels of IL-6-dependent phosphorylation and subsequently
low nuclear translocation of the Stat3 protein. With correct diagnosis
and appropriate care, these patients tend to improve with time.
Preventative treatment for the coinciding infections includes
antibiotics and prophylaxis for bacterial infections [26]. As expected
with a deficiency in Stat3, specific bone abnormalities in patients with
Hyper-IgE syndrome are also observed, including prominent
foreheads, broad nasal bridges, and abnormally larger spacing between
the eyes. These patients often suffer from frequent fractures, cranio
synostosis, and osteoporosis. Clinical studies indicate that
Stat3mutation leads to an increase in osteoclast number and bone
resorption, suggesting that Stat3 plays a role in osteoclast recruitment
and activity. In addition, patients with Hyper-IgE syndrome manifest
recurrent pathological fractures in the long bones and ribs, features
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not commonly seen in postmenopausal females, who typically
experience osteoporotic fractures at femoral heads and vertebral
bodies. These findings indicate that the Stat3 mutation has a
detrimental effect, independent of bone mineral content, on bone
quality, which is likely related to mineralization. Overall, these clinical
findings suggest that Stat3 mutations cause increased bone resorption
and abnormal bone formation.

Currently, a prominent topic in bone biology research relates to
how we can potentially replace bone that has been lost due to
inflammatory and degenerative diseases like rheumatoid arthritis and
osteoporosis. As discussed above, cell-signaling cytokines are known
to manage the balance between bone resorption and bone formation
by regulating the differentiation of osteoblasts and osteoclasts, the
bone forming and bone resorbing cells. By locally inducing
differentiation of osteoblasts, researchers hope to develop a tool to
increase bone formation systemically and during fracture repair. Based
on past research and current observations, Stat3 seems to be a good
candidate for this.

The future research direction includes identification of downstream
genes directly affected by Stat3 in bone cells. The IL-6 family of
cytokines, activators of the Jak-Stat pathway, stimulates this ligand
secretion and thus osteoclastogenesis [27]. Less understood is the
direct role of Stat3 in osteoclastogenesis and osteoclast activity. This
can be achieved by using a conditional knockout mouse model in
which Stat3inactivation occurs specifically in osteoclasts. Our ongoing
studies suggest thatStat3 may have stage-dependent effects in the
processes of osteoclastogenesis. Stat3 deficiency in both osteoblasts
and osteocytes decreases bone response to loading. It is unclear if
suppression of load-induced bone formation is primarily caused by
Stat3 deficiency in osteoblasts or osteocytes, as osteocytes have been
considered to be the cells that sense the mechanical forces in bone
tissues. Future studies using osteocyte-specific Stat3KO mice would
help to differentiate the role of Stat3 in osteoblasts and osteocytes.
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