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Abstract
Multiple lines of evidence support the idea that osteocytes act as mechanosenors in bone and that
they control bone formation, in part, by expressing the Wnt antagonist sclerostin. However, the
role of osteocytes in the control of bone resorption has been less clear. Recent studies have
demonstrated that osteocytes are the major source of the cytokine RANKL involved in osteoclast
formation in cancellous bone. The goal of this review is to discuss these and other studies that
reveal mechanisms whereby osteocytes control osteoclast formation and thus bone resorption.
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Introduction
Bone resorption serves many different physiological functions, including removal of
calcified cartilage during bone growth, modeling of bones during growth or adaptation,
maintenance of mineral homeostasis, the removal of damaged bone matrix, and the creation
of a pathway for tooth eruption. Excessive or pathological bone resorption, on the other
hand, is associated with a variety of conditions, such as sex steroid deficiency,
inflammation, and malignancies. In each case, bone resorption is accomplished by
osteoclasts. Because osteoclasts are relatively short-lived cells, they must be continuously
generated at or near the site of bone resorption. The generation of osteoclasts at specific
sites, in turn, is governed by the production of differentiation and survival factors provided
by support cells, whose identity may vary depending on the location and cause of bone
resorption.
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Regardless of the identity of the cell types that support osteoclast differentiation, such cells
do so by expressing the cytokine receptor activator of NFκB ligand (RANKL), which is
essential for osteoclast differentiation, function, and survival [1]. RANKL function is
inhibited by osteoprotegerin (OPG), which binds to RANKL and prevents its binding to
receptor activator of NFκB (RANK) on osteoclast progenitors [2]. Since OPG can be
produced in the same vicinity as RANKL, possibly by the same cell types that produce
RANKL, the ratio of RANKL and OPG at a particular location is a major determinant of the
magnitude of osteoclast formation and bone resorption at that site.

The osteocyte lacuna-canalicular network is contained within the mineralized matrix of bone
and is therefore ideally suited to both sense the need for and then orchestrate bone
resorption. However, until recently there was little evidence that osteocytes directly
participate in the control of either bone resorption or bone formation. The identification the
Wnt antagonist sclerostin, together with the demonstration that expression of this protein in
bone is restricted primarily to osteocytes, provided the first functional evidence that
osteocytes directly control bone formation [3–7]. More recently, genetic studies in mice
have revealed that osteocytes provide the majority of the RANKL that controls osteoclast
formation in cancellous bone [8, 9]. The goal of this review is to discuss how this recent
progress has enhanced our view of osteocyte biology as well at some of the new questions
raised by these studies.

Control of osteoclast differentiation and function
Subsequent to the discovery that osteoclasts differentiate from hematopoietic progenitors, it
was determined that support from non-hematopoietic cells is also required for osteoclast
differentiation [10]. Eventually, the mechanistic basis for this requirement was revealed to
be production of M-CSF and RANKL by the supporting cells [1, 11]. Although both
cytokines are essential for osteoclastogenesis, M-CSF is primarily involved in stimulating
the replication of osteoclast progenitors while RANKL is responsible for stimulating their
differentiation [12]. Because changes in the amount of RANKL are sufficient to change
osteoclast numbers, and because RANKL is essential for osteoclastogenesis, this cytokine
has been viewed as a genetic marker of osteoclast support cells [13]. Many different cell
types express RANKL and some have been shown to support osteoclast differentiation, at
least in vitro. These cell types include osteoblasts at different stages of differentiation,
osteocytes, stromal cells of undefined origin, B and T lymphocytes, synovial fibroblasts,
hypertrophic chondrocytes, and even osteoclasts themselves [14–21]. Changes in RANKL
expression in each of these cell types has been purported to control osteoclast formation
during physiological or pathophysiological bone resorption. However, the functional
significance of RANKL produced by a particular cell type for bone resorption was, until
recently, unclear.

Once RANK signaling has been initiated in osteoclast progenitors, the differentiation and
function of osteoclasts can be further influenced by modulation of the signaling pathways
downstream from RANK activation. RANK lacks intrinsic enzymatic activity in its
intracellular domain and transduces signals by recruiting adaptor molecules such as the TNF
receptor-associated factor (TRAF) family of proteins [22, 23]. TRAF6 functions as the main
adaptor molecule that links RANK to both the differentiation and function of osteoclasts,
although additional RANK-specific adaptor molecules might exist which link RANK
signaling to other pathways [22, 24, 25]. RANKL binding to RANK induces the
trimerization of RANK and TRAF6, which leads to the activation of NF-κB and the
mitogen-activated kinases (MAPKs) [22, 23]. The essential role of NF-κB and the activator
protein 1 (AP-1) transcription factor complex in osteoclastogenesis has been demonstrated
genetically [26–28]. RANK activates AP-1 through the induction of c-Fos, which is
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dependent on the activation of calcium/calmodulin-dependent protein kinase type IV
(CaMKIV) and cyclic AMP-responsive element-binding protein (CREB) [29] as well as NF-
κB. AP-1 activity is also dependent on the phosphorylation of c-Fos partners including c-Jun
by MAPKs [26, 30].

RANKL specifically and potently induces nuclear factor of activated T-cells cytoplasmic 1
(NFATc1), the master regulator of osteoclast differentiation, and this induction is dependent
on both the TRAF6-NF-κB and c-Fos pathways [31–33]. The activation of NFAT is
mediated by a specific phosphatase, calcineurin, which is activated by calcium-calmodulin
signaling. The Nfatc1 promoter contains NFAT binding sites and NFATc1 specifically
autoregulates its own promoter during osteoclastogenesis, resulting in a robust induction of
NFATc1 [32]. AP-1 containing c-Fos, together with continuously activated calcium
signaling, is crucial for this autoamplification [31]. NFATc1 regulates a number of
osteoclast-specific genes, such as osteoclast-associated receptor (OSCAR), dendritic cell-
specific transmembrane protein (DC-STAMP) and β3-integrin in cooperation with other
transcription factors such as AP-1, PU.1 and MITF [22, 23].

Phospholipase Cγ (PLCγ), which mediates Ca2+ release from intracellular stores, is
crucially important for the activation of the key transcription factor NFATc1 via calcineurin
[31]. The activation of PLCγ by RANK requires the protein tyrosine kinases Btk/Tec and
Syk, along with immunoreceptor tyrosine-based activation motif (ITAM)-bearing
molecules, such as DNAX-activating protein (DAP12) and the Fc receptor common gamma
chain (FcRγ) [34, 35]. In the osteoclast lineage, the immunoglobulin-like receptors (IgLR)
associated with DAP12 include the triggering receptor expressed in myeloid cells 2
(TREM-2) and signal-regulatory protein β1 (SIRPβ1); those associated with FcRγ include
OSCAR and paired immunoglobulin-like receptor A (PIR-A). Although the ligands for the
IgLR remain largely unknown, a recent finding suggests that OSCAR binds to specific
motifs within collagens in the extracellular matrix that become uncovered on the
nonquiescent bone surface while osteoclasts are undergoing differentiation [36]. As ITAM
signals are essential for osteoclastogenesis, but by themselves cannot induce
osteoclastogenesis, these signals should properly be considered co-stimulatory signals for
RANK. Recent studies showed that NFATc1 choreographs the determination of cell fate in
the osteoclast lineage by inducing the repression of negative regulators as well as through its
effect on positive regulators [23].

Osteocyte Control of Osteoclastogenesis
The idea that osteocytes influence bone remodeling has existed for decades [37]. However,
until recently there has been little functional evidence that osteocytes can directly control the
differentiation and activity of either osteoclasts or osteoblasts. The discovery that osteocytes
are the primary source of the Wnt antagonist sclerostin provided the first functional evidence
that osteocytes regulate any aspect of bone remodeling, in this case bone formation [3–7].
The Wnt signaling that is controlled by sclerostin appears to regulate the proliferation of
osteoblast progenitors, as well as osteoblast differentiation and survival but does not appear
to alter osteoclastogenesis or bone resorption [38–40].

The first functional evidence that osteocytes control bone resorption was provided by
Tatsumi et al., who utilized the dentine matrix protein 1 (DMP1) promoter to express a
diphtheria toxin receptor transgene specifically in osteocytes [41]. Administration of
diphtheria toxin to these mice induced massive osteocyte apoptosis which was followed
temporally by a dramatic but transient increase in bone resorption. Osteocyte death was
accompanied by large increases in RANKL expression in bone, which likely played a role in
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the increased bone resorption. However, the cellular source of RANKL in this model or the
mechanisms by which osteocyte apoptosis induced RANKL production, remain unknown.

Additional evidence that osteocytes control bone resorption was provided by studies of
transgenic mice expressing a constitutively-active form of the parathyroid hormone receptor
(caPTHR) specifically in osteocytes using the DMP1 promoter [42]. Both osteoclast and
osteoblast numbers are elevated in these mice and this is associated with increased RANKL
and decreased sclerostin expression in bone. Whether the elevated RANKL levels are due to
RANKL production by osteocytes has not been determined. Nonetheless, these studies
demonstrate that hormone action directly on osteocytes is sufficient to control both bone
resorption and bone formation. Consistent with other work demonstrating that the Wnt
signaling controlled by Lrp5 or sclerostin does not influence bone resorption, deletion of
Lrp5 or over-expression of sclerostin in the DMP1-caPTHR mice had no impact on bone
resorption even though it reduced bone formation [42, 43]. Together these results suggest
that osteocytes can independently control bone resorption and bone formation via
modulation of different pathways.

While modulation of Wnt signaling by Lrp5 does not alter bone resorption, genetic deletion
of sclerostin and inhibition of sclerostin action with antibodies have variable effects on bone
resorption; genetic deletion in mice does not alter osteoclastogenesis [40] while anti-
sclerostin antibodies cause a transient suppression of bone resorption, at least in some
studies [44]. Nonetheless, osteocyte-specific deletion of beta-catenin, which would be
expected to inhibit canonical Wnt signaling in these cells, led to reduced production of OPG
by osteocytes resulting in elevated bone resorption [45]. The same study demonstrated that
cell preparations enriched in osteocytes express higher levels of OPG, as well as RANKL,
than osteoblast-enriched preparations. Based on this, these authors concluded that OPG may
be a factor produced directly by osteocytes that allows them to modulate the rate of bone
resorption.

Osteoclast formation is induced by the cell-cell contact which occurs between osteoclast
precursor cells of the monocyte/macrophage lineage and anchorage-dependent mesenchymal
cells in bone [46, 47]. Osteoblast linage cells and bone marrow stromal cells (BMSCs) are
thought to be the major cell types that express RANKL in support of osteoclastogenesis [22,
47]. However, since RANKL is expressed by other cell types in both bone and bone
marrow, including osteocytes and lymphocytes, the actual major source of RANKL in vivo
is as yet unclear. Osteocyte support of osteoclastogenesis was previously suggested by the
observation that both isolated avian osteocytes and the osteocyte-like cell line MLO-Y4
induced osteoclastogenesis [16, 48]. Using a mouse genetic approach, targeted ablation of
osteoblasts in mice did not affect the number of osteoclasts and bone resorption, and also
had no effect on expression levels of RANKL in bone tissues [49, 50]. Thus, it appears that
osteoblasts are not required for osteoclastogenesis and osteocytes may play an important
role in the initiation of bone remodelling through their role in the differentiation and
activation of osteoclasts.

To identify the most physiologically relevant osteoclastogenesis-supporting cells among the
mesenchymal lineage cells in bone, we explored the expression of RANKL in osteoblasts
and osteocytes. We initially followed the conventional method for isolation and purification
by the enzymatic digestion of bone to obtain an osteocyte-rich fraction [51] in which cells
exhibited a high expression level of osteocyte marker genes such as Dmp1 (encoding dentin
matrix protein 1) and Sost (encoding sclerostin), but not the osteoblast marker Kera
(encoding keratocan) [52]. Interestingly, Tnfsf11, which encodes RANKL, was more highly
expressed in the osteocyte-rich fraction than the osteoblast-rich fraction, although the
percentage of osteocytes is reported to be only around 60 % using this conventional method
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[51]. To unambiguously isolate high purity osteocytes from bone tissue, we generated
osteocyte-specific enhanced green fluorescence protein (EGFP) reporter mice in which
osteocytes could be identified by the expression of EGFP driven by the Dmp1 promoter.
Using fluorescence activated cell sorting, we established a method for the isolation of high
purity osteocytes from the fractions obtained by enzymatic digestion of the neonatal
calvariae or adult long bones [8]. A similar approach was successfully utilized in a previous
report in which osteocytes and osteoblasts express different fluorescent proteins [52].

The isolated osteocytes (over 99% EGFP-positive cells) morphologically exhibited dendritic
processes and exclusively expressed Dmp1 and Sost, which are well-known osteocyte-
specific genes. In contrast, osteoblast-specific genes such as Kera and Fmod (encoding
fibromodulin) were strongly expressed in isolated osteoblasts (EGFP-negative cells). Most
importantly, osteocytes express a much higher amount of RANKL and have a much greater
capacity to support osteoclastogenesis than either osteoblasts or BMSCs [8]. These results
revealed that primary osteocytes produce relatively large amounts of RANKL and efficiently
support osteoclast differentiation in vitro. To address the functional importance of RANKL
produced by osteocytes in vivo, our laboratories independently developed mice harboring a
conditional allele for RANKL [8, 9]. In both models, exons 3 and 4 of the Tnfsf11 gene
were flanked by loxP sites such that deletion of these exons results in complete loss of
RANKL function. To delete the Tnfsf11 gene specifically in osteocytes, these mice were
crossed with transgenic mice expressing the Cre recombinase under the control of Dmp1
regulatory elements [53]. Specific deletion in osteocytes was confirmed by comparison with
isolated osteoblasts and soft tissues that express RANKL such as spleen and thymus [8, 9].

Mice lacking RANKL in osteocytes developed normally and displayed no changes in
skeletal development when analyzed at birth and had only a mild increase in bone mass by 5
weeks of age [8, 9]. In contrast, mice with germline deletion of Tnfsf11 displayed obvious
osteopetrosis at birth [1]. In addition, tooth eruption was normal in the conditional knockout
mice whereas it was completely blocked in mice with germline Tnfsf11 deletion. Despite
normal development and early growth, mice lacking RANKL in osteocytes had increased
bone mass when analyzed at 3 or 6 months of age. This high bone mass was associated a
dramatic reduction in osteoclast numbers in cancellous bone and reduced circulating levels
of CTX, a marker of bone resorption. Moreover, bone formation rate and the levels of a
circulating marker of bone formation were low in the conditional knockout mice, most likely
due to the coupling of bone formation to bone resorption. Thus, these results demonstrated
for the first time that osteocytes are an essential source of the RANKL that stimulates
osteoclast formation and remodeling in cancellous bone.

The presence of a normal skeleton during development and early growth in mice lacking
RANKL in osteocytes indicates that the osteoclast formation required for processes such as
tooth eruption and calcified cartilage resorption was not affected in these mice. Therefore
the RANKL required for these processes must be supplied by cell types other than
osteocytes. In one of the studies mentioned above [9], the RANKL conditional allele was
also deleted using osterix 1-Cre (Osx1-Cre) [54] and osteocalcin-Cre (OCN-Cre) [55]
transgenic mice, which display Cre-mediated deletion in the chondrocytic as well as the
osteoblastic lineage [9] (table 1). Deletion of Tnfsf11 using either the Osx1-Cre or OCN-Cre
models resulted in a failure of tooth eruption as well as a failure to resorb the calcified
cartilage beneath the growth plate, suggesting that chondrocytes or osteoblasts provide the
RANKL necessary for these processes. Importantly, RANKL immunostaining in
hypertrophic chondrocytes was abolished in both models, strongly implicating this cell type
as the source of RANKL for resorption of calcified cartilage. To directly address this latter
possibility, the RANKL conditional allele was deleted using a collagen X-Cre transgene,
which is active predominantly in hypertrophic chondrocytes [56]. This maneuver also

O’Brien et al. Page 5

Bone. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



prevented resorption of calcified cartilage but had no effect on tooth eruption. Together
these results suggest that RANKL produced by hypertrophic chondrocytes is responsible for
the osteoclast formation necessary to remove the mineralized cartilage matrix produced
during endochondral bone growth. Although the cells expressing the RANKL required for
tooth eruption must express the Osx1-Cre and OCN-Cre transgenes, the precise
identification of these cells will require additional studies.

Signals controlling osteocyte RANKL
Parathyroidectomy or inactivation of the gene encoding parathyroid hormone (PTH)
significantly reduces cancellous bone remodeling without altering endochondral bone
growth [57, 58]. Moreover, these manipulations also reduce the expression of RANKL in
bone, suggesting that PTH controls bone remodeling in part by stimulating RANKL
expression. Consistent with this, PTH is a potent stimulator of RANKL transcription in
osteoblastic cell lines in vitro [59–61]. The finding that transgenic expression of a
constitutively active PTH receptor specifically in osteocytes is sufficient to increase both
RANKL expression and osteoclast formation led to the idea that PTH controls osteoclast
formation by promoting RANKL expression by osteocytes. This concept has been further
supported by preliminary studies demonstrating that deletion of the PTHR specifically in
osteocytes decreases osteoclast formation in cancellous bone [62, 63].

In vitro studies in stromal/osteoblastic cell lines have identified a transcriptional enhancer,
designated the distal control region (DCR), that mediates stimulation of RANKL expression
by PTH [64]. This and additional enhancers mediate the stimulation of RANKL expression
by 1,25-dihydroxyvitamin D3 [64–66]. Consistent with these observations, deletion of the
DCR in mice reduced expression of RANKL in bone and consequently reduced the rate of
bone remodeling [67]. Based on the results mentioned earlier, it is likely that deletion of the
DCR reduced RANKL expression in osteocytes. Overall, these findings suggest a model
whereby basal levels of PTH maintain bone remodeling by stimulating RANKL expression
in osteocytes via the DCR. Surprisingly, bone loss induced by hyperparathyoidism was
normal in mice lacking the DCR, even though the increase in RANKL expression in bone
was prevented [68]. These results suggest that PTH controls physiological bone remodeling
via stimulation of RANKL expression by osteocytes, but that additional or alternative
mechanisms are involved in the bone resorption stimulated by high levels of PTH, such as
suppression of OPG expression by osteocytes and other cell types [60, 61, 69–71].

In contrast to PTH, estrogen suppresses the rate of bone remodeling [72]. Recently, estrogen
receptor gene deletion studies have shown that estrogens act directly on osteoclasts and their
progenitors to suppress bone resorption [73, 74]. However, the increase in bone resorption
observed in these mice does not fully replicate that seen with estrogen deficiency,
suggesting that additional mechanisms are involved. Studies in estrogen-deficient women
demonstrated that RANKL abundance is increased on the surface of bone marrow
lymphocytes and stromal cells, compared to estrogen-replete women [75]. It remains unclear
whether estrogens alter the expression of RANKL mRNA or protein by osteocytes.
However, soluble RANKL levels are elevated in the bone marrow of rats after
orchidectomy, a condition that causes an increase in bone resorption similar to that observed
after ovariectomy [76, 77]. The finding that osteocytes are a major source of RANKL in
bone implicates this cell type as a potential source of the soluble RANKL induced by loss of
androgens, and possibly loss of estrogens as well.

Loss of estrogen also stimulates osteocytes to undergo apoptotic cell death [72, 78].
Schaffler and colleagues have demonstrated that intra-cortical bone resorption is spatially
associated with apoptotic osteocytes in estrogen-deficient rats [79]. Moreover, inhibition of
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osteocyte death via administration of a caspase inhibitor concomitantly suppressed intra-
cortical bone resorption in these animals [79]. These results suggest that estrogen suppresses
cortical bone resorption by promoting osteocyte viability. The role of RANKL expressed by
osteocytes in this process is unknown, although the osteocyte ablation model mentioned
earlier demonstrates that osteocyte death is sufficient to increase RANKL expression in
bone [41]. Gonadectomy of mice lacking RANKL in osteocytes, as well as in mice lacking
RANKL in other cell types, should clarify the role of RANKL production by various cell
types in the elevated bone resorption associated with sex steroid deficiency.

Osteocyte apoptosis also increases in response to changes in biomechanical loading of the
skeleton. Interestingly, both over-loading and unloading of the skeleton stimulate osteocyte
apoptosis and both conditions result in increased bone resorption [80, 81]. Thus, induction
of osteocyte death appears to be a common mechanism for initiating targeted bone
resorption [82]. However, when considering the observation that osteocytes are an important
source of RANKL, the question arises of how osteocytes can simultaneously undergo
apoptosis and also supply RANKL to initiate bone resorption. A recent set of experiments
using fatigue-loaded rat ulnae performed by the Schaffler laboratory provide one potential
answer. They demonstrated that osteocyte apoptosis localizes to areas containing fatigue
damage whereas expression of factors that support focal bone resorption, such as RANKL
and VEGF, is elevated in osteocytes surrounding the apoptotic osteocytes [83]. Thus dying
osteocytes may signal to neighboring healthy osteocytes to control bone remodeling.
Consistent with this idea, apoptotic bodies produced by dying osteocyte-like cells in vitro
are able to promote osteoclast formation in vitro and in vivo [84]. It is also possible that
changes in load control expression of osteocyte RANKL independent of cell death.
Sclerostin abundance in osteocytes is elevated by unloading and suppressed by anabolic
loading [39, 85]. Activation of the same signaling pathways that control sclerostin
production may also control RANKL expression.

In the pathogenesis of bone destruction associated with rheumatoid arthritis (RA), synovium
is the active site for the interplay between immune and bone cells. These pathological
findings led us to hypothesize that osteoclasts play an important role in bone resorption in
RA and that osteoclasts are formed in the synovium [86, 87]. Importantly, inflammatory
cytokines such as IL-1, IL-6 and TNF-α, which are abundant in the synovial fluid and
synovium of RA patients, have a potent capacity to induce RANKL on synovial fibroblasts
and thus accelerate RANKL signaling, thereby directly contributing to the bone destruction
process [22]. Several groups, including our own, have demonstrated a high level of RANKL
expression in the synovium of RA patients [14, 88]. RANKL was found to be expressed by
synovial and T cells, both of which are found in inflamed synovium [14, 19, 88], but at that
point it was unclear which cell types are the major RANKL-expressing cells in joint
destruction. Since then, a series of reports has established that the pathological bone damage
associated with inflammation is caused by an abnormal expression of RANKL. Although
physiological bone resorption in bone remodelling is mainly regulated by osteocyte
RANKL, the contribution of osteocytes in bone destruction associated with inflammation is
not well understood. A few in vitro reports suggest that the expression of RANKL on the
osteocyte-like cell line MLO-Y4 is increased by IL-1, resulting in enhanced MLO-Y4-
mediated osteoclastogenesis [89], and IL-1 also stimulates apoptosis of MLO-Y4 cells [90].
These findings suggest that osteocytes, via inflammatory cytokines such as IL-1, might
contribute to the pathological regulation of osteoclastogenesis and bone destruction in
autoimmune diseases such as RA. However, in vivo functions of osteocyte RANKL under
inflammatory conditions remain unclear. The relative contribution of synoviocytes, T cells,
and osteocytes to RANKL expression in pathological bone destruction should be elucidated
in the future. A summary of pathways potentially controlling RANKL production by
osteocytes is depicted in figure 1.
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Conclusions
Although osteocytes have long been thought to play a role in bone resorption, the advent of
tools allowing manipulation of gene expression specifically in this cell type has created new
opportunities to address this idea. The studies discussed here have revealed a surprisingly
central role for osteocytes as orchestrators of bone resorption due to their expression of a
rate-limiting factor required for osteoclast formation and function. Future work will be
required to identify the signaling pathways and transcriptional programs that control
RANKL expression in osteocytes and to determine whether RANKL produced by osteocytes
plays a role in various pathological conditions that lead to increased bone resorption. In
addition, considering the physical isolation of this cell type, the relative importance of
membrane-bound and soluble forms of RANKL will need to be addressed. Finally, it is
possible that osteocytes regulate bone resorption via mechanisms in addition to the
production of RANKL and OPG. If recent experience is any indication, it seems likely that
further surprises are in store.
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Fig. 1.
Signals controlling RANKL production by osteocytes.

O’Brien et al. Page 14

Bone. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

O’Brien et al. Page 15

Ta
bl

e 
1

Sp
ec

if
ic

ity
 o

f 
C

re
-d

ri
ve

r 
st

ra
in

s

T
ra

ns
ge

ne
D

el
et

es
 in

:
R

ef
er

en
ce

O
sx

1-
C

re
ch

on
dr

oc
yt

e
pr

e-
os

te
ob

la
st

os
te

ob
la

st
os

te
oc

yt
e

[9
, 5

4]

O
C

N
-C

re
ch

on
dr

oc
yt

e
os

te
ob

la
st

os
te

oc
yt

e
[9

, 5
5]

D
m

p1
-C

re
os

te
ob

la
st

*
os

te
oc

yt
e

[8
, 9

, 5
3]

C
ol

X
-C

re
ch

on
dr

oc
yt

e
os

te
ob

la
st

*
os

te
oc

yt
e*

[9
, 5

6]

* de
le

tio
n 

in
 a

 s
m

al
l p

er
ce

nt
ag

e 
of

 c
el

ls

Bone. Author manuscript; available in PMC 2014 June 01.


