
Research article

582	 The	Journal	of	Clinical	Investigation	 	 	 http://www.jci.org

Oncostatin M promotes bone  
formation independently of resorption  

when signaling through leukemia  
inhibitory factor receptor in mice

Emma C. Walker,1 Narelle E. McGregor,1 Ingrid J. Poulton,1 Melissa Solano,1 Sueli Pompolo,1  
Tania J. Fernandes,2 Matthew J. Constable,2 Geoff C. Nicholson,2 Jian-Guo Zhang,3  

Nicos A. Nicola,3 Matthew T. Gillespie,1,4 T. John Martin,1,4 and Natalie A. Sims1,4

1St. Vincent’s Institute, Melbourne, Victoria, Australia. 2The Department of Clinical and Biomedical Sciences: Barwon Health,  
The University of Melbourne and Barwon Biomedical Research, Geelong, Victoria, Australia. 3The Walter and Eliza Hall Institute, Parkville, Victoria, Australia. 

4Department of Medicine at St. Vincent’s Hospital, The University of Melbourne, Melbourne, Victoria, Australia.

Effective	osteoporosis	therapy	requires	agents	that	increase	the	amount	and/or	quality	of	bone.	Any	modifica-
tion	of	osteoclast-mediated	bone	resorption	by	disease	or	drug	treatment,	however,	elicits	a	parallel	change	in	
osteoblast-mediated	bone	formation	because	the	processes	are	tightly	coupled.	Anabolic	approaches	now	focus	
on	uncoupling	osteoblast	action	from	osteoclast	formation,	for	example,	by	inhibiting	sclerostin,	an	inhibitor	
of	bone	formation	that	does	not	influence	osteoclast	differentiation.	Here,	we	report	that	oncostatin	M	(OSM)	
is	produced	by	osteoblasts	and	osteocytes	in	mouse	bone	and	that	it	has	distinct	effects	when	acting	through	
2	different	receptors,	OSM	receptor	(OSMR)	and	leukemia	inhibitory	factor	receptor	(LIFR).	Specifically,	
mouse	OSM	(mOSM)	inhibited	sclerostin	production	in	a	stromal	cell	line	and	in	primary	murine	osteoblast	
cultures	by	acting	through	LIFR.	In	contrast,	when	acting	through	OSMR,	mOSM	stimulated	RANKL	pro-
duction	and	osteoclast	formation.	A	key	role	for	OSMR	in	bone	turnover	was	confirmed	by	the	osteopetrotic	
phenotype	of	mice	lacking	OSMR.	Furthermore,	in	contrast	to	the	accepted	model,	in	which	mOSM	acts	only	
through	OSMR,	mOSM	inhibited	sclerostin	expression	in	Osmr–/–	osteoblasts	and	enhanced	bone	formation	
in	vivo.	These	data	reveal	what	we	believe	to	be	a	novel	pathway	by	which	bone	formation	can	be	stimulated	
independently	of	bone	resorption	and	provide	new	insights	into	OSMR	and	LIFR	signaling	that	are	relevant	
to	other	medical	conditions,	including	cardiovascular	and	neurodegenerative	diseases	and	cancer.

Introduction
Signaling through the shared cytokine receptor subunit glyco-
protein 130 (gp130) is critical for many cell functions. Specific 
responses are initiated by unique receptor:ligand signaling com-
plexes formed by initial ligand binding to a specific receptor 
subunit, followed by complex formation with gp130 to activate 
intracellular signaling (1). Human oncostatin M (hOSM) is unique 
among gp130-signaling cytokines in that it binds first to gp130, 
then forms 1 of 2 possible signaling complexes with equivalent 
affinity, utilizing either OSM receptor (OSMR) or leukemia inhibi-
tory factor receptor (LIFR) (2). This bimodal signaling ability has 
made it difficult to define the specific effects of these 2 pathways 
using human cells. Nevertheless, specific OSMR signaling has been 
implicated in melanoma (3), glioblastoma (4), lung (5) and ovar-
ian carcinoma (6), and breast tumor (7) pathogenesis, while LIFR 
signaling has been implicated in cardiovascular disease (8), neu-
robiology, and immunity (9). In mouse cells, hOSM binds only to 
the LIFR:gp130 complex, while mouse OSM (mOSM) binds first 
to gp130 and then forms a high-affinity complex only with OSMR 
(10). For this reason, the mouse provides an excellent model to 
study distinct pathways of OSM signaling through each receptor.

Signaling through gp130 is critical in bone remodeling (11), 
a system dependent on intercellular communication among 

osteoclasts (bone-resorbing cells), osteoblasts (bone-forming 
cells), and osteocytes (terminally differentiated osteoblast-lin-
eage cells embedded in the bone matrix) (12). Genetic deletion of 
gp130 or the LIFR in mice results in a neonatal lethal phenotype 
that includes osteopenia due to increased osteoclast formation 
and reduced bone formation (13, 14), and in humans, a muta-
tion in the LIFR is associated with early mortality and skeletal 
defects (15). gp130 expression by cultured osteoblast-like cells is 
stimulated by hormones and inflammatory cytokines known to 
increase bone resorption, including 1,25-dihydroxyvitamin-D3 
(1,25D3), parathyroid hormone (PTH), and IL-1 (16). Further-
more, osteoclast formation is stimulated by these factors in a 
manner dependent, at least in part, on gp130 (17). It has been 
known for many years that hOSM and mOSM stimulate osteo-
clast formation by enhancing RANKL expression by osteoblast-
lineage cells (18–21).

Osteoblasts and adipocytes are derived from common 
mesenchymal precursors, and hOSM and mOSM also modulate 
their differentiation, although interpretation of early results 
is complicated by species differences. hOSM has been report-
ed either to inhibit or stimulate a bone formation–associated 
enzyme, alkaline phosphatase (ALP), in mouse primary osteo-
blasts (22) and murine stromal cells (23), respectively. Adenoviral 
transfer of mOSM to a mouse arthritis model stimulated bone 
formation (24), and administration of hOSM to human adi-
pose–derived mesenchymal stem cells promoted ALP activity 
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and inhibited adipocyte differentiation (25), indicating that, 
within species, hOSM and mOSM consistently increase osteo-
blast differentiation.

We sought to determine the local role of mOSM in bone by 
identifying OSM- and OSMR-expressing cells, the pathways by 
which OSM modifies osteoblast and osteoclast differentiation, 
and by analyzing skeletons and cultured osteoblast-lineage cells 
from Osmr–/– mice (26). These studies led to the discovery that, 
while OSMR signaling mediates the effects of mOSM on osteo-
clast differentiation and adipogenesis, there is at least one spe-
cific action of mOSM mediated by LIFR, and this action inhibits 
sclerostin and promotes bone formation without influencing 
osteoclast differentiation.

Results
OSM, OSMR, and LIFR are expressed by osteoblast-lineage cells. 
Immunohistochemistry detected OSM protein at high levels in osteo-
blasts at all stages of differentiation, including bone-forming osteo-
blasts, bone-lining cells, and osteocytes; OSM was not detected in 

osteoclasts (Figure 1, A and B). Adult mouse bone stained positively 
for OSMR and LIFR in osteoblasts, bone-lining cells, and osteocytes, 
but not in osteoclasts or negative control sections (Figure 1, C–E). 
LIFR was also detected in marrow cells, including megakaryocytes 
and endothelial cells, consistent with previous reports (27–29).

Osm mRNA production by the osteoblast lineage was confirmed 
by quantitative real-time PCR (qPCR) of cell-culture prepara-
tions from mouse calvariae (primary calvarial osteoblasts) and 
the murine stromal cell line Kusa 4b10 (Figure 1, F and G). Cells 
in both systems, under appropriate stimuli, can differentiate into 
adipocytes or osteoblasts (30), and when differentiated for 17 days, 
also express sclerostin, a specific osteocyte marker, indicating the 
presence of terminally differentiated osteocytes (31). During dif-
ferentiation of osteoblasts from calvarial preparations, Osm mRNA 
levels increased in parallel with sclerostin (Figure 1F). OSMR, 
gp130, and LIFR were detected at high levels in calvarial osteo-
blast cultures and Kusa 4b10 cells (Figure 1, F and G), while Osm 
mRNA was not detected in Kusa 4b10 cells (Figure 1G). mRNA 
for gp130-like receptor (GPL), an alternative α receptor subunit 

Figure 1
OSM and OSMR are expressed in osteoblasts, and OSM stimulates bone formation and inhibits adipogenesis. Immunostaining for OSM (A 
and B), OSMR (C), and LIFR (D) in osteoblasts (black arrows), osteocytes (white arrows), and bone-lining cells (gray arrows). No staining was 
observed for OSM or OSMR in osteoclasts (black arrowheads) or antibody negative control (E). Scale bars: 10 μm. qPCR of primary calvarial 
osteoblasts (F) and Kusa 4b10 murine stromal cells (G) during osteoblast differentiation confirmed mRNA transcription for OSMR, gp130, LIFR, 
and increasing OSM levels in calvarial osteoblasts parallel to sclerostin (SOST). Dashed line indicates lower limit of detection (Ct > 35). OSM 
was not detected in Kusa 4b10 cells. (H–J) Mineralization (solubilized alizarin red staining) and ALP activity were significantly increased in 
Kusa 4b10 cells treated with mOSM at 1.25 ng/ml (light gray), 2.5 ng/ml (dark gray), and 5 ng/ml (black) compared with vehicle-treated controls 
(white). Representative alizarin red staining shown for day 19 before elution. In adipogenic medium, mOSM inhibited Kusa 4b10 adipogenesis 
(solubilized oil red O staining); representative images shown for day 14 before elution. Scale bar: 500 μm. Data for F–J are all mean ± SEM of 3 
independent experiments (triplicate wells). *P < 0.05; **P < 0.01; ***P < 0.001 vs. time-matched vehicle-treated cells. (K–M) Calvarial injection 
of 2 μg/d mOSM for 5 days in C57BL/6 mice increased calvarial thickness (Th.), MS/BS, MAR, and BFR/BS. Data are shown as mean + SEM, 
6 mice/group. **P < 0.01; ***P < 0.001 vs. saline-treated controls.
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Figure 2
mOSM regulates osteoclast, osteoblast, and adipocyte target genes and inhibits sclerostin. (A–F) Effect of 10 ng/ml mOSM (dashed line) on tar-
get genes in undifferentiated Kusa 4b10 cells versus control (solid line). (G) 10 ng/ml mOSM increased 6×OSE2 luciferase activity in UMR106-01  
cells. A–G show mean ± SEM from 3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 vs. control or time zero. (H) Treatment of 
17-day differentiated primary calvarial osteoblasts with mOSM (solid) or hPTH1–34 (dashed) inhibited sclerostin mRNA. (I) mOSM (50 ng/ml), 
mLIF (50 ng/ml), mCT-1 (50 ng/ml), or hPTH1–34 (10 ng/ml) all reduced sclerostin mRNA:HPRT1 in UMR 106-01 cells. H and I show mean ± SD  
of a representative of 3 experiments with similar results. (J) Treatment of UMR 106-01 cells with mOSM (solid) or hPTH1–34 (dashed) for 8 hours 
inhibited sclerostin mRNA. Data shown are mean ± SEM of 3 experiments. *P < 0.05; **P < 0.01 vs. control. (K) Reduced percentage of scleros-
tin-positive (+ve) osteocytes (Ocy) in calvariae of C57BL/6 mice after treatment with 2 μg/d mOSM (dashed line) compared with vehicle (solid 
line). High-power images show typical regions. Scale bar: 10 μm. Data are shown as mean ± SEM, n = 8 per group. x indicates mean of entire cal-
variae; 1–15 are each 380-μm wide fields across the calvaria, shown aligned with low-power images. *P < 0.05; **P < 0.01; ***P < 0.001 vs. con-
trol. (L–N) Effect of hOSM and 1,25D3 (D3) on target genes in human osteoblasts from 3 donors (2 for RANKL). Data are shown as mean + SEM  
(SD for RANKL). *P < 0.05; **P < 0.01; ***P < 0.001 vs. control (Ctrl).
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that binds OSMR and responds to IL-31 (32), was not detectable in 
either primary calvarial osteoblasts or Kusa 4b10 cells, confirming 
that mOSM is the only ligand capable of signaling through OSMR 
expressed by murine osteoblasts.

mOSM stimulates bone formation and inhibits adipogenesis. Previous 
studies of OSM in osteoblasts have been complicated by mixed 
use of mOSM and hOSM in non–species-matched cells (22, 23); 
the effect of mOSM in murine stromal cells has not been reported. 
Since primary calvarial osteoblasts contain a mixed population of 
cells, we used Kusa 4b10 cells to assess this. mOSM treatment dose 
dependently increased mineralization and ALP activity of Kusa 
4b10 cells (Figure 1, H and I) and dramatically impaired adipo-
genesis (Figure 1J). Both effects were similar to what occurred in 
previous observations for mouse cardiotrophin-1 (mCT-1), mLIF, 
and mIL-11 (33). IL-31 had no effect on mineralization, ALP activ-
ity, or adipogenesis (data not shown).

The ability of mOSM to stimulate bone formation was then 
assessed by injecting mOSM over calvariae of 5-week-old male 
C57BL/6 mice. Calvarial thickness, mineral apposition rate (MAR), 
mineralizing surface/bone surface (MS/BS), and bone formation 
rate/BS (BFR/BS) were all significantly increased by mOSM treat-
ment (Figure 1, K–N). Thus, in addition to its role in stimulat-
ing the osteoblast to support osteoclast differentiation, mOSM 
enhances bone formation.

mOSM inhibits sclerostin and modifies other genes associated with osteo-
blast, osteocyte, and adipocyte differentiation. In Kusa 4b10 stromal cells, 
mOSM increased mRNA levels of key osteoclastogenic genes, Rankl 
and Il6, rapidly induced osteoblast transcription factors CCAAT-
enhancer binding protein δ (C/EBPδ) and C/EBPβ, and inhibited 
the adipocytic factors PPARγ and C/EBPα (Figure 2, A–F). In Kusa 
4b10 cells differentiated to form osteoblasts and osteocytes, mRNA 
levels for Cebpa and Pparg were not reduced by mOSM, but Rankl, 

Figure 3
Increased trabecular bone mass in Osmr–/– mice. Representative images from 1-day-old WT and Osmr–/– littermate tibiae (A) stained by a modi-
fied von Kossa method (bone stains black) showing normal size and no reduction in trabecular bone. Scale bar: 250 μm. BV/TV (B), TbTh (C), 
and TbN (D) were all increased in neonate Osmr–/– tibiae compared with WT. Data are shown as mean + SEM, n = 6 mice/group. *P < 0.05; 
**P < 0.01 vs. WT littermates. Von Kossa–stained tibiae from representative 12-week-old female WT and Osmr–/– mice (E). Scale bar: 250 μm. 
Tb.BMD was significantly increased in female and male Osmr–/– femora at 12 weeks of age compared with age- and strain-matched WT con-
trols (F). (G–J) BV/TV, TbTh, TbN, and TbSp in male and female 12-week-old Osmr–/– mice and WT controls. Data are shown as mean ± SEM,  
n = 8–12 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001 vs. WT littermates.
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Il6, Cebpd, and Cebpb mRNA levels were all increased (Supplemental 
Table 1; supplemental material available online with this article; 
doi:10.1172/JCI40568DS1). Consistent with runx2 activation by 
C/EBPδ, mOSM also activated transcription of a 6×OSE2 reporter 
construct (Figure 2G). In addition, the osteocyte-derived miner-
alization inhibitor, sclerostin, was reduced in OSM-treated Kusa 
4b10 osteoblast/osteocyte cultures (Supplemental Table 1).

Inhibition of sclerostin by mOSM was investigated further in 
primary calvarial osteoblasts differentiated for 17 days, at which 
point sclerostin is readily detected (31). Sclerostin mRNA levels 
were strongly inhibited by mOSM (Figure 2H) by a magnitude 
similar to that observed with human PTH1–34 (hPTH1–34), the only 
currently available anabolic agent for bone. This was also observed 
in osteocyte-like UMR 106-01 cells, which express high levels of 
sclerostin (Figure 2I), and a similar reduction in sclerostin mRNA 
levels was observed with mLIF and mCT-1, which signal through 
gp130:LIFR. Again, the inhibition was similar to that previously 
reported for hPTH1–34 (34). mOSM and hPTH1–34 both decreased 
sclerostin mRNA levels in a dose-dependent manner (Figure 2J).

Since mOSM treatment increased bone formation when 
administered over calvariae of WT mice (Figure 1, K–N), we 
used immunohistochemistry to detect sclerostin in calvariae of 
mOSM-treated mice, 24 hours after the fifth injection of mOSM 
or saline. It was evident on examination by light microscopy 
that the proportion of sclerostin-positive osteocytes across the 
mOSM-treated calvariae was reduced. When quantified, the mean 
percentage of sclerostin-positive osteocytes was dramatically 
lower with mOSM treatment (Figure 2K). To determine whether 
this was restricted to a particular region, a field-by-field analysis 
was carried out, revealing a consistent reduction in sclerostin-
positive osteocytes across the entire section.

Sclerostin inhibition by OSM was also observed in human pri-
mary osteoblast/osteocyte cultures differentiated for 14 days until 
sclerostin was readily detectable. hOSM increased C/EBPδ and 
RANKL (Figure 2, L and M) and reduced sclerostin mRNA levels 
(Figure 2N), confirming that sclerostin inhibition by OSM is not 
unique to the mouse.

OSMR deletion leads to defects in bone resorption, bone formation, and 
adipogenesis. Neonate Osmr–/– tibiae were analyzed to allow direct 
comparison with the gp130 and LIFR knockouts, which are neona-
tal lethal (13, 14). In contrast with dwarfism and osteopenia report-
ed in gp130 and LIFR knockouts, neonate Osmr–/– skeletons were 
of normal size, with increased trabecular bone volume (BV/TV),  
trabecular thickness (TbTh), and trabecular number (TbN) (Fig-
ure 3, A–D). No difference in osteoblast surface (ObS) or osteoclast 
surface (OcS) was detected: mean ObS/BS (percentage ± SEM) WT: 
34.3 ± 1.9; Osmr–/–: 37.3 ± 3.2, P > 0.05 vs. WT; mean OcS/BS (per-
centage) WT: 11.3 ± 1.1; Osmr–/–: 11.6 ± 1.3; P > 0.05 vs. WT.

The increase in trabecular bone in Osmr–/– mice was maintained to 
adulthood (Figure 3E); trabecular bone mineral density (Tb.BMD) 
was significantly elevated in male and female Osmr–/– femora at  
12 weeks of age (Figure 3F); cortical thickness and periosteal cir-
cumference were also increased in the metaphysis in male and 
female Osmr–/– mice, a mild Erlenmeyer flask morphology consis-
tent with osteopetrosis (Supplemental Table 2). Histomorphometry 
confirmed this; in male and female Osmr–/– tibiae, BV/TV and TbTh 
were high, and TbN was increased in Osmr–/– males (Figure 3, G–I). 
Trabecular separation (TbSp) was reduced (Figure 3J). BV/TV was 
also increased in male and female vertebrae (Supplemental Table 2). 
Osmr–/– mice also demonstrated reduced bone formation, indicated 
by osteoid volume (OV/BV), osteoid thickness (OTh), osteoid sur-
face/BS (OS/BS), ObS/BS, and osteoblast numbers/bone perimeter 

Figure 4
Osmr–/– mice have reduced 
bone remode l ing  and 
increased adipogenesis. 
Bone formation (A–E), mar-
row adipogenesis (F), and 
bone resorption (G–I) param-
eters in 12-week-old male 
and female Osmr–/– proximal 
tibiae. OV/BV, OTh, OS/BS, 
NOb/BPm, and ObS/BS 
were reduced in 12-week-
old female and male Osmr–/–  
mice compared with WT lit-
termates. Marrow adipocyte 
volume (AV/MV) was signifi-
cantly increased in male and 
female 12-week-old Osmr–/–  
mice compared with WT 
mice. NOc/BPm and OcS/BS 
were significantly reduced in 
12-week-old male and female 
Osmr–/– mice, and CtgV/BV 
was elevated, confirming a 
reduction in bone resorption. 
Data are shown as mean + 
SEM. *P < 0.05; **P < 0.01 
vs. WT littermates. n = 8–10 
per group.
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(NOb/BPm) (Figure 4, A–E). In contrast, marrow adipocyte volume 
was significantly increased (Figure 4F). Consistent with an osteope-
trotic phenotype, OcS/BS and osteoclast numbers/BPm (NOc/BPm)  
were significantly reduced (Figure 4, G and H). A reduction in 
bone resorption was confirmed by an increase in cartilage volume 
within the trabecular bone (CtgV/BV) (Figure 4I). Despite the low 
number of osteoblasts and low osteoid, MAR was not significantly 
altered in either male or female tibiae (data not shown), and MS/BS  
and BFR/BS were mildly increased in the tibiae of female mice 
only (males not shown; female mean MS/BS [percentage ± SEM] 
WT: 28.1 ± 2.3 knockout: 34.9 ± 2.4, P = 0.035 vs. WT; mean BFR/
BS [mm2/mm3/y] WT: 182 ± 22 knockout: 254 ± 22, P = 0.021 vs. 
WT). This increase in MS/BS (a component of BFR/BS) may have 
been caused by reduced calcein label resorption due to the reduced 
osteoclast generation. In vertebrae, MAR was significantly reduced 
in male and female mice (Supplemental Table 2).

Formation of osteoclasts by treatment of BM from Osmr–/– mice 
with RANKL and M-CSF was not significantly different from that 
from WT BM (Figure 5A), indicating no intrinsic defect in Osmr–/–  
osteoclast progenitors. When Osmr–/– osteoblasts were used as a 
source of osteoclastogenic factors, however, osteoclast formation 
was reduced in these cocultures (Figure 5A). mOSM treatment 
could not induce osteoclast formation in the presence of Osmr–/– 
osteoblasts (Figure 5A) due to blockade of the RANKL response to 

mOSM (Figure 5B). This confirmed that mOSM signals through 
OSMR to induce osteoclast formation in a RANKL-dependent 
manner. Furthermore, when osteoclast formation was induced by 
a standard strong stimulus, PGE2/1,25D3, osteoclast formation 
was approximately 50% of that in WT cultures, indicating that 
OSMR signaling is required for this stimulus to be fully effective 
(Figure 5A), consistent with our previous observations using a 
gp130-neutralizing antibody (17). Surprisingly, the induction of 
RANKL by PGE2/1,25D3 was not modified in Osmr–/– osteoblasts 
(Figure 5B), indicating that OSMR signaling may induce an osteo-
clast stimulus that acts independently of RANKL or may repress 
an osteoclast inhibitor. IL-31, which also signals through a gp130:
OSMR heterodimer, did not stimulate osteoclast formation by 
Osmr–/– or WT BM (data not shown).

Reduced mineralized nodule formation and lower ALP activ-
ity of Osmr–/– primary calvarial osteoblasts indicated an intrin-
sic defect in osteoblast differentiation (Figure 5, C and D). Basal 
mRNA levels of osterix, ALP, and runx2 were not significantly 
different in Osmr–/– cells compared with WT cells, nor was there a 
significant difference in mRNA levels of OSM, LIF, LIFR, gp130, 
C/EBPδ, RANKL, osteoprotegerin (OPG), M-CSF, PPARγ, or IL-6 
in Osmr–/– cells compared with WT cells (data not shown). There 
was a mildly higher level of sclerostin mRNA in Osmr–/– calvarial 
osteoblasts, but this did not reach statistical significance (data 

Figure 5
OSMR expression by osteoblasts is required for normal osteoclast and osteoblast activity; sclerostin is regulated by mOSM in Osmr–/– mice. (A) 
Tartrate-resistant acid phosphatase–positive multinucleated osteoclast-like cell (TRAP+ MNC) formation in response to RANKL from Osmr–/– BM 
macrophages compared with WT BM. In the presence of Osmr–/– osteoblasts, osteoclast formation from either Osmr–/– or WT BM in response 
to mOSM was completely blocked, and osteoclast formation in response to PGE2 and 1,25D3 (PGE2/D3) was inhibited. (B) Rankl mRNA was 
increased by mOSM treatment in WT calvarial osteoblasts, but not in Osmr–/– calvarial osteoblasts. Rankl mRNA levels were also significantly 
increased by PGE2/D3 in both WT and Osmr–/– primary calvarial osteoblasts 8 hours after treatment was commenced. (C and D) Mineralization, 
measured by alizarin red staining after 21 days of culture in mineralizing medium, and ALP activity in cells grown in osteoblast differentiation 
medium were both significantly reduced in calvarial osteoblasts generated from Osmr–/– mice compared with WT littermates. (E–H) Cebpb, 
Cebpd, Pparg, and Sost mRNA levels, relative to HPRT1 in WT and Osmr–/– calvarial osteoblasts after treatment with 10 ng/ml mOSM. PPARγ 
and SOST are measured in cells differentiated for 17 days in osteoblast differentiation medium. All data in Figure 5 are shown as mean + SEM 
from 3–4 independent experiments, carried out in triplicate. *P < 0.05; **P < 0.01; ***P < 0.001 vs. untreated control at the same time point.
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not shown). Consistent with original observations in other tis-
sues (26), OSMR mRNA was undetectable in Osmr–/– calvarial 
osteoblast cultures. In Osmr–/– mice, OSM was detected by 
immunohistochemistry at normal distribution and OSMR was 
not detected (Supplemental Figure 1). mRNA levels for scleros-
tin and RANKL were not significantly altered in mRNA extracted 
from femora of 9-week-old Osmr–/– mice compared with WT lit-
termates (data not shown).

To assess whether mOSM could modify gene targets associated 
with osteoblast and adipocyte differentiation in the absence of 
OSMR, WT and Osmr–/– primary calvarial osteoblasts were treat-
ed with mOSM. As observed with RANKL, mOSM effects on 
Cebpd, Cebpb, and Pparg mRNA levels were ablated in the absence 
of OSMR (Figure 5, E–G). Surprisingly, however, sclerostin 
repression by mOSM remained fully effective in Osmr–/– calvarial 
cultures (Figure 5H).

We hypothesized that mOSM may inhibit sclerostin through 
LIFR. Since LIFR-null mice have a neonatal lethal defect, this pos-
sibility was assessed by treating sclerostin-expressing Osmr–/– and 
WT primary calvarial cultures with a LIFR antagonist (LA) prior to 
mLIF, hOSM, or mOSM treatment. LA is a modified form of hLIF 
with enhanced binding to LIFR that is unable to activate gp130 
or bind OSMR (35). The ability of LA to block LIFR signaling in 
our culture system was confirmed by blockade of the increase in 
RANKL induced by mLIF and hOSM in both WT and Osmr–/– cul-
tures (Figure 6A). LA did not prevent the increase in Rankl mRNA 
levels induced by mOSM in WT cells, further confirming speci-
ficity for LIFR. In contrast, mLIF-, hOSM-, and mOSM-induced 
reductions in sclerostin mRNA were all ablated by LA in WT osteo-
blasts, indicating that these effects are mediated by LIFR (Figure 
6B). Furthermore, the reduction in sclerostin mRNA induced by 
mLIF, hOSM, and mOSM in Osmr–/– mice was also ablated by LA. 

This indicates that, in both WT and Osmr–/– osteoblasts, LIFR 
mediates the reduction in sclerostin mRNA levels induced, not 
only by mLIF and hOSM, but also by mOSM.

To determine possible intracellular mediators of the effect of 
mOSM on sclerostin expression in Osmr–/– cells, we carried out 
Western blot analysis on WT and Osmr–/– osteoblasts treated with 
mLIF, hOSM, and mOSM. STAT1, STAT3, STAT5, and ERK were 
all phosphorylated in response to mLIF, hOSM, and mOSM in WT 
cells. Effects of mLIF and hOSM were unchanged in Osmr–/– cells. 
Phosphorylation of STAT1 and STAT5 in response to mOSM was 
abolished in Osmr–/– cells. In contrast, in the absence of OSMR, 
mOSM retained the ability to induce phosphorylation of STAT1 and 
ERK at very low levels 30 minutes after administration (Figure 6C).

Finally, to determine whether the LIFR-mediated inhibition of 
sclerostin by mOSM in the absence of OSMR may be sufficient to 
stimulate bone formation, we injected mOSM over the calvariae 
of Osmr–/– mice, using hOSM as a positive control. mOSM signifi-
cantly increased calvarial thickness and MAR in Osmr–/– mice (Fig-
ure 6D). Similar effects were observed with hOSM, with the excep-
tion that hOSM also increased BFR (Figure 6D). This indicates that 
mOSM inhibits sclerostin and stimulates bone formation indepen-
dently of OSMR, indicating what we believe is a novel LIFR-depen-
dent pathway through which bone formation may be stimulated 
without effects on RANKL and osteoclast differentiation.

Discussion
OSM has been known for many years as an activated T cell product 
that potently stimulates bone resorption in vitro (18–21), suggest-
ing a role in skeletal conditions in which inflammation is known to 
play a role, including rheumatoid arthritis (36). We show here that 
OSM is also expressed within the osteoblast lineage and acts locally 
to stimulate both bone formation and resorption by actions within 
this lineage. Increased bone mass in neonate and adult mice lacking 
OSMR confirmed a requirement for OSM in normal skeletal devel-
opment and bone remodeling. Specifically, low bone formation 
and low bone resorption were observed, with impaired osteoclast 
formation dominating such that bone mass was increased. Both 
defects appeared to be contained within the osteoblast lineage; 
Osmr–/– osteoblasts demonstrated impaired ALP activity, mineral-
ized nodule formation, and impaired support of osteoclastogen-
esis in vitro. Furthermore, while mOSM stimulated osteoclast 
formation through osteoblastic OSMR signaling, mOSM stimu-
lated mineralization in vivo and inhibited sclerostin transcription 
through LIFR. A low-affinity binding of mOSM to the LIFR has 
been reported (10), and we now show that this produces a biologi-
cally relevant effect, specifically modifying bone formation without 
acting on osteoclasts. While these findings have been made in the 
mouse, they provide a framework to explore the possibility that 
separate signaling pathways could operate in human cells. This 
provides what we believe is a novel approach by which bone forma-
tion can be stimulated without modifying osteoclast formation, 
unlike the current anabolic therapy, PTH (37). As a related implica-
tion, the possibility that mOSM:gp130:LIFR signals within the cell 
in a manner distinct from LIF:gp130:LIFR or hOSM:gp130:LIFR 
(i.e., without stimulating RANKL) suggests an alternative com-
plex conformation induced by mOSM. Another possibility is that 
altered levels of LIFR occupancy may activate different pathways, 
but we have not observed a difference in dose responses of RANKL 
and sclerostin induction in response to mLIF (data not shown). It 
should also be noted that within the calvarial osteoblast prepara-

Figure 6
mOSM stimulates RANKL via OSMR yet inhibits sclerostin via LIFR 
and stimulates bone formation in Osmr–/– mice. (A and B) Fold changes 
in Rankl and Sost mRNA levels in primary calvarial osteoblasts 6 hours 
after commencing treatment with mLIF, hOSM, or mOSM (all 2 ng/ml) 
with and without 1 hour pretreatment with 2.5 μg/ml LA. Mean ± SEM 
of 3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 vs. 
vehicle-treated cells of the same genotype and antagonist exposure. 
(C) Phosphorylation of WT and Osmr–/– osteoblasts stimulated with 
mLIF, hOSM, or mOSM (each 50 ng/ml). pSTAT1/STAT1 (90 kDa),  
pSTAT3/STAT3 (86 kDa), pSTAT5/STAT5 (90 kDa) detected 
between 98 kDa and 62 kDa molecular weight markers (left side of 
figure). pERK/ERK (42/44 kDa) and pan-actin (42 kDa) were detected 
between 49 kDa and 38 kDa. The pSTAT3/STAT3 Western blot is 
from 1 film, but it has been spliced to maintain a consistent order within 
the figure. pSTAT1/STAT1 and pERK/ERK were probed sequentially 
on the same gel. (D) hOSM and mOSM (both 2 ng/ml) injected over 
calvariae of Osmr–/– mice (n = 5–6/group) increased calvarial thickness 
(Cv.Th.) without increasing MS/BS, but increased MAR, and hOSM 
increased BFR/BS compared with saline-treated controls. *P < 0.05; 
**P < 0.01, vs. saline-treated control. (E) A model of mOSM action. 
OSM, produced by osteoblasts, osteocytes, and bone-lining cells 
acts through OSMR in osteoblasts and their precursors to promote 
osteoblast differentiation and inhibit adipocyte differentiation as well as 
stimulating osteoclast differentiation by increasing RANKL expression. 
In contrast, in the osteocyte, mOSM acts through LIFR in osteocytes to 
inhibit sclerostin, an osteocyte-specific inhibitor of mineralization, thus 
modifying bone formation independently of effects on osteoclast and 
adipocyte differentiation.
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tions, it is likely that the cells producing RANKL and sclerostin are 
distinct subpopulations, since Rankl mRNA is detected in early 
stages of osteoblast differentiation through to newly embedded 
osteocytes (38), while sclerostin is detected exclusively in mature 
osteocytes deeply embedded within mineralized bone.

The process of bone remodeling depends on communication 
among osteoclasts, osteoblasts, and osteocytes (12). Locally acting 
factors produced by osteoblast lineage cells, including RANKL and 
PTHrP, are critical for normal osteoclast and osteoblast differen-
tiation. OSM production throughout osteoblast differentiation, 
including by bone-forming osteoblasts, osteocytes embedded with-
in the bone matrix, and lining cells, and reduced bone remodeling 
in Osmr–/– mice, indicate that OSM is an essential stimulus of both 
bone resorption and formation through actions within the osteo-
blast lineage. Of particular interest are the production of OSM and 
OSMR by osteocytes and the inhibition of sclerostin expression 
by OSM both in vitro and in vivo. The osteocytic network within 
bone is only recently gaining appropriate attention (39). Osteocytes, 
residing within the calcified bone matrix itself, make up 90% of all 
bone cells, and their long processes extend through the matrix to 
form a communication network with osteoblasts on the bone sur-
face. Sclerostin appears to be produced exclusively by osteocytes and 
inhibits bone formation (40). Sclerostin-null mice have very high 
bone mass, and conversely, severe bone loss occurs in transgenic 
mice overexpressing sclerostin in osteocytes. Human sclerostin 
gene mutations are responsible for sclerosteosis and van Buchem 
disease (41), conditions of greatly increased bone density. Recently, 
sclerostin antibodies have been shown to stimulate bone forma-
tion in rodent models of osteoporosis (42) and colitis-induced bone 
loss (43). We now show that hOSM and mOSM also rapidly inhibit 
sclerostin in a manner similar to that of the only approved anabolic 
therapy for bone, PTH (34, 44). Sclerostin inhibition by another 
osteocytic protein is the first evidence of regulation within this cell 
network. In Osmr–/– calvarial osteoblasts, mOSM did not increase 
expression of a number of genes associated with bone formation 
but did decrease expression of sclerostin. The ability of mOSM to 
increase calvarial thickness in Osmr–/– mice confirms that sclerostin 
inhibition alone can effectively increase bone formation.

Other cytokines that form a signaling complex with gp130:LIFR, 
mLIF and mCT-1, also inhibited sclerostin production. Since CT-1 
is produced by osteoclasts (33), this suggests a novel communi-
cation pathway from the osteoclast to the osteocyte that may be 
involved in the coupling of bone resorption to formation, a pro-
cess essential in normal bone remodeling but poorly understood. 
Of note, mLIF and mCT-1 are only known to form a complex with 
LIFR:gp130, by which they also stimulate osteoclast formation 
(33), so the regulation of RANKL and sclerostin through indepen-
dent pathways appears unique to mOSM.

As well as inhibiting sclerostin production, OSM rapidly stimu-
lated osteoblast differentiation while inhibiting adipocyte differ-
entiation. mOSM acted through OSMR to downregulate PPARγ 
and C/EBPα while increasing mRNA levels for C/EBPδ and  
C/EBPβ, transcription factors that act synergistically with runx2 
at OSE2 sites found in osteocalcin (45, 46), Smad6 (47), and Nell-1 
(48) promoters. In the absence of OSMR signaling, mice displayed 
reduced NOb and increased marrow adipocyte volume, indicating 
a critical role for this pathway in osteoblast/adipocyte commit-
ment. Surprisingly, however, the effects of mOSM on these gene 
targets were not required for mOSM to increase calvarial thick-
ness, since only the sclerostin effect was retained in the absence 

of OSMR. The gene targets of mOSM are similar to those of CT-1 
(33). Unlike CT-1, however, while mOSM inhibited sclerostin via 
LIFR, its effects on C/EBPs and therefore osteoblast/adipocyte 
commitment are mediated through OSMR, suggesting one effect 
in osteocytes and another effect early in stromal cell commitment. 
This could explain why mOSM increased MAR in Osmr–/– mice 
but did not increase MS/BS as it did in WT mice, since MS/BS 
is determined by osteoblast differentiation, while mineralization 
rate may be determined by mature osteoblast activity under the 
influence of osteocytic control.

Like PTH, OSM acts in 2 ways, as a stimulus of resorption and as 
a stimulus of bone formation. The ability of mOSM to act within 
the osteoblast lineage through LIFR to inhibit sclerostin expres-
sion and through OSMR to stimulate RANKL, as illustrated in 
Figure 6E, provides a new possibility for osteoporosis therapy. 
From a therapeutic perspective, a small molecule agonist to the 
mOSM-binding site in the LIFR could be exploited as an anabolic 
pathway. This will require crystallization studies to determine dif-
ferences in complex formation. Since OSMR and LIFR signaling 
also play significant roles in melanoma (3), glioblastoma (4), lung 
(5) and ovarian carcinoma (6), and breast tumor (7) pathogenesis, 
cardiovascular disease (8), neurobiology, and immunity (9), further 
investigation into other specific mOSM:LIFR targets could pro-
vide useful information for treatment of many human diseases.

Methods
Animals and histology. Osmr–/– mice backcrossed onto C57BL/6 were obtained 
from Anne Reutens (Monash University, Melbourne, Australia) and Atsu-
shi Miyajima (University of Tokyo, Tokyo, Japan) (26). For all studies, lit-
termate controls were used. All animal procedures were approved by the 
St. Vincent’s Health Melbourne Animal Ethics Committee. Histomorpho-
metric and peripheral quantitative computer tomography (pQCT) analy-
sis were performed as previously described (49). Immunohistochemistry 
was carried out as previously described (33) using 5 μg/ml of goat anti-
mOSMRβ, 2.5 μg/ml of goat anti-mOSM (R&D Systems), 1.5 μg/ml goat 
anti-mouse sclerostin, or 20 μg/ml of rabbit anti-human LIFR (Santa Cruz 
Biotechnology Inc.) followed by 6 μg/ml biotinylated goat anti-goat or goat 
anti-rabbit IgG (DakoCytomation). Suppliers of recombinant proteins were 
as follows: mOSM, hOSM, and mCT-1 (R&D Systems); mLIF (Chemicon); 
and hPTH1–34 (Bachem). Calvarial in vivo administration of 0.2 μg mOSM, 
0.2 μg hOSM, and saline was carried out as previously described in 5-week-
old WT or Osmr–/– mice (33). Samples for histomorphometry were assessed 
10 days after the final injection, while samples for immunohistochemistry 
were collected 24 hours after the final injection.

Cell culture. Kusa 4b10 studies, qPCR, and 6×OSE2 reporter assays 
were carried out as previously described (33). Primary mouse calvarial 
osteoblasts and primary human osteoblasts were generated as previous-
ly described (50, 51). For cultures from WT and Osmr–/– mice, animals 
were taken from homozygous matings using cousin litters for controls. 
Osteoclastic potential of BM was determined as previously described (52). 
Osteoclasts were generated in the presence of osteoblasts using the cocul-
ture system previously described (50).

Western analysis. Primary calvarial osteoblasts were seeded at 1 × 106 
cells/10 cm2 dish (Falcon) in α-MEM plus 10% FBS until subconfluent. 
Cells were serum starved (α-MEM plus 2% FBS) overnight prior to treat-
ment, then exposed to mLIF, hOSM, or mOSM before washing twice in ice-
cold PBS. Total protein lysates were collected in RIPA lysis buffer containing  
150 mM NaCl (Merck), 1 mM EDTA (BDH), 1% Triton X-100 (Sigma-
Aldrich), 1% sodium deoxycholate (Sigma-Aldrich), 0.1% SDS (Sigma-
Aldrich), and 20 mM Tris, pH 8.0 (Ameresco). Lysates were briefly sonicated 



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org 591

on ice and concentrations determined by bicinchoninic acid (BCA) as per the 
manufacturer’s instructions (Pierce). Proteins were resolved on 12% gradient 
gel (NuPAGE; Invitrogen) and transferred using semi-dry system (Bio-Rad) 
prior to probing with antibodies to phospho-STAT1 (no. 9171), STAT1 (no. 
9172), phospho-STAT3 (no. 9136), STAT3 (no. 9139), phospho-STAT5 (no. 
9358), STAT5 (no. 9310), phospho-ERK (no. 9106), ERK (no. 9106) (all from 
Cell Signaling Technology) and pan-actin (MS-1295-P0; Lab Vision Corp.).

Statistics. Statistically significant differences were determined by Stu-
dent’s t test using GraphPad Prism 5.0a or 1-way ANOVA followed by 
Fisher’s post-hoc test using StatView 4.0. A P value of less than 0.05 was 
considered significant.
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