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Background and Purpose: The gp130 family of cytokines signals through receptors
dimerizing with the gp130 subunit. Downstream signaling typically activates STAT3 but
also SHP2/Ras/MAPK pathways. Oncostatin M (OSM) is a unique cytokine in this family
since the receptor (OSMR) activates a non-redundant signaling pathway by recruitment
of the adapter Shc1. We have studied the functional relevance of Shc1 for OSM-induced
bone resorption.
Experimental Approach: Osteoblasts were stimulated with OSM and STAT3 and Shc1
activations were studied using real-time PCR and Western blots. The role of STAT3 and
Shc1 for OSM-induced RANKL expression and osteoclast formation was studied by
silencing their mRNA expressions. Effects of OSM were compared to those of the closely
related cytokine leukemia inhibitory factor (LIF).
Key Results: OSM, but not LIF, induced the mRNA and protein expression of Shc1
and activated phosphorylation of Shc1 in the osteoblasts. Silencing of Shc1 decreased
OSM-induced activation of STAT3 and RANKL expression. Silencing of STAT3 had no
effect on activation of Shc1, but prevented the OSM-mediated increase of RANKL
expression. Silencing of either Shc1 or STAT3 in osteoblasts decreased formation
of osteoclasts in OSM-stimulated co-cultures of osteoblasts and macrophages. In
agreement with these observations, OSM was a more potent and robust stimulator than
LIF of RANKL formation and bone resorption in mouse calvariae and osteoclast formation
in bone marrow cultures.
Conclusions and Implications: Activation of the Shc1-dependent STAT3 signaling is
crucial for OSM-induced osteoclast formation. Inhibition of Shc1 is a potential mechanism
to specifically inhibit OSM-induced bone resorption.
Keywords: OSM, LIF, RANKL, Shc1, osteoclast, bone resorption
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INTRODUCTION

regions of gp130 and OSMR and, upon activation, JAKs transphosphorylate several Tyr residues in the intracellular domains
of gp130 and OSMR. In the mouse OSMR, JAK2 is preferentially
bound and its activation leads to phosphorylation of Tyr917
and Tyr945 in the OSMR and subsequent recruitment of the
transcription factor STAT3 (21, 22). Recruitment of STAT3
to gp130 is mediated by JAK-dependent phosphorylation of
Tyr767 /Tyr814 /Tyr905 /Tyr915 (23). Once phosphorylated by JAKs,
activated STAT3 dimers translocate to the nucleus and bind to
specific DNA sequences in promoter regions of a variety of target
genes. JAK-dependent phosphorylation of Tyr759 in gp130 results
in recruitment and activation of the tyrosine phosphatase SHP-2
[Src homology region 2-containing protein tyrosine phosphatase
2; (24)]. In turn, SHP-2 then forms a complex with Grb2 (growth
factor receptor-binding protein 2) and Sos (Son of sevenless),
which activates the Ras/Raf/MAPK pathway (25), a hallmark of
many haematopoietic cytokine receptors.
A non-redundant signaling pathway distinguishing OSMR
from the other receptors in the gp130 family of cytokines is
recruitment of the adapter protein Shc1 (Src homology and
collagen 1) to Tyr861 (26, 27). Shc proteins are phosphotyrosine
adapters which link activated transmembrane receptors to
downstream signaling cascades (28). Four members of this
family have been described, designated Shc1, Shc2, Shc3 and
Shc4. Three isoforms of Shc1 protein generated by differential
promoter usage (p66) or alternative translational initiation (p46,
p52) have been discovered. Shc1 contains both phosphotyrosine
binding domains (PTB) and SH2 domains and is able to
recruit the Ras/Raf/MAPK adapter Grb2 to the SH2 domain.
Phosphorylation of the OSMR on Tyr861 allows binding of
activated Shc1 to the OSMR, recruitment of Grb2 and subsequent
induction of a Ras-dependent kinase cascade, which results in
activation of MAPK (26). This is different from the LIF-induced
activation of MAPK, where recruitment of SHP-2 to the gp130
subunit in the LIFR mediates activation of MAPK (2). Since
OSMR lacks the recruitment motif for SHP-2, activation of
Shc1 substitutes for SHP-2 mediated activation of the MAPK
caused by the closely related LIFR, but the functional relevance
of OSMR-Shc1 in bone has not been investigated. Interestingly,
activation of Shc1 has also recently been shown to potentiate
STAT3 phosphorylation in breast cancer cells (29), but a
role for the OSMR-Shc1-STAT3 axis in osteoblasts has not
been assessed.
The aim of the present study was to investigate the importance
of the Shc1-STAT3 signaling pathway in OSM-induced RANKL
formation in osteoblasts and subsequent osteoclast formation.

Oncostatin M (OSM) belongs to the gp130 family of cytokines.
It was discovered as a cytokine released from macrophage
differentiated U-937 histiocytic lymphoma cells that inhibited
proliferation of melanoma cells (1). OSM has also been
reported to be expressed in monocytes, dendritic cells, T-cells,
neutrophils (2), intestinal stromal cells (3), osteoblasts (4, 5)
and osteocytes (5). Several studies have shown that OSM is
involved in a wide variety of functions (2, 6), including bone
remodeling (7), embryologic development, liver regeneration,
haematopoiesis (8), tumorigenic progression and metastasis
formation (9, 10), as well as inflammatory processes such as
pulmonary fibrosis (11, 12), asthma (13), inflammatory bowel
disease (3), periodontal disease (14), rheumatoid arthritis (15)
and neurogenic heterotopic ossifications (16).
Cytokines in the gp130 family bind to cell surface receptor
(R) subunits, and the ligand-receptor complex interacts with the
transmembrane protein gp130 for signal propagation. Activation
of the OSMR triggers heterodimerization between the ligandreceptor complex and one gp130 subunit (2). Human OSM can
induce signaling through both the OSMR and the receptor for
leukemia inhibitory factor (LIF), a closely related cytokine in
the gp130 family, whereas mouse OSM acts mainly through
the OSMR:gp130 heterodimer (2, 6), although it has been
shown that mouse OSM can stimulate bone formation by
decreasing sclerostin expression after LIFR-induced activation of
STAT3 (5).
OSM stimulates bone resorption in organ cultures (17)
and enhances osteoclast formation in crude bone marrow cell
cultures (18, 19), effects which are associated with increased
expression of receptor activator of NF-κB ligand (RANKL) (17,
18). Interestingly, OSM is more potent and effective than LIF
as a stimulator of osteoclast formation in co-cultures of mouse
osteoblasts and bone marrow cells (20). The bone phenotype
of mice in which the Osm gene has been deleted has not been
reported, but mice globally deficient in the Osmr have increased
bone mass and a decreased number of osteoclasts (5), findings
which are in agreement with in vitro observations showing OSM
increasing osteoclast numbers and stimulating bone resorption.
The OSMR has no intrinsic tyrosine kinase activity, but
dimerization with gp130 activates the JAK-STAT (Janus kinase
and signal transducer and activator of transcription) pathway.
JAKs are constitutively connected to the membrane-proximal

Abbreviations: AMV, avian myeloblastosis virus; BMM, bone marrow
macrophages; BMC, bone marrow cells; BMP-2, bone morphogenetic protein-2;
D3, 1,25(OH)2 -vitamin D3; EMSA, electrophoretic mobility shift assay; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; gp130, glycoprotein 130; Grb2,
Growth factor receptor-binding protein 2; IL, interleukin; JAK, Janus kinase; LIF,
leukemia inhibitory factor; LIFR, LIF receptor; MAPK, mitogen-activated protein
kinase; M-CSF, macrophage colony-stimulating factor; OPG, osteoprotegerin;
OSM, oncostatin M; OSMR, OSM receptor; PTB, phosphotyrosine binding
domain; PTH, parathyroid hormone; RANKL, receptor activator of NF-κB ligand;
SH2, Src homology 2; Shc, Src homology and collagen; SHP-2, SH2 domaincontaining tyrosine phosphatase 2; Sos, Son of sevenless; STAT, signal transducer
and activator of transcription; TRAP, tartrate-resistant acid phosphatase;
TRAP+ MuOCL, TRAP+ multinucleated osteoclasts.
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MATERIALS AND METHODS
Materials
Recombinant mouse LIF, mouse OSM, bone morphogenetic
protein-2 (BMP-2), macrophage colony-stimulating factor (MCSF), RANKL (amino acids 158–316; cat. no. 462-TEC) and the
ELISA kits for mouse RANKL and mouse OPG were purchased
from R&D Systems, Abingdon, UK; bacterial collagenase
type I from Worthington Biochemical Corp., Lakewood,
NJ, USA; α-MEM, FBS, L-glutamine, and oligonucleotide
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Osteoclast Differentiation in Bone Marrow
Cell Cultures

primers from Invitrogen, Stockholm, Sweden; RNAqueous R 4PCR RNA isolation kit from Ambion, Inc., Austin TX,
USA; 1st strand cDNA synthesis Kit and PCR Core Kit from
Roche, Mannheim, Germany; DYEnamic ET terminator cycle
sequencing kit from GE Healthcare, Uppsala, Sweden; QIAquick
PCR Purification kit was from Qiagen Ltd., Crawley, West
Sussex, England; TaqMan Universal PCR Master Mix and
TaqMan probes from Applied Biosystems, Foster City, CA,
USA; all primary and secondary antibodies used are specified
in Supporting Information Table I; anti-IgG-HRP secondary
antibodies used for Western blot were from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA; culture dishes and
multi-well plates from Costar, Cambridge, MA, USA, or Nunc
International Corp., Naperville, IL, USA. Indomethacin was
kindly supplied by Merck, Sharp & Dohme, Haarlem, the
Netherlands; the mouse bone marrow stromal cell line ST-2 from
Riken BRC Cell Bank (www.brc.riken.go.jp).

Bone marrow cells (BMC) were flushed from femur and tibiae
from 6 week-old mice and seeded in 48 multi-well plates
containing α-MEM/10% FBS and incubated overnight. The cells
were then cultured in the same medium with or without test
substances for 7–9 days. Cells staining positive for tartrateresistant acid phosphatase (TRAP) and containing three or
more nuclei were considered osteoclasts and the number of
TRAP-positive multinucleated osteoclasts (TRAP+ MuOCL)
was counted.

Osteoclast Differentiation in Bone Marrow
Macrophage Cultures
Bone marrow cells from 6 to 12 weeks old mice were isolated
and incubated in the presence of M-CSF (30 ng/mL) for 3
days in culture dishes, to which stromal cells and lymphoid
cells cannot adhere, as previously described (33, 34). The cells
adherent to the bottom of the dishes are devoid of phenotypic
markers for stromal cells, T- and B-cells, express CD115/c-Fms
(75%) and CD11b/Mac-1 (100%), and were used as bone marrow
macrophages (BMM). The BMM cells were seeded in 96 multiwell plates and then incubated in M-CSF (30 ng/mL) or M-CSF +
RANKL (30 ng/mL + 4 ng/mL) with or without LIF (100 ng/mL)
or OSM (100 ng/mL). Cells staining positive for TRAP and
containing three or more nuclei were considered osteoclasts and
the number of TRAP+ MuOCL was counted.

Animals
CsA mice from the inbred colony at Umeå University, Swiss
mice from the School of Dentistry at Araraquara and C57Bl/6
mice from the University of Gothenburg were used for isolation
of calvarial osteoblasts, bone marrow cells or calvarial bone
explants. The Institutional Animal Care and Ethics Committees
at Umeå University, at the School of Dentistry, Araraquara and at
the University of Gothenburg approved all experimental studies.
The observation that OSM is a more robust stimulator than LIF
of Tnfsf11 (encoding RANKL) mRNA expression was made in
cells from all three genotypes; OSM-induced phosphorylation of
Shc1 was assessed in cells from CsA and Swiss mice and found to
activate Shc1 in both strains.

Stromal Cells
The ST-2 cells were seeded in multi-well plates and incubated in
α-MEM/10% FBS overnight. Following incubation, medium with
and without test substances was added and the cells incubated for
24 h for subsequent gene expression analysis.

Bone Resorption Bioassay
Bone resorption was assessed in organ culture of parietal
bones from 6 to 7 days-old mice by analyzing the release of
45 Ca from prelabelled bones as previously described (30, 31).
Release of isotope was expressed as the percentage release
of the initial amount of isotope (calculated as the sum of
radioactivity in medium and bone after culture). The data were
recalculated and the results expressed as percent of control that
was set at 100%, which allowed for accumulation of data from
several experiments.

Gene Silencing in Osteoblasts Using Small
Interfering RNA
Calvarial osteoblasts were seeded in multi-well plates with αMEM supplemented with 10% FBS and antibiotics. For coculture and gene expression experiments, 103 cells were seeded
per well in 96-well plates, while for protein extraction, 5 ×
104 cells/well were seeded in 12-well plates. After overnight
attachment, silencing of Osmr, Lifr, Il6st, Shc1 or Stat3 was
performed using Lipofectamine RNAiMAX and 30 nM of the
appropriate siRNAs listed in Supporting Information Table II.
Cells treated with a scrambled (siSCR) sequence served as
controls. Forty-eight hours after the first silencing, the protocol
was repeated. Twenty-four hours after the second silencing, the
cells were incubated in medium containing either vehicle, LIF or
OSM. At the end of cultures, RNA or protein was extracted. In
some experiments, the osteoblasts were co-cultured with BMMs.

Isolation and Culture of Mouse Calvarial
Osteoblasts
Bone cells were isolated from calvariae harvested from 2 to
5 days-old mice using bacterial collagenase in the modified
time sequential enzyme-digestion technique (32). Cells from
populations 6 to 10, showing an osteoblastic phenotype as
assessed by their cyclic AMP-responsiveness to PTH, expression
of alkaline phosphatase, osteocalcin and bone sialoprotein, as
well as the capacity to form mineralized bone noduli (data
not shown), were used. The cells were seeded in culture flasks
containing α-MEM supplemented with 10% FBS, L-glutamine
and antibiotics at 37◦ C in humidified air containing 5% CO2 .
After 4 days, the cells were sub-cultured in culture dishes or
multi-well plates.

Frontiers in Immunology | www.frontiersin.org

Osteoblast and Bone Marrow Macrophage
Co-cultures
Following silencing of Shc1 or Stat3 in osteoblasts, 2x104 BMMs
were added to each well in 96-well plates containing osteoblasts.
The co-cultures were exposed to vehicle or OSM (100 ng/mL)
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were lysed using 0.2% Triton X-100 and the extracted samples
were analyzed by following the manufacturer’s protocol.

and 3 days later, the cells were fixed with PBS-buffered 4%
paraformaldehyde and stained for TRAP. The number of TRAP+
MuOCL was counted in each well.

Preparation of Total Cell Lysates

RNA Isolation and First-Strand cDNA
Synthesis

Calvarial osteoblasts were seeded in 60 cm2 dishes at a density
of 2 × 104 cells/cm2 . After 3 days of culture with one media
change, the cells were incubated in the absence (control) or
presence of test substances for different time periods. Following
incubation, the cells were washed twice in PBS before addition of
lysis buffer (1% Igepal CA-630, 0.1% SDS, 2 mM EDTA, 50 mM
NaF, 0.1 mg/mL PMSF, 10 µg/mL leupeptin, 10 µg/mL pepstatin
A, in PBS). The dishes were kept on ice for 15 min followed by
scraping and collection of cell lysates. Before use in Western blot,
cell lysates were concentrated using Microcon centrifugal filter
devices according to manufacturer’s recommendations. Protein
concentration of the cell lysates was measured using the BCA
method with bovine albumin as standard.

Total RNA was extracted using commercially available
RNA isolation kits (Ambion or Qiagen) by following the
manufacturer’s protocol. For quantitative real-time polymerase
chain reactions, RNA was extracted from a single cell culture
well, or from individual bones. For semi-quantitative polymerase
chain reactions, RNA extracted from three wells was pooled
per treatment group. RNA was reverse transcribed into singlestranded cDNA with a commercially available cDNA synthesis
kit using.

Semi-quantitative Polymerase Chain
Reaction

Western Blot Analysis

Polymerase chain reaction analyses were performed using a
standard protocol. The reaction conditions were: denaturing at
94◦ C for 2 min, annealing for 40 s, and elongation at 72◦ C for
60 s; in subsequent cycles denaturing was performed at 94◦ C for
40 s. Reaction conditions for OPG and RANKL were as follows:
denaturation at 94◦ C for 35 s, annealing at 65◦ C for 35 s, and
elongation at 72◦ C for 60 s for 10 cycles. In subsequent cycles,
the primer annealing temperature was decreased stepwise by 5◦ C
every 5 cycles from 65 to 45◦ C. The primer sequences (forward
and reverse, given in the 5′ -3′ orientation), expected fragment
lengths and annealing temperatures used in PCR are listed in
Supporting Information Table III. The expressions of the target
genes were compared at the logarithmic phase of the PCR
reaction. No amplification was detected in samples where the RT
reaction had been omitted (data not shown). The PCR products
were electrophoretically size fractionated in 1.5% agarose gel
and visualized using ethidium bromide. The identity of the PCR
products was confirmed using a DYEnamic ET terminator cycle
sequencing kit with sequences analyzed on an ABI 377 XL DNA
Sequencer (PE Applied Biosystems, Foster City, CA).

For Western blot analysis, cell lysates pooled from three
culture dishes were mixed with sample buffer (200 mM TrisHCl, pH 6.7, 20% glycerol, 10% β-mercaptoethanol, 5% SDS,
0.01% Pyronin Y) and boiled for 3 min. Protein samples
were then loaded on 4–12% Tris-HCl polyacrylamide gels
and electrophoresis was performed according to the Laemmli
method. Electrophoretically separated proteins were then blotted
onto a PVDF membrane which was blocked (5% BSA in TBS)
overnight. For detection, the membrane was incubated with
primary antibody overnight in 1% BSA/PBS in dilutions specified
in Supporting Information Table I. Three times 10 min of wash
in TBS with 0.05% Tween-20 (TBST) was followed by incubation
with HRP-conjugated secondary antibody (1:5,000 in 1% BSA,
0.05% Tween-20 in TBS) for 60 min at room temperature. Finally,
the membrane was washed extensively with TBST and TBS
followed by development using a chemiluminescence detection
kit according to manufacturer’s protocol.

Preparation of Nuclear Extracts
Calvarial osteoblasts were plated at a density of 2 x 104 cells/cm2
in culture dishes (60 cm2 ) containing α-MEM with 10% FBS, Lglutamine and antibiotics. After 4 days with one media change,
the cells were incubated in the absence (control) or presence of
test substances for 30 min. Following incubation, the cells were
washed with ice cold PBS and scraped. Cell suspensions from two
culture dishes were pooled and centrifuged briefly and pelleted
cells homogenized in lysis buffer A (10 mM HEPES, pH 7.9,
0.1 mM EDTA, 10 mM KCl, 625 µg/mL spermidine, 625 µg/mL
spermine, 0.5 mM DTT, 0.5 mM PMSF, 1 µg/mL leupeptin, 1
µg/mL pepstatin A). After 15 min on ice, Igepal CA-630 was
added to a final concentration of 0.5%. The nuclei were collected
by centrifugation at 12 000 x g for 2 min, and pelleted nuclei were
lysed by incubation for 30 min on ice in lysis buffer B (20 mM
HEPES, pH 7.9, 0.2 mM EDTA, 0.42 M NaCl, 25% glycerol, 625
µg/mL spermidine, 625 µg/mL spermine, 0.5 mM DTT, 0.5 mM
PMSF, 1 µg/mL leupeptin, 1 µg/mL pepstatin A). Supernatants
were collected by centrifugation at 16 000 x g for 10 min. The
protein concentration of the samples was determined by the

Quantitative Real-Time Polymerase Chain
Reaction
Quantitative real-time PCR analysis was performed using
TaqMan kinetics. In each reaction, cDNA was amplified using
a TaqMan Universal PCR Master Mix kit, 300 nmol/L of
each primer and 100 nmol/L of probe on an ABI Prism
7900 HT Sequence Detection System (Applied Biosystems,
Foster City, CA, USA) or predesigned Taqman Assays and
Taqman Fast Advance Master Mix on a StepOnePlus RealTime PCR system. The primers and probes used are listed
in Supporting Information Tables III, IV. Gapdh (for BMM)
or β-actin or 36B4 (for BMC and calvarial osteoblasts) were
used as internal standard to correct for differences in starting
mRNA concentrations.

Protein Analyses of RANKL and OPG
The protein levels of RANKL and OPG in calvarial bones were
analyzed using commercially available ELISA kits. Calvarial cells
Frontiers in Immunology | www.frontiersin.org
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Bradford method and aliquots were stored at −80◦ C until use in
electrophoretic mobility shift assays (EMSAs).

nor LIF had any effect on total protein levels of p38, JNK or
ERK (Figure 1A).
Activation of AP-1 is a consequence of MAPK activation and
we, therefore, next studied the effects of OSM on transcriptional
control of AP-1 subunits and DNA binding of AP-1, as assessed
by semi-quantitative RT-PCR and EMSA, respectively.
OSM (100 ng/mL) increased the mRNA expression in mouse
calvarial osteoblasts of Fos and Jun after 48 h treatment
(Figure 1B), whereas Fosb, Fosl1, Fosl2, Junb, and Jund mRNA
expressions were unaffected (Figure 1B). In contrast, LIF caused
a marginal increase of Fos mRNA but did not affect the expression
of the other AP-1 subunits (Figure 1B).
Incubation of calvarial osteoblasts with OSM for 30 min
resulted in enhanced DNA binding of AP-1 as assessed by EMSA,
whereas LIF had no effect (Figure 1C, left top panel). The binding
specificity was evident by the complete displacement with a
50-fold excess of unlabelled (cold) homologous oligonucleotide
(C), whereas a mutated homologous oligonucleotide (M) and
a non-homologous oligonucleotide (NF-κB; NF) had no effect
(Figure 1C, middle top panel). The antibody shift experiment
demonstrated the involvement of both c-Jun (Jun) and c-Fos
(Fos) in the AP-1 complex activated by OSM (Figure 1C, right
top panel). In contrast to the enhanced AP-1 DNA binding
activity by OSM, treatment with either OSM or LIF did not
result in an effect on NF-κB DNA binding activity (Figure 1C,
lower panel).
These observations demonstrated clear differences in
signaling events downstream the OSM and LIF receptors in
primary mouse calvarial osteoblasts, which are in line with
observations made in the human osteoblastic MG-63 cell line
showing a clear activation of ERK by OSM, but a weaker by
LIF (35).

EMSA
Consensus oligonucleotides including an AP-1 site (CGCTTG
ATGACTCAGCCGGAA) and a κB site (AGTTGAGGGGAC
TTTCCCAGGC) were end-labeled with [γ-32 P] ATP using T4
kinase according to manufacturer’s instructions. Mutated forms
of the AP-1 (CGCTTGATGACTCCGGAA) and NF-κB (AGT
TGAGGGACTTTCCCAGGC) oligonucleotides were used in
competition studies. Annealing of complementary strands of
both labeled and unlabelled oligonucleotides was performed
before used in electrophoretic mobility shift assay (EMSA).
Reaction mixtures containing 8 µg of nuclear extract, 0.5–
1 ng of probe (50 000 cpm), 4 µg poly(dI-dC)•poly(dIdC), 20 nM DTT, and reaction buffer (50 mM Tris-HCl, pH
7.5, 0.25 M NaCl, 5 mM EDTA, 25% glycerol) were incubated
at room temperature for 30 min. In antibody supershifts
and competition studies, 2 mg/mL of antibody, or 50- or
100-fold excess of unlabelled probe, was pre-incubated with
reaction mixture without probe for 30 min before addition
of 32 P-labeled probe. After incubation for 30 min at room
temperature, samples were loaded onto a non-denaturing
polyacrylamide gel and electrophoresed, followed by drying of
the gel and autoradiography.

Statistical Analysis
Statistical significance was determined by ANOVA using Levene’s
homogeneity test and Dunnett’s 2-sided, Dunnett’s T3 or Tukey’s
post hoc test. When comparing two groups, non-parametric
Mann-Whitney U test, or two-sided Student’s t-test was used,
where applicable. A P < 0.05 was considered statistically
significant. Statistical significance is presented as follows, ∗ P
< 0.05, ∗∗ P < 0.01, and ∗∗∗ P < 0.001. Data are expressed as
mean ± SEM. Numerical values are expressed as percent of
unstimulated control, with controls presented as 100% or 1-fold,
if not otherwise stated. We have used four wells or six bones
(45 Ca release) per treatment group and then calculated a mean
value and standard variation (SEM) for each group, which have
been used for statistical analyses and to create the figures. The
experiments have then been repeated using the same design and
calculations 2–3 times with similar results.

OSM Is a More Robust Activator Than LIF
of STAT3 mRNA Expression and
Phosphorylation
Stimulation of calvarial osteoblasts with OSM (100 ng/mL)
increased expression of Stat3 mRNA, whereas no such effect was
observed after stimulation with LIF (Figure 2A).
Western blot analyses indicated that phosphorylation of the
transcription factor STAT3 on Tyr705 , which is crucial for
dimerization of STAT3 and subsequent DNA binding (36), was
much greater after treatment with OSM than LIF (Figure 2B). No
effect on total STAT3 protein by OSM or LIF was observed.
These findings show that OSM robustly activates STAT3,
whereas LIF only causes a marginal activation of this
transcription factor.

RESULTS
OSM, in Contrast to LIF, Robustly Activates
ERK and the AP-1 Complex in Calvarial
Osteoblasts
Stimulation of calvarial osteoblasts with OSM (100 ng/mL)
resulted in a robust, time-dependent activation of the
MAP kinase ERK, as assessed by phosphorylation of Tyr204
(Figure 1A). OSM treatment also resulted in increased
phosphorylation of the MAP kinase JNK on Tyr185 and
Thr183 . In contrast, OSM did not stimulate phosphorylation of
the p38 MAPK on Tyr182 . Treatment of the osteoblasts with LIF
(100 ng/mL) caused a weak, rapidly transient activation of JNK,
but did not affect phosphorylation of ERK or p38. Neither OSM

Frontiers in Immunology | www.frontiersin.org

Activation by OSM of the Adapter Protein
Shc1 in Calvarial Osteoblasts Is Crucial for
STAT3 and ERK Activation
Having observed the differences in MAPK and STAT3 activation
in osteoblasts stimulated with OSM and LIF, and knowing that
only OSM has been reported to activate the adapter protein Shc1
in several other cell types, we next investigated the role of Shc
adapters for the robust activation by OSM of ERK and STAT3 in
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FIGURE 1 | MAP kinases and the AP-1 complex are differentially activated by OSM and LIF. (A) Mouse calvarial osteoblasts were cultured in the absence (Co) or
presence of LIF or OSM (both at 100 ng/mL) for 15 and 30 min followed by cell lysis and Western blot analysis of total, as well as phosphorylated, ERK, JNK and p38.
Actin served as the internal control for protein loading. (B) Semi-quantitative PCR analysis of AP-1 subunit mRNA expression after incubation without (Co) or with LIF
or OSM (both at 100 ng/mL) for 48 h. Gapdh served as loading control. (C) EMSA analysis of nuclear extracts from cells incubated for 30 min in the absence (Co) or
the presence of LIF or OSM (both at 100 ng/mL). Left upper panel, EMSA for nuclear extracts incubated with AP-1 consensus probe. Middle upper panel, competition
studies on nuclear extracts from OSM-stimulated cells. From left: No competitor (–), homologous unlabelled (cold) AP-1 consensus probe (C), mutated AP-1
consensus probe (M), non-homologous probe (NF-κB; NF). Right upper panel, supershifts using antibodies against c-Jun (Jun), c-Fos (Fos), and unspecific IgG (IgG)
of nuclear extracts from OSM-stimulated cells. Lower panel, EMSA for nuclear extracts incubated with NF-κB consensus probe.

FIGURE 2 | STAT3 is differentially expressed and activated by OSM and LIF. Mouse calvarial osteoblasts were cultured in the absence (Co) or presence of LIF or OSM
(both at 100 ng/mL) for 48 h to assess Stat3 mRNA expression by RT-qPCR (A) or for 15 and 30 min to assess phosphorylated and total STAT3 protein levels by
Western Blot (B). Values in (A) represent means for four wells and SEM is shown as vertical bars. Significant differences compared to untreated cells (Co) is defined as
***P < 0.001 analyzed by one-way ANOVA followed by Dunnet’s multiple comparison test vs. Co.
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FIGURE 3 | OSM stimulates activation of STAT3 and ERK by phosphorylating the adapter protein Shc1. (A) Mouse calvarial osteoblasts were cultured in the absence
(Co) or presence of LIF or OSM (both at 100 ng/mL) for 24 h and RNA was extracted for RT-qPCR analysis of Shc1mRNA. (B) The cells were exposed to LIF or OSM
at 100 ng/mL for 15 and 30 min followed by cell lysis and Western blot for phosphorylated Shc1; the bands were quantified and normalized by vinculin. (C) Calvarial
osteoblasts had the Shc1 gene silenced by small interfering RNA and were exposed to LIF or OSM (both at 100 ng/mL) for 24 h before RNA extraction and analysis of
Shc1 mRNA expression by RT-qPCR; a scrambled sequence (siSCR) served as control. (D) Osteoblasts that had the Shc1gene knocked-down by siRNA and control
cells exposed to scrambled sequence (siSCR) were exposed to OSM at 100 ng/mL or vehicle for 15 min and proteins were extracted for analysis of the
phosphorylation of Shc1, STAT3 and ERK. (E) The Stat3 gene was silenced in calvarial osteoblasts, which were subsequently exposed to OSM at 100 ng/mL or
vehicle (Co) for 24 h before analysis of Stat3 gene expression by RT-qPCR. (F) The effect of Stat3 silencing on phosphorylation of STAT3 and Shc1 was analyzed by
Western blot in osteoblasts treated with OSM for 15 min. (A,C,E) Values represent means for four wells and SEM is shown as vertical bars. (A) Significant differences
compared to untreated cells (Co) at each time point are defined as ***P< 0.001; analyzed by one-way ANOVA followed by Dunnet’s post hoc-test. (C,E) Significant
differences are indicated by horizontal lines where ***P < 0.001 two-way ANOVA followed by Tukey post hoc-test. The difference in OSM-induced response with and
without silencing analyzed by two-way ANOVA was statistically significant [interaction P-value in C (P < 0.005) and in E (P < 0.0001)]. OSM had no statistically
significant effect (P > 0.05) on Shc1 or Stat3 mRNA expression in cells which had been silenced for Shc1 or Stat3, respectively (C,E).

isoforms of Shc1 protein, p46, p52, and p66, were expressed by
the osteoblasts (Figure 3B) and activation by OSM stimulated
the phosphorylation of Shc1 (Figure 3B). OSM activated the
phosphorylation of the p52 isoform in all experiments, but
phosphorylation of the other isoforms was also observed in some
experiments. In contrast to OSM, LIF did not affect Shc1 mRNA
expression or phosphorylation of Shc1 protein (Figures 3A,B).

osteoblasts. The expression of Shc proteins in osteoblasts had not
been examined previously and to determine the role of Shc, the
expression pattern of Shc proteins in calvarial osteoblasts treated
with either OSM or LIF was evaluated.
Calvarial osteoblasts expressed Shc1 (Figure 3A), but not
Shc2, Shc3 or Shc4 mRNA (data not shown). Interestingly,
Shc1 mRNA was upregulated by OSM (Figure 3A). All three
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FIGURE 4 | Expression of RANKL in osteoblasts and osteoclastogenesis in co-cultures of bone marrow macrophages and calvarial osteoblasts induced by OSM are
dependent on Shc1 and STAT3. Osteoblasts in which the Shc1 gene (A) or the Stat3 gene (D) was knocked-down by siRNA were treated with OSM at 100 ng/mL for
24 h before analysis of Tnfsf11 gene expression. Osteoblasts transfected with scrambled RNA (siSCR) were similarly treated and analyzed. Osteoblasts in which Shc1
(B,C) or Stat3 (E,F) was knocked down (or siSCR as control) were exposed to OSM (100 ng/mL) or vehicle and co-cultured with BMMs for 3 days before TRAP
staining and counting of TRAP+ MuOCL (A,C,D,F). Values represent means for four wells and SEM is shown as vertical bars. Significant differences are indicated by
horizontal lines where **P < 0.01; ***P < 0.001; analyzed by two-way ANOVA followed by Tukey post hoc-test. The difference in OSM-induced response with and
without silencing analyzed by two-way ANOVA was statistically significant [interaction P-value in A (P<0.0001), C (P <0.005), D (P <0.0001) and F (P <0.0001)].
Scale bar in (B,E) is 50 µm.

Activation of STAT3 and the Adapter
Protein Shc1 by OSM Is Crucial for
Stimulation of RANKL Expression and
Osteoclastogenesis

The importance of Shc1 for OSM-induced STAT3 and ERK
activation was then determined by silencing Shc1 expression in
the osteoblasts. The siRNA used decreased the mRNA expression
of Shc1 by 97% in control cells, as well as caused a significant
decrease of Shc1 mRNA in OSM-treated cells (Figure 3C).
The silencing subsequently resulted in effective reductions
of Shc1 protein expression and phosphorylation (Figure 3D).
Decreased Shc1 activation substantially decreased OSM-induced
phosphorylation of STAT3 and ERK, without affecting total
protein levels of STAT3 and ERK (Figure 3D).
After observing a robust activation of STAT3 by OSM, the
role of STAT3 phosphorylation in the OSM-induced activation
of Shc1 was evaluated. Treatment of osteoblasts with OSM
(100 ng/mL) resulted in a 2.8-fold increase of Stat3 mRNA
expression (Figure 3E). Silencing of Stat3 expression decreased
the mRNA expression of Stat3 in untreated control cells by
80% and significantly decreased OSM-induced upregulation
of Stat3 mRNA (Figure 3E). Silencing of Stat3 resulted in a
decrease in STAT3 protein expression and OSM-induced STAT3
phophorylation, as expected, but did not affect phosphorylation
of Shc1 (Figure 3F). The fact that silencing of Shc1 resulted in
impaired phosphorylation of STAT3 induced by OSM, whereas
silencing of Stat3 did not decrease the OSM-induced activation
of Shc1 (Figure 3F), indicate that Shc1 activation is upstream
of STAT3.
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Next, the importance of the Shc1-ERK and JAK-STAT3 pathways
for stimulation of RANKL expression by OSM was evaluated.
Silencing of Shc1 significantly decreased the OSM-induced
mRNA expression of Tnfsf11 (encoding RANKL) (Figure 4A).
Importantly, silencing of Shc1 expression in osteoblasts decreased
OSM-induced osteoclast formation in co-cultures of calvarial
osteoblasts and BMM (Figures 4B,C). Silencing of Stat3 also
resulted in substantially decreased expression of OSM-induced
Tnfsf11 mRNA expression (Figure 4D), and totally prevented
formation of osteoclasts in OSM-stimulated co-cultures of
calvarial osteoblasts and BMM (Figures 4E,F).

OSM Is a More Robust Stimulator of 45 Ca
Release and Expression of RANKL in
Mouse Calvarial Bones and Calvarial
Osteoblasts
Having observed that OSM but not LIF receptors activate
Shc1-dependent signaling, we next assessed the importance
of this difference for bone resorption, RANKL production
and osteoclastogenesis.
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FIGURE 5 | OSM and, to a lesser extent, LIF stimulate bone resorption and RANKL production in calvarial bones, calvarial osteoblasts and stromal cells. (A) Mouse
calvarial bones were cultured in the absence or the presence of LIF or OSM (both 0.1–100 ng/mL) and bone resorption was assessed by 45 Ca release after a 5-day
culture period. (B) RT-qPCR was performed using mRNA extracted from calvarial bones treated with either LIF or OSM (both at 100 ng/mL) for 24 h to assess the
expression of Tnfsf11. (C) Protein expression of RANKL after 48 h was also analyzed in calvarial bone treated with LIF or OSM (both at 100 ng/L). (D) Mouse calvarial
osteoblasts were incubated in the absence (Co) or the presence of LIF (100 ng/mL) or OSM (100 ng/mL) for 48 h and expression of Tnfsf11 was analyzed by
semi-quantitative RT-PCR. (E) The expression of Tnfsf11 mRNA in calvarial osteoblasts stimulated by LIF and OSM a different concentrations (0.1-100 ng/mL) was
performed using quantitative RT-PCR. (F) The mRNA expression of Osmr and Lifr in osteoblasts was compared at three different time points. (G) The receptor
components Il6st, Lifr and Osmr are expressed in ST-2 stromal cells as assessed by RT-PCR. (H) The mRNA expression of Tnfsf11 in ST-2 cells cultured without (Co)
or with LIF or OSM (both at 100 ng/mL) for 48 h was analyzed. Values represent means for six bones (calvarial bones) or four wells (cell culture experiments) and SEM
is shown as vertical bars. *, **, and ***, indicate significant difference compared to untreated (Co) cells, *P < 0.05, **P < 0.01, and ***P < 0.001, respectively.
Statistical significance was determined by ANOVA using Levene’s homogeneity test followed by Dunnett’s T3 post-hoc tests vs. Co. In (F), Tukey post-hoc test was
used to compare all groups and no statistical difference was observed.

bones was increased 23-fold by OSM and 7-fold by LIF,
respectively (Figure 5C).
Calvarial osteoblasts responded to LIF and OSM (both at
100 ng/mL) with enhanced Tnfsf11 mRNA expression, with
OSM clearly being the more effective stimulator (Figure 5D).
Quantitative real-time PCR analysis showed that the difference
in responsiveness between OSM and LIF could be observed over
a wide range of concentrations with OSM treatment resulting in
a more robust stimulatory effect on Tnfsf11 mRNA expression
(Figure 5E). The difference in response seemed not to be due

Both OSM and LIF stimulated bone resorption, as assessed
by 45 Ca release from neonatal mouse calvarial bone, in
a concentration-dependent manner with OSM being a
substantially more effective and potent stimulator than LIF
(Figure 5A). The effects seen were statistically significant at and
above 0.3 ng/mL (10 nM) OSM and 3 ng/mL (140 nM) LIF.
Quantitative PCR analysis revealed that OSM, and to a
lesser extent LIF, increased mRNA expression of Tnfsf11 in
the calvarial bones (Figure 5B). This was in line with the
finding that the protein level of RANKL in the mouse calvarial
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FIGURE 6 | OSM, but not LIF, stimulates osteoclastogenesis in bone marrow cell cultures. Mouse bone marrow cells (BMC) were cultured in the absence (Co) or the
presence of LIF, or OSM (both at 100 ng/mL), PTH or 1,25(OH)2 -vitamin D3 (D3; both at 10−8 M) for 7 days before staining (A) and counting (B) of tartrate-resistant
acid phosphatase (TRAP)-positive multinucleated osteoclasts (TRAP+ MuOCL). Quantitative real-time PCR analysis of mRNA expression of cathepsin K (Ctsk, C),
TRAP (Acp5, D), calcitonin receptor (Calcr, E) RANKL (Tnfsf11, F) and OPG (Tnfsf11b, G) in BMC cultured without (Co) or with LIF or OSM (both at 100 ng/mL) for 7
days. Values represent means for four wells and SEM is shown as vertical bars. ***, indicates significant difference compared to untreated (Co) cells, ***P < 0.001.
Statistical significance was determined by ANOVA using Levene’s homogeneity test followed by Dunnett’s 2-sided (B–F) or Dunnett’s T3 (G) post-hoc test.

by OSM was more pronounced than stimulations caused by
maximally effective concentrations of parathyroid hormone
(PTH) and 1,25(OH)2 -vitamin D3. In contrast, treatment
with LIF (100 ng/mL) only resulted in formation of a few
osteoclasts (Figures 6A,B).
It was also found that OSM (100 ng/mL) caused a 14–32
fold enhancement of the mRNA expression of the osteoclastic
markers Ctsk (encoding cathepsin K), Acp5 (encoding TRAP,
tartrate-resistant acid phosphatase) and Calcr (encoding
calcitonin receptor), whereas LIF (100 ng/mL) only caused a
small 2–8 fold stimulation of the mRNA expression of these
genes which was not statistically significant (Figures 6C–E).
OSM upregulated Tnfsf11 mRNA in the BMC cultures
22-fold but did not affect Tnfrsf11b mRNA (encoding
OPG) (Figures 6F,G). No significant effect of LIF on
Tnfsf11 or Tnfrsf11b mRNA was observed in the BMC
cultures (Figures 6F,G).

to differences in receptor expression, as assessed by the mRNA
expression of Osmr and Lifr (Figure 5F).
The stimulatory effect of OSM on Tnfsf11 mRNA in
the calvarial osteoblasts was dependent on the expression of
Il6st (encoding gp130) and Osmr, but independent of Lifr
expression, as demonstrated by silencing of the expression of
these three receptor components in the calvarial osteoblasts
(Supporting Information Figure S1). These findings are in
agreement with previously reported observations that mouse
OSM did not induce Tnfsf11 mRNA in osteoblasts from Osmr−/−
mice (5).
The ST-2 stromal cells expressed mRNA for Il6st, Lifr and
Osmr (Figure 5G) and responded to OSM with a robust 18-fold
increase of Tnfsf11 mRNA expression, whereas LIF did not cause
any significant effect (Figure 5H).

OSM but Not LIF Stimulates Osteoclast
Formation and Expression of RANKL in
Mouse Bone Marrow Cultures

OSM and LIF Have No Direct Effect on
Osteoclastogenesis

Addition of OSM (100 ng/mL) for 7 days to mouse bone
marrow cell (BMC) cultures significantly stimulated the
formation of TRAP+ MuOCL (Figures 6A,B). The stimulation
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fibroblasts (40). In the present study, we provide evidence that the
difference in effects on osteoclastogenesis and bone resorption
can be explained by recruitment of the adapter protein Shc1 to
the OSMR. This recruitment results in a more robust activation
of ERK/STAT3 signaling and expression of RANKL by OSM in
comparison to LIFR-mediated signaling.
Heterodimerization of either OSMR:gp130 or LIFR:gp130
results in activation of both JAK/STAT and JAK/SHP2/Grb2/Sos/Ras/Raf/MAPK signaling through docking of STATs
and SHP-2 to different phosphorylated Tyr sites in the gp130
molecule (2, 6, 35, 41). The role of these pathways for bone mass
has been assessed in “knock-in” mutant mice, one in which the
C-terminal moiety of gp130 has been deleted (gp1301STAT1STAT )
to reduce STAT1/3 signaling, and another strain of mice in
which a point mutation substituting Tyr757 (equivalent to
Tyr759 in human gp130) with Phe757 (gp130Y757F/Y757F ) blocks
signaling through the SHP-2/MAPK pathway (42). In a parallel
study, mice with a knock-in of gp130 carrying a substitution
of Tyr759 with Phe759 (designated gp130F759/F759 ), which also
results in defective SHP-2/MAPK signaling, have been used (43).
These studies suggest that SHP-2/MAPK signaling, rather than
STAT1/3 signaling, is important for basal bone remodeling and
bone mass. However, the activation of downstream signaling
pathways by specific cytokines in the gp130 family was not
studied in these mice.
The fact that no difference in the mRNA expression of Osmr
and Lifr in osteoblasts was observed indicate that the more robust
stimulation of osteoclast formation by OSM is not likely to be
due to differences in receptor numbers, but rather explained by
differences in downstream signaling.
We found that OSM was a more robust stimulator than LIF
of JNK (Tyr185 /Thr183 ) and ERK (Tyr204 ) in mouse calvarial
osteoblasts. This is in agreement with the study by Walker et al.
reporting that OSM activates ERK more robustly than LIF in
primary osteoblasts. Activation of the transcription factor AP-1
is an important downstream event following MAPK activation
and experiments were conducted to determine if OSM affected
DNA binding of AP-1 in calvarial osteoblasts (5). In agreement
with the activation of ERK by OSM, it was determined with
EMSA analysis that increased DNA binding of AP-1 occurred
with OSM in calvarial osteoblasts, but not with LIF. Gelshift
studies showed that the bound AP-1 heterodimer consisted of cFos and c-Jun subunits. In contrast to the increased DNA binding
of AP-1 by OSM, EMSA analysis did not show any effect on
the DNA binding of NF-κB by OSM or LIF, an observation that
is in agreement with EMSA analysis in OSM-stimulated human
peritoneal mesothelial cells (44).
Activation of JAK/STAT signaling is a well documented
signaling event for cytokines in the IL-6 family. It has previously
been reported that OSM and LIF can activate STAT1, STAT3, and
STAT5 in osteoblasts, and that signaling through OSMR results
in more robust activation of these transcription factors (5). In
agreement with these observations, we found that OSM is a more
robust activator of STAT3 than LIF, observations which also are
in agreement with Itoh et al., who found that OSM caused a
more robust and prolonged phosphorylation of STAT3 than LIF
in osteoblasts from wild type mice (43). These findings likely

FIGURE 7 | Lack of effect by OSM and LIF on osteoclast formation in bone
marrow macrophage cultures. (A,B) BMMs were cultured in M-CSF
(30 ng/mL) or differentiated to osteoclasts by addition of M-CSF + RANKL (30
and 4 ng/mL, respectively) in the presence or absence of LIF or OSM (both at
100 ng/mL) for 3 days before staining for tartarate-resistant acid phosphatase
(TRAP)-positive multinucleated osteoclasts (TRAP+ MuOCL), which then were
counted. No osteoclasts were formed in the absence of RANKL. (C)
Quantitative PCR analyses of Il6st, Lifr, and Acp5 in BMM cultured for 72 h
with M-CSF (30 ng/ml) or M-CSF+RANKL (30 and 4 ng/ml, respectively).
Values represent means for four wells and SEM is shown as vertical bars. In
(C) ***, indicates significant difference compared to cells treated with M-CSF
(M), P < 0.001. In (B) Statistical significance was determined one-way ANOVA
followed by Tukey’s post-hoc test and in (C), Student’s t-test was used for
comparison between M and M + R groups for each gene.

(Figure 7A). The cytokines also did not affect osteoclastogenesis
when the formation of TRAP+ MuOCL in BMM was stimulated
by M-CSF and RANKL (Figures 7A,B). In M-CSF- and MCSF+RANKL-stimulated BMM, mRNA of Il6st (encoding
gp130) and Lifr could be detected, but mRNA of Osmr was
not detected (Figure 7C). RANKL-induced differentiation, as
demonstrated by time-dependent upregulation of mRNA levels
for Acp5 (encoding TRAP), did not affect the expression of Il6st
mRNA, but down-regulated Lifr mRNA expression (Figure 7C).

DISCUSSION
The present study shows that OSM is a more effective stimulator
of bone resorption in mouse calvarial bones and a more potent
stimulator of osteoclast differentiation and formation in mouse
bone marrow cultures than is LIF. These effects were due to
indirect effects mediated by osteoblasts/stromal cells rather than
due to direct effects on osteoclast progenitor cells. Similarly,
Tamura et al. found that LIF was a weaker stimulator of osteoclast
formation than OSM in co-cultures of mouse osteoblasts and
bone marrow cells (20). Other studies evaluating OSM and LIF
have also noted a similar hierarchy of action for the two cytokines
using mouse embryonic fibroblasts and rat hepatocytes (37),
synovial fibroblasts (38, 39), NIH 3T3 fibroblasts and mouse lung
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OSMR Tyr861 in transfected COS-7 cells not only decreased Shc1
binding to the OSMR, but also decreased phosphorylation of ERK
stimulated by OSM without affecting STAT phosphorylation (26).
These data suggest that Shc1 plays a unique role in downstream
signaling induced by OSM.
In this report, we show for the first time that Shc1 is
expressed in osteoblasts and that OSM, but not LIF, upregulates
the mRNA expression of Shc1. Furthermore, OSM, but not
LIF, induced the phosphorylation of Shc1. Furthermore, OSM
consistently induced phosphorylation of the p52 isoform, which
is the isoform known to be important for activation of the
Ras/MAPK pathway. By silencing the expression of Shc1, it was
found that activations of both STAT3 and ERK elicited by OSM
were substantially decreased. Activation of Shc1, however, was
not affected by silencing of Stat3, indicating that STAT3 is acting
downstream of Shc1 in osteoblasts. Although some reports have
shown that Shc1 is not upstream of STAT3, a recent study
in breast cancer cells expressing Shc1 mutated in the domain
containing Tyr239 and Tyr240 has also demonstrated that Shc1
is upstream of STAT3 (29). The present observations confirmed
previous finding showing that activation of STAT3 is part of
the downstream signaling which occurs following LIF and OSM
receptor activations, but the more robust activation of STAT3 by
OSM and the unique activation of ERK by OSM suggest that
these particular effects are dependent on recruitment of Shc1
to the OSMR. In addition, by using the siRNA approach to

explain why OSM more effectively than LIF enhanced the mRNA
and protein expression of RANKL in calvarial bone, calvarial
osteoblasts and bone marrow stromal cells. Similarly, O’Brien
et al. have demonstrated that OSM-induced Tnfsf11 mRNA in the
UAMS-32 cell line was decreased by transfection with a dominant
negative Stat3 retrovirus (18) and investigators have showed that
that silencing of Stat3 impairs up-regulation of Tnfsf11 mRNA by
OSM in ST2 cells (45, 46). The important role of STAT3 for OSMinduced signaling in osteoblasts has also been demonstrated by
the finding that OSM-induced activation of cyclin-dependent
kinase inhibitor p21WAF1,CIP1,SD11 in the human osteosarcoma
cell line MG-63 can be inhibited by transfection with a dominant
negative Stat3 plasmid (47). Furthermore, OSM promotes the
binding of STAT3 and RNA polymerase II to 5′ enhancer
regions in the Tnfsf11 promoter shared by PTH and 1,25dihydroxyvitamin-D3 (48) and to a more distal enhancer region
shared by IL-6 (45).
An explanation why OSM is a more robust activator of
JAK/STAT and MAPK signaling in the osteoblasts compared to
LIF may be that phosphorylated Tyr861 in the OSMR acts as
a binding site for an SH2 domain in the adapter protein Shc1,
which is not recruited to the LIFR:gp130 complex (26). The Shc
family of adapter proteins is well known for its role in growth
factor signaling, especially the Ras/MAPK pathway, but a role
in RANKL expression and osteoclast formation has not been
shown previously. Hermanns et al. have shown that mutation of

FIGURE 8 | Schematic drawing of the suggested intracellular signaling pathways of LIF and OSM receptors in osteoblasts mediating expression of osteoclastogenic
factors, osteoclast formation and bone resorption. Common LIFR/OSMR signaling pathways induced by JAK-mediated phosphorylation of the signal transducer
gp130 involve activation of STAT3, as well as activation of JNK through a possible SHP2/Ras/Raf/MAPK cascade (Left). The figure indicates that LIF binds to the
LIFR. As discussed in the Introduction section, 2nd paragraph, OSM can also bind to the LIFR to regulate sclerostin expression. In addition to the gp130-mediated
pathways common for LIFR and OSMR, the OSM receptor has previously been shown to activate a Shc1-mediated pathway where phosphorylation of the OSMR on
Tyr861 results in docking and phosphorylation of the adapter molecule Shc1 (26, 27). The activated pShc1 is recruited to the Grb2:SoS complex which in turn induces
a Ras/Raf/MAPK cascade that ultimately activates ERK. The Shc1-mediated signaling pathway (Right) is suggested to explain the stronger effects by OSM on
expression of osteoclastogenic factors, osteoclast formation and bone resorption in comparison to activation of the LIFR:gp130 complex by LIF.
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Committees at Umeå University, at the School of Dentistry,
Araraquara and at the University of Gothenburg guidelines.
The protocol was approved by the Institutional Animal Care
and Ethics Committees at Umeå University, at the School of
Dentistry, Araraquara and at the University of Gothenburg.

decrease the expression of Shc1, it was shown that recruitment
of Shc1 to the OSMR was a crucial downstream signaling
event in the mechanism by which OSM induces Tnfsf11 mRNA
expression and osteoclast formation. Using the same technique,
it was also found that induction of Tnfsf11 mRNA expression in
osteoblasts, and osteoclast formation in co-cultures stimulated
by OSM, were critically dependent on the expression of
Stat3 mRNA.
In summary, when compared to LIF, OSM was found to
be a more potent stimulator of calvarial bone resorption and
osteoclast formation in bone marrow cultures. This was due to
greater stimulation of RANKL expression in osteoblasts/stromal
cells caused by enhanced activation of STAT3 and JNK by OSM
and an ability of OSM to activate ERK that was not shared by
LIF. These novel findings in the present study show that the
robust and unique stimulatory effects of OSM are dependent
on the recruitment of the activated adapter protein Shc1 to the
OSMR subunit of the OSMR:gp130 heterodimer, a recruitment
that is absent in the LIFR:gp130 complex. From a clinical
perspective, inhibition of Shc1 could be a mechanism to decrease
OSM-induced bone loss in inflammatory diseases. The suggested
differences in signaling downstream of the OSMR and LIFR
complexes are summarized in Figure 8.

AUTHOR CONTRIBUTIONS
EP and PS contributed equally. EP, PS, and UL designed the study.
EP, PS, TF-M, and PH conducted the experiments. EP, PS, TF-M,
PH, HC, and UL interpreted the data. EP, PS, and UL wrote the
first draft of the manuscript which was edited and approved by
all authors.

ACKNOWLEDGMENTS
Anita Lie and Anna Westerlund are acknowledged for excellent
technical assistance. This work was supported by the Swedish
Research Council, Swedish Rheumatism Association, Royal 80Year Fund of King Gustav V, COMBINE, the Swedish state
under the agreement between the Swedish government and the
county councils, the ALF-agreement (#237551), the IngaBritt and
Arne Lundberg Foundation, County Council of Västerbotten,
grants #2014/05283-3 and 2015/00410-0, São Paulo Research
Foundation (FAPESP) and by a scholarship to TF-M from
the Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior–Brasil (CAPES)–Finance code 001 and grant #061/2013
(PVE080/2012).

DATA AVAILABILITY
The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.

SUPPLEMENTARY MATERIAL

ETHICS STATEMENT

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.01164/full#supplementary-material

This study was carried out in accordance with the
recommendations of Institutional Animal Care and Ethics

REFERENCES

7. Sims NA. Cell-specific paracrine actions of IL-6 family cytokines from
bone, marrow and muscle that control bone formation and resorption.
Int J Biochem Cell Biol. (2016) 79:14–23. doi: 10.1016/j.biocel.2016.
08.003
8. Tanaka M, Hirabayashi Y, Sekiguchi T, Inoue T, Katsuki M, Miyajima
A. Targeted disruption of oncostatin M receptor results in altered
hematopoiesis. Blood. (2003) 102:3154–62. doi: 10.1182/blood-20
03-02-0367
9. Bolin C, Tawara K, Sutherland C, Redshaw J, Aranda P, Moselhy J,
et al. Oncostatin m promotes mammary tumor metastasis to bone
and osteolytic bone degradation. Genes Cancer. (2012) 3:117–30.
doi: 10.1177/1947601912458284
10. Sterbova S, Karlsson T, Persson E. Oncostatin M induces tumorigenic
properties in non-transformed human prostate epithelial cells, in part
through activation of signal transducer and activator of transcription
3 (STAT3). Biochem Biophys Res Commun. (2018) 498:769–74.
doi: 10.1016/j.bbrc.2018.03.056
11. Ayaub EA, Dubey A, Imani J, Botelho F, Kolb MRJ, Richards CD,
et al. Overexpression of OSM and IL-6 impacts the polarization
of pro-fibrotic macrophages and the development of bleomycininduced lung fibrosis. Sci Rep. (2017) 7:13281. doi: 10.1038/s41598-01
7-13511-z
12. Mozaffarian A, Brewer AW, Trueblood ES, Luzina IG, Todd NW, Atamas
SP, et al. Mechanisms of oncostatin M-induced pulmonary inflammation

1. Zarling JM, Shoyab M, Marquardt H, Hanson MB, Lioubin MN,
Todaro GJ. Oncostatin M: a growth regulator produced by differentiated
histiocytic lymphoma cells. Proc Natl Acad Sci USA. (1986) 83:9739–43.
doi: 10.1073/pnas.83.24.9739
2. Hermanns HM. Oncostatin M and interleukin-31: Cytokines, receptors, signal
transduction and physiology. Cytokine Growth Factor Rev. (2015) 26:545–58.
doi: 10.1016/j.cytogfr.2015.07.006
3. West NR, Hegazy AN, Owens BMJ, Bullers SJ, Linggi B, Buonocore
S, et al. Oncostatin M drives intestinal inflammation and predicts
response to tumor necrosis factor-neutralizing therapy in patients with
inflammatory bowel disease. Nat Med. (2017) 23:579–89. doi: 10.1038/nm.
4307
4. Su CM, Chiang YC, Huang CY, Hsu CJ, Fong YC, Tang CH. Osteopontin
promotes oncostatin m production in human osteoblasts: implication
of rheumatoid arthritis therapy. J Immunol. (2015) 195:3355–64.
doi: 10.4049/jimmunol.1403191
5. Walker EC, McGregor NE, Poulton IJ, Solano M, Pompolo S, Fernandes TJ,
et al. Oncostatin M promotes bone formation independently of resorption
when signaling through leukemia inhibitory factor receptor in mice. J Clin
Invest. (2010) 120:582–92. doi: 10.1172/JCI40568
6. Richards CD. The enigmatic cytokine oncostatin m and roles in disease. ISRN
Inflamm. (2013) 2013:512103. doi: 10.1155/2013/512103

Frontiers in Immunology | www.frontiersin.org

13

May 2019 | Volume 10 | Article 1164

Persson et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

OSM-Shc1 Signaling Stimulates Bone Resorption

29. Ahn R, Sabourin V, Bolt AM, Hebert S, Totten S, De Jay N, et al.
The Shc1 adaptor simultaneously balances Stat1 and Stat3 activity to
promote breast cancer immune suppression. Nat Commun. (2017) 8:14638.
doi: 10.1038/ncomms14638
30. Lerner UH. Modifications of the mouse calvarial technique improve the
responsiveness to stimulators of bone resorption. J Bone Miner Res. (1987)
2:375–83. doi: 10.1002/jbmr.5650020504
31. Ljunggren O, Ransjo M, Lerner UH. In vitro studies on bone resorption
in neonatal mouse calvariae using a modified dissection technique giving
four samples of bone from each calvaria. J Bone Miner Res. (1991) 6:543–50.
doi: 10.1002/jbmr.5650060604
32. Granholm S, Henning P, Lindholm C, Lerner UH. Osteoclast progenitor
cells present in significant amounts in mouse calvarial osteoblast isolations
and osteoclastogenesis increased by BMP-2. Bone. (2013) 52:83–92.
doi: 10.1016/j.bone.2012.09.019
33. Granholm S, Lundberg P, Lerner UH. Calcitonin inhibits osteoclast formation
in mouse haematopoetic cells independently of transcriptional regulation by
receptor activator of NF-{kappa}B and c-Fms. J Endocrinol. (2007) 195:415–
27. doi: 10.1677/JOE-07-0338
34. Takeshita S, Kaji K, Kudo A. Identification and characterization of the
new osteoclast progenitor with macrophage phenotypes being able to
differentiate into mature osteoclasts. J Bone Miner Res. (2000) 15:1477–88.
doi: 10.1359/jbmr.2000.15.8.1477
35. Bellido T, Borba VZ, Roberson P, Manolagas SC. Activation of the
Janus kinase/STAT (signal transducer and activator of transcription)
signal transduction pathway by interleukin-6-type cytokines promotes
osteoblast
differentiation.
Endocrinology.
(1997)
138:3666–76.
doi: 10.1210/endo.138.9.5364
36. Heinrich PC, Behrmann I, Muller-Newen G, Schaper F, Graeve L. Interleukin6-type cytokine signalling through the gp130/Jak/STAT pathway. Biochem J.
(1998) 334:297–314. doi: 10.1042/bj3340297
37. Richards CD, Kerr C, Tanaka M, Hara T, Miyajima A, Pennica D, et al.
Regulation of tissue inhibitor of metalloproteinase-1 in fibroblasts and acute
phase proteins in hepatocytes in vitro by mouse oncostatin M, cardiotrophin1, and IL-6. J Immunol. (1997) 159:2431–7.
38. Langdon C, Kerr C, Hassen M, Hara T, Arsenault AL, Richards CD. Murine
oncostatin M stimulates mouse synovial fibroblasts in vitro and induces
inflammation and destruction in mouse joints in vivo. Am J Pathol. (2000)
157:1187–96. doi: 10.1016/S0002-9440(10)64634-2
39. Langdon C, Leith J, Smith F, Richards CD. Oncostatin M stimulates
monocyte chemoattractant protein-1- and interleukin-1-induced
matrix metalloproteinase-1 production by human synovial fibroblasts
in vitro. Arthritis Rheumat. (1997) 40:2139–46. doi: 10.1002/art.1780
401207
40. Langdon C, Kerr C, Tong L, Richards CD. Oncostatin M regulates
eotaxin expression in fibroblasts and eosinophilic inflammation in
C57BL/6 mice. J Immunol. (2003) 170:548–55. doi: 10.4049/jimmunol.170.
1.548
41. Nicola NA, Babon JJ. Leukemia inhibitory factor (LIF). Cytokine Growth
Factor Rev. (2015) 26:533–44. doi: 10.1016/j.cytogfr.2015.07.001
42. Sims NA, Jenkins BJ, Quinn JM, Nakamura A, Glatt M, Gillespie
MT, et al. Glycoprotein 130 regulates bone turnover and bone size by
distinct downstream signaling pathways. J Clin Invest. (2004) 113:379–89.
doi: 10.1172/JCI19872
43. Itoh S, Udagawa N, Takahashi N, Yoshitake F, Narita H, Ebisu S,
et al. A critical role for interleukin-6 family-mediated Stat3 activation
in osteoblast differentiation and bone formation. Bone. (2006) 39:505–12.
doi: 10.1016/j.bone.2006.02.074
44. Hams E, Colmont CS, Dioszeghy V, Hammond VJ, Fielding CA, Williams
AS, et al. Oncostatin M receptor-beta signaling limits monocytic cell
recruitment in acute inflammation. J Immunol. (2008) 181:2174–80.
doi: 10.4049/jimmunol.181.3.2174
45. Bishop KA, Meyer MB, Pike JW. A novel distal enhancer mediates cytokine
induction of mouse RANKl gene expression. Mol Endocrinol. (2009) 23:2095–
110. doi: 10.1210/me.2009-0209
46. Onal M, St. John HC, Danielson AL, Markert JW, Riley EM, Pike JW. Unique
distal enhancers linked to the mouse Tnfsf11 gene direct tissue-specific and

and fibrosis. J Immunol. (2008) 181:7243–53. doi: 10.4049/jimmunol.181.
10.7243
Simpson JL, Baines KJ, Boyle MJ, Scott RJ, Gibson PG. Oncostatin M (OSM)
is increased in asthma with incompletely reversible airflow obstruction.
Experimental Lung Res. (2009) 35:781–94. doi: 10.3109/0190214090
2906412
Pradeep AR, Garima G, Raju A. Serum levels of oncostatin M (a gp 130
cytokine): an inflammatory biomarker in periodontal disease. Biomarkers.
(2010) 15:277–82. doi: 10.3109/13547500903573209
Lisignoli G, Piacentini A, Toneguzzi S, Grassi F, Cocchini B, Ferruzzi A,
et al. Osteoblasts and stromal cells isolated from femora in rheumatoid
arthritis (RA) and osteoarthritis (OA) patients express IL-11, leukaemia
inhibitory factor and oncostatin M. Clin Exp Immunol. (2000) 119:346–53.
doi: 10.1046/j.1365-2249.2000.01114.x
Torossian F, Guerton B, Anginot A, Alexander KA, Desterke C, Soave,
S. et al. Macrophage-derived oncostatin M contributes to human and
mouse neurogenic heterotopic ossifications. JCI Insight. (2017) 2:96034.
doi: 10.1172/jci.insight.96034
Palmqvist P, Persson E, Conaway HH, Lerner UH. IL-6, leukemia inhibitory
factor, and oncostatin M stimulate bone resorption and regulate the
expression of receptor activator of NF-κB ligand, osteoprotegerin, and
receptor activator of NF-κB in mouse calvariae. J Immunol. (2002) 169:3353–
62. doi: 10.4049/jimmunol.169.6.3353
O’Brien CA, Gubrij I, Lin SC, Saylors RL, Manolagas SC. STAT3 activation
in stromal/osteoblastic cells is required for induction of the receptor activator
of NF-kappaB ligand and stimulation of osteoclastogenesis by gp130-utilizing
cytokines or interleukin-1 but not 1,25-dihydroxyvitamin D3 or parathyroid
hormone. J Biol Chem. (1999) 274:19301–8. doi: 10.1074/jbc.274.27.
19301
Richards CD, Langdon C, Deschamps P, Pennica D, Shaughnessy SG.
Stimulation of osteoclast differentiation in vitro by mouse oncostatin M,
leukaemia inhibitory factor, cardiotrophin-1 and interleukin 6: synergy
with dexamethasone. Cytokine. (2000) 12:613–21. doi: 10.1006/cyto.1999.
0635
Tamura T, Udagawa N, Takahashi N, Miyaura C, Tanaka S, Yamada Y, et al.
Soluble interleukin-6 receptor triggers osteoclast formation by interleukin 6.
Proc Natl Acad Sci USA. (1993) 90:11924–8. doi: 10.1073/pnas.90.24.11924
Hermanns HM, Radtke S, Haan C, Schmitz-Van de Leur H, Tavernier J,
Heinrich PC, et al. Contributions of leukemia inhibitory factor receptor and
oncostatin M receptor to signal transduction in heterodimeric complexes with
glycoprotein 130. J Immunol. (1999) 163:6651–8.
Hintzen C, Evers C, Lippok BE, Volkmer R, Heinrich PC, Radtke S, et al. Box
2 region of the oncostatin M receptor determines specificity for recruitment
of Janus kinases and STAT5 activation. J Biol Chem. (2008) 283:19465–77.
doi: 10.1074/jbc.M710157200
Schmitz J, Dahmen H, Grimm C, Gendo C, Muller-Newen G, Heinrich PC,
et al. The cytoplasmic tyrosine motifs in full-length glycoprotein 130 have
different roles in IL-6 signal transduction. J Immunol. (2000) 164:848–54.
doi: 10.4049/jimmunol.164.2.848
Anhuf D, Weissenbach M, Schmitz J, Sobota R, Hermanns HM, Radtke S,
et al. Signal transduction of IL-6, leukemia-inhibitory factor, and oncostatin
M: structural receptor requirements for signal attenuation. J Immunol. (2000)
165:2535–43. doi: 10.4049/jimmunol.165.5.2535
Neel BG, Gu H, Pao L. The ’Shp’ing news: SH2 domain-containing tyrosine
phosphatases in cell signaling. Trends Biochem Sci. (2003) 28:284–93.
doi: 10.1016/S0968-0004(03)00091-4
Hermanns HM, Radtke S, Schaper F, Heinrich PC, Behrmann I. Nonredundant signal transduction of interleukin-6-type cytokines. The adapter
protein Shc is specifically recruited to the oncostatin M receptor. J Biol Chem.
(2000) 275:40742–8. doi: 10.1074/jbc.M005408200
Wang Y, Robledo O, Kinzie E, Blanchard F, Richards C, Miyajima A, et al.
Receptor subunit-specific action of oncostatin M in hepatic cells and its
modulation by leukemia inhibitory factor. J Biol Chem. (2000) 275:25273–85.
doi: 10.1074/jbc.M002296200
Wills MK, Jones N. Teaching an old dogma new tricks: twenty years
of Shc adaptor signalling. Biochem J. (2012) 447:1–16. doi: 10.1042/BJ20
120769

Frontiers in Immunology | www.frontiersin.org

14

May 2019 | Volume 10 | Article 1164

Persson et al.

OSM-Shc1 Signaling Stimulates Bone Resorption

inflammation-induced expression of RANKL. Endocrinology. (2016) 157:482–
96. doi: 10.1210/en.2015-1788
47. Bellido T, O’Brien CA, Roberson PK, Manolagas SC. Transcriptional
activation of the p21(WAF1,CIP1,SDI1) gene by interleukin-6 type
cytokines. A prerequisite for their pro-differentiating and anti-apoptotic
effects on human osteoblastic cells. J Biol Chem. (1998) 273:21137–44.
doi: 10.1074/jbc.273.33.21137
48. Fu Q, Manolagas SC, O’Brien CA. Parathyroid hormone controls receptor
activator of NF-κB ligand gene expression via a distant transcriptional
enhancer. Mol Cell Biol. (2006) 26:6453–68. doi: 10.1128/MCB.
00356-06

Frontiers in Immunology | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Persson, Souza, Floriano-Marcelino, Conaway, Henning and
Lerner. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

15

May 2019 | Volume 10 | Article 1164

