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Abstract Oncostatin M (OSM) is an IL-6/LIF family cyto-
kine that influences mesenchymal progenitor differentiation;
however, the mechanisms of this activity have not been fully
elucidated. Using uncommitted murine adipose tissue-derived
mesenchymal progenitors, we have examined mechanisms of
OSM-induced osteogenesis. Murine OSM (mOSM) induced
osteogenic differentiation to a greater degree than interleukin
(IL)-6 and other members of the gp130 cytokine family, pro-
moting extracellular matrix mineralization as indicated by
Alizarin Red S staining. mOSM also increased expression of
osteogenesis-associated gene products BMP4, BMP7, Runx-2,
and osteocalcin as assessed by immunoblotting and real-time
quantitative PCR. Additionally, protein kinase C (PKC) delta
activity was upregulated in response to OSM stimulation, and
to a greater degree than IL-6. Knockdown of PKCdelta ex-
pression by use of RNA interference (RNAi) reduced OSM-
mediated osteogenic differentiation and decreased expression
of Runx-2. These findings suggest that OSM differentially
promotes osteogenesis in non-committed mesenchymal pro-
genitors relative to other gp130 cytokines. This activity corre-
lates with selective activation of PKCdelta in OSM-treated
cells, indicating that OSM-induced osteogenesis and

upregulation of osteogenic gene products require activity of
PKCdelta.
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Introduction

Osteogenesis is a highly complex biological process, involv-
ing temporal–spatial control of multiple gene products coor-
dinated by molecular mechanisms that are not well character-
ized. Various factors are known to stimulate osteogenesis,
notably members of the fibroblast growth factor (FGF) family,
insulin-like growth factors (IGFs), as well as members of the
transforming growth factor (TGF)-beta-related bone morpho-
genetic protein (BMP) family (Rickard et al. 1994; Nakamura
et al. 2005; Koch et al. 2005). Several other cytokines and
growth factors are known to influence osteogenesis, such as
members of the interleukin (IL)-6/gp130 cytokine family.
Among these, IL-11 and cardiotrophin-1 (CT-1) have been
shown to potentiate osteogenesis (Suga et al. 2003; Walker
et al. 2008), while leukemia-inhibiting factor (LIF) has been
implicated both in inhibiting the differentiation of osteoblast
precursors as well as in promoting resorption of bone tissue
(Falconi and Aubin 2007). IL-6, depending upon cell type and
timing of administration, can either promote or inhibit osteo-
genic differentiation (Franchimont et al. 2005). Oncostatin M
(OSM) has been shown to promote osteoblast proliferation,
enhanced osteoblast differentiation (Jay et al. 1996) from pre-
cursors including calvarial cells (Malaval et al. 2005), and
bone formation in vivo (Walker et al. 2010). In addition, the
effects of parathyroid hormone appear to elicit its anabolic
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effects in osteoblasts through OSM biological activity (Walker
et al. 2012). Other studies have indicated that OSM can induce
osteogenesis of mesenchymal progenitor cells derived from
human adipose tissue (Song et al. 2007). It is increasingly
understood that cellular sources of potential bone-forming
progenitors are diverse, including bone marrow stroma, adi-
pose tissue, and even within discreet organ-specific tissue res-
ervoirs (Pittenger et al. 1999; De Bari et al. 2001; Sekiya et al.
2002; Zuk et al. 2002). Adipose-derived mesenchymal pro-
genitors have been well described in both mouse and human
(Dennis et al. 1999; Rodriguez et al. 2005), and their multi-
potential characteristics have been shown to closely resemble
those of cells isolated from bone marrow, a compartment that
is less conveniently accessed, particularly in clinical settings.
Therefore, adipose tissue-derived progenitors have an intrigu-
ing potential, both as a tool to gain better understanding of
mechanisms of developmental or differentiation processes and
to identify potential avenues for therapy.

As OSM has been shown to be expressed in local sites of
ongoing inflammatory responses (Grenier et al. 2001; Kang
et al. 2005) or systemically within patients or animal models
of inflammatory disease (Okamoto et al. 1997; Modur et al.
1997; Luzina et al. 2003; O’Hara et al. 2003), the influence of
OSM upon altered/improper osteogenic responses and mech-
anisms through which these occur is of interest. OSM induces
substantial responses by various connective tissue cells such
as fibroblasts and bone marrow stromal cells (Bamber et al.
1998; Tanaka et al. 2003), and promotes upregulation of gene
products associated with connective tissue metabolism, in-
cluding collagens type I and III, metabolizing enzymes includ-
ing matrix metalloproteinases, and also MMP inhibitors such
as TIMPs 1 and 3 (Duncan et al. 1995; Kerr et al. 1999; Li
et al. 2001). While intensive study of the molecular mecha-
nisms underlying OSM-stimulated responses has been ongo-
ing, full understanding of OSM signal transduction and gene
regulation is incomplete, notably in the context of its potential
role during osteogenic differentiation. This study has exam-
ined a potential mechanism of OSM-mediated osteogenesis
through its regulation of PKCdelta, a kinase associated with
connective tissue responses (Jimenez et al. 2001; Fan et al.
2006; Mishra et al. 2007) and known to confer unique prop-
erties in OSM-stimulated connective tissue cells (Chipoy et al.
2004; Smyth et al. 2006).

Materials and methods

Isolation and propagation of adipose-derived mesenchymal
progenitor cells

Fifteen- to twenty-week-old female C57Bl/6 mice were eutha-
nized and pooled fatty tissue (3 mice per harvest) from the
omentum, lining of the small intestine, kidneys and spleen

was collected in cold phosphate-buffered saline (PBS). Tissue
was finely minced and centrifuged at 500 rpm to separate low
density fatty tissue from the dense stromal vascular fraction,
followed by repeated (2×) PBS rinses. Heavy fractions were
subsequently resuspended in 10 % fetal bovine serum (FBS)
(Invitrogen, Carlsbad, CA, USA) -containing Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 0.5 %
collagenase and rocked at 37 °C for 1 h. Digested tissue was
then filtered through 100-μm strainers, and cells were pelleted
at 1000 rpm and resuspended in 10 % FBS/DMEM plus 1 %
(v/v) penicillin-streptomycin and 0.5 % fungizone. Viable cul-
tures were passaged for at least 60 population doublings in 60-
mm culture dishes at which time an adherent, fibroblast-like
cell population was obtained as observed at ×100 magnifica-
tion in bright field using a CCD-equipped Leica DMRA Im-
age Capture microscope (Leica, RichmondHill, ON, Canada).
We have termed this outgrowing culture C57 adipose-derived
mesenchymal progenitor cells (C57Adip MPC). At least 3
separate isolations of cells from the visceral adipose tissue
were performed at different times, each one derived from
pooled adipose tissue of 3 female C57Bl/6 J mice. Each was
followed by extensive culture to rid the explant of non-
mesenchymal cell types (the initial culture contains a hetero-
geneous cell population). During each culture preparation pro-
cedure cycle, following a period of 10 or more culture pas-
sages, cells were tested for their capacity to be differentiated
either to adipocyte-like or osteoblast-like cell populations (see
below). Further passaged cells were more homogeneous but
maintained the multiple differentiation potential. Subsequent-
ly, cultures were either subjected to differentiation experi-
ments (as described below) or frozen in liquid nitrogen for
future use.

Materials

Reagents for osteogenic and adipogenic differentiation media
(L-ascorbate-2-phosphate, beta-glycerophosphate, dexameth-
asone, indomethacin, insulin, and methyl-3-butylxanthine)
were purchased from Sigma (St. Louis, MO, USA). Recom-
binant murine oncostatin M (mOSM), interleukin 6 (mIL-6),
leukemia inhibitory factor (mLIF) and interleukin 11 (mIL-11)
were purchased from R&D Systems (Minneapolis, MN,
USA). For flow cytometry, phycoerythrin (PE)-conjugated
anti-CD90.2, CD45.2 and CD31, and fluorescein-
isothiocyanate (FITC)-conjugated anti-CD44 antibodies were
purchased from Becton Dickinson (Franklin Lakes, NJ,
USA). PE-conjugated anti-CD105 antibody was purchased
from Ebioscience (San Diego, CA, USA). Anti-PKCdelta
and anti-PKCepsilon mouse monoclonal antibodies were pur-
chased from Signal Transduction Labs/BD (Mississauga, ON,
Canada). Anti-Runx2 and anti-actin goat polyclonal antibod-
ies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Anti-STAT3 rabbit polyclonal antibodies
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were purchased from Cell Signaling Technology/NEB (Dan-
vers, MA, USA). Purified Histone H1 was purchased from
Sigma. Horseradish peroxidase (HRP)-coupled antibody
raised against mouse and goat IgG were purchased from Sig-
ma. HRP-anti rabbit IgG was purchased from Santa Cruz.
Alizarin Red S and Oil Red O dyes were purchased from
Sigma.

Flow cytometric characterization of C57Adip MPC

Subconfluent C57Adip MPC cells grown on 60-mm culture
dishes (1×106 cells/plate) were washed twice in cold PBS
then treated for 5 min at 37 °Cwith 0.5 ml PBS/500nMEDTA
(to reduce adherence)/0.1 % (w/v) bovine serum albumin
(Sigma) and gently collected into 6-ml flow cytometry tubes
by passage through 40-μm cell strainers. Cells were pelleted at
1000 rpm and resuspended in PBS/500nM EDTA/0.1 % BSA
plus 2 μg/μl of FcBlock for 10 min, then 1 μg/μl of respective
antibodies were added for 30 min. Surface marker expression
was detected by an LSR2 flow cytometer (BD) and collected
data were analyzed using FlowJo software (BD).

Induction of osteogenic and adipogenic differentiation

Osteogenesis and adipogenesis differentiation protocols were
adapted from Jaiswal et al. (2000). Briefly, cultures of
C57Adip MPC were plated in either 24-well or 60-mm dishes
(approximately 1×105 cells/well or 1×106 cells/plate, respec-
tively) and cultured in 10 % FBS/DMEM plus 1 % penicillin-
streptomycin/0.5 % fungizone for 2 days after having reached
confluence (assessed by visualization on a ×50 magnification
inverted microscope). Subsequently, culture media were re-
placed and cells were grown in either fresh culture medium,
or adipogenic medium (containing 10 mM methyl-3-
butylxanthine, 2 μg/ml indomethacin, 5 μM insulin and
1 μM dexamethasone) or osteogenic medium (containing
10 mM beta-glycerophosphate, 50 μg/ml ascorbate-2-
phosphate and 250 nM dexamethasone). Cells seeded in trip-
licate were grown for the times indicated as per experimental
procedure, with medium being replaced every third day. Initi-
ation of differentiation is considered as day 0 (D0) of the
experimental protocol. In cultures in which cytokines were
added, they were added (25 ng/ml for all) at the time of dif-
ferentiation medium addition (D0) and were replaced every
third day with medium until the times indicated and subse-
quently cells were grown in differentiation culture media
alone. For experiments in which RNA interference (RNAi)
was performed, RNAi oligomers were transfected into cul-
tures 1 day post-seeding (prior to reaching confluence) and
media were replaced following overnight incubation until
2 days post-confluence.

Staining and quantitation of osteogenic and adipogenic
differentiation

C57Adip MPC cells were cultured in 24-well plates (1×105

cells/well) and subjected to differentiation as described above.
At the time of staining indicated, cells were washed once with
PBS, fixed for 10 min with 10 % phosphate-buffered forma-
lin, and washed again with either PBS (if stained with Alizarin
Red S or Oil Red O) or distilled deionized (dd) H20 (if stained
with Von Kossa). Stains were prepared as follows: Alizarin
Red S was prepared as a 40 mM solution (136 mg of stain in
100 ml H20) and filtered through a 0.45-μm filter prior to use;
Oil Red O was prepared as a stock 0.5 % (w/v) solution in
100 % isopropyl alcohol and subsequently diluted 3:2 in dd
H20 and filtered through a 0.45-μm filter prior to use; Von
Kossa was made as 5 % w/v silver nitrate in dd H20 and
protected from light and stored at 4 °C. Cultures stained with
Alizarin Red S or Oil Red O were rocked gently at room
temperature for 15 min, washed twice with dd H20, and then
dried. Cultures stained with Von Kossa were rocked gently at
room temperature in darkness for 15 min, exposed for 45 min
to direct 100-W incandescent light, washed twice with ddH20,
dried and then covered. Microscopic analysis and photogra-
phy was carried out on a Leica Image Capture microscope
equipped with a CCD camera. Images were collected using
OpenLab software (Leica) and quantitation of staining was
subsequently carried out using Leica QWin software by mea-
suring four photographed, ×100-magnified fields (four
photographed fields/well, triplicate wells/experimental condi-
tion). For each treatment group that was measured for Alizarin
Red S staining (Figs. 2, 5), one representative photographed
field used for QWin quantitation is shown.

RNA isolation and quantitative real-time PCR (Taqman)

C57Adip MPC cells were grown to confluence in 60-
mm culture dishes in DMEM/10 % FBS. Subsequently,
cells were grown in osteogenic medium and cultured in
osteogenic medium alone or with 25 ng/ml of the indi-
cated cytokines (replaced with medium for the first two
changes or 6 days). At time of harvest, cells were
washed twice with cold PBS, and total RNA was ex-
tracted from cultures with TRIzol (Invitrogen) according
to the manufacturer’s directions. RNA was quantified by
spectrophotometric measurement of absorbance at
260 nm. A sample of 1 μg of reverse-transcribed cDNA
was analysed for Runx-2, osteocalcin, BMP4, and BMP7
mRNA levels using customized, validated primer probe
pairs (Applied Biosystems, Foster City, CA, USA) as
described elsewhere (Langdon et al. 2003). Gene ex-
pression was quantified using the ΔΔCT method rela-
tive to 18S RNA.
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Alkaline phosphatase assay

Conditioned media were collected from C57Adip MPC in-
duced to undergo osteogenic differentiation as described
above at 9 days post-differentiation and stored at −20 °C. To
measure alkal ine phosphatase act ivi ty, 50 μg p-
nitrophenylphosphate (p-NPP) (Sigma) was added to 100-μl
samples in triplicate, the reaction was incubated for 1 h at
37 °C protected from light, and stopped with 0.5 M NaOH.
Conversion of p-NPP was measured by absorbance (optical
density units) at 405 nm.

Immunoblotting

C57Adip MPC were seeded into 60-mm culture dishes and
subjected to differentiation as described in “Results”. At the
times indicated, cells were washed once with cold PBS and
lysed in 25 mM Tris-Cl (pH 7.5)/125 mM NaCl/2 mM EDTA
plus 1 % (v/v) Triton X-100 supplemented with aprotinin,
PMSF and sodium orthovanadate. Lysates (approximately
300 μl) were collected into 1.5-ml Eppendorf tubes, centri-
fuged at 10,000 rpm for 10 min at 4 °C, and supernatants were
frozen at −70 °C until time of use. For immunoblot experi-
ments, lysates (15 μg/sample as determined by Bradford as-
say) were resolved on 8 % SDS-PAGE gels and transferred to
nitrocellulose membranes. Blots were incubated overnight at
4 °C with primary antibodies directed against the indicated
proteins, washed serially in Tris-buffered saline (TBS) supple-
mented with 0.2 % (v/v) Tween 20, followed by a 1-h, room
temperature incubation with suitable horseradish peroxidase
(HRP)-conjugated secondary antibodies. Following repeated
TBS-Tween 20 washing, blots were treated for 1 min with
ECL reagent (Amersham/GE Healthsciences) and subse-
quently exposed to Kodak X-omat film (Eastman Kodak,
Rochester, NY, USA).

Immunoprecipitation and PKCdelta Kinase Activity Assay

Whole cell lysates generated as described above were incu-
bated at 4 °C overnight with 2 μg/ml of anti-PKCdelta mono-
clonal antibody, followed by 1 h incubation with 15 μg/ml of
protein A-agarose. Immune complexes were washed three
times in lysis buffer followed by twowashes in kinase reaction
buffer containing 25 mMTris (pH 7.5), 0.5 mMEDTA, 5 mM
MgCl2 and 0.5 mM DTT. Beads were resuspended in a 20-μl
reaction mix containing kinase buffer and 10 μCi of γ32P-
ATP, and the assay was initiated by addition of 10 μg of
histone H1 per reaction. Samples were incubated for 30 min
at 37 °C with occasional mixing, and the reaction was termi-
nated by addition of 10 μl of 4× Laemmli buffer. Samples
were resolved on 12 % SDS-PAGE, and gels were dried and
exposed to X-omat film for autoradiography. To normalize
protein quantities used for kinase activity, cell lysates were

also immunoblotted for total STAT3 prior to immunoprecipi-
tation and kinase assay.

Results

Isolation of multipotent mesenchymal progenitors
from murine adipose tissue

Isolation and propagation of progenitor cells with the potential
to differentiate into various mesenchymal tissues, including
adipose and osteoid tissue, have been achieved from sources
such as bone marrow and adipose tissue of both human and
murine origin (Miyaoka et al. 2006; Song et al. 2007). We
have isolated and successfully propagated in long-term culture
(over 60 population doublings) cells derived from the omental
fatty tissue of female C57Bl/6 mice, and these will be herein
referred to as C57Adip mesenchymal progenitor cells (MPC).
C57Adip MPC exhibited a nondescript, fibroblast-like mor-
phology in subconfluent culture (Fig. 1a). Flow cytometric
analysis to assess surface phenotypic characteristics indicated
the cell population was non-hematopoietic (CD45-) and did
not arise from endothelial precursors (CD31-) (Fig. 1b, c).
Cultures exhibited high expression of both CD90 and CD44,
typical ‘core’mesenchymal markers (Fig. 1d, e). Interestingly,
CD105 (endoglin), a TGF-beta receptor superfamily member
associated with human mesenchymal progenitors and also
murine mesenchymal precursors from bone marrow, was
expressed at very low levels (Fig. 1f). Functionally, we
assessed and confirmed the differentiation potential of the
C57Adip MPC towards an adipogenic lineage using standard
adipogenesis-inducing media (see “Materials and Methods”),
as assessed by Oil Red O staining (Fig. 1g–i). Relative to the
control, mOSM markedly inhibited the differentiation of
C57Adip MPC grown in adipogenic medium over as little as
6 days (Fig. 1i).

Promotion of osteogenesis by Oncostatin M

When treated for 6 days with various gp130 cytokines in os-
teogenic medium, mineralization was markedly increased as
indicated qualitatively by Alizarin Red S staining relative to
osteogenic medium treatment alone (Fig. 2a–e). Notably,
amongst the cytokine-supplemented groups, IL-6, LIF and
IL-11 did not induce an osteogenic response as pronounced
as OSM. Staining using Von Kossa (5 % silver nitrate) pro-
vided consistent findings (Fig. 2f–j). Randomly selected fields
of treated cultures (4 per well, 3 wells per treatment as de-
scribed in “Materials andMethods”) stained with Alizarin Red
S were subsequently quantified for the extent of staining using
Leica QWin morphometric software and showed similar
trends (Fig. 2k). Intriguingly, OSM was also able to
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significantly increase osteoid staining relative to the control
even in DMEM supplemented with 10 % FBS rather than
osteogenic medium, as shown by increased Von Kossa stain-
ing (Fig. 2l, m). Identical effects on adipocyte-like and
osteoblast-like phenotypes were seen in C57 Adip MPC de-
rived from each of at least 3 separate C57 Adip MPC
preparations.

Induction of osteogenic markers by Oncostatin M

We next assessed whether mOSM selectively induced key
factors associated with osteogenesis in differentiation-

induced C57Adip MPC cultures. Taqman analysis for the
mRNA expression of the osteogenesis master regulator
Runx-2 (Fig. 3a) and terminal osteoblast differentiation mark-
er osteocalcin (Fig. 3b) showed that mOSM significantly up-
regulated expression of these gene transcripts relative to
osteogenesis-inducing medium alone. Further, although
mRNA expression of Runx-2 and osteocalcin were increased
in cells treated with IL-6, LIF or IL-11, the mOSM-induced
effects were significantly greater relative to its related cyto-
kines. We also assessed BMP mRNA steady state levels and
observed that the addition of 25 ng/ml OSM to osteogenic
media resulted in an induction of BMP4 and BMP7

Fig. 1 Phenotypic and biochemical characterization of adipose tissue-
derived mesenchymal progenitor cells. Adipose tissue-derived
mesenchymal progenitors (C57Adip MPC) were isolated from
the visceral fat of 15- to 20-week-old C57Bl/6 mice and cultured as
described in “Materials and methods”. Subconfluent cell cultures
(approx. 1×106) were either fixed and observed by bright field
microscopy at ×100 magnification (a) or collected from 60-mm dishes
with PBS/500nM EDTA/0.1 % bovine serum albumin and subjected to
flow cytometric analysis for surface antigens CD45.2 (b), CD31 (c),

CD90.2 (d), CD44 (e) and CD105 (f). In (g–i), C57Adip MPC were
seeded in 24-well culture dishes (1×105cells/well) and subsequently
cultured in conditions promoting adipogenic differentiation (see
“Materials and Methods”). Following 6 days of incubation in either
DMEM/10% FBS (g) or differentiation media supplemented with no
OMS (h) or 25 ng/ml mOSM (i), cell cultures were stained with Oil
Red O (detection of lipid accumulation), and visualized by microscopy
at ×50 magnification (scale bar 20 μm)
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(Fig. 3c, d) mRNA levels 9 days post-differentiation, but not
BMP2 (data not shown).

PKCdelta contributes to mOSM induction of osteogenesis

Subsequently, we sought to examine whether mOSM-
selective signaling intermediates could be identified contrib-
uting to its preferential osteogenic effects. Previous studies
conducted by our laboratory and others have shown that
mOSM and other gp130 cytokines regulate the phosphoryla-
tion and activation of various intracellular signaling pathways,

including JAK/STAT and MAPK pathways (Chattopadhyay
et al. 2007; Schnittker et al. 2013; Wong et al. 2014). Indeed,
we were able to show that OSM or IL-6 robustly activated the
STAT3 pathway in C57Adip MPC cultures (Fig. 4a). In addi-
tion, we have also previously described the capacity of OSM
to induce activity of PKCdelta, a calcium-independent or
‘novel’-class PKC isoform in C57Bl/6 lung fibroblasts
(Smyth et al. 2006). Therefore, we examined whether
mOSM-stimulated C57Adip MPC demonstrated increased
PKCdelta activation. Kinase activity assays from C57Adip
MPC demonstrated increased PKCdelta activity as indicated

Fig. 2 OncostatinM promotes osteogenesis of C57AdipMPC. C57Adip
MPC (1×105 cells/well, 24-well dishes) were either left untreated or
stimulated with 25 ng/ml gp130 cytokines (as indicated) in osteogenic
media for 6 days. Cultures were stained with Alizarin Red S (a–e) or Von
Kossa (f–j) and visualized at ×100 magnification (scale bar 20 μm). In
(k), levels of Alizarin Red S staining from the samples in (a–e) were
quantified in triplicate wells (randomly selected, quadruplicate fields/

well) for Alizarin Red S-positive staining using Leica QWin software.
*p<0.01 relative to osteogenesis medium treated alone; #p<0.01 relative
to osteogenesis medium with either mIL6, mLIF or mIL-11. In (l, m),
C57Adip MPC were either left untreated or stimulated with 25 ng/ml
mOSM in DMEM/10%FBS as indicated for 9 days, after which cells
were stained (Von Kossa)
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by phosphorylation of histone H1 substrate in mOSM-treated
cultures as compared to osteogenesis medium treated alone or
IL-6-treated cell cultures (Fig. 4b). We next utilized RNAi
strategies to selectively ablate PKCdelta. RNAi of PKCdelta
could be stably maintained for at least 5 days, and was selec-
tive as evidenced by a lack of effect upon the related PKC
isoform, PKCepsilon (Fig. 4c). We also assessed 24-h phorbol
12-myristylate 13-acetylate (PMA) pretreated cultures, as
PMA transiently depletes cellular levels of multiple PKCs,
including both PKCdelta and PKCepsilon.

To assess the functional consequences of PKCdelta inhibi-
tion, we examined protein lysates for levels of PKCdelta and
Runx-2 using immunoblots. Protein lysates collected 3 days
after differentiation showed decreased PKCdelta protein sig-
nal in OSM-treated cells pre-treated with PKCdelta RNAi
relative to the scramble RNAi (Fig. 5a). In parallel, immuno-
blots indicated that Runx-2 signal was upregulated in scram-
ble RNAi pretreated, mOSM-treated osteogenic-differentia-
tion induced cultures 3 and 9 days post-differentiation relative
to osteogenic medium treatment alone (Fig. 5a, b). Runx-2
induction was inhibited by pretreatment with specific
PKCdelta RNAi (Fig. 5a, b). The RNAi experiments were

performed on C57 Adip MPC derived from at least 2 separate
isolations and showed identical results. Induction of osteogen-
esis as shown using Alizarin Red S staining indicated that
PKCdelta RNAi pretreatment reduced mOSM-induced oste-
oid nodule formation relative to that observed in scramble
RNAi control, mOSM-treated cultures (Fig. 5c). Quantitative
measurement using QWin morphometric software of multiple
imaged fields photographed per treatment indicated PKCdelta
RNAi significantly reduced mOSM-stimulated nodule forma-
tion (Fig. 5d). Additionally, PKCdelta RNAi treatment re-
duced day 9 mOSM-induced alkaline phosphatase activity
as compared to scramble RNAi treated mOSM-stimulated
controls (Fig. 5e).

Discussion

An improved understanding of the molecular mechanisms con-
tributing to osteogenic differentiation will enable the design of
strategies either for improving bonemaintenance and formation
or for intervention in instances of tissue failure or improper

Fig. 3 Oncostatin M enhances expression of osteogenic genes in
C57Adip MPC. In (a, b) C57Adip MPC were cultured in 60-mm
dishes and subjected to osteogenesis induction either in osteogenic
medium alone or supplemented with indicated gp130 cytokines (all
25 ng/ml). RNA from day 9 post-differentiation-induced cultures
(performed in triplicates) were isolated, reversed transcribed, and
measured for Runx-2 (a) or osteocalcin (b) gene expression. *p<0.01

relative to osteogenic medium alone; #p<0.01 relative to osteogenic
medium with either mIL-6, mLIF or mIL-11. In (c, d), C57Adip MPC
RNA was prepared from days 3, 6, and 9 post-differentiation-induced
cultures in the absence (Osteo−OSM) or presence (Osteo+OSM) of
25 ng/ml mOSM. RNA collected and measured for BMP4 (c) or BMP7
(d) gene expression. (n=1 per condition; error bars SD of triplicate
measures in qRT-PCR)
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deposition. While several factors stimulating osteogenic differ-
entiation are known, their relative contributions and mecha-
nisms through which they respectively induce bone lineage
commitment are less well understood. Furthermore, other cyto-
kines and growth factors may play roles that previously were
underappreciated. Here, we present findings in a murine model
of in vitro osteogenic differentiation indicating that OSMmark-
edly increases osteogenesis of adipose-derived progenitor cells
through a mechanism involving PKCdelta. Earlier studies indi-
cated that OSM possessed osteogenic potential (Bellido et al.
1996; Jay et al. 1996); later, it was discovered in human
adipose-derived mesenchymal progenitors OSM induced oste-
ogenesis while inhibiting adipogenesis (Song et al. 2007), find-
ings we also observed in murine adipose tissue-derived progen-
itors here (Figs. 1g–i, 2). Additionally, prior research using
transgenic mice overexpressing bovine OSM found that OSM
increased bone or osteoid formation (Malik et al. 1995). More
recently, in human systems, OSM derived from activated pe-
ripheral blood monocytes was shown to induce osteogenesis in
mesenchymal stem cells throughmechanisms dependent in part
on STAT3 (Guihard et al. 2012). It is probable that both
PKCdelta and STAT3 contribute to OSM-induced osteogenesis
in our mouse system.

Our study indicates that mOSM administration to mesen-
chymal progenitors enhances a commitment to osteogenic lin-
eage, acting through the upregulation of Runx-2, a critical
osteogenic transcription factor (Ducy et al. 1997; Otto et al.
1997), increased expression of BMPs, and increased expres-
sion of key structural proteins such as osteocalcin, a terminal
marker of osteogenesis. Whether our results indicate an un-
conventional process of osteogenic differentiation or a process
of differentiation unique to adipose-derived cell types remains
to be determined. Additionally, although several studies indi-
cate that the degree of osteogenic differentiation may differ
between human mesenchymal progenitors derived from bone
marrow and alternate reservoirs, we have not assessed the
effects of OSM in murine bone marrow in direct comparison
to adipose tissue. OSM does mediate PKCdelta activation in
lung fibrobasts (Smyth et al. 2006) and in osteosarcoma cells
(Chipoy et al. 2004). OSM is indeed expressed in bone mar-
row; however, further experimentation would be needed to
determine if OSM mediates osteoblastogenesis in cells from
bone marrow through a PKCdelta mechanism.

Many of the studies of OSM as a regulator of osteogenesis
have centred mechanistically upon its induction of Janus
kinase/signal transducers and activators of transcription

Fig. 4 OncostatinM induces PKCdelta activity in C57AdipMPC. In (a),
C57AdipMPCwere cultured in 60-mm dishes and either left untreated or
were stimulated with 25 ng/ml mOSM or mIL-6 for 10 min. Whole cell
lysates were subjected to kinase activity assay as described in “Materials
and Methods”, and the insets show phosphorylated histone autoradio-
graphs, with an immunoblot of input lysate probed for p-tyr-STAT3 or
total STAT3 as a control. In (b), histone phosphorylation was quantified

and normalized to total PKCdelta expression using ImageJ densitometric
software. In (c), AdipMPC were subjected to RNAi as described, and
lysed at indicated time points (hours) post-transfection with either (+)
PKCdelta targeted RNAi or scrambled RNAi as indicated. Lysates were
resolved by SDS-PAGE, and probed for PKCdelta and PKCepsilon, a
related novel PKC isoform, by immunoblots
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(JAK/STAT) or mitogen-activated protein kinase (MAPK)
pathways, in particular OSM induction of STAT3 and extra-
cellular regulated kinase (ERK) 1/2 and ERK 5 (Chipoy et al.
2004; Miyaoka et al. 2006; Song et al. 2007). While these
signaling intermediates are clearly induced by OSM, their
individual contributions in stimulating osteogenic develop-
ment have not yet been defined. All gp130 cytokines are ca-
pable of inducing STAT3 activation in cells that possess the
relevant receptors. ERK signaling has been shown by several
studies to be an inconsistent component to osteogenesis,
where in early undifferentiated cell types it can promote bone
formation, while in later stages of development it may inhibit
differentiation (Schindeler and Little 2006). It may be that
selection of cell type or the stimulating factor being studied

might also influence the importance of ERK signaling to on-
going osteogenic responses. Therefore, we elected to focus
uponmore OSM-selective signaling intermediates, and in mu-
rine systems OSM appears to differentially regulate PKCdelta,
a calcium-independent isoform of the PKC family of Ser/Thr
kinases (Gschwendt 1999).

Previous work in our laboratory has shown PKCdelta to be
required for maximal upregulation of OSM-induced genes
such as IL-6, itself a molecule implicated in osteogenesis
(Franchimont et al. 2005). Previous work by Chipoy and col-
leagues (Chipoy et al. 2004) indicated a potential role for
PKCdelta in rat osteosarcoma cells and precommitted osteo-
blast lines, and assessed PKCdelta using rottlerin, an inhibitor-
limited specificity of action. Our findings in the murine

Fig. 5 Oncostatin M-induced
osteogenesis of C57Adip MPC is
reduced by PKCdelta RNAi.
C57AdipMPC cultured in
triplicate were subjected to either
PKCdelta-targeted RNAi ormock
treated with scrambled RNAi
oligomers (scr). Subsequently,
cells were cultured in osteogenic
medium alone or supplemented
with mOSM as described in
“Materials and Methods” as
indicated. Protein lysates were
collected at day 3 (a) and day 9
(b) post-differentiation, and
resolved by SDS-PAGE.
Immunoblotting of lysates were
performed for PKCdelta, Runx-2
and actin. In (c), day 9 post-
differentiation cultures were
stained with Alizarin Red S and
microphotographed fields were
collected (scale bar 20 μm),
while in (d), quantitation of
stained area was carried out with
QWin software. In (e),
supernatants from day 9 post-
differentiation cultures were
measured for alkaline
phosphatase. (*p<0.01 relative to
osteogenic medium alone with
scramble RNAi (osteo scr RNAi);
#p<0.01 relative to osteogenic
medium + mOSM with targeted
PKCdelta RNAi
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adipose tissue-derived precursor cell model presented here are
consistent with this and show that the stable expression of
PKCdelta and consequently its activation through OSM stim-
ulation is a required event to induce maximal OSM-mediated
osteoid deposition in vitro. Additionally, while PKCdelta ex-
pression at day 9 was restored in the RNAi experiments,
Runx-2 protein levels remained at baseline/control levels, in-
dicating that knockdown of PKCdelta levels early in osteo-
genic differentiation is sufficient to reduce mOSM-dependent
effects. PKCdelta has been shown in other connective tissue
cell types to affect gene expression of collagens (Fan et al.
2006; Mishra et al. 2007) as well as to alter their migratory
capacity (Li et al. 2002; Kruger and Reddy 2003), factors
which may be important for mesenchymal progenitor differ-
entiation and homing as well as subsequent bone-forming
potential. Additionally, in clinical subjects, PKCdelta has been
found to be upregulated selectively in patients with scleroder-
ma, a fibrotic disease with an underlying chronic inflammato-
ry component (Jimenez et al. 2001). As OSM has been isolat-
ed in localized tissues from patients suffering chronic condi-
tions such as joints in arthritis (Hui et al. 1997; Cawston et al.
1998) and atherosclerotic plaque in cardiovascular disease
(Albasanz-Puig et al. 2011), its potential to modulate connec-
tive tissue responses through PKCdelta is a relevant consider-
ation, particularly if it is capable of promoting aberrant re-
sponses such as calcification of connective tissue.

The mechanism responsible for OSM induction of
PKCdelta in C57Adip MPC, and whether OSM-induced
PKCdelta activity influences downstream intermediates
and kinases upon osteogenic responses (i.e. STAT proteins
or MAPK enzymes including ERK, p38 or JNK), remain
to be examined. OSM induces multiple transcription fac-
tor families, including activator protein (AP)-1 as well as
STATs and Sp1. Recently, it has been shown that zinc
finger protein 467 (Zfp467) stimulates adipocyte forma-
tion while inhibiting osteoblast commitment in mouse
stromal osteoblastic cells (Quach et al. 2011). Based on
our findings, we predict that the differential effects of
OSM on C57Adip MPC (Figs. 1, 2) cell fate may be
through the inhibition of Zfp467. How PKCdelta regu-
lates osteogenic transcription factors including Runx-2,
characterized widely as the master regulatory transcription
factor promoting osteogenesis, or the osteogenic cyto-
kines BMP4 and BMP7, also remains to be determined.
In conclusion, we have demonstrated in a murine adipose-
derived mesenchymal cell line that OSM potentiation of
osteogenesis and osteogenesis-associated gene product
expression and activity are in part dependent upon its
activation of PKCdelta. This identifies a novel mechanism
in regulation of osteogenic commitment, and provokes
interest into further assessment of OSM-mediated effects
regulating mesenchymal lineage commitment and contri-
butions to inflammatory disease.
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