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Abstract

Background: Osteoblasts are considered to primarily arise from osseous progenitors within the
periosteum or bone marrow. We have speculated that cells from local soft tissues may also take
on an osteogenic phenotype. Myoblasts are known to adopt a bone gene program upon treatment
with the osteogenic bone morphogenetic proteins (BMP-2,-4,-6,-7,-9), but their osteogenic
capacity relative to other progenitor types is unclear. We further hypothesized that the sensitivity
of cells to BMP-2 would correlate with BMP receptor expression.

Methods: We directly compared the BMP-2 sensitivity of myoblastic murine cell lines and primary
cells with osteoprogenitors from osseous tissues and fibroblasts. Fibroblasts forced to undergo
myogenic conversion by transduction with a MyoD-expressing lentiviral vector (LV-MyoD) were
also examined. Outcome measures included alkaline phosphatase expression, matrix
mineralization, and expression of osteogenic genes (alkaline phosphatase, osteocalcin and bone
morphogenetic protein receptor-1A) as measured by quantitative PCR.

Results: BMP-2 induced a rapid and robust osteogenic response in myoblasts and
osteoprogenitors, but not in fibroblasts. Myoblasts and osteoprogenitors grown in osteogenic
media rapidly upregulated Bmpr-1a expression. Chronic BMP-2 treatment resulted in peak Bmpr-/a
expression at day 6 before declining, suggestive of a negative feedback mechanism. In contrast,
fibroblasts expressed low levels of Bmpr-1a that was only weakly up-regulated by BMP-2 treatment.
Bioinformatics analysis confirmed the presence of myogenic responsive elements in the proximal
promoter region of human and murine BMPR-1A/Bmpr-1a. Forced myogenic gene expression in
fibroblasts was associated with a significant increase in Bmpr-la expression and a synergistic
increase in the osteogenic response to BMP-2.

Conclusion: These data demonstrate the osteogenic sensitivity of muscle progenitors and provide
a mechanistic insight into the variable response of different cell lineages to BMP-2.
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Background

The conventional view of bone cell differentiation is that
pluripotent or multi-potent stem cells commit to an oste-
oprogenitor lineage and then undergo a smooth, consist-
ent, and well defined transition to produce differentiated
osteoblasts. Osteoprogenitors are considered to be com-
mitted to an osteochondral lineage once they express the
key transcription factor Runx2/Cbfal [1]. As osteogenic
differentiation proceeds, other markers of bone differenti-
ation such as osterix, alkaline phosphatase (AP), bone sialo-
protein, and osteocalcin (OCN) are sequentially expressed.

The processes of osteoprogenitor commitment and oste-
oblast differentiation are both facilitated by members of
the bone morphogenetic protein (BMP) protein family
[2]. BMP homodimers and heterodimers bind to BMP
receptors (BMPRs) on the cell surface that can transduce
the concentrations of extracellular BMPs into specific
changes in gene expression [3]. BMPR-IA and BMPR-II are
reported to be ubiquitously expressed, whereas BMPR-IB
is tissue specific [4-6]. While the expression of BMPs in
bone development and repair are well described [7,8], the
potential for lineage-specific control of BMP signaling by
regulating BMPR expression levels has not been explored
in detail.

Committed osteoprogenitors are traditionally considered
to arise from progenitors within the periosteum (a thin
cellular layer covering bone surfaces) and within the bone
marrow. In the bone marrow, the bone marrow stromal
cells (BMSCs) encompass a heterogeneous population of
highly plastic cells that not only support the haematopoi-
etic progenitors, but also contribute to endosteal bone
formation [9]. MSCs are multipotent and can be stimu-
lated to differentiate into cells of the osteoblastic, chon-
drogenic, myogenic, and adipogenic lineages [10]. By
necessity, BMSCs must maintain themselves in a relatively
undifferentiated state within the bone compartment.
Although BMSCs generally remain in the marrow space,
osteoprogenitors likely to have originated from the mar-
row have also been detected in the circulation [11], and it
has been suggested that these circulating cells may also
contribute to bone formation and repair [12].

We have speculated that other cell types arising from the
soft tissues adjacent to bone may also be able to contrib-
ute to bone formation and repair [13]. This would pre-
sumably occur via transdifferentiation, a process where
non-osseous progenitors could be reprogrammed to an
osteogenic lineage [14]. Muscle progenitors are an appeal-
ing candidate for osteogenic transdifferentiation, as cul-
tured myoblasts readily adopt a bone cell phenotype
upon treatment with the osteogenic BMPs [15,16].
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There are multiple indirect observations that suggest stem
cells situated within muscle can participate in bone for-
mation and repair. Muscle is found adjacent to most
bones and can be exposed to bone signals upon injury.
Disease states can also alter bone signaling resulting in
ossification within muscle tissue, such as in myositis ossifi-
cans or in the genetic disease fibrodysplasia ossificans pro-
gressiva (FOP)[17,18]. Moreover, recent evidence would
suggest that inhibition of BMP type 1 receptor signaling
may be effective in the treatment of FOP [19]. During
recalcitrant bone repair, new bone formation is most
commonly seen at the muscle-bone interface. Although
this implies the presence of osteoprogenitor cells within
muscle, it is unclear whether the cells that contribute to
the bone healing process arise from muscle progenitors
(satellite cells), are associated with the vasculature (peri-
cytes) [20], exist as a small sub-population of multipotent
stem cells [21,22], or migrate from the circulation [11].

Numerous in vitro and in vivo experiments have induced
osteogenesis in skeletal myoblasts [15,16,23-29] how-
ever, their sensitivity to osteogenic signals relative to other
cell types remains unclear. In a paper by Komaki and col-
leagues, forced expression of the muscle master transcrip-
tion factor MyoD in mesenchymal C3H10T1/2
progenitors led to an enhancement of BMP-7 induced
osteogenesis [30]. While MyoD has been shown to stimu-
late the pro-osteogenic transcription factor Osx [31],
forced MyoD expression alone is insufficient to promote
osteogenic differentiation. We therefore hypothesized
that MyoD may potentiate BMP signaling via BMP recep-
tor expression. Myoblasts robustly express BMPR-IA and
BMPRII [32], and this may underlie their sensitivity to
bone signals [33].

In this study we report a detailed comparison of the
response of different mesenchymal progenitors to BMP
treatment. Specifically, pre-osteoblasts, BMSCs, skeletal
myoblasts, and fibroblasts were examined in a head-to-
head fashion, including a combination of cell lines and
primary murine cells. This study also aimed to address
whether the capacity of progenitors for osteogenic conver-
sion correlates with the expression of BMPRs, and if
forced myogenesis could affect BMPR expression and
BMP sensitivity in fibroblasts.

Methods

Cell culture

C2C12 myoblasts were cultured in DMEM containing
20% FBS while NIH/3T3 fibroblasts were cultured in
DMEM containing 10% FBS. MC3T3-E1 pre-osteoblasts
were grown in a-MEM containing 10% FBS.

Primary murine cells were obtained from 8-12 week old

C57BL6/] mice in a study approved by the CHW animal
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ethics committee. Primary myoblasts were isolated from
mouse hindlimb muscles and enzymatically digested with
0.25% pronase (Merck Sharp & Dohme, Granville, NSW,
Australia) for 1 hr at 37°C. Digestion was terminated by
the addition of DMEM containing 10% horse serum (Inv-
itrogen, Carlsbad, CA, USA). Isolated cells were sequen-
tially filtered through a 100 um and 40 pm cell strainers
and purified based on a previously published pre-plating
technique [34]. Primary myoblasts were cultured in
DMEM containing 20% FBS. Primary fibroblasts were
obtained by a similar digestion process from fascia adja-
cent to skeletal muscle and grown in DMEM containing
10% FBS. Primary BMSCs were selected to represent a less-
differentiated mesenchymal progenitor population (as
opposed to neonatal calvarial osteoblasts, which exhibit a
more mature osteoblastic phenotype). BMSCs were iso-
lated from mouse femurs by flushing the bone marrow
from the medullary canal with DMEM using a 21 gauge
needle. After 3 days of culture in DMEM containing 10%
FBS, non-adherent cells were removed by washing and
aspiration. Primary cells and cell lines were cultured with
antibiotics consisting of 100 unit/ml penicillin and 0.1
mg/ml streptomycin and grown in humidified chambers
at 37°C with 5% CO,.

Inducing osteogenic differentiation

Cells were plated in triplicate at a density of 1 x 104 cells/
well in 48-well collagen-coated plates and osteogenic dif-
ferentiation was induced by culturing cells in osteogenic
media (MC3T3-E1 growth media supplemented with 50
pg/ml ascorbic acid and 10 mM B-glycerophosphate).
Cells were grown either with 0 or 200 ng/ml BMP-2
(Kamiya Biotech, Thousand Oaks, CA, USA), with media
changes every second day.

Cell viability and alkaline phosphatase (AP) activity assay
Cellular viability was determined using the CellTitre 96
Aqueous One Solution Cell Proliferation Assay kit
(Promega, Madison, WI, USA) according to the manufac-
turer's instructions. AP activity in cells was detected using
p-nitrophenylphosphate (pNPP) (Sigma-Aldrich, St Louis,
MO, USA) as the substrate. Cells were fixed with 4% para-
formaldehyde (PFA) for 15 min and washed with AP wash
buffer (0.1 M NaCO; pH 10, 1 mM MgCl,). Cells were
then incubated with 10 mM pNPP and the reaction left to

Table I: Oligonucleotide sequences for quantitative PCR (qPCR)
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incubate for 20 min at 37°C. Absorbance was read at 405
nm and the enzyme activity was normalized to cell
number obtained from viability assays. All samples were
assayed in triplicate. Results are representative of a mini-
mum of two independent experiments.

Histochemical staining

Mineralization of calcium deposits was assessed by Ali-
zarin Red S staining. Cultures were fixed with 4% PFA for
15 min at room temperature and then stained with Ali-
zarin Red S for 10 min (40 mM, pH 4.2). Non-specific
staining was removed by several washes with distilled
water.

RNA extraction, cDNA preparation, and real-time
quantitative PCR (qPCR)

Total cellular RNA was extracted from cells grown in 6-
well plates using TRIZOL reagent (Invitrogen) as per the
manufacturer's instructions. cDNA was then reverse-tran-
scribed from equivalent amounts of total RNA using
Superscript III Reverse Transcriptase (Invitrogen). The
PCR primer sequences used for amplification are listed in
Table 1. All samples were amplified using the SYBR Green
PCR reagent kit (Integrated Sciences, Chatswood, NSW,
Australia) according to the manufacturer's protocol. PCR
was performed on the Rotor-Gene 3000 (Corbett Life Sci-
ence, Sydney, NSW, Australia).

All samples were initially denatured at 94 °C for 2 min fol-
lowed by 40 amplification cycles for Ap, Ocn, and MyoD
(95°C for 15 s, 60°C for 60 s, and 72°C for 60 s); 55
amplification cycles for Bmpr-1a, and Bmpr-2 (94 °C for 60
s, 55°C for 60 s, and 72°C for 60 s); 35 cycles for Gapdh
(94°C for 30 s, 55°C for 60 s, and 72°C for 60 s) and
extension at 72°C for 60 s. PCR reactions were performed
in triplicates and normalized to the housekeeping gene
Gapdh, to control for cDNA loading. Data are presented as
mean fold induction (+ SE).

BMPR promoter analysis

The procedure used to identify potential myogenic regula-
tory motifs was employed over a region encompassing 2
kb upstream of the BMPR1A transcription start site. This
region of interest was identified and extracted in both
mouse and human using the UCSC genome browser [35].

Target cDNA sequence Sense primer

Anti-sense primer

MyoD 5'-CGGCTACCCAAGGTGGAGAT-3'
Bmpr-la 5'-ACATCAGATTACTGGGAGCC-3'

Bmpr-2 5'-GTGCCCTGGCTGCTATGG-3'

Gapdh 5'-GCCACCCAGAAGACTGTGGATGGC-3'
Ap 5'-GGGACTGGTACTCGGATAACGA-3'
Ocn 5'-CGGCCCTGAGTCTGACAAA-3'

5'-ACCTTCGATGTAGCGGATGG-3'
5'-TATAGCAAAGCAGCTGGAG-3'
5'-TGCCGCCTCCATCATGTT-3'
5'-CATGTAGGCCATGAGGTCCACCAC-3'
5'-CTGATATGCGATGTCCTTGCA-3'
5'-GCCGGAGTCTGTTCACTACCTT-3'
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A position-specific scoring matrix tool, MatInspector [36],
was then used to locate putative binding sites for myo-
genic transcription factors MyoD, MEF2, MYF3, MYF5 and
Myogenin. Low confidence matches were filtered out,
retaining only those corresponding to a matrix similarity
score of greater than 0.9.

Forced myogenesis in NIHI3T3 fibroblasts

Lentivirus vectors expressing eGFP (LV-eGFP) or the myo-
genic transcription factor MyoD (LV-MyoD) under the
control of the cytomegalovirus (CMV) promoter were
generated using published methods [37]. NIH/3T3
fibroblasts were transduced at a multiplicity of infection
(MOI) of 50 in the presence of 8 pg/ml Polybrene (Sigma-
Aldrich) overnight. Fresh media was added 18-24 hours
following transduction and cells were cultured for a fur-
ther 2 days before cells were treated with osteogenic
media with 200 ng/ml BMP-2 for another 3 days. At the
end of the culture period, RNA samples were purified for
qPCR analysis.

Statistical analysis

Assays were conducted at least in triplicate. Values are pre-
sented as mean + standard error (SE), and statistical com-
parisons were made using a two-tailed student'’s t-test. P
values <0.05 were considered statistically significant.

Results

BMP-2 stimulates osteogenesis in myoblastic but not
fibroblastic cell lines

The C2C12 and NIH/3T3 cell lines were used to examine
the capacity of myoblasts and fibroblasts to undergo
BMP-induced osteogenic differentiation respectively. The
pre-osteoblastic MC3T3-E1 cell line is not only BMP-
responsive but readily undergoes osteogenic differentia-
tion in the absence of BMP treatment, and was used as a
positive control. Cells were cultured in osteogenic media
and treated cells received 200 ng/ml of BMP-2. Ap gene
expression, AP staining and AP activity assays were meas-
urements for early bone marker expression, while Ocn
gene expression and mineralized matrix staining were
used as indicators for mature bone differentiation.

The addition of BMP-2 increased Ap mRNA levels in both
MC3T3-E1 pre-osteoblasts and C2C12 myoblasts (Fig
1A-B). By day 9, Ap mRNA in BMP-2 treated MC3T3-E1
and C2C12 cells decreased to levels that were similar to
those of the untreated cells (Fig 1B). In contrast, NIH/3T3
cells continued to upregulate Ap expression up to and
after 9 days in culture (Fig 1B). BMP-2 had no significant
effect on Ocn transcript levels early in culture (Fig 1C-D).
In all cell types, Ocn expression increased with prolonged
culturing. Notably, BMP-2 upregulated C2C12 Ap and
Ocn mRNA to a level comparable to that of BMP-2 treated
MC3T3-E1 cells.

http://www.biomedcentral.com/1471-2474/10/51

In MC3T3-E1 and C2C12 cells, the addition of BMP-2
increased AP activity early on (Fig 1E) and mineralized
matrix staining at late time points (Fig 1F). BMP-2 treat-
ment increased osteogenic markers in these cells in a dose-
dependent manner. This increase in myoblasts was
accompanied by a concomitant downregulation in myo-
genic expression as seen by immunofluorescent staining
for desmin and MyoD (data not shown). In contrast, the
NIH/3T3 fibroblasts showed negligible AP activity and
did not generate mineralized nodules over the same cul-
ture period. Furthermore, NIH/3T3 fibroblasts cells
acquired only sporadic AP positive cells after 18 days of
BMP-2 treatment and failed to generate a mineralized
matrix even after 24 days in culture (data not shown)

BMP-2 stimulates osteogenesis in primary cells from
muscle tissue but not muscle fascia

Myoblastic cells capable of spontaneously differentiating
and fusing into myotubes were generated by a standard
method involving enzymatic digestion of mouse muscle
tissue [34]. This method generated cultures possessing
>80% desmin positive myoblasts capable of fusing into
multinucleated myotubes. Primary cells were also cul-
tured from muscle fascia. In contrast to the muscle-
derived cells, fascial cells developed a stellate morphology
and failed to express desmin (data not shown). As con-
trols, BMSCs, which are known to be osteocompetent,
were obtained by flushing the femoral marrow cavity and
removing non-adherent cells at 3 days after plating.

BMSCs endogenously expressed osteoblast-specific genes,
and these were further elevated when cells were cultured
with BMP-2 (Fig 2). Untreated primary myoblasts
expressed levels of Ap and Ocn similar to those of
untreated BMSCs, which were upregulated with the addi-
tion of BMP-2. Elevated levels of Ap in primary myoblasts
persisted for 6 days and then gradually declined (Fig 2A-
B) such that Ap expression was below the level of detec-
tion by 18 days (data not shown). The decrease in early
bone markers was concomitant with an upregulation in
the late marker Ocn (Fig 2C-D). Patterns of Ap and Ocn
expression were comparable between BMP-treated pri-
mary myoblasts and BMSCs. Fascial fibroblasts treated
with BMP-2 expressed very low levels of bone-specific
mRNAs and no significant increase in Ap and Ocn tran-
scripts was observed.

BMP-2 induced robust AP expression (Fig 2E) and miner-
alization staining (Fig 2F) in primary myoblasts that were
superior even compared to cultured BMSCs. In contrast,
very few AP positive cells were seen in primary fibroblast
cultures treated with BMP-2 and no matrix mineralization
was observed. The addition of BMP-2 to primary myob-
lasts resulted in decreases in desmin and MyoD expres-
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The effect of BMP-2 on the osteogenic expression in cell lines. Osteogenic gene expression was examined in MC3T3-
El (dot-dash line), C2CI2 (straight line) and NIH/3T3 (dotted line) cell lines using qPCR with the data normalized to the
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presence (B) of BMP-2. Ocn gene expression was measured as a late osteogenic marker in cells cultured in the absence of
BMP-2 (C) or with BMP-2 added (D). In addition, the dose- and cell-dependent effect of BMP-2 on AP activity after 6 days (E)
and mineralized nodule formation after 12 days (F) was measured in all three cell lines. Scale bar = 100 um.
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sion, similar to that observed for C2C12 cells (data not
shown).

Bioinformatics analysis of the BMPR promoter regions
Based on the high relative BMP-responsiveness of myo-
genic cells, the upstream promoter regions of the BMPRs
were examined for myogenic regulatory elements. Analy-
sis was performed using MatInspector, a software package
that identifies transcriptional binding sites which uses
advanced filtering to generate high-quality matches. A
number of high-confidence myogenic factor binding sites
were identified in mouse and human Bmpr-1a/BMPR-1A
promoter regions. In the mouse, this corresponded to one
MyoD and two MEF?2 sites, and in the human this corre-
sponded to three MyoD and two MEF2 sites (Fig 3). The
expected number of occurrences due to chance alone over
a 2 kb region was 0.26 and 0.06 for the MyoD and MEF2
motifs in both mouse and human, respectively. Thus the
observed number of occurrence(s) for each motif was
always greater than the expected species-specific occur-
rence value, denoting that sufficiently stringent criteria
were employed to identify putative transcription factor
binding sites. Several Smad-binding consensus sequences
were also detected (data not shown), indicating the
potential involvement of alternative non-myogenic regu-
latory elements.

Analysis of the murine Bmpr-1b and Bmpr-2 2 kb promoter
sequence identified a single MyoD site in each. Based on
the expected number of false positives, identification of
these sites was not sufficient to establish myogenic
responsiveness.

http://www.biomedcentral.com/1471-2474/10/51

Osteogenic sensitivity correlates with Bmpr-1a expression
To further explore BMPR expression as a mechanism for
modulating osteogenic differentiation, gene expression
was examined in cell lines and primary cells. Bmpr-1a
expression was readily detectable by qPCR. Basal levels of
the Bmpr-1a gene in NIH/3T3 fibroblasts were found to be
significantly lower than in MC3T3-E1 pre-osteoblasts
(38% reduction, p = 0.02). No significant difference was
seen between C2C12 myoblasts and MC3T3-E1 cells.
Bmpr-1a expression was further upregulated in these lines
cultured in osteogenic media, either in the absence or
presence of BMP-2 (Fig 4A-B). Notably, C2C12 cells
treated with BMP-2 eventually down-regulated their
Bmpr-1a expression by day 9; this was also evident in
MC3T3-E1 cells. In contrast, NIH/3T3 cells did not signif-
icantly upregulate their Bmpr-1a expression with BMP-2
treatment. In NIH/3T3 fibroblasts, Bmpr-1a was only sub-
stantively elevated after 21 days in culture (5.3-fold higher
p = 0.002 compared to day O cells) (data not shown). In
primary cell cultures, comparable results were observed
(Fig 4C-D).

Forced expression of MyoD in fibroblasts enhances Bmpr-
la expression

Prior experiments indicated that Bmpr-l1a was robustly
expressed by myoblasts but not fibroblasts. To determine
whether myogenic factors were important for modulating
Bmpr-1a expression, we forced fibroblasts to differentiate
down the myogenic lineage using a MyoD-expressing len-
tiviral vector (LV-MyoD). To account for any adverse
effects on cell signaling mediated by lentiviral transduc-
tion, an equivalent eGFP lentiviral vector (LV-eGFP) was
included as a control. Viral transduction was efficient and

-1839 -1789  -1505 :-1462 : 1 -354 TSS
HUMAN (/" AS, : VAN
-155?30 -1161 -164 TSS
MOUSE o )y : /\
1500 41000 500 0
O MEF2 /\ MyoD
Figure 3

Analysis of the human and murine BMPR-1A/Bmpr-Ia promoter region. Putative myogenic transcription factor bind-
ing sites were identified by Matlnspector in human and murine BMPR-1A/Bmpr-1a promoter regions. Putative MEF2 and MyoD
binding sites were predicted within a 2 kb region upstream from the BMPR-/A transcriptional start site; putative MEF2 and
MyoD were also predicted in the corresponding 2 kb region upstream from the Bmpr/a transcriptional start site. The tran-
scriptional start site was inferred from Genbank entries NM_004329 (human) and NM_009758 (mouse). Low confidence and

non-myogenic predictions are not shown.
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Cellular response to BMP-2 correlates to theexpression levels of Bmpr-1a. Bmpr-1a expression levels were examined
using qPCR and normalized to the housekeeping gene Gapdh. Values were generated for cell lines grown in the absence of
BMP-2 (A) or with BMP-2 added (B), and in mouse primary derived cells grown without (C) or with (D) BMP-2 treatment.
Bmpr-1a expression increased over time when cells were grown in osteogenic media, and were even greater under BMP-2
stimulation. The lowest Bmpr-1a levels were observed in NIH/3T3 cells and primary fibroblasts, which were previously shown

to be the least sensitive to BMP-2 treatment.

high levels of eGFP were detected in a majority (>70%) of
the cells 72 hrs post-transduction (data not shown). Crit-
ically, NIH/3T3 fibroblasts transduced with the LV-MyoD
construct fused and formed myotubes demonstrating suc-
cessful induction of a myogenic differentiation program
(Fig 5A). A 20-25 fold increase in MyoD expression was
also confirmed by qPCR (Fig 5B).

Three days after transduction, eGFP- and MyoD-express-
ing NIH/3T3 cells were cultured for an additional 3 days
in growth media or osteogenic differentiation media sup-
plemented with BMP-2. Analysis by qPCR revealed a 4.6
fold increase in Bmpr-1a expression in MyoD-expressing
NIH/3T3 cells without BMP-2 (p = 0.02) and a 6.9 fold
increase in MyoD-expressing NIH/3T3 cells treated with
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Forced MyoD expression in NIH/3T3 fibroblasts increases Bmpr-Ia expression. NIH/3T3 cells were transduced
using LV-MyoD and LV-eGFP lentiviral vectors. Fibroblasts transduced with LV-MyoD developed an elongated morphology
that resembled myotubes (A). Scale bar = 50 um. Three days after the initial transduction, cells were cultured for a further 3
days in the presence or the absence of BMP-2. Gene expression for MyoD (B), Bmpr-1a (C) and Ap (D) were measured using
qPCR, relative to Gapdh. Comparative expression analysis was performed relative to non-transduced, untreated NIH/3T3
fibroblasts. The majority of values were statistically significant (*p < 0.05, **p < 0.01), however, substantive changes in gene
expression (>4-fold increase) were only observed in LV-MyoD transduced cells.

BMP-2 (p = 0.02) (Fig 5C). Ap expression was then meas-
ured as an indicator of osteogenesis. Ap expression in
MyoD-transduced fibroblasts grown in growth media was
comparable to levels seen in non-transduced cells and LV-
eGFP transduced controls. However, when LV-MyoD
transduced fibroblasts were treated with BMP-2, Ap
expression was elevated 23 fold (p = 0.01) compared to
non-transduced controls (Fig 5D). Thus, forced myogene-

sis and exogenous BMP-2 treatment acted synergistically
in fibroblasts to upregulate Ap expression.

Discussion

This study represents a controlled head-to-head compari-
son of the responsiveness of different progenitor lineages
to BMP-2. While prior studies have illustrated that BMP-2
can induce an osteogenic phenotype in myogenic cells, we
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have addressed the relative BMP-2 sensitivity of myoblasts
relative to fibroblasts and osteoprogenitors. We hypothe-
sized that myoblasts would show a strong osteogenic
response, particularly when compared to fibroblasts. Con-
sidering the pathological complications associated with
fibrosis in orthopaedic repair, the sensitivity of fibroblasts
to osteogenic stimulation is highly relevant.

Our data clearly confirms the body of literature showing
that BMP-2 treatment readily induces osteogenic differen-
tiation in myoblasts [15,16]. Consistent with prior stud-
ies, we observed an associated reduction in myogenic
markers in myoblasts undergoing osteogenesis [29]. Our
findings support our initial hypothesis that the osteogenic
potential of myoblasts when exposed to osteogenic sign-
aling is comparable to that of standard osteoprogenitors
and far exceeds that of fibroblasts. Finally, we speculated
that the sensitivity of cells to BMP-2 may reflect the
expression of BMPRs on the cell surface. Previous reports
have shown that BMPR-IA but not BMPR-1B is robustly
expressed in C2C12 myoblasts [32]. Transfection of a
dominant-negative BMPR-1A into BMP-2 treated C2C12
cells inhibited AP expression. This was partially rescued by
the transfection of wild-type BMPR-1A into C2C12 cells
over-expressing the truncated BMPR-1A mutant. In con-
trast, truncated BMPR-IB had no effect on BMP-2 signal-
ing in C2C12 cells. More recently, a siRNA knockdown of
BMPR-1A has been shown to inhibit BMP-2 mediated
osteogenic differentiation in human mesenchymal stem
cells [33].

We observed strong Bmpr-1a expression in myoblasts and
osteoprogenitors that could be enhanced by BMP-2 treat-
ment, while fibroblasts failed to express robust levels of
Bmpr-la. In addition, fibroblasts transduced with the
myogenic transcription factor MyoD upregulated their
Bmpr-1a expression. Although these data represent a
strong correlation between Bmpr-1a expression and BMP
sensitivity, the mechanism underlying the varying osteo-
genic potential of different cell lineages may be more
complex. Forced osteogenesis experiments using Runx2
expression constructs revealed that fibroblasts have a
reduced capacity for mineralization that is likely to be
independent of extracellular BMP signaling [38].

While we have observed a consistent upregulation of oste-
ogenic markers, our data does not fully resolve whether
genuine transdifferentiation has taken place. While myo-
genic cells treated with BMP-2 progressed from expressing
early differentiation markers (Ap/AP expression) to late
markers (Ocn expression, matrix mineralization), osteo-
genic stimulation was maintained during this time. When
Katagiri et al. treated C2C12 cells for 6 days with BMP-2
stimulation and then reverted to a myogenic growth
media, cells were found to revert to a myogenic profile

http://www.biomedcentral.com/1471-2474/10/51

[15]. This would suggest that bone fide transdifferentiation
did not occur, and that muscle progenitors retained a
"memory" of their original myogenic lineage. However, it
is unclear if cells are treated with BMP for longer, whether
a myogenic memory would remain. Moreover, it is possi-
ble that returning cells to a myogenic media preferentially
selected for the adherence, survival, and proliferation of
cells that had not yet committed to an osteogenic status.
Finally, the myogenic reversion of BMP-2 treated cells in
vitro poorly models the in vivo situation where a muscle
progenitor may become exposed to persistent osteogenic
signals in a bone environment.

Although our results suggest that muscle progenitors have
a high responsiveness to BMP signaling, it does not rule
out the possibility that alternative cell populations may
contribute to bone formation in muscle. This includes cir-
culating osteoprogenitors originating from the bone com-
partment, as irradiation of the bone marrow
compartment can attenuate ectopic bone formation [39].
However, irradiation of progenitors in the soft tissues was
found to be equally effective, suggesting that local progen-
itor cells are also of importance [40]. Vascular mesoan-
gioblasts and pericytes have been a focus of recent interest
due to their potential for muscle cell therapy [41]. While
mesoangioblasts are of an endothelial lineage, pericytes
have been shown to not express vascular markers [42,43].
Although pericytes have been recently shown to be a sub-
population of progenitors with significant myogenic
potential, they do not express MyoD when freshly isolated
[42]. Thus between multi-lineage progenitor cells such as
mesoangioblasts, side-population cells and muscle-
derived stem cells, pericytes, and classical satellite cells,
the milieu of progenitor cells found in muscle tissue is
complex and ever expanding. The relative capacity of
these different subpopulations of myogenic progenitors
to respond to osteogenic stimulation has yet to be
explored, however we hypothesize that assaying for BMPR
expression will be an effective predictive measure. Based
on the presence of multiple myogenic-responsive ele-
ments in the Bmpr-1a/BMPR-1A promoter sequences, we
anticipate that all of these cell types will robustly express
Bmpr-1a.

There remains a possibility that other related receptors
may also be involved. In the genetic disease FOP, the
ectopic ossification of soft tissues in patients is the result
of a dominant mutation in ACVR1/ALK2, a type 1 BMP
receptor [44]. Based on molecular modeling, it was
hypothesized that this mutation led to destabilization of
a region used for binding negative regulators of R-Smad
signaling; thus the mutant receptor may be promiscuously
activated. Nevertheless, there are no other indications that
ACVR1/ALK2 has a normal physiological role in osteo-
genesis outside of the pathology of FOP. It has also been
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recently demonstrated that BMP-6 and BMP-7 primarily
signal via the ACVR1/ALK2 receptor, while BMP-2 and
BMP-4 favor the BMPR-1A receptor [45].

Conclusion

In conclusion, this study characterizes the osteogenic dif-
ferentiation profile of committed osteoprogenitors, myo-
genic cells, and non-myogenic mesenchymal cells both
with and without BMP-2 treatment. Consistent with pre-
vious reports, myogenic cells readily establish an osteob-
lastic phenotype and we found this to be concomitant
with an upregulation of BMPR expression. Future work
will be required to explore whether endogenous myogenic
cells are capable of making an in vivo contribution to bone
formation in situations of ectopic bone formation and
bone repair.

We also observed distinct patterns of Bmpr-1a expression
in response to osteogenic stimulation, which may have
physiological significance. Bmpr-1a levels also strongly
correlated with responsiveness to BMP-2, and thus Bmpr-
1a expression may be an alternative indicator for a cell's
osteogenic potential. This could have practical applica-
tions for the bone tissue engineering field where research-
ers are looking to isolate highly osteogenic cell
populations.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

AS, RL, and DGL participated in the design of the study,
interpretation of the data and drafted the manuscript. The
experimental data was chiefly generated by RL. SGL pro-
vided the LV-eGFP and LV-MyoD viral constructs and
assisted with virus production. ML performed the bioin-
formatics analysis. All authors read and approved the final
manuscript.

Acknowledgements

We like to thank Professor Inder Verma (Salk Institute, San Diego) for pro-
viding the lentiviral constructs. This work was supported by grants from the
Australian Orthopaedic Research Foundation (AORF) and from the
National Health & Medical Research Council (NH&MRC, grant #457245).
Samantha L. Ginn is the recipient of a fellowship honouring the memory of
Noel Dowling.

References

I.  Karsenty G, Ducy P, Starbuck M, Priemel M, Shen |, Geoffroy V,
Amling M: Cbfal as a regulator of osteoblast differentiation
and function. Bone 1999, 25:107-8.

2. Canalis E, Economides AN, Gazzerro E: Bone morphogenetic
proteins, their antagonists, and the skeleton. Endocrine Reviews
2003, 24:218-35.

3. Kawabata M, Imamura T, Miyazono K: Signal transduction by
bone morphogenetic proteins. Cytokine & Growth Factor Reviews
1998, 9:49-61.

20.

21.

22.

http://www.biomedcentral.com/1471-2474/10/51

Miyazono K, Maeda S, Imamura T: BMP receptor signaling: tran-
scriptional targets, regulation of signals, and signaling cross-
talk. Cytokine & Growth Factor Reviews 2005, 16:251-63.

Koenig BB, Cook ]S, Wolsing DH, Ting J, Tiesman JP, Correa PE,
Olson CA, Pecquet AL, Ventura F, Grant RA: Characterization
and cloning of a receptor for BMP-2 and BMP-4 from NIH
3T3 cells. Mol Cell Biol 1994, 14:5961-74.

ten Dijke P, Yamashita H, Sampath TK, Reddi AH, Estevez M, Riddle
DL, Ichijo H, Heldin CH, Miyazono K: Identification of type I
receptors for osteogenic protein-1 and bone morphogenetic
protein-4. Journal of Biological Chemistry 1994, 269:16985-8.
Gerstenfeld LC, Cullinane DM, Barnes GL, Graves DT, Einhorn TA:
Fracture healing as a post-natal developmental process:
molecular, spatial, and temporal aspects of its regulation.
Journal of Cellular Biochemistry 2003, 88:873-84.

Kugimiya F, Kawaguchi H, Kamekura S, Chikuda H, Ohba S, Yano F,
Ogata N, Katagiri T, Harada Y, Azuma Y, Nakamura K, Chung Ul:
Involvement of endogenous bone morphogenetic protein
(BMP) 2 and BMPé in bone formation. Journal of Biological Chem-
istry 2005, 280:35705-12.

Miura Y, Miura M, Gronthos S, Allen MR, Cao C, Uveges TE, Bi Y,
Ehirchiou D, Kortesidis A, Shi S, Zhang L: Defective osteogenesis
of the stromal stem cells predisposes CDI18-null mice to
osteoporosis. Proceedings of the National Academy of Sciences of the
United States of America 2005, 102:14022-7.

Friedenstein AJ, Piatetzky-Shapiro Il, Petrakova KV: Osteogenesis in
transplants of bone marrow cells. Journal of Embryology & Exper-
imental Morphology 1966, 16:381-90.

Eghbali-Fatourechi GZ, Lamsam J, Fraser D, Nagel D, Riggs BL, Khosla
S: Circulating osteoblast-lineage cells in humans. New England
Journal of Medicine 2005, 352:1959-66.

Otsuru S, Tamai K, Yamazaki T, Yoshikawa H, Kaneda Y: Bone mar-
row-derived osteoblast progenitor cells in circulating blood
contribute to ectopic bone formation in mice. Biochemical &
Biophysical Research Communications 2007, 354:453-8.

Schindeler A, Liu R, Little DG: The contribution of different cell
lineages to bone repair: Exploring a role for muscle stem
cells. Differentiation 2009, 77:12-8.

Rasko JE: Transdifferentiation: an attractive concept in search
of evidence. Pathology 2003, 35:5.

Katagiri T, Yamaguchi A, Komaki M, Abe E, Takahashi N, lkeda T,
Rosen V, Wozney M, Fujisawa-Sehara A, Suda T: Bone morphoge-
netic protein-2 converts the differentiation pathway of
C2C12 myoblasts into the osteoblast lineage. Journal of Cell
Biology 1994, 127:1755-66.

Yeh LC, Tsai AD, Lee JC: Osteogenic protein-1 (OP-1, BMP-7)
induces osteoblastic cell differentiation of the pluripotent
mesenchymal cell line C2CI12. Journal of Cellular Biochemistry
2002, 87:292-304.

Bossche L Vanden, Vanderstraeten G: Heterotopic ossification: a
review. Journal of Rehabilitation Medicine 2005, 37:129-36.

Wright V, Peng H, Usas A, Young B, Gearhart B, Cummins J, Huard J:
BMP4-expressing muscle-derived stem cells differentiate
into osteogenic lineage and improve bone healing in immu-
nocompetent mice. Molecular Therapy: the Journal of the American
Society of Gene Therapy 2002, 6:169-78.

Yu PB, Deng DY, Lai CS, Hong CC, Cuny GD, Bouxsein ML, Hong
DW, McManus PM, Katagiri T, Sachidanandan C, Kamiya N, Fukuda
T, Mishina Y, Peterson RT, Bloch KD: BMP type | receptor inhibi-
tion reduces heterotropic ossification. Nature Medicine 2008,
14:1363-9.

Dellavalle A, Sampaolesi M, Tonlorenzi R, Tagliafico E, Sacchetti B,
Perani L, Innocenzi A, Galvez BG, Messina G, Morosetti R, Li S, Belic-
chi M, Peretti G, Chamberlain ]S, Wright WE, Torrente Y, Ferrari S,
Bianco P, Cossu G: Pericytes of human skeletal muscle are
myogenic precursors distinct from satellite cells. Nature Cell
Biology 2007, 9:255-67.

Bosch P, Musgrave DS, Lee )Y, Cummins ], Shuler T, Ghivizzani TC,
Evans T, Robbins TD, Huard J: Osteoprogenitor cells within skel-
etal muscle. Journal of Orthopaedic Research 2000, 18:933-44.

Levy MM, Joyner CJ, Virdi AS, Reed A, Triffitt JT, Simpson AH, Ken-
wright J, Stein H, Francis M): Osteoprogenitor cells of mature
human skeletal muscle tissue: an in vitro study. Bone 2001,
29:317-22.

Page 11 of 12

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10423032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10423032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12700180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12700180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9720756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9720756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15871923
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15871923
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15871923
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8065329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8065329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8065329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8006002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8006002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8006002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12616527
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12616527
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16172402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16172402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16172402
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15888696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19281760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19281760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19281760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12701677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12701677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7798324
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7798324
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7798324
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12397611
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12397611
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12397611
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16040468
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16040468
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12161183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12161183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12161183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19029982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19029982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17293855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17293855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11192254
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11192254
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11595613
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11595613

BMC Musculoskeletal Disorders 2009, 10:51

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Jortikka L, Laitinen M, Wiklund J, Lindholm TS, Marttinen A: Use of
myoblasts in assaying the osteoinductivity of bone morpho-
genetic proteins. Life Sciences 1998, 62:2359-68.

Khouri RK, Brown DM, Koudsi B, Deune EG, Gilula LA, Cooley BC,
Reddi AH: Repair of calvarial defects with flap tissue: role of
bone morphogenetic proteins and competent responding
tissues. Plastic & Reconstructive Surgery 1996, 98:103-9.

Lee JY, Musgrave D, Pelinkovic D, Fukushima K, Cummins J, Usas A,
Robbins P, Fu FH, Huard ): Effect of bone morphogenetic pro-
tein-2-expressing muscle-derived cells on healing of critical-
sized bone defects in mice. Journal of Bone & Joint Surgery — Amer-
ican Volume 2001, 83-A:1032-9.

Lee JY, Peng H, Usas A, Musgrave D, Cummins ], Pelinkovic D,
Jankowski R, Ziran B, Robbins P, Huard J: Enhancement of bone
healing based on ex vivo gene therapy using human muscle-
derived cells expressing bone morphogenetic protein 2.
Human Gene Therapy 2002, 13:1201-11.

Musgrave DS, Bosch P, Lee ]Y, Pelinkovic D, Ghivizzani SC, Whalen |,
Niyibizi C, Huard J: Ex vivo gene therapy to produce bone using
different cell types. Clinical Orthopaedics & Related Research 2000,
378:290-305.

Musgrave DS, Pruchnic R, Wright V, Bosch P, Ghivizzani SC, Robbins
PD, Huard J: The effect of bone morphogenetic protein-2
expression on the early fate of skeletal muscle-derived cells.
Bone 2001, 28:499-506.

Yamaguchi A, Katagiri T, lkeda T: Recombinant human bone
morphogenetic protein-2 stimulates osteoblastic matura-
tion and inhibits myogenic differentiation in vitro. jJournal of
Cell Biology 1991, 113:681-7.

Komaki M, Asakura A, Rudnicki MA, Sodek |, Cheifetz S: MyoD
enhances BMP7-induced osteogenic differentiation of myo-
genic cell cultures. Journal of Cell Science 2004, 117:1457-68.
Hewitt J, Lu X, Gilbert L, Nanes MS: The muscle transcription
factor MyoD promotes osteoblast differentiation by stimula-
tion of the Osterix promoter. Endocrinology 2008, 149:3698-707.
Namiki M, Akiyama S, Katagiri T, Suzuki A, Ueno N, Yamaji N, Rosen
V, Wozney JM, Suda T: A kinase domain-truncated type | recep-
tor blocks bone morphogenetic protein-2-induced signal
transduction in C2CI12 myoblasts. Journal of Biological Chemistry
1997, 272:22046-52.

Akiyama S, Katagiri T, Namiki M, Yamaji N, Yamamoto N, Miyama K,
Shibuya H, Ueno N, Wozney JM, Suda T: Constitutively active
BMP type | receptors transduce BMP-2 signals without the
ligand in C2CI12 myoblasts. Experimental Cell Research 1997,
235:362-9.

Qu Z, Balkir L, van Deutekom ]JC, Robbins PD, Pruchnic R, Huard J:
Development of approaches to improve cell survival in
myoblast transfer therapy. Journal of Cell Biology 1998,
142:1257-67.

Kent W], Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM,
Haussler D: The human genome browser at UCSC. Genome
Research 2002, 12:996-1006.

Cartharius K, Frech K, Grote K, Klocke B, Haltmeier M, Klingenhoff
A, Frisch M, Bayerlein M, Werner T: Matlnspector and beyond:
promoter analysis based on transcription factor binding
sites. Bioinformatics 2005, 21:2933-42.

Kizana E, Ginn SL, Allen DG, Ross DL, Alexander IE: Fibroblasts can
be genetically modified to produce excitable cells capable of
electrical coupling. Circulation 2005, 111:394-8.

Byers BA, Pavlath GK, Murphy JM, Karsenty G, Garcia AJ: Cell-type-
dependent up-regulation of in vitro mineralization after
overexpression of the osteoblast-specific transcription fac-
tor Runx2/Cbfal. Journal of Bone & Mineral Research 2002,
17:1931-44.

Pakos EE, loannidis JP: Radiotherapy vs. nonsteroidal anti-
inflammatory drugs for the prevention of heterotopic ossifi-
cation after major hip procedures: a meta-analysis of rand-
omized trials. International Journal of Radiation Oncology, Biology,
Physics 2004, 60:888-95.

Rumi MN, Deol GS, Singapuri KP, Pellegrini VD Jr: The origin of
osteoprogenitor cells responsible for heterotopic ossifica-
tion following hip surgery: an animal model in the rabbit.
Journal of Orthopaedic Research 2005, 23:34-40.

Peault B, Rudnicki M, Torrente Y, Cossu G, Tremblay JP, Partridge T,
Gussoni E, Kunkel LM, Huard J: Stem and progenitor cells in
skeletal muscle development, maintenance, and therapy.

42.

43.

44.

45.

http://www.biomedcentral.com/1471-2474/10/51

Molecular Therapy: the Journal of the American Society of Gene Therapy
2007, 15:867-77.

Dellavalle A, Sampaolesi M, Tonlorenzi R, Tagliafico E, Sacchetti B,
Perani L, Innocenzi A, Galvez BG, Messina G, Morosetti R, Li S, Belic-
chi M, Peretti G, Chamberlain JS, Wright WE, Torrente Y, Ferrari S,
Bianco P, Cossu G: Pericytes of human skeletal muscle are
myogenic precursors distinct from satellite cells. Nature Cell
Biology 2007, 9:255-67.

Cossu G, Bianco P: Mesoangioblasts—vascular progenitors for
extravascular mesodermal tissues. Current Opinion in Genetics &
Development 2003, 13:537-42.

Shore EM, Xu M, Feldman GJ, Fenstermacher DA, Cho TJ, Choi IH,
Connor JM, Delai P, Glaser DL, LeMerrer M, Morhart R, Rogers ]G,
Smith R, Triffitt JT, Urtizberea JA, Zasloff MA, Brown MA, Kaplan FS:
A recurrent mutation in the BMP type | receptor ACVRI
causes inherited and sporadic fibrodysplasia ossificans pro-
gressiva. Nature Genetics 2006, 38:525-7.

Lavery K, Swain P, Falb D, Alaoui-Ismaili MH: BMP-2/4 and BMP-6/
7 differentially utilize cell surface receptors to induce oste-
oblastic differentiation of human bone marrow-derived mes-
enchymal stem cells. Journal of Biological Chemistry 2008,
283:20948-58.

Pre-publication history
The pre-publication history for this paper can be accessed
here:

http://www.biomedcentral.com/1471-2474/10/51/pre

pub

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for

disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 12 of 12

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9651102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9651102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9651102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12133273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12133273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11344049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11344049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1849907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1849907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1849907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15020674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15020674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15020674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18372333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18372333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18372333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9268344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9268344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9268344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9299160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9299160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9299160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9732286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9732286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9732286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12045153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15860560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15860560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15860560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15687125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15687125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15687125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15465207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15465207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15465207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15607872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15607872
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17387336
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17387336
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17293855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17293855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14550421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14550421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16642017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16642017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16642017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18436533
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18436533
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18436533
http://www.biomedcentral.com/1471-2474/10/51/prepub
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Cell culture
	Inducing osteogenic differentiation
	Cell viability and alkaline phosphatase (AP) activity assay
	Histochemical staining
	RNA extraction, cDNA preparation, and real-time quantitative PCR (qPCR)
	BMPR promoter analysis
	Forced myogenesis in NIH/3T3 fibroblasts
	Statistical analysis

	Results
	BMP-2 stimulates osteogenesis in myoblastic but not fibroblastic cell lines
	BMP-2 stimulates osteogenesis in primary cells from muscle tissue but not muscle fascia
	Bioinformatics analysis of the BMPR promoter regions
	Osteogenic sensitivity correlates with Bmpr-1a expression
	Forced expression of MyoD in fibroblasts enhances Bmpr- 1a expression

	Discussion
	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	References
	Pre-publication history

