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Abstract Bone formation is presumably a complex and well-orchestrated process of osteoblast lineage-specific
differentiation. As members of the TGFb superfamily, bone morphogenetic proteins (BMPs) play an important role in
regulating osteoblast differentiation and subsequent bone formation. Several BMPs are able to induce de novo bone
formation. Although significant progress has recently been made about the transcriptional control of osteoblast
differentiation, detailed molecular events underlying the osteogenic process remain to be elucidated. In order to identify
potentially important signaling mediators activated by osteogenic BMPs but not by non-osteogenic BMPs, we sought
to determine the transcriptional differences between three osteogenic BMPs (i.e., BMP-2, BMP-6, and BMP-9) and
two inhibitory/non-osteogenic BMPs (i.e., BMP-3 and BMP-12). Through the microarray analysis of approximately
12,000 genes in pre-osteoblast progenitor cells, we found that expression level of 203 genes (105 up-regulated and 98
down-regulated) was altered>2-fold upon osteogenic BMP stimulation. Gene ontology analysis revealed that osteogenic
BMPs, but not inhibitory/non-osteogenic BMPs, activate genes involved in the proliferation of pre-osteoblast progenitor
cells towards osteoblastic differentiation, and simultaneously inhibit myoblast-specific gene expression. BMP-regulated
expression of the selected target genes was confirmed by RT-PCR, as well as by the CodeLink Bioarray analysis. Our
findings are consistent with the notion that osteogenesis and myogenesis are two divergent processes. Further functional
characterization of these downstream target genes should provide important insights into the molecular mechanisms
behind BMP-mediated bone formation. J. Cell. Biochem. 90: 1149–1165, 2003. � 2003 Wiley-Liss, Inc.
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Bone is a highly mineralized tissue and un-
dergoes continuous remodeling throughout life
[Reddi, 1998; Olsen et al., 2000]. Although its
exact mechanisms remain to be defined, bone
formation is presumably a complex and well-
orchestrated process of osteoblast lineage-
specific differentiation [Aubin, 1998]. Derived

from mesenchymal stem cells, which also serve
as progenitor cells formyocytes, adipocytes, and
chondrocytes, osteoblasts are specialized cells
capable of producing an authentic bone matrix.
During osteogenesis, pluripotent stem cells
undergo successive stages of differentiation
with a decreasing proliferation potential, giving
rise to committed pre-osteoblasts. Subsequent-
ly, pre-osteoblasts differentiate into mature
osteoblasts that deposit the necessary compo-
nents to form bone matrix, followed by miner-
alization [Aubin, 1998]. Although significant
progress has been made about the transcrip-
tional control of osteoblast differentiation [Lian
et al., 1998; Aubin, 2001], detailed molecular
events underlying the osteogenic process re-
main to be elucidated.

Bone morphogenetic proteins (BMPs) play
an important role in regulating osteoblast
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differentiation and subsequent bone formation
[Urist et al., 1987; Wozney et al., 1988]. The
identification of BMPs has generated great
interest due to their potential use in bone
regeneration [Reddi, 1998; Sun et al., 2003]. A
plethora of studies demonstrated the ability
of several BMPs, notably BMP-2 and BMP-7
(a.k.a.,OP-1), inpromoting osteogenesis [Reddi,
1998; Baltzer et al., 2000; Sun et al., 2003]. We
have recently conducted a comprehensive com-
parative analysis of the relative osteogenic
activity of the 14 types of human BMPs. Our
findings demonstrate that, in addition toBMP-2
(BMP-7 to a lesser extent), BMP-6 and BMP-9
are the most potent osteogenic BMPs of 14
BMPs [Cheng et al., 2003], strongly suggesting
that these BMPsmay transduce a distinct set of
signaling during osteogenesis.

BMPs belong to the TGFb superfamily and
play an important role in development and bone
formation [Hogan, 1996; Urist, 1997; Zou et al.,
1997]. This family also includes TGF-bs, acti-
vins and mullerian-inhibiting substance [Mas-
sague, 1998]. At least 15 types of BMPs have
been identified in humans [Hogan, 1996; Reddi,
1997; Hoffmann and Gross, 2001]. Genetic dis-
ruptions of BMPs have resulted in various
skeletal and extraskeletal abnormalities during
development [Zhao, 2003]. Interestingly, only
BMP-3 deletion leads to a relatively skeleton-
specific phenotype of increased bone density
[Daluiski et al., 2001]. BMPs fulfill their signal-
ing activity by interacting with the hetero-
dimeric complex of two transmembrane serine/
threonine kinase receptors, BMPR type I and
BMPR type II [Massague, 1998]. The activated
receptor kinases phosphorylate the transcrip-
tion factors Smads 1, 5, and/or 8. The phos-
phorylated Smads then form a heterodimeric
complex with Smad 4 in the nucleus and acti-
vate the expression of target genes in concert
with other co-activators [Heldin et al., 1997;
Massague, 1998; Itoh et al., 2000;Wrana, 2000].

Recently several expression profiling studies
have been performed on different stages of
osteoblast maturation [Beck et al., 2001; Garcia
et al., 2002; Raouf and Seth, 2002; Vaes et al.,
2002; Roman-Roman et al., 2003] and BMP-2-
treated mesenchymal derived cells [Harris and
Harris, 2001; Locklin et al., 2001; Balint et al.,
2003; Kang et al., 2003]. However, much
remains to be learned about how BMPs trans-
duce their osteogenic signaling. For example,
although most, if not all, BMPs presumably

function through the Smad signaling network,
it is unclearwhy andhow only a fewBMPs exert
potent osteogenic activity [Cheng et al., 2003].
In this study, we sought to determine po-
tentially important downstream mediators of
BMP-mediated bone formation by comparing
the gene expression profiles induced by osteo-
genic BMPs (i.e., BMP-2, BMP-6, and BMP-9)
but not by non-osteogenic BMP controls (i.e.,
BMP-3, BMP-12, and GFP). Using microarray
approach, we analyzed the BMP-regulated ex-
pression of �12,000 genes in the pre-osteoblast
progenitor C2C12 cells. Significance analysis of
microarrays (SAM) revealed that 203genes, 105
up-regulated and 98 down-regulated genes,
exhibited >2-fold changes in expression upon
osteogenic BMP stimulation. Gene ontology/
pathway analysis suggests that osteogenic
BMPs (i.e., BMP-2, BMP-6, and BMP-9),
but not negative/non-osteogenic BMPs (i.e.,
BMP-3 and BMP-12), promote osteoblastic
differentiation, and simultaneously inhibit
myoblast-specific gene expression. BMP-regu-
lated expression of the selected target geneswas
verified by RT-PCR and an independent Code-
Link microarray platform. These findings are
consistent with the notion that osteoblastic
differentiation and myogenesis are two diver-
gent processes [Murray et al., 1993; Katagiri
et al., 1994]. Further functional characteriza-
tion of these downstream targets should provide
important insights into the molecular mechan-
isms behind BMP-mediated bone formation.

MATERIALS AND METHODS

Cell Culture and Chemicals

Human embryonic kidney HEK 293 cell line
and mouse pluripotent mesenchymal precursor
line C2C12 were obtained from the American
Type Culture Collection (ATCC, Manassas,
VA).HEK293andC2C12 cellsweremaintained
in complete DMEM supplemented with 10%
fetal calf serum (FCS, Mediatech, Herndon,
VA), 100 U of penicillin, and 100 mg of strepto-
mycin at 378C in 5% CO2. Unless indicated
otherwise, all chemicals were purchased from
Sigma-Aldrich (St. Louis, MO) or Fisher Scien-
tific (Pittsburgh, PA).

Construction of Recombinant Adenoviral
Vectors Expressing BMPs

The cDNAclones forhumanBMP-2, -3 (a.k.a.,
osteogenin), -6, -9 (a.k.a., GDF-2), and -12
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(a.k.a., GDF-7 or CDMP-3) were kindly pro-
vided by the Genetics Institute (Cambridge,
MA). The coding regions of above BMPs were
subcloned into pAdTrack-CMV, resulting in
pAdTrack-BMPs, and recombinant adeno-
viruses expressing BMPs (i.e., AdBMPs) were
subsequently generated as previously described
[He et al., 1998b]. For a control, we used an
analogousadenovirus only expressingGFP (i.e.,
AdGFP) as previously described [He et al.,
1998a]. Details on vector constructions are
available upon request.

Orthotopic Bone Formation
in Athymic Nude Mice

The use of animals was approved by the
Institutional Animal Care and Use Committee.
Young athymic nude mice (male, 5–6 months,
Frederick Cancer Research Center) were used
in this study. Each experimental group had four
animals. For the injection with adenovirus-
transduced C2C12 cells, subconfluent C2C12
cells were infected with AdBMPs or AdGFP at
pre-optimized titers (MOIs �50–100). At 15 h
after infection, cells were collected and resus-
pended in PBS at an approximate density of
1� 108 cells/ml. Fifty microliters of the cell sus-
pension (approx. 5� 106 cell) were used for the
intramuscular injection of right quadriceps.
Injected animals resumed activities immedi-
ately without any restrains on food and drinks.
At 3 and 5 weeks after injections, animals were
sacrificed and subjected to X-ray radiography.
The injected sites were harvested for histo-
logical evaluation. Representative results from
three independent batches of experiments are
shown.

Histochemical Staining of Alkaline
Phosphatase Activity

Exponentially growing C2C12 cells were
seeded in 48-well cell culture plates, and in-
fectedwithAdBMPs andAdGFP. The induction
of alkaline phosphatase expression was detect-
ed at 4 days after infection using histochemical
staining assays. Briefly, infected cells were
fixed with 0.05% (v/v) glutaraldehyde (Sigma-
Aldrich) at room temperature for 10 min. After
being washed with PBS, cells were stained by
using a mixture of 0.1 mg/ml naphthol AS-MX
phosphate and 0.6 mg/ml Fast Blue BB salt
(Sigma-Aldrich). Histochemical staining was
recorded using bright field microscopy.

Isolation of Total RNA

Subconfluent C2C12 cells were seeded in
25 cm2 cell culture flasks for 12 h in complete
DMEM medium supplemented with 0.5% FCS,
and infected with an optimal and compatible
titer of AdBMP-2, AdBMP-3, AdBMP-6,
AdBMP-9, AdBMP-12, or AdGFP. At 30 h after
infection, total RNA was isolated using
RNAgent Total RNA Isolation kit (Promega,
Madison, WI) according to the manufacturer’s
instructions.

Microarray Hybridizations
and Initial Data Processing

Total RNA from each sample was used for
microarray hybridizations after the purity and
integrity of RNA was affirmed using an Agilent
2100 Bioanalyzer and a GeneSpec III. Fully
characterized RNA samples were used for tar-
get preparation and then subjected to hybridi-
zations to Affymetrix mouse genechip U74Av2
(containing �12,000 known genes and ESTs).
The target preparation protocol followed the
Affymetrix GeneChip Expression Analysis
Manual (Santa Clara, CA) withminor modifica-
tions, and was conducted at the Functional
Genomics Facility of The University of Chicago.
The target preparation and hybridizations to
CodeLink Uniset mouse I Bioarray (Amersham
Biosciences, Piscataway, NJ) were also carried
out at the Functional Genomics Facility of The
University of Chicago by following the manu-
facturer’s manual. The acquisition and initial
quantification of array images were performed
using the Affymetrix Microarray Suite Version
5.0 (MAS 5.0) with the default analytic param-
eters (Alpha 1, 0.04; Alpha 2, 0.06; Tau, 0.015;
Global scaling target signal, 500). The quality of
hybridizations was initially evaluated by exam-
ining the MAS 5.0 Report file for housekeeping
genehybridization, Spike control hybridization,
percentage of genes called present, 50 to 30 ratio,
signal to background ratio and scale factor ratio,
and then by using DNA-Chip Analyzer (dCHIP)
analysis for regional image contamination and/
or sample contamination.

The acquired microarray raw data were fur-
ther filtered and normalized to remove noise
while retaining true biological information by
using a two-step filtration strategy. The first
step was to filter genes with signal intensity in
all samples �100 intensity units. The rationale
for choosing 100 as the first-step cutoff intensity
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was based on our observation that the final con-
centration of spike control BioB in the hybridi-
zation mix was 1.5 pM, which was equivalent
to 1–3 RNA molecules per cell, but the signal
intensity of BioB was normally above 100 when
the global scaling target signal was set as 500
(Affymetrix Microarray Suit default setting).
Furthermore, over 99% of the genes with signal
intensity �100 were called absent by MAS 5.0.
The second step filtration was to remove the
genes that receive an ‘‘absent’’ call for all chips.
Data filtration ensured that only genes that
were considered as significantly present at least
in one of the samples were used for further
analysis. All data were scaled to a target signal
of 500 and therefore, they were comparable
among samples. In addition, we adopted an
alternative normalization strategy, i.e., nor-
malize the data to medium per chip and per
gene before high-level data analysis.

SAM

SAM was initially developed by Tusher et al.
[2001]. For each gene (i) in the array, SAM
computes the T-statistics (di), a score derived
from the changes of gene expression in relation
to the SD of repeated measurements for that
gene. A SAM threshold tuning parameter of D
was set on the basis of di to identify potentially
significant changes in gene expression, which
can be adjusted on the basis of an associated
false discovery rate (FDR) value. In our studies,
each sample was normalized to medium signal
intensity before SAManalysis. The SAMMicro-
soft Excel add-in was used to generate a signi-
ficant gene list at a delta value of 1.2with a FDR
of <2.

Hierarchical Clustering Analysis

Hierarchical clustering is a technique to build
clusters of genes with similar patterns of ex-
pression. This is done by iteratively grouping
together genes that are highly correlated in
terms of their expression measurements, then
continuing the process with the groups them-
selves. We performed amodel-based expression
analysis using dCHIP with the *.CEL files
obtained from MAS 5.0 [Li and Wong, 2001].
The model-based approach allowed probe-level
analysis and facilitated automatic probe selec-
tion in the analysis stage to reduce errors
caused by outliers, cross-hybridizing probes,
and image contamination. In this experiment,

we selected 200 most differentially expressed
genes using dCHIP’s filter function and then
performed cluster analysis with this group of
genes.

Gene Ontology/Pathway Analysis

This was conducted using GenMAPP/MAPP-
Finder (http://www.genmapp.org), publicly
available software designed to visualize gene
expressiondata onmaps representingbiological
pathways and functionally related groups of
genes. The GenMAPP 1.0 database included
51 mouse GenMAPPs and 958 mouse Gene
OntologyMAPPs, which facilitated the analysis
of the large amounts of data produced in our
microarray experiments and allowed visualiz-
ing gene expression data in a biological context
with the graphical and more intuitive format of
MAPPs. In this analysis, 1.5-fold up- or down-
regulationwas defined as change. Percentage of
change on each ontology term was calculated
using MAPPFinder.

Reverse Transcriptase (RT)-PCR

Ten micrograms of total RNA were used to
generate cDNA templates for RT-PCR. The first
strand cDNA synthesis was performed using a
hexamer (Promega carlsbad) and Superscript II
RT (Invitrogen, Carlsbad, CA). The first strand
cDNA products were further diluted 20- to 50-
fold and used as PCR templates. Expression
level was determined by touchdown PCR anal-
ysis using respective pairs of oligonucleotides
to amplify the 30-end of the selected genes.
A complete list of PCR primers used in this
study is posted at www. boneandcancer.org/
c2c12arrays.htm. Touchdown PCR was per-
formed by using the following program: 948C�
2 min for 1 cycle, 12 cycles at 928C� 20 s,
688C� 30 s, and 708C� 45 s with a decrease
of one degree per cycle, and 35 cycles at 928C�
20 s, 558C� 30 s, and 708C� 45 s. The amplified
products were resolved on 1% agarose gels, and
visualized under ultraviolet light after ethi-
dium bromide staining.

RESULTS

Distinct Osteogenic Signaling
Activity Mediated by BMPs

Although several BMPs, notably BMP-2 and
BMP-7, have been extensively investigated for
their osteogenic activity, our recent studies
demonstrate that BMP-6 and BMP-9 exert
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equally, if not more, potent osteogenic activity
(than that of BMP-2) [Cheng et al., 2003]. As
illustrated in Figure 1, three osteogenic BMPs,
i.e., BMP-2, BMP-6, and BMP-9, were shown
to induce a significant increase in alkaline
phosphatase activity, a well-established early
osteogenic marker, at 4 days after adenoviral
vector-mediated expression of these BMPs in
C2C12 cells, while the GFP mock and BMP-3
infection did not induced any detectable alka-
line phosphatase activity (Fig. 1A). As a very
weak or non-osteogenic factor, BMP-12 expres-
sion led to marginal or sparsely positive stain-
ing of alkaline phosphatase activity (Fig. 1A).
Accordingly, the ability of the above-mention-

ed five BMPs to induce alkaline phosphatase
activity in vitro is correlated well with their in
vivo osteoinductive capability. When AdBMP-
transduced C2C12 cells were injected into the
quadriceps of athymic mice, orthotopic ossi-
fication was radiographically evident in the
animals injectedwithAdBMP-2,AdBMP-6, and
AdBMP-9-transduced cells at 3 weeks post
injection (Fig. 1B). However, no radiographic
evidence of bone formation was observed in
BMP-3, BMP-12, and the GFP control groups.
Histological examination confirmed the above
findings fromX-ray radiography. BMP-2, BMP-
6, and BMP-9 demonstrated varying degrees of
ossification, and had multiple foci of immature
woven trabecular bone (Fig. 1C). Conversely,
the injection sites recovered fromBMP-3, BMP-
12, and the GFP control animals exhibited no
evidence of osteogenesis and only contained
highly proliferative C2C12 cell masses. These
findings were reproducible in three batches of
experiments, and an increased maturation
with more mature osteoid matrix and trabecu-
lar bone-like structures were observed in
BMP-2, BMP-6, and BMP-9-treated animals at
5weeks after injections (data not shown). These
in vitro and in vivo results further confirm
the osteogenic ability of BMP-2, BMP-6, and
BMP-9.

Microarray Expression Profiling of Osteogenic
BMPs Versus Non-Osteogenic BMPs

In order to gain insights into the molecular
basis of BMP-mediated osteogenesis, we carried
out an expression profile analysis of genes
whose expression was affected by osteogenic
BMPs. For the past few years, microarray tech-
nology has emerged as an efficient and robust
method to analyze differential gene expression

[Butte, 2002]. We were particularly interested
in elucidating the early signaling events upon
BMP stimulation. Briefly, exponentially grow-
ing C2C12 cells were infected with three
osteogenic BMP viruses (AdBMP-2, AdBMP-6,
and AdBMP-9), along with AdGFP (mock infec-
tion), AdBMP-3 (a negative BMP), and AdBMP-
12 (a low or non-osteogenic BMP). At 30 h after
infection, total RNA was isolated and subjected
to microarray hybridization analysis using the
Affymetrix’s mouse genechip U74Av2. Each
chip contained approximately 12,000 known
mouse genes and ESTs. The microarray hybri-
dization and data analyzes were performed at
TheUniversity ofChicagoFunctionalGenomics
Facility. Overall, the microarray hybridization
data were of good quality and consistent with
most of the differential expression analyzes
performed in our previous studies [He et al.,
1998a].

Hierarchical Clustering Analysis of Gene
Expression Pattern Regulated by Osteogenic

BMPs Versus Non-Osteogenic BMPs

A commonly used method to determine gene
expression pattern is to conduct gene clustering
analysis of microarray data. Hierarchical clus-
tering is a commonly used technique to build
clusters of genes with similar patterns of ex-
pression, and is particularly advantageous in
visualizing overall similarities in expression
patterns. The resultant hierarchical clustering
is usually visualized as dendrograms, which
represent all genes as leaves of a large branch-
ing tree. As shown in Figure 2, the three
osteogenic BMPs (i.e., BMP-2, BMP-6, and
BMP-9) induced a similar overall expression
pattern that was distinct from that of BMP-3,
BMP-12, and the GFP control, suggesting that
BMP-3 and BMP-12 behaved differently from
that of the three osteogenic BMPs. Among the
three osteogenic BMPs, BMP-2 induced a
more closely related expression pattern to
BMP-9 than to BMP-6. This is intriguing
because the biological functions of BMP-9 are
poorly understood. Nevertheless, there were
several subclusters that were regulated by all
three osteogenic BMPs (Fig. 2). The similarities
in gene expression pattern among the three
osteogenic BMPs may underscore a fundamen-
tal mechanism behind bone formation. Similar
clustering results were obtained when Gene-
Spring software was used for the hierarchical
clustering analysis (data not shown).
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Fig. 1.
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SAM Analysis of Gene Expression
Regulated by Osteogenic BMPs Versus

Non-Osteogenic BMPs

Results from the clustering analysis indicate
that the overall expression patterns of three
osteogenic BMPs (i.e., BMP-2, BMP-6, and
BMP-9) were similar to each other, but were
distinct from those of BMP-3, BMP-12, and the
GFP control. We next grouped the filtered
microarray data derived from three osteogenic
BMPs (as osteogenic BMP dataset) and from
BMP-3, BMP-12, and GFP (as non-osteogenic
dataset), and conducted the SAM to identify
differentially expressed genes [Tusher et al.,
2001]. A significant gene list was generated by
cutting off the ranked list at a given threshold
of D (approx. 1.2, and FDR value<2%) when we
analyzed the datasets for osteogenic BMPs (i.e.,
BMP-2, BMP-6, and BMP-9) versus non-osteo-
genic BMPs (i.e., GFP, BMP-3, and BMP-12)
(Fig. 3). Under this analysis condition, there
were 203 genes whose expression changed by at
least 2-fold, 105 up-regulated and 98 down-
regulated by osteogenic BMPs (Table I). A
complete list of significant genes (>2-fold) from
the SAM analysis is available at www.boneand-
cancer.org/c2c12arrays.htm.

Downstream Mediators
of Osteogenic BMP Signaling

The acquired microarray data provided im-
portant insights into the early signaling events
of osteogenesis. Several known TGFb/BMP
target genes were induced upon BMP stimula-
tion. For instance, the two inhibitory Smads,
Smad 6 and Smad 7, which are known to be
induced as a part of the negative feedback
inhibition of BMP signaling [Imamura et al.,
1997; Nakao et al., 1997; Afrakhte et al., 1998;
Takase et al., 1998], were induced by three
osteogenic BMPs (e.g., 7- to17-fold for Smad 6
and 2- to 4-fold for Smad 7, respectively).

Another known Smad target gene, junB, was
induced approximately 3-fold. Other signifi-
cantly induced known target genes included
transcription factor GIF, latent TGFb binding
protein 2 (LTBP2), plasminogen activator inhi-
bitor (PAI-1), and Cbfa1/Osf2/Runx2. Further,
two known BMP antagonists, noggin and folli-
statin, were also induced 2- to 6-fold by osteo-
genic BMPs. In general, above target genes
were induced only by osteogenic BMPs (i.e.,
BMP-2, BMP-6, and BMP-9), and BMP-2 and
BMP-9 induced a much higher expression level
of these target genes thanBMP-6. These results
suggest some of these known target genes of
TGFb/BMP signaling may play a role in reg-
ulating early steps of osteogenesis.

SAM analysis identified nearly 200 genes
whose expression was differentially regulated
by osteogenic BMPs at least 2-fold; approxi-
mately half of those were up-regulated. Among
the top 30 up-regulated genes (Table IA), sev-
eral transcription regulators were significantly
induced. These included inhibitor of DNA bind-
ing (Id)-1, Id-2, Id-3, nuclear receptor PPARg,
GIF (a.k.a., TIEG1), junB, and homeobox genes
(Dlx-3 and Prx2). Significantly up-regulated
genes also included several growth factors/
cytokines (e.g., hepatocyte growth factor, brain
derived neurotrophic factor, and connective
tissue growth factor), signaling molecules (e.g.,
Grb10, receptor type protein tyrosine phos-
phatase M, and interferon activated gene 202).
It is notably intriguing that nearly half of the
top 30 negative significant genes were ESTs
(Table IB). One of the top genes on the list was
TNF receptor associated factor 4 (TRAF4).
Other notable down-regulated targets were
transmembrane protein Wfs1, integrin a7, and
several muscular/cytoskeleton structure pro-
teins (e.g., myosin binding protein H, M-
protein, microtubule-associated protein tau,
a-actinin-3, myosin alkali light chain, and
a-actinin-2 associated LIM protein). Overall,

Fig. 1. The in vitro and in vivo osteogenic activity of the
selected bone morphogenetic proteins (BMPs). A: Induction of
alkaline phosphatase activity by BMPs in C2C12 cells. Subcon-
fluent C2C12 (B) cells were infected with AdBMPs or AdGFP. At
4 days after infection, alkaline phosphatase activity (stained as
purple blue) was determined histochemically using naphthol
AS-MX/fast blue BB mix as a substrate. Representative results
from at least three independent experiments are shown.
B: Orthotopic bone formation induced by AdBMP-transduced
C2C12 in athymic nude mice. Exponentially growing C2C12
cells were infected with AdBMPs or the control AdGFP for 15 h.

Approximately 5� 106 of the infected cells were injected into the
right quadriceps of athymic nude mice (indicated as arrows). At
3 weeks after injections, mice were sacrificed and subjected to
X-ray radiography. Each experimental group contained four mice
and representative radiographies from three batches of experi-
ments were shown. C: H&E staining and histological evaluation
of AdBMP-induced orthotopic ossification of the injection sites
at 3 weeks. B, osteoid matrix (indicated by arrows); C, injected
C2C12 cells; and M, muscle cells. Magnification, 200�. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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these up- and down-regulated target genes
may suggest a general trend in the early stage
of BMP-mediated osteogenic signaling: an
increase in osteoblast differentiation and a
decrease in myogenesis.

Gene Ontology/Pathway Analysis of Gene
Expression Regulated by Osteogenic BMPs

We next analyzed how different cellular
pathways/gene ontologies were affected by the

Fig. 2. Hierarchical clustering of BMP microarray data. Appro-
ximately 200 genes were filtered out using DNA-Chip Analyzer
(dCHIP) data filtration default settings and were used for
hierarchical clustering analysis by dCHIP. The expression level
matrix is shown in a log ratio representing normalized values
from �3 (green, below the mean) to þ3 (red, above the mean).

The mean (0 value) is represented by the black color. Two
representative sub-hierarchical clusters of down-regulated
genes (A) and up-regulated genes (B) are shown. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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three osteogenic BMPs using GenMAPP/
MAPPFinder. After filtration of the acquired
microarray data, expression of 358 genes was
shown to increase >1.5-fold in the osteogenic
BMP-treated samples, and 229 of them re-
presented distinct genes and were used to
calculate the z scores.On top of theup-regulated
gene ontology terms are growth factors, cyto-
kines, and extracellular matrix structural
components, while genes involved in chemoat-
tractants, transcriptional regulation, signal
transduction, and cell proliferation were also
up-regulated upon osteogenic BMP stimulation
(Table IIA). Conversely, 310 genes were down-
regulated by>33% (or<0.66-fold), 182 of which
represented distinct genes and were used for
the z score calculation. Not surprisingly, genes
involved in muscle development and muscle
structural components were the top list of
gene ontology terms, i.e., the expression of those
genes was inhibited upon osteogenic BMP
stimulation (Table IIB). Other notable down-
regulated pathways were cell motility, cytoske-
leton, calcium binding proteins, and two of the
integrin complex. A complete list of the gene
ontology analysis is available at www.boneand-
cancer.org/c2c12arrays.htm. Taken together,
the above findings are consistent with the
notion that osteoblastic differentiation and
myogenesis are two divergent processes
[Murray et al., 1993; Katagiri et al., 1994].
Osteogenic BMPs promote osteoblastic differ-
entiation, and simultaneously inhibitmyoblast-
specific gene expression.

Verification of Osteogenic BMP-Regulated
Expression of Target Genes

We next sought to verify the expression of
target genes upon BMP stimulation. We em-
ployed two independent methods to investigate
BMP-regulated expression of candidate target
genes from SAM analysis (Fig. 3). First ap-
proach was to conduct RT-PCR. Experimen-
tally, exponentially growing C2C12 cells were
infected with AdBMP-2, AdBMP-3, AdBMP-6,
AdBMP-9, and AdGFP. At 30 h after infection,
total RNA was isolated for RT-PCR analysis
using gene-specific primers. Representative
results from more than 15 up-regulated genes
and 10 down-regulated genes were shown in
Figure 4.All three osteogenicBMPswere shown
to induce expression of the selected target genes
(Fig. 4A), which was consistent with their in-
creased signal intensity on Affymetrix genechip
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hybridizations (Fig. 4B). Conversely, BMP-2
andBMP-9 (to a lesser extent,BMP-6)were able
to inhibit the expression of Actn3, MyBP-H,
myogenin, and integrin a7 (Fig. 4C). These
inhibitions were correlated well with the de-
creased signal intensity on microarray hybridi-
zations (Fig. 4D). It should be pointed out that
one of the 15 selected up-regulated genes
(Accession no. AF020313) and one of the 10
selected down-regulated genes (Accession no.
D86370) were not confirmed. We do not have
explanations although we could not rule out
possible artifacts during microarray hybridiza-
tions or the RT-PCR primers were not optimal.
Nevertheless, the vast majority of the selected
candidate genes from SAM analysis were read-
ily verified as targets of osteogenic BMPs.

The second approach was to conduct micro-
array analysis using the CodeLink platform.
CodeLink bioarrays represent a similar plat-
form to Affymetrix’s oligonucleotide arrays.
Unlike Affymetrix chips, CodeLink bioarrays
are arrayed with pre-synthesized oligos with
one validated probe per gene (vs. multiple

probes per gene for Affymetrix’s chip). Theo-
retically, CodeLink bioarrays should provide a
better sensitivity, especially for low abundance
transcripts. We carried out CodeLink bioarray
hybridization (mouse chips, approx. 10,000
genes per chip) in the same fashion as that for
Affymetrix chips using the same set of RNA
samples. The acquired microarray data were
filtered, normalized, and analyzed in a similar
fashion. Because the probe sets were different
in the twoplatforms,wewerenot able to embark
a direct comparison on the microarray data
between Affymetrix’s and CodeLink’s. How-
ever, for most of the candidate genes identified
by SAM analysis there was a strong correlation
on the signal intensity between these twomicro-
array platforms. Representative results of com-
paring four up-regulated target genes (Fig. 5A)
and four down-regulated genes (Fig. 5B) were
shown. Thus, these findings, along with the
RT-PCR results, demonstrate that the most, if
not all, of the target genes identified by micro-
array analysis may represent genuine down-
stream mediators of osteogenic signaling of

TABLE II. Gene Ontology/Pathway Analysis Using GenMAPP

GO name Go type
Number changed

in hierarchy
Number measured

in hierarchy
Percent changed
in hierarchy z Score

A: Partial list of the gene ontology analysis of >1.5-fold genesa

Growth factor F 16 35 45.7 8.664
Cytokine F 13 31 41.9 7.344
Extracellular matrix

structural constituent
F 11 27 40.7 6.612

Heparin binding F 8 16 50 6.494
Chemoattractant F 5 7 71.4 6.449
Regulation of transcription P 45 313 14.4 4.917
Signal transducer F 51 372 13.7 4.896
Cell proliferation P 8 29 27.6 4.145
Skeletal development P 5 15 33.3 3.824
Morphogenesis P 23 166 13.9 3.226
Cellular_component C 166 2,226 7.5 0.002
Biological_process P 188 2,324 8.1 2.354
Molecular_function F 206 2,704 7.6 0.925
Gene ontology R 229 3,071 7.5 0

B: Partial list of the gene ontology analysis of <0.66-fold genesb

Muscle contraction P 14 18 77.8 12.946
Muscle fiber C 11 14 78.6 11.536
Muscle development P 14 30 46.7 9.495
Cell motility P 15 36 41.7 9.134
Myosin C 4 6 66.7 6.306
Cytoskeleton C 24 148 16.2 5.433
Morphogenesis P 25 166 15.1 5.124
Calcium ion binding F 14 98 14.3 3.561
Signal transducer F 35 372 9.4 3.034
Integrin complex C 2 8 25 2.287
Cellular_component C 132 2,226 5.9 0.013
Biological_process P 145 2,324 6.2 1.295
Molecular_function F 156 2,704 5.8 �1.001
Gene ontology r 182 3,071 5.9 0

aThreehundredfifty eight genesmet the (fold)>1.5 criteria; 25 genes did not link to aMGI term; 104genes didnot link to aGOterm; 254
genes were used to calculate the results shown below; the z score is based on an N of 3,071 and a R of 229 distinct genes.
bThree hundred ten genes met the (fold) <0.66 criteria; 26 genes did not link to a MGI term; 102 genes did not link to a GO term; 208
genes were used to a calculate the results shown below; the z score is based on an N of 3,071 and a R of 182 distinct genes.
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BMPs although further characterization of
these target genes are warranted.

DISCUSSION

Although several BMPs, notably BMP-2 and
BMP-7, have been widely studied in various
bone formation models, our recent studies have
demonstrated that BMP-6 and BMP-9 exert
equally, if not more, potent osteogenic activity
[Cheng et al., 2003]. Genetic disruption studies
have demonstrated that BMP-3 functions as an
inhibitor of bone density [Daluiski et al., 2001].
It is assumed that BMPs bind to their receptors
and activate BMP R-Smads, which subse-

quently trigger the signaling cascades [Heldin
et al., 1997; Massague, 1998; Wrana, 2000].
However, little is known about how osteogenic
signaling is transduced through the BMP
receptor/Smad network, and what downstream
mediators are specifically regulated by osteo-
genic BMPs, and not by non-osteogenic BMPs.

In order to determine the early mediators of
osteogenic BMPs, we conducted a comparative
expression profiling analysis of three osteogenic
BMPs (i.e., BMP-2,BMP-6, andBMP-9) and two
inhibitory/non-osteogenic BMPs (i.e., BMP-3
and BMP-12)-stimulated C2C12 cells. Using
unsupervised hierarchical clustering and SAM
analysis of global gene expression, we have

Fig. 4. Osteogenic BMPs-regulated expression of target genes.
C2C12 cells were infected with AdBMPs or AdGFP. At 30 h after
infection, total RNA was isolated for reverse transcriptase (RT)-
PCR. A: Representative RT-PCR analysis of eight up-regulated
genes from SAM analysis were shown. B: Normalized signal

levels from microarray hybridizations for the same eight genes
listed in (A). C: Representative RT-PCR analysis of four down-
regulated genes from SAM analysis were shown. D: Normalized
signal levels from microarray hybridizations for the same four
genes listed in (C). See text for details.
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identified approximately 200 genes whose ex-
pression is regulated by osteogenic BMPs. Gene
ontology/pathway analysis has revealed that
these BMPs play a role in regulating genes
involved in cell growth, transcriptional control,
cell architecture, cell adhesion, and extracellu-
lar matrix formation. The most striking expres-
sion trend during the early stage of osteogenic

BMP signaling is the induction of various
growth factors and transcription factors, and
the inhibition of myogenesis.

It is notably intriguing that multiple mem-
bers of two gene families were significantly
induced by osteogenic BMPs. One group was
three of the Id helix-loop-helix proteins, Id1,
Id2, and Id3, which were significantly induced

Fig. 5. Verification of target gene expression using CodeLink
microarray analysis. The total RNA samples were prepared in the
same fashion as those used for Affymetrix microarray analysis.
Probe preparation and CodeLink genechip hybridizations were
performed according to manufacturer’s manual. Normalized
data were compared with Affymetrix’s. A: Relative expression of
four representative up-regulated genes was compared between

Affymetrix (solid bars) and CodeLink (dotted bars) microarrays.
Relative expression (ratio) was calculated using the signal levels
of GFP-treated samples as one unit. B: Relative expression of four
down-regulated genes was compared between Affymetrix (solid
bars) and CodeLink microarrays (dotted bars), using the signal
levels of GFP-treated samples as 100%.
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by BMP-2, BMP-6, and BMP-9 (up to 30-fold),
and marginally affected by BMP-12 (<3-fold),
but not altered by BMP-3 at all. Id genes have
been reported as BMP-2 targets [Ogata et al.,
1993; Katagiri et al., 1994; Hollnagel et al.,
1999; Locklin et al., 2001; Kang et al., 2003], but
their actual roles in bone formation are un-
known. Since Id proteins are key negative
regulators of bHLH transcription factors of
myogenic differentiation [Kreider et al., 1992],
they may function through inhibiting myogen-
esis and promoting proliferation of other
lineages, including osteoblast lineage [Kreider
et al., 1992; Norton, 2000]. Another group was
three members of the distal-less homeobox
proteins, Dlx-1, Dlx-2, and Dlx-3, which were
alsoup-regulatedby the three osteogenicBMPs,
but not by BMP-3 and BMP-12. Dlx genes
comprise a highly conserved family of homeobox
genes, and are involved in the development of
the forebrain, branchial arches, sensory organs,
and limbs [Merlo et al., 2000; Panganiban and
Rubenstein, 2002]. Mice lackingDlx genes have
defects in skeleton [Qiu et al., 1997]. However,
possible roles of Dlx genes in BMP-mediated
osteogenic signaling pathway remain to be
defined. Nevertheless, these findings suggest
that the above-mentioned transcriptional reg-
ulators may play a role in regulating osteoblas-
tic differentiation of mesenchymal progenitor
cells.
Our results indicate that osteogenic BMPs

significantly inhibit the expression of a group
of genes conferring muscle phenotype. These
genes include actinin a2 associated LIM pro-
tein, cadherin 15, myosin heavy chain, actinin
a3, tropomyosin 2b, myosin light chain, myo-
mesin 2, andmyosin binding protein H. Several
genes involved in regulating myogenesis, such
as myogenin and MyoD, are also inhibited by
osteogenic BMPs. These results are consistent
with the notion that osteogenesis and myo-
genesis are opposite and divergent processes
[Murray et al., 1993; Katagiri et al., 1994].
Gene expression profiling has been recently

performed on different stages of osteoblast
maturation [Beck et al., 2001; Garcia et al.,
2002; Raouf and Seth, 2002; Vaes et al., 2002;
Roman-Roman et al., 2003] and BMP-2-treated
mesenchymal derived cells [Harris and Harris,
2001; Locklin et al., 2001; Balint et al., 2003;
Kang et al., 2003]. Not surprisingly, a portion of
the downstream targets of osteoblast differen-
tiation from these reports overlaps with some

of those identified in this study. However, by
comparing expression profiles between osteo-
genic BMPs (i.e., BMP-2, BMP-6, and BMP-9)
versus inhibitory/non-osteogenic BMPs (i.e.,
BMP-3 and BMP-12), we may identify targets
that are more specifically regulated by osteo-
genic BMPs.Moreover, our studies will allow us
to conduct further analyzes of the signaling
differences between osteogenic BMPs (e.g.,
BMP-2 vs. BMP-9 or BMP-2 vs. BMP-6), or
osteogenic BMPs and BMP-3 (e.g., BMP-2 vs.
BMP-3 or BMP-9 vs. BMP-3). These cross-
section analyzes may illuminate a common
osteogenic signaling pathway, while revealing
the functional distinctions among different
BMPs. Future studies should be devoted to
functional characterization of the identified
signaling mediators of osteogenic BMPs. Ulti-
mately this line of investigation could provide
important insights into the molecular basis of
BMP-mediated bone formation.
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