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BMP Treatment of C3H10T1/2 Mesenchymal Stem Cells
Induces Both Chondrogenesis and Osteogenesis
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Abstract The molecular mechanisms by which bone morphogenetic proteins (BMPs) promote skeletal cell
differentiation were investigated in the murine mesenchymal stem cell line C3H10T1/2. Both BMP-7 and BMP-2 induced
C3H10T1/2 cells to undergo a sequential pattern of chondrogenic followed by osteogenic differentiation that was
dependent on both the concentration and the continuous presence of BMP in the growth media. Differentiation was
determined by the expression of chondrogenesis and osteogenesis associated matrix genes. Subsequent experiments using
BMP-7 demonstrated that withdrawal of BMP from the growth media led to a complete loss of skeletal cell differentiation
accompanied by adipogenic differentiation of these cells. Continuous treatment with BMP-7 increased the expression of
Sox9, Msx 2, and c-fos during the periods of chondrogenic differentiation after which point their expression decreased. In
contrast, Dlx 5 expression was induced by BMP-7 treatment and remained elevated throughout the time-course of skeletal
cell differentiation. Runx2/Cbfa1 was not detected by ribonuclease protection assay (RPA) and did not appear to be
induced by BMP-7. The sequential nature of differentiation of chondrocytic and osteoblastic cells and the necessity for
continuous BMP treatment to maintain skeletal cell differentiation suggests that the maintenance of selective differ-
entiation of the two skeletal cell lineages might be dependent on BMP-7-regulated expression of other morphogenetic
factors. An examination of the expression of Wnt, transforming growth factor-b (TGF-b), and the hedgehog family of
morphogens showed that Wnt 5b, Wnt 11, BMP-4, growth and differentiation factor-1 (GDF-1), Sonic hedgehog (Shh),
and Indian hedgehog (Ihh) were endogenously expressed by C3H10T1/2 cells. Wnt 11, BMP-4, and GDF-1 expression
were inhibited by BMP-7 treatment in a dose-dependent manner while Wnt 5b and Shh were selectively induced by BMP-
7 during the period of chondrogenic differentiation. Ihh expression also showed induction by BMP-7 treatment, however,
the period of maximal expression was during the later time-points, corresponding to osteogenic differentiation. An
interesting phenomenon was that BMP-7 activity could be further enhanced twofold by growing the cells in a more
nutrient-rich media. In summary, the murine mesenchymal stem cell line C3H10T1/2 was induced to follow an
endochondral sequence of chondrogenic and osteogenic differentiation dependent on both dose and continual presence
of BMP-7 and enhanced by a nutrient-rich media. Our preliminary results suggest that the induction of osteogenesis is
dependent on the secondary regulation of factors that control osteogenesis through an autocrine mechanism. J. Cell.
Biochem. 90: 1112–1127, 2003. � 2003 Wiley-Liss, Inc.
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The skeletal system is derived from common
mesenchymal progenitors that candifferentiate
into osteoblasts, chondroblasts, myoblasts, adi-
pocytes, and a variety of fibroblast cell types.
Cells cultured from multiple species of calvaria
and bone marrow stroma have been shown to
have the potential to differentiate into various
phenotypes: bone, cartilage, muscle, and fat
[Friedenstein et al., 1987; Grigoriadis et al.,
1988; Gerstenfeld et al., 1989]. Similarly,
several mesenchymal stem cell lines have
been induced to differentiate along these
lineages followingtreatmentwithdifferentmor-
phogenetic factors or pharmacological agents
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[Yamaguchi et al., 1991; Umezawa et al., 1992;
Katagiri et al., 1994; Poliard et al., 1995;
Asahina et al., 1996; Fujii et al., 1999]. One
such mesenchymal stem cell line, C3H10T1/2,
was established from an early mouse embryo
that was cloned and selected due to its high
degree of sensitivity to post-confluence inhibi-
tion [Reznikoff et al., 1973]. C3H10T1/2 cells,
along with several myogenic and bone marrow
stromal cell lines, have been used extensively as
in vitro models to examine mesenchymal differ-
entiation into various phenotypic lineages by
different inductive mediators [Beresford et al.,
1992; Ahrens et al., 1993; Katagiri et al., 1994;
Denker et al., 1995; Atkinson et al., 1997;
Denker et al., 1999]. For example, depending
on the concentration used, 5-azacytidine stimu-
latedC3H10T1/2 to differentiate intomyotubes,
adipocytes, or chondroblasts [Taylor and Jones,
1979].Manystudieshavealso shownthatmulti-
ple isotypes of BMP, including BMP-2 and
BMP-7, induce these cells to undergo osteogenic
differentiation [Katagiri et al., 1990; Wang
et al., 1993; Puleo, 1997; Ducy et al., 1997].
Cellular differentiation along the cartilage or

bone lineages is a multistep process starting
from the undeterminedmesenchymal stem cell.
The inductive influences and mechanisms of
action involved in mesenchymal stem cell
differentiation have been examined intensely
during the past decade. An important determi-
nant of differentiation of stem cells in vivo is the
autocrine influence of the cells within a develop-
ing tissue. These neighboring cellsmay alter the
differentiation of uncommitted cells through the
production of diffusible factors. Additionally,
local regulation may result from interactions
between cells, the extracellular matrix, or con-
tact with the neighboring cells themselves
[Gerstenfeld et al., 2002]. There is also an
increasing understanding that the dif-
ferentiation of stem cells is affected by their
nutrientandoxygenenvironments[Bruderetal.,
1994; Csete et al., 2001]. Therefore, in vitro
studiesmimickingmultiple aspects of the invivo
environmentwill lead to a better understanding
of how the process of differentiation progresses.
Bone morphogenetic proteins (BMPs) have

been the subject of intensive study because of
their known biological activities in the promo-
tion of mesenchymal stem cell differentiation
into bone [Katagiri et al., 1990; Wang et al.,
1993; Puleo, 1997]. Initial studies of BMP
actions on stem cell differentiation focused on

phenotypic characteristics of skeletal cells, such
as alkaline phosphatase activity, extracellular
matrix mineralization, and the expression of
various extracellular matrix proteins such as
collagen type II or osteocalcin, the terminal
phenotypic markers of the differentiated state
of these cells [Asahina et al., 1993]. More recent
studies have focused on the signal transduction
mechanisms by which BMPs mediate their
biological activities into cells as well as the
relationship of BMPs to the induction of specific
transcription factors, such as Sox9, Runx2, Dlx
5, and c-fos, that are known to determine the
commitment of the mesenchymal cells into the
chondrogenic or osteogenic lineages [Ohta et al.,
1992; Ducy et al., 1997; Zehentner et al., 1999;
Healy et al., 1999; Miyama et al., 1999; Zeng
et al., 2002]. To date, however, the sequence of
expression of these various phenotypic proper-
ties used to define the commitment and differ-
entiation of skeletal cells after treatment with
BMP has produced varying temporal profiles
and remains incomplete.

In order to elucidate the temporal pattern of
the induction of key transcriptional events
relative to end-point expression of differen-
tiated function during the differentiation of
uncommitted cells into skeletal lineages, the
mesenchymal stem cell line C3H10T1/2 was
treated with BMP-7 or BMP-2. The mRNA
expression of specific transcription factors that
are associated with skeletal cell differentiation
and the end stage expression of genes regulated
by these factors were examined. We then
examined the time frame of BMP-7 addition in
relationship to the maintenance and continued
differentiationof thesemesenchymal stemcells.
In conjunctionwith these studies, the pattern of
BMP-7 induced expression of the four families of
known morphogenetic proteins (BMPs, GDFs,
Wnts, and hedgehog proteins) was determined
to establish how these factors are expressed in
response to BMP-7 and identify those factors
that are providing co-regulatory autocrine
signals during BMP-induced differentiation.
Finally, we examined role of the local nutrient
environment as a determinant or co-modifier of
skeletogenic differentiation.

MATERIALS AND METHODS

Cell Cultures

C3H10T1/2 mesenchymal stem cells were
obtained from the American Type Culture
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Collection (Rockville, MD). C3H10T1/2 cells
were plated at 2� 105 per 100 mm diameter
culture dish, maintained in DMEM supple-
mented with 10% FBS, 100 U/ml penicillin G,
and 100 mg/ml streptomycin (Gibco-BRL,
Gaithersburg, MD), and grown at 378C in a
5% CO2 humidified incubator. After 48 h, de-
signated ‘‘day 0,’’ the cells were treated with
BMP-7 or BMP-2 (generously provided by
Stryker Biotech, Hopkinton, MA through a
Materials Transfer Agreement). BMP-7 was
added at 0, 80, or 250 ng/ml, or BMP-2 was
added at 200 ng/ml, and cells were fed every
3 days with fresh media with or without BMP-7
or BMP-2. Total RNAwas collected at days 0, 1,
2, 4, 8, 12, and 16 after the addition of BMP. For
the withdrawal study, BMP-7 was added at
250ng/ml for either thefirst 4 or 8 days and then
fed every 3 days with DMEM plus supplements
without BMP. RNA was collected at days 4, 8,
12, and 16. In studies of the effect of the nutrient
environment, cells were maintained in either
DMEMplus supplements as abovewith orwith-
out 50 mg/ml ascorbic acid or in the nutrient-rich
growth media BGJb (Fitton-Jackson Modifica-
tion) supplemented with 10% FBS, 100 U/ml
penicillin G, 100 mg/ml streptomycin, 10 mM b-
glycerophosphate, and 12.5 mg/ml ascorbic acid.
RNA from days 4, 8, and 12 were collected and
compared.

Alkaline Phosphatase, Growth,
and Mineral Accumulation

C3H10T1/2 cells were plated into 12-well
tissue culture dishes at a density of 104/well
and grown as above. Alkaline phosphatase
(APase) activity and cell number were deter-
mined sequentially from individual wells.
APase activity was measured by p-nitro-phenol
phosphate conversion and relative cell number
was determined by the uptake of crystal violet
dye [Kostenuik et al., 1997]. APase activities
were normalized to the relative cell numbers.
Mineral content was then determined by stain-
ing with 1 ml 2% alizarin red dye for 10 min,
rinsing, and eluting with 0.5 N HCl/5% SDS.
The eluted stain was then measured spectro-
photometrically at 415 nm and total mineral
content was determined.

RNA Isolation From Cell Cultures

Total RNA was extracted by the acid guani-
dine thiocyanate-phenol-chloroform method
[Chomczynski and Sacchi, 1987] using 1 ml of

TRIZOL Reagent (Gibco-BRL) according to the
manufacturer’s instructions. RNA was then
quantified by spectrophotometry based on the
OD260 nm reading and sample integrity was
monitored by visualization of ribosomal RNAs
with ethidium bromide after denaturing gel
electrophoresis.

Ribonuclease Protection Assays (RPAs)

Template sets for the RPAs were purchased
from Pharmingen Corp. (San Diego, CA). Tem-
plate sets containedDNA templateswhichwere
used for the T7 RNA polymerase-directed syn-
thesis of high specific-activity, 32P-labeled, anti-
sense RNA probes that were hybridized with
target mRNAs specific for the genes included
in the template set. Commercially prepared
template sets included those for matrix pro-
teins, including collagen types I, II, and X, bone
sialoprotein, osteopontin, and osteocalcin; tran-
scription factors, including Sox9, Dlx 5, Msx 2,
c-jun, c-fos, Fra 1, Fra 2, and Runx2; BMPs 1, 2,
3, 3B, 4, 5, 6, 7, 8A, and 8B;GDFs1, 3, 5, 6, 8, and
9; and Wnts 1, 2, 3, 3a, 4, 5b, 6, 7a, 7b, 8d, 10a,
10b, 11, 13, and 15. All template sets included
the L32 probe as an internal standard. RNase
protection assays were performed using a
RiboQuantTM Ribonuclease Protection Kit
(PharMingen) following the manufacturer’s
instructions. Analysis of the protected product
was resolved on a denaturing 6% polyacryla-
mide gel according to their size [Gerstenfeld
et al., 1989]. The identity and quantity of each
mRNA species in the original RNA sample was
then determined based on the signal intensities
given by the appropriately sized, protected
probe fragment bands. RNase protected bands
were quantifiedusing an image analyzer (Alpha
Innotech Image Analysis System, Alpha Inno-
tech, SanLeandro, CA). The housekeeping gene
L32 was used for the normalization of samples
and allowed correction of technique errors.
Each RPA was performed a minimum of two
times.

Reverse Transcription-Polymerase
Chain Reaction (RT-PCR)

Aggrecan, adipsin, Indian hedgehog (Ihh),
and sonic hedgehog (Shh) expression were
assayed by RT-PCR. The primer sets used for
aggrecan were reverse 50-TGACAACTTCT-
TTGCCACCG-30 and forward 50-CTCAGCAT-
CCTGGGCACATTA-30, adipsin reverse 50-CC-
TCAGGATGTCATGTTACCA-30 and forward
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50-AATCTCAGGAGCTTCTGGGAG-30, Ihh re-
verse 50-GCCTGCAGGGAAGGTCATGT-30 and
forward 50-GTCTCTTGCTAGAAGAGAGC-30,
and Shh reverse 50-ACTGCTCGAC-CCTCA-
TAGTG-30 and forward GGCAGATATGAAGG-
GAAGAT-30. For semi-quantitative RT-PCR,
initial reverse transcriptase reactions were
carried out followed by sequence amplification
for five cycles. The resultant cDNAs were then
serially diluted three times and each of the
dilutions was PCR amplified for an additional
24 cycles. Products were resolved on a 1.4%
agarose gel stained with Gel Star (FMCBioPro-
ducts, Rockland, ME).

RESULTS

Temporal Expression Pattern of Chondrogenic
and Osteogenic Marker Genes in Response

to BMP Treatment

The expression of specific extracellular
matrix protein genes that are associated with
the differentiation of the chondrogenic and
osteogenic lineages were examined over a 16-
day time-course after the addition of 0, 80, or
250ng/mlBMP-7toC3H10T1/2cells (Fig.1A,B).
Two genes associated with the progression of
chondrogenic differentiation (collagen types II
and X) and four genes associated with osteo-
genic differentiation (collagen type I, osteo-
pontin [OPN], osteocalcin [OC], and bone
sialoprotein [BSP]) were examined. Type II
collagen was present at the onset of treatment;
however, its expression was only maintained if
the cells were treated with exogenous BMP-7.
In the high-dose BMP-7 treated cells, type II
collagen expression increased dramatically and
reached peak expression by 4 days after the
initiation of BMP-7 treatment and was main-
tained at this high level until day 8, after which
it sharply declined.The low-doseBMP-7 treated
cells maintained their type II collagen expres-
sion longer than the untreated cells but never
obtained the same maximal level of expression
seen in the 250 ng/ml dose group. Type X colla-
gen expression was also present in the BMP-7
treated groups with a similar profile of induc-
tion as that for type II collagen with maximal
levels at day 4 in both the 80 ng/ml and 250 ng/
mlBMP-7-treated cells.Once again, the highest
and more persistent levels were present in the
250 ng/ml BMP-7 dose group.
The bone-related matrix genes are also de-

picted in Figure 1. Osteocalcin expression was

only present in the BMP-7 treated groups on
and after 8 days of treatment. While the lower
dose of BMP-7 also induced osteocalcin expres-
sion at day 8, its relative expression level was
half of that seen in the high dose group. Fur-
thermore, these cells were unable to maintain
osteocalcin expression at later times in culture.
In contrast, type I collagen was expressed at
very high levels in both treated and untreated
cultures from the beginning of the experiment.
It is interesting to note that as the osteocalcin
levels increased, therewasa reciprocal decrease
in type I collagen expression in the BMP-7
treated cultures. High levels of osteopontin
expression were seen as well in untreated
C3H10T1/2 cells with a peak at day 1 for all
the culture groups. This gene, however, showed
a biphasic expression pattern of diminished to
near absent expression at day 4 in the treated
groups during the period of maximal cartilage
gene expression. A second peak of osteopontin
expression was present at later times with the
maximal levels of expression in the cultures
treated with BMP-7. Interestingly, bone sialo-
protein was not detected in any of the cultures.

A similar time-course experimentwas carried
out with 200 ng/ml BMP-2; these results are
shown in Figure 1C. BMP-2 also stimulated the
induction of both chondrogenic- and osteogenic-
associated genes although chondrogenic mar-
kers were induced later and remained elevated
throughout the period of osteocalcin expression.

Temporal Transcription Factor Expression
Patterns Following BMP-7 Treatment in Culture

In order to assess the transcriptionalmechan-
isms by which BMP-7 induced skeletal cell
differentiation, we next assessed the mRNA
expression of various transcription factors that
have been associated with skeletal cell differ-
entiation (Fig. 2A,B). Sox9, a transcription
factor associated with chondrogenesis, showed
a similar pattern of expression to that of type II
collagen. In the two BMP-7-treated groups,
Sox9 expression increased in a dose-dependent
manner with the highest levels at days 4 and 8,
coincidingwithmaximal type II collagenexpres-
sion. Dlx 5 expression was found to increase at
day4 of the culture period in thehighdoseBMP-
7 group. A lesser increase was noted also at day
4 in the lower dose group, whereas no expres-
sion was noted in the untreated cells. Msx 2
expression was found to be high initially in all
groups, with an increase in expression in the
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Fig. 1. BMP-7 induces chondrogenesis and osteogenesis in
C3H10T1/2 cells in a dose-dependent manner. C3H10T1/2 cells
were grown in DMEM with 10% FBS and treated with BMP-7 at
0, 80, or 250 ng/ml over a 16 day period. Panel A: Expression of
the cartilage-related genes, collagen types II (COL2A1) and X
(COL10A1), and the bone-related genes, osteocalcin (OC), type I
collagen (COL1A1), and osteopontin (OPN), were determined by
quantitative RPA analysis. Representative autoradiographic

images of the RPA products as resolved on a 6% sequencing
gel are shown. Panel B: Graphic representation of the relative
densities (Y-axis) from the RPAs in Panel A as compared to the
housekeeping gene, L32. (*) No BMP-7, (&) BMP-7 80 ng/ml,
(~) BMP-7 250 ng/ml. Panel C: RPA expression of cartilage- and
bone-related genes in C3H10T1/2 cells treated with 200 ng/ml
BMP-2 over a 16 day period.



high dose group at day 4, followed by a drop in
expression in all groups at the later time-points.
Numerous members of the AP 1-related tran-
scription factor family have been associated
with skeletal cell differentiation and were also

examined in this model system (Fig. 2). C-jun
showed decreased expression over time in all
groups of cultured cells; however, the presence
of BMP-7 increased the rate of decrease of this
factor’s expression. C-fos exhibited almost no

Fig. 2. Effect of BMP-7 treatment on cartilage- and bone-related
transcription factors. C3H10T1/2 cells were grown in DMEM
with 10% FBS and treated with BMP-7 at 0, 80, or 250 ng/ml over
a 16 day period. Panel A: Expression of the transcription factor
genes, Sox9, Dlx 5, Msx 2, c-jun, c-fos, and Fra 2, was determined
by quantitative RPA analysis. Representative autoradiographic
images of the RPA products as resolved on a 6% sequencing gel
are shown. Panel B: Graphic representation of the relative
densities (Y-axis) from the RPAs in Panel A as compared to the

housekeeping gene, L32. (*) No BMP-7, (&) BMP-7 80 ng/ml,
(~) BMP-7 250 ng/ml. Panel C: Comparison of transcription
factor expression of C3H10T1/2 (C3H) versus marrow stromal
cells (MSC). Cells were grown in DMEM with 10% FBS and
treated with no BMP-7 (�) or BMP-7 at 250 ng/ml (þ). Day 16
samples are shown. Transcription factor gene expression was
determined by quantitative RPA analysis. Representative auto-
radiographic images of the RPA products as resolved on a 6%
sequencing gel are shown.
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expression in the control cultures but showed a
very strong peak of expression in the BMP-7
treated groups during the period of maximal
chondrogenic expression. In contrast, Fra 2
expression was initially high in all groups of
cultured cells with a slight increase in expres-
sion over time in all groups. Fra 1 was also
expressed initially by all groups but decreased
to near absent levels by day 2, with no differ-
ences between groups (data not shown). Inter-
estingly, Runx2/Cbfa1 was not detected during
the entire culture period. By contrast, marrow
stromal cells grown under the same conditions
expressed Runx2/Cbfa1 and expressed higher
levels in the presence of BMP-7 (Fig. 2C).
Comparison of the time-course of induction of
these same transcription factors by BMP-2
showed similar results to BMP-7 except that
Sox9 showed a higher and more prolonged level
of expression throughout the time-course of
treatment (data not shown).

Continuous BMP-7 Treatment Is Needed
to Maintain Skeletal Cell Differentiation

The duration of BMP-7 exposure that was
needed to maintain differentiation was next
assessed in these cultures. Cell cultures were
either maintained continuously in the presence
of 250 ng/ml of BMP-7 or withdrawn fromBMP-
7 treatment at either day 4 or day 8 and maint-
ained in control media for the remainder of the
study. RNA was then collected at days 4, 8, 12,
and 16. With continuous BMP-7 treatment,
C3H10T1/2 displayed a pattern of extracellular
matrix gene expression similar to that seen
during the time-course studies, with chondro-
genesis alwaysprecedingosteogenesis (Fig. 3A).
High levels of types II and X collagen were ex-
pressed on days 4 and 8, with decreasing levels
thereafter, followed by increasing amounts of
osteocalcinRNAondays 8, 12, and 16.However,
when BMP-7 was removed from the culture
medium at either day 4 or day 8, the C3H10T1/2
cells were unable to maintain either the chon-
drogenic or osteoblastic phenotype. Minimal
levels of type II collagen were expressed, and
neither type X collagen nor osteocalcin expres-
sion were detected in the absence of continuous
BMP-7 treatment. Chondrogenic differentia-
tion was independently assessed by measuring
the expression levels of the large proteoglycan
aggrecan mRNA by RT-PCR (Fig. 3B). Consis-
tent with the observation of the type II collagen
mRNA levels, when BMP-7 was withdrawn at

either day 4 or day 8, aggrecan mRNA failed to
be maintained. It is interesting to note, how-
ever, that while both Sox9 and type II collagen
expression were initially observed in the un-
treated C3H10T1/2 cultures, aggrecan was not,
suggesting that Sox9 and collagen type II may
be expressed in the stem cells before full
commitment to the chondrogenic lineage, while
aggrecan is only seen in fully committed
chondrocytes.

Within 48 h of BMP-7 withdrawal at either 4
or 8 days, numerous cells containing multiple
refractile vacuoles with an adipocyte-like mor-
phology were seen in the cultures (Fig. 3C). The
adipogenic phenotype of these cells was con-
firmed by assaying for the expression of adipsin
mRNA (Fig. 3D).As can be seen from these data,
adipsin was present at early time-points but as
the cells continued to grow in culture, its expres-
sion decreased. The transient exposure of these
cells to BMP-7 followed by its removal led to
very high levels of adipogenic differentiation
and the level of adipocyte formation increased
as the transient period of BMP-7 exposure in-
creased. Thus, in order to maintain their com-
mitment to either the chondrocyte or osteoblast
lineage, C3H10T1/2 cells needed to be main-
tained inBMP-7 for greater than8days, and the
removal of BMP-7 after a 4 or 8 day exposure led
to the default induction of adipogenesis.

Analysis of BMP-7 Regulation of Other
Morphogenetic Factors

The sequential nature of skeletal cell differ-
entiation, the necessity for continuous BMP-7
treatment to maintain skeletal cell differenti-
ation, and the extended period needed for BMP-
7 to induce osteogenic differentiation (8 days or
more), suggested that induction and mainte-
nance of skeletal cell differentiation might be
dependent on BMP-7 regulated expression of
other morphogenetic factors over the time-
course of the treatment of these cells. We next
examined the expression of a number of families
of known morphogenetic proteins that are
associated with skeletal lineage progression,
including BMPs 1–8, GDFs 1, 3, 5, 6, 8, and 9,
Wnts 1–15, and two members of the hedgehog
family, Ihh and Shh.

An analysis of the expression of Wnts 1–15
showed 1, 2, 3, 3a, 4, 6, 7a, 7b, 8d, 10a, 10b,
13, and 15 were not expressed or regulated
during the BMP-7 induction of skeletogenic
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differentiation of this cell line (Table I). Wnt 11
showed a unique pattern of expression within
these cultures (Fig. 4A). Over time in culture in
theabsence ofBMP-7 treatment,Wnt11expres-
sion increased approximately eightfold over its

baseline levels. In contrast, BMP-7 treatment
led to a dose-dependent inhibition of Wnt 11
expression with the highest doses of BMP-7
resulting in complete suppression of Wnt 11.
In contrast, Wnt 5b was induced by BMP-7

Fig. 3. Effect of BMP-7 withdrawal on cellular differentiation.
C3H10T1/2 cells were grown in DMEM with 10% FBS over a
16 day period. BMP-7 (250 ng/ml) treatment was continuous or
withdrawn from the cultures at days 4 (WD d4) or 8 (WD d8) and
then fed with media until RNA was collected.PanelA: Expression
of collagen types II (COL2A1) and X (COL10A1) and osteocalcin
(OC) were determined by quantitative RPA analysis. Represen-
tative autoradiographic images of the RPA products as resolved
on a 6% sequencing gel are shown. Panel B: Expression of the

cartilage-related gene, aggrecan, was determined by RT-PCR
analysis. Amplified RNA samples were resolved on a 1.4%
agarose gel and stained with Gel Star.PanelC: Photomicrographs
from the phase-contrast analysis of the effects of withdrawal
of BMP-7 from C3H10T1/2 cells (magnification� 200). Day 16
cells are shown. Panel D: Expression of the fat-related gene,
adipsin, was determined by RT-PCR analysis. Amplified RNA
samples were resolved on a 1.4% agarose gel and stained with
Gel Star.
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treatment over time in these same cultures
and showed the greatest levels of expression
during the chondrogenic period of skeletal cell
differentiation.

We next examined the expression of two
classes of morphogenetic factors that are part
of the larger TGF-b superfamily, BMPs and
GDFs. Of the eight BMPs and six GDFs that
were examined, only BMP-4 and GDF 1 were
expressed by these cells in eitherBMP-7 treated
or untreated conditions. BMP-4 was expressed

TABLE I. Factors not Expressed or
Regulated by BMP-7 Treatment of

C3H10T1/2 Cells

Wnts BMPs GDFs

1 7a 2 8a 3
2 7b 3 8b 5
3 8d 3b 6
3a 10a 5 8
4 13 6 9
6 15 7

Fig. 4. Effect of BMP-7 treatment on the endogenous expression
of Wnts, BMPs, GDFs, and Hedgehog proteins. C3H10T1/2 cells
were grown in DMEM with 10% FBS and treated with BMP-7 at 0,
80, or 250 ng/ml over a 16 day period. Panel A: Expression of
Wnts, BMPs, and GDFs were determined by quantitative RPA
analysis. Of those examined, only Wnts 11 and 5b, BMP-4, and
GDF 1 were regulated. Representative autoradiographic images

of the RPA products as resolved on a 6% sequencing gel are
shown. Panel B: Graphic representation of the relative densities
(Y-axis) from the RPAs in Panel A as compared to the
housekeeping gene, L32. (*) No BMP-7, (&) BMP-7 80 ng/ml,
(~) BMP-7 250 ng/ml. Panel C: Expression of Ihh and Shh were
determined by RT-PCR analysis. Amplified RNA samples were
resolved on a 1.4% agarose gel and stained with Gel Star.
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at very high levels at the time the cultures were
initiated, and in the absence of BMP-7, its level
of expression did not change throughout the
16 days of culture. In contrast, BMP-4 showed a
dose-related suppression in expression at the
later time-points in the treated groups (Fig. 4).
Unlike BMP-4, GDF 1 expression was not initi-
ally seen but its expression increased over time
in all groups until day 8, with no difference
between groups. Subsequently, its expression
continued to increase throughout the time-
course in the untreated cultures, while in the
treated groups its expression decreased in a
BMP-7 dose-dependent manner.
The final group of morphogens that were

examined in these studies included two mem-
bers of the hedgehog family, Indian and Sonic
hedgehog (Fig. 4C). While Ihh was present
throughout the experimental period, it was not
regulated by BMP-7 treatment. Sonic hedge-
hog, however, was induced in the early stages of
treatment with the higher dose of BMP-7 and
showed a very restricted pattern of expression
during the period of active chondrogenesis.

Role of Growth Regulation
and BMP-7 Function

The last component of these studies focused
on the role of the nutrient environment on the
induction of chondrogenesis and osteogenesis
byBMP-7. In these studies, the cellsweregrown
in DMEM (nutrient-poor conditions) or BGJb
(nutrient-rich conditions). The addition of
ascorbic acid to DMEM, induced minimal
differences compared with RNA from cells
grown in DMEM only (data not shown). How-
ever, this response was synergistically en-
hanced when the cells were grown in the
nutrient-enriched media BGJb (Fig. 5). This
induction was over 60% greater in the BGJb
media than in the DMEM media at all three
time-points for type II collagen and over 700%
greater for type X collagen at day 4. Osteocalcin
was induced in BMP-7 treated cells grown in
DMEM in a similar pattern as in the previous
study, with maximal induction at day 8 and a
slight decrease thereafter. In the BGJb-grown
cells, the level of osteocalcin expression was
similar to the DMEM-grown cells at day 8, but
at the later times when the level of osteocalcin
expression was maximal, a 100% increase was
observed in the cultures maintained in the
nutrient-rich BGJb media. Type I collagen
expressionwas also greater in the BGJb treated

Fig. 5. Effect of nutrient-rich media on BMP-7 promotion of
skeletal cell differentiation. C3H10T1/2 cells were grown in
DMEM or BGJb with 10% FBS and treated with BMP-7 at 0 or
250 ng/ml over a 12 day period. Panel A: Expression of matrix
genes [collagen types II (COL2A1) and X (COL10A1), osteocalcin
(OC), and collagen type I (COL1A1)] and transcription factor
genes (Sox9, Dlx 5, c-jun, and c-fos) were determined by
quantitative RPA analysis. Representative autoradiographic
images of the RPA products as resolved on a 6% sequencing
gel are shown. Panel B: Graphical representation of the effect of
BGJb growth media on transcription factor expression and,
matrix gene expression. C3H10T1/2 cells were grown in DMEM
or BGJb with 10% FBS and treated with BMP-7 at 0 or 250 ng/ml
over a 12 day period. Expression of the mRNA depicted in panel
A were determined by quantitative RPA analysis. Representative
autoradiographic images of the RPA products as resolved on a 6%
sequencing gel are shown. Graphic representation of the relative
densities of only the BMP-7 treated samples from the RPA as
compared to the housekeeping gene, L32. Solid bars represent
DMEMþBMP-treated samples. Slashed bars represent BGJbþ
BMP-treated samples.
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cells for all time-points. Thus, the nutrient-rich
growth media BGJb appeared to enhance the
mechanisms of both chondrogenesis and osteo-
genesis in C3H10T1/2 cells when treated with
BMP-7, and this effect was not due to ascorbic
acid.

The pattern of bone-related transcription
factor expression was examined concurrently
with matrix genes in the two different growth
medias (Fig. 5). In the BMP-7-treated cells
grown in BGJb, Sox9 was expressed in greater
quantities as compared to cells grown inDMEM
at days 4, 8, and 12. The expression decreased
over time, following the same temporal pattern
of type II collagen expression. Dlx 5 was expres-
sed in the greatest amount at day 4 in the BMP-
7 treated cells grown in BGJbwith a decrease in
expression at days 8 and 12, following a similar
pattern as the DMEM-treated cells but with a
higher peak expression. The expression of c-jun

exhibited an interesting result. Although high
levels of c-jun were present in untreated cells
grown in both DMEM and BGJb, much lower
levels of expression were detected in BMP-7
treated samples. This level of c-jun expression
decreased over time but was always approxi-
mately twice as high in the BGJb grown cells.
C-fos showed expression at day 4 and then
dropped to negligible at days 8 and 12 in the
BMP-7 treated cells grown in either DMEM or
BGJb. Fra 2 was strongly expressed in both
DMEM and BGJb cells grown with or without
BMP-7 and no major differences in expression
were noted (data not shown).

Finally, we assessed the relative levels of
growth, alkaline phosphatase activity, and
mineralization under these different growth
conditions (Fig. 6). The stimulatory effect of
BMP-7wasfoundtoresult inincreasedgrowthof
C3H10T1/2 cells over time as compared to

Fig. 6. Effect of BMP-7 treatment on growth, alkaline phospha-
tase, and mineral content in C3H10T1/2 cells grown in DMEM or
BGJb. C3H10T1/2 cells were grown in DMEM or BGJb with 10%
FBS and treated with BMP-7 at 0 or 250 ng/ml over a 16 day
period. Panel A: Growth was determined by crystal violet stain-
ing. Panel B: Alkaline phosphatase was determined by substrate

activity. Panel C: Mineral content was determined by alizarin red
staining. All measurements were determined by spectrophoto-
metric analysis. Error bars represent standard deviation of 6-
wells. (^) DMEM only, (&) BGJb only, (~) DMEMþ250 ng/ml
BMP-7, (*) BGJbþ 250 ng/ml BMP-7.
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untreated cells. Thenutrient-rich growthmedia
BGJbsynergisticallyenhancedthegrowtheffect
of BMP-7, especially at day 8 and later. Simi-
larly, increasedmineralizedmatrixwasfoundin
those cultures treated with BMP-7, especially
when grown in BGJb. Alkaline phosphatase
activity peaked at day 8 in BMP-7 treated
cultures, yet this high level of activity was only
maintained in cells grown in BGJb at day 16.

DISCUSSION

Our findings indicate that the murine
mesenchymal stem cell line C3H10T1/2 can be
induced to become both chondrogenic and osteo-
genic when culture conditions are supplement-
ed with BMP. This induction is dose-dependent
and occurs in a temporal pattern such that
the chondrogenic differentiation precedes
osteogenesis by approximately four days. This
finding is reminiscent of the endochondral
ossification processwherebymesenchymal cells
are recruited to proliferate and differentiate
into chondrocytes, forming the cartilaginous
matrixwhich is later replacedbybone.A similar
sequence and timing of events was shown to
occur in vivowith subcutaneous implantation of
BMP-7 [Sampath et al., 1992). The findings of
this study are similar to those of a study byDucy
et al. but differ from the study of Asahina et al.
In our study, a BMP-7 dose of 250 ng/ml or a
BMP-2 dose of 200 ng/ml induced both chon-
drogenesis and osteogenesis, although 80 ng/ml
of BMP-7 produced only a small amount of
type II collagen and osteocalcin mRNA. Ducy
et al. [1997] treated C3H10T1/2 cells with
200 ng/ml of BMP-7 and induced osteocalcin ex-
pression, while Asahina et al. [1996] induced
adipogenesis with 80 ng/ml and chondrogenesis
with 500 ng/ml, but no osteogenesis. The dif-
ferences between these studies may reside in
the various technical procedures used to assay
mRNA as the ribonuclease protection assay is
considered more sensitive than Northern blot
analysis. Variations in the concentration of
BMP used to induce differentiation may also
be a critical factor in determining the pathway
of differentiation. The results of our study
confirm a previous report where BMP-2 treat-
ment of C3H10T1/2 cells favored chondrogenic
and osteogenic differentiation while lower con-
centrations induced adipogenesis [Wang et al.,
1993]. This suggests that the local environment
and the surrounding concentration of BMPs as

well as other factors play an important role in
inducing differentiation of uncommitted pro-
genitors. It is interesting to note that the ap-
parent default lineage into whichmesenchymal
cells differentiate in the absence of sustained
BMP levels is adipocytic. The presence of more
fat-filled marrow spaces in aging animals may
suggest that with increasing age, animals pos-
sess a diminished ability to produce or respond
to BMPs.

A central aspect of our studies was to define
how variations in BMP concentrations, the
duration of BMP-7 exposure, and the nutrient
environment interact to promote skeletal cell
differentiation. Our results clearly show that
cells need to be continuously exposed to BMP-7
for greater than 8 days in order to maintain the
differentiated chondrogenic and osteoblastic
phenotype. Similarly, Puleo [1997] found that
C3H10T1/2 cells maintained and more fully
expressed their osteoblastic characteristics only
with progressively longer durations of exposure
to BMP-2 for up to 20 days. These results sug-
gest that, unlike hormones which act as on/off
modifiers, BMPs are important throughout the
differentiation process and their actions are
sequential in nature, with continuous modifica-
tions occurring throughout the process. Consis-
tent with these studies are those examining
BMP expression during fracture repair. During
the bone repair process, BMPs are expressed at
elevated levels over 28 days of repair [Cho et al.,
2002] suggesting the need for these morhpho-
gens to be continuously present to drive skele-
togenic differentiation throughout the repair
process. These results again point out the im-
portance of the local environment in differentia-
tion. Finally, it is interesting to note that if
BMP-7 was removed, the cells converted to an
adipogenic phenotype. Such an observation is
consistent with previous reports.

One of our most interesting findings was that
chondrogenesis appeared earlier than osteogen-
esis. This initial induction of cartilage-related
genes occurred by day 4 of treatment with
BMP-7. Therefore, in this mesenchymal cell
system, it appears that BMP-7 is able to induce
chondrogenesis and allow the further differen-
tiation of chondrocytes to hypertrophic chon-
drocytes, similar to the pattern that occurs
during the endochondral sequence. Asahina
et al. [1993] were able to induce a similar
pattern of chondrogenesis and osteogenesis in
rat calvarial cells, yet BMP-7 was inductive for
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osteogenesis only when added to the culture
after day 7.

The induction of chondrogenesis and osteo-
genesis was enhanced when cells were grown in
the nutrient-rich media BGJb. BGJb has been
shown to promote the growth of cultured bone
cells and was used in the present study to
examine the effect of the local environment on
the BMP-induced promotion of differentiation
[Wergedal and Baylink, 1984]. The pattern of
induction was similar but the levels of expres-
sion of all extracellular matrix genes were
greater in cells grown in BGJb. BGJb media
containing ascorbic acidwasable to enhance the
expression of cartilage- and bone-related genes;
however, this nutrient effect was not related to
ascorbic acid in the media since the cells grown
in DMEM in the presence of ascorbic acid
showed minimal differences in the pattern or
levels of expression. Thus, the primary induc-
tive effect of the more nutrient-rich media
appears to be a result of the nutrient effects
leading to enhanced growth. BMPs are known
stimulators of proliferation. The de novo initia-
tion of endochondral bone formation occurs by
BMP-stimulated proliferation and migration of
undifferentiated bone cell precursors and the
subsequent commitment of these cells into
differentiated cartilage- and bone-forming cells
[Wozney, 1992; Reddi and Cunningham, 1993].
In our study, BMP-7 induced increased growth
of C3H10T1/2 cells early in the culture, with
twice the crystal violet absorbance foundatdays
4 and 8 in BMP-7 treated cells grown in either
DMEM or BGJb. After day 8, however, enhanc-
ed growth was noted in the BMP-7 treated cells
grown in BGJb. This finding supports the
hypothesis that the media provided an environ-
ment that stimulated both growth and the
increased expression of the differentiated phe-
notype and that the two processes appear to
occur concurrently, suggesting that the mech-
anisms of skeletal cell differentiation are inte-
grated in some manner with those related to
growth control.What is yet to bedetermined is if
the two processes are causally linked.

A number of features regarding the manner
in which BMP-7 induced skeletal cell differen-
tiation suggested that some of the control
resides in the sequential regulation by BMP of
other morphogenic factors that regulate differ-
entiation in an autocrinemanner. The length of
the temporal profile of skeletal cell differentia-
tion and the longperiod of timeneeded to induce

differentiation, and because BMP-7 needed to
be present continuously to induce this differ-
entiation, suggest that BMP-7 actually may
work through the concerted regulation of a net-
work of other morphogenic factors. Many of the
transcription factors examined were present
early in the study suggesting that although they
are present, they are not regulating the differ-
entiation process. However, Sox9 expression
mimicked the expression of collagen type II, and
Dlx 5 and c-fos showed an increase in expression
at day 4 in the BMP-7-treated cultures. Inter-
estingly, an examination of autocrine factor
expression revealed that Wnt 11 RNA was
completely suppressed in cells treated with
250 ng/ml BMP-7 as compared to untreated
cells. Wnt 11 was initially expressed in the
untreated cells at day 8 of the culture period, the
same time as which osteocalcin was first
expressed in treated cells. The role of Wnt 11
as an inhibitor of osteogenesis has not been
established, yet it has been suggested to play a
role in chondrocyte dedifferentiation [Lako
et al., 1998].

During this study, BMP-7 induced the
increased expression of collagens and other
cartilage- and bone-related proteins. This accu-
mulated matrix, along with the continued
presence of BMP-7, most likely provided a per-
missive environment that allowed the differ-
entiation process of mesenchymal cells to
proceed into committed chondrocytes or osteo-
blasts. In a study by Gerstenfeld et al. [2002],
C3H10T1/2 cells co-cultured in trans-well
devices with chondrocytes were induced to ex-
press osteogenic genes without chondrogenesis,
suggesting that factors produced by chondro-
cytes directly induce osteogenesis. In our sys-
tem, it is possible that chondrogenesis was a
necessary step in the differentiation of osteo-
blasts whereby undifferentiated cells treated
with BMP-7 first became chondrocytes which
then produced autocrine factors that subse-
quently promoted osteogenic differentiation.
Such an interpretation of the results is fur-
ther supported by the sequential expression
of chondrogenic and then osteogenic genes.
Additionally, a more nutrient-rich environ-
ment upregulated chondrogenic gene expres-
sion, leading to a more enhanced osteogenic
response.

The question arises, however, that although
these cells were induced to express osteocalcin,
why was bone sialoprotein never detected?
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Osteocalcin has been considered the protein
whose presence establishes the differentiated
state of the osteoblast [Hauschka et al., 1983].
However, some investigators have suggested
that hypertrophic chondrocytes also express
osteocalcin [Lian et al., 1993; Neugebauer et al.,
1995;Gerstenfeld andShapiro, 1996]. In light of
the absence of bone sialoprotein, it is possible
that we are observing the terminal differenti-
ation of chondrocytes. This would also explain
the absence of Runx2/Cbfa1. It should be noted,
however, that in our previous studies with
chondrocytes co-culturedwithC3H10T1/2 cells,
Runx2gene expressionwasdetectedbyRT-PCR
[Gerstenfeld et al., 2002]. One possibility is that
the RT-PCR was much more sensitive than the
RPA in detecting very low levels of this tran-
scription factor and that it does not need to be
present in quantitatively high levels to drive
osteoblast differentiation. Another possibility is
that a different slice variant or isotype of the
Runx gene was present in these cells [Harada
et al., 1999]. In our previous studies, anRT-PCR
primer set that detects the conserved Runx
domain was used while the RPA template in
these studies was selectively directed to the
more restricted and proposed osteoblast specific
isotype of the Runx2 transcript. The absence of
BSP expression and the low levels of Runx2
expression these studies suggest that the use of
specific cell lines to assess the in vitro biological
effects of BMPs must be interpreted with con-
siderable caution.
In summary, the results of this study stress

the importance of the local environment in
controlling differentiation. This is not surpris-
ing considering themanyprocesses inwhich the
surrounding cells and matrix act to control
the effects on other cells. One such example is
the infection process. During infection, cell
stimulation and eventual cell death leads to
the release of multiple mediators which act as
mitogens andmorphogens to recruit and stimu-
late the maturation of particular cell types
which will lead to the control and elimination
of the infectious agent. The mediators present
play a critical role in determining the cellular
response in the local area.
Some important findings in this study

have been elucidated. BMP-7was able to induce
both chondrogenesis and osteogenesis in the
mesenchymal stem cell line C3H10T1/2 in a
temporal manner. The induction of both was
dose-dependent. The observed pattern mimics

that present during the endochondral ossifi-
cation process. Additionally, the use of a
nutrient-rich media enhanced the expression
of chondrogenic and osteogenic genes. The tran-
scriptional regulators thathavepreviously been
associated with osteogenesis were present early
in the culture, and their presence may be
important in the early stages of differentiation,
yet the presence of BMP-7 in the media appear-
ed to have the greatest importance inmaintain-
ing thedifferentiatedphenotype.Alongwith the
long period of time that BMP-7 needed to be
present in order to maintain differentiation,
the role of endogenous factors, including Shh,
Wnt 5b, Wnt 11, BMP-4, and GDF 1, appear to
be of particular importance in BMP-7 stimula-
tion of differentiation. The temporal pattern of
results also suggest a possible role for chondro-
genic differentiation and the presence of chon-
drocyte-associated factors in the environment
that enable other undifferentiated cells to
commit to the osteogenic phenotype.
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