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Abstract
The expression patterns of (bone morphogenetic proteins) BMPs during fracture repair and pre-natal
bone development suggests that these processes are regulated through the coordinated actions of
multiple BMPs. Murine bone marrow stromal cells (MSCs) in culture provide a well recognized ex
vivo system of mesenchymal stem cell differentiation in which the effects of BMPs can be examined.
Studies were performed to determine if MSC differentiation is dependent on the endogenous
expression of multiple BMPs and to characterize their interactions. MSCs were harvested from the
bone marrow of tibiae and femora of 8 to 10 week old male C57/B6 mice and prepared by standard
methods. Osteogenic differentiation was assessed by histological assays, alkaline phosphatase
enzyme activity and assays for the expression of multiple mRNAs for BMPs and osteogenic
development. The role of autogenously expressed BMPs in controlling the osteogenic differentiation
of marrow stromal cells in vitro was assessed in both gain-of-function and loss-of-function
experiments. Gain of function experiments were carried out in the presence of exogenously added
BMP-2 or 7 and loss of function experiments were carried out by BMP antagonism with noggin and
BMP-2 antibody blockade. Osteogenic differentiation was concurrent with and proportional to
increases in the expression of BMPs 2, 3, 4, 5, 6, and 8A. BMP antagonism with either noggin or
BMP-2 antibody blockade inhibited osteogenic differentiation by 50% to 80% respectively and
reduced the expression of endogenous levels of BMPs 2, 3, 5, and 8A. In contrast, antagonism induced
the expression of BMP-4 and 6. The addition of rhBMP-2 or 7 enhanced osteogenic differentiation
and produced a reciprocal expression profile in the endogenous BMPs expression as compared to
BMP antagonism. BMP antagonism could be rescued through the competitive addition of rhBMP-2.
These studies demonstrated that osteogenic differentiation was regulated by a complex network of
multiple BMPs that showed selective increased and decreased expression during differentiation.
They further demonstrated that BMP-2 was a central regulator in this network.
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INTRODUCTION
The principle of osteoinduction was discovered when subcutaneously implanted demineralized
bone matrix was shown to induce de novo formation of bone and cartilage in vivo [1]. Although
originally thought to be the result of implantation of a single protein named bone
morphogenetic protein, this seminal observation eventually led to the purification and
characterization of a family of bone morphogenetic proteins (BMPs) present within the
extracellular matrix of bone [2–4]. Studies of fracture repair [5] and pre-natal bone
development [6,7] have demonstrated the expression of multiple BMP genes which show both
temporal and spatial variability. These data suggest that repair and developmental processes
are regulated through the coordinated actions of multiple BMPs instead of a single master
BMP. Early experiments using recombinant human BMP-2, BMP-4 or BMP-7, demonstrated
that these proteins have the ability to individually stimulate osteoblastic or chondrogenic
phenotypic expression in various mesenchymal precursor cell lines [4,8–10]. However, unlike
the in vitro investigations, in vivo studies suggest that these factors function in a coordinated
manner [7,11].

The post-natal bone marrow compartment is viewed as an organ composed of two separate cell
populations; the hematopoietic cell lineages and the associated supporting mesenchymal
stromal cells. The stromal cell population contains a reservoir of stem cells with the potential
to differentiate into the various terminal mesenchymal cell lineages. Tissue cultures of bone
marrow aspirates provide an ideal ex vivo model system in which to investigate the functional
role that BMPs may have, in directing mesenchymal stem cell commitment and differentiation
into mature bone-forming osteoblasts. Numerous studies have now demonstrated that the
stromal cells have significant proliferative capacity and cells within this population contribute
to the endothelial reticulum and possess the ability to differentiate into multiple cell types
including osteoblasts, chondrocytes, and adipocytes. Previous studies have demonstrated that
exogenous addition of multiple individual BMPs can stimulate osteogenic differentiation in
mesenchymal cells [4,8,9]. However, these effects have not been fully characterized at a
molecular level. Furthermore, the presence and importance of endogenous BMPs produced by
a population of MSCs during their natural differentiation in culture has not been fully
investigated.

To elucidate the interactions of BMPs during MSC differentiation we performed both gain and
loss-of-function experiments and demonstrated a network of BMPs in which BMP-2 plays a
central role in its regulation.

MATERIALS AND METHODS
Primary Bone Marrow Cell Cultures

Research was conducted in conformity with all federal and USDA guidelines under an IACUC
approved protocol. C57BL/6J (B6) male mice of 8–10 weeks of age (Jackson Laboratories,
Bar Harbor, ME) were used for these studies. Cell preparations were made using the basic
protocol developed by Kuznetsov et al for human cells [12] and subsequently modified for
mice by Kalajzic et al [13]. Briefly after euthanasia hind limbs were aseptically removed and
bones dissected free of soft tissues, marrow cavities were flushed, and the cell suspension
filtered through a 70 μm nylon strainer. Cells were plated at 12–15 × 106 cells / 33mm diameter
well and left undisturbed for four days. On day four half of the media was replaced with fresh
αMEM. At day six all cultures were treated with osteoinductive media consisting of αMEM
supplemented with 10% FBS, dexamethasone 10−8 M, L-Ascorbic acid 70ng/ml, and β-
glycerol phosphate, disodium salt 8 mmol [14–15]. Media was changed every two days.
Recombinant BMP-2, noggin, monoclonal anti-human BMP-2 antibody, and non specific
mouse IgG1 isotype were all purchased from R&D Systems (Minneapolis, MN). Noggin,
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blocking antibodies, or BMP-2 were added with each media change at 300ng/ml, 2.5μg/ml, or
100ng/ml respectively. BMP-7 was provided through a materials transfer agreement with
Stryker Biotech (Hopkinton, MA). BMP-7 was added at a concentration of 100ng/ml following
the same protocol as was used for BMP-2.

Nodule Counting and Area Assessments
At defined time points MSCs were washed three times with warmed PBS and fixed with 2%
paraformaldehyde in 0.2 mol/L cacodylic buffer for 10min at room temperature. Fixed cells
were washed several times with deionized water and stained for one hour with 1ml of filtered
von Kossa solution (5% silver nitrate in ddH2O). Digital photographs of stained culture wells
were taken and nodule numbers and stained areas were quantitatively measured using a
computerized imaging system (Image-Pro Plus 4.1; Media-Cybernetics; Silver Spring, MD).
All data are expressed as the mean ± SEM, calculated from a minimum of 3 wells at each
condition. Each experiment was reconfirmed at least four times using cells from different
marrow stromal preparations.

Molecular Analysis
RNA was isolated from cell cultures at the specified times by direct Trizol extraction and
purified total RNA was quantified using its OD260 nm. The integrity of the RNA was visualized
by a denaturing RNA gel electrophoresis. Ribonuclease Protection Assay (RPA) was carried
out to quantitatively determine the steady state mRNA expression of various BMPs and
extracellular matrix proteins [5,16]. Numerous autoradiographic exposures were made and the
hybridization of individual probes was determined by direct counting on flat bed β-counter to
determine cpm/band for each nuclease protected product. All gene expression values were
normalized relative to the expression of L32.

RESULTS
The first series of studies were carried out in order to identify the temporal relationship between
the mRNA expressions of the various BMP isotypes and the progression of MSC osteogenic
differentiation as assessed by the expression of specific ECM proteins (Figures 1 and 2). By
14 days in culture, or 9 days after placement into osteoinductive media, areas of mineralized
nodules were detectable (Figure 1). Both the number of nodules per culture well and the total
area of the culture surface that was covered by nodules continued to linearly increase
throughout the time course of the experiments which ended at 21 days after harvest. The
increase in both numbers and size of the nodules therefore suggests that there is both continual
recruitment of the marrow stromal stem cells to differentiate into osteogenic cells and an
expansion of those cells that have committed to the osteogenic lineage within each nodule.
Enzymatic activity of alkaline phosphatase (APase), a well-defined marker of osteoblastic
activity, was detectable at 10 days after harvest and also demonstrated a fairly linear rise in
activity throughout the time course (Figure 1).

Characterization of the osteogenic differentiation by ribonuclease protection assays
demonstrated the sequential expression of mRNAs for multiple extracellular matrix proteins
temporally matched the progression of differentiation of the cultures as assessed by the
development of the nodules and the APase enzyme activity (Figure 2). As shown by numerous
other studies [14,17,18] the temporal pattern of osteogenic differentiation was defined by the
sequential expression of osteopontin (OPN), bone sialoprotein (BSP) and osteocalcin (OC).
This later mRNA being the most specific gene product of osteogenic cells, and was expressed
when these cells had completed their differentiation. Collagen type I was expressed at a
relatively high levels throughout the time course. During this same period there were associated
changes in the pattern of transcription factors that are expressed by osteogenic cells (increased
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Runx2 and Dlx5 with decreasing levels of Msx2), which were also consistent with commitment
of mesenchymal cells to the osteogenic lineage (Figure 2 Left middle Panel) [19].

It was of particular interest that multiple members of the BMP family were expressed by the
marrow stromal cell culture system (Figure 2, Right middle Panel). Within this culture model
only a subset of BMPs that were assayed were expressed with BMPs 2, 3, 3b, 4, 5 and 8a being
the most prevalent while BMPs 6 and 8b were expressed at very low to almost undetectable
levels. It was surprising to note that BMP-7 was undetectable in these cultures (MSCs) even
though it is expressed at comparable levels to BMP 8a during late stages of fracture healing
(F) in vivo (Panel A Figure 2 far right lanes) [5]. The expressed BMPs demonstrated a
reproducible temporal and quantitatively distinct profile, with BMP4 expressed early and
showing diminished expression at the later time points. In contrast, BMPs 2, 3 and 8a
demonstrated increasing levels of expression with their highest levels of induction being
observed during the period when the osteogenic mRNA expression was peaking. It is also
interesting to note that tolloid enzyme (BMP-1), which proteolytically processes the BMPs
was expressed at very high levels throughout the entire time course of MSC growth in vitro.

In order to verify that the increased expression of endogenous BMPs was a function of the
differentiation of the cultures and not a function of the outgrowth of either a selective population
of cells or time of growth in the cultures, the expression of differentiated function was compared
to cultures grown in either osteogenic media or just αMEM supplemented with 10% FBS. In
these studies the expression of osteoblast associated extracellular matrix protein and the
endogenous BMP mRNAs were examined at the end of 21 days of growth in culture (Figure
2C). In the absence of growth in the osteoinductive media, only small increases in both the
expression of differentiated function and the expression of BMPs were observed. No
mineralized nodules were observed in the non osteoinductive media (data not shown).

The selective changes in the expression of the various BMPs over the time course of
differentiation led us to hypothesize that the endogenous expression of the various BMPs might
drive osteogenic differentiation through the autoregulation of their own expression. Given the
complexity and number of BMPs that were expressed, we conducted gain and loss-of-function
experiments to determine if changes in the endogenous BMP expression profiles would
coordinately change with inhibition or enhancement of osteogenic differentiation of cultured
MSCs. In the first series of experiments, recombinant BMPs-2 or BMP-7 (OP-1) were
exogenously added to the MSC cultures each at a concentration of 100ng/ml (Figure 3). The
exogenous supplementation of the cultures with either BMP resulted in increased numbers of
osteogenic nodules and an enhancement of alkaline phosphatase activity (Panels A & B). A
comparison of the expression of the specific extracellular matrix protein mRNAs between days
14 to 21 in both BMP-treated cultures, as compared to control cultures, showed quantitatively
greater induction of extracellular matrix mRNAs by approximately 200% to 400% of control
steady state levels. It was apparent that the induction of the various mRNAs was also temporally
shifted by at least two days in the treated cultures (Figure 3C & D).

The exogenous addition of either BMP-2 or BMP-7 also lead to very specific differences in
the expression of the endogenously produced BMPs, with earlier and more sustained level of
BMP 2, 3 and 8a expression while BMPs 3b, 4 and 6 showed diminished expression over the
time course of differentiation relative to control cultures (Figure 4A & B). A comparison
between BMP-2 and BMP-7(OP-1) demonstrated that the exogenous addition of either BMP
had the same effect on the endogenously expressed BMP profiles (Figure 4B).

In order to determine if the autogenous expression of BMPs by marrow stromal cells was
necessary to drive osteogenic differentiation, two separate loss-of-function experiments were
carried out. In the first of these experiments, noggin, a naturally produced non-competitive

Edgar et al. Page 4

Bone. Author manuscript; available in PMC 2009 May 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



antagonist of BMPs 2, 4 and 7, was supplemented to cultures at 300ng/ml [20]. These cultures
showed an inhibition in the average number of osteogenic nodules formed per well and the
total area per well of stainable mineral, suggesting an inhibition in both the initial selection of
marrow stromal stem cells into the osteogenic lineage as well as their subsequent expansion.
The assessment of osteogenic differentiation in response to antagonism by noggin was further
validated by measures of both APase and extracellular matrix protein mRNA expression
(Figure 5C–E). Culture supplementation with rhNoggin protein clearly blocked the
differentiation of the marrow stromal cells in culture.

While noggin is known to show varying degrees of antagonism against specific BMPs such
that it has the highest affinity against BMP-2, BMP-4, and lesser activity towards BMP-7
[20] the inhibition of individual BMPs in this culture system provide information regarding
the molecular hierarchy of BMPs as they drive osteogenic differentiation. Since BMP-7
expression was not detectable in this marrow system and BMP-4 expression demonstrated
diminishing levels of expression as osteogenic differentiation proceeded and appear to be
repressed in response to exogenous BMP treatment, we speculated that the autogenous
expression of BMP-2 was perhaps the primary morphogen driving the differentiation of these
cells. In order to test this hypothesis, BMP-2 activity was inhibited by neutralizing antibody
blockade. The results of these experiments are shown in Figure 6. Several control experiments
were first carried out to ensure that the BMP-2 neutralization activity of this antibody was
specific. In these control experiments the number of nodules was assayed. Cultures were
allowed to differentiate under standard culture conditions, in the presence of a pre-immune
isotype specific control serum or 2.5μg/ml of anti-BMP-2 antibody. A competition or add-back
experiment was also performed in which rhBMP-2 was added back to cultures treated with
anti-BMP-2 antibody such that the exogenously added BMP-2 would be in excess to the
binding capacity of the antibody. In this way we could determine if the inhibitory effect of the
neutralizing antibody would be rescued. As demonstrated in Figure 6A, the competition assay
and isotype pre-immune serum were equivalent to control cultures and produced significantly
more nodules at 16 days compared to neutralizing antibody supplemented cultures. Figure 6B
and C show that the blockade of BMP-2 activity by the neutralizing antibody lead to an
immediate 50–75% diminishment in both the number of nodules per well and the APase activity
in the cultures compared to controls. Furthermore, extracellular matrix protein mRNA
expression demonstrated a lack of induction in cultures treated with neutralizing antibody to
a level that was only ~25% of control culture mRNAs. (Figure 6D & E).

Gross microscopic examination of cellular densities in cultures treated with either BMP-2
neutralizing antibody or stimulated with rhBMP-2 protein showed no differences compared to
controls. The number of cells in the cultures was quantitatively assayed by measuring
mitochondrial dehydrogenase activity (MTT). These analysis showed that at 16 days in culture
there were no significant differences in viable cells per well between control cultures and those
treated with either human BMP-2 (100ng/ml) or following BMP removal with anti-BMP-2
antibody (2.5ug/ml) (Data not shown). These results suggest that the main action of BMP-2 is
to selectively stimulate mesenchymal stem cell differentiation and not alter cell replication or
survival. Thus, the inhibition of BMP-2 activity does not appear to be neither overtly cytotoxic
nor does BMP-2 addition appear to be overtly mitogenic to cells within the cultures.

The final experiment that was performed, examined the effects on the endogenously expressed
BMPs following MSC treatment with anti-BMP-2 neutralizing antibody or rhNoggin, as
compared to exogenous addition of rhBMP-2. In these studies APase levels were followed to
verify the inhibitory effects of the various treatments which were compared concurrently.
Supplementation of marrow stromal cells with either rhNoggin protein or neutralizing antibody
to BMP-2 again showed a significant repression of osteogenic differentiation as compared to
controls while the addition of BMP-2 significantly enhanced APase levels (Figure 7A). The
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effect of BMP inhibition on the endogenous expression of BMPs by bone marrow stromal cells
was next determined under each of the different experimental conditions. Following removal
of BMP-2 activity from the system using either noggin or antibody blockade to BMP-2, the
expression of selective BMPs over the time course of MSC growth in culture was inhibited
(Figure 7B & C). Interestingly, while almost all of the endogenously produced BMPs showed
decreased expression in response to BMP antagonism, expression of BMPs 4 and 6 was
increased. BMP 6 expression was 238% and 191% of the control respectively in the noggin or
antiBMP-2 treated cultures while a lesser effect on BMP-4 was seen with 140% and 127 %
levels of the control cultures (Figure 7B). With the exception of BMP-1, which showed mRNA
levels that were approximately the same as the controls, BMPs 2, 3, and 5 were all expressed
at approximately 60% of control levels, and BMP-3b (GDF-10) and 8a were detected at 50–
25% of control in both noggin and anti-BMP-2 treated cultures respectively (Table 1). MSC
cultures treated with either IgG isotype control or receiving BMP-2 added back in the presence
of anti-BMP-2 demonstrated an endogenous BMP expression profile similar to controls (Figure
7B&C). For comparison purposes the effects of BMP-2 addition are also presented in this
figure. In the context of this comparison, it is interesting to note that those BMPs that showed
inhibited expression in the presence of either noggin or the inhibitory antibody showed an
inverse level of expression when stimulated with BMP-2 (Figure 7C). A summary of the results
of the three replicate experiments (N=12 cell preparations) is presented in Table 1. These results
show that there was a consistent and reciprocal effect on endogenous BMP expression when
BMPs were either exogenously added or the endogenous levels of expression were blocked.

DISCUSSION
Numerous experiments in a variety of in vitro models have demonstrated that multiple BMPs,
used individually or in various combinations can induce the differentiation of a wide variety
of tissues including bone, cartilage, adipose tissue, and muscle [4,8,21,22]. BMP-2 and BMP-7
have further been demonstrated to enhance bone healing in vivo in animals and humans in
settings such as spinal fusion, fracture repair and distraction osteogenesis [23–25]. Although
there appears to be some benefit from the use of BMPs clinically there continues to be
uncertainty about the BMP potential since animal and in vitro models have demonstrated much
more potent responses than results observed in cultured human cells or in clinical studies. Such
data lead to questions regarding the specificity of the individual BMPs, the functional role and
interactions of the various BMP receptors, and/or how each of the BMPs individually can
promote their specific actions in different tissues.

Previous studies from our laboratory have shown that multiple BMPs, as well as other members
of the larger TGF-β gene family, are expressed at varying temporal and quantitative levels
across skeletal healing [5]. In the current study, we observed that multiple BMPs were
expressed during osteogenic differentiation in bone marrow stromal cell cultures. Interestingly,
within this culture model system, there was also both temporal and quantitative variation in
the steady state mRNA levels of multiple BMPs. These data suggest that that multiple, BMPs
are important to sustain osteogenic recruitment and/or to maintain and expand lineage
progression. The current study further supports the hypothesis that when individual BMPs,
such as BMP-2 or BMP-7 are added exogenously that they have the capacity to augment
differentiation through their actions on the expression of other endogenously produced BMPs.

In order to determine the influence of the actions of the endogenously produced BMPs on the
osteogenic differentiation within bone marrow stromal cell cultures, specific studies were
directed at assessing how the network of endogenously expressed BMPs would respond to both
exogenous BMP addition or antagonism by either noggin or the more selective blockade of
BMP-2 activity. Noggin is naturally expressed during developmental processes and is known
to act as non-competitive inhibitor of BMPs 2, 4 and 7 with a low (Kd 1.0×10−10) disassociation
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constant [20]. Interestingly we were unable to detect BMP-7 in this system, despite being
present in control fracture callus tissue specimens at levels equivalent to BMP-2 and 3 in other
mesenchymal cell populations [5,9]. Since BMP-7 expression is not detectable, its role in the
differentiation of these cultures is considered negligible. It is presumed therefore that the
actions of adding rhNoggin to these cultures are most likely directed at BMP-2 and 4
antagonisms within the marrow stromal system, assuming these are the only other BMPs that
Noggin antagonizes. Our results for the actions of Noggin are also similar to two previous
reports. In one study, marrow stromal cells prepared from mice that had been engineered to
overexpress noggin under the control of the osteocalcin promoter failed to undergo
differentiation in culture [26]. In the other study showed that when noggin was added
exogenously to normal marrow stromal cultures that both osteoblast and osteoclast
differentiation was blocked [27].

While these previous studies and our own studies using Noggin can not make the distinction
between BMP-2 and BMP-4, our studies using the BMP-2 the neutralizing antibody produced
a similar and more potent repression of biochemical and genetic markers of osteoblastic
differentiation in MSCs cultures as compared to Noggin. Since the commercially obtained
BMP-2 antibody that was used in these studies had been determined to be100 fold more specific
for BMP-2 versus BMP-4, and titrating the levels of antibody over several logs from those that
are reported in our studies did not lead to differing qualitative effects than those that we have
presented (data not shown), we have concluded that the primary effects with the blocking
antibody were due to its selective actions on the activity of BMP-2. The current studies also
do not support a positive regulatory role for BMP-4 in osteogenous since: a) as MSC
differentiation progresses there is less BMP-4 expressed; b) both Noggin and BMP-2
antagonism lead to increased BMP-4 expression; c) both BMP-2 or BMP-7 induction of
osteogenic differentiation leads to down regulation of endogenous BMP-4 expression. Finally,
previous data from our laboratory had also shown that C3H10T½ cells in their undifferentiated
state expressed high endogenous levels of BMP-4 whereas in a similar fashion as seen in this
study, the exogenous addition of BMP-2 and BMP-7 downregualted its expression during
skeletal cell differentiation [9].

While both noggin and the blocking antibody produced a potent inhibition and disruption of
the endogenous BMP signaling, Noggin was more potent in its selective inhibitory effects on
the endogenous expression of specific BMPs (Table 1). In contrast, BMP-2 antibody blockade
was more effective in its inhibition of osteogenesis. (Compare data in figures 5 and 6). These
differences in inhibitory effects on osteogenic phenotype versus endogenous BMP expression
however may reflect how either the multiple BMPs interacts to drive differentatiation or how
Noggin selectively interacts with different BMPs. Clarity to the differences in the two
observations will only be provided when the exact nature of the relationships between the
interactions of the various endogenously expressed BMPs as to their antagonism or synergism
in promoting osteogenous is further defined.

The ability to block differentiation by selective BMP-2 blockade supports the hypothesis that
BMP-2 is an early acting morphogenetic signal for osteogenic differentiation. Specifically,
these data suggests that BMP-2 regulates its own expression in conjunction with several other
BMPs including 3, 3a (GDF-10), 5, and 8a, while repressing BMPs 4 and 6. It is interesting to
note that BMP-2 has been associated with the differentiation processes of a number of different
tissues, and it may be speculated that BMP-2 is of central importance to the survival or
differentiation of multiple stem cell lineages since in vivo studies in transgenic mice in which
BMP-2 has been globally ablated show very early embryonic death [27]. Such results indicate
the very early developmental role that this BMP plays relative to many other BMPs that do not
produce early lethality when they are ablated. Other data that support the central role of BMP-2
in promoting mesenchymal stem cell differentiation comes from the studies of Phimpphilai et
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al [28] that have shown that Runx2 transfected C3H10T ½ mesenchymal stem cells where
unable to undergo osteogenic differentiation when their endogenous BMP expression was
inhibited with noggin. Such results place BMP-2 activity either temporally concurrent or
preceding the activation of RUNX-2. Finally in a recent study BMP2 was shown to be a
necessary component of the signaling cascade that governs fracture repair and mice lacking
the ability to produce BMP2 in their limb bones had spontaneous fractures that did not resolve
with time. More germane to the observations and conclusions that we have drawn from our
studies was the demonstration that bones lacking BMP2 showed that the earliest steps of
fracture healing seem to be blocked. These results lead these authors to the central conclusion
that although other osteogenic stimuli were still present in the limb skeleton of these BMP2-
deficient mice, that they cannot compensate for the absence of BMP2 [30].

The last point to comment on is the equal response of the endogenous BMP expression
following BMP-2 or BMP-7 treatment, because BMP-2 is expressed by the MSC system while
BMP-7 is undetectable. These results suggest that the MSC receptor affinity for BMP-7 was
present and that it may substitute in function for one of the BMPs that are endogenously
produced by the cells. It is interesting to note that BMPs 2,4,6 and 7 are all able to induce
osteogenic differentiation when added exogenously to human bone marrow mesenchymal stem
cells [31–33]. Such results suggest that subgroups of BMPs may share selective activities
through common interactions with BMP receptors. In this regard the concept that the BMPs
might work in networks to produce specific biological results is consistent with recent findings
the BMP-3 interferes with activin and BMP-4 binding to type II activin receptors but does not
activate R-Smads [33]. In this way it modulates activin receptor II activity and modifies the
activities or activating BMPs. Thus, the mix of exogenously expressed BMPs and differing
interactive BMP antagonists may produce a wide spectrum of biological activities.

In summary, the results reported here support the hypothesis that BMPs mediate the
differentiation of MSCs through an autogenously-driven signaling network of other BMPs.
This network demonstrates variability in response to BMP stimulation or inhibition such that
the expression of the endogenous BMPs exhibit both selective repression and stimulation. The
data support a second hypothesis that BMP-2 is an early mediator of stem cell differentiation
and it has the ability to control the regulation of other endogenous BMPs, including its own
expression.
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Figure 1.
Temporal progression of bone marrow stromal stem cell selection and osteogenic
differentiation over a 21 day period in growth culture. (A) Representative von Kossa staining
of mineralized nodules seen in 6 well culture dishes 14, 16, and 21 days after plating. (B)
Graphical representation of the average number of mineralized nodules per 0.33cm well at
each time point. (C) Graphical representation of the percent area von Kossa stained mineral
per 0.33 cm well. (D) Graphical representation of alkaline phosphatase enzymatic activity
during MSC osteogenic differentiation. Values are presented as total OD410 per 33mm well
per 1 minute. Days after plating in culture are denoted in figure. Average values were derived
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from four independent cell preparations. For all figures, error bars represent the standard
deviation (S.D.) of the inter-experimental mean of a minimum of four separate replicates.
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Figure 2.
Relationship of osteogenic differentiation to endogenous BMP expression in bone marrow
stromal cell cultures. Quantitative analysis of steady state mRNA expression for specific
extracellular matrix proteins (ECM), transcription factors (TF), and bone morphogenetic
proteins (BMP) during osteogenic differentiation in vitro. (A) Representative autoradiographic
images of the RPA products as resolved on a 6% PAGE sequencing gel. Days after culture and
the labeled positions of the various protected mRNA products are denoted in the figures. The
autoradiograph in the farthest right panel shows a comparison of protected mRNA species seen
in 21 day marrow stromal cell cultures (MSC), those found in the 21 day post fracture callus
tissues (F) and the labeled undigest probe that is used as a marker (M). Five to ten micrograms
of total RNA were assayed per lane. (B) Graphic representation of the mean relative steady
state mRNA expression levels through the time course of in vitro osteogenic differentiation.
Several different autoradiographic exposures were utilized to determine band densities which
were subsequently normalized to the L32 gene. The mean relative steady state mRNA
expression levels were determined from RPAs from at least two individual experimental
analyses. C) Representative autoradiographic images of the RPA products as resolved on a 6%
PAGE sequencing gel. The nature of the set of protected products and the positions of the
various protected mRNA products are denoted in the figures. (FM= FBS and αMEM, C=
complete media as defined in the materials and methods). Five to ten micrograms of total RNA
were assayed per lane.

Edgar et al. Page 13

Bone. Author manuscript; available in PMC 2009 May 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Gain of function of marrow stromal stem cell selection and osteogenic differentiation over a
21 day growth culture period in response to exogenously added BMPs 2 or 7. (A) Graphical
representation of the average number of nodules per 0.33cm well in control and rhBMP-2 and
rhBMP-7 treated cultures. (B) Graphical representation of alkaline phosphatase activity
observed at 10, 14, 16, and 21 days compared to cultures supplemented with rhBMP-2 and
rhBMP-7. Alkaline phosphatase values are presented as total OD410 per 33mm well per
1minute. All data points represent inter-experimental means derived from four independent
cell preparations. Single experimental group is an average derived from a minimum of triplicate
wells. Error bars represent the standard deviation (S.D.) of the inter-experimental mean. (C)
Quantitative analysis of steady state mRNA expression was made by ribonuclease protection
assay for specific extracellular matrix proteins (ECM). Representative autoradiographic
images of the RPA products as resolved on a 6% PAGE sequencing gel are depicted. Days
after culture and the labeled positions of the various protected mRNA products are denoted in
the figures. (D) Graphic representation of the percentage difference of steady state mRNA
expression levels from that of control averaged across the time course of in vitro osteogenic
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differentiation. Several different autoradiographic exposures were utilized to determine band
densities which were subsequently normalized to the L32 gene. The mean relative steady state
mRNA expression levels were determined from RPAs from at least two individual
experimental analyses.
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Figure 4.
Response of autogenous BMP expression in bone marrow stromal cell cultures to exogenously
added BMPs 2 or 7. (A) Quantitative analysis of steady state mRNA expression was made by
ribonuclease protection assay for specific BMPs. Representative autoradiographic images of
the RPA products as resolved on a 6% PAGE sequencing gel are depicted. Days after culture
and the labeled positions of the various protected mRNA products are denoted in the figures.
Ten micrograms of total RNA were assayed per lane. (B) Graphic representation of the
percentage difference of steady state mRNA expression levels from that of control averaged
across the time course of in vitro osteogenic differentiation. The control 100% level is denoted
in the figure by heavy line in the graph and the bar shading is consistent as denoted in figure
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3. Several different autoradiographic exposures were utilized to determine band densities
which were subsequently normalized to the L32 gene. The mean relative steady state mRNA
expression levels were determined from RPAs from at least two individual experimental
analyses.
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Figure 5.
Inhibition of marrow stromal cell osteogenic differentiation in response to BMP antagonism
with rhNoggin. (A&B) Graphical analysis of the average number of von Kossa stained nodules
and percent area stained mineral per 0.33cm well. (C) Alkaline phosphatase activity observed
in control cultures compared to rhNoggin supplementation. Alkaline phosphatase activity was
compared at 16 days in culture. All data points represent inter-experimental means derived
from four independent cell preparations with error bars representing the standard deviation
(S.D.) of the inter-experimental mean. Statistical significance at (<0.05) between the inter-
experimental means as determined by 2-tailed t-test assuming equal variance is denoted (*).
(D) Representative RPA analysis of steady state mRNA expression for specific extracellular
matrix proteins expressed in the marrow stromal cultures in control and rhNoggin treated
cultures. Graphical analysis of the relative steady state mRNA levels at sixteen days in of the
rhNoggin treated cultures relative to the control cultures is shown. Data points were normalized
to the detected expression of the L32 gene.
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Figure 6.
Inhibition of bone marrow stromal cell osteogenic differentiation in response to BMP-2
antagonism with BMP-2 selective blocking antibody. (A) Graphical comparisons of the
average number of nodules per 0.33cm well at 16 days within MSCs differentiated in the
presence of 2.5ug/ml anti-BMP-2 monoclonal antibody (Anti BMP-2), 300ng/ml BMP-2 and
2.5ug/ml anti-BMP-2 monoclonal antibody Competition Assay (Comp Assay), 2.5ug/ml
IgG1 isotype control antibody (IsoType), un-supplemented cultures (control). (B&C)
Graphical comparison of average nodules per 0.33cm well and alkaline phosphatase activity
in marrow stromal cultured cells with or without 2.5ug/ml anti-BMP-2 neutralizing antibody
throughout the time course of their differentiation. Enzymatic values are presented as total
OD410 per 33mm well per minute. Total days after plating are denoted in the figure. A single
experimental result consists of the average value derived from those measures in a minimum
of triplicate wells. All data points represent inter-experimental means derived from four
independent cell preparations with error bars representing the standard deviation (S.D.) of the
inter-experimental mean. Statistical significance at (<0.05) between the inter-experimental
means as determined by 2-tailed t-test assuming equal variance is denoted (*). (D)
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Representative RPA analysis of steady state mRNA expression for specific extracellular matrix
proteins expressed in bone marrow stromal cultures with or without anti-BMP-2 neutralizing
antibody supplementation. Graphical analysis of the relative steady state mRNA levels at
sixteen days in of the rhNoggin treated cultures relative to the control cultures is shown. Data
points were normalized to the detected expression of the L32 gene.
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Figure 7.
Response of endogenous BMP expression profiles following rhNoggin and selective BMP-2
antagonism by anti-BMP-2 neutralizing antibody treatment. (A) Graphical comparison of
alkaline phosphatase activity at 16 days in MSCs cultured in the presence anti-BMP-2
neutralizing antibody (Anti-B2), IgG1 isotype control antibody (IsoType), rhNoggin (Noggin),
rhBMP-2 (BMP-2), or media alone (control). One experiment represents the average OD from
a minimum of 6 wells. All data points represent inter-experimental means derived from three
independent cell preparations. All data points represent inter-experimental means derived from
four independent cell preparations with error bars representing the standard deviation (S.D.)
of the inter-experimental mean. Statistical significance at (<0.05) between the inter-
experimental means as determined by 2-tailed t-test assuming equal variance is denoted (*).
(B) Representative RPA analysis of steady state mRNA expression for specific BMPs in MSC
cultures collected at 16 days after plating. RPA gels are labeled as follows; (N) rhNoggin, (Ab)
anti-BMP-2 neutralizing antibody, (Cp) Competition assay, (NI) Non immune Isotype IgG
control, (B) 100ng/ml rhBMP-2. (C) Graphical representation of percentage inhibition or
elevation in response to various culture perturbations. Top panel depicts that group that showed
elevated expression is response to BMP-2 blockade while the bottom panel shows that group
that shows elevation in response to exogenous BMP-2 addition. The reciprocal pattern in the
two panels to various treatments may be noted by visual comparison of the top and bottom
panels.
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