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Abstract
Background—Adherent bone marrow stromal cells are inducible osteoprogenitors, giving rise to
cells expressing osteoblast markers including alkaline phosphatase, osteopontin, osteocalcin, and
bone sialoprotein. However, the potency of inducers varies in a species-specific manner.
Glucocorticoids such as dexamethasone induce alkaline phosphatase activity in both human and rat
mesenchymal stem cells, while mouse bone marrow stromal cells are refractory to dexamethasone-
induced alkaline phosphatase activity. In contrast, BMP induces alkaline phosphatase activity in both
mouse and rat bone marrow stromal cells, while BMP effects on human bone marrow stromal cells
are poorly characterized.

Methods—Bone marrow samples were isolated from patients undergoing hip replacement.
Mononuclear marrow cells were cultured and grown to confluence without or with 10−7M
dexamethasone. Cells from each isolate were passaged into medium containing 100 μg/mL ascorbate
phosphate and treated with dexamethasone, 100 ng/mL BMP, or no inducer. At day 6, alkaline
phosphatase activity was assayed, and RNA was prepared for mRNA analyses by real-time
polymerase chain reaction.

Results—Bone marrow stromal cells from twenty-four of twenty-six patients showed no significant
osteogenic response to BMP-2, 4, or 7 as determined by alkaline phosphatase induction. However,
BMPs induced elevated levels of other genes associated with osteogenesis such as bone sialoprotein
and osteopontin as well as BMP-2 and noggin. If primary cultures of human bone marrow stromal
cells were pretreated with dexamethasone, BMP-2 treatment of first-passage cells induced alkaline
phosphatase in approximately half of the isolates, and significantly greater induction was seen in
cells from males. Dexamethasone treatment, like BMP treatment, also increased expression of the
BMP-binding protein noggin.

Conclusions—Most human femur bone marrow stromal cell samples appear incapable of
expressing elevated alkaline phosphatase levels in response to BMPs. Since BMP treatment induced
expression of several other BMP-regulated genes, the defect in alkaline phosphatase induction is
presumably not due to impaired BMP signaling. We hypothesize that the mechanism by which BMPs
modulate alkaline phosphatase expression is indirect, involving a BMP-regulated transcription factor
for alkaline phosphatase expression that is controlled differently in humans and rodents.
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Clinical Relevance—We suggest that the relative insensitivity of alkaline phosphatase to BMP
induction in human bone marrow stromal cells may contribute to the variation in efficacy reported
with BMP in clinical settings.

The success of postnatal skeletal renewal processes such as remodeling and fracture healing
is dependent on the ability of the body to promote the differentiation of precursor cells such
as mesenchymal stem cells into functional osteoblasts. Impairment of this process of
osteogenesis can lead to osteoporosis as well as impaired fracture healing. Elucidating how
osteogenesis is regulated is vital to the understanding of the pathogenesis of these important
diseases, and, in turn, to the validation of proposed strategies for therapeutic intervention.

Osteogenesis is characterized by the sequential expression of a series of markers collectively
unique to this phenotype1. Among these markers of osteogenesis, the production of high levels
of the tissue non-specific isoform of alkaline phosphatase stands out as the hallmark
distinguishing osteogenic cells in culture2. The importance of alkaline phosphatase in bone
formation resides in its ability to regulate mineralization of bone matrix3. Therefore,
individuals containing deleterious mutations of the alkaline phosphatase gene leading to
hypophosphatasia manifest defects in bone mineralization4. Similarly, alkaline phosphatase
null mice are capable of developing a mineralized skeleton but develop postnatal osteopenia
and fractures5.

The adherent bone marrow stromal cell is a mesenchymal stem cell that can be induced to form
osteoblasts. This osteogenic capacity has been demonstrated in vitro in cells isolated from mice,
rats, rabbits, and humans6,7. Curiously, the potency of individual inducers to induce alkaline
phosphatase varies in a species-dependent manner. Several bone morphogenetic proteins
(BMPs) are potent inducers of osteogenesis in both mouse and rat bone marrow stromal
cells8–10. Glucocorticoids such as dexamethasone are potent inducers in human and rat
stromal cells, but they have no effect on alkaline phosphatase activity in mouse stromal
cells11–16. This species variation in inducer-dependent effects on mesenchymal stem cells is
notable for two reasons. First, one must be cautious in assuming that stromal cells from other
species may serve as models for inducible osteogenesis in human marrow stromal cells.
Second, while cultured human stromal cells differentiate into osteoblasts in the presence of
dexamethasone, this has questionable clinical relevance because glucocorticoids are potent
inducers of osteoporosis in vivo.

In this study, we showed that BMP-2 alone does not induce osteogenesis in isolates of human
bone marrow stromal cells as measured by stimulation of alkaline phosphatase expression.
However, BMP-2 does induce other markers associated with differentiation of osteoblasts.
Interestingly, we found that BMP-responsive alkaline phosphatase activity may be elicited by
dexamethasone pretreatment of stromal cells from some patients, with the extent of this
response apparently related to gender.

Materials and Methods
Isolation of Human Marrow Stromal Cells

Marrow samples were isolated from the proximal part of the medullary cavity of femora from
a series of patients at the time of primary total hip replacement. The samples were placed on
ice for transport. All steps in establishing primary marrow cultures were performed at room
temperature unless otherwise noted. Individual marrow samples were washed twice by
suspension in alpha-minimal essential medium and subsequent centrifugation to remove a fatty
fraction. Following the second wash step, the marrow pellets were suspended in Hanks
balanced salt solution and layered onto Ficoll-Paque minimal essential medium (Amersham
Pharmacia Biotech, Piscataway, NJ). The gradient was centrifuged for thirty minutes at 1900

Diefenderfer et al. Page 2

J Bone Joint Surg Am. Author manuscript; available in PMC 2006 January 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RCF (relative centrifugal force). This step concentrated the nucleated cells at the Hanks
balanced salt solution/Ficoll-Paque interface. The nucleated cell fractions were collected and
were washed in minimal essential medium. The cells were quantitated, and primary cultures
were established at a plating density of 5 × 105 cells/cm2 in minimal essential medium/15%
fetal calf serum and antibiotics. The medium was changed initially at day 4 and then every
other day thereafter until the cultures reached confluence. Subsets of primary cultures from
each isolate were treated with dexamethasone at a final concentration of 10−7M on day 1 and
at subsequent changes of the medium.

Osteogenic studies were performed employing first-passage cultures plated at a density of 1 ×
104 cells/cm2 (day 0). Four treatment groups were established on day 1 by the initial addition
of osteogenic inducers: ascorbate-2-phosphate alone at 100 μg/mL; ascorbate-2-phosphate and
BMP-2 (100 ng/mL); ascorbate-2-phosphate and dexamethasone (10−7M); or ascorbate-2-
phosphate, BMP-2, and dexamethasone. Medium was changed every other day, and inducers
were replenished at that time. Cells were harvested on day 6 for determination of alkaline
phosphatase activity and RNA isolation.

Alkaline Phosphatase Assay
Alkaline phosphatase activity was determined kinetically by monitoring the conversion of p-
nitrophenyl phosphate to p-nitrophenol as described previously8.

Isolation of Total RNA and Reverse Transcriptase-Polymerase Chain Reactions
Total RNA was isolated with use of TRI Reagent (Molecular Research Center, Cincinnati, OH)
according to the manufacturer’s protocol. Phase separation was achieved by the addition of 1-
bromo-3-chloropropane. The total RNA was precipitated from the aqueous phase with use of
isopropanol, and the RNA pellet was washed with 75% ethanol. The RNA was quantitated
spectrophotometrically at 260 and 280 nm, aliquoted, and stored at −70°C.

Reverse transcriptase-polymerase chain reaction was performed with use of a commercially
available single tube system (Ready-To-Go PCR beads, Amersham Pharmacia Biotech) and
used according to the manufacturer’s protocol with 2 μg total RNA for each reaction. Oligo
dT was used as the first strand primer, and forward and polymerase chain reaction primers
were added to a final concentration of 0.15μM each. Denaturation, annealing, and extension
steps were carried out for one minute each at 95°C, 60°C, and 72°C, respectively.

Polymerase Chain Reaction Primers
The following forward and reverse primer pairs were used to amplify specific cDNAs:

Alkaline phosphatase: forward: 5′-ACCATTCCCACGT-CTTCACATTTG-3′; reverse: 5′-
AGACATTCTCTCGTTCAC-CGCC-3′. BMP-2: forward: 5′-GAGTTGCGGCTGCTCAGC-
ATGTT-3′; reverse: 5′-ACATGTCTCTTGGAGACACCT-3′. Noggin: forward: 5′-
GGAGGAAGTTACAGATGTGGCTGT-3′; reverse 5′-
CACTCGGAAATGATGGGGTACTG-3′. Osteopon-tin: forward: 5′-
AGCCAGGACTCCATTGACTCGAAC-3′; reverse: 5′-
GTTTCAGCACTCTGGTCATCCAGC-3′. Runx2 (Cbfa1): forward: 5′-
AGATGATGACACTGCCACCTCTG-3′; reverse: 5′-
GGGATGAAATGCTTGGGAACTGC-3′. Osteocal-cin: forward: 5′-
ATGAGAGCCCTCACACTCCTC-3′; reverse: 5′-GCCGTAGAAGCGCCGATAGGC-3′.
Bone sialoprotein: forward: 5′-AATGAAAACGAAGAAAGCGAAG-3′ reverse: 5′-
ATCATAGCCATCGTAGCCTTGT-3′.
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Real-Time Polymerase Chain Reactions
cDNA was prepared from 2-μg samples of total RNA isolated as described above with use of
the SuperScript First Strand Synthesis System (Invitrogen, Carlsbad, CA). The cDNA samples
were amplified in a real-time polymerase chain reaction cycling apparatus (Cepheid Smart
Cycler, Sunnyvale, CA) with use of the LightCycler Fast-Start DNA Master SYBR Green I
(Roche Molecular Biochemicals, Mannheim, Germany). The reactions were formulated
according to the manufacturer’s protocol. After initial denaturations for ten minutes at 95°C,
amplifications were carried out for forty-five cycles with use of three-step cycles of
denaturation at 95°C for fifteen seconds, annealing for thirty seconds, and extension at 72°C
for thirty seconds. The annealing temperature was individually calculated for each primer pair:
alkaline phosphatase and bone sialoprotein at 57°C, noggin and osteocalcin at 65°C, BMP-2
at 60°C, and osteopontin at 68°C. At the termination of the polymerase chain reactions for each
sample, a melting curve was generated over a 60°C to 96°C range at a rate of 0.2°C elevation/
second.

Immunoblotting for Noggin Protein
Cultured cells were washed twice with ice-cold Hanks balanced salt solution and collected in
1mM Tris-HCl, pH 6.8; 20% glycerol; and 4% sodium dodecyl sulphate lysis buffer. Lysates
were placed on ice denatured by heating at 100°C for six minutes in the presence of 5% β-
mercaptoethanol. Equal amounts of protein were electrophoresed in a 10% Trisglycine/sodium
dodecyl sulphate pre-cast gel (Invitrogen, Carlsbad, CA). Proteins were electro-blotted at 4°C
onto a polyvinylidene difluoride membrane (Immuno-Blot PVDF, Bio-Rad Laboratories,
Hercules, CA) at 100 V for one hour, and the membrane was then blocked in phosphate-
buffered saline solution containing 3% nonfat, dehydrated milk for at least two hours at room
temperature. Exposure to rat anti-human noggin primary antibody (provided by Regeneron,
Tarrytown, NY) was performed overnight in the cold with use of 5 μg of primary antibody in
a phosphate-buffered saline solution containing 1% nonfat, dehydrated milk. The membrane
was then washed with five changes of phosphate-buffered saline solution. Peroxidase-linked
sheep anti-rat secondary antibody (Santa Cruz) was added at a dilution of 1:1000 in phosphate-
buffered saline solution with 1% milk, and incubation was performed for two hours at room
temperature. The membrane was then washed with five changes of phosphate-buffered saline
solution. The peroxidase-based signal was developed with use of a chemiluminescence reagent
system according to the manufacturer’s instructions (Western Lightning, PerkinElmer Life
Sciences, Boston, MA). The development of the blot was monitored on a Kodak Image Station
440 (Perkin Elmer Life Sciences, Norfolk, Connecticut).

Results
Subjects

The data presented here were gathered from bone marrow samples of twenty-four patients who
underwent primary total hip arthroplasty. Samples were obtained from twelve female patients.
Their ages ranged from thirty-five to seventy-five years. An additional twelve samples were
obtained from male patients, ranging in age from twenty-three to seventy-eight years. No
detailed medical history of the patients was sought.

Induction of Alkaline Phosphatase Activity in Cultured Human Marrow Stromal Cells
Since a high level of alkaline phosphatase activity is considered a hallmark of the osteogenic
phenotype, we evaluated the effect of both BMP-2 and dexamethasone on alkaline phosphatase
activity in first-passage human marrow stromal cell cultures cultured until day 6. As expected,
dexamethasone significantly stimulated alkaline phosphatase activity in first-passage human
marrow stromal cell cultures (Fig. 1, A). However, 100 μg/mL BMP-2 had no significant effect
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on alkaline phosphatase activity, even when the culture period was extended to fourteen days.
Cultures of bone marrow derived from two additional patients, a fifty-six-year-old man and a
forty-one-year-old woman, showed some BMP stimulation, with BMP-induced alkaline
phosphatase activity that was at least 60% of that seen with dexamethasone treatment.

Dexamethasone Pretreatment and BMP-2 Induction of Alkaline Phosphatase Activity in
Human Marrow Stromal Cells

Previously published data derived with use of rat marrow stromal cells demonstrated that
dexamethasone treatment of primary marrow cell cultures had the capacity to maintain
osteogenesis in subsequent passage8. Accordingly, we investigated the possibility that this
same phenomenon would be elicited in cultured human marrow stromal cells. Primary cultures
were treated with 10−7M dexamethasone at day 1 and at each subsequent medium change. At
confluence, the dexamethasone-pretreated primary cells were passaged. First-passage cultures
derived from dexamethasone-pretreated cells were divided among the four treatment groups
described above and compared with cultures derived from nontreated cells.

First-passage cultures of cells pretreated with dexamethasone had higher baseline alkaline
phosphatase activity than did first-passage cultures derived from untreated primaries (Fig. 1,
A and B). Dexamethasone pretreatment also enhanced the dexamethasone responsiveness of
first-passage cultures (Fig. 1, B). When results from all twenty-four patient samples were
compiled, dexamethasone pretreatment was also seen to induce a BMP-2-dependent elevation
in alkaline phosphatase activity (p = 0.01), which was absent in first-passage cultures derived
from untreated primaries (Fig. 1, B). However, the patient samples appeared to divide into two
groups: a male group in which dexamethasone pretreatment resulted in a marked response to
BMP (p = 0.01) and a female group in which alkaline phosphatase levels in response to BMP
were higher than control values but were significantly lower than those in the male group (Fig.
1, C). A summary of the data from these studies, sorted by gender, is presented in Table I.

BMP-2 Stimulation of BMP-Responsive Genes
The limited effect of BMP on alkaline phosphatase activity in first-passage cultures of human
stromal cells led us to investigate whether this poor response extended to two genes reported
to be regulated by BMP signaling: BMP-2 and the BMP-binding protein noggin. Reverse
transcriptase-polymerase chain reaction analysis demonstrated that BMP-2 treatment of human
marrow stromal cells produced increased expression of both BMP-2 mRNA and noggin.
Addition of 10−7M dexamethasone to cultures caused decreased expression of BMP-2 mRNA
and attenuation of the BMP-induced increase in BMP-2. In contrast, dexamethasone elevated
noggin mRNA to levels comparable with those seen with BMP treatment (Fig. 2).

The effects on regulation of noggin and BMP-2 expression were confirmed by real-time
polymerase chain reaction assays. Figure 3 displays results with a representative cDNA sample
derived from human marrow stromal cells. BMP treatment increased both noggin and BMP-2
mRNA levels as demonstrated by the shift to the left, indicating detectable SYBR Green
fluorescence at an earlier cycle number. These results indicate that BMP signaling is capable
of inducing a transcriptional response in human marrow stromal cells. Analyses of RNA
prepared from cultured cells obtained from several patients indicated that both noggin and
BMP-2 mRNA levels were increased approximately fifteenfold by BMP treatment (Table II).
Comparison of dexamethasone and BMP effects demonstrated both similarities and
differences. Unlike the stimulatory effects seen with BMP, dexamethasone suppressed BMP-2
mRNA levels. However, dexamethasone increased noggin mRNA to levels comparable with
those seen with BMP (Fig. 2, Table II), and the combination of dexamethasone and BMP
resulted in significantly higher levels than did either compound alone. Since the ability of
dexamethasone to regulate noggin levels has not been previously reported, we investigated
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whether noggin protein was similarly affected. Immunoblot analysis of whole cell extracts with
use of a rat anti-human noggin antibody showed that both BMP-2 and dexamethasone increased
noggin protein (Fig. 4). The increase in noggin protein seen when BMP and dexamethasone
were both present was greater than that seen with each inducer alone.

BMP Regulation of Genes Induced During Osteogenesis
Our analyses of noggin and BMP-2 levels suggested that although BMP had no effect on
alkaline phosphatase activity in first-passage culture without dexamethasone pretreatment, the
lack of effect could not be explained simply as defective BMP signaling in human marrow
stromal cells. However, noggin and BMP-2 are genes that are BMP-responsive in a variety of
cell types. We therefore examined the regulation of genes more specifically associated with
osteoblast differentiation. Reverse transcriptase-polymerase chain reactions with use of
primers specific for all isoforms of Runx2 (Cbfa1) showed high levels of this mRNA in human
marrow stromal cells under all conditions. Quantitive real-time polymerase chain reaction
analyses for bone sialoprotein and osteocalcin mRNA as well as alkaline phosphatase mRNA
are shown in Figure 5, and the cumulative results from all analyses are presented in Table II.

The changes in alkaline phosphatase mRNA levels at both six and ten days of culture correlated
well with the changes seen in alkaline phosphatase activity (Fig. 5, A and B); BMP-treated
cultures showed low alkaline phosphatase mRNA levels comparable with levels seen in
untreated controls, while dexamethasone increased alkaline phosphatase mRNA levels five to
tenfold. Even when human marrow stromal cells were cultured with BMP-2 for fourteen days,
no increase in alkaline phosphatase mRNA was observed (data not shown). Culture with
BMP-4 and BMP-7 yielded patterns similar to that with BMP-2, with no significant increase
in alkaline phosphatase mRNA (data not shown). In contrast to the poor alkaline phosphatase
response, mRNA for bone sialoprotein, a late marker of osteoblast differentiation, was elevated
by BMP and reached levels comparable with those seen with dexamethasone treatment (Fig.
5, C). Osteocalcin, another late marker of osteoblast differentiation, was not regulated by either
dexamethasone or BMP treatment (Fig. 5, D). Most samples also showed BMP stimulation of
osteopontin mRNA (Table II), but cells from two patients showed little or no increase in
osteopontin mRNA after culture with BMP.

Discussion
Bone marrow-derived stromal cells are inducible osteoprogenitors that play an important role
in bone renewal processes such as remodeling and fracture callus formation. This osteogenic
capacity is seen in stromal cells isolated from mice, rats, rabbits, and humans; however, cell
behavior and efficacy of inducers varies in a species-dependent manner8–10,12,13,15,17,18.
Using both a kinetic assay for alkaline phosphatase enzyme activity and real-time polymerase
chain reactions to determine alkaline phosphatase mRNA, we showed that BMP-2 alone is a
poor inducer of this osteoblast marker in human marrow-derived stromal cells. Similar results
were obtained with BMP-4 and BMP-7. However, BMP treatment of human marrow-derived
stromal cells does autoregulate BMP-2 expression and increase levels of noggin, osteopontin,
and bone sialoprotein mRNA. Thus, among the genes tested, only the alkaline phosphatase
gene seems resistant to BMP regulation in human marrow-derived stromal cells.

Our data show that the same marrow-derived stromal cell cultures that do not show BMP-
induced alkaline phosphatase are responsive to dexamethasone induction of alkaline
phosphatase, as has been reported previously12,14,19,20. Previous studies from our laboratory
have shown that BMP induces alkaline phosphatase activity in rat marrow-derived stromal
cells and that dexamethasone potentiates this BMP responsiveness8. In contrast, the results
with human marrow-derived stromal cells reported in Table I indicate that combining
dexamethasone and BMP has no effect on alkaline phosphatase expression beyond that seen
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with dexamethasone alone, unless the marrow-derived stromal cells had been previously
cultured with dexamethasone. When pretreated with dexamethasone in primary culture and
replated just prior to confluency, approximately half of the human marrow-derived stromal
cells cultures responded to BMP-2 by an increase in alkaline phosphatase mRNA and enzyme
activity. The potency of this effect was gender-related, being greater in samples derived from
male patients. Our primary cultures of total mononuclear cells from bone marrow contained
non-adherent hematopoietic cells for the first four days, and the ability of macrophage cell
lines to produce osteoinductive signals has been demonstrated21. It is therefore plausible that
the ability of dexamethasone to promote subsequent alkaline phosphatase expression in
response to BMP is mediated, at least in part, by these non-adherent cells.

High levels of alkaline phosphatase are routinely used to confirm an osteoblast phenotype in
cell culture, and cultured osteoblasts from alkaline phosphatase-null mice fail to mineralize
their matrix22. However, despite the significant correlation with osteogenic potential, alkaline
phosphatase is but one among an array of proteins that have an important role in regulating
this phenotype. mRNA analyses indicated that BMP induction of both osteogenesis-related
genes such as osteopontin and bone sialoprotein and the less tissue-specific genes noggin and
BMP-2 operated efficiently in human marrow-derived stromal cells. These findings
demonstrate that the lack of a BMP effect on alkaline phosphatase is not due to a general lack
of the BMP signaling pathway in these cells.

There have been a limited number of reported studies in which human marrow-derived stromal
cells have been cultured in the presence of BMPs, and, unfortunately, none of them directly
compared BMP and dexamethasone effects. Fromigue et al., studying human marrow-derived
stromal cells that had been pretreated with dexamethasone in primary culture, showed results
similar to those reported here; BMP-2 elevated alkaline phosphatase activity two to
threefold23. Similar results were obtained in studies with 2.5 ng/mL BMP-3, but the levels of
alkaline phosphatase activity obtained were unusually low24. Using a conditionally
immortalized human marrow-derived stromal cell line, Gori et al. found BMP stimulation of
alkaline phosphatase activity if the culture medium contained dexamethasone, calcitriol, and
10% fetal bovine serum, but they found no BMP stimulation if the medium contained rabbit
serum and lacked dexamethasone25. The same cell line has recently been used for gene array
analysis with samples from BMP-treated and untreated cultures26. No change in alkaline
phosphatase mRNA was observed in the presence of BMP-2 in gene array assays; however,
the authors reported that BMP elevated alkaline phosphatase mRNA when measured by real-
time polymerase chain reactions. Lecanda et al. reported that cultures of marrow-derived
stromal cells derived from human ribs exhibit a marked increase in alkaline phosphatase
activity after four-day exposure to BMP-227. Those authors also reported a BMP-induced
increase in osteocalcin expression, which we did not observe. The discrepancy between our
results and those of Lecanda et al. is not readily explained. It might be related to differences
in the osteogenic potential of marrow-derived stromal cells from different bone sites; Lecanda
et al. studied marrow-derived stromal cells from ribs, while we used marrow-derived stromal
cells from femora. Another issue might be different culturing systems, as Lecanda et al. used
heat-inactivated serum. Using selected isolates, we compared culture media containing
different batches of serum, alpha-modified Eagle medium versus Dulbecco modified Eagle
medium, and heat-inactivated serum; however, no significant differences in BMP
responsiveness were observed. A final possibility might relate to the fact that our tests were
done on individual isolates, while Lecanda et al. utilized pooled samples. In our studies, we
observed a BMP response in two patient isolates, but the remaining twenty-four isolates, when
cultured in the absence of dexamethasone, did not show elevated alkaline phosphatase activity
in the presence of BMP.
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The reason for the poor stimulation of alkaline phosphatase expression by BMP alone in human
marrow-derived stromal cells is unknown, but it clearly differs from the effect of BMP on
rodent marrow-derived stromal cells. An age-related effect on the source of marrow cells may
be one possible explanation for the observed difference between rodent and human alkaline
phosphatase regulation. Osteogenic studies of BMP-2 effects on rat marrow-derived stromal
cells generally involve use of marrow obtained from very young animals8,28, whereas cells
used in human studies tend to be from older individuals who require joint surgery. Studies of
age-related effects on rat and mouse marrow-derived stromal cell osteogenesis support the
hypothesis that cells from younger animals show greater osteogenic potential than do those
from older animals, while studies examining the effects of aging on human marrow-derived
stromal cell osteogenesis have shown conflicting results29–32.

Other explanations for the observed results relate to mechanisms that may be downstream of
BMP signaling. Since the lack of BMP response seems limited to alkaline phosphatase
expression, it cannot be attributed to a generalized lack of BMP signaling; e.g., the classic
model of BMP signaling in which activated Smads function as transcriptional regulators.
However, it is possible that activation of signaling pathways regulated by BMPs or acting
parallel to Smad signaling may be important in regulation of alkaline phosphatase transcription.
Many BMP-dependent osteogenic markers show modulation by MAP pathways, and evidence
from several laboratories has suggested that activated Smads lead to downstream activation of
ERK or p38 kinase29–33. These results raise the possibility that the problem with BMP-
mediated alkaline phosphatase regulation in humans may result from a defect in a kinase
pathway activated subsequent to Smad-mediated signaling. While this mechanism visualizes
sequential actions involving Smad and MAP kinase signaling pathways, Nohe et al. recently
suggested that alternative mechanisms of BMP receptor activation will result in alternative
signaling pathways involving either Smad or p38 MAP kinase34. These authors hypothesized
that, while many BMP-regulated genes are controlled by Smads activated by preformed
heterodimeric BMP receptors, alkaline phosphatase is regulated by means of a Smad-
independent mechanism involving initial BMP binding to a homodimeric type-I BMP receptor,
leading to p38 activation. Yet another possibility arises from the observations that some BMP-
responsive genes such as osteopontin and osteoprotegerin are regulated by Smad-mediated
removal of a Hox-C8 repressive response element in their promoter regions35–37, leading to
the possibility that an alkaline phosphatase-specific repressor behaves differently in humans
and rodents. We are currently investigating the importance of these alternatives in BMP-treated
human marrow-derived stromal cells.

Our conventional and real-time reverse transcriptase-polymerase chain reaction studies, while
focusing on the role of BMP in human marrow-derived stromal cell osteogenesis, also revealed
new information about dexamethasone action on cultured human marrow-derived stromal
cells. Both dexamethasone and BMP increased bone sialoprotein mRNA, but only BMP
increased expression of BMP-2 or osteopontin mRNA, and dexamethasone attenuated the
BMP-2 induction of these two mRNAs. Surprisingly, dexamethasone, like BMP-2, induced
noggin mRNA and potentiated the effect of BMP. The ability of BMPs to increase noggin
expression is generally viewed as a negative feedback mechanism, operating to inhibit BMP
signaling by binding to BMP and thereby preventing BMP receptor activation38,39. The
observation that dexamethasone also increases noggin expression suggests a possible
mechanism that may be operative in glucocorticoid-induced osteoporosis.

Finally, our in vitro data from human marrow-derived stromal cells appear to correlate with
the evidence of BMP efficacy in human clinical trials. While laboratory animal studies have
demonstrated a reliable capacity for BMPs to promote bone repair in vivo40,41, the success
of BMP osteoinduction has been less impressive in human clinical trials42–45, with a large
variation in response among individual patients46. The results presented here suggest that this
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may be due to a difference in the ability of therapeutic doses of BMPs to stimulate alkaline
phosphatase expression and subsequent lack of control of osteoid mineralization.
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Fig. 1.
Alkaline phosphatase (AP) activity in day-6 first-passage human marrow-derived stromal cell
cultures. First-passage human marrow-derived stromal cell cultures were treated and were
harvested for analysis of alkaline phosphatase activity as described in Materials and Methods.
A: First-passage cultures derived from untreated primaries did not show any response to BMP-2
treatment. Alkaline phosphatase activity was significantly (*) increased by dexamethasone
(Dex). B: In first-passage cultures derived from dexamethasone-treated primaries, BMP-2
significantly increased alkaline phosphatase activity. Dexamethasone pretreatment also
enhanced the dexamethasone stimulation of alkaline phosphatase seen in the first passage.
C: The influence of dexamethasone pretreatment on BMP-2 induction of alkaline phosphatase
in the first passage was greater in cultures of cells derived from male patients than it was in
cultures of cells from female patients.
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Fig. 2.
Reverse transcriptase-polymerase chain reactions for osteoblastic and BMP-inducible genes
in human marrow-derived stromal cells. Conventional reverse transcriptase-polymerase chain
reaction was performed on total RNA isolated from day-6 first-passage human marrow-derived
stromal cells not pretreated with dexamethasone. BMP-2 had no effect on alkaline phosphatase,
but it consistently increased BMP-2 and noggin mRNA. BMP also induced osteopontin in most
samples. Dexamethasone also increased noggin mRNA and potentiated the effect of BMP.
However, dexamethasone attenuated the BMP-2 upregulation of BMP-2 and osteopontin
mRNA.
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Fig. 3.
Expression of BMP-inducible genes in a representative sample of cultured first-passage human
marrow-derived stromal cells. cDNA was prepared from mRNA of day-6 first-passage cultures
and analyzed by real-time reverse transcriptase-polymerase chain reactions. SYBR Green
fluorescence indicates formation of polymerase chain reaction product. The cycle number at
which product fluorescence crosses the fluorescence threshold is the crossing point; larger
amounts of initial mRNA result in detectable fluorescence at a lower crossing point. Both
noggin and BMP-2 mRNA were increased in BMP-treated cultures. Dexamethasone (Dex)
treatment increased noggin mRNA but decreased BMP-2 mRNA.
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Fig. 4.
Immunoblot analysis for noggin protein in human marrow-derived stromal cells. Whole cell
protein lysates from day-6 cultures were evaluated as described in Materials and Methods with
use of a rat anti-human noggin antibody. Two representative samples from non-pretreated first-
passage cultures are shown. The results mirror the reverse transcriptase-polymerase chain
reaction results, demonstrating increased noggin protein associated with either BMP-2 or
dexamethasone (Dex) treatment and the additive effect of combined treatment.
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Fig. 5.
Expression of ostoblast genes in a representative sample of cultured first-passage human
marrow-derived stromal cells. Results of real-time polymerase chain reactions were analyzed
as described in the legend to Figure 3. While dexamethasone (Dex) treatment increased levels
of alkaline phosphatase (AP) mRNA at both day 6 and day 10, BMP treatment did not. Bone
sialoprotein (BSP) mRNA was increased by either dexamethasone or BMP, and osteocalcin
mRNA was unaffected by either dexamethasone or BMP.
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TABLE I
Alkaline Phosphatase Activity in Human Bone Marrow Cells with and without Dexamethasone Pretreatment*

Primary Culture First-Passage Culture (nmol product/min/well)

With Dexa methasone? With Dexa methasone? No BMP With BMP-2 P Value for
BMP vs. no

BMP

Males No No 24.1 ± 11.9 24.2 ± 19.6 >0.3
Yes‡ 78.7 ± 54.7 94.0 ± 57.5 >0.3

Yes† No 65.4 ± 17.2 142.0 ± 66.2 0.01
Yes‡ 203.3 ± 64.0 323.6 ± 123.5 0.01

Females No No 24.4 ± 14.9 18.6 ± 11.9 >0.3
Yes‡ 69.2 ± 40.0 78.3 ± 44.3 >0.3

Yes† No 41.0 ± 15.8 67.7 ± 24.3 0.02
Yes‡ 137.9 ± 39.6 192.1 ± 60.4 0.03

*
Alkaline phosphatase activity was measured after individually culturing bone marrow cells from twelve men (average age, 45 ± 16 years) and twelve

women (average age, 54 ± 11 years). Mononuclear cell samples from each patient were divided into two culture dishes for primary culture, with one of

the dishes receiving 10−7M dexamethasone and the other not receiving dexamethasone. At confluence, the dexamethasone-treated cells and untreated
cells were each replated (first passage), both with and without dexamethasone, and BMP was added as indicated. All results are the average of samples,
assayed in triplicate, from all twelve men or all twelve women.

†
The values for male cells pretreated with dexamethasone were significantly higher than the values for female cells pretreated with dexamethasone; p <

0.01.

‡
All values with dexamethasone in first passage were significantly higher than those without dexamethasone in first passage; p < 0.01.
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TABLE II
Real-Time Polymerase Chain Reaction Analyses of mRNA from Human Marrow Stromal Cells Cultured with
Dexamethasone or BMP

Fold Change from Control*

mRNA No. 10−7M Dexamethasone P Value† 100 ng/mL BMP-2 P Value†

Alkaline phosphatase 14 7.3 ± 3.0 <0.001 –1.2 ± 3.2 NS
Osteopontin 5 0.4 ± 2.8 NS 8.1 ± 3.2 0.01
Bone sialoprotein‡ 3 12.7 ± 3.3 0.04 18.2 ± 4.0 0.03
Noggin 5 16.9 ± 1.9 <0.001 16.7 ± 2.3 <0.001
BMP-2 3 –7.0 ± 3.1 0.10 14.0 ± 4.1 0.05

*
Calculated by assuming that 3.3 cycles reflect a tenfold change in mRNA.

†
Probabilities calculated with use of a paired t test. NS = not significantly different from control.

‡
Bone sialoprotein values were derived from cells cultured until day 10. All other assays were performed on RNA derived from day-6 cultures.
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