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Summary
Human dermal fibroblasts are generally considered to be restricted to a fibroblastic lineage.
Although dermal fibroblasts do not typically express markers of osteoblastic differentiation, they
have previously been shown to undergo osteoinduction when stimulated with bone morphogenetic
proteins (BMPs) or vitamin D3. However, involvement of BMP signaling in vitamin D3-mediated
osteoinduction has not been reported. In this study, human dermal fibroblasts were cultured in
chemically-defined medium containing vitamin D3, in the presence of the BMP antagonist noggin
or neutralizing antibodies specific for BMP-4 or BMP-6, and characterized for markers of
osteoblastic differentiation. Treatment of dermal fibroblasts with vitamin D3 induced expression
of BMP-4 (1.2±0.2, 1.7±0.2, and 1.8±0.2 relative fold increase) and BMP-6 (9.1±0.3, 23.3±2.1,
and 30.4±3.0 relative fold increase) at 3, 14, and 21 days, respectively. Vitamin D3 was also
shown to induce the expression of the osteoblast-specific markers, alkaline phosphatase and
osteocalcin, in a dose-dependent manner in human dermal fibroblasts. Addition of noggin, BMP-4
antibodies, and BMP-6 antibodies resulted in a down-regulation of alkaline phosphatase activity
(by 42, 22, and 20%, respectively) and secreted osteocalcin (by 20, 31, and 49%, respectively)
after 21 days in culture. However, blocking BMP signaling did not result in complete recovery of
a fibroblastic phenotype. Taken together, these results suggest that BMP signaling plays a role in
the induction of an osteoblastic phenotype in human dermal fibroblasts in response to vitamin D3
stimulation.
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Introduction
Cells of fibroblastic lineage have the potential to serve as an alternate cell source for
engineering of specialized connective tissues, such as cartilage or bone. Although fibroblasts
do not typically express markers of osteoblastic differentiation, they have previously been
reported to undergo osteoinduction when stimulated with bone morphogenetic proteins
(BMPs) or vitamin D3. For instance, dermal and gingival fibroblasts have been shown to
exhibit an osteoblastic phenotype when transduced with vectors that drive the expression of
BMP-2(1) or BMP-7(2-5). Additionally, murine NIH/3T3 cells(6) and human dermal
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fibroblasts(7) treated with vitamin D3 were able to differentiate along the osteoblastic
lineage.

Individually, vitamin D3 and BMPs are known to enhance osteoblastic differentiation in
stromal cells and osteoblasts. Vitamin D3 acts primarily through nuclear receptors that bind
vitamin D response elements in the promoters of osteoblast-specific genes, such as alkaline
phosphatase and osteocalcin(8,9). Vitamin D3 is known to enhance differentiation and
maturation of osteoblasts, although it has also been used for the osteoblastic differentiation
of other cell types, including fibroblasts(6,7) and stromal cells(10,11). BMP family
members, including BMP-2, -4, and -6, act as potent stimulators of osteoblast
differentiation, mainly signaling through cell surface receptors and the intracellular SMAD
pathway to effect changes in gene expression(12,13). Interactions between the vitamin D3
and BMP pathways have also been observed. For example, expression of BMP-2, -3, -4, -5,
and -6, have been shown to be regulated by vitamin D3 or its analogs in a variety of cell
types, including osteosarcoma, bone marrow stromal, squamous carcinoma, and breast and
prostatic epithelial cells(14-20). The mechanism by which vitamin D3 induces BMP
expression is not known, though potential vitamin D response elements have been identified
bioinformatically (21). Still, the effects of vitamin D3 on BMP signaling and the expression
of osteoblast-specific proteins in dermal fibroblasts have not been reported.

Based on the known interaction between vitamin D3, alkaline phosphatase, and osteocalcin,
it is unclear as to whether the observed expression of osteoblast-specific markers in human
dermal fibroblasts(7) is due solely to direct binding of the vitamin D receptor to the
promoter of these genes. The regulation of BMP expression by vitamin D3 in multiple cell
types suggests that activation of the BMP signaling pathway may also play a role in the
induction of osteoblastic differentiation in human dermal fibroblasts by vitamin D3.
Therefore, the objectives of this study were to characterize the induction of BMP gene
expression in dermal fibroblasts in response to vitamin D3 treatment and to determine the
effect of the BMP antagonist noggin, and BMP-4 and BMP-6 neutralizing antibodies on the
expression of osteogenic markers in human dermal fibroblasts cultured with vitamin D3.

Materials and Methods
Cell Culture

Human neonatal foreskin fibroblasts (Passage 4, Cascade Biologics, Portland, OR) were
plated in 6-well plates at 1 × 104 cells/cm2 in serum-containing medium consisting of
minimum essential medium (MEM, Invitrogen, Carlsbad, CA), 10% fetal bovine serum
(Hyclone, Logan, UT), and antibiotics (Invitrogen). Additional supplements (described
below) were added at the initial plating. After 24 hours, the monolayers were rinsed with
Dulbecco's phosphate buffered saline (DPBS) and the medium was replaced with
chemically-defined medium with 1% Insulin-Transferrin-Selenium (ITS, Invitrogen)
substituted for serum.

Vitamin D3 Dose-Dependence
Dermal fibroblasts were cultured in serum-free medium containing 1% ITS with
concentrations of 0 (DMSO carrier control, 0.02%), 1, 10, 100, and 1000 nM 1α,25
dihydroxyvitamin D3 (Sigma), 50 μg/ml L-ascorbic acid, and 5 mM β-glycerophosphate
(βGP, Sigma).

BMP Signaling
Experimental cultures were supplemented with 50 μg/ml L-ascorbic acid, 5 mM βGP, and
100 nM 1α,25 dihydroxyvitamin D3. Recombinant mouse noggin (100 ng/ml, R & D
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Systems, Minneapolis, MN), monoclonal anti-human BMP-4 neutralizing antibodies (1 μg/
ml, R & D Systems), and monoclonal anti-human BMP-6 neutralizing antibodies (1 μg/ml,
R & D Systems) were added to additional vitamin D3-supplemented cultures (ITS+vitD,
ITS+vitD+noggin, ITS+vitD+BMP4Ab, or ITS+vitD+BMP6Ab). Control cultures (ITS)
were supplemented with 50 μg/ml L-ascorbic acid (Sigma, St. Louis, MO). Culture medium
was changed 3 times per week and samples were analyzed at 3, 14, and 21 days.

Real Time-PCR
At each time point, total cellular RNA was extracted using the TRIZOL isolation system
(Invitrogen). Total RNA was treated with DNase I (Invitrogen) and reverse transcription was
performed on 1 μg of total RNA using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA). Real-time PCR was conducted with SYBR Green or
TAQMAN master mixes (Applied Biosystems) using an Applied Biosystems 7300 Real
Time PCR System. Primers and probes (Table 1) specific for alkaline phosphatase (ALP,
GenBank accession no. NM_000478), BMP-6 (GenBank accession no. NM_001718),
osteocalcin (OC, GenBank accession no. NM_199173), and Runx2 (GenBank accession no.
NM_001015051) were designed using Applied Biosystems' Custom TAQMAN Assay
service. Primers and probes for 18S RNA were as published(22). Primers for human BMP-2
(GenBank accession no. NM_001200) and human BMP-4 (GenBank accession no.
NM_001202) were designed using Primer Express 3.0 software (Applied Biosystems). Gene
expression was normalized to 18S RNA and is shown as relative fold induction (using the
ΔΔCt method, Applied Biosystems User Bulletin #2). Alkaline phosphatase, BMP-2,
BMP-4, BMP-6, and Runx2 fold induction is expressed relative to the day 3 ITS control
cultures. Due to a lack of expression in ITS control cultures, osteocalcin gene expression is
shown relative to day 3 cultures containing 100 nM vitamin D3.

Biochemistry
Protein and DNA from the cell layer were extracted in 0.5% Triton X-100 in DPBS. ALP
activity was determined using a p-nitrophenol phosphate colorimetric assay (Sigma)(7) and
DNA content was quantified with the PicoGreen DNA assay (Invitrogen)(23). Osteocalcin
protein secreted into the medium was detected using a human Osteocalcin Enzyme
Amplified Sensitivity Immunoassay (Biosource, Camarillo, CA) according to manufacturer
instructions.

Histology
Cell layers were rinsed with DPBS and fixed in 4% paraformaldehyde. BMP-4 and BMP-6
were localized using monoclonal antibodies (R & D Systems) and visualized with
AlexaFluor 568-conjugated anti-mouse secondary antibodies (Invitrogen). Control staining
was conducted on cultures without primary antibodies. F-actin was stained overnight at 4° C
with AlexaFluor 488-conjugated phalloidin (Invitrogen). Nuclei were counterstained with 4′,
6-diamidino-2-phenylindole (DAPI, Invitrogen). Samples were viewed with a Zeiss
AxioVert 200 inverted microscope and images were captured using Axiovision software.

Statistical Analysis
A one-way ANOVA with a Tukey post-hoc test was performed to determine the effect of
vitamin D3 concentration on alkaline phosphatase activity and osteocalcin gene expression.
A two-way ANOVA with a Tukey post-hoc test was conducted to determine the effect of
culture time and media supplements (vitamin D, noggin, BMP-4 Ab, BMP-6 Ab) on gene
expression and biochemistry. A one-way ANOVA with repeated measures was carried out
to determine differences in the osteocalcin release rate and cumulative osteocalcin secreted.
Significance was determined at p<0.05. Data represent mean ± standard deviation (n=3).
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Results
Vitamin D Dose Dependence

The dose-dependent effect of vitamin D3 on the expression of osteoblastic markers by
human dermal fibroblasts was determined using concentrations of 0, 1, 10, 100, and 1000
nM of 1α,25 dihydroxyvitamin D3. There was a significant increase in normalized alkaline
phosphatase activity (Figure 1A) in cultures containing 100 and 1000 nM vitamin D3
compared to those with 0, 1, and 10 nM at 14 days. There was no significant difference
between the cultures maintained in 100 and 1000 nM vitamin D3. Osteocalcin gene
expression (Figure 1C) was not detected in the absence of vitamin D3. At 14 days,
osteocalcin was significantly up-regulated in both the 100 nM (140.1±4.8 fold) and 1000 nM
(74.5±20.8 fold) concentrations of vitamin D3. Changes in cell shape (Figure 1B, D) were
also observed in cells cultured in the presence of vitamin D3. Cytoskeletal staining showed
that treatment with 100 nM vitamin D3 resulted in a change to a spread, polygonal
morphology. Based on these findings, a concentration of 100 nM vitamin D3 was selected
for further studies.

BMP Signaling
Noggin, a BMP antagonist, and BMP-4 and -6 neutralizing antibodies were used to
investigate the role of BMP signaling in the vitamin D3-induced expression of osteoblast-
specific markers in human dermal fibroblasts. Induction of BMP-2, -4, and -6 gene
expression was measured in dermal fibroblasts cultured in the presence of vitamin D3, with
or without the addition of noggin, BMP-4, and BMP-6 antibodies. BMP-2 gene expression
(Figure 2A) significantly decreased over time, with the highest expression seen in control
cultures. BMP-4 gene expression (Figure 2B) was significantly up-regulated in samples
cultured with vitamin D3 at days 14 and 21 (1.7±0.2 and 1.8±0.2 fold, respectively).
Addition of noggin, BMP-4, and BMP-6 antibodies resulted in BMP-4 gene expression
levels similar to controls. Treatment with vitamin D3 resulted in a robust up-regulation in
BMP-6 expression (Figure 2C), with 9.1±0.3, 23.3±2.1, and 30.4±3.1 fold increases
observed in cells cultured in ITS+vitD medium at 3, 14, and 21 days, respectively.
Supplementation with noggin, BMP-4 antibodies, and BMP-6 antibodies produced a
significant down-regulation of BMP-6 gene expression compared to ITS+vitD medium at all
three time points.

The effect of blocking BMP signaling on the expression of osteoblast-specific markers was
also examined. Alkaline phosphatase gene expression (Figure 2D) was significantly up-
regulated in ITS+vitD medium (1.8±0.1, 2.8±0.2, 2.8±0.2, respectively) at all time points
compared to controls. Addition of noggin, BMP-4, and BMP-6 antibodies for 14 and 21
days resulted in alkaline phosphatase gene expression similar to control levels. Osteocalcin
gene expression (Figure 2E) was detected at low levels in cultures containing vitamin D3 at
3 days and increased over the 21 day experiment. Controls exhibited no osteocalcin
expression at any time point. Samples cultured in medium containing vitamin D3 had the
highest up-regulation of osteocalcin gene expression at 14 and 21 days (6.3±0.7 and
11.6±0.6 fold relative to day 3). Addition of noggin resulted in a significant decrease in
expression at 14 and 21 days (by 16% and 23%, respectively). Further down-regulation of
osteocalcin gene expression was observed at 14 and 21 days in cultures containing BMP-4
(by 16% and 33%) and BMP-6 (by 32% and 38%) antibodies. Runx2 (Figure 2F), a
transcription factor involved in osteoblast differentiation(24), exhibited the highest level of
gene expression at the day 3 time point in ITS and ITS+vitD cultures, with a decrease in
expression over time.
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DNA content (Figure 3A) significantly increased between day 3 and day 14, from 0.51±0.03
to 1.07±0.06 μg, and remained elevated at day 21. At all three time points, cells cultured in
ITS+vitD medium had the highest alkaline phosphatase activity (Figure 3B), normalized to
DNA content, of any group, while ITS controls had the lowest activity. Addition of noggin
for 14 and 21 days resulted in a significant 44% and 42% decrease in activity, respectively,
compared to the ITS+vitD cultures. Alkaline phosphatase activity at days 14 and 21 was
significantly decreased in cultures supplemented with BMP-4 (by 29% and 22%,
respectively) and BMP-6 (by 25% and 20%, respectively) antibodies compared to ITS+vitD,
but this activity was significantly higher than cultures treated with noggin. In terms of the
production of osteocalcin, no protein was detected in ITS control cultures at any time point.
The osteocalcin release rate (Figure 4A) increased over time in all samples treated with
vitamin D3. The rate of secretion in cells cultured in ITS+vitD medium was significantly
greater than all other groups at all time points. Blocking BMP signaling with noggin, BMP-4
antibodies, or BMP-6 antibodies resulted in a decrease in the osteocalcin release rate, with
the largest decrease in ITS+vitD+BMP6 Ab medium. Cells cultured in ITS+vitD medium
had the most total secreted osteocalcin of any group, with 97.1±8.7 ng released over the 21
day duration. Samples cultured in ITS+vitD+noggin (77.9±9.0 ng) and ITS+vitD+BMP4Ab
(66.9±2.6) secreted significantly less osteocalcin than the ITS+vitD group, but were not
significantly different from each other at any time point. Addition of BMP-6 neutralizing
antibodies resulted in a total osteocalcin secretion (49.9±3.2 ng) that was significantly less
than all other vitamin D3 supplemented groups after 21 days in culture.

Secreted bone morphogenetic proteins and changes in cell morphology were detected using
immunohistochemistry. BMP-4 staining was not detected in any of the samples.
Accumulation of BMP-6 (Figure 5) was observed as punctate staining in the cell layer of all
samples, with the most pronounced deposition in samples cultured with vitamin D3. No
BMP-6 staining was observed in non-immune control samples. Dermal fibroblasts cultured
in ITS control medium exhibited an elongated, spindle-shaped morphology consistent with
fibroblastic cells (as shown in Figure 1). Cells cultured in the presence of vitamin D3
displayed a spread, polygonal morphology more consistent with an osteoblastic phenotype.
Addition of noggin, BMP-4 antibodies, and BMP-6 antibodies to the cells cultured in the
presence of vitamin D3 did not restore the elongated, fibroblastic morphology (data not
shown).

Discussion
This study is the first to demonstrate that vitamin D3 is able to induce expression of BMP
family members in human dermal fibroblasts and that inhibiting BMP signaling results in
down-regulation of osteoblast-specific markers that are stimulated by vitamin D3. Vitamin
D3 is known to up-regulate the expression of osteoblast-specific genes, such as alkaline
phosphatase and osteocalcin, by binding directly to the promoter region of the respective
genes(8,9). Treatment of dermal fibroblasts with vitamin D3 resulted in a dose-dependent
up-regulation of alkaline phosphatase activity and osteocalcin gene expression. Alkaline
phosphatase (day 3-20) and osteocalcin (day 10-25) are markers that are expressed during
the early and later stages of osteoblast differentiation in response to vitamin D3(25,26).
These markers of osteoblast differentiation are typically not expressed, or are expressed at
low levels, in dermal fibroblasts. Peak osteocalcin expression and alkaline phosphatase
activity was observed in cells cultured with 100 nM vitamin D3. This is in agreement with
other studies that have investigated the role of vitamin D3 on fibroblastic cells(6,7).
Treatment of dermal fibroblasts with 100 nM vitamin D3 over a 21 day time course resulted
in alkaline phosphatase activity and osteocalcin production levels that were consistent with
those observed in differentiated osteoblasts(25,26). Up-regulation of these markers was not
surprising given that the vitamin D3 nuclear receptor is able to bind to the promoters of these
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genes(8,9). However, a down-regulation in response to the inhibition of BMP signaling
indicates that the osteoblastic differentiation of dermal fibroblasts by vitamin D3 is at least
partially dependent on the activation of BMP signal transduction.

Since vitamin D3 has also recently been shown to induce BMP signaling(14-20), the
expression of specific BMP family members were also investigated in response to vitamin
D3 treatment. Specifically, BMP-4, and to a much greater extent, BMP-6 gene expression
were elevated in human dermal fibroblasts supplemented with vitamin D3, while BMP-2
gene expression was down-regulated in these cultures. BMP-4 gene expression was
increased 1.7-fold in cells cultured in the presence of vitamin D3, but BMP-4 protein was
not detected in the cell layer. This inconsistency between BMP-4 gene and protein
expression may be due to low levels of expression that do not give rise to appreciable
accumulation in the cell layer. A 30-fold increase in BMP-6 gene expression was measured
in samples cultured with vitamin D3 at 21 days, which corresponded with more intense
staining in the cell layer. Inhibiting BMP activity using noggin or neutralizing antibodies
resulted in a down-regulation of BMP-2, -4, and -6 gene expression in vitamin D3-treated
dermal fibroblasts, which may be indicative of a regulatory feedback mechanism. The
identification of potential vitamin D3 response elements in the promoters of BMP-4 and
BMP-6 using bioinformatics(21) suggests that the observed induction of BMPs is driven by
direct binding of the vitamin D3 receptor to the promoters, though experimental validation is
necessary to confirm the presence of a vitamin D response element. Nevertheless, the
induction of BMP expression by vitamin D3 treatment indicates that vitamin D3 may act on
markers of osteoblast differentiation through both direct and indirect pathways.

In addition to typical osteoblast markers and BMP expression, the effect of vitamin D3 on
other indicators of osteoblastic differentiation was also investigated. The gene expression
profile of Runx2, a transcription factor which mediates expression of osteoblast-specific
genes(24,27), demonstrated an early down-regulation of Runx2 compared to controls. This
is consistent with other studies that show no change or a decrease in Runx2 expression in
response to vitamin D3(6,28), and that increased osteocalcin expression induced by vitamin
D3 treatment does not appear to be mediated by Runx2(29). Furthermore, changes in cell
shape typically observed during osteoblastic differentiation of preosteoblastic cells were
examined. Vitamin D3 treatment induced a shift from an elongated, fibroblastic morphology
to a spread, polygonal morphology consistent with cells undergoing osteoblastic
differentiation(30-32). Inhibition of BMP signaling did not prevent the change in
morphology caused by vitamin D3 treatment. The observation of a spread, osteoblast-like
cell shape in vitamin D3-treated cells was not a result of a decrease in cell number, as shown
by the DNA content data. The incomplete down-regulation of osteoblastic genes and lack of
reversion to a fibroblastic morphology may be due to the concentration of BMP inhibitors
used in this study. However, the concentrations were within the range of the effective doses
(ED50) for BMP inhibition by noggin (0.06-0.3 μg/ml)(33), BMP-4 antibodies(1-3 μg/ml),
and BMP-6 antibodies (0.5-2 μg/ml). While it is possible that higher doses of inhibitor may
result in complete recovery of the fibroblastic phenotype, it is likely that direct binding of
vitamin D3 to the respective promoters of alkaline phosphatase and osteocalcin(8,9) is
responsible for a baseline level of expression. Therefore, the inhibition of BMP signaling
would only result in a partial down-regulation of osteoblast differentiation markers and not a
complete recovery of a fibroblast phenotype, as was observed in this study.

While inhibition of BMP signaling had an effect on the osteoblastic differentiation of human
dermal fibroblasts, the results of this study suggest that no specific BMP family member was
solely responsible. BMP-6 was the most highly up-regulated BMP family member observed
in this study, identifying BMP-6 as a possible key contributor to osteoblastic differentiation
in dermal fibroblasts in response to vitamin D3. Specifically inhibiting BMP-6 resulted in
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the greatest down-regulation of osteocalcin expression. Conversely, general inhibition of
BMP signaling by noggin produced a more robust down-regulation of alkaline phosphatase
activity than blocking BMP-4 or BMP-6 alone. This may be due to the ability of noggin to
inhibit, to varying degrees, multiple BMP family members by blocking the receptor binding
epitopes(34). In particular, noggin exhibits the greatest affinity for BMP-2 and -4 and binds
BMP-6 and -7 to a lesser degree(35,36). The differential effects of noggin, BMP-4
antibodies, and BMP-6 antibodies on alkaline phosphatase activity and osteocalcin
expression suggest that multiple BMP family members are responsible for the vitamin D3-
induced expression of osteoblast markers in dermal fibroblasts, with BMP-6 possibly more
involved in late differentiation events. BMP-2 signaling was not specifically investigated in
this study due to a lack of induction of gene expression and to cross-reaction of BMP-2
antibodies with other BMP family members. Further studies will focus on the mechanisms
involved in the induction of BMP signaling by vitamin D3. Taken together, the results of
this study indicate that the osteoblastic differentiation of human dermal fibroblasts by
vitamin D3 is regulated, in part, through BMP signaling.
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Figure 1.
Human dermal fibroblasts were cultured in ITS medium in the presence of 0 (DMSO carrier
control, 0.02%), 1, 10, 100, and 1000 nM vitamin D3 for 14 days to determine the dose-
dependent effect of vitamin D3 on alkaline phosphatase activity (A) and osteocalcin (C)
gene expression. F-actin was stained with phalloidin in order to visualize changes in cell
morphology in ITS (B) and ITS+vitD (100 nM, D) medium. Nuclei are counterstained with
DAPI. Scale bar = 100 μm. *: p<0.05 compared to all other groups; #: p<0.05 compared to
0, 1, 10 nM
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Figure 2.
Human dermal fibroblasts were cultured in ITS, ITS+vitD, ITS+vitD+Noggin, ITS+vitD
+BMP4 Ab, and ITS+vitD+BMP6 Ab medium. Gene expression for the bone differentiation
factors BMP-2 (A), BMP-4 (B), BMP-6 (C) and osteoblast markers alkaline phosphatase
(D), osteocalcin (E), Runx2 (F), are shown. *: p<0.05 compared to all other groups, a:
p<0.05 compared to antagonist groups, b: p<0.05 compared to all but ITS+vitD+BMP4Ab.
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Figure 3.
DNA content (A) and normalized alkaline phosphatase activity (B) for human dermal
fibroblasts cultured in ITS, ITS+vitD, ITS+vitD+Noggin, ITS+vitD+BMP4 Ab, and ITS
+vitD+BMP6 Ab media. *: p<0.05 compared to all other groups, b: p<0.05 compared to all
but ITS+vitD+BMP4 Ab, c: p<0.05 compared to day 3, d: p<0.05 compared to all but ITS
+vitD+Noggin.
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Figure 4.
Osteocalcin release rate (A) and total osteocalcin protein released (B) into the medium by
human dermal fibroblasts cultured in ITS, ITS+vitD, ITS+vitD+Noggin, ITS+vitD+BMP4
Ab, and ITS+vitD+BMP6 Ab media. *: p<0.05 compared to all other groups, b: p<0.05
compared to all but ITS+vitD+BMP4 Ab, d: p<0.05 compared to all but ITS+vitD+Noggin,
e: p<0.05 compared to ITS+vitD, f: p<0.05 compared to ITS and ITS+vitD+BMP6Ab.
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Figure 5.
BMP-6 staining (red) of human dermal fibroblasts cultured for 21 days. Nuclei were
counterstained with DAPI (Blue). Panels show representative staining of fibroblasts cultured
in (B) ITS, (C) ITS+vitD, (D) ITS+vitD+Noggin, (E) ITS+vitD+BMP4 Ab, and (F) ITS
+vitD+BMP6 Ab medium. (A) Non-immune control. (Scale bar = 100 μm)
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