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Matrix GLA Protein and BMP-2 Regulate Osteoinduction
in Calcifying Vascular Cells
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Abstract Expression of matrix GLA protein (MGP), an alleged calcification inhibitor, is increased in calcified
arteries. We used calcifying vascular cells (CVC) that form calcified nodules in vitro to clarify the importance of MGP in
vascular cell calcification and differentiation. Unexpectedly, MGP dose-dependently increased calcification in CVC. It
also increased expression of the osteogenic marker Cbfal, while decreasing expression of the smooth muscle marker
a-actin as assessed by immunoblotting. Bone morphogenetic protein-2 (BMP-2), a known osteoinductive factor also
increased calcification andosteogenic differentiation inCVC.Wehypothesized that the effect ofMGPwas linked to that of
BMP-2 since previous studies show that MGP modulates BMP-2 activity. Therefore, we compared the effect of MGP at
different levels of exogenous BMP-2. Results showed that high BMP-2 levels significantly increased the stimulatory effect
of low levels ofMGP. A relative inhibition of calcificationwas observed at intermediate levels ofMGPand a trend towards
renewed stimulation at high levels of MGP. Thus, addition of MGP either promoted or inhibited calcification, depending
on the relative amounts of BMP-2 andMGP. Thiswas confirmed inhumanCVCwith different relative expressionof BMP-2
andMGP. Calcification in CVCwith high relative expression of BMP-2was inhibited byMGP, while calcification in CVC
with low relative expression of BMP-2 was stimulated byMGP. MGP and BMP-2 both accelerated nodule formation, but
had opposite effects on nodule size; MGP decreased while BMP-2 increased nodule size. The effect of BMP-2 may partly
be explained by a BMP-2 induced decrease in MGP expression. Together, our results suggest that the effect of MGP
on calcification and osteogenic differentiation is determined by availability of BMP-2. J. Cell. Biochem. 90: 756–765,
2003. � 2003 Wiley-Liss, Inc.
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Matrix GLA protein (MGP) is expressed in
embryonic and adult aorta [Shanahan et al.,
1994; Luo et al., 1997]. It is an alleged calcifica-
tion inhibitor since MGP-deficiency in mice
[Luo et al., 1997] and humans [Meier et al.,
2001] results in severe vascular calcification
and alterations in vascular cell differentiation

[Luo et al., 1997]. Yet, MGP expression is in-
creased in calcified atherosclerotic plaques and
Mönckeberg’s disease [Shanahan et al., 1994,
1999; Dhore et al., 2001; Engelse et al., 2001],
possibly in attempt to limit calcification.

We have previously shown that MGP affects
differentiation induced by bone morphogenetic
protein-2 (BMP-2), a potent osteoinductive fac-
tor [Wozney and Rosen, 1998], in multipotent
mesenchymal cells [Boström et al., 2001] and
marrow stromal cells [Zebboudj et al., 2002].
Furthermore,weandothershaveshownadirect
protein–protein interaction between MGP and
BMP-2 [Wallin et al., 2000; Zebboudj et al.,
2002] that may provide a way for MGP to affect
calcification. In the embryo, BMP-2 is critical
for cardiovascular development evidenced by
early vascular failure in BMP-2 knockout
mice [Zhang and Bradley, 1996]. In the adult,
however, it is believed to contribute to vascular
calcification, since its expression has been
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detected in calcified, atherosclerotic arteries
[Boström et al., 1993;Watson et al., 1994; Dhore
et al., 2001], and in calcifying vascular cells
(CVC) [Boström et al., 1993; Watson et al.,
1994].
CVC is a well-characterized in vitro model

for vascular calcification [Boström et al., 1993;
Watson et al., 1994; Proudfoot et al., 1998;
Tintut et al., 1998]. It is an osteoblast-like sub-
population of bovine or human vascular smooth
muscle cells (SMC) that form condensations and
nodules, and subsequently undergo osteogenic
differentiation and mineralization. In the pre-
sent study, we used CVC to study the impor-
tance ofMGP for vascular calcification, and how
it relates to BMP-2 activity. Our results showed
that changes in MGP levels enhance or inhibit
vascular calcification as determined by the
availability of BMP-2.

MATERIALS AND METHODS

Cell Culture

Bovine and human CVC were cultured as
previously described [Boström et al., 1993;
Watson et al., 1994; Tintut et al., 1998]. No sup-
plemental ascorbic acid or b-glycerophosphate
was added to the medium. Bovine CVC were
used between passages 8 and 20, and human
CVC between passages 3 and 10. Bovine CVC
were used except where it is indicated that
human CVC were used. For experiments, CVC
were plated at approximately 80% confluency
when endogenous MGP-expression is minimal
(see ‘‘Results,’’ Fig. 1B). For experiments where
CVCwere treated withMGP and/or BMP-2, the
purified agents or conditioned medium contain-
ing MGP and/or BMP-2 were initially added at
the time of plating, and the medium was re-
newed every 3–4 days. Conditioned medium
collected from sham-transfected cells was used
to equalize the amount of conditioned medium.
BovineMGPwas purified and verified by SDS–
PAGE and mass spectrometry using previously
describedmethodology [Hale et al., 1991;Loeser
et al., 1992]. Purified bovine MGP was solubi-
lized in 6 M guanidine hydrochloride, 0.1 M
Tris-HCl, pH 8.0. No more than 0.25 ml was ad-
ded per ml of culture medium, corresponding to
a final concentration of 1.5 mM of guanidine
chloride. After addition of MGP, the medium
was vortexed extensively before addition to the
cells.All experimentswere repeatedaminimum
of 3-times.

Quantification of BMP-2 and MGP in
Conditioned Medium

Conditioned media containing human MGP
or human BMP-2 was prepared as previously
described [Boström et al., 2001; Zebboudj et al.,
2002]. The concentration of BMP-2 in the condi-
tioned media was determined as per manufac-
turer’s instruction using the Quantikine1
BMP-2 Immunoassay (R&D Systems, Minnea-
polis, MN). In previous studies [Boström et al.,
2001; Zebboudj et al., 2002], BMP-2 levels were
quantified using a bioassay with standards of
commercially available BMP-2 (R&D Systems).
In comparing the twomethods, cell-synthesized
BMP-2 was significantly more potent per ng
than the commercial BMP-2. Therefore, our
previous determinations routinely overestimat-
ed the BMP-2 levels by a factor of 5–10. MGP
concentrations were previously based on the

Fig. 1. A: Expression of matrix GLA protein (MGP) at different
growth stages in bovine calcifying vascular cells (CVC). CVC
were plated on day 1, at a density to reach 80% confluency on
day 2, when subconfluent cells were harvested. Confluent cells
were harvested on day 4, condensing cells on day 7, nodule-
forming cells on day 10, and calcifying cells on day 15. Semi-
quantitativePCRwasperformedusing specificprimers for bovine
MGP.GAPDH is shown for comparison.B: ExpressionofMGP in
CVC 24 h after plating. CVC were plated at densities adjusted to
achieve the indicated percentages of confluency after attach-
ment. Semi-quantitative PCR was performed using specific
primers for bovine MGP. GAPDH is shown for comparison. bp,
base pairs.
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bioactivity of cell-synthesized BMP-2 [Boström
et al., 2001; Zebboudj et al., 2002], and were,
therefore, similarly overestimated.

For direct determination of MGP in condi-
tionedmedia, we established a new assay. A 16-
mer MGP peptide (NRRNANTFISPQQRWR)
was diluted to a concentration of 20 mg/ml in
coating buffer (0.1M sodium carbonate, pH 9.6)
and used for coating of 96-well plates (50 ml/
well). After incubation for 1 h at 378C, remain-
ing protein-binding sites were blocked with
200ml/well of blocking buffer (phosphate-buffer-
ed saline [PBS] with 1% bovine serum albumin)
and incubated for another 1 h at 378C. After
repeated washes with PBS containing 0.02%
sodium azide, the plates were ready for use.
Samples of MGP-containing conditioned media
were tested after two-fold serial dilution with
PBS. The assay was standardized using serial
dilutions of the peptide used for coating of the
wells. In addition, it was standardized using
purified bovine MGP (above). The solubilized
MGP was diluted in PBS, and vortexed exten-
sively. Four hundred microliter of standard or
sample was mixed with 200 ml of anti-MGP
(1.5 mg/ml in PBS containing 2% [wt/vol] nonfat
drymilk protein) and incubated for 5–10min at
room temperature. TheMGPantibodywas rais-
ed in rabbit against a 32-mer MGP peptide
(HESMESYELNPFINRRNANTFISPQQRWR-
AKV) and kindly provided by Dr. ReidarWallin
(Wake Forest University, NC). Subsequently,
each sample was divided into six wells in the
coated 96-well plates and incubated for 1 h at
378C. After three washing cycles with PBS con-
taining 0.05% Tween-20, the antibody bound to
the plate was quantified by using a second anti-
body (goat anti-rabbit IgG conjugated with
alkaline phosphatase [Santa Cruz Biotechnol-
ogy; diluted 1:2,500 in PBS with 2% [wt/vol]
nonfat dry milk protein]); 150 ml was added per
well and incubated for 1 h at room temperature.
After three washing cycles with PBS containing
0.05% Tween-20, the plates were stained with
p-Nitrophenyl phosphate (pNPP) liquid sub-
strate system (Sigma, St. Louis, MO), 150 ml per
well. After 45 min in room temperature the
plate was read at 405 nm.

Immunoblotting

Immunoblottingwas performed as previously
described [Zebboudj et al., 2002]. Blots were
incubated with specific antibodies to either
smooth muscle (SM)-a-actin (2.7 mg/ml; Bio-

Genex, San Ramon, CA), b-actin (1 mg/ml;
Sigma), or Cbfal (AML3) (2.5 mg/ml; Oncogene
Research Products, San Diego, CA). Densito-
metry using NIH Image J, version 1.62 (public
domain program, internet address http://rsb.
info.nih.gov/nih-image) was performed to com-
pare the relative protein levels after normal-
ization to b-actin.

Quantification of Calcium Deposition

Two days prior to quantification of calcium
deposition, CaCl2 was added to culture medium
to a final concentration of 4 mM. The cellular
calcium content was determined as previously
described by Jono et al. [2000], and normalized
to protein content.

RT-PCR

Semi-quantitative RT-PCR for bovine and
human MGP, human BMP-2, and glyceralde-
hyde3–phosphatedehydrogenase (GAPDH)was
carried out using previously described methods
[Boström et al., 2001]. The bovineMGP primers
were based on the bovineMGP sequence (Gene-
Bank accession number X07363); BovMGP-50

(nucleotide 12–25), 50-AGCCTGCTCCTTCTC-
TCCATCCTG-30; BovMGP-30 (nucleotide 277–
254), 50-CCTGCTTCACCACCTTCTTGATG-30.
The human MGP primers were based on the
human MGP sequence (GeneBank accession
number X53331); HumMGP-50 (nucleotide 82–
103), 50-CTTAGCGGTAGTAACTTTGTGT-30;
HumMGP-30 (nucleotide 232–212), 50-AGA-
GCGTTCTCGGATCCTCTC-30. The BMP-2
primers were based on the human BMP-2 se-
quence (GeneBank accession number M22489);
HumBMP2-50 (nucleotide 341–364), 50-CTGTC-
TTCTAGCGTTGCTGCTTCC-30; HumBMP-30

(nucleotide 820–795), 50-CTGCTATTGTTTCC-
TAAAGCATCTTG-30. The GAPDH primers
have been described previously [Boström et al.,
2001]. The annealing temperatures were 588C
for MGP and GAPDH, and 628C for BMP-2.
Densitometry was performed as per above;
GAPDH was used for normalization.

Statistical Analysis

Data was analyzed for statistical significance
by ANOVA with post-hoc Scheffe’s analysis,
unless otherwise stated. The analyses were
performed using StatView, version 4.51 (Aba-
cus Concepts, Berkeley, CA). All experiments
presented in this study were repeated a mini-
mum of 3-times.
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RESULTS

MGP Expression Correlates With
Differentiation and Cell Density in CVC

To determine the levels of endogenous MGP
expression in the bovineCVCused in this study,
we used semi-quantitative RT-PCR analysis
since media concentrations may not reflect the
correct MGP production due to progressive
incorporation of MGP into extracellular matrix
[Zebboudj et al., 2002]. Semi-quantitative RT-
PCR analysis was performed at different stages
of CVC differentiation. Results showed that
MGP expression increased as CVC formed no-
dules and calcified (day 7–15, Fig. 1A), suggest-
ing that MGP plays a role in nodule formation
and/or mineralization and osteogenic differen-
tiation. Since MGP is an alleged calcification
inhibitor [Luo et al., 1997; Price et al., 2000], we
hypothesized that MGP would inhibit CVC
calcification.
MGP expression was also determined at dif-

ferent cell densities, since a correlation of MGP
expression with cell density has been observed
in other cells [Cancela et al., 1997]. Cells were
seeded to a final density between 30% (subcon-
fluency) and 300% (superconfluency) after cell
attachment. MGP expression was determined
1 day after plating, before nodule formation.
It was minimal in subconfluent cells but
significantly increased in superconfluent cells
(Fig. 2B). As noted in ‘‘Materials andMethods,’’
CVC were plated at subconfluency for all
experiments.

MGP Dose-Dependently Enhances
CVC Calcification

To determine the effect of MGP on bovine
CVCdifferentiation and calcification, CVCwere
treated for 6 days with MGP in the form of
conditionedmedium, at concentrationsbetween
0 ng/ml and 80 ng/ml. MGP was first added to
the CVC cultures at the time of plating, and
after 6 days, calcification and expression of the
osteogenic lineage marker Cbfal were mea-
sured. In addition, the SMCmarker SM-a-actin
was used to determine the effect of MGP on
SMC differentiation. Results showed that MGP
dose-dependently stimulated calcification and
osteogenic differentiation as assessed by Cbfal
expression. There was amild increase in calcifi-
cation at low levels (0.6–4.0 ng/ml) ofMGP, and
a significant increase at high levels of MGP
(>12 ng/ml, Fig. 2A). Note that a non-linear

scale is used, to better illustrate changes occur-
ring at low levels of MGP. Cbfal-expression in-
creased in parallel with calcification (Fig. 2B,C).
SM-a-actin decreased as more MGPwas added.

Fig. 2. MGP dose-dependently promotes calcification, osteo-
genic differentiation, and nodule formation in bovine CVC. A:
MGP (0–80 ng/ml) was added to CVC at the time of plating, and
CVC were treated for a total of 6 days, after which cellular
calciumwas determined. The results are presented asmean� SD
for triplicate samples. * Indicates statistically significant differ-
ence compared to no MGP (P<0.001, Scheffe’s test). A non-
linear scale is used to better illustrate changes at low MGP
concentrations.B: Immunoblottingwas performed after 6 days of
treatment for lineagemarkers Cbfal (osteogenic), and SM-a-actin
(smooth muscle cell (SMC)). b-Actin is shown for comparison.
C: Relative expression of Cbfal and SM-a-actin, normalized to
b-actin. D: Morphology of CVC treated with MGP (0, 20, and
40 ng/ml) for 2 days. Original magnification 40�.
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b-Actin was used as a loading control. In ad-
dition, MGP accelerated nodule formation, and
as theMGP level increased, the nodules became
progressively smaller andmore sharply defined
(Fig. 2D). Compared to the spontaneous nodule
formation in these CVC, which takes approxi-
mately 7–12 days (Fig. 1A), nodule formation
was complete within 2–3 days. High alkaline
phosphatase activity was observed in the no-
dules as assessed by staining, as previously
described [Watson et al., 1994; Tintut et al.,
1998] (data not shown).

Similar effects on calcification and nodule
formation were seenwhen purified bovineMGP
was used (data not shown). Due to well-known
difficulties solubilizing purified MGP [Hale
et al., 1991; Loeser et al., 1992], the final con-
centration of active MGP varied depending
on the success of the solubilization in culture
medium. Frequently, precipitatedmaterial was
observed in the medium after MGP addition,
correlating with less activity.

BMP-2 Enhances CVC Calcfication

We and others have previously shown that
MGPbinds andmodulatesBMP-2 [Wallin et al.,
2000; Boström et al., 2001; Zebboudj et al.,
2002], and we hypothesized that the effect of
MGP may be linked to that of BMP-2. CVC are
known to express BMP-2 [Boström et al., 1993;
Watson et al., 1994], which has been presumed
to be osteogenic in these cells. However, this has
never been tested. To determine the effect of
exogenous BMP-2 on differentiation and calci-
fication, bovine CVC were treated with BMP-2
at concentrations between0ng/ml and40ng/ml.
BMP-2 was first added to the CVC cultures
at the time of plating, and after 6 days, cal-
cification and expression of Cbfal and SM-a-
actin were measured. Results showed a dose-
dependent increase in calcification (Fig. 3A)
and Cbfal expression, paralleled by a decrease
in SM-a-actin expression (Fig. 3B,C). Further-
more, nodule formation was accelerated by
BMP-2, however, in contrast to MGP, BMP-2
resulted in progressively larger and less defined
nodules (Fig. 3D). Again, nodule formation was
complete within 2–3 days, and high alkaline
phosphatase activity was observed in the
nodules (data not shown).

MGP Effect is Dependent on BMP-2 Levels

The effect of MGP on CVC may result from
modulation of the endogenous BMP-2. To

determine if higher levels of BMP-2 would alter
the effect ofMGP,bovineCVCwere treatedwith
two concentrations of BMP-2 (6 and 10 ng/ml)
in combination with the same range of MGP
concentrations as used above. After 6 days,

Fig. 3. Bone morphogenetic protein-2 (BMP-2) promotes
calcification, osteogenic differentiation, and nodule formation
in bovine CVC. A: BMP-2 (0–40 ng/ml) was added to CVC at the
time of plating, and CVC were treated for a total of 6 days, after
which cellular calcium was determined. The results are
presented as mean� SD for triplicate samples. * Indicates
statistically significant difference compared to no BMP-2
(P<0.001, Scheffe’s test). B: Immunoblotting was performed
after 6 days of treatment for lineage markers Cbfal (osteogenic),
and SM-a-actin (SMC). b-Actin is shown for comparison.
C: Relative expression of Cbfa1 and SM-a-actin, normalized to
b-actin. D: Morphology of CVC treated with BMP-2 (0, 10, and
40 ng/ml) for 2 days. Original magnification 40�.
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calcification was quantified and the results
compared with CVC treated with MGP only
(compare Fig. 2A).
The baseline calcification for higher level

of BMP-2 increased as shown in Figure 3. In
Figure 4, however, baseline calcification is in
each case set to zero to better illustrate the effect
of MGP. In presence of both 6 and 10 ng/ml
of BMP-2, the stimulatory effect of low levels of
MGP (0.6–4.0 ng/ml), was significantly en-
hanced compared to that of MGP alone. At
intermediate levels of MGP (9–20 ng/ml), the
stimulatory effect decreased; a relative inhibi-
tion was seen when compared to the strong
stimulation by low MGP levels. At high MGP
levels (>20ng/ml), the stimulatory effect did not
increase as dramatically in the presence of
BMP-2 as it did forMGP alone. This was especi-
ally noticeable for 10 ng/ml of BMP-2. It is
possible that addition ofmoreMGPwould result
in further stimulation, however, this could not
be determined due to experimental limitations.
Thus, at each combination of BMP-2 and MGP,
addition of MGP either increased or decreased
calcification, depending on the relative amounts
of BMP-2 and MGP.

Differential Effects of MGP on Rapidly and
Slowly Mineralizing Human CVC

Based on the above findings, we predicted
that MGP would have an inhibitory effect on
calcification in CVC with high expression of
BMP-2 relative to that of MGP. It would mimic
the relative inhibition seen when MGP levels
increased from low to intermediate in the pre-
sence of 6 or 10ng/ml ofBMP-2 (Fig. 4). Further-
more, we predicted that MGP would have a
stimulatory effect on calcification in CVC with
low expression of BMP-2 relative to MGP. It
would mimic the curve for MGP alone (Fig. 4).

We used two preparations of human CVC,
which have similar characteristics to bovine
CVC [Boström et al., 1993; Proudfoot et al.,
1998]. The first preparation had an increased
rate of nodule formation and calcification; calci-
fied nodules formed after only 5–7 days. The
second preparation was more similar to the
bovine CVC, but required approximately
21 days to form calcified nodules. Both pre-
parations expressed similar amounts of BMP-2
at 80–90% confluency, as assessed by semi-
quantitative RT-PCR (Fig. 5). However, the
slow CVC expressed approximately 2.2-times
more MGP than the rapid CVC, thereby de-
creasing the relative expression of BMP-2.

Both CVC preparations were treated with
MGP (0–80 ng/ml), and calcification was deter-
mined after 6 days. As predicted, calcification
was inhibited by high levels ofMGP in the rapid
CVC (Fig. 6A). Also as predicted, calcification
was enhanced by high levels of MGP in the slow

Fig. 4. Effect of increasing MGP concentrations at different
BMP-2 concentrations on calcification in bovine CVC. MGP (0–
80 ng/ml), without BMP-2, or with 6 or 10 ng/ml of BMP-2 was
added to CVC at the time of plating, and CVC were treated for a
total of 6 days. Cellular calcium was determined and the results
are presented as mean� SD for triplicate samples. The baseline
calcification for each BMP-2 concentration increased as shown
in Figure 3, however, baseline calcification is here set to zero at
0 ng/ml of MGP for all BMP-2 concentrations. The values
represent the increases in cellular calcium above baseline.
* Indicates statistically significant difference compared to no
MGP (P<0.001, Scheffe’s test). A non-linear scale is used to
better illustrate changes at low MGP concentrations.

Fig. 5. BMP-2 and MGP expression in rapidly and slowly
mineralizinghumanCVC.HumanCVCwereharvested onday5,
and semi-quantitative PCRwas performed using specific primers
for Human BMP-2 and MGP. GAPDH is shown for comparison.
bp, base pairs.
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CVC (Fig. 6B). Thus, addition of MGP condi-
tionally promotes or inhibits calcification, de-
pending on the relative amounts of BMP-2 and
MGP already present.

BMP-2 Decrease MGP Expression

The progressively larger and less defined no-
dules observed in BMP-2 treated CVC (Fig. 3D)
suggested that BMP-2 decrease MGP expres-
sion. To determine whether BMP-2 decreased
MGPexpression,CVCwere treatedwithBMP-2
at concentration between 0 ng/ml and 40 ng/ml.
BMP-2 was added to the CVC cultures at the
time of plating, and after 4 days, levels of MGP
expression was determined using semi-quanti-

tative RT-PCR analysis. Results showed a dose-
dependent decrease in MGP expression when
normalized to GAPDH expression. MGP levels
decreased to approximately 40%of levels innon-
treated cells (Fig. 7).

DISCUSSION

Increased MGP expression in atherosclerotic
plaques was first reported by Shanahan et al.
[1994], and it was hypothesized that it may
predispose to tissue calcification. In addition, it
was reported that MGP expression in cartilage
was highest during the calcification period
[Barone et al., 1991], possibly promoting calci-
fication. However, this viewwas changed by the
findings in MGP knockout mice [Luo et al.,
1997], where severe calcification of arteries and
normally non-calcifying cartilagewas observed.
It was associated with profound alterations in
differentiation of arterial SMC, which were re-
placed by chondrocyte-like cells undergoing
endochondral bone formation. Similarly, Price
et al. [2000] were able to induce vascular calcifi-
cation in young, actively growing rats by using
warfarin, an inhibitor of the g-carboxylation
necessary for functional MGP. However, no
change in cell differentiation was observed,
suggesting there may be differences in MGP

Fig. 6. Effect of increasing MGP concentrations in rapidly and
slowly mineralizing human CVC. MGP (0–100 ng/ml) was
added to rapidly and slowlymineralizing humanCVCat the time
of plating, and CVC were treated for a total of 6 days. Cellular
calcium was determined and the results are presented as
mean� SD for triplicate samples. * Indicates statistically
significant difference compared to noMGP (P< 0.001, Scheffe’s
test). A non-linear scale is used to better illustrate changes at low
MGP concentrations. A: Rapidly mineralizing human CVC with
highBMP-2 expression relative toMGP, decrease calcification in
response to increased MGP-levels. B: Slowly mineralizing
human CVC with low BMP-2 expression relative to MGP,
increase calcification in response to increased MGP-levels.

Fig. 7. Effect of increasing BMP-2 concentration on MGP
expression in bovine CVC. BMP-2 (0–40 ng/ml) was added to
CVC at the time of plating, and CVC were treated for a total of
4 days. Semi-quantitative RT-PCR was performed using specific
primers for bovineMGP. Relative expression ofMGP is shown as
the percentage ofMGPexpression in CVC treatedwith 0 ng/ml of
BMP-2, normalized to GAPDH. A representative experiment out
of four independent experiments is shown.
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function depending on the developmental stage.
Together, the findings led to the speculation
that increasedMGP expression is an attempt to
limit calcification in diseased arteries.
Shortly after publication of the MGP knock-

out mouse, the genetic defect in the human
Keutel syndrome was located to the MGP gene
[Munroe et al., 1999]. Patients with Keutel
syndrome have similar vascular calcification
[Meier et al., 2001], but in addition multiple
morphogenic defects including peripheral pul-
monary stenosis,midfacial hypoplasia, and bra-
chytelephalangism [Teebi et al., 1998; Munroe
et al., 1999; Meier et al., 2001]. These are mir-
rored in the short snout and legs in the MGP
knockout mouse [Luo et al., 1997]. During
embryogenesis, MGP has been reported to
be predominantly expressed at epithelial–
mesenchymal interfaces [Luo et al., 1995],
mainly of lung and limb buds, which may con-
tribute to organ morphogenesis.
The BMPs belong to the TGFb superfamily of

growth factors, and have crucial roles in bone
and cartilage development and in morphogen-
esis [Chang et al., 2002]. We and others have
previously shown that MGP binds and modu-
lates BMP-2 activity [Wallin et al., 2000;
Zebboudj et al., 2002]. BMP-2 is expressed in
embryonic vasculature and is critical for devel-
opment [Zhang and Bradley, 1996]. It is also a
potent osteoinductive factor, and may promote
calcification of atherosclerotic plaques [Boström
et al., 1993; Watson et al., 1994; Dhore et al.,
2001], which is supported by our results; both
osteogenic differentiation and calcification in
CVC were enhanced by BMP-2.
Our results suggest thatMGP is a conditional

enhancer or inhibitor of BMP-2 induced calcifi-
cation, and that enhancement or inhibition de-
pends on the specific BMP-2 level relative to
that ofMGPat the timewhenMGP is increased.
In CVC, which express BMP-2 [Boström et al.,
1993; Watson et al., 1994], the effect of MGP
alone is likely a modulation of the endogenous
BMP-2. Increased BMP-2 levels altered the
effect of an identical concentration of MGP.
The differential effect of MGP was confirmed in
human CVC with different BMP-2 expression
relative to that of MGP. Addition of MGP de-
creased calcification where relative BMP-2
levels were high, and increased calcification
where relative BMP-2 levels were low. In part,
the dependence on BMP-2 for MGP to enhance
or inhibit osteoinduction may result from the

ability of BMP-2 to decrease MGP expression.
Thus, the differential effect of MGP on osteoin-
duction may be a combined effect of MGP-
binding BMP-2 and BMP-2 decreasing MGP
expression. The effect of MGP in CVC is remi-
niscent to the differential effect of MGP on
alkaline phosphatase activity in M2-10B4 cells
treated with BMP-2 [Zebboudj et al., 2002].

Differential effects of MGP has also been
observed in chondrocytes. MGP has a specific
expression profile in developing chondrocytes
undergoing endochondral ossification [Luo
et al., 1995]. It is expressed in resting, prolif-
erative, and late hypertrophic chondrocytes,
but absent from early hypertrophic chondro-
cytes, and from osteoblasts. Yagami et al. [1999]
showed that the effect of warfarin on miner-
alization in chondrocyte cultures was highly
selective. Warfarin triggered mineralization
in hypertrophic but not immature chondrocyte
cultures. This is consistent with results from
Newman et al. [2001], who showed that over-
expression of MGP in hypertrophic chondro-
cytes does reduce mineralization.

We speculate that dose-dependent regulation
of BMP-2 is a mechanism by which MGP may
affect morphogenesis. BMP and BMP-inhibi-
tors have been shown to participate in morpho-
genetic gradients, a concept well established in
developmental biology that allows for differen-
tial effects of a so called morphogen [Gurdon
and Bourillot, 2001; Teleman et al., 2001;
Eldar et al., 2002]. It has also been reported
that OP-1 (BMP-7), closely related to BMP-2,
have both stimulatory and inhibitory effects on
renal branching morphogenesis depending on
the dose [Piscione et al., 1997]. Interestingly,
Engelse et al. [2001] reported the presence of a
gradient of MGP from the luminal to the ad-
ventitial side of atherosclerotic arteries, which
could result in differential effects on BMP-2
activity.

Formation of CVC condensations and nodules
was affected by BMP-2 andMGP. Both proteins
accelerated nodule formation in CVC, though
BMP-2 increased and MGP decreased nodule
size. However, the inhibitory effect of BMP-2
on MGP expression, suggest that the effect of
BMP-2 on nodules occurs by decreasing MGP.
The effect of BMP-2 may be comparable to that
seen with BMP-2 overexpression in mesen-
chyme surrounding early cartilage condensa-
tions in the developing chick limb [Duprez et al.,
1996]. An increase in the volume of cartilage
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elements was observed, without increased pro-
liferation of chondrocytes, suggesting increased
recruitment of precursors. The effect of MGP
was consistent with the observation by Canfield
et al. [2000], that anti-MGP antibodies slowed
nodule formation in pericytes, which are similar
to CVC [Boström et al., 1993]. It is possible that
cell organization is the primary effect of MGP
and BMP-2 treatment in CVC while the effects
on mineralization and Cbfal expression may be
mediated by other factors. Results from Tintut
et al. [1998] and Parhami et al. [2002] suggest
that nodule formation is a separate process from
calcification. cAMP treatment of CVC abolished
nodule formation while enhancing calcification
[Tintut et al., 1998], and inhibition of calcifica-
tion by HDL did not affect nodule formation
[Parhami et al., 2002]. Alternatively, MGP and
BMP-2 may act in sequence at different steps
in cell organization and cell differentiation to
contribute to the formation of skeletal elements.
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