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Abstract
Bone morphogenetic protein-2 (BMP-2) increases oxidant stress and endoplasmic reticulum (ER)
stress to stimulate differentiation of osteoblasts; however, the role of these signaling pathways in
the transition of smooth muscle cells to a calcifying osteoblast-like phenotype remains
incompletely characterized. We, therefore, treated human coronary artery smooth muscle cells
(HCSMC) with BMP-2 (100 ng/ml) and found an increase in NADPH oxidase activity and
oxidant stress that occurred via activation of the bone morphogenetic protein receptor 2 and Smad
1 signaling. BMP-2-mediated oxidant stress also increased endoplasmic reticulum (ER) stress
demonstrated by increased expression of GRP78, phospho-IRE1α, and the transcription factor
XBP1. Analysis of a 1 kb segment of the Runx2 promoter revealed an XBP1 binding site;
electrophoretic mobility shift and chromatin immunoprecipitation assays demonstrated that XBP1
bound to the Runx2 promoter at this site in BMP-2-treated HCSMC. Inhibition of oxidant stress or
ER stress decreased Runx2 expression, intracellular calcium deposition, and mineralization of
BMP-2-treated HCSMC. Thus, in HCSMC, BMP-2 increases oxidant stress and ER stress to
increase Runx2 expression and promote vascular smooth muscle cell calcification.
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1. Introduction
Vascular calcification increases arterial stiffness, pulse pressure, and is associated with
increased adverse cardiovascular events [1,2]. Vascular calcification is a highly regulated
process that recapitulates skeletal bone formation and involves dedifferentiation of vascular
smooth muscle cells to assume an osteochondrogenic phenotype [3,4,5]. Runx2, a master
transcription factor that is essential for osteoblast and chondrocyte differentiation, regulates
the expression of bone-related proteins important for mineralization [6,7,8]. Runx2 is
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expressed by osteoblasts, and, once vascular smooth muscle cells express Runx2, they are
considered to have acquired an osteochondrogenic phenotype [4,5,9].

Bone morphogenetic protein-2 (BMP-2), a member of the transforming growth factor-β
superfamily, regulates osteoblast differentiation and bone formation [10,11,12]. BMP-2 has
been identified in vivo in calcified vessels of diabetic LDLR−/− mice and has been shown to
stimulate vascular calcification, in part, by regulating phosphate transport and increasing
Runx2 mRNA levels in vascular smooth muscle cells in vitro [13,14].

Reactive oxygen species (ROS) and increased oxidant stress have also been implicated in
the pathogenesis of vascular calcification [5,16,17,18,19]. Hydrogen peroxide was shown to
increase Runx2 and alkaline phosphatase expression, calcium uptake, and vascular smooth
muscle cell mineralization [15,16]. BMP2 may exert some of its effects on calcification by
increasing oxidant stress; in murine 2T3 pre-osteoblast cells, BMP-2 increased oxidant
stress to induce differentiation [20]. Endoplasmic reticulum (ER) stress, which may be
activated as a consequence of increased oxidant stress or perturbed Ca2+ homeostasis,
triggers the unfolded protein response (UPR) to limit cell damage. The UPR initiates distinct
signaling pathways, including ER transmembrane inositol-requiring enzyme 1α (IRE1α) and
the transcription factor XBP1, PKR-like ER kinase (PERK), and ATF6, to induce molecular
chaperones and quality control protein expression. [21]. Recently, ER stress has been linked
to murine osteoblast differentiation [22]; however, the relationship between BMP-2, oxidant
stress, ER stress, and how these signals modulate Runx2 expression and vascular smooth
muscle cell calcification remains incompletely characterized.

2. Materials and methods
2.1 Cell culture and siRNA transfection

Human coronary artery smooth muscle cells (HCSMC) (Lonza) were grown in Smooth
Muscle Growth Medium-2 supplemented with SingleQuots® and experiments were
conducted on cells from passages 3–5. Cells were treated with recombinant human BMP-2
(100 ng/ml) (R&D Systems) for up to 14 days. For calcium quantification studies or von
Kossa staining, medium was supplemented with β-glycerophosphate (5 mmol/L). In select
studies, cells were co-incubated with apocynin (3 × 10−5 mol/L). To decrease p22phox

expression, HCSMC were transfected with Stealth Select RNAi™ (HSS141745)
(Invitrogen) using Lipofectamine™ 2000 for 5 h in OptiMEM®I medium. Cells were then
placed in full growth medium and experiments were performed after 48 h. Similar
methodology was used to decrease the expression of bone morphogenetic protein receptor-2
(BMPR2) (Stealth RNAi™ HSS101067), Smad 1 (Stealth RNAi™ HSS106248), or XBP1
(Stealth RNAi™ HSS111391). (Invitrogen). Corresponding scrambled control siRNAs were
selected based on the manufacturer's recommendation and transfections were carried out
under similar conditions.

2.2 Alkaline phosphatase activity
Alkaline phosphatase activity was determined using the QuantiChrom™ Alkaline
Phosphatase Assay kit (BioAssay Systems) according to the manufacturer's instructions.

2.3 Intracellular calcium deposition
Cells were washed with PBS and decalcified with 0.6 mmol/L HCl at 4°C for 24 h. Calcium
released from the cell cultures into the supernatant was determined colorimetrically by the ο-
cresolphthalein method using the Calcium Colorimetric Assay (BioVision). Calcium content
was normalized to total cell protein and expressed as μg/mg cell protein.
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2.4 von Kossa staining
Cells were fixed with 10% formalin for 1 h at 25°C. The cells were treated with 5% silver
nitrate (Sigma-Aldrich) and exposed to UV light for 60 min. The wells were then washed
and incubated with sodium thiophosphate (5%) (Sigma-Aldrich) for 5 min. After this time,
the cells were washed and calcium-phosphate deposits were observed as black stained areas.
Densitometry was performed using a VersaDoc (BioRad) scanning system to quantitate
density.

2.5 Dichlorodihyrdofluorescein fluorescence
Non-specific cellular ROS levels were determined as described previously using 20 μM 6-
carboxy-2'-7'-dichlorodihydrofluorescein diacetate di(acetoxymethyl) ester (Molecular
Probes)[23].

2.6 RNA isolation and quantitative real-time PCR
RNA isolation and quantitative real-time PCR were performed as described previously using
TaqMan® Universal Master Mix, and 20× TaqMan® NOX1, NOX4, Runx2, or GAPDH
Gene Expression Assays (Applied Biosystems) [23]. Samples were run on Applied
Biosystems 7900 HT. Quantitation of data was performed using the ΔΔCT method using
GAPDH gene expression as an endogenous reference.

2.7 NADPH oxidase activity
NADPH oxidase activity was measured in isolated membrane fractions using lucigenin (5
μmol/L) chemiluminescence. To perform the assay, membrane fractions were incubated in a
50 mmol/L phosphate buffer, pH 7.0, 1 mmol/L EGTA, 150 mmol/L sucrose, 5 μmol/L
dark-adapted lucigenin, and 100 μmol/L NADPH. The reaction was initiated by the addition
of the membrane fraction, and luminescence was measured using a ND-20/20 luminometer
(Turner Biosystems) every 15 s for 5 min. Superoxide dismutase (SOD) (120 U/ml)-
inhibitable superoxide production measured as luminescence was considered to be specific
for NADPH oxidase activity. Results were standardized to protein content of the membrane
fraction.

2.8 Immunoblotting and densitometry
Preparation of cell homogenates and SDS-polyacrylamide gel electrophoresis was
performed as described previously [23]. The membranes were incubated with antibodies to
Runx2 (R&D Systems), alkaline phosphatase, p22phox, bone morphogenetic protein
receptor-2, XBP1, osteocalcin, osteopontin (Santa Cruz Biotechnology), Smad 1, BiP/
GRP78, phospho-IRE1α, (Cell Signaling Technology). Blots were stripped and reprobed
with an antibody to tubulin (Santa Cruz Biotechnology), which served as a loading control.

2.9 Cytosolic and ER Ca2+ Measurement
Cytosolic and ER Ca2+ measurements were made at 37°C with fura-2 AM (5 μmol/L)
(Molecular Probes) by calculating the ratio at 340 nm/380 nm (340 nm/380 nm excitation;
510 emission) using a SpectraMax Gemini Spectrofluorometer (Molecular Devices)
according to the method of Dickhout et al [24].

2.10 Electrophoretic mobility shift assay
Nuclear preparations were isolated from cells using the BDTM TransFactor Nuclear
Extraction Kit (Clontech) according to manufacturer's instructions. The oligonucleotide
probe was biotin-labeled with Biotin 3' End DNA Labeling kit (Pierce). The probe contained
the XBP1 binding site (−596 - −591) from the Runx2 promoter and was included using the
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oligonucleotides: forward 5'-AAAAGCCATGACTCTATGAGTGTGTA-3'and reverse 5'-
TACACACTCATAGAGTCATGGCTTTT-3'. Electrophoretic mobility shift assays were
performed using the LightShift® Chemiluminescent EMSA kit (Pierce) according to
manufacturer's instructions as described previously [23].

2.11 Chromatin immunoprecipitation assay
The chromatin immunoprecipitation assay was performed using the QuikChIP assay
(Imgenex) according to manufacturer's instructions. Immunoprecipitation was performed
with anti-XBP1 (Santa Cruz Biotechnology) or human IgG (Sigma) as a negative control.
The DNA associated with the immunoprecipitate was utilized as a template for PCR to
amplify the Runx2 promoter sequence containing the XBP1 binding site. The primers used
were: forward 5'-CGAGCCAGGGATCTCTGTTA-3' and reverse 5'-
CTGCATCCATTGCTGTCCTA-3'. As a specificity control, the tubulin promoter was
similarly amplified using the primers: forward 5'-GGTCTGGACCAACAGGAAAA-3' and
reverse 5'-CGAAGAGGAGAGGTTGTTGC-3'[23].

2.12 Statistical analysis
All experiments were performed a minimum of 3 times at least in duplicate. Continuous data
were expressed as mean ± SEM. Comparison between groups was performed by Student's
paired two-tailed t test. A one-way ANOVA was used to examine differences in response to
treatments between groups, with post hoc analysis performed by the method of Student-
Newman-Keuls using Origin 8.1 software (OriginLab, Northampton, MA). A p value of
<0.05 was considered significant.

3. Results
3.1 BMP-2 promotes calcification of HCSMC

To examine the time course of Runx2 expression and calcification in BMP-2-stimulated
HCSMC, we treated cells with BMP-2 (100 ng/ml) for up to 14 days. Runx2 protein
expression was increased after 24 h and remained elevated for up to 14 days (Supplementary
Fig. 1A). At this time-point, alkaline phosphatase protein expression was increased by 2.9-
fold (p<0.01) and activity by 5.6-fold (p<0.01) (Supplementary Fig. 1B). This finding was
associated with an increase in intracellular calcium deposition (Supplementary Fig. 1C) and
calcification assessed by von Kossa staining (Supplementary Fig. 1D). Thus, in HCSMC,
BMP-2 increases Runx2 expression early and calcification is evident after 14 days.

3.2 BMP-2 activates NADPH oxidase to increase oxidant stress
As increased oxidant stress has been shown to increase Runx2 expression, we next sought to
determine if BMP-2 increased Runx2 expression in HCSMC by increasing ROS levels. We
found that compared to untreated cells, BMP-2 increased ROS levels significantly after 30
min with a maximal effect observed by 180 min (1,623.8 ± 125.0 vs. 3,290.1 ± 207.2 arb.
fluorescent units, p<0.01) (Fig. 1A). We next examined NADPH oxidase activity in the
membrane fraction of BMP-2-treated HCSMC as NADPH oxidase has been implicated in
vascular calcification [17]. Although we did not see an increase in NOX1 or NOX4 mRNA
levels in BMP-2 treated HCSMC up to 24 h, BMP-2 increased NADPH oxidase activity by
1.5 ± 0.1-fold after 15 min and by 3.8 ± 0.2-fold (p<0.01) after 180 min. Co-incubation of
the cells with apocynin or transfection with an siRNA to the p22phox subunit of NADPH
oxidase, to decrease protein expression by 74%, resulted in diminished BMP-2-stimulated
NADPH oxidase activity (Fig. 1B).

Next, to determine if BMPR2 and Smad 1 signaling were involved in BMP-2 activated
NADPH oxidase activity, we transfected HCSMC with BMPR2 siRNA, to decrease protein
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levels by 72%, or with Smad 1 siRNA, to decrease protein levels by 83%. Here, NADPH
oxidase activity was abrogated in HCSMC with decreased expression of BMPR2 (0.7 ± 0.2-
fold, p<0.05) or Smad 1 (0.8 ± 0.2-fold, p<0.05) compared to scrambled control-transfected
cells (3.9 ± 0.4-fold, p<0.01) (Fig. 1C). To demonstrate that NADPH oxidase activity was
involved in the observed increase in Runx2 expression, Runx2 protein levels were examined
in HCSMC treated with BMP-2 for 24 h that had been co-incubated with apocynin or
transfected with p22phox siRNA. Here, decreased NADPH oxidase activity resulted in
diminished expression of Runx2 (Fig. 1D) indicating that BMP-2 activates NADPH oxidase
via BMPR2 and Smad 1 to increase Runx2 expression in HCSMC.

3.3 BMP-2 activates endoplasmic reticulum stress to increase Runx2 expression
We then examined the effect of BMP-2 on endoplasmic reticulum (ER) stress as ER stress is
activated by ROS and has been observed in calcified vessels [25]. After 18 h of BMP-2
treatment, HCSMC demonstrated increased ER stress as evidenced by increased expression
of the ER chaperone, GRP78/BiP, and the ER stress markers, phospho-IRE1α and the
transcription factor XBP1 that was sustained at 24 h (Fig. 2A). In addition, BMP-2-treated
HCSMC demonstrated evidence of Ca2+ perturbation as levels of ER Ca2+ were
significantly lower than that observed in untreated cells (217.32 ± 7.82 vs. 151.66 ± 5.45
nmol/L, p<0.01) and cytosolic Ca2+ levels (165.68 ± 6.94 vs. 223.33 ± 5.18 nmol/L, p<0.01)
were increased consistent with ER stress (Fig. 2B).

To demonstrate that BMP-2 activated ER stress by signaling through the BMPR2 receptor
and NADPH oxidase, we examined GRP78 and XBP1 expression in HCSMC transfected
with BMPR2 siRNA or p22phox siRNA. Here, we found that decreased BMPR2 expression
or NADPH oxidase activity reduced ER stress as shown by diminished expression of GRP78
and XBP1 in BMP-2-treated HCSMC (Fig. 2C).

Next, to determine if ER stress was sufficient to increase Runx2 expression, we treated
HCSMC with the ER stress inducer tunicamycin (0.5 μg/ml) for 24 h and examined Runx2
mRNA levels. Compared to vehicle-treated cells, tunicamycin increased Runx2 mRNA
levels significantly (1.1 ± 0.1 vs. 3.8 ± 0.3-fold, p<0.01). Analysis of a 1 kb segment of the
Runx2 promoter upstream of the transcription start site revealed a single XBP1 binding site
at (−596 - −591). We performed a mobility shift assay to determine if XBP1 protein-DNA
binding occurred in BMP-2-treated cells. In untreated cells, there was a specific protein-
DNA complex (lane 2) that was abolished by the addition of excess cold oligonucleotide
(lane 3). In BMP-2-treated cells, there was an increase in the protein-DNA complex (lane 5),
and the addition of an XBP1 antibody supershifted this complex (lane 6) (Fig. 3A). We
confirmed these findings by performing a chromatin immunoprecipitation assay to
demonstrate the association of XBP1 to the Runx2 promoter. Compared to untreated cells,
there was an increase in XBP1 association with the Runx2 promoter in BMP-2-treated cells
(Fig. 3B). Taken together, these findings demonstrate that BMP-2 increases ER stress,
which, in turn, leads to increased expression of Runx2.

3.4 Inhibition of the ER stress limits BMP-2-mediated mineralization of HCSMC
We next sought to determine if inhibiting oxidant stress and/or ER stress would decrease
Runx2 protein expression, and, thereby, limit HCSMC mineralization. Runx2 protein
expression was abrogated in BMP-2-stimulated HCSMC transfected with p22phox siRNA to
limit both oxidant stress and ER stress, or XBP-1 siRNA (Fig.4A). We also examined the
effect of decreased oxidant stress or ER stress on osteocalcin and osteopontin expression,
which are Runx2-dependent target proteins involved in calcification. After 14 days,
osteocalcin and osteopontin expression were decreased in HCSMC with reduced oxidant
stress and ER stress (Fig. 4A). These findings were associated with decreased intracellular
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calcium deposition compared to BMP-2 stimulated HCSMC (189.6 ± 32.1 vs. 62.4 ± 11.4
vs. 71.5 ± 9.6 μg/mg protein, p<0.01) (Fig. 4B) as well as decreased calcification assessed
by von Kossa staining (Fig. 4C).

4. Discussion
In the present study, we identified one mechanism that links BMP-2, oxidant stress, and ER
stress to increased Runx2 expression and vascular smooth muscle cell calcification. The role
of BMP-2 in vascular calcification has been established [14,26]. Expression of BMPR2 has
been shown in human vascular smooth muscle cells [4], and we now provide evidence that
this receptor is involved in BMP-2-mediated calcification of HCSMC. Smad signaling has
also been implicated in BMP-2 induced osteoblast differentiation and, in C2C12 myoblast
cells, a constitutively active form of Smad 1, together with Smad 4 or Runx2, was shown to
induce dedifferentiation of the myoblasts to acquire an osteoblastic phenotype [27,28]. Here,
we demonstrate that Smad 1 is involved in the calcification process upstream of NADPH
oxidase activation in BMP-2-treated HCSMC.

Increased oxidant stress has been implicated previously in the pathogenesis of vascular
calcification [5,16]. Calcifying vascular cells exposed to hydrogen peroxide or xanthine/
xanthine oxidase demonstrated increased oxidant stress, alkaline phosphatase activity, and
[45Ca] incorporation [16]. Exogenous hydrogen peroxide (0.1 — 0.4 mmol/L) has been
shown to increase murine aortic vascular smooth muscle cell calcification through a
mechanism involving Akt signaling and Runx2 expression [15]. Although these
investigators demonstrated an increase in phospho-Akt up to 60 min after exposure to
hydrogen peroxide (0.4 mmol/L), and the presence of phospho-Akt in calcified smooth
muscle cells, the intermediate events between Akt activation and Runx2 expression were not
explored.

Our finding that NADPH oxidase is activated to increase ROS is consistent with prior
studies: investigators have shown that uremic serum and β-glycerophosphate increased
levels of the p22phox subunit of NADPH oxidase in A7r5 cells after 24 h and this finding
was associated with an increase in Runx2 expression [17]. Similarly, NADPH oxidase
activity was also shown to facilitate BMP-2-induced osteoblastic differentiation of murine
2T3 pre-osteoblasts. Here, the Nox4 isoform of NADPH oxidase was responsible for
NADPH oxidase-mediated osteoblastic differentiation [20]. In our study, we implicate
directly NADPH oxidase in the observed increase in Runx2 expression by using siRNA to
decrease p22phox to limit NADPH oxidase activity. We did not, however, identify a select
NADPH oxidase isoform as the principal source of ROS generation as both NOX1 and
NOX4 mRNA were expressed in HCSMC, and we did not see a change in expression levels
after BMP-2 stimulation for up to 24 h. Nonetheless, suppression of p22phox expression,
which would inhibit both NADPH oxidase isoforms, resulted in a decrease in BMP-2-
stimulated NADPH oxidase activity and Runx2 expression.

We also found that BMP-2-mediated NADPH oxidase activation increased ER stress leading
to an increase in Runx2 expression. This finding is in line with studies in osteoblasts that
demonstrated that ER stress induced by thapsigargin and tunicamycin increased Runx2
levels [29]. Similarly, ER stress was shown to modulate the effects of BMP2 by activating
the PERK-eIF2α-ATF4 pathway to increase osteoblast differentiation [22]. In this study, the
investigators focused on osteocalcin and bone sialoprotein, which are targets of ATF4 and
essential for osteogenesis, but did not examine the effect of ER stress on Runx2 protein
expression. Interestingly, these investigators also observed an increase in spliced XBP1
expression; however, the role of XBP1 on Runx2 expression was not examined [22]. We
now provide evidence to demonstrate that XBP1 signaling increases Runx2 expression to
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modulate HCSMC calcification. In vivo, ER stress has been associated with vascular
calcification. In a rat vitamin D3 plus nicotine model of vascular calcification, investigators
found a 43.9% increase in GRP78 expression in calcified aortas [25]. Importantly, in our
study, we examined ER stress in HCSMC at a time point prior to the development of
calcification allowing us to conclude that ER stress contributes to, and is not merely a
consequence of, vascular calcification.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights
Highlights for Liberman et al. Bone Morphogenetic Protein-2 Activates NADPH
Oxidase to Increase Endoplasmic Reticulum Stress and Human Coronary Artery Smooth
Muscle Cell Calcification

1 BMP-2 increases NADPH oxidase activity in human coronary smooth
muscle cells

2 NADPH oxidase activity is increased via BMPR2 and Smad 1

3 Increased NADPH oxidase activity upregulates Runx2

4 BMP-2 stimulates ER stress and XBP1 binding to the Runx2 promoter

5 Inhibition of oxidant or ER stress abrogates smooth muscle cell
calcification
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Figure 1.
NADPH oxidase is activated by BMP-2. HCSMC were treated with BMP-2 (0 or 100 ng/ml)
and (A) ROS levels were measured by 2'7'-dichlorodihydrofluorescein fluorescence for up
to 180 min (n=6). (B) NADPH oxidase activity was measured in the membrane fraction of
BMP-2-treated cells. In select studies, HCSMC were co-incubated with apocynin (3 × 10−5

mol/L) or transfected with an siRNA to p22phox (n=3). (C) NADPH oxidase activity was
also determined in HCSMC transfected with siRNA to decrease bone morphogenetic protein
receptor 2 (BMPR2) and Smad 1 (n=3). (D) Runx2 expression was examined in BMP-2-
treated HCSMC in the presence or absence of co-incubation with apocynin (3 × 10−5 mol/L)
or transfection with an siRNA to p22phox (n=3). *p<0.01 vs. 0, SS. Representative blots are
shown. apo, apocynin.
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Figure 2.
BMP-2 increases ER stress. ER stress was examined in BMP-2 (0 or 100 ng/ml)-treated
HCSMC by (A) examining the expression of the ER chaperone GRP78, the phosphorylation
state of IRE1α (p-IRE1α), and XBP1, a transcription factor that is activated by p-IRE1α
(n=3). (B) ER and cytosolic calcium were measured using fura-2 by calculating the ratio of
values obtained at 340 nm/380 nm (n=6). (C) ER stress markers were examined in HCSMC
transfected with an siRNA to BMPR2, p22phox, or a scrambled sequence (SS) control to
examine the contribution of BMPR2 or NADPH oxidase activation, respectively to ER
stress (n=3). *p<0.001 vs. 0. Representative blots are shown.
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Figure 3.
XBP1 binds to the Runx2 promoter. (A) Electrophoretic mobility shift assays (n = 4) were
performed using an oligonucleotide containing the XBP1 binding site sequence from the
Runx2 promoter (5'-AAAAGCCATGACTCTATGAGTGTGTA-3') and nuclear extract
from BMP-2 (0 ng/ml)- (lane 2) or BMP-2 (100 ng/ml)-treated cells (lane 6). Supershift
assays were carried out with an antibody to XBP1 (lanes 4 and 6). A competition assay (lane
3) was performed with 100-fold excess of cold oligonucleotide. (B) Chromatin
immunoprecipitation (n = 4) of lysates using an antibody to XBP1 was followed by PCR
amplification of the XBP1 binding site in the Runx2 promoter; immunoglobulin G (IgG) and
amplification of the tubulin promoter by PCR served as controls.
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Figure 4.
Inhibition of ER stress limits HCSMC calcification. HCSMC were transfected with an
siRNA to p22phox, XBP-1, or a scrambled sequence control (SS) and (A) expression of
Runx2 expression and the Runx2-dependent calcification proteins was examined after 24 h
(n=3); (B) Intracellular calcium deposition was determined after 14 days (n=6); and, (C)
mineralization was assessed by von Kossa staining (n=3). Representative images and blots
are shown. *p<0.01 vs. SS.
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