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Vascular calcification is implicated in many diseases including atherosclerosis and diabetes. Tumor
necrosis factor-o. (TNF-a) has been shown to promote vascular calcification both in vitro and in vivo. How-
ever, the molecular mechanism of TNF-a-mediated vascular calcification has not yet been fully defined.
Therefore, in this study, we aimed to investigate whether MSX2 acts as a crucial regulator in TNF-o~
induced vascular calcification and to define the regulatory mechanism of MSX2 induction in human vas-
cular smooth muscle cells (VSMCs). TNF-a increased the expression of osteogenic marker genes including
RUNX2, osterix, alkaline phosphatase (ALP), and bone sialoprotein, and it also promoted matrix mineral-
ization in VSMCs. In addition, TNF-o enhanced MSX2 expression in a dose- and time-dependent manner.
MSX2 over-expression alone induced ALP expression, whereas knockdown of MSX2 with small interfer-
ing RNA completely blocked TNF-o-induced ALP expression. New protein synthesis was dispensable for
MSX2 induction by TNF-a, and the inhibition of NF-xB by BAY-11-7082 or by dominant negative IkBo
abolished the TNF-a-directed induction of MSX2 expression. However, inhibition of NADPH oxidase
did not affect MSX2 expression. In conclusion, our study suggests that TNF-a directly induces MSX2
expression through the NF-kB pathway, which in turn induces expression of ALP, a key molecule in min-

eralization, in VSMCs.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Vascular calcification is commonly observed in many diseases
such as diabetes, end-stage renal disease (ESRD), and advanced
atherosclerosis [1]. Among several types of vascular calcification,
medial calcification is a characteristic feature of diabetes and ESRD
and is considered a significant predictor of morbidity and mortality
in cardiovascular disease [1-3]. Vascular calcification has been
shown to be regulated by a variety of factors including inflamma-
tory cytokines, bioactive peptides, and oxidized lipids [4,5]. Tumor
necrosis factor-oo (TNF-ot), a pro-inflammatory cytokine, contrib-
utes to the calcification of vascular smooth muscle cells [6]. It
has been demonstrated that TNF-o promotes in vitro vascular cal-
cification and induces atherosclerotic lesions in coronary arteries
in vivo [7,8]. However, the molecular mechanism of TNF-a-directed
vascular calcification remains unclear.

Vascular calcification is similar to the process of bone mineral-
ization. Recent studies showed that factors regulating bone miner-
alization, such as bone morphogenetic protein-2 and transforming
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growth factor-B, are expressed and play important roles in calcified
vascular regions [9,10]. Vascular smooth muscle cells (VSMCs),
which comprise the tunica media, play an important role in vascu-
lar calcification and express noncollagenous bone-associated ma-
trix proteins such as osteopontin and osteocalcin [11,12].

MSX2 encodes a homeobox transcription factor that is involved
in the regulation of osteoblast proliferation and differentiation
[13]. MSX2 acts as a lineage switching regulator, since it drives
osteogenic differentiation but suppresses adipogenic differentia-
tion in multipotent mesenchymal progenitor cells [14]. Interest-
ingly, a recent study showed that Msx2 promotes aortic valve
and medial calcification in vivo by creating an osteogenic environ-
ment through the induction of the Wnt signaling pathway. [15].
Msx2-expressing cells up-regulate the expression of multiple
canonical Wnt ligands, down-regulate the antagonist Dikkopf
homologue-1 and enhance aortic canonical Wnt signaling. A subse-
quent study performed by the same group showed that TNF-o reg-
ulates the aortic Msx2-Wnt calcification cascade that contributes
to aortic mineralization in diabetic mice [16]. However, the molec-
ular mechanism of TNF-a action has not yet been clearly defined.

Therefore, in this study, we aimed to investigate whether MSX2
acts as a crucial regulator in TNF-a-induced vascular calcification
and to define the regulatory mechanism in terms of signal trans-
duction. In the present study, we showed that TNF-a directly pro-
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motes MSX2 expression through the NF-kB pathway, which in turn
induces the expression of alkaline phosphatase (ALP), a key mole-
cule in mineralization, in VSMCs.

Materials and methods

Materials. Recombinant human TNF-o was purchased from R&D
Systems (Minneapolis, MN, USA). The easy-BLUE™ and StarTaq™
reagents were from iNtRON Biotechnology (Sungnam, Korea), the
AccuPower RT-PreMix was from Bioneer (Daejeon, Korea), and
the SYBR Premix Ex Taqg™ was purchased from TaKaRa (Otsu,
Japan). PCR primers were synthesized by TaKaRa Korea (Seoul, Kor-
ea). Anti-NF-kB RelA and anti-lamin B antibodies as well as goat
anti-rabbit horseradish peroxidase (HRP)-conjugated IgG were ob-
tained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
NE-PER Nuclear and Cytoplasmic Extraction Reagent was from
PIERCE Biotechnology (Rockford, IL, USA). The Alkaline Phospha-
tase staining kit, CALCIUM assay kit, cycloheximide, diphenylenei-
odonium (DPI), and anti-Msx2 antibody were purchased from
Sigma (St. Louis, MO, USA) and the BAY-11-7082 reagent was from
Calbiochem (Gibbstown, NJ, USA). The Cell Counting Kit-8 (CCK-8)
used to assay cell proliferation and cytotoxicity was from Dojindo
Molecular Technologies (Gaithersburg, MA, USA). The dominant
negative (dn) IkBot construct was a kind gift from Prof. H. Kim at
Wonkwang University in Korea.

Cell culture and induction of osteogenic differentiation. Primary
human VSMCs (ATCC CRL-1999) were maintained in growth med-
ium consisting of Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 20% fetal bovine serum (FBS), 100 U/ml peni-
cillin, 100 pg/ml streptomycin, and 1 mM sodium pyruvate. To in-
duce osteogenic differentiation, sub-confluent vascular smooth
muscle cells were cultured with differentiation medium consisting
of growth medium supplemented with 10 mM B-glycerophosphate
and 50 pg/ml ascorbic acid.

ALP staining. VSMCs were seeded at a density of 5 x 10° cells per
well in a four-well plate and cultured in differentiation medium for
seven days. At the end of the culture period, the cells were fixed
and subjected to ALP staining using an Alkaline Phosphatase stain-
ing kit.

RNA extraction, reverse transcription PCR (RT-PCR), and real-time
PCR. Semi-quantitative RT-PCR or real-time PCR was performed
to evaluate mRNA expression. Total RNA was isolated using easy-
BLUE™ RNA Extraction Reagents. Complementary DNA was syn-
thesized from 1 pg of total RNA using the AccuPower RT-PreMix
and was subsequently used for PCR amplification. Semi-quantita-
tive RT-PCR was performed using StarTaq™ in the range of linear
amplification and the PCR products were electrophoresed on a
1.2% agarose gel and visualized under UV light by ethidium bro-
mide staining. Real-time PCR was performed using the SYBR Premix
Ex Tag™ and an AB 7500 Fast Real-Time system (Applied Biosys-
tems; Foster City, CA, USA). Each sample was analyzed in triplicate,
and target genes were normalized to the reference housekeeping
gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Fold
differences were then calculated for each treatment group using
normalized C; values for the control.

Human genes and their primer sequences for semi-quantitative
RT-PCR were as follows: MSX2-forward (f) 5'-CCTTTACCACATCC-
CAGCTC-3’, MSX 2-reverse (r) 5-GTGGCATAGAGTCCCACAGG-3/;
ALP-f 5-CGTGGAACATTGATCTG-3/, ALP-r 5-CCAAACAGGAGAGT
CGCTTC-3'; OSTERIX (OSX)-f 5'-GCAGCTAGAAGGGAGTGGTG-3/,
0SX-r 5'-GCAGGCAGGTGAACTTCTTC-3’; RUNX2-f 5-GGTACCAGA
TGGGACTGTGG-3/, RUNX2-r 5'-GAGGCGGTCAGAGAACAAAC-3’;
bone sialoprotein (BSP)-f 5-CAGAGGCTCACTCCCTTGAG-3’, BSP-r
5'-CTTCTTGGGAAGCTGGATTG-3’; smooth muscle o-actin (ACT
A2)-f 5'-GGCACCACTGAACCCTAAGG-3', ACTA2-r 5'-TCTCCA-

GAGTCCAGCACAAT-3'; GAPDH-f 5'-TGAAGGTCGGAGTCAACGGATT
TGGT-3', and GAPDH-r 5-CATGTGGGCCATGAGGTCCACCAC-3'.

Primer sequences used in real-time PCR were as follows: MSX2-
f 5'-GCCATTTTCAGCTTTTCCAG-3', MSX2-r 5'-CCCTGAGGAAACAA-
GACC-3'; ALP-f 5'-ACCATTCCCACGTCTTCACATTTG-3’, ALP-r 5'-AG
ACATTCTCTCGTTCACCGCC-3’; GAPDH-f 5'- CCATCTTCCAGGAGCG-
AGATC-3', and GAPDH-r 5'- GCCTTCTCCATGGTGGTGAA-3'.

Nuclear extract preparation and Western blot analysis. After
appropriate treatment, VSMCs were washed with phosphate-buf-
fered saline (PBS) and scraped into lysis buffer consisting of
10 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA (pH 8.0), 1% Tri-
ton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM sodium
fluoride, 0.2 mM sodium orthovanadate, 1 mM PMSF, 1 pg/ml
aprotinin, 1 pM leupeptin, and 1 uM pepstatin, and they were son-
icated briefly. Nuclear extracts were then prepared using NE-PER
Nuclear and Cytoplasmic Extraction Reagents according to the
manufacturer’s instructions. Protein concentrations were deter-
mined using a modified Bradford method. Each sample containing
equal amounts of protein was subjected to SDS-PAGE. The proteins
separated in the gel were subsequently electro-transferred onto a
PVDF membrane. The membrane was blocked with 5% nonfat dry
milk in Tris-buffered saline containing 0.1% Tween 20 and incu-
bated with the relevant primary antibody, followed by incubation
with the HRP-conjugated secondary antibody. Immune complexes
were visualized using Supex reagent and luminescence was de-
tected with a LAS1000 (Fuji PhotoFilm; Tokyo, Japan).

Quantification of calcium deposition. The calcium content depos-
ited in a calcified matrix was determined by using a CALCIUM as-
say kit. Briefly, VSMCs were plated at a density of 5 x 10° cells per
well in a four-well plate and cultured for 21 days in differentiation
medium. At the end of the culture period, the cells were washed
with calcium- and magnesium-free PBS and the calcified matrix
was decalcified with 0.6 M HCl for 24 h. A calcium reagent working
solution was then added to each sample according to manufac-
turer’s instructions and the absorbance was measured at 575 nm
using a microplate reader.

MSX2 knockdown using small interfering RNA (siRNA). MSX2 siR-
NA and control siRNA (ON-TARGETplus Non-targeting siRNA #2 D-
001810-02-05) were purchased from Dharmacon (Chicago, IL,
USA). Transfection into VSMCs was performed according to the
manufacturer’s instructions.

Results and discussion
TNF-o. enhances the osteogenic differentiation of VSMCs

Because TNF-ao has been shown to promote the calcification of
vascular cells in vitro [7,17], we first examined whether TNF-o en-
hanced osteogenic marker gene expression in human VSMCs. For
this purpose, VSMCs were cultured in osteogenic differentiation
medium in the presence or absence of TNF-oo (10 ng/ml) for
14 days. Semi-quantitative RT-PCR results showed that TNF-ao in-
creased the mRNA expression of osteogenic marker genes such as
RUNX2, OSX, ALP, and BSP and decreased that of ACTA2, a pheno-
typic marker of VSMCs (Fig. 1A). Cytochemical staining of ALP also
showed that TNF-o up-regulated ALP activity in VSMCs (Fig. 1B).
These results suggest that TNF-o promotes the phenotypic conver-
sion of VSMCs to osteoblasts in an osteogenic environment. To fur-
ther examine the osteoblastic characteristics of these cells, calcium
deposition in the extracellular matrix was measured after 21 days
of culture in differentiation medium. Consistent with the RT-PCR
and ALP staining data, TNF-o significantly increased calcium depo-
sition in the extracellular matrix (Fig. 1C). These data suggest that
TNF-oo promotes the calcification of VSMCs by enhancing the
expression of osteoblastic genes.
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Fig. 1. TNF-a enhances the differentiation of vascular smooth muscle cells under
osteogenic stimulation. Vascular smooth muscle cells (VSMCs) were cultured in
osteogenic differentiation medium for 14 days (A), 7 days (B), or 21 days (C) in the
presence or absence of TNF-a (10 ng/ml). Semi-quantitative RT-PCR (A), ALP
staining (B) and measurements of calcium deposition (C) were performed after the
culture period. OSX, osterix; ALP, alkaline phosphatase; BSP, bone sialoprotein;
ACTA2, smooth muscle a-actin; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; p <0.01 (Student’s t-test).

TNF-u increases MSX2 expression in VSMCs

Because MSX2 has been shown to play an important role in vas-
cular calcification [15,16], we aimed to investigate whether the
TNF-o-induced osteogenic differentiation of VSMCs involves en-
hanced MSX2 expression. VSMCs were treated with increasing
concentrations of TNF-a for 24 h, after which MSX2 mRNA expres-
sion levels were analyzed by RT-PCR. TNF-a increased MSX2 mRNA
expression in a dose-dependent manner (Fig. 2A). Increases in
MSX2 mRNA expression occurred concomitantly with an increase
in ALP expression after TNF-o treatment at both 12 and 24 h
(Fig. 2B). Nuclear expression of MSX2 protein was also up-regu-
lated by TNF-o treatment, a finding consistent with the RT-PCR re-
sults (Fig. 2C). These results show that TNF-o enhances the
expression of MSX2 as well as that of osteogenic marker genes in
VSMCs.

A
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TNF-a-induced ALP expression requires MSX2 expression

ALP is an osteoblast differentiation marker and is required for
bone matrix mineralization [18]. It has been also implicated in bo-
vine vascular smooth muscle cell calcification and in aortic valvu-
lar calcification [11,19]. Because the above results suggest that
there is a possible correlation between TNF-o-induced MSX2 and
ALP mRNA expression, we next examined whether there is some
hierarchical relationship between MSX2 and ALP in TNF-a-induced
responses. We treated VSMCs with TNF-a in the presence of cyclo-
heximide, a protein synthesis inhibitor, and then examined MSX2
and ALP mRNA expression. Cycloheximide did not affect TNF-o-in-
duced MSX2 expression but it almost completely abrogated ALP
expression (Fig. 2D). This result implies that new protein synthesis
is required for the TNF-a-induced expression of ALP but not MSX2,
and that ALP may be downstream of MSX2 in this pathway.

To determine whether MSX2 is required for ALP expression in
VSMCs, we first observed the effect of MSX2 over-expression.
When MSX2 was over-expressed, ALP was highly expressed even
in the absence of TNF-a (Fig. 3A). In cells over-expressing MSX2,
TNF-a treatment exerted little inducing effect on ALP expression,
suggesting that over-expressed MSX2 alone is sufficient to induce
ALP expression in VSMCs (Fig. 3A). This result indicated that TNF-
a-induced increases in MSX2 expression may be responsible for
the up-regulation of ALP mRNA expression by TNF-a.

To further define the correlation between MSX2 and ALP
expression induced by TNF-a, we examined the expression levels
of ALP after MSX2 knockdown by siRNA. VSMCs were transfected
with siMSX2 or non-targeting control siRNA and then treated with
TNF-a. To confirm the efficiency of siMSX2, we examined the levels
of MSX2 mRNA and protein expression. Western blot and real-time
PCR results showed that siMSX2 clearly suppressed both basal and
TNF-o-induced MSX2 expression (Fig. 3B and C left panel). Further-
more, TNF-a-induced ALP expression was also completely blocked
by MSX2 knockdown (Fig. 3C right panel). These results showed
that TNF-o-induced ALP expression is dependent on MSX2 expres-
sion, suggesting that MSX2 is the newly synthesized protein re-
quired for TNF-a-induced ALP expression, as shown in Fig. 2D. It
is still unclear whether MSX2 directly up-regulates ALP expression
or not. It has been reported that the mouse ALP promoter contains

TNF- « (h)
0 12 24

“"‘". MSX 2

Lamin B

ALP

GAPDH

Fig. 2. TNF-o. up-regulates MSX2 expression in VSMCs. (A) The cells were cultured in differentiation medium for 24 h in the presence of TNF-a at the concentrations
indicated. (B, C) VSMCs were cultured in differentiation medium for the times indicated in the presence of TNF-a (10 ng/ml). At the end of culture period, semi-quantitative
RT-PCR (A, B) or immunoblot analysis (C) was performed. Nuclear lamin B was used as a loading control. (D) VSMCs were incubated for 24 h in the presence of the indicated
reagents. CHX, 10 pg/ml cycloheximide; TNF-o, 10 ng/ml. Semi-quantitative RT-PCR showed that CHX treatment almost completely abrogates the expression of ALP mRNA,

indicating that TNF-a-induced ALP expression requires new protein synthesis.
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Fig. 3. MSX2 expression is required for TNF-a-induced ALP expression. (A) MSX2 over-expression is sufficient to induce ALP expression. After transfection of cells with an
empty (pcDNA) or MSX2 expression vector, the cells were treated with TNF-o for 24 h. Total RNA was extracted and semi-quantitative RT-PCR was performed. (B, C) TNF-o-
induction of ALP expression was completely blocked by MSX2 knockdown. For the cellular knockdown of MSX2, VSMCs were transfected with MSX2 siRNA (siMSX2) or
control siRNA (siCtrl). The cells were then further incubated with or without TNF-a for 24 h, and immunoblot analysis (B) or real-time PCR (C) was performed. MSX2

knockdown was verified with both mRNA and protein levels.

an Msx2-responsive element and that Msx2 suppresses ALP
expression in murine osteoblastic cell lines [20]. However, other
studies have shown that in vivo over-expression of Msx2 promotes
both bone formation and vascular calcification via canonical Wnt
signaling [16,21], and that canonical Wnt signaling increases ALP
activity [22]. Because our results present that MSX2 over-expres-
sion increases ALP expression in VSMCs, it is likely that MSX2 stim-
ulates ALP expression indirectly via WNT signaling.

TNF-a-induced MSX2 expression occurs via the NF-kB pathway

To clarify the link between the activation of the TNF receptor
and MSX2 expression, we investigated TNF-a-activated down-
stream signaling pathways. TNF-o. mainly activates mitogen-acti-
vated protein kinases and the NF-kB pathway. Because our
previous study revealed that c-Jun-N-terminal kinase activation
was not involved in TNF-a-induced Msx2 expression in bone cells
(unpublished data), we focused on the NF-xB pathway in this
study. BAY-11-7082, a potent NF-kB inhibitor, was used to func-
tionally block the NF-xB pathway. At a concentration of 10 puM,
BAY-11-7082 did not affect the proliferating activity of VSMCs
(Supplementary Fig. 1). NF-kB inhibition by BAY-11-7082 dramat-
ically suppressed the TNF-a-induced expression of both MSX2 and
ALP (Fig. 4A). Immunoblot analysis also confirmed that NF-kB inhi-
bition completely suppressed TNF-a-induced MSX2 expression
(Fig. 4B). In cells over-expressing MSX2, ALP expression was main-
tained despite the inhibition of NF-kB (Fig. 4A), suggesting that NF-
KB activation is required for TNF-a-induced MSX2 expression in
VSMCs but not directly associated with ALP transcription. To fur-
ther provide evidence of NF-kB involvement in TNF-a-induced
MSX2 expression, dnlkBo was over-expressed in VSMCs. Over-
expression of dnlkBo completely inhibited TNF-o-induced NF-xB
RelA nuclear translocation (Fig. 4D). RT-PCR and immunoblot re-
sults showed that TNF-a-induced MSX2 expression was abolished
when NF-kB was sequestered in the cytoplasm by dnlkBo (Fig. 4C).

ALP expression was also suppressed by dnlkBa. Taken together,
these results demonstrate the involvement of the NF-kB pathway
in TNF-o-induced MSX2 expression.

Because TNF-a is also known as a trigger signal for NADPH oxi-
dase-dependent production of reactive oxygen species (ROS) and
some studies have shown that NF-kB activation is downstream
of NADPH oxidase [23-25], we investigated whether NADPH oxi-
dase and/or ROS are involved in TNF-a-induced MSX2 expression
in VSMCs. First of all, we observed whether TNF-o. enhances ROS
production in VSMCs. Over the course of 12 h of incubation, we
could not observe any increase in ROS production with TNF-o
treatment (Supplementary Fig. 2A). To check whether NADPH oxi-
dases are working in these cells, we incubated VMSCs in the pres-
ence of DPI (10 pug/ml), an NADPH oxidase inhibitor. DPI
significantly reduced basal ROS production and further suppressed
ROS levels in the presence of TNF-o (Supplementary Fig. 2A). Real-
time PCR and immunoblot analysis showed that DPI did not affect
TNF-o-induced MSX2 expression (Supplementary Fig. 2B and C).
These data indicate that TNF-oo does not facilitate NADPH oxi-
dase-dependent ROS generation under these experimental condi-
tions and that TNF-o activation of the NF-kB pathway is
independent of the NADPH oxidase-ROS system in VSMCs.

In this study, we demonstrated that TNF-a directly up-regulates
MSX2 via the activation of NF-kB in VSMCs. To our knowledge, this
is the first study to report that TNF-o induces MSX2 expression via
the NF-xB pathway in VSMCs. These results are consistent with
previous reports showing that TNF-a induces Msx2-Wnt signaling
in aortic adventitial myofibroblasts in diabetic Ldlr~/~ mice [16].
Towler and colleagues have provided working model for vascular
calcification in diabetes that explains the interactions between oxi-
dative stress and vascular Bmp-Wnt signaling, in that they sug-
gested the role of TNF-a-generated ROS in endothelial cells as a
paracrine signal to induce Msx2 expression in aortic myofibro-
blasts [26]. However, our data indicate that TNF-a can directly
increase MSX2 expression in VSMCs and that this induction is
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Fig. 4. TNF-o stimulates MSX2 expression via the NF-kB pathway. (A, B) NF-kB inhibitor treatment blocked TNF-a-induced MSX2 expression. VSMCs were incubated for 24 h
in the presence of the indicated reagents. When indicated, cells were transfected with an MSX2 expression vector or pcDNA and incubated for 6 h before the reagents were

added to the culture medium. After the end of the incubation period, semi-quantitative

RT-PCR (A) or immunoblot analysis (B) was performed. BAY; 10 uM BAY-11-7082.

(C, D) Over-expression of a dominant negative (dn) IkBa mutant suppressed TNF-o-mediated MSX2 expression. VSMCs were transfected with dnlkBo or pcDNA. After 6 h, the
cells were incubated with TNF-o for 24 h and semi-quantitative RT-PCR (C) or immunoblot analysis (D) was performed. The effect of dnlkBo over-expression was confirmed

by blocking NF-xB RelA nuclear translocation.

independent of ROS production. Because vascular calcification is
also observed in advanced atherosclerotic lesions and TNF-a is also
mainly produced and secreted from macrophages and T lympho-
cytes, which are the predominant cell types found in advanced
atherosclerotic lesions [27], we suggest that TNF-a produced by
inflammatory cells infiltrated in advanced atherosclerotic lesions
directly induces the osteogenic conversion of VSMCs via MSX2
expression, thus contributing at least in part to vascular
calcification.

In summary, our finding that TNF-o directly induces MSX2
expression, which is a prerequisite to ALP expression indispensable
for bio-mineralization, suggests that MSX2 may be a crucial regu-
lator in TNF-o-directed vascular calcification. In addition, our study
showed that NF-xB pathway but not NADPH oxidase-ROS system
is responsible for TNF-o-directed MSX2 expression in human
VSMCs. But further study is necessary to verify whether MSX2
stimulates ALP expression directly or indirectly via canonical
WNT signaling.
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