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The Role of Receptor Activator of NF-xB Ligand in Smooth Muscle Cell Proliferation
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Smooth muscle cell (SMC) proliferation is important in the pathogenesis of vascular proliferative
disorders. Understanding of the molecular mechanism underlying SMC growth after arterial injury
would have therapeutic implications. Here we report that receptor activator of NF-xB ligand
(RANKL), a member of tumor necrosis factor (TNF) family, promotes the proliferation of SMC, lead-
ing to decreased expression of p21 and enhancement of SMC growth. ERK and p38 phosphorylation
was enhanced after RANKL treatment in SMC. Inhibition of ERK/p38 MAPK activity by PD98059/
5B203580 completely abolished RANKL-induced proliferation of SMC, indicating ERK and p38 MAPK
are essential for RANKL-induced SMC proliferation. Taken together, our findings demonstrate that
RANK-RANKL-ERK/p38 pathway is important for proliferation of SMC and that these molecules may
be the new therapeutic targets for the prevention of vascular diseases.
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Introduction

Smooth muscle cell (SMC) proliferation and migration
after arterial injury plays an important role in the patho-
genesis of a number of vascular proliferative disorders, in-
cluding atherosclerosis and restenosis after balloon angio-
plasty and hypertension[16]. The neointima formation that
is characterized by the enhanced proliferation and migra-
tion of SMCs is triggered by a complex interaction of vari-
ous growth-regulatory molecules[9]. These molecules in-
clude growth factors such as platelet-derived growth factor
(PDGF) and basic fibroblast growth factor (bFGF), and in-
sulin like growth factor I (IGF-I)[15] and cytokines such as
transforming growth factor B (TGF-B) and interleukin-1
(IL-1)[14,17]. On the other hands, interferon-y (IFN-7)
and progesterone are known to inhibit SMC growth[8,18].

The tumor necrosis factor (TNF) family molecule, re-
ceptor activator of NF-kB ligand (RANKL; also called
OPGL, ODF, and TRANCE) is a cytokine that regulates os-
teoclast differentiation and activation of dendritic cells
[6,20]. Mice lacking RANKL reveal a complete absence of
osteoclast following severe osteopetrosis and failure in
tooth eruption. RANKL also regulates the interaction of T
cell and dendritic cells, thereby promoting dendritic cell
survivial [19]. In addition, RANKL plays an essential role

in mammary gland development during pregnancy[2].
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RANKL deficient mice exhibit impaired lobulo-alveolar de-
velopment during pregnancy owing to intrinsic defects in
both proliferation and survival of mammary gland epi-
thelial cells[2].

We report here that RANKL stimulation of smooth mus-
cle cells induces SMC proliferation. RANKL up-regulates
ERK and p38 MAPK phosphorylation in primary human
smooth muscle cells. Inhibiors of ERK/p38 completely
blocked RANKL-derived SMC proliferation. These results
identify RANKL as a novel regulator for the proliferation
of smooth muscle cells via ERK/p38 MAPK pathway.

Materials and Methods

Cell culture

Pimary human aortic smooth muscle cells (HASMC)
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum. Cells
were used between passages 8 and 10.

FACS analysis
The human smooth muscle cells were stained with
RANKL-fluorescein isothiocyanate (FITC) and analyzed by

flow cytometer to detect RANK expression.

Immunobiotting

Whole cell extracts were obtained as follows. Cells were
lysed in extraction buffer [10 mM Tris (pH 7.5), 150 mM
NaCl, 5 mM EDTA, T mM NazVOs, 1% Triton X-100, and



Cemplete Protease Inhilitor Mixture tablet], incubated at
4°C for 10 min by shaking and then cleared by centrifugation.
Protein concentrations were determined using a bicincho-
ninic acid assay. Equal amounts of whole cell extracts were
separated on SDS-PAGE and transferred to PVDF membranes.
Membranes were incubated with antibodies to p21, ERK1
{Santa Cruz Biotechnology), and phospho-p38 (Cell
Signaling Technology). Protein bands were detected by en-

henced chemiluminescence (Amersham Pharmacia Biotech).

Proliferation Assay

Cell proliferation was assessed by [H]-thymidine
incorporation. Cells were plated at low density, allowed to
attach overnight in DMEM supplemented with 10% FBS,
and then serum-starved with DMEM containing 0.5% FBS
and 02% BSA for 24 hr prior to RANKL stimulation.
[C'H]—thymine were added 12 hr before harvest and cells
were collected 24 or 72 hr after RANKL stimulation. For
irhibitor treatment experiment, SMCs were incubated with
or without ERK inhibitor PD98059 (30 uM) or p38 inhibitor
SB203580 (20 uM).

Promoter reporter Assays

SMCs were transiently transfected using lipofectamine
plus reagent (Life Technologies) with 500 or 1000 ng of
plasmid DNA (p21-Luc) per 12 well plates. The Renilla re-
porter construct pRL-TK (Promega) was used for noymaliz-
ing transfection efficiency. After transfection, cells were in-
cubated for 24 hr in DMEM containing 0.5% FBS and 0.2%
BSA and harvested after 24 hr of stimulation with RANKL.
Luciferase activity was determined using the Dual-

Luciferase Repoter Assay System (Promega).

Results

RANKL induces proliferation of SMC

Proliferation of smooth muscle cells is regulated by a
number of growth factors and cytokines in the formation
of atherosclerotic lesions. RANKL is a cytokine which be-
jongs to TNF family members. To address whether
RANKL is capable of inducing the proliferation of smooth
muscle cells, we used primary human aortic smooth mus-
cle cells (HASMC). Prior to evaluating direct effects of
RANKL on SMC growth, we examined the presence of
RANK, the receptor of RANKL, in the cultures of HASMC
by FACS analysis. As shown in Fig. 1, we observed RANK
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Fig. 1. Expression of RANK, the receptor of RANKL in
smooth muscle cells (SMCs). FACS analysis of primary
human SMCs with RANKL-FITC shows RANK ex-
pression (solid line). The dotted lines represent the
background fluorescence of unstained cells.

expression on the surface of human SMC. We next inves-
tigated the effects of RANKL on the proliferation of SMC
by [’H]-thymidine incorporation into DNA. Treatment of
SMC with RANKL for 24 hr (Fig. 2A) or 72 hr (Fig. 2B) re-

sulted in a significant dose-dependent increase in DNA
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Fig. 2. RANKL induces SMC growth. Serum-starved SMCs
were stimulated with the indicated doses of RANKL
for 24 hr (A) or 72 hr (B). Cells were incubated with
1 mCi/mi of [3H]-thymidine for the last 12 hr of cul-
ture and [3H]—thymidine incorporation was measured.
Results are shown as mean values + SEM. of three
separate experiments.
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synthesis of HASMC in DMEM containing 0.5% FBS. These
data demonstrate that RANKL directly induces the pro-
liferation of smooth muscle cells.

ERK and p38 MAPK are central to RANKL-
induced SMC proliferation

It has been known that mitogen-activated protein kin-
ases (MAPK) such as extracellular-signal regulated kinase
(ERK) and p38 MAP kinase are associated in the cascade
leading to the proliferation of SMC[3]. To test whether
ERK or p38 signaling pathway mediates RANKL-induced
SMC proliferation, we first examined the effects of RANKL
on the phosphorylation of ERK or p38. As shown in Fig.
3, RANKL readily activated/phosphorylated both ERK
(Fig. 3A) and p38 (Fig. 3B) after 5 min treatment in SMC,
similar to osteoclast and dendritic cells. We next examined
the effects of inhibitors on RANKL-induced SMC proliferation.
Cells were treated with or without the inhibitors of either
ERK (PD98039) or p38 MAP kinase inhibitor (SB203580).
Treatment of SMC with either PD98059 or SB203580 com-
pletely abolished RANKL-induced proliferation of SMC
(Fig. 4). These results indicate that ERK and p38 MAPK
pathways play an important role in RANKL-induced SMC
proliferation.
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Fig. 3. RANKL enhances ERK and p38 MAKP activity.
Activation of ERK and p38 MAPK after RANKL
treatment. SMCs were treated with 1 mg/ml RANKL
for the indicated time periods. Phosphorylated forms
of ERK (A), and p38 (B) in whole-cell extracts were de-
tected with phospho-specific Abs. The membranes
were stripped and probed with Ab against ERK or p38
as indicated.
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Fig. 4. ERK and p38 is important for RANKL-induced SMC
proliferation. SMCs were incubated with or without ei-
ther ERK inhibitor PD98059 (30 uM) or p38 inhibitor
SB203580 (20 pM). Cells were stimulated with 1
mg/ml RANKL for 24 hr. Then cells were incubated
with 1 mCi/ml of [’H]-thymidine for the last 12 hr of
culture and ["H}-thymidine incorporation was measured.
Results are shown as mean values + SEM. of three
separate experiments.

Downregulation of p21 expression by RANKL

Since previous studies have revealed that cyclin-depend-
ent kinase inhibitors play an essential role in cell cycle reg-
ulation in SMC[10-12], we assessed the levels of p21 ex-
pression following RANKL stimulation in smooth muscle
cells. As shown in Fig. 5A, p21 expression was decreased
after RANKL treatment for 24 hr in SMC compared to con-
trol treatment. To further confirm the effects of RANKL on
the expression of p21, SMCs were transiently transfected
with a luciferase construct containing the p21 promoter
(p21-Luc). RANKL stimulation of SMCs transfected with
500 or 1000ng DNA of p2t-Luc resulted in 29 or 52 % de-
crease of p21 promoter activity, respectively (Fig. 3B).
Thus, RANKL-RANK activation regulates the expression
levels of the cell cycle inhibitor p21-WAF1 in smooth mus-

cle cells.

Discussion

Receptor activator of NF-xB ligand plays a key role for
osteoclast development/activation and skeletal calcium
release. In addition, RANKL is a critical factor in
mammary gland development|2]. In the present study, we

show smooth muscle cells express RANK, the receptor of
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Fig. 5. RANKL inhibits p21 expression in smooth muscle cells
(A) Western blot analysis of p21 expression in SMC.
SMCs were left untreated (cont) or treated with 1 ug/ml
RANKL for 24 hr. Actin is shown as a protein loading
control. (B) p2i-promoter luciferase assays in SMCs.
Transfected SMCs with p21-Luc were left untreated
((J) or treated with (M) 1 ug/ml RANKL for 24 hr.
Luciferase reporter activity was normalized to Renilla
luciferase activity. Results are shown as mean values +
SEM. of three separate transfection experiments.

RANKL, and RANKL induces the proliferation of SMC,
suggesting for the first time an essential role for RANKL
n the proliferation of SMC.

Mitogen-activated protein kinases (MAPK) such as ERK,
INK; and p38 MAPK have been implicated in the signaling
cascades involved in the proliferation and hypertrophy of
SMC {3]. They are commonly activated by vascular remod-
eling-related molecules and play the central role in the ini-
tiation of cellular responses, including cellular gene ex-
pression, growth, migration, or apoptosis[l]. Treatment
with growth factors such as PDGF and bFGF, which in-
duce the proliferation and migration of SMC, activates
ERK and p38[4], ERK[13], ERK/INK [5] or p38[7] are en-
hanced in rat carotid arteries after balloon injury. These
findings suggest that smooth muscle disorders are closely
associated with the activation of MAPKs. In our study,
both ERK and p38 were rapidly activated in cultured SMC
in response to RANKL and treatment of their specific in-
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hibitors blocked RANKL-induced SMC proliferation, in-
dicating that RANKL-mediated ERK and p38 activation
play a role in the signaling pathway implicated in the pro-
liferation of SMC.

A molecular mechanism of RANKL-mediated pro-
liferation of SMC is through the regulation of the cdk in-
hibitor p21-WAF1. During early to mid G1 of the cell cy-
cle, Id proteins antagonize the helix-loop-helix tran-
scription factor E2A that regulate the expression of p2l,
leading to the enhanced cell growth[10]. In our present
study, the expression of p21 was downregulated following
RANKL/RANK stimulation in SMC, indicating that
RANKL-induced downmodulation of p21

Several growth factors including PDGF, bFGF, IGE-],
and proinfalmmatory cytokines including TGEF-B and 1L-1
are known to regulate proliferation and migration of vas-
cular SMCs [15,17]. In the present study, we demonstrate
that RANKL is a novel molecule that promotes SMC pro-
liferation and p21 regulation. Our findings provide a new
signaling pathway that controls proliferation of smooth
muscle cells. Since the proliferation of SMC is critical in
the onset of serious diseases such as atherosclerosis and
hypertension, understanding of the factors that regulates
RANKL expression may provide potential therapeutic tar-

gets for preventing vascular proliferative disorders.
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