ELSEVIER

Involvement of clusterin in 15-deoxy-

Available online at www.sciencedirect.com

sc.ENCE@D.RECT@

Biochemical and Biophysical Research Communications 319 (2004) 163-168

BBRC

www.elsevier.com/locate/ybbrc

A'*"_prostaglandin J,-induced

vascular smooth muscle cell differentiation’™

Yoshikazu Miwa,” Fumi Takahashi-Yanaga, Sachio Morimoto, and Toshiyuki Sasaguri

Department of Clinical Pharmacology, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

Received 22 April 2004
Available online 10 May 2004

Abstract

To establish an in vitro model of vascular smooth muscle cell (VSMC) differentiation, we examined the effect of 15-deoxy-A'>"-
prostaglandin J, (15d-PGlJ,) on the expression of VSMC differentiation markers. After the addition of 15d-PGJ, to confluent human
umbilical artery smooth muscle cells synchronized in the G, phase, cells showed a “hill and valley” appearance and thereafter
aggregated and formed macroscopic nodules. Cells forming nodules expressed high levels of SM2, the most specific VSMC dif-
ferentiation marker, comparable to medial VSMCs in vivo. 15d-PGJ, significantly increased the mRNA and protein expression
levels of clusterin, a secreted glycoprotein reported to induce nodule formation and differentiation of VSMCs. Moreover, addition of
an anti-clusterin antibody completely inhibited the nodule formation induced by 15d-PGJ, and induced apoptosis. Our results
suggested that clusterin is involved in 15d-PGlJ,-induced nodule formation and cell differentiation in VSMC:s.

© 2004 Elsevier Inc. All rights reserved.

The dedifferentiation and subsequent abnormal pro-
liferation of vascular smooth muscle cells (VSMCs) have
been thought to play important roles in vascular re-
modeling. In normal arteries, VSMCs reside in the me-
dia in non-proliferating and fully differentiated states.
However, once endothelial cell function is disturbed,
VSMCs dedifferentiate, change phenotype to synthetic
one, migrate into the intima, and proliferate [1]. These
processes initiated by dedifferentiation are known to be
promoted by a number of growth factors, cytokines, and
vasoactive substances. In contrast, the molecular
mechanism of VSMC redifferentiation remains largely
unknown, at least in part, because of the lack of an es-
tablished in vitro model for VSMC differentiation.

15-Deoxy-A'*"*-prostaglandin J, (15d-PGJ,), a po-
tent endogenous ligand for peroxisome proliferator-ac-
tivated receptor-y (PPAR-y), is known to promote the
differentiation of macrophages by stimulating the ex-
pression of the scavenger receptor CD36 through
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PPAR-y [2,3]. This PG also exerts several anti-inflam-
matory effects on macrophages such as the inhibition of
inducible nitric oxide synthase expression [4], inhibition
of inflammatory cytokine production [5], and inhibition
of matrix metalloproteinase activity [6]. We reported
that the lipocalin-type PGD synthase (L-PGDS), which
converts PGH, to PGD,, the precursor of 15d-PGlJ,, is
expressed in vascular endothelial cells and intimal
VSMCs of the human aorta and that PGD, and 15d-
PGJ, are actually released by a laminar shear stress of
physiological strength in endothelial cells [7]. These re-
sults suggest that 15d-PGJ, produced in the vascular
wall plays an important role in the regulation of vas-
cular cell functions.

We also reported that 15d-PGJ, induces the ex-
pression of VSMC-specific differentiation markers [8].
Differentiated VSMCs express large amounts of con-
tractile proteins such as smooth muscle a-actin (SM a-
actin), calponin-hl, h-caldesmon, and the smooth
muscle myosin heavy chain (SM-MHC) isoforms SM1
and SM2. Expression levels of these proteins decrease
in cells with the dedifferentiated synthetic phenotype
[9]. 15d-PGJ, simply added to growing VSMCs
significantly increased the expression of SM2, a most
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reliable VSMC differentiation marker expressed at the
last stage of differentiation, however, its expression le-
vel was much lower than that in fully differentiated
cells localized in the vascular media, suggesting that the
stage of differentiation was not very late.

In the present study, we further investigated the effect
of 15d-PGJ, on VSMC differentiation in different cul-
ture conditions by monitoring the expression of VSMC-
specific differentiation markers, especially SM2. In this
process, we found that clusterin, a secreted glycoprotein
reported to induce the aggregation and differentiation of
VSMGs, is involved in 15d-PGJ,-induced VSMC dif-
ferentiation.

Materials and methods

Chemicals. 15d-PGJ, was purchased from Cayman Chemical (Ann
Arbor, MI).

Cell culture. VSMCs were isolated from the media of human um-
bilical arteries by explant. Cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 20% (vol/vol) fetal bovine
serum (FBS) (Life Technologies, Rockville, MD), Sng/mL human
basic fibroblast growth factor (Amersham-Pharmacia Biotech,
Uppsala, Sweden), 100 U/mL penicillin, 100 pg/mL streptomycin, and
1 pg/mL amphotericin B (growth medium). Synchronization in Gg
phase was achieved by serum starvation for 48 h.

Reverse transcription-polymerase chain reaction. Reverse transcrip-
tion-polymerase chain reaction (RT-PCR) was performed using
Ready-To-Go RT-PCR beads (Amersham—Pharmacia Biotech). Total
cellular RNAs (1 pg) were used for the RT reaction and the products
were amplified using DNA Thermal Cycler 480 (Perkin—Elmer Cetus
Instruments, Norwalk, CT). PCR primers for SM1 and SM2, SMemb,
calponin-hl, h-caldesmon, and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were described previously [8]. PCR primers for
clusterin synthesized based on a sequence in the GenBank database
were 5-AGAGTGTAAGCCCTGCCTGAA-3 and 5-TGGGAAA
GAAGAAGTGAGGCC-3'. PCR products were electrophoresed on
2% agarose gel and visualized by staining with ethidium bromide.
Amplified DNAs were identified by sequencing. The levels of ethidium

bromide fluorescence of DNAs obtained in every PCR cycle were
plotted on a semilogarithmic graph, to determine an appropriate PCR
cycle number at which all the samples were plotted within a linear
range of the graph. The amounts of DNAs were quantified at the
number of cycles thereby determined.

Western blotting. Western blot analysis was performed as described
[10] using a goat polyclonal antibody to human clusterin-f chain
(sc-6419, Santa Cruz Biotechnology).

Nuclear staining. To detect nuclear fragmentation, both detached
and adherent cells were harvested. Cells were fixed with 100 uL of 1%
(vol/vol) glutaraldehyde for 30 min and stained with 4 uLL of 1 mmol/L
Hoechst 33258. The number of apoptotic cells was determined by
observation of 1000 cells with a fluorescent microscope.

Statistics. Results are expressed as means +SD of the number of
observations. Statistical significance was assessed with Student’s ¢ test
for paired or unpaired values.

Results
15d-PGJ5-induced morphological changes in VSMCs

We previously reported that 15d-PGJ, induces the
expression of differentiation markers for VSMCs,
however, the expression level of SM2, a most reliable
marker of VSMC differentiation, was much lower than
that in freshly isolated (fully differentiated) VSMC [8].
To better induce the differentiation, we cultured VSMCs
until they were in a confluent state and synchronized
them in Gy phase by 48h serum starvation, since the
expression of smooth muscle-specific differentiation
markers such as SM-MHC and SM a-actin has been
reported to increase in cells confluence and quiescence
[11]. Thereafter we incubated the cells with 15d-PGlJ,.
After incubation with 15d-PGJ, for 2 days, the cells
exhibited a “hill and valley” appearance and aggregated
toward the center of the dishes (Fig. 1A). They formed
macroscopic nodules after incubation with 15d-PGlJ,
for 4 days (Figs. 1B and C).

Fig. 1. 15d-PGJ;,-induced morphological change of VSMCs. (A) VSMCs were seeded in 60 mm plates and incubated until confluent. Then they were
synchronized in G, phase by serum starvation for 48 h and stimulated with growth medium in the presence of 15d-PGJ, (12 pumol/L). Cells gradually
showed a “hill and valley” appearance, aggregated, and formed nodules 4 days after stimulation. (B) Macro view. (C) Magnified view of the area

surrounded by a square in (B).
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Expression of differentiation markers

To clarify the meaning of the morphological changes
in VSMCs cultured with 15d-PGJ,, we examined the
expression levels of VSMC-specific differentiation
markers in adherent cells (A), cells contained in the
nodules (N), and freshly isolated medial cells (F).
Fig. 2 shows that SM-MHC (SM1 and SM2), calpo-
nin-h1l, and h-caldesmon are expressed in all three
types of VSMCs. In adherent cells cultured with 15d-
PGJ,, the mRNA levels of SM1 and SM2 slowly
increased, whereas cells in nodules expressed a large
amount of SM2, as much as freshly isolated VSMCs.
The expression of SMemb, a non-muscle myosin heavy
chain which increases in dedifferentiated VSMCs, de-
creased immediately after the treatment with 15d-PGlJ,
in both adherent cells and cells in nodules. The ex-
pression of h-caldesmon was significantly enhanced
in cells in nodules, however, there was no difference in
calponin-hl levels between adherent cells and cells in
nodules.

Effect of 15d-PGJ; on clusterin expression

Previous reports suggested that clusterin, a ubiqui-
tous cell membrane protein, induces VSMC aggregation
and differentiation [12-14]. Therefore, we examined

F : Freshly isolated VSMC
—— N : Nodules
— A : Adherent cells
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Fig. 2. The expression of VSMC-specific differentiation markers.
Gy-synchronized cells in a confluent condition were incubated in
growth medium in the presence of 15d-PGJ, (12 umol/L) for the pe-
riods indicated. The medium was replaced every 2 days. Total cellular
RNA extracted from the adherent cells (A), and cells in nodules (N) at
the times indicated was analyzed for SM1/2, SMemb, calponin hl,
h-caldesmon, and GAPDH by RT-PCR (32 cycles). The expression in
freshly isolated VSMCs in vascular media (F) was also analyzed.

whether clusterin is involved in the 15d-PGlJ,-induced
formation of nodules and differentiation in VSMCs. The
addition of 15d-PGJ, to exponentially growing cells
dose-dependently increased the mRNA level of clusterin
(Fig. 3A). 15d-PGJ, (12umol/L) induced clusterin
mRNA 6h after stimulation (Fig. 3B, upper panel). As
shown in the lower panel, confluent and Gy-synchro-
nized cells also expressed a large amount of clusterin.
The expression rapidly decreased after mitogenic stim-
ulation. However, 15d-PGJ, (12 pmol/L) maintained the
mRNA expression of clusterin. The addition of 15d-
PGJ, to exponentially growing cells dose- and time-
dependently induced the protein expression of clusterin
consistent with the mRNA expression (Fig. 3C).
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Fig. 3. The effects of 15d-PGJ, on the expression of clusterin. (A)
Exponentially growing cells were stimulated with growth medium in
the presence of the indicated concentration of 15d-PGlJ,. Total cellular
RNA extracted 18h after stimulation was analyzed for clusterin and
GAPDH by RT-PCR. (B) Upper panel, exponentially growing cells
were stimulated with growth medium in the absence (—) or presence (+)
of 15d-PGJ, (12umol/L). Lower panel, Go-synchronized cells were
stimulated with growth medium in the absence (—) or presence (+) of
15d-PG1J, (12 pmol/L). Total cellular RNA extracted at the indicated
times after stimulation was analyzed for clusterin and GAPDH by RT-
PCR. (C) Proteins (10 pg/lane) were fractionated by SDS-PAGE and
blotted with a goat polyclonal antibody to human clusterin (sc-6419,
Santa Cruz Biotechnology). Upper panel, exponentially growing cells
were stimulated with growth medium in the presence of the indicated
concentration of 15d-PGJ, for 24h. Lower panel, exponentially
growing cells were stimulated with growth medium in the absence (-)
or presence (+) of 15d-PGJ, (12 pmol/L).
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Fig. 4. The effect of clusterin antibody on VSMC aggregation. Gy-
synchronized cells were stimulated with growth medium in the absence
(=) (A,C) or presence (+) (B,D) of 15d-PGJ, (12 umol/L) for 4 days.
The medium was changed every 2 days. A non-immunized IgG (40 pg/
mL) (A,B) or a monoclonal anti-clusterin antibody (40 pg/mL) (05-
354, Upstate Biotechnology) (C,D) was added simultaneously with
growth stimulation.
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Fig. 5. The effect of clusterin antibody on VSMC apoptosis. Gy-syn-
chronized cells were stimulated for 4 days as described in Fig. 1. After
treatment, cells were stained with Hoechst 33258. The numbers of
apoptotic cells are shown as a fold-increase against the value obtained
in cells treated with non-immunized IgG in the absence of 15d-PGJ2
(12 pmol/L). *P < 0.01 (n = 3). Open columns, in the absence of 15d-
PGIJ,; closed columns, in the presence of 15d-PGJ,.

Anti-clusterin - antibody completely inhibited VSMC
aggregation

To examine whether the expression of clusterin in-
duced by 15d-PGJ; is necessary for VSMC aggregation,
we investigated the effect of a monoclonal anti-clusterin
antibody (05-354, Upstate Biotechnology), which has
been reported to inhibit clusterin function [15]. In the
absence of 15d-PGlJ,, the addition of the anti-clusterin
antibody (40 pg/mL) resulted in no visible changes
(Fig. 4C) compared to cells treated with non-immunized
1gG (Fig. 4A), whereas, in the presence of 15d-PGJ,, the
anti-clusterin antibody completely inhibited VSMC ag-
gregation and nodule formation, and most of the cells
were detached from the plates (Fig. 4D). We also ex-

amined the effect of the anti-clusterin antibody on ap-
optosis by nuclear staining of VSMCs with Hoechst
33258, since clusterin plays an important role in the
regulation of apoptosis. The ratio of cells undergoing
apoptosis was significantly increased in 15d-PGlJ,-trea-
ted cells in the presence of anti-clusterin antibody as
compared with non-immunized IgG (Fig. 5).

Discussion

In the present study, we showed that 15d-PGJ, in-
duces aggregation and nodule formation in VSMCs.
The VSMCs in nodules expressed comparable levels of
SM2 mRNA to those existing in vascular media, sug-
gesting that the VSMCs in nodules were highly redif-
ferentiated.

Several genes for contraction-related proteins in-
cluding smooth muscle o-actin, SM22a, calponin,
h-caldesmon, and the SM-MHC isoforms SM1 and
SM2 are sequentially expressed in developing VSMCs
[9]. Among them, SM2 emerges at the last stage
of VSMC (differentiation and its expression patterns
in VSMCs with different phenotypes have been well
examined [16-18]. Once they have dedifferentiated after
vascular injury, VSMCs again express SM2 in the pro-
cess of redifferentiation in vivo [19]. We used VSMCs
explanted from umbilical artery in the present study,
however, recent evidence showed that VSMCs of um-
bilical arteries display a mature phenotype resembling
adult systemic VSMCs [20].

Some investigators have reported in vitro models of
VSMC differentiation. Haller et al. [21] reported that
PKC-a overexpression induces prosuction of o-SM ac-
tin. Cyclic mechanical strain [22] and gene transfer of
C-type natriuretic peptide [23] have also been reported
to upregulate SM2 expression in cultured rat VSMCs.
However, none of these studies compared the expression
levels of differentiation markers between cultured
VSMCs and fully differentiated VSMCs in the media.
We previously reported that 15d-PGJ, and the differ-
entiation-inducing factor-1, a morphogen of Dictyo-
stelium, induce SM2 [8,24] but the expression levels were
quite low in comparison to fully differentiated VSMCs
in the media. In the present study, VSMCs in nodules
formed after 15d-PGJ, treatment expressed a compa-
rable level of SM2 to those existing in vascular media.
This may be the first report to demonstrate apparently
complete redifferentiation in once dedifferentiated
VSMC:s in culture.

The nodule formation of VSMCs has been reported in
porcine VSMCs [25,26]. Millis et al. focused on these
phenomena and revealed that clusterin (also called com-
plement cytolysis inhibitor, sulfated glycoprotein-2, tes-
tosterone-repressed prostate message-2, SP-40,40, and
apolipoprotein J), an 80-kDa heterodimeric glycoprotein,
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is secreted when cultured VSMCs change from a
monolayer to nodular morphology [12]. They also re-
cently reported that the lack of this molecule decreased
the ability of cells to form nodules and furthermore,
exogenous clusterin recovered this ability, suggesting
that clusterin regulates VSMC differentiation [13,14]. In
the present study, 15d-PGJ, increased the clusterin ex-
pression and furthermore, 15d-PGJ,-induced aggrega-
tion and nodule formation of VSMCs were completely
inhibited by the addition of a neutralizing antibody to
clusterin, suggesting that these morphological changes
of VSMCs induced by 15d-PGJ, were mediated by
clusterin.

Recent reports suggested that clusterin also plays an
important role in the regulation of apoptosis. Clusterin
overexpression inhibits apoptosis in human renal cell
carcinoma [27]. An antisense oligonucleotide of the
clusterin gene enhances chemotherapy-induced apopto-
sis in cancer cells of prostate [28,29], bladder [30], and
kidney [31]. Apoptotic cell debris has been reported to
induce clusterin expression in fibroblasts [32]. Our result
that an anti-clusterin antibody increased the number of
apoptotic cells supports the previous reports. The ag-
gregation and subsequent redifferentiation of VSMCs
induced by clusterin may be one of the cytoprotective
mechanisms against apoptosis.

Interestingly, the expression of clusterin is induced by
physiological levels of laminar shear stress in vascular
endothelial cells as well as L-PGDS, a rate-limiting en-
zyme upstream of 15d-PGJ, production [33]. This sug-
gests that hemodynamic changes modulate the secretion
of clusterin from vascular walls, at least in part, through
15d-PGJ,. A recent clinical study reported that L-PGDS
concentrations in both serum and urine increase in pa-
tients with essential hypertension [34]. From these re-
sults, the L-PGDS/15d-PGlJ,/clusterin pathway initiated
by blood flow may play an important role in vascular
remodeling.

In conclusion, we showed for the first time that 15d-
PGJ, induces almost complete redifferentiation in cul-
tured human VSMCs by constructing macroscopic
nodules. This process may be promoted by aggregation
through 15d-PGJ,-induced clusterin expression.
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