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Western Blot Analyses
Western blot analysis was performed as described. %47 Briefly, isolated

glomeruli were homogenized in cold RIPA buffer (50 mM Tris-HCI,
150 mM NaCl, 4 mM EDTA, 1% Nonidet P-40, 0.1% sodium deoxy-
cholate, 10 mM Na,P,0O5, 10 mM NaF, 10 pug/ml aprotinin, 2 mM
dithiothreitol, 2 mM sodium orthovanadate, and 1 mM PMSF). For
cultured cells, cells were lysed with RIPA buffer for ERK detection, or
were processed with the AllPrep DNA/RNA/protein Mini kit and
then lysed with lysis buffer containing 100 mM Tris-HCl, 3% SDS,
10 mM NaHPOQ,, 1% Nonidet P-40, 20 mM EDTA, 10 ug/ml apro-
tinin, 2 mM dithiothreitol, 2 mM sodium orthovanadate, and 1 mM
PMSEF for p38 MAPK detection. The homogenates were centrifuged
at 15,000 rpm for 15 minutes at 4°C, and the supernatants were
treated with NuPAGE sample buffer (Invitrogen, Carlsbad, CA).
Western blot analysis was performed as described with some mod-
ifications using NuPAGE Bis-Tris gels (Invitrogen).4” Filters on iso-
lated cell extracts were incubated with rabbit anti-phospho-p44/p42
MAPK antibody or anti-phospho-p38 MAPK antibody for 1 hour,
and immunoblots were developed using horseradish peroxidase-
linked donkey anti-rabbit antibodies (Amersham, Arlington Heights,
IL) and a chemiluminescence kit (Amersham).

Statistical Analyses
Data are expressed as the mean * SEM. Statistical analysis was per-

formed using one-way ANOVA. P<0.05 was considered statistically
significant.
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Reciprocal expression of MRTF-A and myocardin
is crucial for pathological vascular remodelling

in mice
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Myocardin-related transcription factor (MRTF)-A is a Rho
signalling-responsive co-activator of serum response
factor (SRF). Here, we show that induction of MRTF-A
expression is key to pathological vascular remodelling.
MRTF-A expression was significantly higher in the wire-
injured femoral arteries of wild-type mice and in the
atherosclerotic aortic tissues of ApoE~/~ mice than in
healthy control tissues, whereas myocardin expression
was significantly lower. Both neointima formation in
wire-injured femoral arteries in MRTF-A knockout
(Mkl1~/") mice and atherosclerotic lesions in MkI1~/~;
ApoE~/~ mice were significantly attenuated. Expression
of vinculin, matrix metallopeptidase 9 (MMP-9) and in-
tegrin p1, three SRF targets and key regulators of cell
migration, in injured arteries was significantly weaker
in Mkil~™/~ mice than in wild-type mice. In cultured
vascular smooth muscle cells (VSMCs), knocking down
MRTF-A reduced expression of these genes and signifi-
cantly impaired cell migration. Underlying the increased
MRTF-A expression in dedifferentiated VSMCs was the
downregulation of microRNA-1. Moreover, the MRTF-A
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inhibitor CCG1423 significantly reduced neointima
formation following wire injury in mice. MRTF-A could
thus be a novel therapeutic target for the treatment of
vascular diseases.
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Introduction

It is now recognized that modulation of vascular smooth
muscle cell (VSMC) phenotypes plays a key role in the
progression of several prominent cardiovascular disease
states, including atherosclerosis, hypertension and restenosis
(Schwartz et al, 1995; Owens et al, 2004). Pathological stress
induces a switch from a differentiated VSMC phenotype,
characterized by strong expression of contractile proteins and
little capacity for migration or proliferation, to a proliferative
dedifferentiated phenotype, characterized by relatively weak
expression of contractile proteins and an increased capacity for
migration and proliferation (Watanabe et al, 1999; Owens
et al, 2004; Nishimura et al, 2006). VSMC proliferation and
migration contribute to vascular remodelling and obstructive
vasculopathies such as atherosclerosis and restenosis
following percutaneous coronary intervention (Schwartz
et al, 1995; Bentzon et al, 2006). Cytokines and growth
factors locally secreted from cells within the vessel and
infiltrating inflammatory cells induce migratory and
proliferative responses in VSMCs during vascular remodelling
(Owens et al, 2004), but the intracellular signalling pathways
and the transcriptional regulators of phenotypic modulation of
VSMCs are incompletely understood.

Myocardin, myocardin-related transcription factor (MRTF)-
A (MKI1, Bsac or Mal) and MRTF-B (MKI2) are transcriptional
cofactors that associate with serum response factor (SRF), an
MADS box transcription factor and critical modulator of
cardiovascular differentiation and growth, promoting tran-
scription of a subset of genes involved in cytoskeletal orga-
nization and muscle differentiation (Wang et al, 2001, 2002;
Miano, 2003; Olson and Nordheim, 2010). Myocardin, which
is highly restricted to smooth and cardiac muscle cell
lineages, is located constitutively in the nucleus and
strongly activates transcription of SRF-regulated genes,
thereby playing an important role in the differentiation and
maintenance of cardiac and smooth muscle cell lineage.
By contrast, MRTF-A and -B are expressed more
ubiquitously and are found in both the cytoplasm and
nucleus. In serum-starved fibroblasts, MRTF-A and -B are
localized mainly in the cytoplasm and are translocated into
the nucleus in response to stimulation with serum or other
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stimuli that promote Rho family GTPase activation and
subsequent actin polymerization (Kuwahara et al, 2005;
Nakamura et al, 2010; Olson and Nordheim, 2010). Thus,
MRTF-A and -B transduce Rho family GTPase-actin signalling
from the cytoplasm to SRF in the nucleus (Miralles et al, 2003).

Myocardin knockout leads to death in utero due to defects
in vascular development (Li et al, 2003). In addition,
myocardin mRNA levels have been shown to be
downregulated in dedifferentiated VSMCs during vascular
diseases (Liu et al, 2005; Chen et al, 2011). In contrast to
myocardin, the roles played by MRTF-A in VSMC
differentiation and phenotypic modulation remain unclear,
though a recent human genetic analysis detected an
association between coronary artery disease (CAD) and a
single-nucleotide polymorphism (SNP) in the promoter
region of the MRTF-A gene that enhances the gene
expression (Hinohara et al, 2009). Li et al (2006) reported
that MRTF-A knockout mice were born in anticipated
Mendelian ratios, whereas Sun et al (2006} reported that
MRTF-A knockout mice were born at less than the anticipated
Mendelian ratio, which they attributed to fetal loss due to
heart failure. In both groups, however, live born MRTF-A
knockout pups showed no obvious gross abnormality or
cardiovascular defect under normal conditions, except for a
defect in maternal lactation due to impaired phenotypic
modulation of mammary gland myoepithelial cells (Li et al,
2006; Sun et al, 2006).

In the present study, we investigated the potential roles of
MRTF-A in the pathological processes underlying vascular
proliferative diseases. We found that induction of MRTF-A
expression is key to pathological remodelling underlying
vascular disorders, as it sustains the SRF activity necessary
for dedifferentiated VSMCs to acquire the capacity to migrate
in response to extracellular stimuli. Our findings suggest that
the reciprocal expression of MRTF-A and myocardin is
mediated, at least in part, by microRNA (miR)-1 and con-
tributes to the phenotypic modulation of VSMCs during
vascular remodelling. These results point to MRTF-A as a
potentially useful therapeutic target for the treatment of
vascular diseases.

Results

Increased expression of MRTF-A in femoral arteries after
wire injury

To explore the potential role played by MRTF-A during
pathological vascular remodelling, we initially compared
the expression of myocardin, MRTF-A and MRTF-B mRNA
between femoral arteries subjected to wire injury or to a
sham operation. As seen previously (Liu et al, 2005; Chen
et al, 2011), levels of myocardin mRNA were significantly
downregulated in femoral arteries 2 weeks after wire injury,
while levels of MRTF-B mRNA were not significantly affected
(Figure 1A). By contrast, expression of MRTF-A mRNA was
significantly increased in injured arteries, as compared to
sham-operated arteries (Figure 1A). Western blot analysis
using specific antibodies for myocardin, MRTF-A and MRTF-
B, respectively, clearly showed that the level of myocardin
protein was reduced in injured arteries, whereas MRTF-A
protein was significantly increased (Figure 1B and C;
Supplementary Figure S1A). Immunohistochemical analysis
showed that cells positively stained for MRTF-A were located
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mainly in the neointima of injured arteries (Figure 1D;
Supplementary Figure S1B). Moreover, in serial sections
stained for a«-smooth muscle actin (¢SMA) and smooth
muscle myosin heavy chain (SM-MHC), most of the cells
that positively stained for MRTF-A also positively
stained for both «SMA and SM-MHC (Figure 1D). Time-
course analysis of MRTF-A and myocardin expression
revealed that MRTF-A mRNA levels were significantly
increased by 2 weeks after injury, when dedifferentiated
neointimal VSMCs expressing a relatively low level of
aSMA were increasing (Shoji et al, 2004; Daniel et al, 2010).
By 50 days after injury, when a more differentiated
population of VSMCs is restored (Daniel et al, 2010), MRTF-
A mRNA had declined to levels comparable to those seen on
day 0 (Supplementary Figure S1C). By contrast, myocardin
mRNA levels declined continuously for 2 weeks after injury,
but had recovered by 50 days after injury (Supplementary
Figure S1D). These results suggest that MRTF-A expression
is upregulated in activated, dedifferentiated VSMCs
during vascular remodelling, while myocardin expression is
downregulated in these cells.

Attenuated vascular remodelling after wire injury in
MRTF-A knockout mice

To further evaluate the function of MRTF-A during vascular
remodelling, next we performed wire injury in the femoral
arteries of MRTF-A knockout (MklI =/ ~) mice. As previously
reported, the MklI ~/~ mice were viable, fertile and showed
no significant gross abnormalities or cardiovascular defects
under normal conditions (Li et al, 2006). There was no
difference in blood pressure or heart rate between wild-type
and Mkl1™/~ mice (Figure 2A), and the thickness of the
medial wall in the uninjured sham-operated femoral arteries
was comparable between wild-type and Mkl1 ™/~ mice
(Table I). Femoral arterial expression of myocardin mRNA
was significantly weaker in Mkl1 =/~ mice 2 weeks after wire
injury than in sham-operated arteries, just as was observed
with wild-type mice (Figure 2B). On the other hand, neointi-
ma-to-medial ratios determined 4 weeks after wire injury
were significantly smaller in Mkl1 =/~ mice than in wild-type
mice, whereas there was no difference in medial thickness in
the injured arteries between wild-type and Mkl ~/~ mice
(Figure 2C and D; Table I).

Four weeks after wire injury, the neointimal area com-
prised cells positively stained for xSMA was markedly smaller
in Mkl1~/~ mice than in wild-type mice (Figure 2D).
Immunohistochemical analysis in serial sections stained for
SM-MHC showed overlap with oSMA-positive cells
(Figure 2D), suggesting that a reduction in the numbers of
dedifferentiated VSMCs within the neointima is largely re-
sponsible for the reduction in the neointima-to-medial ratios
seen in Mkl1 =/~ mice. Indeed, the numbers of Ki-67-positive
proliferating cells within the injured vessels were also sig-
nificantly lower in MklI =/~ mice than in wild-type mice
(Figure 2E and F). By contrast, the numbers of TUNEL-
positive or cleaved caspase-3-positive apoptotic cells within
the injured arteries did not differ between wild-type
and Mki1~/~ mice (Supplementary Figure S2A through D).
Similarly, the % fibrotic area in the media and intima and
expression of the genes encoding collagen type 1 alphal and
collagen type3 alphal within the injured arteries also did not
significantly differ between wild-type and MkII~/~ mice
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Figure 1 Increased expression of MRTF-A in femoral arteries after wire injury in mice. (A) Real-time RT-PCR analysis showing relative levels
of myocardin, MRTF-A and MRTF-B mRNAs (normalized to GAPDH mRNA) in femoral arteries 2 weeks after wire injury (injury) (n =6 each).
The relative mRNA level in sham-operated arteries (sham) was assigned a value of 1.0. (B) Representative western blots showing myocardin,
MRTF-A and MRTF-B in wire-injured and sham-operated femoral arteries (2 weeks after injury). (C) The relative protein levels (normalized to
GAPDH) of myocardin, MRTF-A and MRTF-B in wire-injured and sham-operated femoral arteries (n =4 each). The relative protein level in the
sham-operated arteries was assigned a value of 1.0. (D) Immunohistochemical analysis of MRTF-A expression in sham-operated and wire-
injured femoral arteries. Tissues are labelled with anti-BSAC (MRTF-A), anti-w-smooth muscle actin («SMA) or anti-smooth muscle myosin
heavy chain (SM-MHC) antibodies; bar indicates 100pm. Three different experiments gave identical results. All graphs are shown as
means *s.e.m. *P<0.05. **P<0.001. NS, not significant. Figure source data can be found with the Supplementary data.

(Supplementary Figure S2E through G). In addition, because
multiple cell types other than dedifferentiated VSMCs can
contribute to neointima formation and to the vascular remo-
delling process, we also stained the tissue for endothelial cell
(CD31) and macrophage (Mac3) markers. The relative num-
bers of CD31-positive and Mac3-positive cells in the injured
arteries did not differ between wild-type and Mkl1 =/~ mice
(Figure 2G through I), which indicates that a reduction
in the number of «SMA-positive dedifferentiated VSMCs
contributes to the attenuation of vascular remodelling in
wire-injured Mk{1~/~ mice. We also examined neointima
formation following carotid artery ligation in MkII =/~ mice,
and found that neointima formation 4 weeks after carotid
ligation was significantly diminished in Mkll1~/~ mice, as
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compared to control Mkl™/~ mice (Supplementary Figure
S2H and [; Supplementary Table S1).

Loss of MRTF-A attenuates atherosclerotic lesions in
APOE~/~ mice

We next sought to analyse MRTF-A expression in a model of a
different type of vascular disorder. ApoE~/~ mice are prone
to atherosclerotic lesions, to which both dedifferentiated
VSMCs and infiltrating inflammatory cells contribute (Glass
and Witztum, 2001; Bentzon et al, 2006). MRTF-A gene
expression was significantly upregulated in aortic tissues
containing atherosclerotic lesions in ApoE™/~ mice fed a
high cholesterol diet for 8 weeks (from 8 to 16 weeks of age),
as compared to normal wild-type aortic tissues in
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Figure 2 Attenuated vascular remodelling in response to wire injury in Mkl1™ /= mice. (A) Systolic blood pressure (sBP) and heart rate (HR) in
control MklI1*/+ and Mkl ™/~ mice (n=5 each). (B) The relative levels of myocardin mRNA in wire-injured and sham-operated femoral
arteries in Mkl ™/* and Mkll =/~ mice (n=5 each). (C) The neointima (NI)-to-media (M) ratio in arteries 4 weeks after wire injury
in Mkl1+/* and Mkl1 =/~ mice (n =20 each). (D) Representative images of neointima in arteries 4 weeks after wire injury in Mkl1*/* and
Mkl1 ™/~ mice. HE: haematoxylin-eosin staining. o-SMA: staining with anti-«-SMA antibody. SM-MHC: staining with anti-SM-MHC antibody.
(E) Representative images of neointima 4 weeks after femoral artery injury stained with anti-Ki-67 antigen in Mki1 */~ and Mki1~/~ mice. Red
arrows indicate Ki-67-positive cells. (F) Numbers of Ki-67-positive cells in injured vessels of MklI*/* and Mkl1 =/~ mice 4 weeks after wire
injury are shown (n=3 in each group). (G) Representative images of neointima stained with anti-CD31 (CD31) or anti-Mac3 (Mac3) antibody in
arteries from MklLI */+ and MkII1~/~ mice 4 weeks after wire injury. (H, I) The semi-quantitative CD31-positive scores (n =5 in each grou/p)
(H) and the relative numbers of Mac3-positive cells (% positive cells/total cells in neointima and media; n=4 in each group) (I) in Mkl */*
and Mki1~/~ mice 4 weeks after wire injury are shown. All graphs are shown as means * s.e.m. *P<0.05. **P<0.001. NS, not significant.

Table I Luminal and neointimal area of femoral arteries 4 weeks after vascular injury

n Lumen (x 10°/um?) Intima (x 10°/um® Media (x 103/um? IEL (x 10°/um?) EEL (x 10%°/um?) Intima/Media ratio

MKI1/* sham 4 11.9+£2.7 0 19.0£1.2 11.9£2.7 30.9+3.3 0
Mkl1=/~ sham 4 104+2.8 0 20.2+2.5 104+2.8 30.6+£2.8 0
MKI1*/* injury 20 249%35 39.7%+5.0 18.8+1.1 64.8+4.6 84.0+5.4 2.09%£0.17
MKI1~/~ injury 20 29.6+3.9 22.0+2.3* 22.7+1.2 52.3%4.6 753+53 0.96%£0.10*

The ratio of intima to media was calculated as the intimal area/medial area. Values are means+s.e.m. IEL, internal elastic lamina; EEL,
external elastic lamina. *P<0.01 versus Mkl1*/™ injured arteries.

age-matched mice (Figure 3A). By contrast, myocardin gene
expression was significantly decreased in atherosclerotic
aortas, compared to normal aortas (Figure 3A). Consistent
with that finding, cells positively stained for MRTF-A were
observed within atherosclerotic lesions in the proximal aorta
of ApoE~/~ mice (Figure 3B).
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To evaluate directly the contribution of MRTF-A to the
development of atherosclerotic lesions in ApoE~/~ mice,
we crossed Mkll1 ™/~ and Apo E~/~ mice. Although the
blood pressures, heart rates, cholesterol profiles and myocar-
din gene expression in aortic tissues did not differ
between MkiI*/*;ApoE~/~ and Mkli~/~;ApoE~/~ mice

The EMBO Journal  VOL 31 | NO 232012 4431



MRTF-A in vascular remodelling
T Minami et al

(Supplementary Figure S3A; Figure 3C), en-face analysis of
the global progression of atherosclerotic lesions throughout
the aorta revealed that the aortas of Mkil =/ ~;ApoE ™/~ mice
contained smaller atherosclerotic lesions than those of
M1 ™" ;ApoE~/~ mice (Figure 3D). Furthermore, cross-
sectional analysis of the proximal aorta revealed the average

lesion area at the aortic root of Mkll ™/~ ;ApoE~/~ mice
(2.5%) to be significantly smaller than at the aortic root of
Mikl1*/*;  ApoE~/~ mice (11.8%, P<0.05 versus
Mkl1 ™/~ ;ApoE~/ ") (Figure 3E and F). The relative accu-
mulation of macrophages within atherosclerotic lesions at the
aortic root, which was estimated based on the size of the
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Figure 3 Atherosclerotic lesions in Mkl1 =/~ ;ApoE~/~ mice are attenuated, as compared to those in Mkl1*/* ;ApoE~/~ mice. (A) Real-time
RT-PCR analysis showing the relative levels of MRTF-A and myocardin mRNAs (normalized to GAPDH mRNA) in atherosclerotic aortas from
ApoE~/~ mice fed a high-cholesterol diet and normal aortas from ApoE™/* mice at 16 weeks of age (n =4 each). *P<0.05. (B) Representative
images showing MRTF-A expression within an atherosclerotic lesion in the proximal aorta of ApoE~/~ mice. The tissues from Apo*/* and
ApoE~/~ mice were stained using anti-BSAC antibodies (MRTF-A). Oil-red O: Oil-red O staining. Three different experiments gave identical
results. (C) Real-time RT-PCR analysis showing the relative levels of myocardin mRNA in atherosclerotic aortas from Mkll1 =/~ ;ApoE™/~ and
MKI1+/* ;ApoE~/~ mice fed a high-cholesterol diet (1 =4 each). (D) Representative images of atherosclerotic lesions from an en-face analysis
of the total aorta in MkI1*/*;ApoE~/~ and Mkll~/~;ApoE~/~ mice fed a high-cholesterol diet. Sudan III staining. Three independent
experiments showed identical results. Red colour shows lipid-laden areas representing atherosclerotic lesions. (E) Graphs showing the relative
(%) area of atherosclerotic lesions in cross-sections of proximal aorta from MklI */*;ApoE~/~ and Mki1~/~;ApoE~/~ mice fed a high-
cholesterol diet for 8 weeks (n= 8 each). *P<0.05. (F) Representative images of atherosclerotic lesions in cross-sections of proximal aorta from
MKI1/*;ApoE~/~ and MkI1A™/~ ;ApoE~/~ mice fed a high-cholesterol diet. Oil-red O: Oil-red O staining. SM-MHC: staining with anti-SM-
MHC antibody. Bar indicates 100 pm. All graphs are shown as means + s.e.m.

Figure 4 MRTF-A mediates acquisition of migration capacity by dedifferentiated VSMCs through regulation of SRF-target genes. (A) Real-time
RT-PCR analysis showing relative levels of vinculin, MMP9 and integrin B1 mRNAs (normalized to GAPDH mRNA) in femoral arteries 2 weeks
after wire injury in MkI1*/* and MklI~/~ mice (n =4 each). (B) Representative western blots showing myocardin, MRTF-A and MRTF-B in
arteries 2 weeks after wire injury, in sham-operated arteries and in cultured mouse aortic VSMCs (MAVSMCs) and rat aortic VSMCs
(RAVSMCs). (C) Real-time RT-PCR analysis showing the relative levels of myocardin, MRTF-A and MRTF-B mRNAs in femoral arteries 2 weeks
after wire injury (injury), in sham-operated arteries (sham) and in cultured MAVSMCs and RAVSMCs (=6 each). (D) Real-time RT-PCR
analysis showing relative levels of MRTF-A, myocardin, vinculin, MMP9 and integrin 81 mRNAs in RAVSMCs transfected with MRTF-A siRNA
or control siRNA (n=6 each). (E) Co-transfection of a plasmid expressing MRTF-A (0, 10 and 100 ng) plus the luciferase reporter gene driven
by bp —360to + 63 of the 5’-flanking region of vinculin gene (vinculin-luc) into RAVSMCs (left panel) and NIH3T3 cells (right panel). Relative
luciferase activities normalized to Renilla luciferase (pRL-TK) activity are shown. Vinculin CArG-mut-luc: luciferase reporter gene driven by the
vinculin promoter harbouring a mutation within the CArG-box. Data were obtained from three experiments performed in sextuplicate. (F) Co-
transfection of MRTF-A siRNA plus vinculin-luc into RAVSMCs. Relative luciferase activities normalized to Renilla luciferase activity are
shown. Data were obtained from two experiments performed in sextuplicate. (G) Migration in the presence or absence of PDGF-BB of RAVSMCs
transfected with MRTF-A siRNA or control siRNA. Data were obtained from three experiments performed in sextuplicate. (H) Proliferation in
the presence or absence of fetal calf serum (FCS) of RAVSMCs transfected with MRTF-A siRNA or control siRNA. Data were obtained from three
experiments performed in sextuplicate. All graphs are shown as means £ s.e.m. *P<0.05 and **P<0.01. NS, not significant. Figure source data
can be found with the Supplementary data.
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F4/80-stained area normalized to the corresponding total
atherosclerotic lesion area, did not significantly differ
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MRTF-A is necessary for acquisition of migratory
capacity in dedifferentiated VSMCs

between Mkl */*;ApoE~/~ and Mkll =/~ ;ApoE~/~ mice SRF controls cellular migration capacity in various cell types,
(Supplementary Figure S3B). including dedifferentiated VSMCs, by regulating the expres-
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sion of several target genes, including the genes encoding
vinculin, MMP9 and integrin B1 (Kenagy et al, 1997; Xu et al,
1998; Morita et al, 2007; Medjkane et al, 2009; Olson and
Nordheim, 2010). We therefore examined the expression of
these SRF-target genes in wire-injured femoral arteries. We
found that 2 weeks after wire injury there was significantly
less expression of vinculin, MMP9 and integrin B1 genes in
the injured femoral arteries of Mkll =/~ mice than control
Mkl1+/* mice (Figure 4A). The expression of these genes in
the intact femoral arteries of MkI1 =/~ and control Mkl1 */+
mice was not significantly different (Supplementary Figure
S4A). The mRNA expression of other SRF targets, «SMA
(ACTA2) and SM-MHC (Myhll) genes encoding smooth
muscle-specific contractile proteins, was also significantly
less in the injured femoral arteries of MklI ™/~ mice than
Mki1™/* mice (Supplementary Figure $4B). In primary
mouse aortic VSMCs (MAVSMCs), a cellular model of ded-
ifferentiated VSMCs in which MRTF-A expression is increased
and myocardin expression is decreased (Figure 4B and C;
Supplementary Figure S4C; Hinson et al, 2007; Nakamura
et al, 2010), levels of vinculin, MMP9, integrin Bl and
«SMA mRNA were significantly reduced after knocking
down MRTF-A (Figure 4D; Supplementary Figure S4D).
This suggests that MRTF-A plays a predominant role in
maintaining the expression of several SRF-target genes in-
volved in cellular migration in dedifferentiated VSMCs, where
expression of myocardin is decreased (Figure 4B and C;
Nakamura et al, 2010). Overexpression of MRTF-A
stimulated vinculin promoter activity in an SRF-dependent
manner in both primary rat aortic VSMCs (RAVSMCs) and
NIH3T3 fibroblasts (Figure 4E), whereas knocking down
MRTF-A reduced vinculin promoter activity in RAVSMCs
(Figure 4F). This supports the conclusion that MRTF-A
regulates the expression of SRF-target genes in dedifferen-
tiated VSMCs. Furthermore, knocking down MRTF-A signifi-
cantly impaired PDGF-BB-induced RAVSMC migration,
whereas knocking down myocardin did not (Figure 4G;
Supplementary Figure S4E and F).

Because SRF is also known to control cellular proliferation,
we examined the effect of MRTF-A knockdown on RAVSMC
proliferation, and found that knocking down MRTF-A signifi-
cantly reduced serum-induced RAVSMC proliferation,
whereas knocking down myocardin did not (Figure 4H;
Supplementary Figure S4G).

Reduced miR-1 expression contributes to the increase in
MRTF-A expression in dedifferentiated VSMCs

We next investigated the molecular mechanisms potentially
involved in regulating the reciprocal expression of MRTF-A
and myocardin during VSMC dedifferentiation. We initially
hypothesized that increased expression of myocardin leads to
the repression of MRTF-A gene transcription through either
direct or indirect mechanisms. Within the MRTF-A gene, the
5/-flanking region (FR) up to 1kbp from the transcription
start site is well conserved among different species. However,
we failed to detect any significant effects of myocardin or
MRTF-A on the activity of —930bp MRTF-A promoter region
in either RAVSMCs or NIH3T3 cells (Figure 5A;
Supplementary Figure S5A). Myocardin also did not signifi-
cantly affect the promoter activity of —5500bp MRTF-A
promoter region in either RAVSMCs or NIH3T3 cells
(Supplementary Figure S5B). We therefore focused on the
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role of the 3’-untranslated region (UTR) of MRTF-A mRNA,
where we found a conserved target site for microRNA-1 (miR-
1) (Figure 5B). We observed that expression of miR-1 in
vascular tissues is >100 times higher than in several non-
muscle tissues, though its expression in skeletal and cardiac
muscle tissues is much higher (Figure 5C). Consistent with
earlier reports that miR-1 expression is regulated by myocar-
din and SRF in VSMCs and is downregulated in neointimal
lesions created by ligation of carotid arteries of mice (Zhao
et al, 2005; Chen et al, 2011), miR-1 expression was
significantly weaker in the injured femoral arteries and
atherosclerotic aorta of ApoE~/~ mice, where there was a
corresponding reduction of myocardin expression, than in
control arteries (Figures 1A through C and 5D;
Supplementary Figure S5C). Levels of miR-1 expression
were also substantially lower in cultured RAVSMCs than in
normal arteries (Supplementary Figure S5D). Overexpression
of a miR-1 mimic significantly reduced endogenous MRTF-A
gene and protein expression in RAVSMCs (Figure SE and F),
whereas overexpression of a miR-1 inhibitor significantly
increased MRTF-A mRNA and protein expression
(Figure 5G and H).

We also assessed miR-1-induced repression of MRTF-A
gene by placing its 3'-UTR downstream of a cytomegalovirus
(CMV)-driven luciferase reporter and performing luciferase
assays in COS7 cells transfected with a miR-1 mimic or
control scrambled oligo (Figure 5I). The miR-1 mimic sig-
nificantly reduced the activity of the luciferase reporter linked
to the MRTF-A 3/-UTR, and a mutation in the predicted miR-1
binding site in the 3-UTR prevented that repression
(Figure 5J). Moreover, overexpression of myocardin in A7r5
VSMCs significantly repressed the activity of a luciferase
reporter gene linked to the MRTF-A 3-UTR in a miR-1-
dependent fashion (Figure 5K). These results strongly suggest
that reduced expression of miR-1 caused by the reduction in
myocardin expression during the process of phenotypic mod-
ulation of VSMCs contributes to the increase in MRTF-A
expression in dedifferentiated VSMCs. Consistent with those
findings, injection of an anti-miR-1 Locked Nucleic Acid
(LNA)™-enhanced microRNA inhibitor into the injured ves-
sels led to an increase in MRTF-A gene expression and
exacerbated the pathological vascular remodelling after
wire injury (Supplementary Figure SS5E through G;
Supplementary Table S2).

Pharmacological inhibition of MRTF-A activity
attenuates adverse vascular remodelling after wire
injury

The results presented raise the possibility that MRTF-A is a
novel therapeutic target for the treatment of vascular disease.
Recently, a small molecule (CCG-1423) was found to inhibit
Rho pathway-mediated SRF activation (Evelyn et al, 2007; Jin
et al, 2011). CCG-1423 appears to inhibit the interaction
between SRF and MRTF-A at a point upstream of the DNA
binding. Although the site of inhibition and its selectivity is
not yet precisely defined, it was recently shown that CCG-
1423 blocks nuclear translocation of MRTF-A, thereby
inhibiting MRTF-A-mediated effects on SRF transcription, at
least in part (Jin et al, 2011). In addition, we confirmed that
CCG-1423 blocks serum-induced nuclear accumulation of
endogenous MRTF-A in RAVSMCs (Figure 6A). CCG-1423
also significantly blocked SRF activity induced by co-expres-
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performed in guadruplicate. All graphs are shown as means *s.e.m. Relative luciferase activities normalized to control Renilla luciferase
activity are shown. *P<0.05. **P<0.01. NS, not significant. Figure source data can be found with the Supplementary data.
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sion of striated muscle activator of rho signalling (STARS)
and MRTF-A in RAVSMCs (Figure 6B; Kuwahara et al, 2005).
STARS is an actin-binding protein that activates SRF by
inducing nuclear accumulation of MRTF-A. Both CCG-1423
and MRTF-A knockdown similarly inhibited STARS-induced
activation of SRF in RAVSMCs. Furthermore, this inhibitory
effect of CCG-1423 on STARS-induced activation of SRF was
abolished by knocking down MRTF-A, supporting the notion
that CCG-1423 blocks MRTF-A-mediated activation of SRF
(Supplementary Figure S6A) Similarly to knocking down
MRTF-A, CCG-1423 significantly reduced the migration and

proliferation capacities of RAVSMCs (Figure 6C and D). When
we then treated mice subjected to femoral artery wire injury
with CCG-1423 (0.15mg/kg intraperitoneally for 3 weeks),
we found that CCG-1423 significantly attenuated the progres-
sion of vascular remodelling in arteries 3 weeks after injury
(Figure 6E and F; Table II; Supplementary Figure S6B and C),
without affecting the hemodynamic parameters or cholesterol
profiles (Supplementary Figure S6D and E). CCG-1423 did not
affect gross appearance, body weight or survival among the
mice during the experiment (data not shown). Furthermore,
administration of CCG-1423 also significantly attenuated the
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development of atherosclerotic lesions in ApoE ™/~ mice fed
a high cholesterol diet for 6 weeks (Figure 6G and H;
Supplementary Figure SGF).

Recently, it has been revealed that an SNP in the promoter
region of the human MRTF-A gene (—184C>T), which
results in a high transcriptional activity in HeLa and K562
cells, is associated with susceptibility to CAD (Hinohara et al,
2009). We found that the —930bp of MRTF-A promoter
containing — 184T, which is associated with high CAD
susceptibility, showed significantly stronger transcriptional
activity than the wild-type promoter in cultured RAVSMCs
(Figure 6I). These results further support our notion that
inhibition of MRTF-A could be an effective novel approach to
the treatment and prevention of vascular disorders.

Discussion

In the present study, we used three vascular injury models
(femoral artery wire injury, carotid artery ligation and diet-
induced atherosclerosis in APOE ™/~ mice) in Mkll ~/~ mice
to elucidate the roles played by MRTF-A in pathological
vascular remodelling. We initially found that expression of
MRTF-A mRNA and protein was significantly increased in
injured arteries and aortic tissues containing atherosclerotic
lesions in ApoE~/~ mice, while expression of myocardin was
reciprocally decreased. In each model, necintima formation
or atherosclerotic lesions were significantly smaller in
MkI1 ™/~ mice than in the respective controls. The expres-
sion of vinculin, MMP-9 and integrin 1 genes, which are
targets of SRF and key regulators of cellular migration, was
significantly diminished in the injured arteries of Mkl1 =/~
mice. Knocking down MRTF-A in RAVSMCs reduced expres-
sion of these genes in response to extracellular stimuli, which
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significantly impaired cell migration. These results demon-
strate that induced expression of MRTF-A is crucial for
acquisition of the capacity to migrate in response to environ-
mental stress in dedifferentiated VSMCs (Liu et al, 2005). We
also found that MRTF-A gene expression in VSMCs is, at least
in part, regulated by miR-1, which is in turn regulated by
myocardin and SRF (Jiang et al, 2010; Chen et al, 2011).
Expression of miR-1 was reduced in dedifferentiated VSMCs,
along with that of myocardin. This apparently led to an
increase in MRTF-A expression, though it is possible that
another as vyet unidentified mechanism, such as
transcriptional regulation through sites located in the distal
S’-FR or within introns, also contribute to the reciprocal
regulation of myocardin and MRTF-A expression. Finally,
we showed that a small molecule inhibitor of MRTF-A,
CCG-1423, significantly reduced neointima formation
following wire injury to mouse femoral arteries.
Collectively, these results demonstrate that induction of
MRTF-A plays a key role in vascular remodelling by
maintaining SRF activity, thereby conferring a capacity for
migration in response to extracellular stimuli on
dedifferentiated VSMCs. MRTF-A is thus a potentially useful
therapeutic target that may be more specific and efficient
than the upstream Rho family GTPases, which can affect
diverse intracellular signalling events.

In differentiated VSMCs, myocardin strongly activates SRF
and the expression of VSMC-specific contractile proteins,
thereby contributing to the maintenance of the contractile
phenotype (Wang et al, 2003). Myocardin is constitutively
located in the nucleus, where it suppresses MRTF-A
expression via activation of miR-1. The ability of MRTF-B to
transduce Rho signalling into the nucleus is much weaker than
that of MRTF-A (Kuwahara et al, 2005; Nakamura et al, 2010),

Table II Luminal and neointimal area of femoral arteries 3weeks after vascular injury

n Lumen (x 10°/um?) Intima (x 10°/um? Media (x 10°/um? IEL (x 10%/um? EEL (x 10>/um?) Intima/Media ratio

15.0£3.0
223+5.6

39.9+4.1
20.2+4.8*

229%2.1
248%1.6

55.0+24
43.0+7.2

77.8+3.7
67.8+2.8

1.85£0.17
0.81£0.19*

Control injury 6
CCG1423 injury 8

The ratio of intima to media was calculated as the intimal area/medial area. Values are means*s.e.m. IEL, internal elastic lamina; EEL,
external elastic lamina. *P<0.01 versus control injured arteries.

Figure 6 CCG-1423, an MRTF-A inhibitor, attenuated neointima formation induced by wire injury in mouse femoral arteries. (A) CCG-1423
diminished the nuclear accumulation of endogenous MRTF-A induced by 20% FCS in RAVSMCs. Cells were stained with anti-MRTF-A antibody
(green) and DAPI (blue). (B} CCG-1423 significantly inhibited MRTF-A-induced SRF activity in RAVSMCs. Graphs show the relative luciferase
activities of 3 x CArG-luc. STARS: expression plasmid encoding striated muscle activator of Rho signalling. Data were obtained from two
experiments performed in quintuplicate. (C) PDGF-BB-induced migration was assessed in RAVSMCs treated without or with 0.1pm (+) or
1um (+ +) of CCG-1423. Data were obtained from two experiments performed in sextuplicate. (D) FCS-induced proliferation was assessed in
RAVSMCs treated without or with 0.1um (4) or 1um (+ +) of CCG-1423. Data were obtained from two experiments performed in
quadruplicate. (E, F) Effect of CCG-1423 on neointima formation in wire-injured femoral arteries in mice. Graph showing the neointima (NI)-to-
media (M) ratio in wire-injured arteries from mice treated without (control) or with CCG-1423 (nn=3 in control group and 4 in CCG1423 group)
(E). Representative images of neointima are shown (F). (G) Representative images of atherosclerotic lesions in cross-sections of proximal aorta
from ApoE~/~ mice fed a high-cholesterol diet with or without CCG-1423 for 6 weeks. Oil-red O: Oil-red O staining. Bar indicates 100 pm.
(H) Graphs showing the relative {%) area of atherosclerotic lesions in cross-sections of proximal aorta from ApoE™/~ mice fed a high-
cholesterol diet and treated with or without CCG-1423 for 6 weeks (n =3 in control group and 4 in CCG-1423 group). **P<0.01. (I) Effect of an
SNP in the promoter region of MRTF-A gene (—184C>T) on the promoter activity in RAVSMCs. Relative activities of —930bp MRTF-
A(+ 184C)-luc and — 930 bp MRTF-A(~ 184T)-luc in two different experiments performed in quadruplicate are shown. All graphs are shown
as means ts.e.m. **P<0.01. (J) A proposed model of the role of MRTF-A in vascular remodelling. In differentiated, contractile VSMCs,
constitutively nuclear myocardin strongly activates SRF, leading to expression of VSMC-specific contractile proteins, and suppresses MRTF-A
expression through activation of miR-1. Under these conditions, cytosolic Rho signalling is confined almost exclusively to regulation of
contraction. In dedifferentiated VSMCs, MRTF-A expression is induced by reductions in miR-1 expression and basal SRF activity, thereby
maintaining the lower basal SRF activity necessary for cellular migration and proliferation. Because MRTF-A is shuttled between the cytosol
and nucleus and because it activates SRF downstream of Rho signalling, in dedifferentiated VSMCs, extracellular stimuli activating Rho
signalling can substantively affect cellular proliferation and migration by modulating SRF activity. MYOCD: myocardin.
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so that Rho family signalling is almost exclusively confined to
regulating contraction through modifying Ca*" sensitivity in
the cytosol. By contrast, in dedifferentiated synthetic VSMCs,
the reduction in myocardin expression leads to a reduction in
basal SRF activity and then to a loss of VSMC-specific
contractile components. Under these conditions, MRTF-A
expression is induced, at least in part, by the reduction in
miR-1 also caused by diminished myocardin, and is sufficient
to maintain the SRF activity necessary for cellular migration
and proliferation. Because MRTF-A is shuttled between the
cytosol and nucleus, where it activates SRF downstream of
Rho family GTPase-actin signalling, in dedifferentiated VSMCs
extracellular stimuli activating Rho GTPase signalling can
substantively affect cellular proliferation and migration by
modulating SRF activity (Medjkane et al, 2009; Olson and
Nordheim, 2010). Loss or inhibition of MRTF-A reduced
stimulus-induced cell migration and proliferation, making
cells static (Figure 6J). This suggests that the reciprocal
expression of MRTF-A and myocardin mediated by miR-1
regulates the plasticity of effectors downstream of Rho family
signalling, thereby contributing to phenotypic modulation of
VSMC during vascular remodelling.

In addition to the classical concept that dedifferentiated
intimal VSMCs are derived from medial VSMCs, recent
evidence raises the possibility that VSMC progenitor cells in
the circulation or adventitia also contribute to intimal VSMCs
(Sata et al, 2002; Hoglund et al, 2010). We have not addressed
the role of MRTF-A in the process of intimal VSMC
differentiation from such progenitor cells in this study. In that
context, however, MRTF-A has been shown to be involved in
the differentiation of mesenchymal stem cells into VSMCs
(Jeon et al, 2008). Thus, MRTF-A may also play an important
role in the molecular processes underlying migration,
proliferation and differentiation of VSMC progenitor cells into
intimal VSMCs during vascular remodelling.

Recently, human genetic screening to identify novel sus-
ceptibility loci for CAD using microsatellite markers and SNP
analysis revealed that an SNP in the promoter region of the
MRTF-A gene (—184C>T) is associated with susceptibility
to CAD (Hinohara et al, 2009). Moreover, functional analysis
suggested that heightened MRTF-A expression is associated
with increased susceptibility to CAD. We observed that the
MRTF-A promoter containing — 184T, which is associated
with high CAD susceptibility, showed significantly stronger
transcriptional  activity than the wild-type promoter
in cultured VSMCs (Figure 6I). These observations further
support the conclusion that MRTF-A is crucially involved in
pathological vascular remodelling underlying the develop-
ment of vascular diseases, and imply that MRTF-A is a
potentially useful therapeutic target for prevention of the
progression of vascular diseases.

Materials and methods

Plasmids

—930bp MRTF-A( - 184C)-luc (MRTF-A-luc), vinculin-luc, vincu-
lin CArG-mut-luc and 3 x CArG-luc were described previously
(Kuwahara et al, 2007; Morita et al, 2007; Hinohara et al, 2009).
Expression vectors used in the experiments were described
previously (Kuwahara et al, 2007). MRTF-A 3'UTR-luc and
mutMRTF-A 3'UTR-luc were respectively generated by inserting
the MRTF-A 3'UTR containing wild type or mutated miR-1 target
sequences downstream of the luciferase gene in a pMIR-REPORTER
kit miRNA reporter expression vector (Ambion). — 5500 bp MRTF-
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A-luc was generated by inserting 5500bp of the 5-FR of MRTF-A
gene upstream of the luciferase gene in pGL4 vector (Promega).

Animal experiments

MRTF-A~/~ mice were kindly provided from Dr EN Olson (The
University of Texas, Southwestern Medical Center at Dallas)
(Li et al, 2006). ApoE~/~ and MRTF-A~/~ mice (CS7BL/6
background) were cross-bred (Kobayashi et al, 2004; Li et al,
2006). The animal care and all experimental protocols were
reviewed and approved by the Animal Research Committee at
Kyoto University Graduate School of Medicine.

Cell culture and transfection

RAVSMCs (Cell Applications. Inc.), A7r5 (DS Pharma Biomedical),
NIH3T3 and COS7 cells were maintained in DMEM supplemented
with 10% FCS. Co-transfection of RAVSMCs with 3 x CArG-luc plus
expression plasmids encoding MRTF-A (1 ng) and STARS (100 ng),
or with MRTF-A-luc plus expression plasmids encoding myocardin
and MRTF-A (0, 1 or 10ng each) was accomplished using FuGene6
(Roche). pRL-TK {Roche) was included in all transfections as an
internal control. MiRIDIAN microRNA mimic for miR-1, miRIDIAN
microRNA hairpin inhibitor for miR-1 or a negative control for each
(Thermo Scientific) was transfected into RAVSMCs grown in 6-cm
dishes using Dharmafect2. MAVSMCs were obtained as previously
reported (Nakamura et al, 2010).

RNA interference

RAVSMCs grown in 6-cm dishes were transfected with 200 pmol of
ON-TARGET plus® siRNA reagent targeting rat MRTF-A or myocar-
din, or control scrambled siRNA (Thermo Scientific) using
Dharmafect 2. For luciferase assays, RAVSMCs grown in 24-well
dishes were transfected with 100 pmol of siRNA and 500ng of
luciferase reporter plasmid using Fugene 6.

Mouse vascular injury

Vascular wire injury was induced in femoral arteries of male
C57BL/6 wild-type or Mkil ™/~ mice at 8-10 weeks of age, as
described previously (Sata et al, 2000; Takaoka et al, 2009). LNA
oligonucleotide anti-miR-1 microRNA inhibitor or LNA microRNA
inhibitor negative control (20mg/kg) (5'-FAM prelabelled, Exigon)
was injected into sham-operated or injured femoral arteries from
the muscular branch using a syringe with 29 gauge needle
(TERUMO).

Quantification of neointimal hyperplasia

We harvested the femoral and carotid arteries 4 weeks after wire
injury, unless otherwise indicated. Digitalized images were ana-
lysed using image analysis software (Image J, NIH), and the intimal
and medial areas were recorded. The average of the neointima/
media ratios in FIVE serial sections was designated as the value to
represent each individual.

Analysis of atherosclerotic lesion area in ApoE~/" mice
Mkl1*/%;ApoE~/~ and MkI1A~/~;ApoE~/~ mice were fed nor-
mal chow for 4 weeks beginning when the mice were 4 weeks old.
Then beginning when they were 8 weeks old, they were fed a high-
cholesterol diet (F2HFD1, Oriental Biotechnology) for 8 weeks.
Atherosclerotic lesions were analysed by en-face analysis of the
whole aorta and quantified by cross-sectional analysis of the
proximal aorta, as described previously (Paigen et al, 1987;
Palinski et al, 1994; Kobayashi et al, 2004).

Immunohistochemical analysis

Paraffin-embedded sections (4pum thick) of femoral arteries har-
vested 4 weeks after wire injury were stained with anti-Mac3,
anti-CD31, mouse monoclonal anti-SMA (Sigma-Aldrich), rabbit
polyclonal anti-SM-MHC (BT-562, Biomedical Technologies Inc.) or
anti-BSAC antibodies (Sasazuki et al, 2002). Ratios of total numbers
of Mac-3-positive cells in the intima and the media and CD31-positive
endothelial cells in MkII*/* and Mkl ~/~ mice were quantified
(n=4 and 5 in each group, respectively). Sections of proximal aortas
from ApoE~/~ mice were stained with anti-a-SMA, anti-SM-MHC or
anti-BSAC antibody.
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Real-time RT-PCR

Real-time one-step RT-PCR was performed using One-step RT-PCR
master mix reagent (Applied Biosystems). MiR-1 expression was
determined using a Tagman MicroRNA RT kit and Tagman
Universal PCR Master Mix II (Applied Biosystems). All tagman
primers and probes were purchased from Applied Biosystems.

Western blot analysis

Western blot analysis was performed using rabbit polyclonal anti-
myocardin, anti-MRTF-A and anti-MRTF-B antibodies as described
previously (Kuwahara et al, 2005; Nakamura et al, 2010}.

Statistical analysis

Data are presented as means * s.e.m. Unpaired t-tests were used for
comparison between two groups, and ANOVA with post hoc Fisher’s
test was used for comparison among groups. Values of P<0.05 were
considered as significant. Data obtained from the two-way factorial
design were analysed with the two-way ANOVA.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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Long-term peritoneal dialysis induces peritoneal fibrosis with ~ Continuous ambulatory peritoneal dialysis (PD) is a
submesothelial fibrotic tissue. Although angiogenesis and preferred method of home dialysis for patients with end-
inflammatory mediators are involved in peritoneal fibrosis, stage renal failure." Long-term use of PD induces peritoneal
precise molecular mechanisms are undefined. To study this,  fibrosis characterized with the presence of submesothelial
we used microarray analysis and compared gene expression  fibrotic tissue and increased peritoneal vascularization with

profiles of the peritoneum in control and chlorhexidine vasculopathy.? Peritoneal fibrosis occurs in long-term con-
gluconate (CG)-induced peritoneal fibrosis mice. One of the  tinuous ambulatory PD patients in response to a variety of
43 highly upregulated genes was pleiotrophin, a midkine injuries, including bioincompatible dialysate solutions, peri-
family member, the expression of which was also tonitis, uremia, and chronic inflammation.>® Previous
upregulated by the solution used to treat mice by peritoneal  reports show that several profibrotic and proinflammatory
dialysis. This growth factor was found in fibroblasts and mediators are upregulated upon induction of peritoneal
mesothelial cells within the underlying submesothelial fibrosis, such as transforming growth factor-p (TGF-B) and
compact zones of mice, and in human peritoneal biopsy interleukin-6 (IL-6)."° Although proinflammatory, angio-
samples and peritoneal dialysate effluent. Recombinant genic, and profibrotic cytokines such as IL-1f, vascular

pleiotrophin stimulated mitogenesis and migration of mouse  endothelial growth factor, and TGF-f are presumed to be
mesothelial cells in culture. We found that in wild-type mice, involved in the pathogenesis, precise molecular mechanisms
CG treatment increased peritoneal permeability (measured that lead to peritoneal sclerosis and encapsulating peritoneal
by equilibration), increased mRNA expression of TGF-f1, sclerosis are still elusive.”” To identify the novel genes
connective tissue growth factor and fibronectin, TNF-a and possibly involved in the development of peritoneal fibrosis,
IL-1B expression, and resulted in infiltration of CD3-positive T we compared gene expression profiles of the peritoneum in

cells, and caused a high number of Ki-67-positive chlorhexidine gluconate (CG)-induced peritoneal fibrosis
proliferating cells. All of these parameters were decreased in  and control mice using microarray.

peritoneal tissues of CG-treated pleiotrophin-knockout mice. Microarray analysis is a powerful tool to identify novel
Thus, an upregulation of pleiotrophin appears to play a role  genes and pathways involved in the development of
in fibrosis and inflammation during peritoneal injury. peritoneal fibrosis. Although a few papers report microarray
Kidney International (2012) 81, 160-169; doi:10.1038/ki.2011.305; analysis for endothelial cells in rat peritoneal dialysate
published online 31 August 2011 infusion model,*° analysis for whole mouse gene sets over
KEYWORDS: continuous ambulatory peritoneal dialysis; microarray analysis; 39,000 transcripts has not been investigated yet. In this study,
peritoneal dialysis; peritoneal membrane we performed microarray analysis using a mouse model of

peritoneal fibrosis and selected the genes that changed greatly
in peritoneal fibrosis and those that were also present in
mesothelial cells. This approach can allow us to specify the
genes associated with peritoneal injury.
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midkine."" The receptors for PTN are the receptor protein
tyrosine phosphatase B/C (RPTPB/C), anaplastic lymphoma
tyrosine kinase (ALK), and syndecan-3."” PTN has been
shown to promote cell growth, migration, oncogenesis, and
angiogenesis.'"" However, the role of PTN in peritoneal
fibrosis remains unknown. To elucidate the role of PTN in
peritoneal injury, we examined the PTN expression in a
mouse model of peritoneal fibrosis and in human peritoneal
biopsy samples. We also investigated the functional signifi-
cance of PTN by using PTN-deficient mice."’

RESULTS
To screen novel genes involved in development of peritoneal
fibrosis, we compared the gene expression profiles between

phosphate buffered saline (PBS)-injected and CG-injected
mice three times a week for 3 weeks. As a control, PBS-
injected wild-type mice showed no peritoneal fibrosis.
CG-injected mice showed marked thickened submesothelial
peritoneal membrane compared with PBS-injected mice
(Figure 1la, CG-injected mice: 228 pm vs. PBS-injected mice:
34 um). We performed microarray analysis using parietal
peritoneum in mice at 21 days after PBS and CG treatment.
We identified genes differentially expressed between PBS- and
CG-injected mice, which were also expressed in murine
cultured mesothelial cells. Table 1 shows one downregulated
and 43 upregulated genes that were expressed by eightfold or
greater in CG-treated mice than that in PBS-treated wild-type
mice, and which were expressed in the cultured mesothelial
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Figure 1|PTN expression in a mouse model of peritoneal fibrosis. (a) Microscopic examination of peritoneal fibrosis model mice. C57BL/
6J wild-type mice (WT) treated with phosphate-buffered saline (PBS) showed no fibrosis in the peritoneum. Chlorhexidine gluconate
(CG)-treated mice exhibited marked peritoneal fibrosis with moderate infiltration of mononuclear cells on day 21 (n=3, each, original
magnification x 20). Pleiotrophin (PTN) mRNA expression (b) or protein (c) in the peritoneum of PBS- or CG-treated mice was analyzed by
real-time reverse transcriptase-polymerase chain reaction analysis or western blot analysis, respectively. GAPDH was used as internal control
(n=35, each). (d) Immunohistochemical study for PTN (brown). Mesothelial cells and the cells in submesothelial layer were positive for PTN.
(e) Double immunohistochemical study for PTN (brown) and S100A4 (blue). Some of PTN-positive cells were also positive for ST00A4
(arrow). (f) Mice receiving daily intraperitoneal injection of 7% peritoneal dialysis fluid (PDF) for 4 weeks showed increased submesothelial
layer thickness by Masson'’s trichrome staining (MT) and upregulated PTN protein in the submesothelial layer (n =5, each). (g) Western blot
analysis showed that PTN protein in PDF-treated mice was 1.9 times higher than the control. GAPDH was used as internal control.
Mean £ s.e. *P<0.05, ¥**P<0.01 vs. PBS. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; wk, week.

Kidney International (2012) 81, 160-169

74

161



original article

H Yokoi et al.: PTN in peritoneal fibrosis

Table 1| Genes changed in parietal peritoneum in chlorhexidine gluconate (CG)-treated mice compared with phosphate-
buffered saline-treated mice after 3 weeks of CG treatment and in the presence of cultured mesothelial cells

Fold change of gene up-

or downregulated in CG-treated Gene
Gene title ID mice compared with PBS-treated mice ~ symbol
Glucocortoid-regulated inflammatory prostaglandin GH synthase (griPGHS) Mo4967 168.897 Ptgs2
Procollagen, type VIII, alpha 1 NM_007739 73.51669 Col8al
DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked AA210261 5571524 Ddx3y
Eukaryotic translation initiation factor 2, subunit 3, structural gene Y-linked NM_012011 48.50293 Eif2s3y
A disintegrin and metallopeptidase domain 12 (meltrin alpha) NM_007400 4222425 Adam12
Interleukin 6 NM_031168 25.99208 il6
Chemokine (C-X-C motif) ligand 1 NM_008176 2425147 Cxcll
Matrix metallopeptidase 14 (membrane-inserted) NM_008608 24.25147 Mmp14
Chemokine (C-C motif) ligand 7 AF128193 17.14838 Ccl7
Ankyrin repeat domain 1 (cardiac muscle) AK009959 16 Ankrd1
Leucine-rich repeat containing 15 AK017350 14.92853 Lrrel5
Chemokine (C-C motif) ligand 2 AF065933 14.92853 Ccl2
Interferon, alpha-inducible protein AK019325 14.92853 Gip2
Runt-related transcription factor 1 NM_009821 12.12573 Runx1
Interferon regulatory factor 7 NM_016850 12.12573 Irf7
Collagen triple helix repeat containing 1 AK003674 12.12573 Cthrcl
Cytochrome P450, family 7, subfamily b, polypeptide 1 NM_007825 11.31371 Cyp7b1
Pleiotrophin BC002064 11.31371 Ptn
Procollagen, type V, alpha 2 AV229424 1131371 Col5a2
Fibronectin 1 BM234360 10.55606 Fn1
Chondroitin sulfate proteoglycan 2 NM_019389 10.55606 Cspg2
Thrombospondin 1 Al385532 10.55606 Thbs1
Membrane-spanning 4-domains, subfamily A, member 4C NM_022429 10.55606 Ms4adc
Lysyl oxidase M65143 10.55606 Lox
Growth differentiation factor 15 NM_011819 9.849155 Gdf15
Dynamin 3, opposite strand BB542096 9.849155 Dnm3os
RNA imprinted and accumulated in nucleus BB649603 9.849155 Rian
WNT1-inducible signaling pathway protein 1 NM_018865 9.849155 Wisp1
Secreted frizzled-related sequence protein 1 Bl658627 9.849155 Sfrp1
Procollagen, type lli, alpha 1 AW550625 9.849155 Col3al
Signal transducer and activator of transcription 2 AF088862 9.189587 Stat2
2'-5' Oligoadenylate synthetase-like 2 BQ033138 9.189587 Casl2
Tenascin C NM_011607 9.189587 Tnc
Neural cell adhesion molecule 1 BB698413 8.574188 Ncam1
Integrin a5 (fibronectin receptor alpha) BB493533 8.574188 Iitgas
Tribbles homolog 3 (Drosophila) BB508622 8.574188 Trib3
Gap junction membrane channel protein alpha 1 M63801 8.574188 Gjal
Interferon-induced protein with tetratricopeptide repeats 2 NM_008332 8.574188 Ifit2
Serine (or cysteine) peptidase inhibitor, clade A, member 3N NM_009252 8.574188 Serpina3n
Lysyl oxidase-like 2 AF117951 8 LoxI2
GLI pathogenesis-related 2 BM208214 8 Glipr2
2'-5' Oligoadenylate synthetase-like 1 AB067533 8 Oasl1
Tissue inhibitor of metalloproteinase 1 BC008107 8 Timp1
Immunoglobulin heavy chain 4 (serum IgG1) BC008237 0.033493 Igh4

cells. Expression of extracellular matrix-related genes, includ-
ing procollagen type VIII ol, was increased in peritoneal
fibrosis model. Inflammatory cytokines including IL-6 were
also upregulated. Among these upregulated genes, we focused
on secreted proteins. One of them was PTN, which is an
18-kDa secreted protein and has been reported to promote
mitogenesis and chemotaxis in cultured cells. Microarray
analysis showed that PTN signal in the peritoneal membrane
in the CG-injected wild-type mice was upregulated by 11-fold
compared with PBS-injected mice (Table 1). Next, we
confirmed the increase of PTN mRNA expression in the
peritoneum of CG-treated mice by real-time reverse tran-
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scriptase-polymerase chain reaction (RT-PCR) analysis
(Figure 1b). PTN mRNA in the peritoneum of CG-treated
mice was gradually increased and peaked at 3 weeks by 39-
fold compared with that in PBS-treated mice at 28 days, and
was high until 4 weeks (Figure 1b). Diluted CG, such as 0.03
or 0.01%, induced weaker expression of PTN mRNA than
0.1% CG (Figure 1b). Western blot analysis also showed that
PTN protein in the peritoneum of CG-treated mice was
gradually upregulated and was highest at 3 weeks by 3.9-fold,
as compared with that of PBS-treated mice (Figure 1c). A low
concentration of 1:10 diluted CG induced less PTN
expression (Figure 1c). Immunohistochemical study showed
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that PTN was positive in the spindle-shaped cells and partly
in mesothelial cells within the submesothelial layer (Figure
1d). Some of the spindle-shaped cells were also positive for a
marker for fibroblasts S100A4, indicating that spindle-shaped
cells were fibroblasts (Figure le). Next, we examined the
effects of infusing peritoneal dialysis fluid (PDF) via a
peritoneal catheter on expression of PTN. Mice receiving
daily intraperitoneal injection of 7% PDF for 4 weeks showed
increased PTN protein in the submesothelial layer with mild
peritoneal fibrosis (Figure 1f). PTN protein in PDF-treated
mice was 1.9 times higher than control mice, as observed by
western blot analysis (Figure 1g).

We examined PTN expression in human biopsy samples at
the insertion or removal of peritoneal catheters. PTN was
expressed in human peritoneal biopsy samples by RT-PCR
method (Figure 2a). Immunohistochemical study showed
that PTN was located both in the mesothelial cells (arrows)
and in the interstitial cells of peritoneal biopsy samples at the
withdrawal from 5-year PD treatment (patient A), which was
consistent with a mouse model of peritoneal fibrosis (Figure
2b). We examined whether peritoneal dialysate effluent
contained PTN. Western blot analysis showed that peritoneal
dialysates from six patients contained 15- and 18-kDa PTN
(Figure 2¢). The main form of PTN in peritoneal dialysate
was 15kDa. Patient B was a 54-year-old woman suffering
from nephrosclerosis with a 2-year PD duration, patient C
was a 47-year-old man suffering from diabetic nephropathy
with a 2-year PD duration, and patient D was a 29-year-old
woman suffering from immunoglobulin A nephropathy with
a l-year PD duration. Next, we examined PD effluent from
patients with peritonitis. Patients E and F were 80- and 86-
year-old women suffering from peritonitis by Staphylococcus
aureus, respectively. PD effluents from patients with perito-
nitis tended to be high PTN levels. These results indicate that
PTN exists in human peritoneal membrane and is detectable
in peritoneal dialysate effluent.

Next, we investigated functional roles of PTN in cultured
mouse peritoneal mesothelial cells. PTN exerts its effect, such
as proliferation and chemotaxis, by binding its receptors,

RT M (=) #)

PTN

RPTPB/C, ALK, and syndecan-3. We examined expression of
Ptprzl, which encodes RPTPB/C, ALK, and syndecan-3 in
cultured mesothelial cells. Ptprzl mRNA expression was
detected in mesothelial cells but not in fibroblasts, macro-
phage cell line RAW264.7, mouse T-lymphoma cell line
BW5147, mouse B-cell leukemia cell line BCL1-B20, or
endothelial cell line bEnd.3 by real-time RT-PCR analyses
(Figure 3a). Syndecan-3 mRNA expression was high in
mesothelial cells and was also positive in fibroblasts,
macrophages, and endothelial cells (Figure 3b). ALK mRNA
expression was not detectable. PTN (1ng/ml) stimulated
proliferation in cultured mesothelial cells by 1.7-fold
compared with vehicle-treated cells (Figure 3c). Angiotensin
IT and platelet-derived growth factor-BB stimulation showed
less potent activity in cell proliferation than PTN, and
endothelial growth factor treatment (100 ng/ml) revealed a
similar potency to PTN stimulation (Figure 3c). PTN also
induced mesothelial cell migration in the analysis of modified
Boyden chamber method by threefold, as compared with
vehicle-treated cells (Figure 3d). In vitro, fibroblasts cell line
NIH3T3 fibroblasts showed higher PTN expression than
mesothelial cells. RAW 264.7, mouse BW5147, BCL1-B20,
and bEnd.3 showed virtually no expression of PTN (Figure
3e). These results indicate that PTN produced by fibroblasts
may exert its biological effect on peritoneal mesothelial cells
in the process of peritoneal fibrosis.

Finally, we examined whether PTN has a crucial role in
peritoneal fibrosis progression. PTN knockout mice were
treated with CG three times a week for 4 weeks. Although the
thickness of peritoneal membrane in PTN knockout mice was
similar compared with wild-type mice (Figure 4a and b), the
expression of tumor necrosis factor-o and IL-1f mRNA was
significantly reduced in CG-injected PTN knockout mice at 4
weeks, suggesting that PTN was involved in the inflammatory
process (Figure 4c). Furthermore, gene expression of
profibrotic factors, TGF-f1, connective tissue growth factor
in CG-injected PTN knockout mice was reduced compared
with CG-injected wild-type mice (Figure 4c). Fibronectin and
type I collagen ol chain were also decreased in CG-treated
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Figure 2| PTN expression in human peritoneum and in peritoneal dialysate effluent. (a) Pleiotrophin (PTN) mRNA expression is

detected by reverse transcriptase-polymerase chain reaction in human peritoneal biopsy sample. M, DNA marker (100 bp DNA ladder), RT
(—) reverse transcriptase (=), RT (4) reverse transcriptase (+). (b) Immunohistochemical study for PTN in the peritoneal biopsy sample
from a 5-year peritoneal dialysis (PD) patient A. (c) Western blot analysis for PTN in peritoneal dialysate effluent. Patient B was a 54-year-old
woman suffering from nephrosclerosis with a 2-year PD duration, patient C was a 47-year-old man suffering from diabetic nephropathy with
a 2-year PD duration, and patient D was a 29-year-old woman suffering from immunoglobulin A nephropathy with a 1-year PD duration.
Patients E and F suffered from peritonitis by Staphylococcus aureus, and their PD efferents were shown on the first day of the peritonitis.
Patient E was an 80-year-old woman suffering from nephrosclerosis with a 3-year PD duration. Patient F was an 86-year-old woman

suffering from diabetic nephropathy with a 4-year PD duration.
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Figure 3| PTN, Ptprz1, and syndecan-3 expression in cultured
cells. The effect of pleiotrophin (PTN) on cell proliferation and
migration in cultured mesothelial cells. (a) Ptprz1 mRNA
expression was quantified by real-time reverse transcriptase-
polymerase chain reaction (RT-PCR) in cultured mesothelial cells,
NIH3T3 fibroblasts, RAW264.7, BW5147, BCL1-20, and bEnd.3 cells
(n=6, each). (b) Syndecan-3 (Sdc3) mRNA expression was
quantified by real-time RT-PCR in cultured mesothelial cells,
NIH3T3 fibroblasts, RAW264.7, BW5147, BCL1-20, and bEnd.3 cells
(n=6, each). (c) The effect of PTN on cell proliferation in
cultured mesothelial cells. Mesothelial cells were treated with PTN
(1 ng/ml), platelet-derived growth factor (PDGF)-BB (50 ng/ml),
angiotensin It (Ang Il, 10"® mol/l), endothelial growth factor
(EGF, 100 ng/ml), or vehicle (Veh.). 3H-thymidine incorporation
was assessed (n =6, each). (d) The effect of PTN on cell migration
in cultured mesothelial cells by modified Boyden chamber
method. Mesothelial cells were treated with PTN (1 ng/ml),
PDGF-BB (50 ng/ml), angiotensin 1l (10~® mol/l), or EGF (100 ng/ml)
(n=6, each). (e) PTN mRNA expression was quantified by
real-time RT-PCR in cultured mesothelial cells, NIH3T3 fibroblasts,
RAW264.7, BW5147, BCL1-20, and bEnd.3 cells (n =6, each).
Mean * s.e. *P <0.05, **P <0.01 vs. vehicle. *P<0.05, *#*P<0.01 vs.
NIH3T3 fibroblasts, BW264.7, BW5147, BCL1-20 or bEnd.3.

7P <0.01 vs. mesothelial cells, RAW264.7, BW5147, BCL1-20 or
bEnd.3. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

PTN knockout mice. On the other hand, expression of type
IV collagen a1 chain was increased with the CG injection and
was similar between wild-type and PTN knockout mice with
CG treatment (Figure 4c). Macrophage infiltration was
assessed by immunohistochemical study for F4/80. The
number of macrophages in the peritoneum was increased
in CG-injected wild-type mice. The number tended to
decrease, but not significantly altered in CG-injected PTN
knockout mice at 4 weeks (Figure 5a-d and q). In contrast,
the number of CD3-positive T cells per the number of total
cells in submesothelial area in CG-treated PTN knockout
mice was significantly reduced compared with that in CG-
treated wild-type mice at 4 weeks (5.6+0.9 vs. 10.3 +0.5;
Figure 5e-h and r). The effect of PTN on cell proliferation
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was evaluated by immunohistochemical study for Ki-67, a
marker for cell proliferation (Figure 5i- and s). Interestingly,
immunohistochemical study showed that Ki-67-positive cells
were localized within submesothelial compact zone and that
cells positive for Ki-67 were presumed to be fibroblast-like
cells according to their morphological appearance in
CG-treated wild-type mice. The number of Ki-67-positive
cells in CG-treated PTN-deficient mice was significantly
decreased compared with that in CG-treated wild-type mice
(1.5+ 1.1 vs. 3.8£1.2). Collagen IV deposition was similar
between CG-treated wild-type mice and CG-treated PTN-
deficient mice (Figure 5m-p). Peritoneal equilibration test
was conducted to examine the functional role of PTN on
peritoneal fibrosis at 2 weeks after the first CG injection.
Figure 6 showed that the ratio of creatinine concentrations
in the dialysate multiplied by dialysate volume over the
plasma creatinine (D Cr x volume/P Cr) in PBS-treated
PTN-deficient mice was not different from that in PBS-
treated wild-type mice. In contrast, D Cr x volume/P Cr
in CG-treated PTN-deficient mice was lower than that in
CG-treated wild-type mice (1.93%0.15 vs. 2.33+0.38),
suggesting that PTN deficiency was associated with low
peritoneal transport in peritoneal fibrosis.

These results suggest that PTN has a crucial role in cell
proliferation, extracellular matrix production, and peritoneal
permeability during the development of peritoneal fibrosis
through inflammatory process.

DISCUSSION

In this study, we identify for the first time that PTN is
expressed in peritoneal tissues in mice and humans, especially
in experimental peritoneal fibrosis mouse model. Mice
receiving intraperitoneal infusion of PDF also showed
increased expression of PTN, suggesting that PTN could be
involved in peritoneal injury induced by dialysis solution.
PTN is an 18- or 15-kDa heparin-binding protein.'"'* PTN
is initially identified as a neurite growth/guidance-regulating
protein and belongs to the midkine family.">!® PTN has
diverse functions including proliferation, mitogenic activ-
ities, apoptosis, oncogenic activity, and angiogenic activity.'!
PTN has been shown to have an important role in
embryogenesis and kidney development.'” PTN-deficient
mice have been shown to have lower threshold for induction
of long-term potentiation in hippocampal slices.'® Other
reports show that PTN-deficient mice exhibit less migration
of neutrophils and macrophages to liver after partial
hepatectomy,'® and that female mice deficient in both
midkine and PTN are infertile.'?

The long-term PD can cause deterioration of the
peritoneum,”® and is closely associated with high peritoneal
transport rate, which is one of the risk factors for developing
encapsulating peritoneal sclerosis.”’ To evaluate the degree of
peritoneal damage, several biomarkers have been investi-
gated. Dialysate concentrations of IL-6 and vascular endo-
thelial growth factor have been shown to be associated with
increased peritoneal transport rate.* Dialysate fibrinogen/
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