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Abstract Endothelial progenitor cells (EPCs) contribute
to the process of reendothelialization and prevent neointi-
mal formation after vascular injury. The present study was
designed to investigate whether the cysteine-rich 61
(CYR61, CCN1), an important matricellular component of
local vascular microenvironment, has effect on EPCs
differentiation and reendothelialization in response to
vascular injury in rat. Following balloon injury, CCN1
was rapidly induced and dynamically changed at vascu-
lar lesions. Overexpression of CCNI by adenovirus
(Ad-CCN1) accelerated reendothelialization and inhibited
neointimal formation in the early phase (day 14) after
vascular injury (p < 0.05), while no effect was shown on
day 21. Ad-CCNI treatment increased the adhering EPCs
on the surface of injured vessels on day 7, and the ratio of
GFP- and vWF-positive area to the total luminal length on
day 14 was 2.3-fold higher in the Ad-CCNI1-EPC-trans-
planted group than in controls. Consistent with these
findings, CCN1-stimulated EPC differentiation in vitro and
20 genes were found differentially expressed during
CCNI1-induced EPC differentiation, including Id1, Vegf-b,
Vegf-c, Kdr, Igf-1, Ereg, Tgf, Mdk, Ptn, Timp2, etc.
Among them, negative transcriptional regulator Id1 was
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associated with CCNI1 effect on EPC differentiation.
Our data suggest that CCN1, from the microenvironment
of injured vessels, enhances reendothelialization via a
direct action on EPC differentiation, revealing a possi-
ble new mechanism underlying the process of vascular
repair.
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Introduction

Endothelial cell (EC) damage is an important pathophysi-
ological step of atherosclerosis and restenosis following
percutaneous coronary intervention (PCI) such as angio-
plasty and stenting [31]. Accelerated reendothelialization
effectively inhibits smooth muscle cell (SMC) migration,
proliferation, and resulting neointimal formation, and is
therefore of special interest with regard to prevention of the
early stages of atherosclerosis and restenosis [19]. EPCs,
which can differentiate into mature ECs, are increasingly
recognized to play a key role in the maintenance of vas-
cular integrity and to act as “repair” cells in response to
endothelial injury [20, 36, 37, 39]. Transfusion of EPCs to
balloon-injured arteries leads to accelerated reendothelial-
ization and reduced neointimal formation after vascular
injury. However, the underlying molecular mechanisms,
especially in the microenvironment of the injured vessel
wall that regulates EPC differentiation and reendothelial-
ization during the vascular repair process remain poorly
understood.

Cysteine-rich 61 (CYR61, CCN1), a secreted matricel-
lular protein belonging to the CCN family, is expressed by
all types of vascular cells [1]. Accumulating evidences
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indicate that CCN1 is required for vascular development
and is a potent regulator of angiogenesis. CCN1-deficient
mice exhibit embryonic lethality as a result of placental
vascular insufficiency and compromised vessel integrity
[30]. CCN1 induces angiogenesis both in vitro and in vivo
and has been implicated in pathophysiology contexts in
which angiogenesis and vascularization play important
roles, such as tumorigenesis, cutaneous wound healing [3],
bone fracture repair [15], and liver regeneration [34].
Moreover, it is noteworthy that expression of CCNI is
associated with vascular disorders, such as atherosclerosis
[19], mechanical injury [14], and hypertension [38].
However, whether and what impact CCN1 may play on
EPC-mediated vascular repair is largely unknown at
present.

Interestingly, recent evidence showed that CCN1 plays
an important role in the migration and differentiation of
bone marrow-derived mesenchymal stem cells (MSCs)
[35]. MSCs, a population of pluripotent progenitors, are
capable of accelerating repair of EC damage in adult blood
vessels as well as EPCs. Furthermore, CCN1, in the plasma
and endothelium surface, promotes the recruitment of cir-
culating CD34+ progenitor cells to the endothelial mono-
layer, trans-endothelial migration and their contribution to
endothelial regeneration [12]. We recently reported that
CCNI1, in an autocrine and paracrine manner, modulates
the adhesion, proliferation, and in vitro capillary formation
of EPCs and, thus, play an important role in micro-
environment-mediated biological properties of EPCs [44].
Herein, we hypothesized that CCN1 has a major impact on
EPC-mediated vascular repair through induction of EPC
differentiation.

The aim of this study was to investigate the role of
CCNI1 in EPC differentiation and reendothelialization in
response to vascular injury. We found that the expression
of CCN1 was dynamically changed in the balloon-injured
rat carotid artery. CCN1 overexpression was shown to
promote reendothelialization and inhibit neointimal for-
mation at an early stage after vascular injury. In vitro
experiments revealed that CCN1 directly stimulated the
EPC-EC differentiation associated with transcription factor
Id1 and the expression of genes such as Vegf-b, Vegf-c,
Kdr, Igf-1, Ereg, Tgf, Mdk, and Ptn. These findings suggest
that CCN1, as a matricellular protein expressed in injured
vessel walls, enhances reendothelialization via a promotion
of EPC differentiation and thus play a critical role in vas-
cular repair mechanisms.

Methods

Materials and methods are described in detail in the
supplement.
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Gene transfer using adenoviral vector

Two adenovirus vectors were constructed using the
AdEasy system which contains the GFP gene. The cDNA
was first TA-cloned into pMD19-T simple vector and then
subcloned into adenoviral shuttle vector pAdTrack-CMV.
Recombinant adenoviruses Ad-CCN1 and Ad-Id1 were
generated and purified according to the manufacturer’s
protocol.

EPCs culture and characterization

Culture and characterization of EPCs was performed pre-
viously in our laboratory [43]. To determine the endothelial
phenotype of EPCs, cells were incubated with acLDL-Dil
(10 mg/ml) for 4 h, fixed with 4% paraformaldehyde and
then incubated with FITC-labeled lectin (BS-1 Isolectin
B4, 10 pg/ml) for 1 h. Dual-stained cells positive for both
acLDL-Dil and BS-1 Isolectin B4 were identified as dif-
ferentiated EPCs. In addition, the expression of EC mark-
ers (VWF, VEGFR-2, CD144, and eNOS) and progenitor
cell markers (CD34, CD133) was evaluated by RT-PCR
and flow cytometry (FCM) analysis.

Microarray analysis

To characterize the expression profile of 113 genes
important in angiogenesis, the GEArray (SuperArray Bio-
science, Bethesda, MD) was used according to the manu-
facturer’s protocol. More than twofold changes in gene
expression were considered to be significant.

Rat carotid balloon-injury model

Male SD rats (180-220 g, Chongqing) were anesthetized
with 75 mg/kg pentobarbital and heparinized with 100 U/kg
heparin sodium. Balloon injury was performed in the left
common carotid artery by a 1.5-French catheter (Cordis;
USA) three times as previously described. After balloon
injury, viral infusion mixtures with 5 x 108 plaque-forming
units of indicated adenoviral vectors, diluted to a total vol-
ume of 30 uL. in L-DMEM were then instilled into the
arterial segment and incubated for 20 min. For cell trans-
plantation, rats were lethally irradiated with a total dose of
9.5 Gy 24 h before vascular injury, and then immediately
after balloon injury, EPCs (3 x 106) suspended in 100 pL
L-DMEM and transduced with either Ad-CCN1 or Ad-GFP
were incubated in the arterial lumen as above. All animal
procedures were approved by the Care of Experimental
Animals Committee of the Third Military Medical Univer-
sity and complied with the National Research Council’s
Guidelines for the Care and Use of Laboratory Animals
(revised 1996).
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Statistical analysis

Data from independent experiments were expressed as
mean + SD of at least three experiments. Comparisons
between groups were analyzed by two-tailed Student’s
t test or ANOVA, as appropriate. P value < 0.05 was
considered statistically significant.

Results

Expression of CCN1 during vascular injury following
rat carotid artery balloon angioplasty

To evaluate the role of CCNI in vascular repair in vivo, we
first examined the expression of CCN1 in balloon-injured rat
carotid artery. As shown in Fig. 1a, CCN1 mRNA expres-
sion was detected at low levels in normal, uninjured control
arteries (0 h), whereas following vascular injury CCN1
mRNA level was rapidly enhanced at 12 h (sevenfold),
which began gradually declining 24 h later and remained
elevated for up to at least 21 days. CCN1 protein expression
was assessed by western blotting and was consistently
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up-regulated. Figure 1b shows that the protein level started
to increase at 12 h (2.2-fold), peaked at 24 h (2.9-fold), and
then decreased to basal levels around day 7 and reached
another peak at day 14 (1.8-fold) after balloon injury.

Then, the accumulation pattern of vascular CCN1 was
analyzed by immunohistochemistry before and after vas-
cular injury. While weak staining for CCN1 was detected
in the intima and media of uninjured vessels, enhanced
CCNI staining in the media and adventitia was detectable
2 days after balloon injury, and by day 14 CCNI1 was
mainly detected in the media and neointima (Day 0, 2, 14
in Fig. 1c). No staining was observed with unspecific IgG,
demonstrating the specificity of the CCNI1 staining (data
not shown). The observed dynamic expression pattern
during vascular injury implied a potential role of CCN1 in
vascular regeneration.

Effect of CCN1 on reendothelialization and neointimal
formation

Next, an adenoviral vector expressing exogenous CCNI1
was constructed and injected into balloon-injured arteries
to investigate CCN1 gene function during vascular injury.
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Fig. 1 Expression of CCN1 during vascular injury following rat carotid
artery balloon angioplasty. a Real-time PCR revealed that CCN1 was
rapidly induced and dynamically changed in rat carotid arteries after
balloon injury. Representative images from semi-quantitative RT-PCR

are shown. b Protein level of CCN1 was assessed by western blot
analysis. ¢ Immunohistochemical staining for CCN1 was performed on
artery sections before (day 0) and after (days 2, days 14) vascular injury.
Scale bar = 100 pm
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As described previously [14], we first examined the effi-
ciency of adenovirus transfection in rat carotid arteries by
delivering control adenovirus expressing GFP (Ad-GFP) to
balloon-injured carotid arteries. The level of GFP expres-
sion increased to a maximum at day 3, remaining elevated
until day 7-14 after adenoviral infection, suggesting that
the adenovirus-mediated delivery system was effective in
rat carotid artery. We then delivered Ad-CCN1 to rat car-
otid arteries. Overexpression of CCNI1 protein was con-
firmed by western blotting, and more importantly, no
observable adverse side-effect (mortality or any other
clinical signs of distress/morbidity) was found after ade-
novirus infection.

To evaluate reendothelialization, Evans blue dye was
administered premortem at 4, 7, 14, and 21 days after
injury. Non-endothelialized lesions were marked by blue
staining, whereas the reendothelialized area appeared white.
At the 4-, 7-, and 14-day time points, the reendothelialized
area in the Ad-CCNl-infected arteries was significantly
larger than in Ad-GFP—infected arteries (2.3-, 1.7-, and 2.1-
fold on days 4, 7, and 14, respectively; n = 6; p < 0.05 for
each), while no difference was shown on the 21-day
(85.2 & 10.1 vs. 82.17 £ 11%; n = 6; p > 0.05; Fig. 2a).
Morphometric analysis of vVWF immunostaining along the
luminal surface of injured arteries showed a significant
increase in the rate of reendothelialization of the denuded
vascular surface with Ad-CCN1 infection as compared with
control (4 days: 33.82 £ 12.39 vs. 12.31 + 4.06%; 7 days:
53.49 &£ 10.68 vs.34.17 & 7.93%; 14 days: 83.21 £ 14.96
vs. 45.97 &+ 11.2%; p < 0.05 for each; 21 days: 84.52 +
10.8 vs. 80.98 4+ 12.2%; p > 0.05), consistent with the
result from Evans blue dye experiment.

Moreover, as rapid reendothelialization is well known
to inhibit neointimal formation, we then investigated
whether Ad-CCNI1 treatment affected neointimal forma-
tion at 14 and 21 days following vascular injury. As
depicted in Fig. 2c, there was a marked decrease in the
neointimal area and I/M ratio in Ad-CCNl-treated rats
compared with controls at day 14 (0.26 & 0.17 vs.
0.58 + 0.18%; n = 9; p < 0.05). However, no difference
was found at 21 days (1.18 £ 0.14 vs. 1.23 £ 0.19%;
n=29; p>0.05), and medial thickness did not signifi-
cantly differ between either group (data not shown),
suggesting that CCNI1 effectively prevented neointimal
hyperplasia at an early stage.

Contribution of EPCs to CCN1-induced
reendothelialization

The above observations indicated that CCNI1 effectively
promote reendothelialization and inhibit neointimal for-
mation at early stage after vascular injury. Herein, to
understand whether the observed effect of CCNI1 on
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accelerated reendothelialization and reduced neointimal
formation would be ascribed to its impact on EPCs, we
performed EPC transfusion experiments. Cultured EPCs
were isolated from rat bone marrow, effectively trans-
duced with either Ad-CCN1 or control Ad-GFP, and then
locally transfused into balloon-injured arteries. As
expected, no GFP-positive cells were observed in the
uninjured vessels, whereas scanning of the injured ves-
sels revealed GFP-positive cells attached at the injured
site, forming islets of transplanted cells within the neo-
endothelium area. Notably, the number of attached
GFP-positive cells on the surface of injured vessels was
significantly higher in the group treated with Ad-CCN1-
EPC transfusion, when compared with the controls
on day 7 (25.6 £3.5 vs. 4.2 £ 1.2 cells/field; n = 9;
p < 0.05), suggesting that the accelerated reendothelial-
ization induced by CCNI was contributed by recruited
EPCs (Fig. 3a).

In addition, to confirm that the attaching transfused cells
in neo-endothelium represent ECs, we assessed the
expression of EC-specific marker vWF. Interestingly, the
luminal GFP-positive cells were also positive for vVWF by
immunofluorescence analysis, revealing that the transfused
exogenous EPCs, at least in part, underwent the differen-
tiation process into EC-lineage cells and participated in EC
regeneration. Moreover, the ratio of GFP- and vWF-posi-
tive cell area to the total luminal length was 5.2-fold higher
in Ad-CCN1-EPC-transplanted rats than controls on day 14
(Fig. 3b), suggesting that CCN1 promoted the differentia-
tion of EPCs in vivo and thus contributed to accelerated
reendothelialization after vascular injury.

Effect of CCN1 on EPC differentiation in vitro

The findings described above supposed an impact of CCN1
on EPC differentiation during vascular repair. To further
clarify the effect of CCN1 on EPC-EC differentiation, in
vitro experiments were performed by overexpression of
CCNI1 in cultured EPCs as we reported before. One week
after Ad-CCN1 transduction, a noticeable amount of EPCs
transformed into a spindle- or polygonal-shaped morphol-
ogy, which was not observed in control Ad-GFP-trans-
duced EPCs. Additionally, the expression of the progenitor
marker CD34 was drastically decreased (53.58 £ 9.81 vs.
15.21 £ 4.33%; n = 3; p < 0.05), whereas the expressions
of the EC marker VE-cadherin (CD144) was increased
(27.36 £ 5.26 vs. 78.35 £ 8.45%; n = 3; p < 0.05), as
shown in Fig. 4a. As a representative control of EC phe-
notype, rat aortic endothelial cells (RAEC) were used, and
lineage markers for hematopoietic cells (CD45) and mes-
enchymal stem cells (CD90) were also analyzed by FCM,
showing virtually no or fairly weak expression in differ-
entiated EPCs (data not shown). Because other EC markers
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Fig. 2 The effect of CCNI1 on reendothelialization and neointimal
formation. a Quantification of Evans blue dye staining showed that
Ad-CCNI1 accelerated reendothelialization at 4, 7, and 14 days after
balloon injury while no difference was observed at 21 days. b The
ratio of VWF' length to total luminal surface was evaluated and

were not detected by FCM analysis, we examined their
expressions by reverse-transcription PCR. Although
mRNA expression of vWF and eNOS was barely observed
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carotid arteries at 14 and 21 days following injury and gene delivery
were stained with H&E. Arrows point to where the internal elastic
lamina (IEL) was. Bar graphs show the intima to media ratio
(I/M ratio). *p < 0.05 compared with the Ad-GFP

in untreated control or Ad-GFP-infected EPCs, 7-day cul-
turing of EPCs infected with Ad-CCNI significantly
induced vWF and eNOS expression (Fig. 4b). Inversely,
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Fig. 3 Contribution of EPCs to CCN1-induced reendothelialization.
a, b EPCs infected with Ad-CCN1 or Ad-GFP were transfused into
the irradiated recipient rats after vascular injury and attached to the
vascular injury site on day 7. The number of attaching cells was
significantly higher in rats transfused with Ad-CCNI1-infected EPCs
(a) compared with rats transfused with Ad-GFP-infected EPCs (b).

mRNA expression of CD133 was decreased to 20% of the
controls (p < 0.05). Furthermore, those differentiated
EPCs bound to murine endothelial-specific lectin from
Bandeiraea simplicifolia (BS-1 Isolectin B4) and incorpo-
rated fluorescent Dil-acLDL intracellularly. Immunofluo-
rescence experiments showed that Ad-CCNI1 significantly
increased the number of Dil-acLDL- and lectin-positive
cells from 54.5 £ 8.7 to 92.1 &£ 6.9% per field (n = 9;
p < 0.05), corresponding to a 1.7-fold increase (Fig. 4c).
The effect of Ad-CCN1 on those differentiation events was
comparable to that of VEGF, a strong stimulator of EPC
differentiation, and moreover, it was abrogated signifi-
cantly in the presence of anti-CCN1 antibody (p < 0.01),
while no obvious changes were seen in the control groups
(data with control IgG and VEGF not shown). These
findings confirm a role for CCN1 in the differentiation of
EPCs to ECs.
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Ad-GFP

Ad-CCN1

c—e The 14-day samples were attached with GFP + transfused EPCs
(green fluorescence) and stained-positive for EC marker vWF (red
fluorescence), and the ratio of GFP- and vWEF-positive area to the
total luminal area were compared. *p < 0.05 compared with that of
Ad-GFP. Scale bar = 100 pm

Gene expression during CCN1-induced EPC
differentiation

To further elucidate the mechanism by which CCN1 may
impact on the differentiation of EPCs, we performed
microarray analysis using the SuperArray ORN-024 gene
chips. Genes that were either up-regulated to at least two-
fold or down-regulated by at least 0.5-fold in Ad-CCN1
infected EPCs compared to controls were examined and
listed in Table 1. As a result, we observed 20 genes of 113
analyzed cDNAs differentially expressed in EPCs trans-
fected with Ad-CCN1. Among these changes, we focused
on genes predominantly involved in cell differentiation. We
found that two endothelial-specific genes, Kdr and Pecam,
were concordantly up-regulated upon Ad-CCNI1 transfec-
tion, which strengthened our demonstration that CCNI1
promoted the differentiation of EPCs to ECs. In addition,
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Fig. 4 The effect of CCN1 on EPC differentiation in vitro. a Rep-
resentative pictures for EPC/EC morphology: CCN1 transduction
transformed EPCs into a spindle or polygonal-shaped morphology.
b Representative flow cytometry histograms show expression of
surface markers CD34 (upper line), CD144 (VE-cadherin, lower line),
and their isotype IgG controls (overlay). Significant differences
between groups were assessed with a two-tailed unpaired ¢ test. ¢ PCR

we observed that Ad-CCNI1 transfected EPCs displayed a
selective down regulation of growth factor genes, including
Vegf-b, Tgfa, Tgff, Mdk, Ptn, and Plau; in contrast, genes
encoding growth factors such as Vegf-c, Igf-1, and Ereg
were significantly up-regulated, revealing a potential
involvement of those growth factors in CCN1-induced EPC
differentiation. Moreover, interestingly, the microarray
results identified the gene Idl, which encodes inhibitor
of differentiation/DNA binding 1, a transcription factor

eNOS VWF

analysis of eNOS, vWF, and CD133 of cells treated with Ad-GFP,
Ad-CCNI1, and Ad-CCNI1 plus anti-CCN1 blocking antibody
(CCNI1-Ab). d Immunofluorescence analysis showed that Ad-CCN1
increased the number of Dil-acLDL- and lectin-positive cells, which
was significantly reversed by CCNI1-Ab. *p < 0.05 versus Ad-GFP;
#p < 0.05 versus Ad-CCN1. Scale bar = 200 pm

belonging to the helix-loop-helix (HLH) family important
for cell processes, was noticeably down-regulated upon
CCN1-induced EPC-EC differentiation. However, the role
of Id1 in EPC differentiation remains largely unknown.

Impact of Id1 on the effect of CCN1

Id1 was of particular interest because it was reported to
be a key regulator of EPC recruitment [10] and our
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Table 1 Genes differentially

expressed during EPC ieczzzi?lkno_ Symbol Gene name Fold change

differentiation induced by

CCNI1 NM_021689 Ereg Epiregulin 2.79
NM_001013 Gna 13 Guanine nucleotide binding protein, alpha 13 3.57
NM_178866 Igf 1 Insulin-like growth factorl 2.14
XM_230950 Itgav Integrin alpha V 2.11
NM_013062 Kdr Kinase insert domain protein receptor 343
NM_021989 Timp 2 Tissue inhibitor of metalloproteinase2 2.38
NM_031591 Pecam Platelet/endothelial cell adhesion molecule 2.75
NM_053653 Vegf ¢ Vascular endothelial growth factorC 2.51
NM_033230 Aktl Thymoma viral proto-oncogene 1 0.48
NM_022214 Cxcl 5 Chemokine (C-X-C motif) ligand5 0.44
NM_012797 1d1 Inhibitor of DNA binding/differentiation 1 0.44
NM_030859 Mdk Midkine 0.47
NM_013085 Plau Plasminogen activator, urokinase 0.49
NM_017066 Ptn Pleiotrophin 0.46
NM_207605 Sh2d2 a SH2 domain protein2A 0.43
NM_012671 Tgf a Transforming growth factor alpha 0.36
NM_021578 Tgf bl Transforming growth factor, beta 1 0.47
XM_214778 Thbs 2 Thrombospondin2 0.42
NM_012886 Timp3 Tissue inhibitor of metalloproteinase 3 0.38
NM_053549 Vegf b Vascular endothelial growth factorB 0.45

observations previously showed that Idl promoted the  Discussion

migration and proliferation of EPCs in vitro [41]. Thus,
to further verify the decreased expression of Idl we used
quantitative RT-PCR and western blot analysis. As
shown in Fig. 5a, an 80% decrease in mRNA level and a
70% decrease in protein level of Idl were detected in
response to Ad-CCNI1. Although the exact mechanism of
how Id1 expression is down-regulated remains to be fully
understood, we sought to investigate whether and what
impact Id1 may play on the EPC differentiation induction
effect of CCNI.

Then, EPCs were either transfected with Ad-Id1 alone or
cotransfected with Ad-CCNI1. Interestingly, we found that
the induction of EC marker eNOS, vWF, and VE-cadherin
expression by Ad-CCN1 was remarkably reduced by
cotransfection with Ad-Idl. In addition, the reduced
expression of progenitor maker CD133 and CD34 was
significantly reversed by Ad-Idl cotransfection. Moreover,
interestingly, we found that Ad-Id1 transfection alone also
decreased the EPC-EC differentiation events when com-
pared with the control, as depicted in Fig. 5b—d (n = 3 or
9; p < 0.05).

Taken together, these data demonstrated that Id1 sup-
pression induced by CCN1 contributed to EPC differenti-
ation and that, potently, Id1 mediated the effect of CCN1
on EPC differentiation.
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The major findings of the present study are as follows: (1)
CCNI1 is dynamically expressed in vascular lesions and
promotes reendothelialization in the early phase after vas-
cular injury; (2) EPCs are recruited, differentiate and con-
tribute, at least partly, to the CCNl-induced vascular
regeneration; (3) CCNI1 stimulates the EPC-EC differenti-
ation in vitro and is associated with the transcriptional
repressor Id1; (4) Upon Ad-CCNI stimulation, 8 genes were
up-regulated and 12 down-regulated in EPCs, including
Vegf-b, Vegf-c, Kdr, Igf-1, Ereg, Tgf, Mdk, and Ptn, sug-
gesting their potential involvement in the effects of CCN1
on EPC differentiation. These findings imply that matricel-
lular protein CCN1, at the site of vascular injury, promotes
the differentiation of EPCs and thus provides a novel
mechanism underlying the process of vascular regeneration.
The maintenance of endothelial integrity is crucial for
preventing atherosclerosis and restenosis [31]. EPCs,
regardless of its origin, can differentiate into mature ECs and
participate prominently in vascular repair process [19, 39,
40]. However, the recruitment and differentiation of EPCs are
documented to be tightly regulated by the vascular micro-
environment [7, 9, 22, 42], in particular, local noncellular
elements and especially secreted factors play important roles
in the regulation of EPCs and thus in reendothelialization.
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Fig. 5 Impact of Id1 on CCN1
induced EPC-EC 1d1
differentiation. a CCN1
inhibited the expression of
transcription factor Id1.
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CCN1, belonging to the emerging CCN family, is a
secreted, extracellular matrix associated proangiogenic
factor. CCN1 is expressed by all types of vascular cells in
response to a variety of physical and chemical stimuli such
as growth factors, proteases, ischemia, hypoxia, and shear
stress [16, 18, 23, 32]. In addition, aberrant expression of
CCNI1 is associated with several vascular diseases such as
atherosclerosis [17], mechanical injury [11], and hyper-
tension [38]. In accordance with other observations, we
identified that CCNI1 effectively induce the adhesion,
proliferation, and tube-formation of EPCs [44]. Therefore,
it is tempting to speculate that CCN1 may play an impor-
tant role in EPCs-involved vascular regeneration.

Here, we focused on the effect of CCN1 on EPCs dif-
ferentiation. We demonstrated that CCN1 is sufficient for
EPC-EC maturation, as evidenced by the following
observations after Ad-CCN1 transduction into EPCs. First,
Ad-CCNI induced differentiated EPCs displayed typical
“cobblestone” EC morphology in culture. Second, those
cells expressed a high level of EC marker VE-cadherin,
vWEF, and eNOS, whereas the expression of progenitor
marker CD34 and CD133 were strikingly decreased. Third,
the number of Dil-acLDL- and lectin-positive cells was
significantly increased.

However, the precise mechanisms by which CCN1
affects EPCs differentiation remain largely unknown.
Although a number of integrins and proteoglycans have
been proposed to interact with CCNI1, none have been
shown to be the ‘CCNI1 receptor’ [4]. Actually, CCNI1

CD34 VE-cadherin

appears to rely upon neither specific receptors nor post-
receptor signaling pathways. Herein, we performed cDNA
microarray analysis to identify the downstream molecular
targets that may account for the effect of CCN1 on EPC
differentiation. The array data displayed 20 genes differ-
entially expressed in EPCs upon CCNI1 stimulation,
including components of the plasminogen/plasmin system
(u-PA), members of metalloproteinase family putatively
involved in angiogenesis (Timp-2 and Timp-3), the most
important known growth factors and their receptors (Vegf-
b, Vegf-c, Kdr, Ereg, Igf-1, Tgfo, Tgff, Mdk, and Ptn), and
so on. Though we cannot provide evidence at this time to
describe the precise interactions between those genes and
CCNI, neither can we exclude the possibility that genes
responsible for the effects of CCN1 in EPCs are not rep-
resented on this array, our observations strongly support
the opinion that CCNI1 acts as a co-factor for cytokines,
growth factors, and matrix proteins, which has been pro-
posed initially by Kireeva et al. [21] and Leask et al. [25].
However, more detailed functional studies are needed to
verify this point.

Besides, noticeably, the transcriptional regulator Idl
was identified among the most significantly down-regu-
lated genes in array analysis. It is of particular interest
because Id1, as a critical transcriptional regulator of vas-
culature development, has been demonstrated to play an
essential role in vascular regeneration and EPC mobiliza-
tion [5, 10, 28]. Therefore, in the present study, we
investigated whether Id1 has a role in the effect of CCN1
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on EPC differentiation. Interestingly, we found that Id1
expression in EPCs was strikingly down-regulated by
Ad-CCNI1, and importantly, overexpression of Id1 signifi-
cantly inhibited the EPC-EC differentiation induced by
Ad-CCN1. In addition, Ad-Id1 alone also decreased
EPC-EC differentiation event significantly. Our results
implied a negative role of Idl in the regulation of EPC
differentiation, which is concordant with that of other cell
types, such as erythrocytes [2] and premature neurons [27].

The present study provides the first evidence that CCN1,
as a matricellular protein from the microenvironment of
injured vessels, promotes reendothelialization via a direct
action on EPC differentiation. EPCs have been identified as
important source of “repair” cells in endothelial regener-
ation, and the rate of reendothelialization is critical in
limiting neointimal formation after vascular injury [19, 20,
39]. In our study, accelerated reendothelialization by
CCNI effectively inhibited neointimal formation on day 14
but appeared to have no significant effect on day 21. The
lack of an effect on day 21 seems difficult to understand.
However, previous studies indicated that CCN1 also exerts
effects on vascular smooth muscle cells (VSMCs), a major
component of the neointima. Grzeszkiewicz et al. [13]
reported that CCN1 supported VSMC adhesion and stim-
ulated chemotaxis in vitro. In addition, Lee et al. [26]
demonstrated that CCN1 might be an independent and
critical regulator of VSMC proliferation and growth. Thus,
CCNI1-induced VSMC adhesion, migration, and prolifera-
tion may help explain our observations: CCN1 overex-
pressed injured media which contains lots of VSMCs will
be able to develop neointimal formation even though
endothelial recovery is fast in early phase following injury.

Of note, Unoki et al. [38] proved that overexpression of
the ccnl gene in rat VSMCs caused rather inhibitory
effects on the proliferation and DNA and protein synthesis.
Thus, CCN1 was concluded to act as a growth inhibitor of
VSMCs rather than mitogenic growth factors. As well as
CCNI1, the other CCN family members CCN2, CCN3, and
CCNS5 have been shown to exert opposite effects on VSMC
migration, proliferation and neointimal formation [6, 8, 24,
26, 29]. To date, the exact role of CCN1 in VSMCs
remains elusive and further studies are needed to make it
clear.

Recently, Matsumae and co-workers [31] reported that
knockdown of CCN1 by lentiviral delivery of siRNA sig-
nificantly suppresses neointimal hyperplasia in a rat carotid
artery balloon-injury model at days 14. Our observations
seem contrary to those of Matsumae et al. However, here
are two points we are considering: First, aging dependent
functional deficits and depletion of EPCs in experiment
animals. The male SD rats used in our study were all aged
1-2 months, weighing 180-220 g, whereas in studies
by Matsumae et al. the adult male SD rats weighed

@ Springer

400-450 g. Therefore, the CCN1-induced EPC contribu-
tion to neointimal inhibition could be reduced in those
older animals. Second, progenitor cells are able to differ-
entiate into not only ECs but also VSMCs [33]. Consid-
ering that balloon manipulation may be variable in
different experiments, we presume that CCN1 may stim-
ulate the immature VSMCs to augment vascular healing
under certain circumstances, such as sever media destruc-
tion. Whether such changes lead to the differentiation of
immature VSMCs and the durable benefit of EPCs in
healing the vascular injury requires further investigation.

However, the present study has two limitations: (1)
adenovirus-mediated ccnl transgene expression remained
elevated for only 7-14 days in rat arteries and our obser-
vations were limited by the decreased efficiency of gene
transfection; (2) our observations were based on an animal
model without atherosclerosis, and thus, the conclusions
drawn might be limited to non-atherosclerotic arteries.

In summary, we demonstrate for the first time that
CCNI1 functions as an Id1-associated matricellular protein
to promote reendothelialization and inhibit neointimal
formation through its effect on EPCs in the early phase
after vascular injury. These results provide a novel mech-
anism underlying the process of vascular regeneration.
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