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Abstract: Abnormal phenotypic modulation of vascular smooth muscle cells (VSMCs) is a hallmark of cardiovas-
cular diseases such as atherosclerosis, hypertension and restenosis after angioplasty. Transcription factors have
emerged as critical regulators for VSMCs function, and recently we verified inhibiting transcription factor Gax was
important for controlling VSMCs proliferation and migration. This study aimed to determine its role in phenotypic
modulation of VSMCs. Western blot revealed that overexpression of Gax increased expression of VSMCs differentia-
tion marker genes such as calponin and SM-MHC 11. Then, Gax overexpression potently suppressed proliferation
and migration of VSMCs with or without platelet-derived growth factor-induced-BB (PDGF-BB) stimuli whereas Gax
silencing inhibited these processes. Furthermore, cDNA array analysis indicated that Rapl1A gene was the down-
stream target of Gax in human VSMCs. And overexpression of Gax significantly inhibited expression of Rap1A in
VSMCs with or without PDGF-BB stimuli. Moreover, overexpression of Rap1A decreased expression of VSMCs differ-
entiation marker genes and increased proliferation and migration of VSMCs with or without PDGF-BB stimuli. Finally,
Gax overexpression significantly inhibited the neointimal formation in carotid artery injury of mouse models, spe-
cifically through maintaining VSMCs contractile phenotype by decreasing Rap1A expression. In conclusion, these
results indicated that Gax was a regulator of human VSMCs phenotypic modulation by targeting Rap1A gene, which
suggested that targeting Gax or its downstream targets in human VSMCs may provide an attractive approach for the
prevention and treatment of cardiovascular diseases.
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Introduction

Pathological phenotype modulation of vascular
smooth muscle cells (VSMCs) plays an impor-
tant role in the development of many cardiovas-
cular diseases such as postangioplasty reste-
nosis, atherosclerosis, and hypertension [1].
Normally VSMCs within the middle layer of blo-
od vessels reside in a quiescent (also termed
contractile or differentiated) state and exhibit a
very low rate of proliferation, relatively low syn-
thetic activity, appropriate contractility to con-
tractile cues, and express differentiation mark-
ers, such as smooth muscle a-actin (SMA), cal-
ponin, smooth muscle myosin heavy chain
(SM-MHC). However, in cases of vascular injury
and disease, VSMCs dedifferentiate and adopt
a synthetic phenotype, which is characterized
by increasing rates of proliferation, migration,

and enhanced production of extracellular ma-
trix components, as well as diminished expres-
sion of differentiation markers [2-4]. This pro-
cess is called phenotypic modulation, which
can drive the vascular remodeling processes
leading to disease development. Previous stud-
ies have documented that numerous cellular
environmental stimulus including growth fact-
or, cytokines, mitogens, cell adhesions, cell-cell
contact, mechanical influences, extracellular
matrix interactions and so on could dramatical-
ly alter VSMCs phenotype [1, 5]. Platelet-derived
growth factor BB (PDGF-BB) has been con-
firmed to induce synthetic VSMCs phenotype
and promote VSMCs proliferation and migration
into the neointima layer after vascular injury
[6]. However, the underlying mechanism for
VSMCs phenotypic modulation still remains
unanswered.
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It is clear that VSMCs phenotypic switching is
characterized by changes in gene expression
patterns that underlie the changes of cell func-
tional properties. The transformation from con-
tractile phenotype to synthetic phenotype is
associated with the silencing of differentiation
marker genes expression and the upregulation
of genes that facilitate other cellular functions
such as cell proliferation or migration [7-9]. The
transcription factor regulates genes expression
by binding to response elements in the promot-
er regions of target genes in kinds of tissues
including VSMCs. Several transcription factors,
such as CREB, NFAT, SRF, MEF-2, GATA-6, HIF-1,
KLF-4, MRTF-A/B, have been shown to play
critical roles in VSMCs phenotype switching
and modulation of function [10-14]. For exam-
ple, SRF can regulate the expression of genes
containing CArG boxes in their promoter regions
by binding to CArG elements, and majority of
genes encoding differentiation markers, such
as SMA, SM-MHC, contain CArG boxes in their
promoters [15]. Transcription factor NFAT is
related with VSMCs phenotypic switching, pro-
liferation and migration. Downregulation of
NFAT by pharmacological inhibition or siRNA
could inhibit the proliferation of serum-stimu-
lated cultured VSMCs [16]. Moreover, studies
using animal models have strongly shown that
NFAT was implicated in injury-induced neointi-
ma formation of artery [17]. Together, these
provide significant new insights into the pivo-
tal importance and functional complexities of
transcription factor in regulation of VSMCs
phenotype.

Growth arrest-specific homeobox gene (Gax),
also called MEOX2, is an inhibiting transcription
factor and a member of the homeobox gene
family. We and others had revealed that Gax
played an important role in VSMCs proliferation
and migration [18, 19]. Gax is predominantly
expressed in the cardiovascular system of
adults. In response to PDGF in vitro and artery
injury in vivo, the expression of Gax is rapidly
downregulated in VSMCs, while Gax is upregu-
lated under conditions that favor cell-cycle
arrest and contractile state in VSMCs. Although
the significant progress has been made in the
understanding of VSMCs biology regulated by
transcription factor Gax, little is known about
Gax that regulates VSMCs phenotypic modula-
tion. Therefore, clarification of Gax biological
function would be fundamentally important for
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understanding the molecular mechanisms in-
volved in VSMCs phenotypic transformation
and identification of new therapeutic targets. In
this study, we found that Gax maintains VSMCs
contractile phenotype and regulates VSMCs
proliferation and migration by targeting Rap1A
gene.

Material and methods
Cell culture

Primary human aortic smooth muscle cells
(HASMCs) (Promocell, Germany, Cat. No. C-12-
533) were maintained in growth media SmGM-
2 (Lonza) in the presence of 10% fetal bovine
serum (FBS) (Gibico) and streptomycin (100
ug/ml)/penicillin (100 U/ml) at 37°C in a humid-
ified 5% CO, incubator. The cells used in this
study were from passages 5-6.

Cell transfection

To construct the adenoviral plasmid expres-
sing Gax, human Gax cDNA was subcloned
from the pCMV-SPORT6-Gax (Invitrogen) into
the pIRES2-EGFP vector. Human Gax gene with
recombination site attB1 and EGFP gene with
recombination site attB2 were from pIRES2-
EGFP-Gax vector by PCR, then the two seg-
ments were fused together to obtain attB1-
human-Gax-EGFP-attB2 by overlap-extension
PCR. The product was firstly moved into entry
vector pDONR221 (Invitrogen) by BP reaction
(Invitrogen) and moved into pAd/CMV/V5-DEST
vector (Invitrogen) by LR reaction (Invitrogen).
The objective plasmid was linear by Pacl res-
triction enzyme and then transfected into
293A cells for packaging and amplification of
recombinant virus Ad-Gax. The viruses were
purified on a CsCl density gradient by ultracen-
trifugation and the titer was detected by using
TCID,,. To construct the adenoviral plasmid
against Gax, siRNA against human Gax was
designed by Sangon (Shanghai, China). siRNA
sequences against the mRNA of human Gax
were as follows: sense, 5-GCUCCUGAAUUC-
UUCCUAUUU-3’; and antisense, 5-UUCGAGG-
ACUUAA GAAGGAUA-3. Gax siRNA segments
were cloned into the pIRES2-EGFP vector. Then,
the subsequent constructional steps of Ad-Gax
siRNA were the same as those of Ad-Gax con-
structions. Ad-EGFP vector was used as a
control.
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To construct the lentiviral plasmid expressing
RaplA, human RaplA cDNA with restriction
enzyme cutting site Asc1 and Pme1 was cloned
to lentiviral expression vector pLenti6.3-IRES-
EGFP by recombinant DNA technology. The pos-
itive clones were screened. The target gene
plasmid and lentiviral packaged systems were
co-transfected to package virus in 293T cells
by lipofectin. The reporter gene expression was
observed under fluorescent microscope. Virus
supernatant was collected, purified and con-
centrated, and the titer of recombinant lentivi-
ral vector Lenti-Rap1A was determinate. Lenti-
EGFP was used as a control.

For Gax overexpression, the cells were infected
with Ad-Gax vector. For Gax knockdown, the
cells were transfected with Ad-Gax siRNA.
Overexpression of RaplA was performed by
using Lenti-Rap1A. HASMCs with the conflu-
ence of 70%-80% were incubated with serum-
reduced medium (0.5% FBS) and viruses were
added into the medium at a multiplicity of in-
fection of 100. After 6-12 h, the medium was
changed to serum-free SmGM-2 followed by dif-
ferent treatments or stimulus as indicated. As
a control in all experiments, an identical group
of HASMCs was left uninfected but incubated
6-12 h in SmMGM-2 containing 0.5% FBS.

Real-time PCR analysis of target gene mRNA
levels

Total RNAs were extracted from HASMCs using
TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions and subjected to
reverse transcription using RevertAid™ First
Strand cDNA Synthesis Kit (Fermentas). Quan-
titative real-time RT-PCR was performed with
the TagMan system (ABI-Prism 770 Sequence
Detection System, Applied Biosystems) using
SYBR Green Mix. The following primers we-
re used: Gax, 5-CCAGACTGAGGCGATACGAG-3’
(forward) and 5-CTGTTTGCTGGAGGGTGGC-3’
(reverse); Rap1A, 5-AAGAAGAAGCCTAA AAAG-
AAATCAT-3’ (forward) and 5-TCCAGGGAACT-
TG-TGCAAAC-3’ (reverse); GAPDH, 5-GGGTGT-
GAACCATGAGAAGTATG-3’ (forward) and 5-GA-
TGGCAT GGACTGTGGTCAT-3’ (reverse). GAPDH
was amplified as other template normaliza-
tions. For quantification, mRNA expression of
target genes between groups was determined
by using 222t methodology.
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Western blot analysis

Cell or tissue lysates were prepared in RIPA
Buffer. After centrifugation, insoluble material
was removed. Total cell protein concentrations
were determined by using the BCA Protein
Assay Kit (Qiagen). 10-40 g of total protein
was then resolved by SDS/PAGE and trans-
ferred to PVDF membranes. The membranes
were blocked with 5% nonfat milk in TBS with
0.1% Tween 20 (TBST) and incubated with dilut-
ed primary antibodies to Gax (1:100 dilution;
Abcam), Calponin (1:100 dilution; Abcam), sm-
ooth muscle myosin heavy chain 11 (SM-MHC
11) (1:100 dilution; Abcam), Rap1A (1:100 dilu-
tion; Santa Cruz), and GAPDH (1:1000 dilution;
Santa Cruz ). The specific binding was exam-
ined with horseradish peroxidase-conjugated
secondary antibodies and the membrane was
developed with ECL. Blots were quantified with
a Bio-Rad Gel Documentation System.

Immunofluorescence staining

HASMCs were fixed with ice cold acetone and
then blocked in 10% goat serum for 1 h at
37°C. The sections were incubated with anti-
Gax antibodies (1:200 dilution, Abcam) over-
night, followed by fluorescein-conjugated sec-
ondary antibody at 37°C for 1 h. HASMCs nuclei
were stained with DAPI.

Cell proliferation assay

Cell Counting Kit (CCK8) (Dojindo) was used to
detecte cell proliferation. HASMCs (2.0x103
cells/well in 96-well plates) were transfected
with either Ad-Gax, Ad-Gax siRNA, Lenti-Rap1A,
or negative control, and incubated with medi-
um containing 0.5% FBS for 24 h. HASMCs
were then subjected to stimulation with or wi-
thout human PDGF-BB (20 ng/ml) (R&D Sys-
tems). CCK solution was added to each well
and incubated for 0.5-4 h. Optical density (OD)
value was examined daily over for consecutive
days at 450 nm to estimate viable cell num-
bers. The assay had three replicates.

Transwell assay

HASMCs migration was assessed using a
Transwell system with a coated polycarbonate
membrane with 8.0 ym pore size (Corning).
HASMCs were seeded in 6-well plates at a con-
centration of 2.0x10° cells per well and trans-
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duced with Ad-Gax, Ad-Gax siRNA, Lenti-Rap1A
or their negative controls. The cells were then
subjected to stimulation with or without human
PDGF-BB (20 ng/ml). After digesting these
cells, 100 pl of cell suspension (3.0x10° cells/
ml) was added to the upper chamber, and 600
Ml medium containing 10% FBS which is a che-
moattractant, was added to the lower chamber.
The cells on upper surface were removed after
6-12 h by gentle wiping with a cotton swab. The
cells on the underside (migrated cells) were
stained with 0.1% crystal violet. Quantification
of the number of migrated cells was counted
directly in 10 random high-power fields (at
100x maghnification) using an inverted micro-
scope (Lecia) or indirectly in absorbance of elu-
ant at 570 nm using 33% acetic acid. This
experiment repeated three times.

cDNA array analysis

To explore the gene expression profile of
HASMCs exposed to overexpression of tran-
scription factor Gax, we selected the Prime-
View™ Human Gene Expression Array (Affy-
metrix). It represented approximately 20,000
sequences that had been characterized in
terms of function or disease association from
the UniGEne database.

Total RNAs were isolated from 2 independently-
derived groups of HASMCs transduced with
Ad-Gax or control, which had been incubated
for 72 h. RNAs from Gax overexpression or con-
trol sample were labeled, fragmented, hybrid-
ized, and scanned according to the manufac-
ture’'s recommendations. Data were analyzed
using GeneChip 3.1 expression analysis soft-
ware (Affymetrix) and imported into Microsoft
Excel. Differentially expressed genes were
identified by t-test at the cut-off of p-value <
0.05. Gene ontology (GO) enrichment analysis
and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis were further performed for the
differentially expressed genes.

Adventitial gene transfer and carotid artery
wire injury model

According to the Ethical Committee of Renji
Hospital of Shanghai Jiaotong University School
of Medicine, all procedures of the animal exper-
iments were performed under the institutional
guidelines of animal welfare. Male C57BL/6)J
mice (20-25 g) were anesthetized with an intra-
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peritoneal injection of pentobarbital (90 mg/
kg). With the aid of a dissecting microscope,
the left common carotid artery was dissected
free of the surrounding connective tissue via a
midline incision on the ventral side of the neck.
The bifurcation of the carotid artery was locat-
ed and two ligatures (8-O silk suture) were
placed around the external carotid artery, which
was tied off distally. An angiotomy was per-
formed between the two ligatures, and a 0.38
mm steel wire was passed towards the aortic
arch and withdrawn 3 times with a rotating
motion. After removal of the steel wire, the
external carotid artery was tied off proximally to
the incision hole with the proximal ligature.
Ad-Gax (10 pfu/ml) or Ad-EGFP (10%*° pfu/ml)
was suspended together in 50 pl pluronic F-127
gel solutions (1 mg/ml, Sigma) and applied
around the carotid artery. The pluronic gel solid-
ified instantaneously, generating a translucent
layer that envelops the artery injury region. The
skin incision was closed immediately after the
application of the gel. The contralateral carotid
artery served as a control group.

The mice were anesthetized and perfused with
PBS at 14 days after injury. Then, carotid arter-
ies were removed and fixed with 4% parafor-
maldehyde, and embedded in paraffinum.
Vascular tissues were sectioned and stained
with hematoxylin/eosin. The sections were
examined under a light microscope (Nikon). The
area of lumen, intima and media were mea-
sured by Image Pro Plus 6.0 software (Media
Cybernetics). Neointimal formation was deter-
mined as ration of the intimal area to medial
area and lumen area.

Statistical analysis

Data were presented as mean + SD and ana-
lyzed for statistical significance by the unpaired
Student t test or one-way ANOVA using SPSS
17.0 software. P<0.05 was regarded as statisti-
cal significance in all experiments.

Results

Adenovirus-mediated overexpression or knock-
down of Gax in HASMCs

To explore the effects of Gax on VSMCs pheno-
typic modulation, HASMCs were transfected
with a recombinant adenovirus encoding Gax,
Gax siRNA as a control. Gene transfer was con-
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Figure 1. The expression levels of Gax were detected in HASMCs after transfection. A. Gax mRNA levels of HASMCs
were examined by Real-time PCR. *P<0.05 versus Ad-EGFP. B. Immunofluorescence staining was used to examine
Gax protein levels of HASMCs (400X).
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Figure 2. Role of transcription factor Gax in the expression of VSMCs differentiation marker genes. A. Ad-Gax in-
creased the expression of VSMCs differentiation marker genes in HASMCs without PDGF-BB stimuli. B. The expres-
sion of VSMCs differentiation marker genes increased in Ad-Gax transfected-HASMCs in the presence of PDGF-BB
treatment.
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Figure 3. Role of transcription factor Gax in HASMCs proliferation. A. HASMCs proliferation were inhibited by Ad-Gax
and promoted by Ad-Gax siRNA. *P<0.05 versus Ad-EGFP and Control. B. Ad-Gax suppressed PDGF-BB-induced
HASMCs proliferation and Ad-Gax siRNA enhanced the proliferation of HASMCs with PDGF-BB stimuli. *P<0.05
versus Ad-EGFP and Control.

firmed by Real-time PCR and immunofluores- ansfection, the overexpression or knockdown
cent staining. Three days after adenovirus tr- of Gax gene was observed in Ad-Gax- or Ad-Gax
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Figure 4. Role of transcription factor Gax in HASMCs migration. (A) Gax overexpression inhibited migration of
HASMCs and Gax knockdown promoted migration of HASMCs in the presence or absence of PDGF-BB treatment.
(B) The quantitative analysis of data shown in (A). *P<0.05 versus Ad-EGFP. **P<0.05 versus Ad-EGFP with PDGF-

BB treatment.

siRNA-infected HASMCs (Figure 1), demon-
strating the efficacy of transgene delivery.

Transcription factor Gax regulated the expres-
sion of smooth muscle maker genes in vitro

To investigate the role of transcription factor
Gax in VSMCs phenotypic switch, we performed
gain-of-function studies by using adenovirus-
mediated delivery of Gax gene into HASMCs. As
shown in Figure 2A, transduction of HASMCs
with Ad-Gax resulted in increased expression of
Gax. This increase was correlated with signifi-
cantly increased expression of VSMCs differen-
tiation marker genes, such as calpoin and
SM-MHC 11, as determined by Western blot
analysis. Next, we tested whether transcription
factor Gax prevented PDGF-BB-induced down-
regulation of smooth muscle marker genes. As
shown in Figure 2B, Gax overexpression mark-
edly increased the protein levels of calpoin and
SM-MHC 11, as determined by Western blot
analysis. These results supported the notion
that Gax was a regulator for VSMCs phenotypic
switching.

Gax was a modulator of VSMCs proliferation
and migration

VSMCs differentiation was accompanied by
reduced proliferation and migration of VSMCs.
To evaluate the potential roles of Gax in
HASMCs proliferation and migration, the cells
were transfected with Ad-Gax, Ad-Gax siRNA, or
negative controls. As seen in Figure 3, transfec-
tion of Ad-Gax markedly inhibited HASMCs pro-
liferation with or without PDGF-BB stimuli, as
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determined by CCK8 assay. Furthermore,
downregulation of Gax expression by Ad-Gax
siRNA enhanced HASMCs proliferation in res-
ponse to PDGF-BB or none. These findings sug-
gested that transcription factor Gax effectively
inhibited humans VSMCs proliferation.

To determine the role of Gax in VSMCs migra-
tion, we performed the transwell assay. As
shown in Figure 4, adenovirus-mediated over-
expression of Gax inhibited HASMCs migration
under both quiescent and PDGF-BB-stimulated
conditions. Moreover, it was showed that trans-
fection of HASMCs with Ad-Gax siRNA further
augmented both basal and PDGF-BB-induc-
ed HASMCs migration. Together, these results
suggested that transcriptional factor Gax was
an inhibitor of HASMCs migration.

cDNA array identified Rap1A as a Gax-regulat-
ed gene

To delineate a mechanism for these differenc-
es in VSMCs phenotypic modulation, we exam-
ined the gene profile by cDNA array analysis of
2 independently-derived pooled Ad-Gax and
Ad-EGFP transductants. From human gene ex-
pression array data, 476 genes were found to
be significantly regulated in HASMCs by Ad-Gax
transfection compared with Ad-EGFP controls,
as shown in Figure 5A, 5B. Because Gax was
an inhibiting transcription factor, these select-
ed down-regulated genes were pooled and sub-
jected to further bioinformatics analysis to
identify signaling networks and biological pro-
cesses regulated by them. Gene Ontology anal-
ysis by DAVID indicated marked enrichment of
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Figure 5. Identification of Rap1A as downstream target gene of transcription factor Gax in HASMCs. A. The unsuper-
vised hierarchical clustering of differentially expressed genes in HASMCs transfected with Ad-Gax compared with
Control samples was shown. For each gene, red represented high expression, and green indicated low expression
relative to the average of all samples. B. Volcano plot showed human gene expression array data obtained from
Ad-Gax -transfected HASMCs. Gax overexpression (3 experiments) altered 476 genes. The X-axis of these plots
indicated the fold change in gene expression in a log2 format. Any point<0 suggested down-regulated genes. The
Y-axis was the -log10 of the P value and all points in red were significant (P<0.05). The most down-regulated gene
was Rap1A. C. Shown was relative distribution of the biological process highly enriched among Gax down-regulated
targeted genes by GO analysis. D. Shown was KEGG analysis of potential signaling pathways highly enriched among
targeted genes down-regulated by transcription factor Gax. E. Effect of Gax on Rap1A mRNA expression in None- or
PDGF-induced HASMCs. *P<0.05 versus Ad-EGFP without PDGF-BB treatment. **P<0.05 versus Ad-EGFP with
PDGF-BB stimuli. F. Densitometric analysis of Rap1A protein levels as examined by Western blot. G. *P<0.05 versus
Ad-EGFP without PDGF-BB treatment. **P<0.05 versus Ad-EGFP with PDGF-BB stimuli.
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Figure 6. Rap1A was critically involved in VSMCs phenotypic modulation, proliferation and migration. A. Overexpres-
sion of Rap1A by Lenti-Rap1A enhanced Rapl1A expression and reduced the expression of VSMCs differentiation
marker genes Calponin and SM-MHC 11 in HASMCs with or without PDGF-BB treatment as determined by Western
blot analysis. B. Rap1A overexpression promoted proliferation in HASMCs with or without PDGF-BB as determined
by CCK8 assay. *P<0.05 versus Control and Ad-EGFP without PDGF-BB. **P<0.05 versus Control and Ad-EGFP with
PDGF-BB. C. HASMCs migration was measured in presence or absence of PDGF-BB by Transwell assay and quanti-
tation of migrated cells was performed as optical density (OD) value. *P<0.05 versus Control and Ad-EGFP without

PDGF-BB. **P<0.05 versus Control and Ad-EGFP with PDGF-BB.

biological processes such as cell cycle, cell pro-
liferation, cell adhesion, and negative regula-
tion of transcription and so on (Figure 5C).
Furthermore, KEGG analysis suggested key sig-
naling pathways including MAPK signaling, vas-
cular smooth muscle contraction and insulin
signaling, known to be involved in VSMCs phe-
notypic transformation (Figure 5D). These re-
sults showed that genes down-regulated by
Gax might have potential functional roles in
Gax overexpression inducing effects in HASMCs
phenotypic switching.

2919

Of most interest was that the most down-regu-
lated gene was Rap1A (Fold Change (abs]=2.94,
p=0.006). To further identify that Rap1A was a
functional target gene of Gax in HASMCs, we
transfected HASMCs with either Ad-Gax or
Ad-EGFP, and the expression levels of RaplA
were detected by Real-time PCR and Western
blot. As seen in Figure 5E-G, Gax overexpres-
sion markedly inhibited RaplA expression in
HASMCs under both basal and PDGF-BB-
stimulated conditions. Together, these results
indicated that transcription factor Gax targeted
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Figure 7. Overexpression of Rapl1A attenuated Ad-Gax mediated effects in HASMCs. A. The expression of Rap1A,
Calponin and SM-MHC 11 were detected by Western blot analysis at 72 h after transfection of HASMCs with either
Ad-Gax, combination of both Ad-Gax and Lenti-EGFP, or combination of both Ad-Gax and Letin-Rap1A. B. HASMCs
proliferation was analyzed by CCK8 assay after PDGF-BB stimulation, when HASMCs were transfected with either
Ad-Gax, combination of both Ad-Gax and Lenti-EGFP, or combination of both Ad-Gax and Letin-Rap1A. *P<0.05 ver-
sus Ad-Gax and Ad-Gax+Lenti-EGFP. C. When HASMCs were transfected with either Ad-Gax, combination of both Ad-
Gax and Lenti-EGFP, or combination of both Ad-Gax and Letin-Rap1A, cell migration was measured after PDGF-BB
stimulation by transwell assay. And quantitative analysis of migrated cells was performed. *P<0.05 versus Ad-Gax

and Ad-Gax+Lenti-EGFP.

RaplA to potently inhibit the Rap1A pathway in
HASMCs.

Role of Rap1A in HASMCs proliferation and
migration

To further substantiate the functional signifi-
cance of Rapl1A in VSMCs function, we per-
formed gain-of-function study by using Lenti-
RaplA. As seen in Figure 6A, the transfec-
tion of HASMCs with Lenti-RaplA markedly
enhanced both basal and PDGF-BB-induced
RaplA expression. As determined by Western
blot analysis (Figure 6A), RaplA overexpres-
sion significantly inhibited the expression of
VSMCs contractile genes such as calponin and
SM-MHC 11. Moreover, HASMCs proliferation
with PDGF-BB stimuli or none was enhanced by
RaplA overexpression (Figure 6B). Likewise,
both basal and PDGF-BB-induced HASMCs
migration were also significantly promoted in
cells transfected with Lenti-Rap1A (Figure 6C).
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To further determine the importance of Rap1A
in transcriptional factor Gax-mediated VSMCs
function, we examined the effect of RaplA
expression on transfection of HASMCs with
Ad-Gax. Overexpression of RaplA by Lenti-
RaplA significantly attenuated the effect of
Gax on HASMCs proliferation, migration, and
phenotypic switching (Figure 7). Together,
these results indicated that RaplA was an
important regulator for VSMCs proliferation,
migration and dedifferentiation, and was im-
plicated in Gax-mediated effect in HASMCs
function.

Gax inhibited neointimal formation in mice af-
ter carotid artery injury

To determine whether Gax was implicated in
vascular lesion formation in vivo, the mouse
carotid artery injury model was used and neo-
intimal formation was detected at 14 days after
vascular injury. The carotid arteries of mice
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Figure 8. Transcription factor Gax attenuated neointimal formation in the mouse carotid artery injury model. A. Ade-
novirus-mediated overexpression of Gax (Ad-Gax) markedly decreased neointimal formation in vivo. Representative
hematoxylin and eosin stained carotid artery slices form of mouse treated with Ad-Gax or Ad-EGFP at fourteen days
after carotid artery injury. B. The effect of Gax overexpression on neointima, media, and lumen in mouse carotid ar-
teries at fourteen days after injury. C. The effect of Ad-Gax on neointimal lesion formation in mouse model of carotid
artery injury as quantitated by intima/media ratio. *P<0.05 versus Ad-EGFP. D. Representative western blot images
of VSMCs differentiation markers in mouse carotid arteries treated with Ad-Gax or Ad-EGFP at fourteen days after
injury. E. Representative Western blot images of Rap1A in mouse carotid arteries at fourteen days after injury, and
quantification of Rap1A protein expression showed that Rap1A level was downregulated in Ad-Gax-treated vascular
compared with Ad-EGFP-treated vascular. *P<0.05 versus Ad-EGFP.

were transduced with either Ad-Gax (10%° pfu/
ml) or Ad-EGFP. Fourteen days after transfec-
tion, the expression of Gax in mouse carotid
arteries was significantly increased compared
with Ad-EGPF treated group, as determined by
Western blot. There was no neointimal forma-
tion in the uninjured left common carotid arter-
ies. In contrast, there was a substantial in-
crease in neointimal formation in carotid arter-
ies transduced with Ad-EGFP (Figure 8A).
However, the transduction of carotid arteries
with Ad-Gax substantially reduced the injury-
induced neointimal formation by about 40%,
which was related with decreases in both neo-
intimal area (Figure 8B) and the intima to me-
dia ratio (Figure 8C) in Ad-Gax-treated carotid
arteries. In addition, Western bolt analysis of
RaplA and VSMCs contractile genes such as
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calpoin and SM-MHC 11 was performed in
injured carotid artery. As seen in Figure 8D, the
expression of calpoin and SM-MHC 11 was
markedly increased in Ad-Gax-transduced ar-
teries as compared with Ad-EGFP-transduced
arteries. Furthermore, the RaplA expression
was substantially inhibited in Ad-Gax-treated
arteries (Figure 8E). Together, these results
indicated that Ad-Gax decreased the vascular
injury-induced neointimal formation in vivo by
inhibiting Rap1A-mediated VSMCs phenotypic
modulation.

Discussion
Despite obvious progress in our understanding

of VSMCs biology, the exact molecular mecha-
nism underlying VSMCs phenotypic modulation
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still remains unknown. In this study, we verified
transcription factor Gax as a regulator involved
in human VSMCs proliferation, migration and
differentiation. Both gain-of-function and loss-
of-function studies indicated that Gax played
an important role in VSMCs phenotypic modu-
lation in vitro and in vivo. Moreover, we identi-
fied that transcription factor Gax maintained
VSMCs contractile phenotype, and inhibited
VSMCs proliferation and migration in vitro
and neointimal formation in vivo, mostly likely
through targeting RaplA gene, a member of
Ras oncogene family.

Recently the functional significance of tran-
scription factor Gax in human disease has be-
en investigated. Increasing evidence indicates
that Gax is importantly implicated in cell differ-
entiation and growth. In human hepatocellular
carcinoma tissues, the Gax expression has
been shown to be downregulated, and the
upregulation of Gax could inhibit hepatocellular
carcinoma cells proliferation and migration [20,
21]. The miRNA family miR-130/301/721 had
been shown to enhance induced pluripotent
stem cells generation by repression of Gax
[22]. Moreover, in vascular endothelial cells,
Gax expression played a critical role in endo-
thelial cell phenotypic changes and the process
of angiogenesis [23, 24]. And overexpression
of Gax could inhibit vascular adventitial fibro-
blasts proliferation and inflammatory cytokines
of adventitial fibroblasts [25]. In addition, previ-
ous studies showed that the overexpression of
Gax could inhibit rat VSMCs proliferation and
migration, and neointimal hyperplasia in ani-
mal model [26-28]. Angiotensin I, which had an
important role in vascular remodeling, and miR-
130a mediated proliferation of rat VSMCs via
suppressing Gax expression [29, 30]. More
importantly, the expression of Gax decreased
in quiescent porcine VSMCs after serum indu-
cing phenotype transition [31]. And MEF2,
known to be a regulator of VSMCs phenotypic
modulation [14], could transactivate the mouse
Gax promoter via binding to specific sequences
in a site-dependent manner [32]. Therefore, it
would be interesting to elucidate whether Gax
was implicated in maintain the differentiation
effect on human VSMCs. However, at present,
little is known about the role of Gax in human
VSMCs phenotypic switching.

Mechanistically, we identified Rap1A gene as a
critical downstream target of transcription fac-
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tor Gax in VSMCs phenotypic modulation.
Rap1A is a ras superfamily small GTPase which
is the master regulator of a diverse range of cel-
lular processes and acts via downstream effec-
tor molecules [33]. For example, Raf-1 was a
major component of the RaplA complex, and
inhibition of Raf-1 had been shown to inhibit
VSMCs proliferation and migration in vitro and
neointimal formation in vivo [34, 35]. In addi-
tion, Raf-1 played an important role in the regu-
lation of vascular contractility [36]. Furthermore,
Rapl1A had been involved in tumor cells prolif-
eration and cancer cells growth based on stud-
ies using genetic deletion or overexpression of
molecules that modulated RaplA activation
[37, 38]. Rap1A had been a well documented
role in ERK/MAPK signaling and intergrin acti-
vation, which could contribute cell migration
and inhibit cell differentiation [37, 39]. Impor-
tantly, Rap1A expression could be upregulated
by PDGF, thrombin and downregulated by TGF-3
[37, 40], and these factors were associated
with VSMCs phenotypic modulation. In accor-
dance with these observations, we found that
overexpression of Gax significantly reduced the
PDGF-BB-induced expression of RaplA, con-
tributing to its inhibitory effects on VSMCs pro-
liferation and migration. Although Gax was
expressed exclusively in cardiovascular tissues
in adults, the binding site of Gax in target genes
was conserved among different species such
as human, mouse and rat levels, which prompt-
ed us to explore the functional significance of
Gax in vivo by using mouse carotid artery injury
model. Strikingly, Gax overexpression signifi-
cantly suppressed the neointimal formation,
which was accompanied by decreasing expres-
sion of Rap1A and maintaining VSMCs contra-
ctile phenotype. Our results were the first to
identify transcription factor Gax as an impor-
tant modulator in regulating VSMCs phenotypic
switching, at least in part, through targeting the
Rapl1A pathway.

VSMCs phenotypic transformation is of great
importance for the resolution of vascular re-
modeling. Recent studies had involved tran-
scription factors such as MEF-2, GATA-6, CREB,
KLF-4, as important targets of multiple growth
factor signaling pathways that adjusted VSMCs
phenotypic switching [11, 12, 14]. The exact
molecular mechanisms underlying the regula-
tion of VSMCs phenotypic modulation by these
transcription factors were variable. However,
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they mainly implicated in the indirect or direct
regulation of the target genes expression. In
this study, we screened the target genes of Gax
in VSMCs phenotypic modulation using cDNA
array analysis, and found that hundreds of
genes such as RaplA, TRPS1, ASAH1, DLX1,
SBNO1, SAV1, ZEFP28, were downregulated.
RaplA gene was selected for the follow-up
study because different expression of RaplA
gene between two groups was most significant
and recent studies reported the role of RaplA
in biological function of cells. This study sug-
gested that RaplA regulated expression of
VSMCs differentiation marker genes, possible
via a mechanism yet to be determined.

In summary, we identified Gax as an important
regulator in human VSMCs proliferation, migra-
tion and differentiation by targeting, at least
partly, the RaplA pathway. Moreover, VSMCs
phenotypic modulation is known to play a piv-
otal role in the pathogenesis of a variety of
cardiovascular diseases such as restenosis
and atherosclerosis. Therefore, modulation of
RaplA expression by transcription factor Gax
may have potential as a therapeutic target for
prevention and treatment of cardiovascular
diseases.
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