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G�12/13 Induction of CYR61 in Association With
Arteriosclerotic Intimal Hyperplasia

Effect of Sphingosine-1-Phosphate

Young Mi Kim, Sung-Chul Lim, Chang Yeob Han, Hee Yeon Kay, Il Je Cho, Sung Hwan Ki,
Moo Yeol Lee, Hyuck Moon Kwon, Chang Ho Lee, Sang Geon Kim

Objective—G�12/13 play a role in oncogenic transformation and tumor growth. Cysteine-rich protein 61 (CYR61) is a
growth-factor-inducible angiogenic factor. In view of potential overlapping functions between G�12/13 and CYR61, this
study investigated the role of these G proteins in CYR61 induction in association with hyperplastic vascular abnormality.

Methods and Results—Overexpression of activated G�12 or G�13 induced CYR61 expression in vascular smooth muscle
cells (VSMCs). Gene knockdown and knockout experiments revealed that sphingosine-1-phosphate (S1P) treatment
induced CYR61 via G�12/13. JunD/activator protein-1 (AP-1) was identified as a transcription factor required for CYR61
transactivation by S1P. Deficiencies in G�12/13 abrogated AP-1 activation and AP-1-mediated CYR61 induction. c-Jun
N-terminal kinase was responsible for CYR61 induction. Moreover, deficiencies of G�12/13 abolished c-Jun N-terminal
kinase–dependent CYR61 induction by S1P. N-acetyl-L-cysteine or NADPH oxidase inhibitor treatment reversed
CYR61 induction by S1P, indicating that reactive oxygen species are responsible for this process. The levels of G�12/13

were increased within thickened intimas and medias in wire-injured mouse femoral arteries, which was accompanied by
simultaneous CYR61 induction. Moreover, G�12/13 and CYR61 were costained in the arteriosclerotic lesions
immediately adjacent to human tumor tissues.

Conclusion—G�12/13 regulate AP-1-dependent CYR61 induction in VSMCs and promote VSMC migration, and they are
upregulated with CYR61 in arteriosclerotic lesions. (Arterioscler Thromb Vasc Biol. 2011;31:861-869.)
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� cysteine-rich protein 61 � sphingosine-1-phosphate � vascular smooth muscle cell

Vascular proliferative disorder and cancer share common
aspects in disease development and progression: both

are characterized by dysregulation of cell growth and differ-
entiation, oxidative stress, inflammation, and angiogenesis.1–3

In response to vascular injury, vascular smooth muscle cells
(VSMCs) migrate toward the intima and abnormally prolif-
erate, leading to neointimal hyperplasia. Exaggerated intimal
thickening that occurs with neovascularization then aggra-
vates vascular occlusion and consequently amplifies oxida-
tive stress and inflammatory processes, which may favor
tumor growth and dissemination.3 Moreover, previous clini-
cal reports showed high occurrences of arteriosclerosis in the
vicinity of several different tumor tissues.4,5 However, the
underlying molecular basis has not been clarified.

Hyperplastic proliferation of VSMCs results from the stimu-
lation by various growth factors, G-protein-coupled receptor

(GPCR) ligands, or inflammatory cytokines, the levels of which
are increased in tumor microenvironment. Of the major targets
associated with neointimal hyperplasia, the cysteine-rich protein
61 (CYR61, a member of connective tissue growth factor/
cysteine-rich 61/nephroblastoma overexpressed [CCN] family),
secreted as an extracellular matrix-associated protein, exerts its
downstream signaling by binding to various types of integrins in
an autocrine or paracrine manner6 and thus modulates the
response of VSMCs to vascular inflammation and injury.
Whereas a deficiency of CYR61 results in a defect in vessel
bifurcation,7 increased CYR61 expression induces a set of genes
responsible for adhesion, migration, proliferation, angiogenesis,
and inflammation.8,9

Of the G-protein families, the G�12 family that comprises
G�12 and G�13 as members (also referred as the gep onco-
genes) plays a role in oncogenic transformation, tumor
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growth, and tumor progression.10 Moreover, G�12 and G�13

are upregulated in various human tumor tissues.11–13 They
differ in terms of the abilities to couple to different GPCRs
and ligands, recruit different signaling pathways, and stimu-
late mitogenic pathways.14,15 Unlike the case of G�12 defi-
ciency, G�13 deficiency impairs angiogenesis and results in
intrauterine death of mice.14,15 Ligands, including
sphingosine-1-phosphate (S1P), lysophosphatidic acid,
thrombin, angiotensin II (Ang II), endothelin-1, and throm-
boxane A2, activate G�12/13 through specific GPCRs and may
be implicated in vascular dysregulation, as well as tumor
pathophysiology.16–18 However, little information is available
on the regulatory role of G�12/13 in VSMC proliferation and
migration or its mechanistic basis.

In view of G�12/13’s regulation of tumor growth, CYR61’s
induction of angiogenesis, and similarities in the molecular
pathogenesis between tumor and vascular proliferative disease,
this study investigated the role of G�12 and G�13 in Rho-
dependent CYR61 gene regulation with particular reference to
hyperplastic vascular abnormality. First, CYR61 gene regulation
by G�12/13 was explored at the molecular level in VSMC or
other cell models. In a wire-injured mouse femoral artery
model, we examined the levels of G�12/13 expression in the
thickened intimas and medias. The expression of G�12/13

and CYR61 was also measured in the arteriosclerotic
lesions within or immediately adjacent to human tumor
tissues. Here, we report that G�12 and G�13 regulate
CYR61 induction, in a process mediated by the activation
of c-Jun N-terminal kinase (JNK) and the consequent
increase in activator protein-1 (AP-1) activity, contributing
to neointimal hyperplasia.

Materials and Methods
For an expanded Materials and Methods section, please see the
supplemental materials (available online at http://atvb.ahajournals.org).

Cell Culture
Rat aortic smooth muscle cells (RASMCs) were isolated from the
thoracic aortas of male Sprague-Dawley rats by enzymatic diges-
tion19 and used between passages 3 and 10. Mouse embryonic
fibroblasts (MEFs) generated from genetically engineered mice that
contained gene knockout(s) for G�12/G�13 were supplied from Dr.
M. Simon (Caltech, Pasadena, CA).15,20 HEK293 cells were pur-
chased from ATCC (Manassas, VA).

Adenoviral Infection
Adenoviral construct encoding for an activated mutant of G�12 (Q231L,
Ad-G�12QL) was kindly provided from Dr. P.J. Casey (Duke Univer-
sity Medical Center, Durham, NC).11 An adenoviral construct encoding
activated mutant of G�13 (Q226L, Ad-G�13QL) was generated using
attL containing shuttle plasmid (Newgex, Seoul, Korea).

Luciferase Assays
A luciferase construct containing human CYR61 promoter (�923/
�121) in pGL3 was kindly donated by Dr. T.A. Guise (University of
Virginia, Charlottesville, VA).21

Femoral Artery Injury in Mice
Animal experiments were conducted under the guidelines of the Institu-
tional Animal Use and Care Committee at Seoul National University.
Briefly, a straight spring wire, 0.38 mm in diameter (Cook, Bloomington,
IN), was carefully inserted into the left femoral artery to induce transluminal
mechanical injury and then removed as described previously.19

Transwell Migration Assays
Cell migration was performed using a 24-well Transwell unit with
polycarbonate membrane (8-�m pores, Costar, Corning, Inc,
Corning, NY).

Patient Samples
Human tumor tissues were obtained from 7 patients who had cancer
surgery at Chosun University Hospital (Gwangju, Korea). The
clinical characteristics of the patients are listed in Supplemental
Table I. This human investigation was performed after approval by
the institutional review board.

Immunohistochemistry
The 4-�m-thick tissue sections were prepared and immunostained
with antibodies. Immunofluorescence assays verified the specifici-
ties of the anti-G�12 and anti-G�13 antibodies in wild-type and
G�12- or G�13-knockout MEFs (Supplemental Figure I).

Results
CYR61 Gene Induction by Activated Mutants
of G�12/13
To link G�12/13 and CYR61 induction, we investigated CYR61
gene expression after enforced expression of an activated mutant
of G�12 (G�12QL) or G�13 (G�13QL). Immunoblot assays
showed that Ad-G�12QL or Ad-G�13QL infection increased the
level of CYR61 protein in RASMCs (Figure 1A). Real-time
polymerase chain reaction (PCR) analysis also showed increases
in CYR61 transcript level by G�12QL or G�13QL (Figure 1B).
Moreover, infection with either Ad-G�12QL or Ad-G�13QL
increased luciferase expression from pGL-CYR61–923 that
contains the promoter region of the human CYR61 gene in
RASMCs (Figure 1B). In HEK293 cells, CYR61 transactivation
was similarly promoted by G�12QL or G�13QL in parallel with
increases in CYR61 protein and mRNA levels (Figure 1C and
1D). Our results showed that the activation of G�12 or G�13 may
lead to the induction of CYR61 gene.

G�12/13-Mediated CYR61 Induction by S1P
To confirm the regulatory role of G�12/13 in CYR61 induction
using the ligand of GPCR coupled to G�12/13, we tested whether
S1P induces CYR61 through G�12/13. The time-course and
dose-dependent effects of S1P treatment on the induction of
CYR61 were assessed in RASMCs or MEFs. S1P increased
CYR61 expression in RASMCs (Figure 2A), as did other GPCR
ligands, Ang II and thrombin; S1P at 1 �mol/L or above (ie,
plasma concentrations observed after pathophysiological situa-
tions such as platelet activation) induced CYR61. In RASMCs,
S1P treatment enhanced CYR61 mRNA level (Figure 2B, top).
Dihydro-S1P, a membrane-nonpermeable S1P analog, had the
same effect, suggesting that CYR61 induction by S1P relies on
S1P receptor. JTE-013 (a selective S1P2 inhibitor) treatment
blocked CYR61 induction by S1P (Figure 2B, bottom), suggest-
ing that CYR61 induction by S1P depends on S1P2, a major S1P
receptor in VSMCs.

The knockdown or knockout of either G�12 or G�13 partly
diminished the ability of S1P to induce CYR61 in RASMCs or
MEFs (Figure 2C). Although a deficiency of G�12 or G�13

allowed S1P treatment to induce CYR61, deficiencies of both
entirely inhibited the CYR61 induction (Figure 2C). Our sup-
plemental data showing CYR61 induction by S1P in G�q�/�
MEF cells supports the specificity of G�12/13 in regulating
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CYR61 expression (Supplemental Figure IIA). To exclude the
role of G�i/o in the induction of CYR61, CYR61 was immuno-
blotted in RASMCs or MEFs treated with S1P with or without
0.1 ng/mL pertussis toxin (a G�i/o inhibitor). PTX did not
change the ability of S1P to induce CYR61 (Supplemental
Figure IIB), indicating that G�i/o might not affect CYR61
induction by S1P. Either Y-27632 (a Rho-kinase inhibitor) treat-
ment or dominant-negative mutant of Rho transfection inhibited the
ability of S1P to induce CYR61 (Figure 2D). Collectively, these
results demonstrate that G�12 and G�13 play a role in transducing
signals for CYR61 induction through Rho activation.

Role of NADPH Oxidase Activation in CYR61
Induction by S1P
Reactive oxygen species (ROS), such as H2O2 and superoxide
anion, stimulate downstream signals in the cell. To determine
whether NADPH oxidase is associated with CYR61 induction
by S1P and to identify the role of ROS in the induction of
CYR61, ROS production was measured in RASMCs. A flow
cytometric assay using 2=,7=-dichlorofluorescein diacetate indi-
cated that S1P treatment increased it (Figure 3A). Ang II had a
similar effect. Treatment with diphenilene iodonium chloride
(DPI), a chemical inhibitor of NADPH oxidase, diminished

ROS production by S1P (data not shown). Consistently, S1P
treatment caused the activation of NADPH oxidase (�2-fold), as
did Ang II (data not shown). Either DPI or N-acetyl-L-cysteine
prevented the ability of S1P to induce CYR61 (Figure 3B),
indicating that ROS may promote CYR61 induction.

Moreover, the mRNA level of Nox1 (an inducible catalytic
subunit of NADPH oxidase) was increased in RASMCs by
G�12QL or G�13QL (Figure 3C). By contrast, G�12QL or
G�13QL caused only a slight decrease or no change in the
mRNA level of Nox4 (a constitutively expressed catalytic
subunit of NADPH oxidase). Ang II has been shown to upregu-
late Nox1.22 S1P treatment increased Nox1 mRNA in RASMCs
maximally at 6 hours, as did Ang II (Supplemental Figure IIIA).
Consistently, deficiencies in G�12/13 prevented the ability of S1P
to increase Nox1 mRNA, suggesting that Nox1 induction by
S1P is mediated with G�12/13 (Figure 3C). In contrast, either S1P
or Ang II rather decreased Nox4 mRNA (Supplemental Figure
IIIB). Chemical inhibition of Rho-kinase (Y-27632) prevented
ROS production by S1P, whereas NADPH oxidase inhibition
(DPI) did not change Rho activation by S1P (Figure 3D). Thus,
Rho may lie upstream of NADPH oxidase. Our data illustrating
the Rho-mediated activation of NADPH oxidase by S1P and the
simultaneous induction of CYR61 demonstrate that the ability of
S1P to induce CYR61 may be linked to ROS production.

Figure 1. Induction of CYR61 by activated mutants of G�12/13. A, Immunoblotting for CYR61. RASMCs were infected with Ad-green
fluorescent protein (GFP), Ad-G�12QL, or Ad-G�13QL. The lysates were subjected to immunoblottings for CYR61. B, Real-time PCR for
CYR61 mRNA and luciferase activity assays. C and D, Effects of G�12QL or G�13QL on the expression of CYR61 in HEK293 cells. Val-
ues represent the mean�SE of at least 3 experiments (significantly different from corresponding control, *P�0.05, **P�0.01). Rel. indi-
cates relative.

Kim et al CYR61 Induction by G�12/13 863



JNK-Dependent CYR61 Induction by S1P
ROS activate mitogen-activated protein kinases (MAPKs),
which may mediate signal transduction for target gene transcrip-
tion. In an attempt to identify the signaling pathway required for
CYR61 induction by S1P, we examined whether MAPK inhi-
bition affects CYR61 induction. As expected, S1P treatment
activated all 3 MAPKs in RASMCs, as shown by increases in
their phosphorylations (Figure 4A). Among the MAPK inhibi-
tors (ie, SP600125, SB203580, and PD98059), only SP600125
had an inhibitory effect (Figure 4B, top). A dominant-negative
mutant of JNK1 (dn-JNK1) also prevented the induction of
CYR61 by S1P (Figure 4B, bottom), confirming the regulatory
role of JNK in the CYR61 induction. Consistently, G�12QL or
G�13QL promoted JNK phosphorylation in RASMCs (Figure
4C, left). Moreover, knockouts of both G�12 and G�13 abrogated
JNK activation by S1P (Figure 4C, right). Consistently, either
DPI or JTE-013 treatment prevented JNK activation by S1P
(Figure 4D and Supplemental Figure IV). Our results support the
contention that JNK activation, presumably as a downstream
effect of NADPH oxidase activation, may be responsible for the
induction of CYR61 by S1P.

Role of JunD/AP-1 in CYR61 Induction by G�12/13
The G�12 family members may regulate target gene expression
through AP-1.23 In RASMCs, G�12QL or G�13QL enhanced
AP-1 reporter activity (Figure 5A, left). Consistently, the ab-
sences of both G�12 and G�13 abrogated the increase in AP-1
activity by S1P (Figure 5A, right), confirming that they regulate
AP-1 in response to S1P. Also, S1P treatment facilitated the
formation of AP-1 DNA binding complex comprising JunD in
gel shift assays (Supplemental Figure V). The functional role of
JunD/AP-1 in the CYR61 gene transactivation was verified by
chromatin immunoprecipitation assays. The absences of G�12/13

inhibited the ability of S1P to recruit JunD to the CYR61
promoter (Figure 5B, left). Similar results were observed in the
quantitative chromatin immunoprecipitation assays in RASMCs
(Figure 5B, right). Knockdowns of G�12/13 attenuated JunD
enrichment by S1P of the AP-1 region in the CYR61 promoter.
Consistently, small interfering RNA (siRNA) knockdown of
JunD diminished CYR61 induction by S1P (Figure 5C).

The promoter region of CYR61 gene contains a CArG
box.24,25 S1P increases serum response factor (SRF) en-
richment of CArG box promoter regions via RhoA/Rho

Figure 2. Role of G�12/13 in the induc-
tion of CYR61 by S1P. A, Time-course
effects of S1P (1 �mol/L), Ang II (100
nmol/L) or thrombin (3 U/mL) treatment.
The concentration-response effect of
S1P (1 hour) was also shown. B, CYR61
expression in RASMCs. CYR61 mRNA
levels were measured in RASMCs
treated with 1 �mol/L S1P or dihydro-
S1P (30 minutes) (top). CYR61 was im-
munoblotted on the lysates of RASMCs
exposed to S1P for 1 hour after JTE-013
treatment (1 �mol/L, 30 minutes) (bot-
tom). C, Effects of siRNA knockdown or
gene knockout. Immunoblottings for
CYR61 were performed in RASMCs
treated with S1P (1 hour) after control or
G�12, G�13, or G�12�G�13 siRNA trans-
fection, or in MEFs treated with S1P (1
hour) (top). Immunoblottings verified
knockdown or knockout of G�12 or G�13
(bottom). D, Effect of chemical inhibition
of Rho-kinase (Y-27632, 5 �mol/L) or
dn-Rho transfection on the induction of
CYR61. GTP-RhoA was immunoprecipi-
tated in RASMCs treated with S1P (5
minutes). Values represent the mean�SE
of at least 3 experiments (significantly
different from corresponding control,
**P�0.01). Rel. indicates relative; siCon,
control siRNA; WT, wild type; IB, immu-
noblotting; IP, immunoprecipitation.
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kinase.26 In the present study, SRF knockdown attenuated
CYR61 induction by S1P in RASMCs (Figure 5D, left).

In addition, G�12/13 knockouts prevented serum response ele-
ment (SRE)-driven gene induction by S1P (Figure 5D, middle).

Thus, it is highly likely that G�12/13 also regulate SRE-dependent
gene induction by S1P. Active JNK phosphorylates SRF.25 We
also observed that dn-JNK1 transfection prevented SRE reporter
gene induction by S1P (Figure 5D, right).

Figure 3. Requirement of ROS for
CYR61 induction. A, ROS production by
S1P in RASMCs. RASMCs were treated
with 1 �mol/L S1P (red) or 100 nmol/L
Ang II (positive control, blue) for 30 min-
utes after incubation with 2=,7=-
dichlorofluorescein diacetate (10 �mol/L,
30 minutes). B, Inhibition by DPI (3 or
10 �mol/L) or N-acetyl-L-cysteine (1 or
3 mmol/L) of S1P-mediated CYR61
induction. C, G�12 and G�13 regulation
of Nox1 and Nox4. Real-time PCR
assays were performed in RASMCs
infected with Ad-green fluorescent pro-
tein (GFP), Ad-G�12QL or Ad-G�13QL
(left). The effect of G�12 and G�13 knock-
down on Nox1 was assessed after S1P
treatment (6 hours) (right). Values repre-
sent the mean�SE of at least 3 experi-
ments (significantly different from corre-
sponding control, *P�0.05, **P�0.01;
N.S., not significant). Rel. indicates rela-
tive; siCon, control siRNA. D, Rho regu-
lation of ROS production. ROS was
measured in RASMCs treated with S1P
(30 minutes) following Y-27632 treatment
(5 �mol/L, 30 minutes) (left). GTP-RhoA
was measured in cells incubated with
S1P (5 minutes) following DPI
(10 �mol/L) or N-acetyl-L-cysteine (NAC)
(3 mmol/L) treatment for 30 minutes
(right). IB, immunoblotting; IP,
immunoprecipitation.

Figure 4. Role of JNK in CYR61 induc-
tion by G�12/13. A, MAPK activation by
S1P (1 �mol/L). ERK indicates extracel-
lular signal regulated kinase; p-,
phospho-. B, Effects of MAPK inhibition
on CYR61 induction by S1P. Immuno-
blottings for CYR61 were performed in
RASMCs or MEFs treated with S1P (1
hour) after chemical inhibition (10 �mol/L
each, 30 minutes) or dn-JNK1 transfec-
tion. c-Jun phosphorylation verified
dn-JNK1 overexpression. The phosphor-
ylation of ERK1/2 by S1P (5 minutes)
was assessed to show the specificity of
SP600125 or dn-JNK1. SP indicates
SP600125; SB, SB203580; PD,
PD98059. C, G�12 and G�13 regulation
of MAPKs. MAPKs were immunoblotted
on the lysates of RASMCs infected with
Ad-GFP, Ad-G�12QL, or Ad-G�13QL, or
MEFs treated with S1P (5 minutes). D,
Inhibition of S1P (1 �mol/L, 5 minutes)-
induced JNK activation by DPI
(10 �mol/L).

Kim et al CYR61 Induction by G�12/13 865



Collectively, our results support the concept that G�12/13

control the JNK-dependent signal necessary for the activation
not only of JunD/AP-1 but also of SRF, and thereby regulate
CYR61 induction (Supplemental Figure VI).

G�12/13 Upregulation Within Arteriosclerotic
Lesions That Express CYR61
To assess the expression levels of G�12/13 in the conditions
forming intimal hyperplasia, wire injury of the mouse femoral
artery was performed. Of note, immunoreactivity for G�12 or
G�13 was increased in the wire-induced neointimas as com-
pared with uninjured ones (Figure 6A and 6B). CYR61 was
simultaneously induced within the wire-induced neointimas.
In addition, the levels of G�12/13 and CYR61 were both
increased in the medias of wire-injured femoral arteries. In a
cell model, infection with either Ad-G�12QL or Ad-G�13QL
promoted RASMC migration (Figure 6C, left). CYR61
knockdown attenuated RASMC migration increased by the
activated G�12 or G�13 (Figure 6C, right). Our results
indicate that active G�12/13 may contribute to RASMC
migration through CYR61 induction, implying their role in
arteriosclerotic pathophysiology.

Finally, the expression levels of G�12/13 were examined in
human peritumoral arteriosclerotic lesions. Intriguingly, sig-

nificant lumen narrowing due to neointimal hyperplasia was
found in the arteries within or immediately adjacent to human
tumor tissues in patients with stomach adenocarcinoma, colon
adenocarcinoma, cholangiocarcinoma, thyroid papillary car-
cinoma, gastrointestinal stromal tumor, or laryngeal squa-
mous cell carcinoma (Figure 6D, left). The patients had
advanced cancer, but no history of coronary heart diseases.
The predominant cells of which the thickened intima was
composed were apparently VSMCs. No atheroma was found
in these lesions. In these specimens, both G�12 and G�13

were upregulated mainly in the thickened intimas and medias,
and were costained with CYR61 (Figure 6D right, and
Supplemental Table I). Moreover, the tumor tissues them-
selves, except thyroid papillary carcinoma, exhibited immu-
noreactivity for G�12/13. These results, along with immuno-
histochemical data in an in vivo animal model, suggested the
possible role of G�12/13 in the pathogenesis of vascular
proliferative condition.

Discussion
The G�12 members are involved in tumor cell growth,
migration, and invasion.11–13 Our results demonstrated for the
first time that G�12/13 expression levels are upregulated in

Figure 5. Role of JunD/AP-1
and SRF in G�12/13-mediated
CYR61 induction. A, G�12 and
G�13 regulation of AP-1 activ-
ity. AP-1 reporter activity was
measured in RASMCs infected
with Ad-GFP, Ad-G�12QL or
Ad-G�13QL (left). The effect of
G�12 and G�13 knockouts on
AP-1 reporter activity was
assessed after S1P treatment
(15 hours) (right). Rel. indicates
relative. B, JunD chromatin
immunoprecipitation assays.
Cross-linked protein-DNA
complexes were immunopre-
cipitated using either anti-JunD
antibody or preimmune-IgG
(negative control) in cells
treated with S1P for 30 min-
utes after transfection of
human CYR61 promoter con-
struct. One tenth of cross-
linked lysates before immuno-
precipitation was used as an
input DNA control. Conven-
tional (left) and quantitative
real-time (right) PCRs were
performed using primers flank-
ing the AP-1 binding site of
the CYR61 gene. All quantita-
tive PCRs were normalized to
the input DNA. C, Effect of
JunD knockdown on CYR61
induction by S1P (1 hour).
JunD knockdown and its effect
on MAPK phosphorylation was
measured in RASMCs treated
with S1P (5 minutes). D, Role
of SRF in G�12/13-mediated
CYR61 induction by S1P. The

effect of SRF knockdown on CYR61 induction was determined in RASMCs treated with S1P (1 hour) (left). SRE reporter activity was
measured as described in A or after dn-JNK1 transfection (right). Values represent the mean�SE of at least 3 experiments (significantly
different from corresponding control, *P�0.05, **P�0.01; N.S., not significant). siCon indicates control siRNA.
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arteriosclerotic lesions, supporting the close relationship be-
tween G�12/13 and hyperplastic growth of VSMCs, implying
that the increased G protein levels may enhance signals from
GPCR activation. The present results are in agreement with
our previous finding that G�12/13 were induced in the bron-
chial smooth muscle of airway hyperresponsive animals and
promoted proliferative and hypercontractile phenotypic
changes; G�13, but not G�12, regulates cholinergic bronchial
contraction in airway smooth muscle by methacholine.27

CYR61, as a secreted heparin-binding protein, plays a role in
cancer progression.28 It can also be induced in human arterio-
sclerotic lesions.29 In an animal model, CYR61 knockdown

reduced the degree of intimal hyperplasia,30 supporting its role in
the pathologenesis of vascular proliferative disease. An impor-
tant finding of the present study is identification of simultaneous
expression of G�12/13 and CYR61 in arteriosclerotic lesions in
peritumoral and intratumoral arteries. Moreover, we revealed
that G�12/13 have a regulatory effect on CYR61 gene induction in
VSMCs. This is the first finding showing their role in CYR61
expression downstream from activated GPCR. Our data showing
an increase in RASMC migration by active mutants of G�12/13

with the role of CYR61 in this process further support the
hypothesis that G�12/13 regulate VSMC migration at least in part
because of the induction of CYR61.

Figure 6. Expression of G�12/13 and CYR61 within
human or mouse arteriosclerotic lesions. A and B,
Immunohistochemistry of serial sections of mouse
femoral arteries obtained on day 21 after injury
induction. The intensities of immunochemical
staining were measured on a semiquantitative
scale (0, negative; 1, weak; 2, strong). Values rep-
resent the mean�SE (n�5 animals per group) (sig-
nificantly different from uninjured sample, *P�0.05,
**P�0.01). I indicates intima; M, media; Rel., rela-
tive. C, Transwell migration assay. Migrated
RASMCs that had been infected with Ad-GFP,
Ad-G�12QL, or Ad-G�13QL were stained with H&E
(top left), and counted (bottom left). Migrated
RASMCs were counted after G�12QL (or G�13QL)
and siRNA transfection (bottom right). Values rep-
resent the mean�SE of at least 3 experiments
(significantly different from corresponding control,
*P�0.05, **P�0.01). siCon, control siRNA. D, Rep-
resentative images of H&E-stained sections of
human arteriosclerotic lesions in the peritumoral or
intratumoral arteries (left) and immunohistochemis-
try for G�12, G�13, or CYR61 on serial sections of
human arteriosclerotic lesions (right, brown), coun-
terstained with hematoxylin (blue). GIST indicates
gastrointestinal stromal tumor.
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S1P, a bioactive lipid mediator, exerts a wide range of
physiological activities.18 Sphingosine kinase-1 is responsible
for the production of extracellular S1P and is upregulated in
various human solid tumors, as supported by the increased S1P
release in the tumor microenvironment.31 In addition, S1P is
involved not only in normal vascular physiology but also in
abnormal vascular tone or intimal hyperplasia.32 S1P can bind to
5 S1P receptors, whose functions are related to variations in
G-protein coupling (G�i, G�q, and G�12/13). Although the
mechanisms by which S1P regulates vascular biology are not
completely understood, there are a few studies demonstrating
that S1P receptors are involved in VSMC proliferation and
phenotypic changes following vascular injury.26 In the present
study, S1P induced CYR61 expression in VSMCs, which was
inhibited by JTE-013 (a S1P2 blocker), suggesting that CYR61
induction by S1P may depend on S1P2.

The experimental results using the techniques of gene knock-
down and knockout support that deficiencies of G�12/13 dimin-
ished the ability of S1P to induce CYR61. Also, partial decreases
in the ability of S1P to induce CYR61 by the lack of G�12 or
G�13 support the notion that these G-proteins act together for
full induction of CYR61. Moreover, our results demonstrate that
the G�12/13 pathway coupled with S1P receptor transduces
CYR61 induction, implying that the increased G�12/13 levels in
VSMCs in the thickened intimas and medial layers may inten-
sify signals for the induction of CYR61. In an additional
experiment, CYR61 was also induced by other GPCR ligands,
Ang II and thrombin (ie, ligands of GPCRs coupled to G�12/13),
raising the possibility that the G�12 members are differentially or
overlappingly coupled to different GPCRs for CYR61 induction.
Collectively, G�12/13 convey signals together for the induction
of CYR61 gene as the downstream component of activated S1P
receptor.

NADPH oxidases are multiprotein complexes composed of 2
membrane-bound and 3 cytosolic subunits.33 Cellular ROS
produced mainly by the catalysis of NADPH oxidase in VSMCs
cause vascular proliferative alterations. The known catalytic
subunits in VSMCs are Nox1, Nox2, Nox4, and Nox5.33 Among
them, Nox1 mediates growth and migration of VSMCs and thus
may contribute to neointima formation after injury.19 Another
important finding of this study is that G�12/13 stimulate Nox1
induction in VSMCs, which would increase NADPH oxidase
activity. Enhanced NADPH oxidase activity may be responsible
for the ability of G�12 or G�13 to activate AP-1; the AP-1
binding site seemed to be essential for the expression of Nox1
gene.34 The role of NADPH oxidase-catalyzed ROS in CYR61
induction was verified by our results showing prevention of
CYR61 induction by antioxidant or the chemical inhibitor of
NADPH oxidase. We also observed that Rho activation contrib-
uted to CYR61 induction by S1P in VSMCs. In addition, our
observation that Rho-kinase inhibition prevented ROS produc-
tion by S1P, whereas NADPH oxidase inhibition did not change
Rho activation, support the concept that Rho may lie upstream of
NADPH oxidase. Overall, G�12/13 induction boosts up NADPH
oxidase-mediated ROS production through Rho activation and
may lead to hyperplastic intimal hyperplasia.

The induction of CYR61 mainly results from transcrip-
tional activation. Real-time PCR analyses demonstrated the
inability of S1P to increase CYR61 mRNA in cells deficient

in G�12/13, which paralleled the result of pGL-CYR61 re-
porter gene experiment (data not shown). Our data provide
strong evidence that S1P treatment failed to induce CYR61
during the absences of G�12/13 because of defective transcrip-
tion and that both G�12 and G�13 dually regulate CYR61
induction by S1P. The cis-acting elements identified to act at
the promoter region of CYR61 include Creb and hypoxia-
inducible factor-1�.35,36 Although AP-1, a known redox-
sensitive transcription factor, had been claimed to be involved
in the regulation of human and mouse CYR61 promoters,35,36

the direct evidence of AP-1 involvement in inducing CYR61,
especially by S1P, had never been provided. In this report,
S1P transactivated the CYR61 gene in VSMCs, as mediated
with JunD/AP-1. In our luciferase assays, AP-1 activation
was abrogated by the absences of G�12 and G�13. The
requirement of both G proteins for AP-1 activity, as well as
for CYR61 induction, supports their key role in the gene
induction.

A previous study showed that SRE contributes to CYR61
induction by serum and growth factors.24 We also found that
SRF was involved in G�12/13-dependent CYR61 induction by
S1P in VSMCs, as supported by the knockdown and knock-
out results. This is consistent with the observation that
G�12QL activated SRE reporter activity independent of
ternary complex factor.37 CYR61 can also be transactivated
by transforming growth factor-�1.21 In our previous study,
G�12 members were found to regulate transforming growth
factor-�1 gene transcription.23 In a study by Bartholin et al,
transforming growth factor-� transcriptionally increased
CYR61 expression through a mechanism involving Smad
binding to their genes.21 However, G�12/13 did not activate
Smads.23 These observations support the conclusion that
G�12/13 regulate SRF, as well as AP-1, which leads to the
transcriptional induction of CYR61.

In the present study, sclerotic lesions were found in the
arteries located within or immediately adjacent to several
solid tumor tissues obtained from patients with advanced
stage cancer. Our observation is in line with the reports
showing the higher occurrences of local arteriosclerosis in
tumor-positive specimens than in tumor-negative ones.4,5

Considering the similar pathogenesis between vascular pro-
liferative disorder and tumor progression, it is expected that a
variety of mitogenic, angiogenic, and inflammatory media-
tors released into tumor microenvironment may cause intimal
thickening in peritumoral arteries. Moreover, narrowed lu-
mens and thickened arterial walls would limit the sufficient
oxygen supply to the surrounding tissue, as well as vascular
cells, possibly inducing hypoxic conditions, which may
eventually favor tumor progression, as well as neovascular-
ization.3 Nonetheless, the causal relationship between arterio-
sclerosis and tumor development remains to be established.

Our observations that G�12 and G�13 were both induced in
arteriosclerotic lesions and that these changes occurred in
parallel with CYR61 induction help to identify the in vivo
correlation between the G proteins and CYR61 expression.
The regulatory roles of G�12/13 for CYR61 induction and the
importance of JNK/AP-1 were corroborated by our results
using VSMCs and MEFs. The findings presented here may
provide insight into the G�12/13-mediated signaling pathway
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for regulating CYR61 in vascular proliferative disorder and
may be of help in understanding the abnormal vascular
formation, pathogenesis, and amplification of inflammatory
responses during tumor growth, angiogenesis, and invasion.
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Supplemental Materials and Methods 

 

Materials 

 Anti-G12, anti-G13, anti-Gq, anti-CYR61, anti-GFP, anti-JunD, anti-c-Jun, anti-Jun-B, anti-c-

Fos, anti-Fos-B, anti-Fra-1, anti-RhoA, and anti-SRF antibodies were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). Antibodies directed against phospho-c-Jun, phospho-p38, p38, 

phospho-JNK, JNK, phospho-ERK, ERK, and ATF2 were supplied by Cell Signaling Technology 

(Beverly, MA). Anti-active RhoA-GTP antibody was purchased from NewEast Biosciences (Malvern, 

PA). Sphingosine-1-phosphate and dihydrosphingosine-1-phosphate were obtained from Biomol 

(Plymouth Meeting, PA). Thrombin and SP600125 (JNKI, JNK inhibitor) were purchased from 

Calbiochem (San Diego, CA). JTE-013 was obtained from Cayman Chemical Co. (Ann Arbor, MI). 

Anti--actin antibody, angiotensin II, 2’,7’-dichlorofluorescein diacetate, diphenilene iodonium 

chloride, N-acetyl-L-cysteine, Y-27632 and other reagents were supplied from Sigma-Aldrich Co. (St. 

Louis, MO).  

 

Cell Culture 

 Rat aortic smooth muscle cells (RASMCs) were isolated from the thoracic aortas of 6 week-old 

male Sprague-Dawley rats by enzymatic digestion as described previously.
1
 Briefly, the dissected 

aortas were cleaned of connective tissue, fat and endothelium, and digested with collagenase to 

remove the adventitia. The obtained vascular smooth muscle layers were cut into small pieces, which 

were digested with collagenase and elastase to dissociate VSMCs. VSMCs were grown in Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL 

penicillin, and 100 µg/mL streptomycin at 37°C in humidified atmosphere with 5% CO2. The 

authenticity of RASMCs was confirmed by positive immunostaining for smooth muscle α-actin. 

RASMCs from passages 3 to 10 were used for all experiments. RASMCs at 70-80% confluency were 

made quiescent by serum starvation for 24 h.  

 Mouse embryonic fibroblasts (MEFs) generated from genetically engineered mice that contained 

gene knockout(s) for G12/G13 were supplied from Dr. M. Simon (Caltech, Pasadena, CA).
2,3

 

HEK293 cells were purchased from ATCC (Manassas, VA). These cell lines were maintained in 

DMEM with 10% FBS, 100 U/mL penicillin, and 100 g/ml streptomycin. 

 

Adenoviral Infection 

 Adenoviral construct encoding for an activated mutant of G12 (Ad-G12QL) was kindly provided 

from Dr. P. J. Casey (Duke University Medical Center, Durham, NC).
4
 To generate an adenoviral 

construct encoding activated mutant of G13 (Ad-G13QL), the G13QL gene was subcloned into attL 
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containing shuttle plasmid, pENTR-BHRNX (Newgex, Seoul, Korea). Recombinant adenovirus was 

constructed and generated using pAd/CMV/V5-DEST gateway plasmid (Invitrogen, Carlsbad, CA). 

Virus titers were determined by TCID50 method. RASMCs were infected with the construct at a 

multiplicity of infection (MOI) of 100 for 24 h. After removal of viral suspension, the cells were 

incubated in DMEM containing 1% FBS for another 24 to 48 h prior to further experimentation. 

Adenovirus which expresses GFP (Ad-GFP) was used as an infection control.  

 

Immunoblot and Immunoprecipitation Analyses 

 Immunoblot analyses were performed according to previously published procedures.
5
 Proteins of 

interest in lysates were resolved by SDS-PAGE and transferred to nitrocellulose membrane. The 

protein bands were developed using ECL chemiluminescence system (Amersham, Buckinghamshire, 

UK). Equal loading was verified by immunoblotting for -actin. The amount of active-RhoA in the 

lysates of RASMCs was measured by RhoA immunoblotting of GTP-RhoA immunoprecipitate. The 

relative protein levels were determined by scanning densitometry with Image Scan & Analysis System 

(Alpha-Innotech Corporation, San Leandro, CA). 

 

Real-Time PCR Assays 

 Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA) and was
 
reverse-transcribed 

using oligo-d(T)16 primers to obtain cDNA. Real-time PCR was performed according to the 

manufacturer’s instructions (Light-Cycler 2.0

, Roche, Mannheim, Germany). The relative mRNA 

levels were normalized to those of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using 

Lightcycler software 4.0 (Roche, Mannheim, Germany). After PCR amplification, a melting curve of 

each amplicon was determined to verify its accuracy. The sequences of the primers used were as 

follows; rat CYR61 (sense: 5'-GTGCCGCCTGGTGAAAGAGA-3', antisense: 5'- 

GCTGCATTTCTTGCCCTTTTTTAG-3'); human CYR61 (sense: 5'-

GAGTGGGTCTGTGACGAGGAT-3', antisense: 5'- GGTTGTATAGGATGCGAGGCT-3'); rat Nox1 

(sense: 5'-  TTTTATCGCTCCCGGCAGAA-3', antisense: 5'- CAGTCCCCTGCTGCTCGAAT-3'); 

and rat Nox4 (sense: 5'- ACAACTGTTCCGGGCCTGAC-3', antisense: 5'- 

TCAACAAGCCACCCGAAACA-3'). 

 

Luciferase Assays 

 A luciferase construct containing human CYR61 promoter (-923/+121) in pGL3 was kindly 

donated by Dr. T. A. Guise (University of Virginia, Charlottesville, VA).
6
 AP-1 reporter and serum 

response element (SRE) reporter constructs were purchased from Stratagene (La Jolla, CA). RASMCs 

were seeded in a 24-well plate at a density of 5  10
4
 cells/well. The next day, the cells were 
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transfected with CYR61 reporter construct and pCMV-LacZ using FuGENE (Roche, Nutley, NJ) in 

Opti-MEM (GIBCO BRL) for 3 h. The culture medium was then changed to Eagle's minimal essential 

medium (MEM) containing 1% FBS, and the cells were further incubated overnight. The transfected 

RASMCs were incubated with Ad-GFP, Ad-G12QL or Ad-G13QL for an additional 24 h. In 

HEK293 cells, an activated mutant of G12 (G12QL) or G13 (G13QL) (0.5 g each) was co-

transfected with the CYR61 reporter construct and pCMV-LacZ using Lipofectamine (Invitrogen, 

Carlsbad, CA). After 3 h of transfection, the medium was changed to MEM containing 1% FBS, and 

the cells were additionally incubated for 24 h. Luciferase activity was measured in the cell lysates. To 

normalize transfection efficiency, -galactosidase activity was measured at 420 nm by using -

nitrophenyl--D-galactopyranoside as a substrate. In another experiment, wild type (WT) and G12/13 

deficient (G12/13 MEFs were transfected with AP-1 reporter or SRE reporter plasmid for 3 h, and 

treated with S1P for 15 h in fresh MEM.  

 

siRNA Knockdown 

 A non-targeting control siRNA pool and a pool of 4 siRNA duplexes directed against G12, G13, 

JunD, or CYR61 were supplied from Dharmacon (Chicago, IL). A pool of siRNAs targeting SRF was 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Cells were transfected with siRNAs 

(100 pmol) using FuGENE (Roche, Nutley, NJ) according to the manufacturer’s instructions. Further 

experiments were conducted 48 h after transfection. 

 

Measurement of Reactive Oxygen Species 

 RASMCs were stained with 10 M 2’,7’-dichlorofluorescein diacetate (DCFH-DA) for 1 h at 

37°C. The fluorescence intensity in the cells was measured using a BD FACSCalibur flow cytometer 

(San Jose, CA). In each analysis, 10,000 events were recorded. 

 

Transient Transfection  

 The dominant-negative mutant plasmid of JNK1 (dn-JNK1) was kindly provided from Dr. D. 

Dhanasekaran (Oklahoma University Health Sciences Center, Oklahoma City, OK). The plasmid 

encoding for dominant negative mutant of RhoA (dn-RhoA) was supplied from Addgene 

(http://www.addgene.org). Cells were transfected with plasmid using FuGENE (Roche, Nutley, NJ) in 

Opti-MEM (GIBCO BRL) for 3 h. The culture medium was then changed to Eagle's minimum 

essential medium containing 1% FBS, and the cells were further incubated for 24 h, followed by S1P 

treatment for 1 h.  

 

Chromatin Immunoprecipitation (ChIP) Assays 
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 The MEF cells grown in 100-mm dishes were transfected with human CYR61 promoter construct 

(3 g). RASMCs grown in 100-mm dishes were transfected with human CYR61 promoter construct (3 

g) 48 h after transfection with siRNAs using the Amaxa Nucleofection system (Amaxa Biosystems, 

Gaithersburg, MD; program P-024). The cells were treated with 1 M S1P for 30 min, and then 

formaldehyde was added to
 
them to a final concentration of 1% for cross-linking of chromatin. ChIP 

assays were conducted using ChIP assay kit (Upstate Biotechnology, Lake Placid, NY) according to 

the manufacturer’s protocol. Cross-linked protein-DNA complexes were incubated with anti-JunD 

antibody (1 g) at 4°C overnight. Following immunoprecipitation of cross-linked lysates, 

conventional PCR or real-time PCR was performed on the eluted DNA with the specific primers 

flanking the AP-1 binding motif (5’-TGACTCA-3’) at position -628 of the human CYR61 promoter.
6,7

 

The primer sequences are as follows: sense, 5'-CATAAATGCCACTGTGGGT-3'; antisense, 5'-

GGTGAGAGGCAAGTTATCTG-3'; and amplicon size, 176 bp (-748/-573). Conventional PCR 

analysis was performed under the following conditions: after an initial denaturation at 94°C for 5 min, 

the amplification was performed by denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and 

extension at 72°C for 1 min for 30 cycles. The PCR products were run on 2% agarose gels and 

visualized by ethidium bromide staining. Normal mouse IgG (1 g) was used as a negative control. 

One tenth of cross-linked lysates before immunoprecipitation was used as an input DNA control. 

Real-time PCR was performed using SYBR Green I and Light-Cycler 2.0
 

(Roche, Mannheim, 

Germany). All quantitative PCRs were normalized to the input DNA. 

 

Transwell Migration Assays 

 Cell migration was performed using a 24-well transwell unit with polycarbonate membrane (8 m 

pores; Costar, Corning, Inc., Corning, NY).
8
 RASMCs were grown to ~80% confluence and infected 

with adenovirus for 24 h. For CYR61 knockdown experiment, RASMCs were transfected with 

different combinations of the plasmid encoding G12QL or G13QL, and control siRNA or CYR61 

siRNA using the Amaxa Nucleofection system (Amaxa Biosystems, Gaithersburg, MD; program P-

024) for 24 h. They were made quiescent by serum starvation for 24 h and were added to the upper 

chamber (~20,000 cells/well), the undersurface of which was coated with type I collagen (Sigma-

Aldrich). The lower chamber was filled with serum-free media containing 0.1% bovine serum 

albumin (BSA). The cells were allowed to migrate for 24 h, fixed with methanol, and stained with 

hematoxylin for 10 min, followed by eosin staining for 5 min. The non-migrated cells in the upper 

chamber were removed using a cotton swab. RASMC migration was measured by counting the 

number of cells moved to the undersurface of the membrane in 6 high-power fields with microscopy 

(× 100). 
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Femoral Artery Injury in Mice 

 Animal experiments were conducted under the guidelines of the Institutional Animal Use and 

Care Committee at Seoul National University. Male ICR mice weighing 25-35 g were obtained from 

Charles River Orient (Seoul, Korea) and were acclimatized for 1 week in a clean room at the Animal 

Center for Pharmaceutical Research, Seoul National University. For surgical procedures, mice were 

intraperitoneally injected with 3 mg/kg acepromazine, 10 mg/kg xylazine, and 80 mg/kg ketamine 

diluted in 0.9% sodium chloride solution. A straight spring wire, 0.38 mm in diameter (Cook, 

Bloomington, IN), was carefully inserted into the left femoral artery to induce transluminal 

mechanical injury and then removed as described previously.
1
 At 3 weeks after wire injury, the mice 

were sacrificed, and were pressure-fixed with 10% formalin after pressure-perfusion with normal 

saline. Femoral arteries were then carefully excised and embedded in paraffin.  

 

Patient Samples 

 Human tumor tissues with arteriosclerotic lesions were obtained from seven patients who had 

cancer surgery at Chosun University Hospital (Gwangju, Korea) between 2008 and 2009. The clinical 

characteristics of the patients are listed in supplemental Table I. This human investigation was 

performed after approval by the Institutional Review Board.  

 

Immunohistochemistry 

 The 4 m thick sections obtained after formalin fixation and paraffin embedding were 

deparaffinized in xylene and rehydrated with water through a graded series of ethanol solutions. The 

sections were placed in a glass jar with 10 mM citrate buffer (pH 6.0) and irradiated in a microwave 

oven for 15 min. The slides were rinsed with Tris-buffered saline (TBS). Blocking reagent was added 

after quenching the endogenous peroxidase activity in 0.3% H2O2 for 10 min. The slides were then 

washed and subjected to primary antibody reaction. Antibodies directed against G12 (1:100, sc-409), 

G13 (1:200, sc-410) or CYR61 (1:200, sc-13100) were applied to the tissue sections and incubated in 

a moist chamber for 1 h. After washing, Polink-2 HRP plus rabbit DAB detection system (Golden 

Bridge International, Inc., WA) was used. Counterstaining was performed with Mayer's hematoxylin. 

The positive control for G12, G13 or CYR61 was gastric adenocarcinomas that exhibited strong 

cytoplasmic staining in another study. TBS without primary antibody was used as a negative control. 

The intensities of immunochemical staining were measured on a semi-quantitative scale ranging from 

0 to 2, in which 0 indicated absence of any expression; 1, weak expression (+); and 2, strong 

expression (++ or +++). 

 

Immunofluorescence 
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 MEF cells were grown on Lab-TEK chamber slides (Nalge Nunc International Corp, Rochester, 

NY). The standard immunocytochemical method was used as described previously.
9,10

 Briefly, the 

cells were fixed in 100% methanol for 30 min and washed three times with phosphate-buffered saline 

(PBS). After blocking in 5% BSA in PBS for 1 h at room temperature, the cells were incubated for 2 h 

with anti-G12 (1:100, sc-409) or anti-G13 (1:100, sc-410) antibody in PBS containing 1% BSA. 

They were incubated with Alexa555-conjugated goat anti-rabbit IgG antibody (1:100) for 1 h after 

washings with PBS. Staining with 4',6-diamidino-2-phenylindole (DAPI) verified the location and 

integrity of nuclei. Stained cells were washed and examined using a laser scanning confocal 

microscope (Leica TCS NT; Leica Microsystems, Wetzlar, Germany).  

 

Gel-shift Assays 

 Nuclear extracts were prepared as previously described.
11

 Double-stranded, end-labeled DNA 

probe for the consensus sequence of AP-1 (5'-CGCTTGATGAGTCAGCCGGAA-3') was used for 

gel-shift assay. The binding specificities of proteins to DNA were confirmed by both competition and 

supershift reactions. For the competition assays, a 20-fold molar excess of unlabeled oligonucleotide 

was added to each reaction mixture before addition of the radio-labeled probe. A specificity protein-1 

(SP-1) oligonucleotide (5'-ATTCGATCGGGGCGGGGCGAGC-3') was used as a negative control. In 

other assays, the reaction mixture was incubated with antibody (2 µg each, for 30 min), and after the 

addition of the labeled probe, the reaction was continued for another 30 min at 25°C for supershift of 

protein-DNA complex. Samples were loaded onto 4% polyacrylamide gels at 100V. The gels were 

removed, fixed, and dried, followed by autoradiography.  

 

Statistical Analyses 

 All data are reported as mean  S.E. Statistically significant differences were assessed by the 

Student’s t-test or ANOVA with Newman-Keuls test for multiple comparisons. A probability value of 

less than 0.05 was considered significant. 
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Supplemental Table I. Clinical characteristics of cancer patients and intensities of tissue staining 

     Intensity of staining 

     Intima  Media 

Case Tumor Age Gender CAD G12 G13 CYR61  G12 G13 CYR61 

1 Stomach/adenoca 72 M No 1 2 2  1 2 1 

2 Stomach/adenoca 63 M No 2 2 1  1 2 1 

3 Colon/adenoca 65 M No 1 2 1  2 2 2 

4 Liver/cholangioca 63 M No 2 1 1  1 2 1 

5 Thyroid/pap. ca 65 F No 1 1 1  2 2 2 

6 Stomach/GIST 78 F No 2 1 1  2 2 2 

7 Larynx/SCC 68 M No 1 1 1  1 1 1 

adenoca, adenocarcinoma; cholangioca, cholangiocarcinoma; pap.ca, papillary carcinoma; GIST, gastrointestinal stromal tumor; SCC, 
squamous cell carcinoma; and CAD, coronary artery disease. 
0, no expression; 1, weak expression (+); and 2, strong expression (++ or +++) 



10 

 

Supplemental Figure Legends  

 

Supplemental Figure I.  

Immunofluorescence assays for G12 or G13 in WT, G12-knockout or G13-knockout MEF cells 

(red). Nuclei were stained with 4’-6-diamidino-2-phenylindole (blue). scale bar=10 m 

 

Supplemental Figure II.  

A, Role of Gq in CYR61 induction by S1P. WT and Gq-knockout MEF cells were incubated with or 

without 1 M S1P for 1 h. Immunoblottings for CYR61 or Gq were performed on the cell lysates.  

B, Effect of PTX on CYR61 induction by S1P. After pre-incubation with 0.1 ng/ml PTX for 20 h, the 

cells were continuously exposed to 1 M S1P for 5 min or 1 h, and the cell lysates were subjected to 

immunoblottings. The inhibitory effect of PTX was confirmed by decreased phosphorylation of 

ERK1/2. PTX, pertussis toxin 

 

Supplemental Figure III.  

A-B, Time-course effects of S1P (1 M) or AngII (100 nM) treatment on Nox1 and Nox4 mRNAs in 

RASMCs.  

C, Effects of siRNA knockdown of G12 and G13 on the repression of Nox4 mRNA by S1P.  

Values represent the meanS.E. of at least 3 experiments (significantly different from corresponding 

control, 
*
p<0.05, 

**
p<0.01; N.S., not significant). 

 

Supplemental Figure IV.  

Effect of JTE-013 treatment on MAPK phosphorylations by S1P. Phosphorylated or total MAPKs 

were immunoblotted on the lysates of RASMCs treated with S1P (1 M, 5 min) after pre-incubation 

with JTE-013 (1 M, 30 min). 

 

Supplemental Figure V.  

Gel-shift assay for AP-1 DNA binding. Nuclear extracts were prepared from wild type MEF cells 

incubated with 1 µM S1P for 30 min. The binding specificity was confirmed by excess probe 

competition or antibody supershift assays for each AP-1 component.  

 

Supplemental Figure VI.  

A schematic diagram illustrating the mechanism, by which G12/13 regulate CYR61 expression in 

VSMCs. SRF, serum response factor 
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Fig. III
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Fig. IV

 Vehicle   JTE-013
S1P     −     +     −     +        

p-JNK

JNK

 RASMC

p-ERK

ERK

p38

p-p38

JNK 2
JNK 1
JNK 2
JNK 1



Fig. V

Co
nt

ro
l

   
S1

P 
   

  +
 A

nt
i-c

-J
un

 A
b

   
   

  +
 A

nt
i-J

un
B 

Ab

   
   

   
  +

 A
nt

i-J
un

D 
Ab

   
   

   
   

  +
 A

nt
i-c

-F
os

 A
b

   
   

   
   

   
  +

 A
nt

i-F
os

B 
Ab

   
   

   
   

   
   

  +
 A

nt
i-F

ra
-1

 A
b

   
   

   
   

   
   

   
  +

 2
0X

 A
P-

1

   
   

   
   

   
   

   
   

  +
 2

0X
 S

P-
1

Co
nt

ro
l

   
S1

P
   

  +
 A

nt
i-A

TF
2 A

b



Fig. VI
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