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Abstract

Angiotensin Il (Ang Il) stimulates migration of vascular
smooth muscle cell (VSMC) in addition to its con-
tribution to contraction and hypertrophy. It is well es-
tablished that Rho GTPases regulate cellular con-
tractility and migration by reorganizing the actin
cytoskeleton. Ang Il activates Rac1 GTPase, but its up-
stream guanine nucleotide exchange factor (GEF) re-
mains elusive. Here, we show that Ang ll-induced
VSMC migration occurs in a BPIX GEF-dependent
manner. BPIX-specific siRNA treatment significantly
inhibited Ang ll-induced VSMC migration. Ang Il acti-
vated the catalytic activity of BPIX towards Rac1 in
dose- and time-dependent manners. Activity reached
a peak at 10 min and declined close to a basal level by
30 min following stimulation. Pharmacological in-
hibition with specific kinase inhibitors revealed the
participation of protein kinase C, Src family kinase, and
phosphatidylinositol 3-kinase (PI3-K) upstream of
BPIX. Both p21-activated kinase and reactive oxygen
species played key roles in cytoskeletal reorganization
downstream of BPIX-Rac1. Taken together, our results
suggest that BPIX is involved in Ang ll-induced VSMC
migration.
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Introduction

Angiotensin Il (Ang Il) is a critical regulator of
vascular remodeling associated with various vas-
cular pathophysiologies; thus, its signaling has
become the subject of great interest (Zheng et al.,
2006; Higuchi et al., 2007; Mehta and Griendling,
2007). Most of the Ang Il stimulus is introduced
into target cells including vascular smooth muscle
cells (VSMCs) via the Ang Il type | (AT1) receptor.
Downstream of the AT, receptor, Ang Il activates
multiple signaling pathways, which leads to con-
traction, hypertrophy and migration of VSMCs
(Higuchi et al., 2007; Mehta and Griendling, 2007).
Although signaling pathways for contraction and
hypertrophy have been intensively studied, relati-
vely little is known concerning migration.

Rho GTPases regulate a wide range of cellular
processes including cell proliferation, migration and
morphological changes. Initial studies revealed
their critical roles in actin remodeling: RhoA, Rac1
and Cdc42 form stress fibers, lamellipodia and
filopodia, respectively (Hall, 1998). Furthermore,
the RhoA/ROCK pathway contributes to cellular
contractility, which also mediates Ang ll-induced
contraction of VSMCs (Seko et al., 2003). Recen-
tly, Ohtsu et al., (2005) reported that Ang ll-induced
migration of VSMCs utilizes crosstalk of RhoA-
ROCK and JNK. Upstream of this pathway, RhoA-
activating guanine nucleotide exchange factors
(GEFs) such as PDZRhoGEF and Vav are consi-
dered to act in a Gi213-dependent manner (Wakino
et al, 2004; Ohtsu et al., 2005). It is rather
surprising that the RhoA-ROCK pathway mediates
both VSMC contraction and migration, which see-
mingly counteract each other. Rac1, another Rho
GTPase, is also activated by Ang Il in VSMCs and
utilizes the p21-activated kinase (PAK)-JNK pathway
(Schmitz et al., 2001) and NAD(P)H oxidase
(Seshiah et al., 2002). This pathway has been
shown to promote cell growth, but its role for
migration remains poorly understood. Moreover, a
GEF(s) upstream of Rac1 activation in Ang
[l-induced VSMC migration has not yet been
addressed.
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BPIX is a Rac1/Cdc42-specific GEF that forms a
tight complex with PAK (Manser et al., 1998). The
PAK family is divided into two subgroups depen-
ding on the distinct structural and functional pro-
perties. PAK1-3 and PAK4-6 belong to group | and
I, respectively. When activated by growth factors,
PAK2 can readily phosphorylate BPIX (Shin et al.,
2002), which in turn stimulates its GEF activity
towards Rac1/Cdc42 (Shin et al., 2004, 2006). Ang
Il activates PAK1 in VSMCs suggesting the potential
involvement of PAK/BPIX/Rac1 in Ang ll-induced
VSMC migration. In response to growth factor
stimulation, Rac1 is activated in a BPIX- dependent
manner (Park et al., 2004; Shin et al., 2004).
Activated Rac1 in turn stimulates NAD(P)H
oxidase, resulting in generation of reactive oxygen
species (ROS), such as superoxide anions and
hydrogen peroxide (Park et al., 2004). ROS me-
diates many cellular functions including hypertro-
phy, migration and contraction of VSMCs through
activation of multiple downstream signaling mole-
cules such as tyrosine kinases/phosphatases and
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MAPKs (Lyle and Griendling, 2006). The present
study was undertaken to investigate a potential
role for BPIX in the Ang Il signaling. Here, we
demonstrate that BPIX contributes to Ang ll-induced
VSMC migration via two distinct signaling pathways,
Rac1-PAK1 and Rac1-NAD(P)H oxidase.

Results

Rac1 is involved in Ang ll-induced migration of
VSMCs

Rac1 controls actin dynamics for membrane protru-
sion and ruffling, which is required for cell migration
(Ridley, 2006). Appropriately, we tested whether
Rac1 could mediate Ang ll-induced migration in
VSMCs. VSMCs were pretreated with the specific
Rac1 inhibitor NSC23766 (Gao et al., 2004) and
were stimulated with Ang Il. Ang Il-induced migration
was inhibited by NSC23766 in a dose-dependent
manner (Figure 1A). In the absence of NSC23766,
relative VSMC migration was 2.72 times that of the

B Rac1 Actin Overlay
Om . ‘_@

10m

10m

30m

Figure 1. Rac1 mediates Ang Il-induced migration of VSMCs. (A) Inhibitory effect of NSC23766 on VSMC migration. Cells were grown to confluence and
scratch wounds were made. At 12 h following treatment with none (control), Ang Il alone (1 uM), or Ang Il + NSC23766 (NSC) of the indicated concen-
trations, the wound edges were photographed (upper) and relative migration was analyzed using MetaMorph software (bottom). Migration rate of the un-
stimulated cells was set to 1. Data are expressed as mean = SD. (B) Targeting of Rac1 to the plasma membrane. Cells were stimulated with 100 nM
Ang Il for the indicated times and stained with anti-Rac1 antibody (green) and TRITC-conjugated phalloidin (red) for actin. Representative images from
three independent experiments are shown here. Arrows (white) indicate the plasma membrane where Rac1 is enriched. Scale bar, 10 uM.



control. However, an inhibitor concentration of 50 uM
produced a decline of relative migration to 1.25,
representing a 25% increase over the control. Rac1
is targeted to the plasma membrane and focal
adhesion sites (ten Klooster et al., 2006; Chang et
al., 2007). Appropriately, we investigated whether
localization of Rac1 was altered in response to Ang
Il stimulation. In serum-starved quiescent cells, Rac1
was mainly localized at the perinuclear area (Figure
1B). At 10 min following Ang Il stimulation, Rac1
appeared at the plasma membrane. In parallel,
targeting lamellipodia and membrane ruffles were
prominent. Up to 30 min these actin structures were
observed co-localized with Rac1. These results
suggest that Rac1 is activated and targeted to the
membrane, where it mediates migration of VSMCs in
response to Ang Il stimulation.

BPIX functions upstream of Rac1 in Ang ll-induced
migration of VSMCs

It is unknown which GEF(s) activate Rac1 in the
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Ang Il signaling in VSMCs. BPIX is ubiquitously
expressed and regulates migration in diverse types
of cells. BPIX isoforms may play important roles in
migration of neuronal cells during embryonic deve-
lopment (Kim et al., 2000). Moreover, BPIX controls
motility of fibroblasts (Cau and Hall, 2005; Za et al.,
2006), epithelial cells (Nola et al., 2008) and T cells
(Volinsky et al., 2006). We determined whether
BPIX contributes to Ang ll-induced VSMC migration.
Cells were incubated with scrambled (control) or
BPIX-specific siRNAs for 2 days and their Ang
[l-induced migration was measured 12 h following
stimulation. As illustrated in Figure 2A (right), treat-
ment with BPIX-specific siRNA resulted in succe-
ssful silencing of BPIX. Scrambled siRNA-treated
cells showed a similar migration profile as that
from non-treated cells (Figure 2A, left and center).
In contrast, the relative migration rate of BPIX
siRNA-treated cells showed only a 1.7-fold increase
compared to unstimulated cells (Figure 2A, right).
These results strongly support the suggestion that
BPIX might be an unidentified component in the
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Figure 2. BPIX mediates Ang Il-induced migration of VSMCs. (A) Inhibitory effect of BPIX depletion on VSMC migration. Cells were transfected with
BPIX-specific siRNA (100 nM) or scrambled siRNA. After 48 h, the wound migration assay was conducted. Representative images are shown (left) and
relative migration data are expressed as mean = SD (center). Expression of BPIX was confirmed by Western blotting (right). (B) BPIX-dependent Rac1
activation and targeting by Ang Il. Cells were stimulated with 100 nM Ang Il for the indicated times (left) or with increasing concentrations for 10 min
(center). Cell lysates were immunoprecipitated with anti-BPIX antibody followed by incubation with 2 ug purified soluble GST-PBD. Bound GST-PBD rep-
resenting active Rac1 in the immunoprecipitates was detected by Western blotting with anti-GST antibody (top). Immunopreciptated BPIX and bound
Rac1 were confirmed by immunoblotting with anti-BPIX (bottom) and Rac1 (middle) antibodies, respectively. To analyze BPIX-dependent Rac1 targeting
by Ang Il, cells were transfected with the indicated siRNAs for 48 h (right). Membrane fractions from siRNA-treated cells were immunoblotted with an-

ti-Rac1 (top) or BPIX (bottom) antibody.
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signaling pathway of Ang ll-induced migration.

To determine whether Ang Il could stimulate
Rac1 activation in a pPIX-dependent manner, we
measured Rac1 activity with a modification of
conventional PBD-pulldown assay (Shin et al,
2004). This modified protocol takes advantage of
the tight association between PBPIX and Rac1.
Following Ang Il stimulation, BPIX-Rac1 complex
can be precipitated from lysates using anti-BPIX
antibody, and active Rac1-GTP in this complex is
subsequently detected using soluble GST-PBD.
Hence, Rac1 activation can be monitored indirectly
by measuring bound soluble GST-PBD using im-

munoblotting with anti-GST antibody. Rac1 acti-
vation reached a peak 10 min following Ang Il
stimulation and gradually declined thereafter
(Figure 2B, left). Ang Il rapidly activates Rac1
within a minute (Schmitz et al., 2001) and is
sustained up to 30 min (Seshiah et al., 2002).
However, presently the early activation peak was
not observed in BPIX-dependent Rac1 activation.
These results suggest involvement of other GEF(s)
in the early peak. BPIX appeared to be responsible
for Rac1 activation at a later time. BPIX-dependent
Rac1 activation increased up to 1 uM in a
dose-dependent manner (Figure 2B, middle). We
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Figure 3. Upstream activators of the PIX-Rac1 pathway in the Ang Il signaling. (A) Effect of kinase inhibitors on BPIX-dependent Rac1 activation by Ang
Il. VSMCs were treated with 10 pM PP2, 10 uM GF109236X (GFx) or 50 uM LY294002 (LY) for 1 h prior to stimulation with 100 nM Ang Il for 10 min.
Cells were then processed as described in Figure 2B. (B) Effect of kinase inhibitors on Ang ll-stimulated PAK1 activation. Cells were treated as described
above and lysates were immunoblotted with anti-phospho PAK1 (T423-P) (top) and total PAK1 antibodies (bottom). (C) Effect of kinase inhibitors on Ang
Il-stimulated ROS production. Cells were treated as described above except addition of 10 uM N-acetyl cysteine (NAC) as a positive control. To measure
ROS production cells were incubated with 1 M DCF-DA for 10 min in the dark. ROS-mediated oxidation of DCF dye was determined by monitoring
changes in the intensity of fluorescence by inverted fluorescence microscopy. Representative images are shown (left). Scale bar, 20 uM. Digitalized data
of the fluorescence from 10 randomly selected fields were analyzed by MetaMorph software (right). Basal levels of ROS production were set to 1 and rela-

tive values were presented as mean = SD.



further determined whether Rac1 targeting to the
plasma membrane occurred in a BPIX-dependent
manner. Cells were treated with siRNA and then
stimulated with Ang Il. In untreated and scrambled
siRNA-treated cells, Rac1 was greater in Ang
[I-stimulated membranes (Figure 2B, right). In
contrast, this response was not observed in BPIX
siRNA-treated cells.

PKC, Src family kinase and phosphatidylinositol
3-kinase function upstream of fPIX in Ang
ll-stimulated Rac1 activation

Ang Il activates Rac1, whose upstream kinases
include PKC, Src family kinase (Src) and pho-
sphatidylinositol 3-kinase (PI3-K) (Seshiah et al.,
2002; Lyle and Griendling, 2006). To determine
whether these kinases could activate Rac1 via
BPIX, VSMCs were pretreated with specific kinase
inhibitors (GF109203X for PKC, PP2 for Src and
LY294002 for PI3-K) prior to stimulation with Ang Il.
As described above in Figure 2B, BPIX-dependent
Rac1 activation occurred by 10 min following
exposure to Ang Il (Figure 3A). Treatment with
these inhibitors abolished the PBPIX-dependent
Rac1 activation. These results strongly suggest
that PKC, Src and PI3-K regulate the activation of
BPIX, although it is not clear how they sequentially
act on BPIX. PAK1 is a well-known downstream
effector of Rac1; hence, we checked whether these
kinases also function upstream of PAK1. Pho-
sphorylation of Thr423 of PAK1 is essential for its
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activation (Zenke et al., 1999). We monitored PAK1
activation following inhibitor treatment using an
antibody that specifically recognizes this phospho-
PAK1. As shown in Figure 3B, phospho-PAK1
almost disappeared upon the inhibition of Src but
not upon inhibition of PKC and PI3-K. Ang
lI-stimulated Rac1 also mediates ROS generation
through activation of NAD(P)H oxidase. We deter-
mined whether ROS generation could be affected
by the tested kinase inhibitors. VSMCs were
exposed to Ang Il in the presence or absence of
the inhibitors. All three inhibitors considerably
reduced Ang ll-stimulated ROS generation (Figure
3C). Taken together, these results suggest that,
although PKC, Src and PI3-K contribute to BPIX-
dependent Rac1 activation, they differentially re-
gulate PAK1- or NAD(P)H oxidase-mediated down-
stream events.

PAK1 and NAD(P)H oxidase function downstream of
BPIX-Rac1 in the Ang Il signaling pathway

Although the above results were consistent with
the suggestion that PKC, SRC and PI3-K act as
upstream regulators for PAK1 activation and ROS
generation, it was not clear whether BPIX mediates
this process. Using siRNA technology, we tested
the involvement of BPIX. VSMCs were treated with
scrambled or BPIX siRNA for 2 days and then
stimulated with Ang Il. PAK1 activation and ROS
generation were determined by monitoring the
status of phospho-PAK1 and alteration in fluo-
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Figure 4. PAK1 and ROS production downstream of BPIX in the Ang Il signaling. (A) BPIX-dependent PAK1 activation by Ang Il. VSMCs were trans-
fected with scrambled siRNA or BPIX-specific SiRNA (100 nM). After 48 h, cells were treated with 100 nM Ang Il for 10 min. Cell lysates were immuno-
blotted with anti-phospho PAK1 (T423-P), total PAK1, BPIX. For a loading control the same blot was reprobed with anti-GAPDH antibody. (B) BPIX-de-
pendent ROS production by Ang II. VSMCs were treated with siRNA as described above and ROS production was measured as described in Figure 3C
(left). siRNA effects were confirmed by monitoring the expression levels of BPIX with immunoblotting (right).



392  Exp. Mol. Med. Vol. 41(6), 387-396, 2009

rescence intensity of DCF, respectively. Treatment
with scrambled siRNA had little effect on Ang
lI-stimulated PAK activation. In contrast, depletion
of PBPIX significantly inhibited PAK1 activation
(Figure 4A). Scrambled siRNA-treated cells dis-
played a 3-fold increase in relative intensity of DCF
fluorescence following exposure to Ang Il as
compared to unstimulated cells (Figure 4B). How-
ever, in BPIX-depleted cells DCF fluorescence was
increased only 1.68-fold in response to Ang Il
stimulation. Collectively, these results indicate that
BPIX mediates PAK1 activation and ROS gene-
ration.

Discussion

In the present study we have demonstrated that
BPIX exchange factor plays a key role in Ang
lI-stimulated Rac1 activation, which induces cyto-
skeletal reorganization required for efficient migra-
tion of VSMCs. The BPIX-Rac1 pathway utilized
PAK1 and NAD(P)H oxidase as downstream
effectors (Figure 4). Proper spatio-temporal locali-
zation of Rac1 is critical for activation of these
downstream effectors. In adherent cells upon atta-
chment to matrix Rac1 is targeted to choles-
terol-enriched membrane microdomains/lipid rafts
where Rac1 activates PAK1 (del Pozo et al., 2004).
Even though Rac1 is activated in cell suspensions,
PAK1 activation is barely detected (del Pozo et al.,
2000). BPIX targets Rac1 to membrane ruffles and
focal adhesion sites (ten Klooster et al., 2006).
Consistent with this, following Ang Il stimulation we
observed Rac1 recruitment to the plasma mem-
brane (Figure 1B), and its targeting and activation
was BPIX-dependent (Figure 2B). In focal adhesion
kinase (FAK) null cells, targeting of Rac1 to focal
adhesion sites seldom occurs suggesting the
involvement of FAK in Rac1 targeting (Chang et
al., 2007). Moreover, FAK mediates this process
through tyrosine phosphorylation of pPIX. NAD(P)H
oxidase is also activated in caveolae/caveolin-
1-enriched lipid rafts (Zuo et al., 2004). Thus, one
can expect that Ang Il-stimulated Rac1 and
NAD(P)H oxidase activation critically requires
caveolin-1 (Zuo et al., 2005). Interestingly, in quies-
cent VSMCs AT receptor is detected in cholesterol-
independent microdomains, but its relocalization to
caveolae occurs upon activation by Ang Il (Wyse et
al., 2003). The AT receptor in turn transactivates
EGF receptor, which leads to activation of multiple
downstream effectors such as Ras-ERK and PI3-K.
In this regard, caveolin-1 appears to serve a
scaffold forming a large signalplex, which includes
AT1 receptor, EGF receptor and other signaling

molecules such as Rac1 and NAD(P)H oxidase
(Olivares-Reyes et al., 2005).

Given that PPIX-Rac1 activates PAK1 and
NAD(P)H oxidase-ROS generation at the caveolae
following Ang Il stimulation (Figure 4), how are
these two downstream effector pathways differen-
tially activated? BPIX forms a multimeric complex
with Rac1, PAK1 and GIT. BPIX was originally
identified as a binding partner of PAK1 whose
unconventional proline-rich motif (PXXXP) is invol-
ved (Manser et al., 1998). BPIX can constitutively
interact with Rac1 and GIT through the same GIT
binding domain (Shin et al.,, 2006). The SH3
domain of BPIX can interact with Rac1 (ten Klooster
et al., 2006). Thus, formation of a multimeric
complex containing BPIX, Rac1 and PAK1 may
represent a molecular mechanism warranting
specific PAK1 activation in this compartment. Con-
sistent with this, depletion of BPIX prevented Ang
[I-stimulated PAK1 activation (Figure 4A). Similarly,
a fraction of BPIX-Rac1 is considered to form a
complex with NAD(P)H oxidase for ROS generation
in an Ang ll-dependent manner. When activated
and translocated to the caveolae following Ang Il
stimulation (Zuo et al., 2004, 2005), active GTP-
bound Rac1 interacts with p67°"/its homolog
Noxa1 (Cheng et al., 2006; Miyano et al., 2006;
Ueyama et al., 2006). This binding may induce
conformational changes in p67°">/Noxa1, which, in
turn, stimulates ROS generation by Nox2/Nox1
NAD(P)H oxidases expressed in VSMCs. Further-
more, BPIX can directly interact with Nox1 (Park et
al., 2004). Collectively, the data support the notion
that through specific protein-protein interaction
BPIX-Rac1 may specifically activate downstream
PAK1 and NAD(P)H oxidase.

BPIX-Rac1-PAK1 and PBPIX-Rac1-NAD(P)H oxi-
dase pathways are also differentially regulated by
their upstream kinases. Of PKC, Src and PI3-K,
only Src functions upstream of PAK1 activation
(Figure 3B and 5). c-Src kinase phosphorylates the
Rac1-sepcific exchange factor Tiam-1 (Servitja et
al., 2003; Ma et al., 2008;), although it remains to
be confirmed in VSMCs. BPIX cycles between the
cytosol and focal adhesions, where it transiently
forms a complex with paxillin (Rosenberger et al.,
2006). It is well known that paxillin is an excellent
substrate of c-Src (Weng et al., 1993). It is plau-
sible that c-Src may also phosphorylate BPIX and
modulate its GEF activity. Otherwise, Src may
indirectly regulate BPIX via FAK, as FAK tyrosine
phosphorylates BPIX (Chang et al., 2007). Recent
observations suggest an alternative Rac/Cdc42-
independent BPIX-PAK1 pathway for migration and
morphological changes (Lucanic and Cheng, 2008).
Existence of a ROS-dependent c-Src-PDK1-PAK1



pathway may explain the Rac1/Cdc42-independent
mode of PAK1 activation (Weber et al., 2004).
GF109236X-resistent but rottlerin-sensitive PKC&
can also bypass the BPIX- Rac1 pathway and
activate PAK1 (Woolfolk et al., 2005). In contrast to
the specific involvement of Src in activation of
BPIX-PAK1 pathway, all three kinases presently
examined lay upstream of ROS generation (Figure
3C and 5) consistent with a previous result
(Seshiah et al., 2002).

The collective results support the following
model for the signaling pathway in Ang Il-stimulated
migration of VSMC (Figure 5). Ang Il stimulates
multiple downstream kinases such as Src, PKC
and PI13-K through the AT1 receptor. They sequen-
tially activate the BPIX-Rac1 pathway, which diff-
erentially uses PAK1 and NAD(P)H oxidase-ROS
depending on the upstream kinase. PAK1 and
NAD(P)H oxidase-generated ROS promotes cell
migration through cytoskeletal remodeling. We
have focused on elucidating the role for this path-
way in correlation with VSMC migration. Therefore,
together with previous results showing that VSMC
proliferation and hypertrophy also utilizes this
pathway, its regulation might take center stage in
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Figure 5. Schematic diagram of the signaling pathway for Ang II-stimu-
lated VSMC migration. Ang Il stimulates VSMC migration through activa-
tion of multiple kinases such as Src, PKC and PI3-K. These kinases
function upstream of BPIX-Rac1 pathway which sequentially activates
PAK1 and NAD(P)H oxidase leading to ROS production. In the present
study we have demonstrated that BPIX-dependent Rac1 activation is crit-
ically involved in the Ang Il signaling. Regarding PAK1 activation, only
Src is considered to function upstream of BPIX-Rac1 (Figure 3B). Src
can activate PAK1 via PDK1 in a BPIX-Rac1 independent manner (not
shown) (Weber et al, 2004). Although ROS is produced via
Src-BPIX-Rac1-NAD(P)H oxidase, it can amplify its production through
recycling a positive feedback loop. Thus, ROS generation can be sus-
tained for several hours, which explains the mechanism for Ang II-stimu-
lated VSMC migration.
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Ang ll-induced pathophysiology. It is also of note
that PAK1 and released ROS may feed-forward
BPIX-Rac1, which would explain the sustained
activation of Rac1 activation (Seshiah et al., 2002).

A large body of evidence indicates that excessive
activation of Ang Il signaling contributes to the
pathogenesis of cardiovascular diseases including
coronary atherosclerosis, restenosis and hyperten-
sion. Ang Il stimulates VSMC migration from media
to intima during the development of atheroscle-
rosis, thereby accelerating atheroma formation.
Moreover, Ang Il with other cytokines and growth
factors facilitates transition of VSMCs from a
contractile to synthetic phenotype, which induces
proliferative responses in VSMCs. We demonstrate
here that BPIX-Rac1 function as upstream regu-
lators of PAK1 and NAD(P)H oxidase-ROS genera-
tion, which are essential for mediating Ang II-
stimulated VSMC migration. The critical involve-
ment of Rac1-NAD(P)H oxidase in cardiac hyper-
trophy highlights the importance of this pathway
(Satoh et al., 2006). In conjunction with previous
results, the present data deepen our understan-
ding of the pathogenesis of cardiovascular diseases
by defining the role for BPIX exchange factor.

Methods

Materials

Ang I, GTPYS, PP2, tetramethylrhodamine isothiocyanate
(TRITC)-conjugated phalloidin, N-acetyl-1-cysteine and GF
109203X were purchased from Sigma-Aldrich (St. Louis,
MO). LY294002 and NSC23766 were obtained from
Calbiochem (LaJolla, CA). Lipofectamine 2000, siRNA for
BPIX and FBS were purchased from Invitrogen (Carlsbad,
CA). 2'7'-Dichlorofluorescein diacetate (DCF-DA) was
obtained from Molecular Probes (Eugene, OR). Anti-
phospho PAK, ERK1/2, JNK1/2 and PAK antibodies were
purchased from Cell Signaling Technology (Danvers, MA).

Cell culture

VSMCs were collected by collagenase digestion of aortas
from 7-week-old Sprague-Dawley rats as previously descri-
bed (Chamley-Campbell et al., 1979). VSMCs were main-
tained in DMEM supplemented with 10% FBS and 1 X
antibiotics (Invitrogen) at 37°C in 5% CO,. Cells were
passaged 6-7 times prior to being used for experiments.

siRNA transfection

Cells were seeded onto 60 mm-diameter culture dishes. A
mixture of 100 nM siRNA and 5 ul Lipofectamine 2000
(Invitrogen) was added to culture dishes according to the
manufacturer’s instructions. After 48-72 h, transfected cells
were analyzed by Western blotting with anti-BPIX antibody.
BPIX-specific siRNA (5’GGAGGATTATCATCCTGATAG)



394  Exp. Mol. Med. Vol. 41(6), 387-396, 2009

and scrambled siRNA for control (Bioneer, Korea) were
used.

Preparation of membrane fractions

VSMCs were incubated in hypotonic buffer (10 mM
HEPES pH 7.4, 100 mM NaCl, 10% glycerol, 1 mM EDTA)
for 1 h, harvested, and homogenized with a 26 G syringe.
Cell lysates were precleared by centrifugation at 10,000 x
g for 10 min. The supernatants were centrifuged at
100,000 x g for 30 min. After centrifugation, the pellet was
solubilized using lysis buffer (20 mM HEPES pH 7.5, 150
mM NaCl, 1% Triton X-100, 20 mM B-glycerophosphate, 1
mM sodium orthovanadate, 2 % n-octyl-B-D-glucoside) and
centrifuged again at 100,000 x g for 30 min. The super-
natant containing the membrane fraction was collected.

Immunoprecipitation and immunoblotting

Cells were lysed in lysis buffer (50 mM HEPES, pH 7.5,
150 mM NaCl, 100 mM NaF, 10% glycerol, 1% Triton
X-100, 200 pM orthovanadate, 1 mM PMSF and a
protease inhibitor cocktail) for 1 h at 4°C. Cell lysates were
immunoprecipitated with PIX antibody for 4 h at 4°C.
Immunoprecipitates were collected by adding protein G
agarose, and washed five times with lysis buffer. Samples
were fractionated by 12% SDS-PAGE, and transferred to a
PVDF membrane in a Tris-glycine-methanol buffer (25 mM
Tris base, 200 mM glycine, 20% methanol). Membranes
were blocked with 3% skimmed milk in PBS for 30 min,
incubated with primary antibodies for 1 h at room tem-
perature (RT), and washed three times with PBS con-
taining 0.1% Tween-20. Membranes were blotted with
secondary HRP-conjugated antibodies for 1 h at RT. After
five washes with PBS and 0.1% Tween-20, signals were
detected using enhanced chemiluminescence reagent
(Amersham Biosciences, Piscataway, NJ).

Guanine nucleotide exchange (GEF) assay

Activity of BPIX GEF was measured as previously
described (Shin et al., 2004). Cells were pre-treated with
PP2, GF 109203X or LY294002 for 1 h and stimulated with
Ang Il. Cell lysates were immunoprecipitated with
anti-BPIX antibody. Immunoprecipitates were loaded with
100 uM GTPys at 30°C for 30 min in exchange buffer (20
mM HEPES, pH 7.5, 1 mM EDTA, 1 mM dithiotheitol, 50
mM NaCl) and washed three times with lysis buffer as
described above. Immunoprecipitates were further incuba-
ted with purified GST-p21-binding domain (PBD) at 30°C
for 1 h in binding buffer (25 mM Tris HCI, pH 7.5, 1 mM
dithiothreitol, 30 mM MgCl;, 40 mM NaCl, 0.5% Triton
X-100) and washed three times with binding buffer. Beads
were resolved by 12% SDS-PAGE and immunoblotted with
anti-GST antibody. GST-PBD was expressed in Escheri-
chia coli DH5a and purified with gluthathione-Sepharose
affinity chromatography.

Wound migration assay
Cells were cultured to more than 90% confluence in a

six-well plate. To produce the wound area, the confluent
growth was scratched using end of a yellow tip across the
center of the well. Cells were incubated under the indicated
experimental conditions. At 12 h following migration, 10
randomly selected fields at the edge of the wound were
photographed using an [X81-ZDC inverted microscope
(Olympus Optical, Tokyo, Japan) equipped with a cooled
Cascade 512B CCD camera (Photometrics, Tucson, AZ),
and analyzed by MetaMorph software version 7.1.7
(Universal Imaging, Dowington, PA).

Measurement of ROS production

Cells were starved with serum free DMEM for 16 h and
stimulated with 100 nM Ang Il for 10 min. They were then
washed with Hank's balanced salt solution (HSSB),
incubated with 1 uM DCF-DA (Molecular Probes) for 10
min at 37°C in the dark and washed twice with HSSB.
Oxidation of fluorescent DCF dyes by released ROS was
examined using an 1X81-ZDC inverted fluorescence mi-
croscope (Olympus) and digitized using a Cascade 512B
CCD camera. Images were analyzed by MetaMorph
software. The fluorescence of 10 randomly selected fields
was measured at each experiment.

Fluorescence microscopy

VSMCs were plated onto glass coverslips and treated with
Ang |l. Cells were fixed with 3.7% paraformaldeyde in PBS
for 15 min, permeabilized with 0.2% Triton X-100 in PBS
and blocked with a solution of 2% BSA and 2% FBS in
PBS before staining. To localize Rac1, cells were stained
with anti-Rac1 antibody (BD Bioscience, Franklin Lakes,
NJ) followed by Alexa fluor 488-conjugated rabbit
anti-mouse 1gG antibody. TRITC-conjugated phalloidin was
used for actin staining. After staining, coverslips were
mounted onto a glass slide with a mounting gel. Cells were
observed and photographed as described above in the
wound migration assay.
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