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Background: Protein disulfide isomerase (PDI) regulates Nox NADPH oxidase activity.
Results: PDI silencing promoted decreased platelet-derived growth factor-induced reactive oxygen species, Nox1 expression,
and cell migration. Mechanism involves disruptions of: Rac1/RhoA activation, cytoskeletal organization, and PDI/RhoGDI
interaction.
Conclusion: PDI is required for redox-mediated vascular smooth muscle migration.
Significance: ER redox chaperone PDI adds a novel regulatory level to redox/GTPase-related cell migration.

Vascular Smooth Muscle Cell (VSMC) migration into vessel
neointima is a therapeutic target for atherosclerosis and postin-
jury restenosis. Nox1 NADPH oxidase-derived oxidants syner-
gize with growth factors to support VSMCmigration.We previ-
ously described the interaction between NADPH oxidases and
the endoplasmic reticulum redox chaperone protein disulfide
isomerase (PDI) in many cell types. However, physiological
implications, as well as mechanisms of such association, are yet
unclear. We show here that platelet-derived growth factor
(PDGF) promoted subcellular redistribution of PDI concomi-
tant toNox1-dependent reactive oxygen species production and
that siRNA-mediated PDI silencing inhibited such reactive oxy-
gen species production, while nearly totally suppressing the
increase in Nox1 expression, with no change in Nox4. Further-
more, PDI silencing inhibited PDGF-induced VSMCmigration
assessed by distinct methods, whereas PDI overexpression
increased spontaneous basal VSMCmigration. To address pos-
sible mechanisms of PDI effects, we searched for PDI interac-
tome by systems biology analysis of physical protein-protein
interaction networks, which indicated convergence with small
GTPases and their regulator RhoGDI. PDI silencing decreased
PDGF-induced Rac1 and RhoA activities, without changing
their expression. PDI co-immunoprecipitated with RhoGDI at
base line, whereas such association was decreased after PDGF.
Also, PDI co-immunoprecipitated with Rac1 and RhoA in a
PDGF-independent way and displayed detectable spots of peri-
nuclear co-localization with Rac1 and RhoGDI. Moreover, PDI

silencing promoted strong cytoskeletal changes: disorganiza-
tion of stress fibers, decreased number of focal adhesions, and
reduced number of RhoGDI-containing vesicular recycling
adhesion structures. Overall, these data suggest that PDI is
required to support Nox1/redox andGTPase-dependent VSMC
migration.

Vascular smooth muscle cell (VSMC)2 migration is a crucial
mechanism and powerful therapeutic target in the genesis of
most vascular diseases, including atherosclerosis and restenosis
after angioplasty (1). Redox processes are important mediators
of growth factor-induced VSMC migration. Several studies
showed that general inhibitors of reactive oxygen species (ROS)
promote decrease in platelet-derived growth factor (PDGF)-
induced migration (2, 3) by mechanisms downstream of PDGF
binding to its receptor (3). Nox family NADPH oxidases, a
major dedicated source of signaling ROS in most cells, closely
synergize with growth factor-mediated signals to support
VSMCmigration. Silencing of Nox1 isoform inhibits ROS gen-
eration, migration, and metalloproteinase secretion in FGF-
stimulated VSMCs (4). Also, VSMCs from Nox1 y/� mice
show impairedmigration in response to thrombin (5), as well as
FGF, the latter recovered by retroviral Nox1 restitution (4).
VSMC migration is also influenced by Nox4 via mechanisms
involving its novel regulator Poldip2 (6), which fine-tunes the
optimal level of focal adhesion turnover. However, pathways
that adjust Nox activation to specific physiologic programs in
cells are unclear. Our group has provided evidence that the

□S This article contains supplemental Tables S1–S4, Figs. S1–S4, Methods,
Results, and additional references.

1 To whom correspondence should be addressed: Heart Institute (InCor), Uni-
versity of São Paulo School of Medicine, Vascular Biology Laboratory, Av.
Eneas Carvalho Aguiar, 44, Annex II, 9th floor, CEP 05403-000, São Paulo,
Brazil. Tel.: 55-11-26615968; Fax: 55-11-26615920; E-mail: francisco.
laurindo@incor.usp.br.

2 The abbreviations used are: VSMC, vascular smooth muscle cell; AngII, ang-
iotensin II; DHE, dihydroethidium; DTPA, diethylentriamene pentaacetate;
EOH, 2-hydroxyethidium; ER, endoplasmic reticulum; PDI, protein disulfide
isomerase; PPPI, physical protein-protein interaction; ROS, reactive oxygen
species.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 35, pp. 29290 –29300, August 24, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

29290 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 35 • AUGUST 24, 2012

http://www.jbc.org/cgi/content/full/M112.394551/DC1
http://www.jbc.org/cgi/content/full/M112.394551/DC1
http://www.jbc.org/cgi/content/full/M112.394551/DC1
http://www.jbc.org/cgi/content/full/M112.394551/DC1


endoplasmic reticulum (ER) redox chaperone protein disulfide
isomerase (PDI) functionally regulates NADPH oxidase and
associates with its subunits in distinct cell types (7–10). PDI is
the founding member of a large protein family belonging to the
thioredoxin superfamily of dithiol-disulfide oxidoreductases,
displaying thiol isomerase, oxidase, and reductase activities
(11–14). The canonical function of PDI is to assist in disulfide
bond introduction and protein folding in the ER lumen (15).
Other effects in subcellular traffic and protein secretion (16),
mRNA translation (17), antigen presentation (18, 19), as well as
several effects at cell surface location (20–22) have also been
described. Antagonism or silencing of PDI markedly prevents
angiotensin II (AngII)-induced ROS production, NADPH oxi-
dase activity, Nox1 mRNA expression, and Akt phosphoryla-
tion (8, 10) in VSMCs. Contrarily, induced PDI overexpression
promotes preemptive spontaneous ROS generation, NADPH
oxidase activity, andNox1, but notNox4mRNAexpression (8).
In J-774 macrophages, PDI overexpression increases, whereas
PDI silencing decreases Leishmania chagasi phagocytosis and
NADPH oxidase activation (9). Moreover, we recently showed
PDI requirement for activation of neutrophil NADPH oxidase,
in both cell-free andwhole cell systems (7). In all such cell types,
PDI co-localizes and/or co-immunoprecipitates with several
catalytic or regulatory (p22phox or p47phox) oxidase subunits (7,
9, 10). Overall, the versatile functions of PDI in central house-
keeping processes such as protein folding and in other cellular
signaling programs indicate that PDI(s) is(are) strategic to inte-
grate cell homeostasis and signaling via pathways that include
Nox-related redox processes. However, despite substantial evi-
dence for links betweenPDI andNADPHoxidase activity, there
is less evidence for physiological implications of this interac-
tion. Moreover, mechanisms whereby PDI converges with Nox
complex(es) are unclear. In the present study, we addressed the
effect of PDI in PDGF-inducedVSMCmigration, which is asso-
ciated with NADPH oxidase activation and ROS-dependent sig-
naling. Moreover, using system biology tools to examine protein-
protein interaction, as well as experimental approaches, we
identified and provided evidence for a role of RhoGTPases and
their regulator RhoGDI as possiblemechanistical targets underly-
ing the interplay between PDI and Nox-dependent VSMC
migration.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Rabbit aortic VSMCs from a
previously established selection-immortalized line were main-
tained in growthmedium (F12, with 10% fetal bovine serum) at
37 °C, in 5% CO2 atmosphere. For transfection, VSMCs were
plated at 40% (small interfering RNA) or 60% (plasmid) conflu-
ence on 6-well plates. After 8–12 h, cells were serum-starved
for 12–16 h before transfection. Lipofectamine 2000 (3 �l;
Invitrogen) alone or with Stealth® siRNA (50 nM; Invitrogen) or
its scrambled nontargeting control siRNA (ScrRNA) transfec-
tionwas performed in growthmediumwithout serum and anti-
biotics for 6 h. Three different siRNA sequences against PDI
were used: (#1 primer, 5�-G A G G U G G C C U U U G A C G
A G A A G A A G A-3�; #2 primer, 5�-C A A G C A C C U G C
UGGUGG AGUU C U A U-3�; #3 primer, 5�-G A C G A C
A U U G U G A A C U G G C U G A A G A-3�;). The siRNA

sequence against Nox1 was 5�-A C G A U A G C C U U G A U
UCUCAUGGUAA-3�. Transient transfection with cDNA
plasmids was performed with Lipofectamine 2000 (5 �l) and
5 �g of human PDI cDNA (kindly provided by Drs. Mariano
Janiszewski and Lucia Lopes, from the University of São
Paulo Biomedical Institute) or pCDNA3 (empty vector con-
trol) for 8 h. After siRNA or cDNA transfection, mediumwas
replaced by growth medium for 72 h (siRNA) or 48 h
(cDNA). Cultures were serum-starved for 12–24 h prior to
treatment with human recombinant platelet-derived growth
factor-BB (PDGF; Sigma).
Detection of ROS Production in Whole VSMCs—ROS pro-

duction in whole VSMCs was assessed by HPLC analysis of
dihydroethidium (DHE)-derived oxidation products, as
described (23, 24), in duplicate or triplicate experiments.
Results are expressed for 2-hydroxyethidium (EOH), which is
specific for superoxide, and ethidium, which reflects less spe-
cific oxidants. Briefly, at base line or after previous stimulus,
VSMCs were incubated for 30 min with 80 �M DHE on Krebs/
0.1 mM DTPA. Cells were harvested in acetonitrile and centri-
fuged (12,000 � g for 10 min at 4 °C). The homogenate was
dried under vacuum and analyzed by HPLC with fluorescence
detectors (Waters). Quantification ofDHE, EOH, and ethidium
concentrations was performed as described (23, 24), by com-
parison of integrated peak areas between the obtained and
standard curves of each product under identical chromato-
graphic conditions. EOH and ethidium were monitored by
fluorescence detection with excitation 480 nm and emission
580 nm (23), whereas DHE was monitored by ultraviolet
absorption at 245 nm. Results were expressed as calculated
EOHor ethidium concentrations (micromolar), normalized for
consumed DHE (i.e. initial minus remaining DHE concentra-
tion in the sample).
DHE-derived NADPH Oxidase Assay—VSMCs were incu-

bated or not with PDGF (100 ng/ml for 2 h), and membrane
homogenates were obtained by sequential centrifugation (23).
The assay was performed as described (24), through incubation
of NADPH substrate with membrane fraction and assessment
of superoxide product. Briefly, VSMCs were disrupted by son-
ication in buffer containing 50 mM Tris, pH 7.4, 0.1 mM EDTA,
0.1 mM EGTA, and protease inhibitors (10 mg/ml aprotinin, 10
mg/ml leupeptin, and 1mMPMSF) and centrifuged (18,000� g,
15min). After supernatant centrifugation (100,000� g, 1 h), the
membrane pellet was resuspended in the same buffer. Mem-
brane fraction (40 �g of protein) was incubated with 80 �M

DHE in Tris buffer (50 mM, pH 7.4) with DTPA 0.1 mM in the
presence of NADPH (300 �M) for 30 min at 37 °C in the dark.
After precipitation with trichloroacetic acid, the membrane
fraction underwent another centrifugation (12,000 � g, 10
min). The final supernatant was analyzed by HPLC/fluores-
cence detection (excitation 480 nm/emission 580 nm) (23),
whereas DHE was monitored by ultraviolet absorption at 245
nm. Specificity for superoxide detection by this assay in Fig. 1D
was tested with CuZnSOD incubation (25 �g/ml).
CellMigration Assays—The Transwell assay (Boyden Cham-

ber) was modified from a previous report (3). Briefly, 5�104
cells/well, previously starved (�16 h), were added to the upper
well, over a polycarbonate membrane (8 �m; Whatman). In
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some experiments, diphenyleneiodoniumwas added to the cul-
ture medium with the cells. PDGF (at described concentra-
tions) was used as chemotactic stimulus at the lower well. After
4 h at 37 °C, nonmigrating cells were removed with a cotton
swab, and the migrating cells at the membrane bottom side
were stained with DAPI (1:100). Four fields/well were used to
count the number of migrating cells on inverted microscope
(Axiovert 200; Zeiss). Every condition was tested at least on
duplicate wells. The wound-healing model was performed as
described previously (25). Briefly, monolayer VSMCs cultured
in 12-well plates were starved for 24 h. The pictures were taken
from the monolayer scratch before and 16 h after PDGF stim-
ulus. Cellmigrationwas evaluated at these two time points with
ImageJ software. Data were expressed as the percentage of
recovered surface on PDGF-induced cells minus base line con-
dition. Every condition was performed at least in duplicate, and
at least 10 pictures were taken on inverted microscope (Axio-
vert 200).
Quantitative PCR—Nox1 and Nox4 mRNA quantification

were performed as described (26). Isolated RNA (RNA Spin
Mini kit; GE Healthcare) was reverse-transcribed with Super-
script II (Invitrogen). Message expression was quantified with
the use of SYBRGreen PCRMix and the Rotorgene 6000 cycler
(Corbett) with Master Mix (Invitrogen) and Nox1 or Nox4
primers normalized to GADPH housekeeping. Forward prim-
ers, designed according to rabbit sequences, were: Nox1, C A T
C A TGGAAGGAAGGAGA; Nox4, C C A C AGA C T
T GG C T T T GG A T; GAPDH, T C A C C A T C T T C C A
G G A G C G A. The incubation conditions were: 95 °C for 10
min, followed by 40 cycles of 15 s at 94 °C, annealing for 15 s, at
60 °C, and extension for 20 s at 72 °C.
PulldownAssay of Activated RhoA and Rac1—Assessment of

Rac1 or RhoA activities was performed as described (27).
VSMCs were harvested on lysis buffer (50 mM Tris, pH 7.2, 500
mM NaCl, 10 mM MgCl2, 1% Triton X-100, 0.1% SDS, 0.5%
sodium deoxycholate containing protease and phosphatase
inhibitors) and centrifuged at 13,000 � g, 10 min, 4 °C. Homo-
genates (500�g)were incubated for 90min at 4 °Cwith 20�g of
glutathione S-transferase-Pak1 binding domain (GST-PBD, to
detect active Rac1) or with glutathione S-transferase-Rhotekin
binding domain (GST-RBD, to detect active RhoA), previously
coupled to glutathione-Sepharose. Afterwashing four times (50
mM Tris, pH 7.5, 0.5% Triton X-100, 150 mM NaCl, 5 mM

MgCl2), proteins retained on the resins were analyzed by
immunoblotting with anti-Rac1 or anti-RhoA antibody.
Western Blot Analysis—Equal amounts of protein from

lysates were resolved SDS-PAGE. Primary antibodies were
mouse anti-PDIA1 (Enzo Life Science, catalog no. SPA891,
1:1000), mouse anti-Rac1 (Abcam, catalog no. ab33186,
1;1000), mouse anti-RhoA (Santa Cruz Biotechnology, catalog
no. SC26C4, 1:1000), rabbit anti-RhoGDI (Abcam, catalog no.
ab53850, 1:1000) or mouse anti-�-actin (Sigma, catalog no.
A5441, 1:10,000). After incubation with appropriate peroxi-
dase-conjugated secondary antibodies, proteinswere visualized
by an enhanced chemiluminescence detection kit (Amersham
Biosciences).
Confocal Immunofluorescence Experiments—VSMCs were

seeded onto glass coverslips for 24 h before PDGF stimulus.

Cells were fixed in 4%paraformaldehyde (1 h), permeabilized in
0.1% Nonidet p40 (30 min), and blocked with 2% bovine serum
albumin (30 min). Primary antibodies, incubated overnight at
4 °C, were: mouse anti-PDIA1 (Enzo Life Science, 1:200), rabbit
anti-PDIA1 (Enzo Life Science, catalog no. SPA890, 1:150),
mouse anti-Rac1 (Abcam, 1:50), rabbit anti-RhoGDI (Abcam,
1:50), and rabbit anti-paxillin (Abcam, catalog no. ab32084).
Fluorescent secondary antibodies, incubated for 1 h, 25 °C,
were Alexa Fluor 488 (rabbit, 1:300) or 546 (mouse, 1:200).
F-actinwas stainedwithAlexa Fluor 635 phalloidin (catalog no.
A34054, 1:100; Invitrogen). Nuclei were stained with DAPI
(Invitrogen, 1:200). Cells were observed under oil immersion
63� objective on an inverted laser confocal microscope (Zeiss
LSM510-Meta) at the Confocal “Rede Premium” Multiuser
Facility from our institution. Pinhole was adjusted according to
objective and sample thickness. Co-localization images repre-
sent one slice of 0.5 �m and not the sum of slices. Every condi-
tion was assessed from experiments performed in duplicate,
and at least 10 images were collected for each coverslip. Results
reflect images from at least three independent experiments.
Co-immunoprecipitation Experiments—VSMCs were lysed

with 50 mM Tris lysis buffer containing 1% Triton X-100.
Immunoprecipitation was performed with 1 mg of lysate using
specific antibodies against PDI (10 �g of mouse anti-PDIA1;
Enzo Life Science), or anti-Rac1 (5 �g; Abcam), overnight at
4 °C. Protein G-Sepharose bead was added for 2 h, 4 °C. After
washing five times, proteins retained on the resins were ana-
lyzed by immunoblotting with specific antibodies.
Physical Protein-Protein Interaction (PPPI) Network Design

and Global Topological Analysis—The interactomic data gath-
ered fromhumanPDI proteinswere used to obtain information
about their potential interactions with other proteins in the
context of physical protein-protein interactions (PPPI net-
works) in Homo sapiens. In this sense, the data mining screen-
ing and network design of a major PPPI network were per-
formed using Cytoscape software, version 2.6.3 (28). For this
purpose, we used the PPPI data of H. sapiens available in the
STRING 9 data base. The PDI-associated PPPI networks
obtained from this first screening were then combined in a
unique PPPI network by employing the union function of the
Cytoscape core plugin Merge Networks. The major PPPI net-
work was then analyzed with Molecular Complex Detection
(MCODE) software (29) to detect subnetworks or cluster of
proteins that could represent distinct biologic processes.
Network Centralities and Gene Ontology Analyses—Network

centralities (bottleneck nodes) were evaluated by using the
Cytoscape plugin Cyto-Hubba (30). Gene Ontology clustering
analysis was performed using Biological Network Gene Ontol-
ogy (BiNGO) (31) software, a Cytoscape plugin. The degree of
functional enrichment for a given cluster and category was
quantitatively assessed (p value) by hypergeometric distribu-
tion (32), and a multiple test correction was applied using the
false discovery rate (33) algorithm, fully implemented in
BiNGO software. Overrepresented biological process catego-
ries were generated after false discovery rate correction, with a
significance level of 0.05.
Statistical Analysis—Values are expressed as mean � S.D.

Statistical comparisonswere performedwith Student’s t test for
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unpaired data or one-way ANOVA, followed by Student-New-
man-Keuls multiple-range test, at 0.05 significance level, using
GraphPad Prism v.5 software.

RESULTS

PDGF Increases ROS Generation and Nox1 Expression—Pre-
vious reports showed that Nox1-derived ROS production is
involved in signaling associated with VSMC migration (3, 4).
We first characterized the migratory ROS-dependent effect of
PDGF in our cells by a dose-effect curve on the chemotaxis
migration assay (Boyden chamber; Fig. 1A). As shown in Fig. 1,
B and C, PDGF induced an increase in total production of

superoxide (followed by EOH signal at 1, 2, and 3 h) and other
oxidants (as seen by the ethidium (E) signal at 2 and 4 h). Such
an increase in ROS generation after PDGF (2 h) was accompa-
nied by enhanced NADPH oxidase activity in the VSMCmem-
brane fraction (Fig. 1D). PDGF-induced migration and ROS
production were nearly completely inhibited by the flavoen-
zyme inhibitor diphenyleneiodonium (supplemental Fig. S1, A
and B). Moreover, silencing of Nox1 NADPH oxidase isoform,
confirmed by mRNA level measurements (Fig. 1E), also led to
an essentially complete inhibition of PDGF-induced VSMC
migration (Fig. 1F) as well as generation of superoxide (Fig. 1G)
and ethidium-triggering oxidants (Fig. 1H).
PDGF Induces PDI Subcellular Redistribution—We further

assessed the behavior of PDI regarding localization and expres-
sion in response to PDGF pro-migratory stimulus. Despite no
change in total PDI expression after PDGF incubation for 30
min and 1, 4, 6, or 8 h (Fig. 2A), analysis of subcellular distribu-
tion pattern of PDI by confocal fluorescence microscopy indi-

FIGURE 1. PDGF effects on ROS generation, NADPH oxidase activity, Nox1
isoform expression, and VSMC migration. A, PDGF dose-response curve for
VSMC migration in Boyden chamber. B, time course of PDGF effect on super-
oxide production, assessed by HPLC analysis of DHE oxidation through EOH
signal. C, similar to B, with respect to ethidium (E) product; D, NADPH oxidase
activity assay in VSMC membrane fraction incubated with exogenous NADPH
at base line or after PDGF stimulus (100 ng/ml, 2 h) and effects of CuZnSOD
incubation (25 �g/ml). EOH and ethidium signals were detected through
HPLC analysis with fluorescence detection, as described under “Experimental
Procedures.” E, quantitative PCR analysis depicting effects of siRNA silencing
on Nox1 mRNA levels at base line or after PDGF incubation (100 ng/ml; 4 h).
F, effects of Nox1 silencing on VSMC migration, assessed through Boyden
chamber assay, at base line and after PDGF (100 ng/ml; 4 h). G, effects of Nox1
silencing on whole cell superoxide production measured by HPLC analysis of
EOH product at base line or after PDGF (100 ng/ml; 2 h). H, similar to G, with
respect to ethidium product. Control, intact VSMC without transfection; Mock,
VSMC exposed to transfection reagent (Lipofectamine 2000); ScrRNA, VSMC
transfected with scrambled sequence of siRNA; Nox1siRNA, VSMC transfected
with siRNA against Nox1. Data are mean � S.D. (error bars) of 3– 6 indepen-
dent experiments per group. *, p � 0.05 versus basal control; **, p � 0.05
versus control with PDGF.

FIGURE 2. Effects of PDI silencing via siRNA on PDGF-induced ROS pro-
duction and Nox isoform expression in VSMC. A, Western blot analysis
depicting total PDI expression at distinct times after PDGF incubation. B, PDI
subcellular distribution in VSMCs by confocal microscopy analysis in the
absence (left) or presence (right) of PDGF stimulus. C, quantitative analysis of
perinuclear PDI fluorescence in conditions similar to A, using morphometrys
software (QWin). D, total superoxide production measured by HPLC analysis
of EOH product at base line or after PDGF (100 ng/ml; 2 h). E, HPLC analysis of
ethidium (E) product in conditions similar to D. F, quantitative PCR analysis
depicting mRNA levels of Nox1 at base line or after PDGF incubation (100
ng/ml; 4 h). G, analysis of Nox4 mRNA in conditions similar to F. Control, intact
VSMC without transfection; Mock, VSMC exposed to transfection reagent
(Lipofectamine 2000); ScrRNA, VSMC transfected with scrambled sequence of
siRNA; PDI siRNA, VSMC transfected with siRNA against PDI. Data are mean �
S.D. (error bars) of 3– 6 independent experiments per group. *, p � 0.05 versus
basal control; **, p � 0.05 versus control with PDGF.
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cated significant changes in PDI redistribution. At base line,
PDI showed strong staining at the perinuclear region, whereas
after PDGF stimulus, PDI staining around the perinuclear area
decreased and showedmore diffuse staining scattered through-
out the cell (Fig. 2B). This is evident by quantification of the
most intense fluorescent pixels by a Morph analysis software
(software QWin) (Fig. 2C). This fluorescence shift may result
from changes in cell morphology as well as redistribution of
PDI after PDGF similar to that observed with AngII, in which
PDI translocates from the soluble to the particulate fraction of
VSMC homogenates (10).
PDISilencingDecreasesNox1ExpressionandROSProduction—

We previously showed that PDI silencing in VSMC prevented
AngII-induced increase in Nox1 mRNA and ROS production
(8, 10). We investigated the effects of siRNA-induced PDI
silencing on ROS generation and Nox expression induced by
PDGF. PDGF-dependent increases in total ROS production
(Fig. 2, D and E) and Nox1 mRNA expression (Fig. 2F) were
essentially abrogated after PDI siRNA. Under these conditions,
there was no significant change in Nox4 mRNA level (Fig. 2G).
PDI siRNA did not affect the PDGF-induced increase in ERK
phosphorylation (data not shown), suggesting that PDI silenc-
ing did not promote a nonspecific disruption of signaling down-
stream from the PDGF receptor.
PDI Is Required for VSMC Migration—The chemotaxis

migration assay (Boyden chamber) showed significant decrease
in PDGF-induced VSMC migration after PDI silencing with
two different siRNA sequences (Fig. 3,A and B) compared with
mock control. Additional experiments showed that such mock
control was similar to control cells without transfection at base
line or after PDGF (data not shown). Further experiments using
the wound-healing assay similarly showed highly significant
decreases in PDGF-dependent recovered surface (Fig. 3C). Sin-
gle-cell migration analysis (data not shown) also showed that
PDI silencing completely blocked directional persistence of
migration. These results indicate the requirement for PDI to
support PDGF-induced VSMCmigration. PDI gain of function
was also tested. PDI overexpression (�2�) increased base-line
VSMC migration by an average of 35% compared with empty
vector VSMC transfection (Fig. 3D), while inducing no further
change in PDGF-enhanced migration (Fig. 3E).
PPPI Networks Indicate Convergence between PDI and

RhoGTPases—The above results indicated a functional effect of
PDI on VSMC migration, ROS production, Nox1 expression,
and NADPH oxidase activation. To gain insights into possible
mechanisms underlying these effects, we performed unbiased
searches for proteins interacting with PDI by means of systems
biology methods analyzing PPPI networks, an increasingly
emerging method to allow hypothesis formulation (34). PPPI
networks using human data were retrieved from STRING data
base (supplemental Methods and Results). Data were collected
for either PDIA1 or PDIA2, given their similarity of structure
and function, differing mainly in tissue location (35). Shared
proteins and subnetworks from the major PPPI network were
identified (supplemental Fig. S2) and retrieved using the Cyto-
scape-associated plugin MCODE and subjected to a Gene
Ontology analysis (supplemental Methods and Results and
Tables S1 and S2). The final PPPI network contained two inter-

connected clusters (supplemental Figs. S3 and S4), one ofwhich
(Cluster 1, supplemental Fig. S3) comprised biological pro-
cesses classified as: (i) intracellular signal transduction, (ii) ROS
metabolism, (iii) small GTPase-mediated signal transduction,
(iv) circulatory and blood system processes, and (v) ER stress
response (supplemental Tables S3 and S4). PPPI network cen-
trality analysis allows us to assess the importance of a node for
a given network, e.g.node degree, betweenness, and eigenvector
measures (36), expressed as topologic bottleneck data. Central-
ity analysis ofmajor PDI-associated PPPI network indicated the
presence of 50 bottleneck nodes with different scores (Fig. 4),
corresponding to �31% of all nodes present in the PPPI net-
work. Interestingly, the bottlenecks with high score values cor-
responded to proteins associated with small GTPase signaling
processes,NADPHoxidases, intracellular signaling, andPDIA2
(Fig. 4). Given the convergence between PDI and GTPases at
central nodes of such networks, we hypothesized that
RhoGTPases are a relevant pathway of PDI interaction with
NADPH oxidases. This proposal is in line with known charac-
teristics of RhoGTPase signaling such as their recently

FIGURE 3. Effects of PDI silencing or overexpression on PDGF-induced
VSMC migration. A and B, Boyden chamber assay in VSMC transfected
with two different siRNA sequence (#1 and #2, see “Experimental Proce-
dures”) and exposed or not to PDGF (100 ng/ml; 4 h). Data are expressed as
average number of cells/field (4 fields/well). Inset shows the effects of PDI
siRNA transfection on PDI protein expression. C, wound-healing assay in
VSMC transfected with PDI siRNA and exposed or not to PDGF (100 ng/ml;
12 h). Data are expressed as difference between the recovered surface
after PDGF incubation and base-line condition. D, Boyden chamber assay
in empty vector-transfected or wild-type (WT) PDI-overexpressing VSMC,
in conditions similar to A. Inset shows PDI protein expression after cDNA
transfection (Western analysis, with short exposure time). Definitions of
specific conditions are described in Fig. 2 legend. Data are mean � S.D.
(error bars) of 4 independent experiments per group. *, p � 0.05 versus
basal; **, p � 0.05 versus control with PDGF.
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described location at the ER fraction (37), dynamic traffic to
membranes, and support of Nox isoforms such as Nox1, Nox2,
and Nox3 (38, 39). Importantly, this analysis detected interac-
tions with NADPH oxidase complex subunits that were previ-
ously validated by experiments from our group, including cat-
alytic Nox subunits and p47phox (supplemental Fig. S3).
PDGF-induced Rac1 and RhoA Activities Are Decreased by

PDI Silencing—To investigate whether PDI is required to sup-
port activity of RhoGTPases, we assessed the effects of PDI
silencing on basal and PDGF-stimulated activities of Rac1 and
RhoA by pulldown assays. Importantly, PDI silencing had neg-
ligible effect on base-line GTPase activity compared with
scrambled siRNA, but induced pronounced decrease in their
total activity after PDGF when compared either with control
after PDGF or versus base line after PDI silencing (Fig. 5, A and
B). Of note, such changes in activity did not reflect altered pro-
tein expression of Rac1, RhoA, and their regulator RhoGDI, as
their expression was not significantly altered after exposure to
PDGF for distinct time periods in control cells (30min, 1 h, 4 h,
6 h, and 8 h) (Fig. 5C) or by PDI silencing at base line or after
PDGF (Fig. 5D).
Analysis of PDI Interaction with RhoGTPases and RhoGDI—

We further investigated to what extent the functional effects of
PDI (an ER lumen-resident enzyme) on RhoGTPases and
RhoGDI1 (mainly cytosolic proteins)might reflect some degree
of physical interaction, assessed by co-immunoprecipitation
analysis. Immunoprecipitation of RhoGDI1, followed byWest-
ern blot analysis of PDI showed association between those pro-
teins at base line, which was significantly decreased after PDGF
stimulus (10min and 2 h; Fig. 6A). Immunoprecipitation of PDI
showed co-immunoprecipitation of either Rac1 or RhoA. Of
note, this association was not modulated by exposure to PDGF.
This was confirmed by the reverse co-immunoprecipitation

with respect to Rac1 (Fig. 6B). Again, there was no change in
Rac1, RhoA, RhoGDI, or PDI total expression under those con-
ditions (Fig. 6C).

FIGURE 4. Bottleneck-associated subnetwork obtained from centrality analysis of major PPPI network. Bottleneck nodes are represent by a color scale
that indicates its bottleneck score value from highest to lowest value (inset). Selected gene names: ARHGDI, RhoGDI; CYBB, p22phox; NCF4, p40phox.

FIGURE 5. Effects of PDI silencing on PDGF-stimulated activities of Rac1
and RhoA and expression of RhoGTPases and RhoGDI. RhoGTPase activity
was assessed through pulldown assays, as described under “Experimental
Procedures.” A, active Rac1 (upper) and total Rac1 (lower) and corresponding
graph depicting their PDGF-induced quantitative changes in scrambled (Scr)
or PDI siRNA-transfected VSMC. B, similar to A, depicting active RhoA (upper),
total RhoA (lower), and quantitative analysis. C, Western blot analysis showing
expression of RhoGDI and RhoGTPases at distinct times after PDGF incuba-
tion. D, Western blot analysis showing expression of RhoGDI, RhoGTPases,
and PDI in control or PDGF-exposed VSMC. Data are mean � S.D. (error bars)
of 3 independent experiments. *, p � 0.05 versus ScrRNA.
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To assess subcellular localization of such associations, we
performed confocal microscopy analysis, which showed that a
minor fraction of Rac1 or RhoGDI pools detectably interact
with PDI. There were small though consistently identifiable
spots suggestive of co-localization between PDI and Rac1 at the
perinuclear region, at base line and after PDGF stimulus (Fig. 7).
A similar picture was detected for RhoGDI1 as discrete perinu-
clear spots at base line, which were decreased after PDGF stim-
ulus (Fig. 8). The antibodies tested against RhoA proved inad-
equate for immunofluorescence analysis under our conditions.
Effects of PDI Silencing on Adhesion Structures—To assess

whether impaired migration and RhoGTPase activation
induced disruption of cellular adhesion structures associated
with cell motility, we investigated the effect of PDI silencing on
focal adhesion and cytoskeletal structures. Confocal analysis of
RhoGDI and Rac1 consistently showed their strong staining of
circular structures surrounding the peripheral area of the cell,
more evident after PDGF stimulation (Fig. 8, Control). Con-

comitant actin staining indicated that: (i) such structures are
intracellular; (ii) there was no evidence of F-actin rings, which
are the signature of the podosome (40) (Fig. 8). These charac-
teristics, therefore, are more suggestive of recycling vesicular
adhesion structures. Importantly, such vesicular structures
were decreased in number and size after PDI silencing both at
base line and after PDGF stimulus (Fig. 8, siRNAPDI). Further-
more, in PDI-silencedVSMCs, both at base line and after PDGF
stimulus, there was a marked decrease in the number of focal
adhesions (Fig. 9) and decreased organization of the actin cyto-
skeleton (Figs. 8 and 9). Together, these findings indicate that
PDI silencing induces disruption of cellular adhesion structures
and actin cytoskeleton in association with impaired VSMC
migration.

DISCUSSION

Our results showed that PDI silencing decreases PDGF-depen-
dent VSMCmigration in a context of decreased ROS production,
Nox1mRNAexpressionand,particularly, reducedactivityofRac1
and RhoA, disruption of adhesion structures and cytoskeletal dis-
organization. PDI showed association with RhoGDI, decreased
after PDGF stimulus, and with Rac and RhoA, unaltered after
PDGF incubation. Together, these data indicate an important
requirement for PDI in Nox1/redox and RhoGTPase-dependent
processes associated with cell migration.
Involvement of ROS derived from either Nox1 (4) or Nox4

(6) in VSMCmigration has been shown previously. Substantial
loss- or gain-of-function evidence supports the involvement of
PDI in functional regulation of distinct NADPH oxidase com-
plexes fromVSMCs (8, 10),macrophages (9), or neutrophils (7).
In VSMC, we showed convergence between PDI and Nox1,
both in response to AngII stimulation (8) or spontaneously
upon induced PDI overexpression (8). Functional convergence
with Nox4 has not been as clear, although PDI and Nox4 co-lo-
calize in VSMC (10), and both Nox4 (41) and PDI silencing3

3 C. X. Santos, J. Wosniak, Jr., M. Terluk, and F. R. M. Laurindo, unpublished
observations.

FIGURE 6. Co-immunoprecipitation between PDI and RhoGDI or RhoGT-
Pases at base line or at PDGF-induced VSMC (10-min or 2-h incubation).
A, immunoprecipitation (IP) of RhoGDI and Western blot analysis (WB) of PDI.
B, immunoprecipitation of PDI and Western blot analysis of RhoA or Rac1
(upper and lower panel, respectively). Middle panel, immunoprecipitation of
Rac1 and Western blot analysis of PDI. C, Western blot analysis of total expres-
sion of PDI, RhoA, Rac1, and RhoGDI at base line and after PDGF incubation.
PIP, postimmunoprecipitation supernatant; last wash, the last supernatant
wash before elution of proteins; IgG, 1 �l of the same antibody used for immu-
noprecipitation, used as Western blot analysis control; TH, total homogenate.

FIGURE 7. Confocal analysis of PDI and Rac1 expression in the presence or
absence of PDGF stimulus. Immunofluorescence staining of PDI is shown in
green, Rac1 in red, and their merged image in the right panels. Confocal
microscopy images represent slices of 0.5 �m. Scale bars, 5 �m.
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decrease ER stress-induced ROS production. The present data
support these observations, indicating that another growth fac-
tor, namely PDGF, also triggers PDI-dependent Nox1, but not
Nox4 expression. Moreover, our data extend the functional
implications of these findings by showing that PDI silencing
significantly inhibits VSMC migration, assessed through dis-
tinct techniques. A crucial question is towhat degree the effects
of PDI on migration would mainly reflect a nonspecific house-
keeping role in protein folding versus a more specific Nox-re-
lated signaling. Although this is a complex question, there is no
evidence suggesting that PDI silencing in our VSMC is associ-
ated with toxicity, because cell loss and unfolded protein
response markers, including Nox4 induction (8), are not
increased in our experimental conditions3 (41). This agrees
with the known cell type-specific sensitivity to PDI knockdown
(42). Moreover, evidence for physical interaction between PDI
and NADPH oxidase subunits supports some direct regulatory
roles of PDI (7–10), in accordance with observed focused
effects of PDI silencing in other models (41, 43, 44). The
involvement of ER and cytosolic chaperones in signaling pro-
cesses has been recognized, particularly regarding the assem-
bling of multiprotein complexes (45) or assistance in protein
secretion (46). In addition, ER chaperones mediate cell surface
processes related to cell adhesion (21, 47–49), coagulation (22),

FIGURE 9. Effects of PDI silencing on focal adhesions. Confocal microscopic
analysis depicts F-actin (phalloidin) in red and paxillin staining in green in
control or PDI-silenced VSMC exposed or not to PDGF. ScrRNA, VSMC trans-
fected with scrambled siRNA sequence; PDI siRNA, VSMC transfected with
siRNA against PDI. Scale bars, 5 �m.

FIGURE 8. Confocal analysis of PDI and RhoGDI expression in control or PDI-silenced VSMC exposed or not to PDGF. Immunofluorescence staining of PDI
is shown in red in left panels. Immunostaining for RhoGDI1 is shown in green, and their merged images are shown in the absence or not of phalloidin staining
(white). Nuclei are stained in blue (DAPI). Confocal microscopy images represent slices of 0.5 �m. Scale bars, 5 �m.
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antigen presentation (18), pathogen invasion (50), and others.
Of note, galectin 9-induced T cell migration is abolished by
depletion of cell surface PDI (51). These facts suggest that even
a protein acting in a central process such as folding can exert
specific signaling. VSMC migration is a key event underlying
vascular disease such as atherosclerosis and postinjury resteno-
sis. There is evidence for involvement of redox processes in cell
migration (24, 52–54), but the underlying mechanisms, partic-
ularly regarding Nox-related pathways, are unclear. The
involvement of PDI on Nox/ROS-related functional events
adds relevant information to understanding the redox control
of VSMC migration.
Identifying mechanisms of PDI-Nox interaction is essential

to assess the significance of PDI redox effects. Our previous
results concentrated on direct interactions between PDI and
Nox subunits. Although results showed association with
p22phox and catalytic subunits in distinct cell systems (9, 10) and
a robust association between PDI and p47phox in the neutrophil
cytosol subfraction (7), no clear primary upstream target of PDI
emerged, so that a putative PDI effect to assist interaction
among multiple complex subunits remained elusive. Because
overexpression of either wild-type or cysteine-mutated PDI
equally promote spontaneousNADPHoxidase complex activa-
tion, at least part of this effect could be due to chaperone PDI
effects, known to be thiol-independent (8). The convergence
between PDI and GTPases detected in the present work pro-
vides novel insights into the upstreammechanisms of PDI-Nox
interaction. The use of systems biology PPPI networks to per-
form unbiased searches for protein interactomes is an evolving
strategy to simplify scaffold information to extract theory prop-
erties (34). The connections detected for PDI in the available
data bases, just as for other signaling proteins such as MAP
kinases (55), are more likely to represent protein-protein inter-
actions than client substrates, which interact very transiently
with PDI. Indeed, substrate-trapping mutations are needed to
pull down specific substrates of PDI family chaperones (56, 57).
The observed decrease in PDGF-stimulated Rac1 or RhoA
activities in the present work adds a meaningful mechanism
whereby PDI affect Nox activity and cell migration. The role of
RhoGTPases for Nox1, Nox2, and Nox3 NADPH oxidases is
well accepted (38). RhoA activation seems to be a relevant tar-
get of Nox4 via Poldip2 regulator (6). However, RhoGTPases
also affect nonredox signaling pathways, even when interacting
withNox. Pak1, a knownRac1 target, is phosphorylated in Thr-
423 via ROS-dependent PDK1 phosphorylation, but also via
nonredox autophosphorylation possibly due to Rac1 (3) Thus,
the convergence between PDI and GTPases implies that down-
stream PDI effects may extend beyond plain Nox/redox
regulation.
Although PDI is required to sustain functional activation of

Rac1 and RhoA by PDGF, our data suggest that direct PDI-
GTPase interaction is unlikely to be responsible per se for such
effects, given the PDGF-independent co-immunoprecipitation
plus small magnitude of their co-localization. On the other
hand, it is not unexpected that only a fraction of total pool of
cytosolic RhoGTPases will interact with ER-resident PDI; in
addition, their interaction could be quite transient. In fact, the
majority of the RhoGTPase pool stays inactive in the cytosol,

apparently as a reservoir (58). Among possible additional indi-
rect mechanisms mediating PDI interaction with GTPases, the
prominence of RhoGDI as a relevant node in our PPPI interac-
tome and its known role in GTPase regulation were noteful.
Moreover, RhoGDI binding is necessary, though not sufficient,
to support the effects of Rac1 in NADPH oxidase activation in
cell-free neutrophil system (59) or cardiomyocytes (60), and
RhoGDI silencing affects cell migration (37, 61). Together with
these considerations, co-immunoprecipitation of PDI with
RhoGDI at base line and its absence after PDGF activation in
the present work are consistent with a dynamic role of RhoGDI
in the regulation of PDI convergence with GTPase and Nox
activation. Here, two issues can be discussed.
First, the association between ER versus cytosolic-located

proteins is not surprising: previous examples in the ER fraction
indicated interaction between PDI with native SOD1 (62),
Grp58 with TORC1 (63), and Rac1 with TORC2 (64), the last
reportedly an ERprotein (65). Furthermore, Rac1 andRhoA are
reportedly detected in the ER-containing fraction and co-frac-
tionatewith PDI (37). Alternatively, a fraction of PDImay reach
the cell periphery either via ER-related extensions or vesicles
(66) or via yet unknown mechanisms allowing escape from ER
retrieval (35).
Second, the mechanisms of GDI effects may be complex: in

addition to the classical role of extracting active RhoGTPases
from membranes (37), RhoGDI binding to GTPases was
recently shown to protect them from proteasome degradation
and to support their delivery to membranes (37). Indeed, the
GDP-boundGDI complex can supportNADPHoxidase activa-
tion to an extent not dissimilar from that of GTP-bound Rac
(59). In addition, there is increasing evidence for a slow alter-
native RhoGDI-independent GTPase delivery to membranes
by vesicle trafficking (67). Further evidence for complexity of
GTPase regulation is given by unexpectedly increased Rac1
activation in geranylgeranyl-transferase-deficient mice (68).
Therefore, the net effect of RhoGDI on overall RhoGTPase reg-
ulation depends on multiple factors, including cell type.
Whereas in fast-migrating melanoma cells, RhoGDI1 knock-
down decreases migration and its persistence (37), slowly
migrating bladder cancer cells increase their migration upon
RhoGDI1 silencing (61). We hypothesize that our VSMC
exposed to PDGF behave similarly to fast-migrating cancer
cells, in which GDI-mediated delivery of RhoGTPases to mem-
branes predominates over its other actions. In this context, the
interaction with PDI could help to assist or prime the GDI-
GTPase complex to growth factor activation. In plants,
RhoGDI accounts for polar organization of GTPase activation,
oxidant generation, and root hair growth (69, 70). In our
VSMCs, the loss of organized directional migration due to PDI
silencing and simultaneous loss of both Rac1 and RhoA activa-
tion is consistentwith a RhoGDI-related delivery defect regard-
ing Rac1/RhoA.
In summary, our data indicate a requirement for the ER

redox chaperone PDI in redox/Nox1 and GTPase-dependent
VSMCmigration. This pathway adds a novel regulatory level to
this disease-relevant cellular process and provides physiologi-
cal dimension to PDI-NADPH oxidase interaction. The
observed convergence among PDI and Rac1/RhoA activation,
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RhoGDI binding, and cytoskeletal organization reinforces a
possible role of PDI as NADPH oxidase organizer, already sug-
gested concerning the mode of PDI interaction with p47phox in
neutrophils (7).
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