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Am J Physiol Heart Circ Physiol 307: H945–H957, 2014. First published
July 25, 2014; doi:10.1152/ajpheart.00918.2013.—Polymerase-�-interact-
ing protein 2 (Poldip2) interacts with NADPH oxidase 4 (Nox4) and
regulates migration; however, the precise underlying mechanisms are
unclear. Here, we investigated the role of Poldip2 in focal adhesion
turnover, as well as traction force generation and polarization. Pol-
dip2 overexpression (AdPoldip2) in vascular smooth muscle cells
(VSMCs) impairs PDGF-induced migration and induces a charac-
teristic phenotype of long cytoplasmic extensions. AdPoldip2 also
prevents the decrease in spreading and increased aspect ratio ob-
served in response to PDGF and slightly impairs cell contraction.
Moreover, AdPoldip2 blocks focal adhesion dissolution and sus-
tains H2O2 levels in focal adhesions, whereas Poldip2 knockdown
(siPoldip2) significantly decreases the number of focal adhesions.
RhoA activity is unchanged when focal adhesion dissolution is
stimulated in control cells but increases in AdPoldip2-treated cells.
Inhibition of RhoA blocks Poldip2-mediated attenuation of focal
adhesion dissolution, and overexpression of RhoA or focal adhesion
kinase (FAK) reverses the loss of focal adhesions induced by siPol-
dip2, indicating that RhoA and FAK mediate the effect of Poldip2
on focal adhesions. Nox4 silencing prevents focal adhesion stabili-
zation by AdPoldip2 and induces a phenotype similar to siPoldip2,
suggesting a role for Nox4 in Poldip2-induced focal adhesion sta-
bility. As a consequence of impaired focal adhesion turnover,
PDGF-treated AdPoldip2 cells are unable to reduce and polarize
traction forces, a necessary first step in migration. These results im-
plicate Poldip2 in VSMC migration via regulation of focal adhesion
turnover and traction force generation in a Nox4/RhoA/FAK-depen-
dent manner.

polymerase-�-interacting protein 2; NADPH oxidase 4; focal adhe-
sions; vascular smooth muscle cells; cytoskeleton; traction forces;
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CELL MIGRATION PLAYS A CENTRAL ROLE in multiple biological
phenomena. During embryogenesis, it is critically important
for morphogenesis; in the adult organism, it is involved in the
inflammatory response and the wound-healing process. How-
ever, cell migration also has untoward effects in many disease
processes, including inflammatory cell migration in arthritis,

endothelial cell migration in cancer angiogenesis, and smooth
muscle cell migration in restenosis and atherosclerosis.

During migration, slow-moving cells undergo cyclic struc-
tural alterations and typically form a leading migratory front
(the lamellipodium) and a retracting tail, collectively generat-
ing a polarized cell shape. Lamellipodial formation is initiated
by protrusion of actin filaments in the direction of the chemot-
actic stimulus (24). Formation of focal adhesions, which act as
anchoring points to the extracellular matrix (ECM), stabilizes
lamellipodial extensions (45). Conversely, dissolution of focal
adhesions at the trailing end of the cell is required for retraction
of the tail (24). This spatially ordered assembly and disassem-
bly of focal adhesions promotes the front-to-rear polarity of the
migrating cell (2, 9, 15, 33). Changes in intracellular force
distribution are transmitted as traction forces to the extracel-
lular matrix by focal adhesions, which are located at the ends
of actin bundles (50). During the migratory process, release of
rear focal adhesions subsequently decreases these traction
forces in the back of the cell. Therefore, the distribution of
local forces over the whole cell becomes polarized, as the
center of traction force moves forward relative to the geometric
cell center (26). Polarization of traction forces is a consequence
of both the strength of focal adhesions and the activity of
myosin II on actin fibers (38).

We recently showed that the NADPH oxidase 4 (Nox4),
along with its interacting partner polymerase-�-interacting pro-
tein 2 (Poldip2), is expressed in focal adhesions and mediates
vascular smooth muscle cell (VSMC) migration (27) but did
not determine what part of the migratory cycle is targeted by
this complex. We did report that Poldip2 overexpression in-
duces a sustained increase in the activity of the small GTPase
RhoA (27). Previous work, mostly in fibroblasts, has shown
that spatiotemporally precise activation and inactivation of
RhoA (40) promotes migration by inducing actin filament
bundling and the clustering of integrins and associated proteins
into focal adhesion complexes (28, 41, 44), by regulating focal
adhesion kinase (FAK)-dependent focal adhesion dissolution
(35), and by controlling cell body contraction via Rho kinase-
mediated inhibition of myosin light chain phosphatase (47).
RhoA can thus affect multiple aspects of migration when it
properly cycles through its active and inactive states, but
whether it mediates the effects of Poldip2/Nox4 and which of
its functions are affected by Poldip2/Nox4 remain unclear.

In this study, we tested the hypothesis that Poldip2 induction
of Rho impairs VSMC migration primarily by regulating focal
adhesion dissolution and cell polarization. We found that in
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fact Poldip2, via activation of RhoA/FAK, inhibits focal adhe-
sion dissolution, sustains H2O2 levels in focal adhesion, and is
required for focal adhesion formation. These coordinated ef-
fects on focal adhesion turnover prevent polarization of trac-
tion forces and thereby impair migration following Poldip2
overexpression. We not only identify for the first time the
biological basis of Poldip2-mediated effects on focal adhesion
turnover but also identify RhoA/FAK as biologically relevant
targets of Poldip2/Nox4, which may prove valuable in the
development of more specific antimigratory therapeutics.

MATERIALS AND METHODS

Cell culture. Rat aortic VSMCs (passages 7–12) were grown in
Dulbecco’s Modified Eagle’s Media (DMEM) as described previ-
ously (27).

Antibodies. Nox4 antibodies were kindly provided by Dr. David
Lambeth (Emory University). Poldip2 goat antibody was custom
made by GenScript (Piscataway, NJ) against the peptide sequence
NPAGHGSKEVKGKTC, as reported previously (27). When avail-
able, the following commercial antibodies were used: FAKpY397
and paxillin (BD Bioscience, San Jose, CA or Abcam, Cambridge,
MA), Myc (Cell Signaling, Billerica, MA), total FAK (EMD
Millipore, Billerica, MA), tubulin and HA-tag (Abcam), and CDK4
(Santa Cruz Biotechnology, Santa Cruz, CA). Secondary antibod-
ies were from Jackson ImmunoResearch (West Grove, PA) or
Bio-Rad (Hercules, CA).

siRNA. For transfection with siRNA, VSMCs were trypsinized and
plated at 40–50% confluence on collagen-coated cover slips or
100-mm cell culture dishes. After 4 h, cells were washed with
serum-free Opti-MEM and incubated with siRNA and Oligofectamine
complexes for 48 h. Cells were incubated in OPTI-MEM for an
additional 2–4 days (12, 27). A stealth siRNA against human, mouse,
and rat Poldip2 (siPoldip2; sense: 5=GCCCACAUAUAUCUCA-
GAGAUCUCA3=, antisense: 5=UGAGAUCUCUGAGAUAUAUG-
UGGGC3=) and the stealth control siRNA (siControl) of the corre-
sponding GC content were purchased from Invitrogen (Carlsbad, CA).
Cells were transfected with a final siRNA concentration of 15 nmol/l.
Nox4 siRNA (siNox4; 25 nmol/l) was used as described previously,
with the Allstars Negative Control (Qiagen, Valencia, CA) (12, 27).

Adenoviruses. The AdEasy System was used to prepare viruses
with either no insert (green fluorescent protein-expressing adenovirus,
AdGFP, control for AdPoldip2), or NH2-terminal-Xpress-tagged and
C00H-terminal-myc-tagged Poldip2 [AdPoldip2, which also includes
GFP driven by an independent cytomegalovirus (CMV) promoter].
The LacZ control (AdLacZ, control for AdRhoGV and AdFAK) and
HA-tagged constitutively active RhoA (AdRhoGV) adenoviruses
were kind gifts of Dr. Aviv Hassid (University of Tennessee). The
FAK-overexpressing adenovirus (AdFAK) was a kind gift from Dr.
Joseph C. Loftus (Mayo Clinic, Phoenix, AZ). VSMCs were trans-
duced with recombinant adenoviruses for 2 h at 37°C in serum-free
DMEM, followed by incubation for 48 h to 3 days in serum-free
DMEM without virus (12, 27).

Wound-healing assay. The wound-healing assay was performed as
described previously (13). Rat aortic VSMCs were seeded on MatTek
(Ashland, MA) dishes treated with adenovirus in serum-free media.
Three days after transduction, when cells had reached 100% conflu-
ence, a wound was made using a pipette tip, and detached cells were
removed. Cells were then stimulated with PDGF (10 ng/ml) in
serum-free DMEM, and live cell images were acquired with a Leica
TCS SP5 II confocal microscope system equipped with an environ-
mental chamber using a �20 air objective lens (NA � 0.70) and LAS
AF software. Images were taken every 15 min for 18 h. In some cases,
the cells were grown on collagen-coated coverslips and fixed at
indicated time points. Nuclei were stained with DAPI. GFP fluores-
cence was used as an indicator of transduced cells. Fixed cell images

were acquired with an Olympus IX71 microscope equipped with a
DP71 camera.

Morphological analysis. Cells were plated at 30–40% confluence
and allowed to adhere overnight before treatment with adenovirus in
serum-free media. After 48 h, cells were stimulated with 10 ng/ml
PDGF or vehicle control for 30 min before imaging. Fluorescent cells
were quantified using a custom-written MATLAB algorithm.

Adhesion assay. Cell adhesion was measured as described previ-
ously with minor modifications (43). A 96-well plate was coated with
10 �g/ml collagen I for 1 h, and nonspecific adhesion was blocked by
1-h incubation in 1% heat-denatured bovine serum albumin. Adeno-
viral-transduced cells were trypsinized, neutralized with trypsin-neu-
tralizing solution, pelleted by centrifugation, resuspended to a final
concentration of 1 � 105 cells/ml in serum-free media, and incubated
at 37°C for 30 min. Cells were again centrifuged, resuspended in
phosphate-buffered saline (PBS) containing divalents (0.9 mM CaCl2
and 0.49 mM MgCl2) as well as 2 mM dextrose (PBSD), and then
seeded at 1 � 104 cells per well. After cells were allowed to adhere
for 30 min, an initial fluorescence reading was taken at 485-nm
excitation and 535-nm emission. Plates were then washed three times
in PBSD before taking a final reading. Adherent fraction is defined as
final fluorescence over initial fluorescence.

Collagen gel contraction. Type I rat tail collagen was diluted in 5�
serum-free DMEM and then buffered to a final pH of 7.4 using
sodium hydroxide and acetic acid. Cells transduced with either
AdGFP or AdPoldip2 were suspended in serum-free DMEM and
mixed with the collagen solution to create a final mixture of 1.5 mg/ml
collagen. The solution was swirled to mix, and 400 �l containing a
total of 2.5 � 105 cells was pipetted into a 24-well plate. Gels were
polymerized at 37°C and then incubated in DMEM containing 10%
fetal calf serum for 18 h to allow cells to spread. Finally, gels were
detached and incubated with PDGF (10 ng/ml) for 24 h before
imaging. Percent gel contraction was calculated as 100 � (initial gel
area � final gel area)/initial gel area. All areas were quantified by
tracing the contracted gels in ImageJ.

Focal adhesion turnover assay. Nocodazole-induced, microtubule-
dependent focal adhesion turnover was carried out as described
previously by others (15). VSMCs were plated and grown to 50–60%
confluence before treatment with adenovirus or transient transfection
with siRNA for 72 h. For some experiments, both treatments were
given simultaneously. Three days after adenovirus treatment in serum-
free DMEM, VSMCs were incubated with 10 �M nocodazole for 4 h
to completely depolymerize microtubules. Nocodazole was washed
out with serum-free DMEM to allow microtubule repolymerization,
which leads to dissolution of existing focal adhesions followed by
formation of new ones. Cells were fixed at the indicated time points
in 4% formaldehyde in PBS for 10 min or in acetone:methanol (1:1)
at �20°C for 20 min followed by permeabilization with 0.5% Tri-
ton-X 100 in PBS for 5 min, before the processing for immunofluo-
rescence. In some experiments, protein was collected for Western blot
studies.

Focal adhesion segmentation. Images of cells stained for either
paxillin or FAKpY397 collected as previously described were quan-
tified in a custom-written MATLAB routine. After background sub-
traction, Otsu’s method was used to segment nuclei and focal adhe-
sions in transduced cells. If cells were in contact, a seeded watershed
algorithm was performed to determine the cell boundary. Overlapping
focal adhesions were divided by a watershed filter after subtracting the
low-pass filtered image from the original image. Focal adhesions that
exceeded the average area within each cell by three standard devia-
tions and also had low solidity were considered to be overlapping. The
size of the low-pass filter was determined based on the average focal
adhesion size within the cell. Over 1,000 focal adhesions per condi-
tion were quantified by the number per cell area as well as the average
area of each these focal adhesions.
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Measurement of reactive oxygen species production at sites of focal
adhesions with FAT-HyPer. To measure intracellular reactive oxygen
species (ROS) production, we used the genetically encoded specific
H2O2 sensor HyPer (4). This fluorescent probe consists of the bacte-
rial H2O2-sensitive transcription factor OxyR fused to circularly
permuted yellow fluorescent protein, which produces two excitation
peaks (420 nm and 500 nm) and single emission peak (516 nm). The
ratio of fluorescence intensity following sequential excitation at each
peak is sensitive to H2O2 concentration and is rapidly reversible,
allowing live cell dynamic monitoring of intracellular H2O2 concen-
tration (29).

To target the HyPer probe to focal adhesions, we used a focal
adhesion targeting (FAT)-HyPer fusion protein generated by Dr.
Terada. The FAT domain of human FAK (residues 896–1129) was
recovered from a human umbilical vein endothelial cell library by
PCR with the addition of a Kozak consensus. This FAT domain was
used to replace the NH2-terminal mitochondrial targeting sequence in
pHyPer-dMito (Evrogen, Moscow, Russia) at Nhe I and Bam HI sites,
downstream of a CMV promoter.

For experiments, VSMCs were seeded at 30–40% confluence in
35-mm collagen I-coated MatTek culture dishes and maintained in
DMEM containing 10% FBS for 24 h before transfection. For tran-
sient transfections, the cells were rinsed with PBS and were trans-
fected with FAT-HyPer � Poldip2 (N-myc rat Poldip2 in
pcDNA3.1�) plasmids using Attractene Transfection Reagent (Qia-
gen) according to the manufacturer’s protocol. Six hours after trans-
fection, the cells were washed once with PBS, and fresh serum-free
DMEM was added to the cells. After a further 48 h of incubation,
nocodazole-induced, microtubule-dependent focal adhesion turnover
was carried out as described above. For the hour following nocodazole
washout, cells were sequentially excited by 405- and 488-nm lasers at
7–10% laser power, and emission was detected every minute at
500–530 nm with a HyD sensor using a Leica TCS SP5 laser-
scanning confocal microscope (Buffalo Grove, IL). To calculate
HyPer ratio images, we utilized LAS-AF software (Leica Microsys-
tems, Jena, Germany).

Quantification of HyPer images was carried out as above for focal
adhesion segmentation with minor modifications. First, cell bodies
were manually segmented by visual inspection. Focal adhesions were
next segmented independently at each excitation wavelength and then
combined to form a single binary image of segmented focal adhesions.
The average HyPer ratio, as well as focal adhesion area, was then
determined from the segmented focal adhesions within the cell body.

Immunoblotting. VSMCs were lysed in Hunter’s buffer (25 mM
HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10 mM
Na-pyrophosphate, 10 mM NaF, 0.1 mM Na-orthovanadate, 1% Na
deoxycholate, 1% Triton X-100, 0.1% SDS, 10% glycerol, and pro-
tease inhibitors), and whole cell lysates were utilized for Western blot
as described previously (12, 18, 27). Proteins were separated using
SDS-PAGE and transferred to nitrocellulose membranes, blocked,
and incubated with appropriate primary antibodies. Proteins were
detected by enhanced chemiluminescence (Amersham, Pittsburgh,
PA). Band intensity was quantified by densitometry using ImageJ 1.38
software.

Immunocytochemistry and confocal microscopy. Immunocyto-
chemistry was carried out as described previously (21, 27). VSMCs
were plated on collagen-coated glass coverslips, transiently trans-
fected with siRNA for 72 h, or grown to 50–60% confluence before
treatment with adenovirus. After the treatment period, cells were fixed
and incubated with primary antibodies for FAKpY397 (focal adhe-
sions), HA-tagged-RhoA, tubulin, and DAPI (nuclei) for 1 h. Second-
ary antibodies conjugated to specific fluorophores were used for
detection. Vectashield mounting medium (Vector Laboratories, Bur-
lingame, CA) was used for confocal experiments. Images were ac-
quired with a Zeiss LSM 510 META Laser Scanning Confocal
Microscope System using a Plan-Apo �63 oil objective lens (NA �
1.40) and Zeiss ZEN acquisition software. Controls with no primary

antibody showed no fluorescence, and single-label controls were
performed in all multiple-labeling experiments. When cells from
different treatment groups were compared, all image threshold set-
tings of the confocal microscope remained constant. Mean intensity
fluorescence was measured using Image-Pro Plus v.6.2 by selecting at
least four representative fields of identical settings.

Rho activity assay. Rho activity was measured using the G-LISA
method per the manufacturer’s instructions (Cytoskeleton, Denver,
CO). Briefly, experiments were timed so that all cell lysates could be
collected and assayed at the same time without a freeze/thaw, and the
amount of active GTP-bound Rho was detected with a specific RhoA
antibody and luminometry.

Preparation of polyacrylamide substrates. Preparation of poly-
acrylamide substrates was carried out using Pelham and Wang’s (39)
previously published protocol with minor modifications. Coverslips
were sequentially flamed and incubated in 0.1 N NaOH, followed by
silanization by incubation for 10 min in 1.0% (vol/vol) 3-aminopro-
pyltrimethoxysilane (TCI America, Portland, OR). Residual silane
was removed by extensive rinsing in distilled H2O, and then cover-
slips were activated by 30-min incubation in 0.5% glutaraldehyde
(Bio-Rad). Compliant gels consisting of 10% acrylamide and 0.13%
bis-acrylamide embedded with 200-nm red fluorescent nanoparticles
(Invitrogen) were then polymerized. To allow for cell adhesion,
sulfo-SANPAH (Thermo Scientific, Waltham, MA) was used to
covalently link collagen I (BD Biosciences) to the surface. Uniaxial
compression testing was performed on a Bose EnduraTEC ELF 3200
Uniaxial Testing System to a maximum of 10% strain yielding a
Young’s Modulus of 20.4 � 0.16 kPa.

Traction force microscopy. Cells were plated at 1,000 cells/cm2 on
collagen-coated polyacrylamide substrates including 200-nm fluores-
cent microbeads, allowed to adhere overnight, transduced the follow-
ing day, and cultured for 3 days before the experiments were begun.
Thirty minutes before the imaging, the cell culture medium was
replaced with serum-free DMEM with or without PDGF. Traction
force cytometry was then performed as described with a Nikon
Eclipse Ti inverted epifluorescence microscope (Melville, NY)
equipped with an environmental chamber (In Vivo Scientific, St.
Louis, MO). An average of six cells per substrate was captured; values
represent an average of three to seven experiments. Particle displace-
ments were determined by comparison of stressed and unstressed gel
images and used to determine traction forces with a Fourier-
transform traction force cytometry (8) in a custom-written MAT-
LAB routine. To calculate polarization, the magnitude of these
traction forces was used to generate a force-weighted center of
mass for each cell. The polarization was defined as the distance
between force-weighted center of mass and the unweighted center
of mass of the entire cell (30).

Statistical analysis. Results are expressed as mean � SE. Statistical
significance was assessed using either t-test or ANOVA, followed by
contrast analysis. A value of P 	 0.05 was considered significant.

RESULTS

Poldip2 overexpression inhibits VSMC migration. We pre-
viously showed using a Boyden chamber assay that manipula-
tion of Poldip2 levels affects VSMC migration without exam-
ining in detail the effect of Poldip2 on the phenotype of the
migrating cell (27). To visualize the phases of migration
potentially affected by Poldip2, we performed a live-cell
wound-healing assay. Consistent with our previous data, the
PDGF (10 ng/ml)-stimulated wound-healing process is signif-
icantly reduced in AdPoldip2 cells (Fig. 1A and Supplemental
Video S2; supplemental material for this article is available
online at the American Journal of Physiology Heart and
Circulatory Physiology website). Compared with AdGFP cells
(Fig. 1A and Supplemental Video S1), cells transduced with
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AdPoldip2 show a significant reduction in the number of cells
entering the wound area (Fig. 1B) as well as total distance
traveled (Fig. 1C) into the wound area. In addition, we
observed an abnormal phenotype in AdPoldip2 cells. PDGF-
stimulated, AdGFP-transduced cells showed a polarized cell
shape with clear translocation of the cell body into the
wound-healing area with retracting tails (Fig. 1D). In con-
trast, AdPoldip2-transduced cells began to migrate by pro-
ducing very long, unstable cytoplasmic extensions at the
leading migratory front of the cell but were unable to translo-
cate the cell body (Fig. 1D and Supplemental Video S2). This
abnormal phenotype was present in 
70% of AdPoldip2-
transduced cells in the wound area. Moreover, in AdGFP-
treated cells, PDGF reduced cell spreading and increased the
aspect ratio (major axis divided by the minor axis), whereas, in
AdPoldip2-treated cells, PDGF had no effect on either param-

eter (Fig. 1, E and F). It should be noted that cytoplasmic
extensions were not observed during short exposures to PDGF.
Taken together, these data clearly demonstrate that overexpres-
sion of Poldip2 significantly reduces migration.

Poldip2 overexpression inhibits focal adhesion dissolution
but not cell contraction. Our previous data demonstrating
activation of RhoA upon Poldip2 overexpression suggest that
migratory events downstream of RhoA might account for the
abnormal phenotype shown in Fig. 1D. We therefore examined
the effect of Poldip2 overexpression on cell body contraction,
focal adhesion turnover, and polarization. Using a gel-contrac-
tion assay, we observed only a small decrease in cell contrac-
tion in response to PDGF in AdPoldip2-transduced cells com-
pared with AdGFP-infected cells (Fig. 1G), suggesting that
contraction is relatively normal in these cells and does not
account for failure of the cell body to move. An effect of

Fig. 1. Polymerase-�-interacting protein 2
(Poldip2) overexpression inhibits vascular
smooth muscle cell (VSMC) migration and
contraction but increases adhesion. A: con-
fluent VSMC layer was wounded and sub-
jected to PDGF (10 ng/ml) stimulation for
18 h while cell migration was recorded using
live-cell confocal microscopy. Images of
green fluorescent protein-expressing adeno-
virus (AdGFP)- or AdPoldip2-transduced
cells at 0 h or after 18 h with PDGF are
representative of 3 independent studies.
Quantitative analysis of the number of GFP-
positive cells in the wound area (B) and total
distance (�m) traveled (C) after 18 h of
PDGF are shown. Bars for B and C are
means � SE of 5 independent fields, in
which at least 5 cells were measured, *P 	
0.05. D: confluent VSMC layer was wounded
and subjected to PDGF (10 ng/ml) stimula-
tion for 24 h. Cells with retracting tails are
apparent after AdGFP transduction (white
arrows). Long cytoplasmic extensions in Ad-
Poldip2-transduced cells are also visible
(yellow arrows). Green fluorescence indi-
cates transduced cells. Nuclei are labeled
with DAPI (blue). Images are representative
of 3 studies. Bar graph summarizes the quan-
titative analysis of cells with long cytoplas-
mic extensions in the wound area, which
represent an abnormal phenotype. Bars are
mean � SE of 5 independent fields, in which
at least 5 cells were measured in 3 indepen-
dent experiments, *P 	 0.05. Scale bar �
100 �m. E and F: cells transduced with
either AdGFP or AdPoldip2 were stimulated
with either PDGF or vehicle control for 30
min, and area (E) and aspect ratio (F) were
calculated as described. Bars represent
mean � SE of at least 3 independent
experiments with over 50 cells per condi-
tion, *P 	 0.05 relative to control. G:
transduced cells were allowed to contract
1.5 mg/l collagen I gels for 24 h in the
presence of 10 ng/ml PDGF. Values repre-
sent the average � SE of 3 independent
experiments with 4 wells per experiment.
*P 	 0.05. H: adherence of transduced cells
was measured as described in MATERIALS AND

METHODS. Values represent the average � SE
of 3 independent experiments with 4–8 wells
per experiment. *P 	 0.05.
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Poldip2 on focal adhesion turnover is more likely, however,
because we previously observed strong focal adhesions in
Poldip2-overexpressing cells (12, 27). Indeed, incubation of
cells with AdPoldip2 significantly increased adherence to sub-
strate (Fig. 1H), suggesting that migration might be impaired
by dysfunction of focal adhesion turnover. Whether this occurs
through inhibition of focal adhesion dissolution or enhance-
ment of focal adhesion formation is unclear. These potential
mechanisms were investigated using a nocodazole-induced,
microtubule-dependent focal adhesion turnover assay (15).

In this assay, nocodazole (10 �mol/l, 4 h) incubation depo-
lymerizes microtubules (compare Fig. 2A, a and c). Removal
of nocodazole initiates microtubule repolymerization between
5 and 15 min, which subsequently induces dissolution of focal
adhesions with a peak effect at 30 min, as indicated by a
significant reduction in the focal adhesion marker paxillin (Fig.
2A, m) and FAK phosphorylation on Y397 (FAKpY397) (Fig.
2B, u). By 60 min, reformation of microtubules (Fig. 2A, g and
h) induces creation of new focal adhesions (Fig. 2A, o, and Fig.
2B, w). Thus this assay allows detection of both the dissolution

Fig. 2. Poldip2 overexpression inhibits no-
codazole-induced, microtubule-dependent fo-
cal adhesion turnover, but not microtubule
depolymerization. VSMCs were transduced
with either AdGFP or AdPoldip2 for 72 h in
serum-free DMEM before incubation with
or without nocodazole (10 �mol/l) for 4 h.
Cells were washed with fresh serum-free
DMEM, fixed at the indicated time points,
and immunostained for tyrosinated microtu-
bules (Tyr-Microtubules) (A, left), paxillin
(A, right), or FAKpY397 (B) (all are in red).
Green color is an indication of control
(AdGFP) or Poldip2 (AdPoldip2)-overex-
pressing cells (inset at the top right corner of
each image). Nuclei are labeled with DAPI
(blue). Images are representative of 3 exper-
iments. C, left: sequential segmentation al-
gorithm used to isolate focal adhesions (FA).
Right: quantification of FAKpY397 staining
in B with respect to number of focal adhe-
sions per square micron (top) and average
focal adhesion size (bottom). At least 1,000
focal adhesions were measured per condi-
tion. Data include 15- and 45-min time
points that were omitted from previous pan-
els for clarity and represent average � SE.
**P 	 0.01, ***P 	 0.001 relative to the
other treatment condition.
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and formation of focal adhesions. Poldip2-overexpressing cells
maintained focal adhesions after nocodazole washout (Fig. 2A,
n, and Fig. 2B, v), indicating that Poldip2 overexpression
prevents focal adhesion dissolution. We quantified these
changes by segmenting individual focal adhesions over a more
complete time course (Fig. 2C, left). AdPoldip2 cells had
significantly more focal adhesions immediately after washout,
and this increase was maintained through 30 min (Fig. 2C, top,
right). The decrease in focal adhesion area after nocodazole
washout in AdGFP cells was significantly delayed in AdPol-
dip2 cells (Fig. 2C, bottom, right). Thus dissolution of estab-
lished focal adhesions in response to nocodazole washout at 15
min is unable to occur in AdPoldip2 cells.

Poldip2 overexpression inhibits dynamic changes in local
H2O2 levels during focal adhesion turnover. Multiple previous
studies have shown that changes in the intracellular ROS
concentration can severely affect the fate of focal adhesions
(10, 16, 17, 25, 37). ROS scavengers such as N-acetyl cysteine
and flavin oxidase inhibitors such as diphenyleneiodonium can
cause dissolution of focal adhesions, whereas intracellular
increases in H2O2 can activate FAK and consequently stimu-
late cell adhesion and spreading. To investigate Poldip2-de-
pendent changes in local H2O2 concentrations in focal adhe-
sions, we used cells transfected with focal adhesion-targeted
FAT-HyPer during the nocodazole assay. Ratiometric analysis
of acquired images (Fig. 3) revealed that the initially high level
of H2O2 localized to focal adhesions decreased (color change
from pink to blue) concurrently with dissolution of focal
adhesions, with lowest H2O2 levels detected at 	15 min after
nocodazole washout. This change in local H2O2 levels is
followed by dissolution of focal adhesions. Over the next 30
min, H2O2 levels slowly increase at the sites of newly formed
focal contacts/adhesions (Fig. 3A, bottom, arrows). In Poldip2-
overexpressing cells, this decrease in H2O2 levels after nocoda-
zole washout was abolished (Fig. 3A, top, arrows), which
parallels the persistence of focal adhesions in these cells. This
interpretation is confirmed by the time course of HyPer signal
calculated from focal adhesions, where H2O2 concentration
was markedly decreased between 0 and 60 min in control cells
but was sustained and even increased in cells transduced with
AdPoldip2 (Fig. 3B).

Poldip2-induced focal adhesion stabilization is RhoA depen-
dent. As described above, we previously showed that Poldip2
overexpression increases RhoA activity in VSMCs (27). To
determine whether RhoA mediates the Poldip2-induced focal
adhesion stabilization observed in Fig. 2, we first examined
RhoA activity during dynamic focal adhesion turnover after
nocodazole washout. RhoA activity was similar in AdGFP and
AdPoldip2 cells immediately after washout, perhaps attribut-
able to the stimulatory effect of microtubule depolymerization
on Rho activity (46), but was clearly higher in AdPoldip2 cells
at 30 min after nocodazole washout (Fig. 4A), indicating a
possible role of RhoA in Poldip2-induced focal adhesion
stabilization. To determine whether the ability to maintain
RhoA in an active state is responsible for the effects of
Poldip2 on focal adhesion turnover, we used the cell-
permeable Rho inhibitor C3 transferase (2 �g/ml, 4 h) in the
nocodazole assay. C3-transferase had no effect on focal
adhesions in AdPoldip2-treated cells at 0 min after the wash
(Fig. 4C), but, at 30 min after the wash, Rho inhibition

significantly blocked the ability of Poldip2 to prevent focal
adhesion dissolution (Fig. 4, B and D).

Endogenous Poldip2 mediates focal adhesion formation via
FAK, RhoA, and Nox4. To determine whether endogenous
Poldip2 normally regulates focal adhesion turnover, we used
siRNA-mediated reduction of Poldip2. We have previously
observed that knockdown of Poldip2 results in decreased
staining for the focal adhesion markers paxillin and vinculin
(27). Indeed, as shown in Fig. 5, knockdown of Poldip2 results
in a phenotype of reduced focal adhesions, as measured by
dephosphorylation of FAK on Y397 by Western blot or im-
munocytochemistry. We attempted to use the nocodazole assay
to confirm an obligatory role of Poldip2 in focal adhesion
turnover. However, these cells lack detectable focal adhesions
before nocodazole treatment, and there are no new focal
adhesions formed up to 2 h after the wash (data not shown).
From this we concluded that lack of Poldip2 also prevents focal
adhesion formation in VSMCs, a process also reliant on Rho
family GTPases (45). In support of this observation, the siPol-
dip2 focal adhesion phenotype is completely rescued by over-
expression of constitutively active RhoA or wild-type FAK
(Fig. 5B).

We have previously shown that Poldip2 interacts with Nox4
and positively regulates its function (27). However, it is not
clear how much of the Poldip2 effect is Nox4 dependent.
Similar to siPoldip2, siNox4 reduces FAKpY397 phosphory-
lation (Fig. 6A), and its effects on focal adhesions can be
rescued by overexpression of constitutively active RhoA (Fig.
6B). To determine whether Poldip2 requires Nox4 to regulate
focal adhesions, we used overexpression and knockdown strat-
egies in combination. The ability of Poldip2 to enhance focal
adhesion formation and induce FAKpY397 phosphorylation is
completely lost when cells are cotreated with siNox4 (Fig. 7,
A–C). Taken together, these experiments clearly show that
Nox4 is required for stabilization of focal adhesions by Pol-
dip2, most likely by activating RhoA/FAK.

Poldip2 regulates traction forces and polarization in PDGF-
treated VSMCs. The force exerted on the substrate is a direct
consequence of focal adhesion engagement and intracellular
contraction. In migratory cells, the dynamic turnover of focal
adhesions leads to the reorientation of traction forces. Polar-
ization of traction forces is necessary for appropriate cell body
contraction, as either excess or inadequate traction forces
inhibit retrograde actin flow (an indicator of myosin-dependent
contraction forces) in slow-moving cells (22). Because Poldip2
overexpression decreases focal adhesion turnover (Fig. 2), we
hypothesized that it would also affect traction forces and cell
polarization. Using traction force microscopy, we investigated
VSMCs in basal and PDGF-stimulated conditions (Fig. 8A).
Poldip2-overexpressing cells had similar traction forces com-
pared with control cells in unstimulated conditions, consistent
with the absence of effect of Poldip2 on contraction. PDGF
treatment caused a significant decrease in the traction forces in
control AdGFP cells, indicating dynamic changes in focal
adhesions. In contrast, the traction forces remained unchanged
after PDGF stimulation in AdPoldip2 cells (Fig. 8B). In par-
allel to decreased traction forces, AdGFP cells showed a
significant increase in traction force polarization, which is
measured as the distance between the traction force-weighted
center of mass and the geometric center of the cell, whereas
AdPoldip2 cells failed to polarize (Fig. 8C). This suggests that
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Fig. 3. Poldip2 overexpression prevents dynamic changes in local H2O2 levels in focal adhesions during nocodazole-induced focal adhesion turnover. VSMCs
transiently transduced with focal adhesion-targeted (FAT)-HyPer and AdGFP or AdPoldip2 were serum starved for 24 h before nocodazole (10 �mol/l, 4 h)
treatment. After nocodazole washout, relative H2O2 concentration at sites of focal adhesions was assessed at indicated times based on ratiometric analysis of the
FAT-HyPer signal. Shown are images from 1 experiment repeated twice. A: time-dependent change in intensity and distribution of FAT-HyPer signal in
AdPoldip2-transduced cells (top) or control cells (bottom). Arrows indicate sites of focal adhesions. Top: FAT-HyPer signal. Bottom: ratiometric analysis of
FAT-HyPer 488/405 excitation signals. Change of color from blue to pink indicates an increase in relative H2O2 concentration. B: time course of H2O2 in a single
cell normalized to time 0 after nocodazole wash based on ratiometric analysis of FAT-HyPer 488/405 excitation signals and focal adhesion segmentation.
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the defect in focal adhesion turnover in Poldip2-overexpressing
cells contributes to failure of traction force polarization, which
blocks migration.

DISCUSSION

This study was designed to probe the molecular mechanism
by which Poldip2/Nox4 regulates VSMC migration. Migration
is a complex process that is centrally dependent on Rho, and,
starting from our previous observation that Poldip2 overex-
pression leads to an elevation of Rho activity (27), we tested
several downstream effects of Rho to determine at which point
in the migratory cycle Poldip2 regulation of Rho activity has a
functional consequence. We found that Poldip2 controls both
the formation and dissolution of focal adhesions. Its perturba-

tion leads to failure of traction force polarization and thereby
loss of the migratory phenotype. The failure of the cell body to
move forward in Poldip2-overexpressing cells does not appear
to be attributable to an inability of the cell to contract but rather
to this initial failure of the cell to polarize, suggesting that the
primary role of Poldip2 is to control focal adhesion dissolution
(Fig. 9). Our results explain our previous observation that both
knockdown and overexpression of Poldip2 prevent PDGF-
induced migration of VSMCs (27) and identify RhoA/FAK as
downstream targets of Poldip2. We also identify a possible role
of Nox4 in Poldip2-induced focal adhesion stability. Taken to-
gether, our results unveil new mechanisms by which NADPH
oxidases regulate Rho-dependent migratory processes that are
critical events in occlusive vasculopathies.

Fig. 4. Overexpression of Poldip2 induces
focal adhesion stabilization via RhoA. A:
RhoA activity, as measured using the G-
LISA method, in control (AdGFP) or Pol-
dip2-overexpressing cells (AdPoldip2) sub-
jected to the nocodazole-induced focal adhe-
sion turnover assay. Data represent means �
SE of 4 independent experiments. *P 	 0.05
vs. AdGFP at 30 min. B–D: VSMCs trans-
duced with AdGFP or AdPoldip2 were in-
cubated with nocodazole (10 �mol/l, 4 h) in
the presence or absence of the Rho inhibitor
C3 transferase (2 �g/ml). At time 0 (C) or 30
min after nocodazole washout (B), cells were
immunostained for focal adhesion kinase
(FAK)pY397 (red). Nuclei are labeled with
DAPI (blue). Green color (inset) is an indi-
cation of the control (AdGFP) or Poldip2
(AdPoldip2)-overexpressing cells. Pictures
are representative of 3 experiments. C3
transferase was maintained throughout the
experimental period. Scale bar � 20 �m. D:
quantification of FAKpY397 immunofluo-
rescence. Bars represent means � SE of 3–4
independent experiments. *P 	 0.05 vs. AdGFP,
#P 	 0.05 vs. AdPoldip2 without C3.

Fig. 5. Destabilization of focal adhesions by Poldip2 downregulation is rescued by RhoA or FAK. VSMCs were transiently transfected with control siRNA
(siControl) or siPoldip2. A, top: protein was harvested after 72 h and immunoblotted with anti-FAKpY397, anti-FAK (total), and anti-Poldip2. Bottom:
quantification of Western blots. Bars represent means � SE of FAKpY397/total FAK in 7–9 independent experiments, *P 	 0.05. B: following transfection with
siRNA, VSMCs were transduced with control adenovirus (AdLacZ), constitutively active Rho (AdRhoGV), or FAK adenovirus (AdFAK). Cells were
double-labeled with anti-FAKpY397 (red) to detect focal adhesions and anti-HA tag (green) to detect constitutively active RhoA. Nuclei are labeled with DAPI
(blue). Images are representative of 3 experiments. Scale bar � 20 �m.

H952 POLDIP2 IN FOCAL ADHESION TURNOVER AND TRACTION FORCE

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00918.2013 • www.ajpheart.org



Migratory cells require cytoskeletal reorganization to facil-
itate their forward movement. This involves the formation of
new focal adhesions at the front and dissolution of established
ones at the rear of migratory cells. The resulting cytoskeletal
reorganization polarizes the cell, which leads to cytoskeletal-
dependent contraction and force generation for forward move-
ment. In the live-cell wound-healing assay, Poldip2-overex-
pressing cells display reduced migration after PDGF stimula-
tion compared with control cells. As expected, control cells
exhibit a polarized phenotype of extended lamellipodia at the
front of the cell and retracting tails at the rear end (Fig. 1D), as
well as an increased aspect ratio. These cells are thus capable
of morphological changes, such as whole-cell elongation in
response to PDGF. In contrast, Poldip2-overexpressing cells
failed to acquire this migratory phenotype; instead, they form
long unstable cytoplasmic extensions and seem to be unable to
move their cell body (Fig. 1D), exhibiting no overall change in
aspect ratio. As a result, there is a significant reduction in the
number of cells entering, and total distance traveled into, the
wound area in Poldip2-overexpressing cells (Fig. 1, B and C).

One possible explanation for the failure to adopt a migratory
phenotype is that the Poldip2 overexpression might switch the
cells to a more differentiated state. Indeed, we have previously
shown that Nox4 is required for maintenance of differentiation
(12). However, we see no difference in expression of the
differentiation markers smooth muscle �-actin or calponin
(unpublished observations) between AdGFP- and AdPoldip2-
infected cells, suggesting that Poldip2/Nox4 is not sufficient to
induce differentiation in these cells.

Therefore, on the basis of the collective observations that
Poldip2-overexpressing cells fail to attain the migratory phe-
notype but do not assume a differentiated one, that the ability
of these cells to contract is not substantively impaired, and our
previous work showing strong focal adhesions in these cells,
we investigated in depth the hypothesis that Poldip2 controls
focal adhesion turnover. Because focal adhesions are con-
stantly turned over during migration, formation of new focal
adhesions or dissolution of established focal adhesions could
be affected. Discriminating between these possibilities is dif-
ficult in migrating cells because of the temporal coexistence of
both newly forming and dissolving focal adhesions. However,
Ezratty et al. (15) recently reported a nocodazole-treated,

microtubule-induced focal adhesion turnover model system,
which allows one to study focal adhesion turnover in a syn-
chronized fashion. We adapted this model for VSMCs and
studied the role of Poldip2 in VSMC focal adhesion formation
and dissolution. Of importance, in this assay, nocodazole-
induced microtubule depolymerization and postwash-induced
repolymerization processes are intact in Poldip2-overexpress-
ing cells (Fig. 2A). However, in control cells, 30 min after
nocodazole washout both functional (FAKpY397) (Fig. 2B)
and structural (paxillin) (Fig. 2A) markers of focal adhesions
are significantly decreased, indicating focal adhesion dissolu-
tion, whereas, in Poldip2-overexpressing cells, FAKpY397
(Fig. 2B) and paxillin (Fig. 2A) fluorescence signals remain
strong. This suggests that focal adhesion dissolution is pre-
vented, which potentially explains why PDGF stimulation
failed to produce a polarized phenotype in these cells, instead
forming abnormal long cytoplasmic extensions. The persis-
tence of this phenotype also indicates that the effects of
Poldip2 do not simply delay turnover of focal adhesions but
rather increase their stability, thereby preventing the migration.
The mechanism underling this process needs further investiga-
tion.

Morphological polarization is a necessary first step in mi-
gration, which involves multiple mechanisms that induce la-
mellipodial formation at the leading edge of the cell (24).
However, formation of nascent focal adhesions is necessary for
the stabilization of lamellipodia by anchoring them to the ECM
(24). In AdPoldip2 cells, we noticed abnormal cytoplasmic
extensions (Fig. 1D) but a failure to establish a normal polar-
ized cell shape. These extensions indicate that actin polymer-
ization takes place in these cells, and, because we found that
the ability of cells to contract is not impaired by Poldip2
overexpression, it is likely that the strength and orientation of
focal adhesions are responsible for this abnormal phenotype.
Indeed, the inhibition of focal adhesion turnover in Poldip2-
overexpressing cells likely leads to failure of focal adhesions to
release, so that actin protrusion must occur while central focal
adhesions are firmly anchored, leading to a narrow cytoplasmic
protrusion rather than a true lamellipodium. Similarly, in si-
Poldip2-treated cells, focal adhesion formation is impaired,
leading to the same ultimate inability to properly anchor and
migrate.

Fig. 6. Downregulation of NADPH oxidase 4 (Nox4)
inhibits FAK phosphorylation, and focal adhesion dis-
appearance is rescued by active RhoA. VSMCs were
transiently transfected with control siRNA (siControl)
or siNox4. A, top: protein was harvested after 72 h and
immunoblotted with anti-FAKpY397, anti-FAK (total),
and anti-Nox4. Bottom: quantification of Western blots.
Bars represent means � SE of FAKpY397/total FAK in
7–9 independent experiments, *P 	 0.05. B: VSMCs
were transiently transfected with siControl or siNox4
before transduction with control adenovirus (AdLacZ)
or constitutively active Rho adenovirus (AdRhoGV).
Cells were labeled with anti-FAKpY397 (red) to detect
focal adhesions. Nuclei are labeled with DAPI (blue).
Pictures are representative of 3 experiments. Scale bar
� 20 �m.
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It has been observed that traction forces must be neither too
great nor too weak to support contraction (22) and that they
strongly influence cell shape, speed, and mode of movement.
Traction forces thus need to be dynamic to facilitate migration.
We found that PDGF stimulation decreases traction forces in
control cells, consistent with the dynamic nature of focal
adhesion turnover, and establishes an asymmetrical distribu-
tion of intracellular forces. However, in the Poldip2-overex-
pressing cells, PDGF stimulation neither decreases the traction
forces nor establishes polarization of traction forces (Fig. 8B).
This indicates that, in Poldip2-overexpressing cells, focal ad-
hesions maintain static attachments and prevent the necessary
PDGF-induced dynamic changes of the traction forces. Of
interest, despite increased activity of both FAK and RhoA,
which have been associated with increased traction forces (42),
we did not observe any difference in basal traction forces upon
Poldip2 overexpression. It has been reported that, once focal
adhesions become mature by recruiting proteins such as zyxin,
they lose the ability to generate traction forces and become
passive anchorage devices (6). It is thus likely that the focal

adhesions seen in Poldip2-overexpressing cells are mature and
passive. Because the spatial and temporal patterns of traction
forces have been reported to dictate cell body contraction and
the direction of cell migration (22, 34), these observations may
explain the reduced migration observed upon dysregulation of
Poldip2.

It has previously been shown that Rho GTPases are major
regulators of focal adhesion turnover and cytoskeletal reorga-
nization. In migratory cells, regional alteration of Rac and
RhoA activity facilitates cytoskeletal restructuring (36). We
found no effect of Poldip2 overexpression on Rac activity
(unpublished observations). This is functionally evident by the
long cytoplasmic extensions noticed in the wound-healing
assay in Poldip2-overexpressing cells (Fig. 1D). Moreover, the
ability of the cells to contract was only slightly impaired by
Poldip2 overexpression, suggesting that the elevation in RhoA
that we previously reported (27) most likely affects focal
adhesion turnover. Our data suggest that Poldip2/Nox4-depen-
dent RhoA signaling is required for focal adhesion maturation
and prevents dissolution, whereas lack of Poldip2 prevents the

Fig. 7. Nox4 is required for Poldip2-induced
focal adhesion stabilization. VSMCs were
transiently transfected with siControl or si-
Nox4. 2 days after transfection, cells were
transduced with either control (AdGFP) or
Poldip2 adenovirus (AdPoldip2) for 3 more
days and fixed for either immunocyto-
chemistry or immunoblotting. A: cells plated
on coverslips were labeled with anti-
FAKpY397 (red) to detect focal adhesions.
Insets: green cells represent transduced cells.
Nuclei are labeled with DAPI (blue). Scale
bar � 20 �m. B: representative Western
analysis for FAKpY397, FAK (total), Nox4,
myc-Poldip2, and CDK4 (loading control).
C: quantitative analysis of 3 independent
Western experiments. Bars are means � SE;
#P 	 0.05 vs. siControl; *P 	 0.05 vs.
AdGFP; °, not different from AdGFP with
siNox4.

H954 POLDIP2 IN FOCAL ADHESION TURNOVER AND TRACTION FORCE

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00918.2013 • www.ajpheart.org



formation of stable focal adhesions. Thirty minutes after no-
codazole washout, when focal adhesion dissolution is at its
peak in AdGFP cells, RhoA activity is significantly elevated in
AdPoldip2-treated cells, and the number of focal adhesions
remains elevated. Inhibition of Rho with C3 transferase com-
pletely reverses the Poldip2-induced inhibitory effect on focal
adhesion dissolution (Fig. 4). These data strongly suggest that
the major Rho-dependent effect of Poldip2 is on focal adhesion
dissolution.

One of the effectors of RhoA is FAK, the phosphorylation of
which plays a critical role in focal adhesion dynamics. In this

study, Poldip2 downregulation significantly decreases FAK
phosphorylation at Y397 (Fig. 5A), and this is prevented by
overexpression of constitutively active RhoA or FAK (Fig.
5B). In some studies, RhoA is reported to be upstream of FAK
activation and to induce focal adhesion (3, 14, 20, 23, 48).
There is also evidence suggesting that FAK could activate
RhoA via Rho guanine nucleotide exchange factor (RhoGEF)
(11, 51). These disparate observations suggest a possible reg-
ulatory circuit between RhoA and FAK activation. Our obser-
vations suggest that ROS produced from Nox4/Poldip2 may
control this pathway (Fig. 9). In support of this possibility, we
observed high levels of H2O2 in the stable focal adhesions seen
in Poldip2-overexpressing cells (Fig. 3) and a decrease in H2O2

as focal adhesions dissolve in control cells. Interestingly, a
further increase in H2O2 levels in the focal adhesions of
Poldip2-overexpressing cells following nocodazole washout
occurs concomitantly with an increase in Rho activity. H2O2

has been previously shown to activate focal adhesion proteins
by increasing their tyrosine phosphorylation (5, 17, 49), which
plays an important role in focal adhesion maturation and
turnover. Moreover, ROS have been shown to potentially
activate RhoA via direct oxidative modification, although this
conclusion is based on mutation studies rather than direct
demonstration of oxidation (1, 27). We show here that H2O2

generation occurs in the same intracellular compartment as
FAK, and, given the localization of Nox4, p22phox, and
Poldip2 in VSMCs to focal adhesions (21, 27), our observa-
tions provide a framework to understand targeted, specific
H2O2-dependent regulation of focal adhesion turnover. Exactly
how RhoA and FAK are activated by ROS is unclear, but the
mechanism could involve inactivation of the focal adhesion
phosphatase PTP-PEST (32), the direct oxidation of Rho (1) or
targeting of RhoGEF or RhoGAP.

Although Poldip2 has been shown to be a positive regulator
of Nox4, it is not clear which functions of Poldip2 are mediated

Fig. 8. PDGF-induced traction force reduc-
tion and polarization are attenuated in Ad-
Poldip2 cells. Cells plated on a collagen
matrix over a polyacrylamide layer includ-
ing fluorescent microbeads were transduced
with either AdGFP or AdPoldip2 for 72 h in
serum-free DMEM before incubation with
media or PDGF (10 ng/ml) for 30 min.
Images of the cells and stressed gels were
obtained before and 30 min after PDGF
addition. An unstressed gel image was also
taken after cell detachment with 2.5% tryp-
sin. A: heat maps of traction stress magni-
tudes with the corresponding scale in Pas-
cals. The white disc and triangle indicate the
centers of the cell and of traction stresses,
respectively. The small black arrows repre-
sent displacement vectors. Scale bar � 10
�m for cell size, inset scale arrow � 1.0 �m
for displacement vectors. Bar graphs repre-
sent means � SE of 3 or more independent
experiments, each including measurements
from 18–45 cells for median cell traction
stresses (B) and polarization (C) in AdGFP
and AdPoldip2 cells with and without PDGF
stimulation. *P 	 0.05 vs. no PDGF.

Fig. 9. Proposed model of control of VSMC migration by Poldip2. When
PDGF initiates migration, H2O2 generated from the integrin-stimulated Nox4/
Poldip2 complex can activate RhoA and increase FAK phosphorylation at
tyrosine 397, leading to focal adhesion formation and generation of traction
forces. Overexpression of Poldip2 leads to continuous H2O2 production and
prevents dissolution of focal adhesions at the rear of the cell, causing long
cytoplasmic extensions but inability to migrate and failure to polarize. Loss of
Poldip2 or Nox4 leads to a reduction in FAKpY397 and a failure to form new
focal adhesions.
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by Nox4 because Poldip2 has been reported to have Nox4-
independent effects as well (none so far on the cytoskeleton)
(7). In the present study, both Poldip2 and Nox4 downregula-
tion showed a similar phenotype, confirming our previous
observations (27). The observation that Nox4 downregulation
significantly inhibited FAK phosphorylation in the presence
and absence of Poldip2 overexpression (Fig. 7) clearly sug-
gests that Nox4 is required for Poldip2-induced focal adhesion
stabilization. Taken together, our results support the possibility
that the Nox4/Poldip2 complex plays an important role in focal
adhesion turnover. However, to understand the Nox role in
focal adhesion turnover, it is necessary to further study the
direct role of ROS on these dynamic changes and, in particular,
how subcellular compartmentalization affects ROS-dependent
functions. Migration of vascular cells is strongly implicated in
different diseases, including cancer angiogenesis, atheroscle-
rosis, and restenosis. Nox4 has been reported to participate in
the migration of endothelial cells (13), VSMCs (27, 31), and
myofibroblasts (19). In this study, we provide insight into the
mechanism by which Poldip2 and Nox4 regulate VSMC mi-
gration. Taken together, our data indicate that the Poldip2/
Nox4 complex plays a major role in migration of VSMCs by
controlling the focal adhesion turnover and cell body polariza-
tion in a RhoA/FAK-dependent manner. These observations
point to potential therapeutic targets for the control of patho-
logical migration of VSMCs.
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