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Directed migration of smooth muscle cells (SMCs)
from the media to the intima in arteries occurs during
atherosclerotic plaque formation and during resteno-
sis after angioplasty or stent application. The polar-
ized orientation of the microtubule-organizing center
(MTOC) is a key determinant of this process, and we
therefore investigated factors that regulate MTOC po-
larity in vascular SMCs. SMCs migrating in vivo from
the medial to the intimal layer of the rat carotid artery
following balloon catheter injury were rear polarized,
with the MTOC located posterior of the nucleus. In
tissue culture, migrating neointimal cells maintained
rear polarization, whereas medial cells were front
polarized. Using phosphoproteomic screening and
mass spectrometry, we identified ARPC5 and RHAMM
as protein kinase C (PKC)-phosphorylated proteins
associated with rear polarization of the MTOC in neo-
intimal SMCs. RNA silencing of ARPC5 and RHAMM,
PKC inhibition, and transfection with a mutated non-
phosphorylatable ARPC5 showed that these proteins
regulate rear polarization by organizing the actin and
microtubule cytoskeletons in neointimal SMCs. Both
ARPC5 and RHAMM, in addition to PKC, were required
for migration of neointimal SMCs. (Am J Pathol 2011,

178:895–910; DOI: 10.1016/j.ajpath.2010.10.001)

The directed migration of smooth muscle cells (SMCs)
from the tunica media to the tunica intima following en-
dothelial injury is critical for the formation of atheroscle-
rotic plaques and contributes to restenosis after angio-

plasty or stent application.1 Directed cell migration
involves reorganization of the cytoskeleton, and a key
determinant is the polarized localization of the microtu-
bule-organizing center (MTOC) relative to the nucleus. In
nonmigrating cells, the MTOC is oriented randomly with
respect to the nucleus, whereas in migrating cells the
MTOC is polarized and frequently localized anterior to the
nucleus. Microtubules are nucleated at centrosomes,
with their minus ends anchored at the MTOC; they con-
tribute to polarization of interphase cells during migration
and to division spindle assembly during proliferation. Pro-
tein phosphorylation by protein kinase C (PKC) is an
important regulator of MTOC polarity. PKC isoforms reg-
ulating polarity include atypical aPKC,2 PKC�,3–5 PKC�,6

and PKC�.5 We have recently shown that the MTOC is
oriented anterior of the nucleus (ie, front polarized) in
migrating medial SMCs in vitro,7 which is in accord with
other studies of cells migrating in two-dimensional cul-
ture.8–14 Little is known about polarization of the MTOC in
vivo, where cells migrate in three dimensions. We there-
fore set out to study the polarity of SMCs migrating from
media to intima in vivo.

Using a novel approach to study MTOC polarity in
SMCs, we denuded the endothelium from rat carotid ar-
tery to trigger migration to the intimal layer. Confocal
microscopy of the intimal surface showed that the
MTOCs of invading SMCs were rear polarized. Further-
more, SMCs harvested from an established thickened
neointima and grown in culture maintained rear polariza-
tion during migration. To study the mechanisms control-
ling this phenomenon, we used phosphoproteomic anal-
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ysis and mass spectroscopy to identify proteins with
different phosphorylation levels in neointimal SMCs, com-
pared with medial SMCs. The proteins identified had high
probability for phosphorylation by PKC, and experiments
using selective inhibitors demonstrated that PKC� con-
trolled polarization of the MTOC in neointimal SMCs. We
used siRNA to knock down expression and to further
investigate the functions of two cytoskeleton-related pro-
teins: actin-related protein 2/3 complex subunit 5
(ARPC5) and receptor for hyaluronan mediated motility
(RHAMM). Both proteins were required for rear polariza-
tion of the MTOC in neointimal SMCs, both influenced
actin organization and microtubule dynamics in migrating
neointimal SMCs, and both were required for migration of
neointimal SMCs. Mutating the putative PKC phosphory-
lation sites in ARPC5 also resulted in disruption of rear
polarization in neointimal SMCs.

Materials and Methods

Balloon Catheter Injury of the Rat Carotid Artery
and Confocal Microscopy to Assess MTOC
Polarity in Vivo

Animal experiments were performed in accordance with
the guidelines set by the Canadian Council on Animal
Care. Male Sprague-Dawley rats were obtained from
Charles River (Montreal, PQ, Canada). Six rats were
anesthetized by intraperitoneal injection of xylazine at 4.6
mg/kg body weight (Rompum; Bayer, Etobicoke, ON,
Canada) and ketamine at 70 mg/kg body weight (Keta-
set; Ayerst Veterinarian Laboratories, Guelph, ON, Can-
ada). Rat common carotid arteries were injured by pass-
ing a 2F embolectomy balloon catheter along the length
of the vessel three times to denude the endothelium. At 4
days after balloon injury, the carotids were perfusion-
fixed with 4% paraformaldehyde at 110 mm Hg for 15
minutes. The carotids were excised, cut open longitudi-
nally, and then pinned flat to a block of dental rubber with
the intimal surface up. Vessels were permeabilized with
0.2% Triton-X for 5 minutes, and then treated with RNase
A at 100 �g/ml for 1 hour. The vessels were stained en
face with a mouse monoclonal antibody against �-tubulin
clone GTU-88 diluted 1:200 (Sigma-Aldrich, St. Louis,
MO) for 1 hour, then incubated with Alexa Fluor 488 goat
anti-mouse secondary antibody diluted 1:50 (Invitrogen,
Carlsbad, CA). The carotids were counterstained for 20
minutes with propidium iodide 20 �g/ml (Molecular
Probes; Invitrogen) to stain the nuclei. Tissues were
transferred to glass slides, and were coverslipped with
9:1 glycerol/PBS.

Images of fixed rat carotid arteries were captured with
an Olympus FluoView FV1000 confocal microscope
(Olympus, Canada) equipped with an Olympus confocal
scanning unit, and a 60� oil immersion lens (NA 1.4). We
used two laser lines: for the Alexa Fluor 488 labeled
anti-mouse antibody, the excitation wavelength was 488
nm and the emission wavelength was 519 nm; for pro-
pidium iodide, the excitation wavelength was 543 nm and

the emission wavelength was 603 nm. Images were ac-
quired at 15 to 20 Z series of 0.2-�m steps using Olym-
pus FluoView 1.7a software. Images were acquired at
room temperature and represent the merge of 15 to 20 Z
stacks. Natural autofluorescence of elastin allowed visu-
alization of the internal elastic laminae and its fenestrae,
and this marked the boundary between media and in-
tima. Approximately 100 MTOC and nuclei were counted
from the intima of each artery, giving a total of 611 cells
counted. Three-dimensional images were constructed
using Imaris software version 5.5 (Bitplane, Saint Paul,
MN) and were saved as AVI files.

Cell Culture

Medial and neointimal rat carotid artery SMCs were ob-
tained from uninjured and balloon-injured rat carotid ar-
teries as described previously.15 Uninjured carotid arter-
ies were harvested and stripped of adventitia, and the
endothelium was scraped off; medial SMCs were then
dispersed by digestion for 1 hour in 0.3 mg/ml elastase
type III, 1.8 mg/ml collagenase type I (Worthington Bio-
chemical, Freehold, NJ), 0.44 mg/ml soybean trypsin in-
hibitor, and 2 mg/ml bovine serum albumin. To obtain
neointimal SMCs, left carotid arteries of rats were injured
with a balloon catheter; 2 weeks later, the thickened
neointima was stripped from the vessel with the aid of a
dissecting microscope. Neointimal SMCs were dispersed
by digestion with elastase and collagenase as described
above. Six carotids were pooled for isolation of medial
SMCs, and six neointimas were pooled for isolation of
neointimal SMCs. To ensure consistency of the SMC phe-
notypes across different rats, we obtained and main-
tained several independent dispersions, which were ran-
domly selected for experiments. Neointimal and medial
SMCs were routinely grown in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal calf serum
and 2% penicillin-streptomycin and were used between
passages 5 and 10. Immunostaining for smooth muscle
actin confirmed that the harvested cells were SMCs. Dul-
becco’s modified Eagle’s medium, penicillin-streptomy-
cin, trypsin, and fetal calf serum were purchased from
Life Technologies (Gaithersburg, MD).

Preparation of Cell Lysates

SMCs grown to confluence in 60-mm tissue culture
dishes either untreated or incubated for 30 minutes with
PKC inhibitor bisindolylmaleimide I (BIM I) were wounded
along perpendicular axes using a sterilized comb (37 mm
wide, with 13- by 1-mm teeth) to create a grid wound.16

After wounding, fresh media with or without PKC inhibitor
BIM I was added, and the cells were incubated for 6
hours. Cells were lysed with lysis buffer solution contain-
ing 1% SDS, 1 mmol/L phenylmethylsulfonyl fluoride, 0.01
mg/ml leupeptin, 50 mmol/L Tris (pH 7.6), phosphatase
inhibitor cocktail III (Calbiochem; EMD Chemicals,
Gibbstown, NJ), 20 mmol/L � glycerophosphate, 5
mmol/L EDTA, 5 mmol/L sodium fluoride, 5 mmol/L or-
thovanadate, 10 mmol/L dithiothreitol, and protease in-
hibitor cocktail (Roche Diagnostics, Laval, PQ, Canada).

Cells were scraped, mixed, and then forced through an
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insulin syringe to break the DNA. Sample buffer (2�)
containing 0.5 mol/L Tris (pH 6.8), 10% SDS, glycerol,
and 0.1% bromphenol blue was added 1:1 to protein
extracts. Thirty microliters each of samples and molecu-
lar markers SM00441 (Fermentas, Burlington, ON, Can-
ada), and Peppermint Stick phosphoprotein molecular
weight marker (Molecular Probes; Invitrogen) were
loaded onto a 10-well 4% to 15% Tris-HCl gel (Bio-Rad,
Hercules, CA) and separated by SDS-polyacrylamide gel
electrophoresis at constant voltage of 140 mV on a Bio-
Rad Mini-PROTEAN 3 apparatus.

In-Gel Staining with ProQ-Diamond/SYPRO
Ruby

Proteins separated by SDS-polyacrylamide gel electro-
phoresis were visualized by staining for phosphopro-
teins and subsequently for total proteins as reported
previously.17,18 The gel was first stained with Pro-Q Dia-
mond (Molecular Probes; Invitrogen), a fluorescent dye
specific for phosphoamino acids. The gel was fixed in 50%
methanol and 10% acetic acid for 60 minutes, washed in
distilled H2O three times for 10 minutes, stained with Pro-Q
Diamond for 90 minutes, and destained three times for 30
minutes in destaining solution containing 20% acetonitrile
and 50 mmol/L sodium acetate, pH 4. The gel was visual-
ized with an Ettan DIGE Imager system (GE HealthCare,
Piscataway, NJ) on Cy3 channel (excitation 540/25 nm,
emission 595/25 nm) using Ettan DIGE Imager 1.0 software
(GE HealthCare). To ensure that all bands imaged from the
gel corresponded to the phosphorylated proteins, we used
Peppermint Stick phosphoprotein molecular weight stan-
dards (Molecular Probes; Invitrogen) that contain a mixture
of phosphorylated and nonphosphorylated proteins as pos-
itive and negative control for detection of phosphorylated
proteins. Separation by SDS-polyacrylamide gel electro-
phoresis resolves the mixture in two phosphorylated and
two nonphosphorylated protein bands. Images were col-
lected so that, on the marker lane, only the phosphorylated
proteins appear as two dark bands; nonphosphorylated
proteins are not detected.

The same gel was then stained overnight with a lumi-
nescent SYPRO Ruby dye (Molecular Probes; Invitrogen)
for total proteins. After two 30-minute washes in 10%
methanol and 7% acetic acid and one rinse with distilled
H2O, the gel was scanned using SYPRO Ruby 1 (480 nm
excitation, 595 nm emission) or SYPRO Ruby 2 (390 nm
excitation, 595 nm emission) channels. Images were col-
lected such that on the lane containing both phosphory-
lated and nonphosphorylated proteins the standards
showed up as four dark bands corresponding to total
proteins. The gel was then analyzed to identify bands that
had a change in their phosphorylation level.

Ratiometric Analysis of Protein Phosphorylation
Levels

The protein phosphorylation level was calculated by the
ratio of phosphoprotein intensity of the Pro-Q Diamond

signal (P) to total protein intensity of the SYPRO signal (T).
We measured the intensity of the Pro-Q Diamond signal
(P) and the SYPRO Ruby signal (T) from a rectangular
area along each band of interest in the gel using ImageJ
software version 1.43 (NIH, Bethesda, MD; http://rsb.info.
nih.gov/ij/) and the values were imported into Excel 2003
software (Microsoft, Redmond, WA). The calculated
value of the band intensity was obtained by subtracting
the measured intensity from 255 and then was used to
calculate the average phosphorylated/total ratio (P/T) in-
tensity. Because both Pro-Q Diamond and SYPRO Ruby
intensities were measured from the same protein band,
variation in protein loading could not affect the P/T ratio
for individual proteins among the groups. Analysis of
band intensity of phosphorylated and total proteins was
repeated three times using independent samples.

Mass Spectrometry

After analysis, the gel was stained with a visible perma-
nent dye, GelCode Blue stain reagent (Pierce; Thermo
Fisher Scientific, Rockford, IL). To visualize the protein
bands, we imaged the gel with a Kodak Image Station
2000 R system via a thermoelectrically cooled charged-
coupled device camera (Eastman Kodak, Rochester,
NY). Protein bands of interest were excised from the gel
and digested before identification by mass spectrometry.
In-gel trypsin digestion of proteins was performed using
an In-Gel tryptic digestion kit (Pierce; Thermo Fisher Sci-
entific). Bands of interest were excised, destained twice for
30 minutes each time by incubation at 37°C in destaining
solution (containing ammonium bicarbonate and acetoni-
trile), reduced by incubation in reducing buffer [Tris(2-car-
boxyethyl)phosphine in digestion buffer that contains am-
monium bicarbonate] for 10 minutes at 60°C, alkylated in
alkylation buffer containing iodoacetamide in dark for 1 hour
at room temperature, washed two times in destaining buffer
at 37°C for 15 minutes, shrunk in acetonitrile 15 minutes at
room temperature, and digested overnight with constant
shaking at 30°C in digestion buffer containing activated
trypsin. We further extracted peptides with 1% trifluoro-
acetic acid, and the tryptic digestions from bands were sent
to the Ontario Cancer Biomarker Network Facility Centre for
protein identification by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (also known as
MALDI-TOF MS) as described previously.18

Peptide-Mass Fingerprint Matching

Peptide-mass fingerprinting chromatograms of MS/MS
data showing spectra peak lists of mass to charge value
sets were analyzed against all available proteins from a
database using the MASCOT search engine (Matrix Sci-
ence, London, United Kingdom). The following search
parameters were used: enzyme � trypsin; fixed modifi-
cation � carbamidomethyl; variable modification � oxi-
dation; mass value � MH�; monoisotopic protein mass �
unrestricted. Peptide mass tolerance was set to � 100 to
200 ppm (fraction expressed as parts per million); pep-
tide charge state � 1� and maximum missed cleavages
allowed � 1. Mass fragment spectra were compared with

the Swiss-Prot database merged into the UniProt data-
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base (Universal Protein Resource, available at http://www.
uniprot.org).

Kinase-Specific Phosphorylation Prediction

The NetPhos 2.0 server (available from the Center for
Biological Sequence Analysis, Technical University of
Denmark at http://www.cbs.dtu.dk/services/NetPhos/)
and the PhosphoMotif Finder (available from the Human
Protein Reference Database at http://www.hprd.org/
PhosphoMotif_finder) were used to determine the pre-
dicted serine, threonine, and tyrosine phosphorylation
sites in the proteins of interest. Kinase-specific phosphor-
ylation predictions were retrieved from the NetPhosK 1.0
server (http://www.cbs.dtu.dk/services/NetPhosK/).

Inhibitor Treatments

Cells were treated with the following PKC inhibitors: 1
�mol/L PKC� inhibitor BIM I (Calbiochem), 20 nmol/L
Ly-333531 (Axon Medchem, Groningen, The Nether-
lands), 10 �mol/L Rottlerin (Calbiochem), 100 �mol/L
PKC� inhibitory peptide (Santa Cruz Biotechnology,
Santa Cruz, CA), 100 �mol/L PKC� inhibitory peptide
(Tocris Bioscience, Ellisville, MO), and 100 �mol/L PKC
scrambled peptide substrate (Tocris Bioscience), or with
GSK-3 LiCl inhibitor at 30 mmol/L concentration, or with
10�4 mol/L or 10�5 mol/L cytochalasin D starting 30
minutes before wounding and with the treatment contin-
ued for 6 hours after wounding.

siRNA

SMCs were transfected in suspension with target-specific
validated siRNA sequences (Ambion Biosciences, Aus-
tin, TX): RHAMM-specific siRNA sequence (Silencer pre-
designed siRNA no. 48767, 197416, and 197415),
ARPC5-specific siRNA sequence (Silencer predesigned
siRNA no. 281070, 281071, and 281072), with nontarget-
ing siRNA Silencer negative control siRNAs used as a
negative control for non-sequence-specific effects. Me-
dial and neointimal SMCs were trypsinized, spun down,
and resuspended in standard growth medium without
antibiotics such that 2.5 ml medium contained 200,000
cells. Ninety picomoles of either the nontargeting or
RHAMM-specific or ARPC5-specific duplex diluted in 500
�L Opti-MEM I reduced serum medium (Gibco; Invitrogen)
and 5 �L of Lipofectamine RNAiMAX (Invitrogen) was
added to wells. The mixtures were gently mixed and incu-
bated for 20 minutes at room temperature. To each well
containing RNAi duplex-Lipofectamine RNAiMAX com-
plexes, 200,000 cells were added, to give a final RNA con-
centration of 30 nmol/L for RHAMM- or ARPC5-specific du-
plex. At 24 hours after transfection, antibiotic-free medium
was replaced with standard growth medium; once the cells
reached confluence, they were lysed to assess the attenu-
ation of RHAMM and ARPC5 expression by Western blot-
ting. Neointimal and medial SMCs transfected with the most
potent siRNA for ARPC5 (Silencer predesigned siRNA no.
281071) or for RHAMM (Silencer predesigned siRNA no.

48767) were plated in Petri dishes with coverslips. After
confluence, they were wounded with a needle and fixed at
6 hours after wounding.

Western Blots

The attenuation of protein expression level after siRNA for
RHAMM and ARPC5 was verified by Western blotting of
cell lysates probed with antibodies specific for RHAMM,
ARPC5, and actin-related protein 2/3 complex subunit 3
(ARPC3). After siRNA, protein concentration was mea-
sured by a Bio-Rad detergent-compatible microplate as-
say using a Kinetic microplate reader (Molecular De-
vices, Sunnyvale, CA). Ten micrograms of proteins from
cell lysates were resolved by electrophoresis on a SDS-
polyacrylamide gel. Proteins were transferred onto poly-
vinylidene difluoride membrane (Millipore, Bedford, MA)
in 25 mmol/L Tris-HCl, 250 mmol/L glycine, 0.1% (w/v)
SDS, pH 8.3, for 18 hours at 30 V at 4°C in a Bio-Rad mini
trans-blot system. The polyvinylidene difluoride mem-
branes were blocked with 3% bovine serum albumin in
PBS overnight and then were probed with primary anti-
bodies: rabbit polyclonal anti-RHAMM antibody H-90 di-
luted 1:1000 (Santa Cruz Biotechnology, Santa Cruz, CA)
or rabbit monoclonal anti-ARPC5 antibody anti-p16-Arc
diluted 1:4000 (Novus Biologicals, Littleton, CO). Next,
the membranes were incubated with corresponding goat
anti-rabbit IgG horseradish peroxidase�conjugated sec-
ondary antibody (Upstate Biotechnology; Millipore). The
membrane incubated with ARPC5 antibody was stripped
with stripping buffer for 30 minutes (0.1 mol/L glycine-
HCl, pH 2.5–3.0), then was reprobed at room tempera-
ture for 1 hour with mouse monoclonal anti-ARPC3 anti-
body anti-p21-Arc diluted 1:3000 (Santa Cruz Biotech-
nology), and incubated for 1 hour with goat anti-mouse
IgG horseradish peroxidase�conjugated secondary an-
tibody diluted 1:2000 (Upstate Biotechnology; Millipore).
The membranes were then stripped with stripping buffer
for 30 minutes and were reprobed at room temperature
for 1 hour with mouse monoclonal anti-�-tubulin antibody
diluted 1:1000 as a control for loading variations. Next,
the membranes were incubated for 1 hour with goat anti-
mouse horseradish peroxidase�conjugated secondary
antibody diluted 1:2000 (Upstate Biotechnology; Milli-
pore). An enzymatic chemiluminescence detection kit
(RPN 2106) (Amersham Bioscience, Baie d’Urfe, QC,
Canada) was used to detect proteins. Probed mem-
branes were exposed to X-ray scientific imaging film
(Eastman Kodak) and bands were visualized with a film
processor (SRX101A; Konica, Tokyo, Japan).

siRNA Targeting ARPC5 Followed by
Transfection with Mutant and Wild-Type
ARPC5-GFP

Vectors were designed containing either a wild-type
ARPC5 sequence or a mutated nonphosphorylatable
ARPC5 sequence. We designed the ARPC5 mutant to
contain point mutations in which three serines (at posi-
tions 8, 85, and 97) and two threonines (at positions 146

and 150) at putative phosphorylation sites for PKC were
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replaced with alanine residues. The GCT codon for ala-
nine is the most frequently found in wild-type ARPC5, so
we chose this to replace the codons for serine or threo-
nine. The alignment of human, rat, and mouse ARPC5
using UniProt tools (http://www.uniprot.org/align) showed
a very high conservation of the ARPC5 gene among
these species. All five putative phosphorylation sites had a
�50% probability of being phosphorylated by PKC; they
were 100% conserved among the three species, and were
located in hydrophobic regions of the protein. The wild-type
ARPC5 and the mutated ARPC5 sequences were synthe-
sized and cloned into the XhoI/HindIII sites of the pEGFP-N1
vector (GenBank no. U55762) (Clontech, Mountain View,
CA) by GenScript (Piscataway, NJ). A Kozak sequence
(ACC) was added next to the start codon to promote protein
synthesis, and the TAG stop codon was removed to allow
continuous gene transcription from ARPC5 to EGFP. Gen-
Script also performed sequencing alignments, vector se-
quencing to ensure that the flanking sequences of the clon-
ing sites were correct, restriction digest assessment, and
PCR amplification to ensure that the size of the inserted
fragment was correct and free of contaminating bands. We
amplified the plasmids in DH5� cells (Invitrogen), and plas-
mid DNA was purified using an EndoFree plasmid maxi kit
from Qiagen (Germantown, MD).

At the start of each experiment, neointimal SMCs were
transfected in suspension with ARPC5-specific siRNA se-
quence as described above to knock down endogenous
ARPC5. Next, neointimal SMCs were transfected with
either wild-type or mutated ARPC5 plasmid. The siRNA
does not interfere with expression of the transfected
ARPC5 plasmid because it targets nucleotides 874 to
893 of the mRNA sequence, which are outside the coding
sequence in the transfected plasmid. One day before
plasmid transfection, cells treated with siRNA for ARPC5
were trypsinized and 25 � 105 cells were plated on slides
in six-well plates in 2 ml of Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum without
antibiotics. Cells were 50% to 80% confluent at the time of
transfection. For each well, 2.5 �g plasmid DNA was
dissolved in 500 �L Opti-MEM I reduced serum medium
without serum (Invitrogen) and was mixed gently. After 5
minutes, 15 �L/well of diluted transfection agent Dharma-
con DharmaFect Duo (Thermo Fisher Scientific, Waltham,
MA) was added to the diluted DNA mix and was incu-
bated for 30 minutes at room temperature. DNA-transfec-
tion agent complexes (500 �L) were added and mixed
with the media in wells containing cells. After transfection,
cells were grown to confluence in medium containing
10% fetal bovine serum at 37°C in a CO2 incubator. The
cells were incubated for 24 hours before testing for gene
expression [appearance of green fluorescent protein
(GFP) signal]. Transfected neointimal SMCs were
wounded in the presence or absence of the PKC inhibitor
BIM I and were fixed 6 hours later.

Fluorescence Staining

Cultured rat aortic SMCs were fixed for 20 minutes in 4%
paraformaldehyde for cells that were stained for F-actin

and �-tubulin, and for 2 minutes in methanol for cells that
were stained for �-tubulin and �-tubulin. Cells were per-
meabilized with 0.2% Triton X-100 for 20 minutes, rinsed
three times for 5 minutes each with PBS, and incubated
with primary antibodies for 1 hour. Neointimal SMCs were
washed three times for 5 minutes each with PBS and were
incubated with appropriate secondary antibodies for 30
minutes, followed by washing with PBS three times for 5
minutes each and then incubation for 1 hour with the other
primary antibody or with Alexa Fluor 568-labeled phalloidin
(Molecular Probes; Invitrogen) to stain F-actin. Cells were
either double immunostained with i) goat anti-rabbit poly-
clonal antibody for �-tubulin diluted 1:100 (Sigma-Al-
drich) and with goat anti-mouse monoclonal antibody for
�-tubulin clone DM1-A diluted 1:700 (Sigma-Aldrich), ii)
or were stained with mouse monoclonal antibody for �-tu-
bulin clone GTU-88 diluted 1:100 (Sigma-Aldrich) and
with Alexa Fluor 568 phalloidin 2 �mol/L (Molecular
Probes; Invitrogen) for F-actin, iii) with rabbit polyclonal
antibody for total �-tubulin (Sigma-Aldrich) and with
mouse monoclonal antibody for acetylated tubulin (Sigma-
Aldrich), or iv) with mouse anti-p16ARC monoclonal anti-
body for ARPC5 diluted 1:50 (Santa Cruz Biotechnology)
and for �-tubulin clone GTU-88 diluted 1:100 (Sigma-
Aldrich). Secondary antibodies used for detection were
Alexa Fluor 568 goat anti-rabbit diluted 1:50 and Alexa
Fluor 488 goat anti-mouse diluted 1:50 (Molecular
Probes; Invitrogen). Next, the cells were incubated for 10
minutes with Hoechst stain 2 �g/ml (Molecular Probes;
Invitrogen) to stain the nuclei and were washed three
times for 5 minutes each with PBS. Slides were mounted
on coverslips with Vectashield mounting medium (Vector
Laboratories, Burlingame, CA). Each experiment was re-
peated six times.

More than 100 cells were analyzed in each category
for polarity designation, and more than 1000 cells were
analyzed for actin organization (Table 1).

Confocal Microscopy

Images were captured with an Olympus FluoView FV1000
(Olympus, Canada) confocal microscope equipped with an
Olympus confocal scanning unit, and a 60� oil immersion
lens (NA 1.4). We used three laser lines: for Alexa Fluor
488–labeled antibodies, the excitation wavelength was 488
nm and the emission wavelength was 519 nm; for Alexa
Fluor 568–labeled antibodies or phalloidin, the excitation
wavelength was 543 nm and the emission wavelength
was 603 nm; for Hoechst stain, the excitation wavelength
was 405 nm and the emission wavelength was 461 nm.
Images were acquired at 15 to 20 Z series of 0.2 �m
steps using Olympus FluoView 1.7a software. Images
were acquired at room temperature and represent the
merge of 15 to 20 Z stacks.

Measurement of Cell Polarity

Cells at the wound edge were grouped in four categories,
labeled 1 to 4 according to the relative positioning of the
MTOC (identified using �-tubulin antibody) to the nucleus
(identified using Hoechst staining) and the direction of

migration. Anterior and posterior refer to the position of

http://www.uniprot.org/align


900 Silverman-Gavrila et al
AJP February 2011, Vol. 178, No. 2
the MTOC relative to the midplane of the nucleus. The
categories were as follows: 1 � highly front polarized
(MTOC anterior to the nucleus), 2 � front polarized
(MTOC anterior to the midplane of the nucleus, but be-
hind the anterior edge of the nucleus), 3 � rear polarized
(MTOC posterior to the midplane of the nucleus, but
anterior to the posterior edge of the nucleus), and 4 �
highly rear polarized (MTOC posterior to the nucleus).
The counting of the slides was blinded, and two indepen-
dent observers assigned the cells into the four categories
for cell polarity.

Measurement of Acetylated Tubulin versus Total
Tubulin

The average fluorescence intensity of acetylated tubulin
was measured using the Analyze/Measure function of the
ImageJ software package version 1.43 within a polygonal
area outlining the cell contour. The average acetylated
tubulin fluorescence intensity was subtracted from the
total tubulin fluorescence intensity to obtain the fluores-
cence intensity of dynamic microtubules. The 513 cells
measured were as follows: control neointimal SMCs (n �
121), neointimal SMCs treated with siRNA for RHAMM
(n � 98), neointimal SMCs treated with PKC inhibitor
BIM I (n � 114), neointimal SMCs treated with siRNA
for ARPC5 (n � 102), and neointimal SMCs treated with
noncoding siRNA (n � 78).

Wound Healing (Scratch) Assay

For migration assays, SMCs were seeded on four-well
chambered coverglasses (Nunc Lab-Tek; Thermo Fisher

Table 1. Numbers of Cells Analyzed for Polarity Designation
and for Actin Organization

SMC Treatment n

Analyzed for polarity
designation

Medial BIM I 892
Medial Control 2355
Neointimal BIM I 778
Neointimal Control 2761
Neointimal Noncoding siRNA 568
Neointimal siRNA for RHAMM 614
Neointimal siRNA for ARPC5 635
Medial Noncoding siRNA 589
Medial siRNA for RHAMM 601
Medial siRNA for ARPC5 616
Neointimal Ly-333531 214
Neointimal Rottlerin 199
Neointimal PKC� inhibitory peptide 230
Neointimal PKC� inhibitory peptide 207
Neointimal PKC scrambled peptide

substrate
187

Neointimal LiCl 121
Analyzed for actin

organization
Neointimal Control 1689
Neointimal siRNA for ARPC5 1176
Neointimal siRNA for RHAMM 1035
Neointimal PKC inhibitor BIM I 1784
Scientific, Rochester, NY) and postconfluent cells were
wounded by dragging a syringe needle across the bot-
tom of the plate to create a wound of approximately 80 to
100 �m in width. When indicated, BIM I or siRNA for
RHAMM, ARPC5, or noncoding sequence were used to
treat the cells before wounding. Images of the wounded
area were captured after wounding for 6 hours, with re-
cording started within 20 minutes after wounding. The
wound area was measured from differential interference
contrast microscopy images at time 0 and 6 hours after
starting to record using the measurement function of
ImageJ software version 1.43. Migration was quantified
as the area that had been reinvaded with SMCs at 6
hours after wounding (migrated area) calculated by the
following formula: Migrated Area � Area t0 � Area t6h,
where Area t0 is the initial area depleted of cells in the
wound at time 0 of recording and Area t6h is the final area
depleted of cells in the wound at 6 hours after start of
recording. Each experiment was repeated nine times.

Live Cell Imaging

Images of migrating neointimal SMCs were collected with a
Zeiss Axiovert 200M microscope (Carl Zeiss, Toronto, On-
tario, Canada) equipped with a 10� objective, numerical
aperture 0.55, a Yokogawa CSU 10 confocal scanning unit
(Yokogawa, Tokyo, Japan), a CoolSNAP HQZ camera (Pho-
tometrics, Tucson, AZ), and an MS-2000 motorized stage
(Applied Scientific Instrumentation, Eugene, OR) that en-
abled the acquisition of multiple points from the four-well
chambered coverglass. Imaging of cells was performed in
a hermetically sealed Plexiglas incubator at 37°C. Images
were acquired every 5 minutes at 37°C using In Vivo 3
software (Media Cybernetics, Bethesda, MD).

Images of neointimal SMCs transfected with wild-type
or mutated ARPC5 were collected with a Nikon Eclipse
TE200 microscope (Nikon Canada) equipped with a 10�
objective, numerical aperture 0.25, and images were
captured using a Hamamatsu charged-coupled device
C4742-15 camera (Hamamatsu Photonics, Hamamatsu
City, Japan).

Statistical Analysis

All data were expressed as mean � SD, calculated with
Excel 2003 software (Microsoft). Student’s t-test (SigmaStat
v3.1; Systat Software, Point Richmond, CA) was used to
compare means between groups. Statistical significance
was set at a P value of �0.05.

Results

SMCs Migrating from the Media to the
Neointima in Rat Arteries in Vivo Are Rear
Polarized

To assess the localization of the MTOC in SMCs migrating
from media to intima, rat carotid arteries were subjected to
balloon catheter injury to denude endothelium and trigger
SMC migration. The intimal surface of the vessel was im-

aged en face using confocal microscopy 4 days later, when
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the first SMCs appear within the neointima.19 Although mi-
gration of SMCs into the intima continues for more than 2
weeks in this in vivo model, the best time to assess the
polarity of migrating SMCs is at the 4-day time point, be-
cause later the cells accumulate in multiple layers, making
the assessment of MTOC polarity difficult. Figure 1, A–D,
depicts consecutive Z steps progressing from the luminal
surface of the vessel (Figure 1A) into the intimal layers
(Figure 1, B and C) and to the level of the internal elastic
lamina (Figure 1D). The location of each Z section is de-
picted in Figure 1E. These illustrations show that the MTOC
(blue) of the migrating SMCs were localized posterior to the
nuclei (red) in the majority of cells. A three-dimensional
reconstruction of these Z sections clearly indicating the
position of the MTOC posterior to the nucleus is presented
in Figure 1F (see also Supplemental Figure S1 and Supple-
mental Movie S1 at http://ajp.amjpathol.org). Measurement

Figure 1. The MTOC is rear polarized in migrating neointimal SMCs in vivo. A–D
artery after balloon injury, moving from the luminal surface of the artery (A) to
majority of SMCs that have migrated from the medial into the intimal layer (see ar
elastic lamina. Numbers indicate the polarity category for each cell. Asterisks
indicated by an arrowhead is the subject of a later panel (F). The intensity of th
to better differentiate MTOC from the green autofluorescence of the elastic lam
planes of the Z sections. F: A still-image three-dimensional reconstruction of a cel
the red nucleus (the medial plane of the nucleus is indicated by the dashed line
wounding in vitro. Cell category 1 � highly front polarized (the MTOC was anter
of but behind the anterior edge of the nucleus); category 3 � rear polarized (the M
and category 4 � highly rear polarized (the MTOC was posterior to the nucleu
position relative to the nucleus when MTOC first appeared in a confocal Z step. H
after wounding; nuclei are shown in blue and MTOCs in red. The dashed line
1 or 2), whereas neointimal SMCs were mainly rear polarized (category 3 or 4)
of the injured carotids of six rats showed that the majority of
SMCs migrating into the neointima were rear polarized
(73%), with the MTOC localized behind the midplane of the
nucleus; 12% � 1% cells were in polarization category 1,
15% � 2% cells were in polarization category 2, 50% � 4%
cells were in polarization category 3, and 23% � 3% cells
were in polarization category 4. The direction of cell migra-
tion is perpendicular to the internal elastic lamina. The ma-
jority of the intimal cells are SMCs; however, we cannot rule
out the possibility that some cells are derived from fibro-
blasts, circulating precursor cells, or inflammatory cells.

During Migration in Vitro Neointimal SMCs Are
Rear Polarized, but Medial SMCs Are Front
Polarized

Cells from the medial layer of an uninjured carotid artery

Z sections from en face confocal microscopy of the intimal layer of the rat carotid
nal elastic lamina (D). The MTOC (blue) is posterior to the nucleus (red) in the
examples). Diffuse green is caused by autofluorescence of elastin in the internal
the centrosomes (MTOC) of a dividing cell in late anaphase. The single cell
was increased, to better show the position, and it was pseudocolored in blue,

he direction of SMC migration, relative position of the nucleus and MTOC, and
indicated by an arrowhead in A–D. The MTOC (blue) is clearly located behind
ematic of the method used for quantifying the polarity of migrating SMCs after
nucleus); category 2 � front polarized (the MTOC was anterior to the midplane

as posterior to the midplane of but anterior to the posterior edge of the nucleus);
cell was individually assessed and assigned to a certain category based on the
focal microscopic images of medial SMCs (H) and neointimal SMCs (I) at 6 hours
the position of the wound. Medial SMCs were mainly front polarized (category
ars � 10 �m.
: Serial
the inter
row for
indicate
e MTOC

ina. E: T
l, the one
). G: Sch
ior to the
TOC w

s). Each
, I: Con
(medial SMCs) or from the neointimal layer that grew after

http://ajp.amjpathol.org
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balloon injury of the carotid artery (neointimal SMCs)
were harvested for in vitro studies. Confluent cell mono-
layers were wounded with a pipette tip and stained for
�-tubulin to locate the MTOC position in migrating cells at
the wound edge. Polarization was assigned as described
under Measurement of Cell Polarity and illustrated in Fig-
ure 1G. At time 0, MTOC distribution was random: 49% of
cells were in categories 1 (24% � 3%) and 2 (25% � 2%)
and 51% were in categories 3 (27% � 3%) and 4 (24% �
3%). At 6 hours after wounding, the majority of medial
SMCs (61%) were front polarized, in category 1
(20% � 2%) or 2 (41% � 2%) (Figure 1H). By contrast,
the majority of neointimal SMCs (69%) were rear polar-
ized, in category 3 (38% � 3%) or 4 (31% � 5%)
(Figure 1I). This difference in MTOC polarization be-
tween the two cell types was maintained over many
passages in tissue culture (to passage 16).

Identification of Proteins with Different
Phosphorylation Level in Migrating Neointimal
and Medial SMCs

Because protein kinases have been implicated in con-
trolling cell polarity, we assessed the phosphoprotein
profile of each cell type 6 hours after wounding. Cell
lysates were separated by gel electrophoresis, and gels
were sequentially stained for phosphorylated proteins
with Pro-Q Diamond and for total protein with SYPRO
Ruby, and then were compared to identify proteins with
different phosphorylation level in the two cell types. Phos-
phoprotein and total protein intensities are measured
from the same band, so this approach corrects for vari-
ations in protein loading. For accuracy, only prominent
bands were selected for analysis, which biases toward
the identification of abundant proteins. Analysis of the

Figure 2. Analysis of differential staining intensity of phosphorylated (P)
and total (T) proteins separated by electrophoresis of neointimal SMC and
medial SMC lysates at 6 hours after wounding. A: Ratios of band intensity of
neointimal (II) compared with medial i) SMCs at 6 hours after wounding.
Black indicates increased phosphorylation in neointimal SMCs versus medial
SMCs, white indicates decreased phosphorylation, and gray indicates similar
phosphorylation. B: Ratios of band intensity of phosphorylated and total
proteins from neointimal SMCs at 6 hours after wounding with (II) or without
the PKC inhibitor BIM I (II), for RHAMM and ARPC5, the two proteins that
had higher levels of phosphorylation in neointimal versus medial SMCs.
Phosphorylation level was decreased after BIM I treatment, compared with
normalized control neointimal SMCs. The protein phosphorylation level was
calculated by determining the ratio of fluorescence intensity of the Pro-Q
Diamond signal indicating phosphoproteins (P) to fluorescence intensity of
the SYPRO Ruby signal indicating total proteins (T). Because both P and T
intensities were measured from the same protein band, variation in protein
loading did not affect the P/T ratio for individual proteins among the groups.
*P � 0.05; error bars indicate �SD.
ratio of phosphorylated (P) to total (T) protein showed
that 11 bands had increased phosphorylation level in
neointimal versus medial SMCs (Figure 2A). Band 10
had a similar level of phosphorylation, and band 12
had a higher phosphorylation level in medial SMCs
versus neointimal SMCs (Figure 2A). The 11 bands with
higher phosphorylation in neointimal versus medial
SMCs were excised from the gel, stained with a visible
dye, and analyzed by mass spectrometry. Six proteins
were identified: ARPC5_RAT, actin-related protein 2/3
complex subunit 5 (16 kDa, band 13); Q9WUF7_RAT,
hyaluronan receptor RHAMM (82 kDa, band 3); LMOD2_
RAT, leiomodin-2 (61 kDa, band 5); TRP13_RAT, thyroid
receptor-interacting protein 13 (48 kDa, band 7);
P2RX3_RAT, P2X purinoceptor 3 (34 kDa, band 9); and
Q5U2P5_RAT, transmembrane protein 24 (76 kDa,
band 4).

The PKC-Dependent Phosphorylation of
ARPC5 and RHAMM Is Higher in Neointimal
SMCs Than in Medial SMCs

Two proteins that had higher levels of phosphorylation in
neointimal than in medial SMCs were selected for further
analysis, based on their role in cytoskeleton-dependent
processes. ARPC5 is a component of the Arp2/3 complex
that regulates actin polymerization and lamellipodia-de-
pendent cellular motility.20 RHAMM is an actin-microtu-
bule interacting protein with roles in cell migration.21 Ki-
nase-specific phosphorylation prediction identified six
kinases able to phosphorylate multiple sites in both
ARPC5 and RHAMM (Table 2). PKC was our first-choice
kinase candidate, because it was predicted to phosphor-
ylate the most sites and to have the highest scores at all
predicted sites (�0.8): ARPC5 [serine 8 (0.88), serine 85
(0.86), and serine 97 (0.82)]; RHAMM [serine 65 or 74
(0.91), threonine 71 (0.87), threonine 180 (0.82), threo-
nine 438 (0.87), threonine 451 (0.81), serine 461 (0.89),
and serine 624 (0.86)]. To determine whether PKC phos-
phorylated these two proteins, cells were wounded in the

Table 2. Predicted Kinases That Can Phosphorylate ARPC5 and
RHAMM

Kinase

No. of sites that can be
phosphorylated

ARPC5 RHAMM

PKC 5 30
DNAPK 1 7
PKA 1 6
cdc2 1 6
ATM 1 3
RSK 1 1
GSK3 1
CKII 18
PKG 2
cdk5 1
CKI 1
PKB 1
EGFR 1
SRC 1

INSR 1
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presence or absence of BIM I, a potent PKC inhibitor,22

and protein phosphorylation was measured. Both ARPC5
(band 13, P � 0.02) and RHAMM (band 3, P � 0.04) were
dephosphorylated in neointimal SMCs after wounding
and treating with PKC inhibitor BIM I, compared with
wounded control cells (Figure 2B).

PKC� Controls Rear Polarization of
Neointimal SMCs

To determine whether PKC controls cell polarity, conflu-
ent monolayers of neointimal or medial SMCs were
wounded and incubated for 6 hours with or without BIM I.
In the absence of BIM I, migrating neointimal SMCs were
rear polarized (Figure 3A), whereas migrating medial
SMCs were front polarized (Figure 3B). Treatment with
BIM I shifted the polarity of neointimal SMCs to front
polarized (Figure 3C); after BIM I treatment, 59% of cells
were front polarized, compared with only 32% in control
SMCs (Figure 3D). The increase in the percentage of
cells that were either highly front polarized (category 1) (P
� 0.04) or front polarized (category 2) (P � 0.001) after
BIM I treatment was statistically significant, compared with
control cells (Figure 3D). By contrast, medial SMCs did not
change polarity after BIM I treatment; they remained highly
front polarized (P � 0.1) or front polarized (P � 0.053)
(Figure 3E). BIM I inhibits PKC� and PKC� at nanomolar
concentrations, but can also inhibit PKC�, PKC�, and PKC�
when administered at micromolar concentrations (Calbio-
chem specifications; http://www.pkclab.org/PKC/PKCbiology/
PKCbiology_PKC_inhibitors.htm).23 To further discrimi-

Figure 3. PKC� is required for rear polarization of neointimal SMCs. A–C: C
wounding, stained for nuclei (blue), microtubules (green), and MTOC (red
position. Neointimal SMCs are rear polarized (A), whereas medial SMCs are f
shift to front polarized. Scale bars � 10 �m. D: After BIM I treatment, there
to control. E: The polarity of medial SMCs is not significantly affected by PK
and PKC� does not disrupt the rear polarization of neointimal SMCs relative
nate which PKC isoforms are involved in rear polarization
of neointimal SMCs, we treated these cells with selective
inhibitors for PKC� (Ly-333531) and for PKC� (Rottlerin)
and with inhibitory peptides for PKC� or PKC�; however,
none of these inhibitors affected the rear polarization of
the MTOC (Figure 3F).

BIM I can also inhibit GSK-3, albeit at concentrations
five times higher than the concentration used in our
study.24 Nonetheless, to rule out the possibility that the
responses we saw were due to GSK-3 inhibition, we
treated cells with 30 mmol/L LiCl to inhibit GSK-3. This
treatment did not affect MTOC polarization in neointimal
SMCs: the majority of neointimal SMCs (73%) remained
rear polarized, in category 3 (36% � 3%) or 4 (37% �
3%). GSK-3 inhibition resulted in the formation of circular
bundles of microtubules around nuclei (see Supplemen-
tal Figure S2 at http://ajp.amjpathol.org).

ARPC5 and RHAMM Regulate Rear Polarization
of Neointimal SMCs

Because ARPC5 and RHAMM are likely substrates for
PKC, and their phosphorylation differs between neointi-
mal and medial SMCs, we assessed whether polarity
depends on the expression of these proteins. We used
three different validated target-specific siRNAs for each
protein to knock down expression of ARPC5 and
RHAMM, and selected the most effective siRNAs for fur-
ther study (Figure 4, A and B). The most potent siRNA for
ARPC5 did not have an effect on ARPC3, another com-
ponent of the Arp2/3 complex that is involved in complex
activation (Figure 4A), further demonstrating the selectiv-

images of interphase SMCs at the wound edge (dashed line) at 6 hours after
s). The intensity of the red channel was increased to better show MTOC

arized (B). C: After treatment with the PKC inhibitor BIM I, neointimal SMCs
nificant increase in the percentage of SMCs that are front polarized, relative
tion. F: Treatment at the wound edge with inhibitors of PKC�, PKC�, PKC�,
trol. *P � 0.05. Error bars indicate � SD.
onfocal
, arrow
ront pol
is a sig
ity of the siRNA used. After silencing of ARPC5, the mi-
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grating neointimal SMCs underwent a significant shift in
polarity from rear polarized to front polarized (Figure 4C);
however, silencing ARPC5 did not influence medial SMC
polarity (Figure 4D). The same was found for RHAMM.
After silencing of RHAMM, the migrating neointimal SMCs
significantly shifted polarity from rear polarized to front
polarized (Figure 4C); however, silencing RHAMM did
not affect medial SMC polarity (Figure 4D).

To determine whether PKC-dependent phosphoryla-
tion of ARPC5 influences neointimal SMC polarization, we

Figure 4. Rear polarization of neointimal SMCs depends on RHAMM and
ARPC5. A, B: Assessment of siRNA efficiency in knocking down ARPC5 and
RHAMM. Western blots of neointimal (Ni) and medial (M) SMC lysates were
probed with antibodies against ARPC5 (A), ARPC3 (A), RHAMM (B), or
�-tubulin as a loading control (A and B). A: Silencer predesigned siRNA
ID281071 reduced the expression of ARPC5, but did not affect the expression
of ARPC3. B: Silencer predesigned siRNA ID48767 reduced expression of
RHAMM. C, D: The percentage of SMCs at the wound edge in each polarity
category after siRNA for noncoding sequence, for RHAMM, or for ARPC5.
C: Silencing ARPC5 or RHAMM in neointimal SMCs led to a significant
increase in the percentage of front polarized cells. D: Silencing ARPC5 or
RHAMM did not affect the front polarization of medial SMCs. *P � 0.05.
Error bars indicate � SD.
designed a vector encoding ARPC5 with point mutations
at three serines and two threonines that are putative
phosphorylation sites for PKC. We first treated SMCs with
siRNA targeting ARPC5 to reduce endogenous mRNA,
then transfected neointimal SMCs with pEGFP-N1 vector
containing either a wild-type or a nonphosphorylatable
mutant of ARPC5.

Live imaging of neointimal SMCs transfected with wild-
type ARPC5-GFP showed enriched ARPC5-GFP signal in
the nuclear region and punctate staining at cell periphery
(Figure 5A). This localization of ARPC5 was similar to that
shown by immunostaining for ARPC5 in nontransfected
neointimal SMCs (Figure 5, D–F); however, the trans-
fected cells showed a higher staining in the nuclear re-
gion and fewer, but brighter puncta at the cell periphery
(Figure 5A), probably caused by high levels of expres-
sion of the ARPC5-GFP wild-type sequence. By contrast,
live imaging of SMCs transfected with the nonphosphor-
ylatable mutant ARPC5-GFP showed disruption of protein
localization, with uniform distribution throughout the cell
(Figure 5B). Furthermore, when these cells were scrape-
wounded and then fixed and immunostained 6 hours later
to localize the MTOC relative to the nucleus, the MTOC
was front polarized (Figure 5C). Measurement of MTOC
polarity in neointimal SMCs transfected with the wild-type
ARPC5 sequence showed that the majority of cells (72%)
remained rear polarized, in category 3 (40% � 4%) or 4
(32% � 3%). In neointimal SMCs transfected with the
mutant ARPC5 sequence, the majority of cells (65%)
were front polarized, in category 1 (19% � 2%) or
2 (46% � 3%). Moreover, treatment with PKC inhibitor
BIM I did not affect the MTOC polarity of the mutant
ARPC5 transfected cells, and the majority of cells (63%)
were front polarized, in category 1 (17% � 3%) or 2 (46%
� 2%). Taken together, the above data suggest that the
five putative PKC phosphorylation sites in ARPC5 (at
serines 8, 85, and 97 and at threonines 146 and 150) are
important for rear polarization of neointimal SMCs and for
proper intracellular localization of ARPC5.

Figure 5. Mutation of ARPC5 at putative PKC
phosphorylation sites leads to front polarization of
MTOC in neointimal SMCs. A, B: Live image of a
neointimal SMC transfected with wild-type ARPC5-
GFP (A) or with a nonphosphorylatable mutant
ARPC5-GFP (B). C: Neointimal SMCs transfected
with mutated ARPC5-GFP and stained for �-tubu-
lin (red, arrow), and DNA (blue) after wounding.
D–F: Control neointimal SMC immunostained for
ARPC5 (green), �-tubulin (red, arrow), and DNA
(blue) after wounding. D: Basal section (only the
green channel is shown). E: Apical section (only
the green channel is shown), F: Compressed Z files
(merged image). Dashed line indicates the
wound. The numbers correspond to polarity cate-
gory for each cell. The intensity of the MTOC was
increased to better show the position. Scale bars �
10 �m.
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PKC� and ARPC5 Regulate the Organization of
an Actin Net Dorsolateral of the Nucleus in
Migrating Neointimal SMCs

A polygonal net of F-actin with the appearance of a geo-
desic dome was located dorsolateral of the nucleus in
82% � 4% of migrating neointimal SMCs (Figure 6A; see
also Supplemental Movie S2 at http://ajp.amjpathol.org).
The net was composed of nodes interconnected by F-
actin filaments, which were thinner than the cytoplasmic
F-actin filaments and were branched at an angle of 63 �
12 degrees, similar to the 70-degree branching angle
induced by Arp2/3,25 consistent with the notion that the
Arp2/3 complex regulates organization of the net. Thicker
actin filaments emerged into the cytoplasm from the
nodes that outlined the periphery of the net (Figure 6A,
arrowheads). Silencing ARPC5 disrupted the actin net
such that only scattered nodes remained (Figure 6B).
This occurred in 45% � 5% of neointimal SMCs after
ARPC5 silencing, compared with 4% � 2% in controls
treated with nontargeting siRNA (P � 0.001). Similarly,
PKC inhibition with BIM I disrupted the actin net in 32% �
4% of cells, compared with 3% � 2% of nontreated cells
(P � 0.001). In some cells after siRNA or BIM I treatment,
the net was displaced from above the nucleus to a posi-
tion between the nucleus and the base of the lamellipodia
(Figure 6, C and D). This occurred after PKC inhibition
with BIM I in 19% � 3% of cells (P � 0.001) and after
ARPC5 silencing in 24% � 3% of cells (P � 0.001).
RHAMM inhibition had no effect on organization of the

Figure 6. PKC inhibition and ARPC5 silencing disrupt a polygonal actin ne
nuclei (blue) in neointimal SMCs migrating after wounding (dashed line ind
MTOC position (arrows). A: Confocal projection showing the actin net loca
the net, and thicker actin filaments emanating from the periphery (arrowh
steps projected. B: Silencing ARPC5 disrupts the net. Higher magnification sh
nucleus after PKC inhibitor BIM I treatment (white contour). D: The net is
with cytochalasin D results in front polarization of the MTOC (green, arrow
actin net (data not shown).
To determine whether the organization of the actin net
dorsolateral to the nucleus in neointimal SMCs has a role
in maintaining MTOC polarity, we treated neointimal SMC
with cytochalasin D. Treatment with 10�4 mol/L cytocha-
lasin D resulted in disruption of the actin net, but left the
cytoplasmic actin filaments intact (Figure 6E). Disruption
of the net resulted in a shift of MTOC polarity from rear to
front polarized in 85% � 4% of the cells (Figure 6E),
suggesting that the actin net plays a role in maintaining
the rear polarization of the MTOC.

PKC�, ARPC5, and RHAMM Are Required
for Lamellipodia Organization in Migrating
Neointimal SMCs

Lamellipodia are composed of a dynamic array of actin
projections at the leading edge of the cell that promote
membrane protrusion during migration. We analyzed the
effect of PKC inhibition or silencing of RHAMM or ARPC5
on lamellipodia organization in migrating neointimal
SMCs at the wound edge. In control neointimal SMCs,
actin filament orientation was variable, ranging from per-
pendicular (Figure 7A, arrowhead) or parallel to the di-
rection of migration (Figure 7B, arrowhead) to fan shaped
(Figure 7, A and B, arrows). PKC inhibition with BIM I
caused fragmentation of lamellipodia into two or more
protrusions (Figure 7C), and vesicle-like structures
ringed with F-actin appeared, localized anterior to the
nucleus and behind the lamellipodia (Figure 7D). The
percentage of neointimal cells with fragmented lamellipo-

d dorsolateral of the nucleus. Staining for F-actin (red), MTOC (green), and
e wound). The intensity of the green channel was increased to better show
olateral of nucleus. Higher magnification shows nodes and filaments within
upplemental Movie 2 (on http://ajp.amjpathol.org) is an animation of the Z
t only the nodes remain. C: Alternatively, the net is displaced anterior of the
splaced after ARPC5 siRNA (white contour). E: Disruption of the actin net
bars � 10 �m.
t locate
icates th
ted dors
eads). S
ows tha
dia increased from 4% � 2% in controls to 11% � 2%
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after BIM I treatment (P � 0.001); the percentage of cells
with vesicle-like structures increased from 1% � 1% in
controls to 11% � 2% after BIM I treatment (P � 0.001).
Silencing ARPC5 or RHAMM also caused fragmentation
of the lamellipodia, resulting in a spiky appearance of the
protrusions after ARPC5 knockdown (Figure 7E), with an
increase in the number of cells with fragmented lamelli-
podia, from 5% � 1% to 9% � 2% (P � 0.001) after
silencing ARPC5 and to 10% � 1% after silencing
RHAMM (P � 0.001). Neither siRNA for ARPC5 nor siRNA
for RHAMM increased the number of cells with vesicle-
like structures.

The Microtubule Cytoskeleton of Migrating
Neointimal SMCs Is Subtly Reorganized, but
Not Severely Disrupted, after Inhibition of PKC�,
RHAMM, or ARPC5

We assessed the effect of PKC, RHAMM, or ARPC5
inhibition on the organization of the microtubule system
of SMCs. SMCs were stained for �-tubulin (green),
�-tubulin (red), and DNA (blue) at 6 hours after wound-
ing (Figure 3, A–C). Migrating neointimal SMCs have
randomly oriented microtubules not focused at the
MTOC (Figure 3A), whereas medial SMCs have long
fan-shaped microtubules focused at the MTOC, which
extend to the leading edge of the cell (Figure 3B). PKC
inhibition with BIM I (Figure 3C) induced a subtle rear-
rangement of the microtubules whereby 76% � 3% of
wound edge neointimal SMCs exhibited fan-shaped
short microtubule arrays that were not focused at the
MTOC (P � 0.001) (Figure 3C). Silencing ARPC5 or
RHAMM resulted in similar rearrangement of the micro-
tubules (data not shown).

To assess whether microtubule dynamics were affected

by PKC, RHAMM, or ARPC5 inhibition, neointimal SMCs
were double-stained for total �-tubulin and acetylated tubu-
lin, the latter being a marker of stable microtubules.26 The
fluorescence intensity of acetylated tubulin was subtracted
from the fluorescence intensity of total tubulin to give a
measure of the dynamic microtubule population. In neointi-
mal SMCs, a few acetylated microtubules were located at
the cell periphery (Figure 8A). Treatment with the PKC in-
hibitor BIM I (data not shown) or silencing RHAMM resulted
in an increase in stable microtubules located in the perinu-
clear cytoplasm (Figure 8B). Measurement of the level of
dynamic microtubules revealed that PKC inhibition or si-
lencing RHAMM caused significant decreases in dynamic
microtubules (P � 0.002 and P � 0.0013, respectively), but
silencing ARPC5 did not significantly affect dynamic micro-
tubules (P � 1.0) (Figure 8C).

PKC�, ARPC5, and RHAMM Are Required for
Migration of Neointimal SMCs

To determine the role of PKC, ARPC5, and RHAMM in cell
migration, confluent monolayers of neointimal SMCs were
scrape-wounded, and wound closure was measured as
the area covered by migrating SMCs 6 hours after
wounding (reinvaded area) (Figure 9; see also Supple-
mental Movie S3 at http://ajp.amjpathol.org). PKC inhibi-
tion with BIM I significantly slowed neointimal SMC
wound closure (P � 0.001) (Figure 9, A–C). Similarly,
silencing ARPC5 slowed the wound closure of neointimal
SMCs (P � 0.001) (Figure 9A), as did silencing RHAMM
(P � 0.001) (Figure 9A).

Discussion

We present the novel finding of rear polarization of MTOC
in SMCs migrating in three dimensions from the media to

Figure 7. PKC inhibition and RHAMM or ARPC5
silencing disrupted organization of lamellipodia.
Staining for F-actin (red) and nuclei (blue) in
neointimal SMCs migrating after wounding.
Dashed line indicates the wound. A, B: In con-
trol neointimal SMCs, stress fibers were localized
perpendicular to the direction of migration (A,
arrowhead), parallel to the direction of migra-
tion (B, arrowhead), and in fan-shaped arrays
(A and B, arrows). Neointimal SMCs treated
with PKC inhibitor BIM I (C) exhibited frag-
mented lamellipodia, and actin filaments orga-
nized parallel (arrowhead) or perpendicular
(arrow) to the direction of migration, and often
exhibited vesicles ringed by F-actin located an-
terior of the nucleus (D, arrowhead). E: Silenc-
ing of ARPC5 resulted in lamellipodia fragmen-
tation. Scale bars � 10 �m.
the intima after arterial injury. Rear polarization has been

http://ajp.amjpathol.org
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reported in other cell types, including PtK2,27 erythroleu-
kemia, and sea urchin primary mesenchyme cells.28 Re-
cent studies have suggested that rear polarization of the
MTOC is evident in cells migrating in three dimensions
(eg, fibroblasts migrating on thin fibrils within a three-
dimensional fibronectin matrix,29 and for zebrafish lateral
line primordial cells migrating in vivo).30 Taken together,
this evidence is consistent with the notion that rear po-
larization has great relevance in physiology and pathol-
ogy in vivo. Very little is known, however, about the mech-
anisms controlling rear polarization.

Rear polarization of the MTOC persisted during neointi-
mal SMC migration in vitro and was in contrast to the front
polarization of the MTOC in medial SMCs migrating in vitro.
We therefore used the neointimal SMCs migrating in vitro to
study the mechanisms regulating rear polarization. The
present article is, to our knowledge, the first to report a role
for PKC� in regulating this phenomenon. By contrast, PKC�
did not control the front polarization of the MTOC in medial
SMCs, suggesting different regulatory pathways in the two
cell types. Others have shown that PKC� activity increases
between 6 and 48 hours after balloon injury in vivo, preced-
ing migration of SMCs to the intima,31 and that PKC inhibi-
tion attenuates SMC migration.32 Other PKC isoforms are

Figure 8. RHAMM and PKC� reduce stability of perinuclear microtubules. A,
B: Confocal microscopic images of total �-tubulin (left panels) and acety-
lated tubulin (right panels). A: Control neointimal SMC has stable microtu-
bules mainly in the cytoplasm close to the cell periphery. B: Neointimal SMC
treated with siRNA for RHAMM has stable microtubules in the perinuclear
region. Dashed line indicates the wound. C: PKC inhibitor BIM I treatment
and siRNA for RHAMM reduce the dynamic microtubules, whereas siRNA for
ARPC5 has no effect on dynamic microtubules. *P � 0.05. Error bars indicate
�SD. Scale bars � 10 �m.
expressed in SMCs (including the �, �, �, and � isoforms)31;
however, our experiments with selective PKC inhibitors
demonstrated that none of these other isoforms affect rear
polarization of neointimal SMCs.

Using phosphoproteomic screening to compare proteins
that were differentially phosphorylated in neointimal and
medial SMCs, and PKC inhibitors to treat the cells, we
identified ARPC5 and RHAMM as two downstream targets
of PKC that were highly phosphorylated in neointimal SMCs.
Treatment with the PKC inhibitor BIM I significantly de-
creased the phosphorylation level of these proteins; how-
ever, this did not cause a complete dephosphorylation,
despite causing changes in MTOC polarity and cell
migration. This finding suggests that a very strict regulation
of the level of phosphorylation of these proteins is important
for their biological functions. Nonetheless, we cannot rule
out the possibility that other kinases might also phosphor-
ylate these proteins (indeed, ARPC5 is phosphorylated
also by MAPK-activated protein kinase 2).33

In further experiments to demonstrate the target spec-
ificity of PKC, we mutated putative PKC phosphorylation
sites in ARPC5 and showed that serines at positions 8,
85, and 97 and threonines at positions 146 and 150 are
important for rear polarization of neointimal SMCs. Phos-
phorylation was also required for the localization of
ARPC5 in a cap around the nucleus and in focal sites at
the cell periphery. These two locations for ARPC5 are
correlated with the presence of an actin net over the
nucleus and with the active polymerization and branch-

Figure 9. PKC� inhibition, ARPC5 or RHAMM silencing inhibit neointimal
SMC migration. Wound closure by SMCs at 6 hours (the reinvaded area) was
measured as an index of migration in neointimal SMCs. A: Treatment with the
PKC inhibitor BIM I significantly slowed neointimal SMC wound closure, as
did silencing of ARPC5 or RHAMM. *P � 0.05. Error bars indicate � SD. B, C:
Differential interference contrast images of SMCs at the wound edge in
control neointimal SMCs (B) and in neointimal SMCs treated with PKC

inhibitor BIM I (C). Dotted contours surround the cell-free area at 0 and 6
hours after wounding. Scale bars � 20 �m.
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ing of actin within the lamellipodia, respectively. A limita-
tion of our studies is that we cannot rule out the possibility
that PKC acts to regulate polarity via phosphorylation
protein substrates in addition to ARPC5 and RHAMM.

Silencing of RHAMM or ARPC5 resulted in the disrup-
tion of MTOC rear polarization. ARPC5, together with
ARPC1 and ARPC3, contributes to the activation of the
Arp 2/3 complex. This complex mediates the formation of
branched actin networks at the leading edge of the cell,
which drive lamellipodial protrusion during migration.20

Accordingly, we found that ARPC5 knockdown in neoin-
timal SMCs resulted in fragmentation of the lamellipodia.
We also discovered a network of actin filaments dorso-
lateral to the nucleus in neointimal SMCs. The net was
severely disrupted by ARPC5 knockdown or after cy-
tochalasin D treatment of neointimal SMCs, and this cor-
related with a shift from rear to front polarization of the
MTOC. Previous work has shown that the nucleus is con-
nected to the actin cytoskeleton34 and that actin-depen-
dent mechanisms can coordinate MTOC position.35 We
postulate, therefore, that the actin net links the nucleus to
the cytoplasmic actin cytoskeleton and by this mecha-
nism controls nuclear position relative to the MTOC in
neointimal SMCs. Polygonal actin nets have been ob-
served in other cells, including fibroblasts,36 epithelial
cells,37 and endothelial cells.38 The present findings are
novel in localizing the actin net dorsolateral of the nucleus
and in assessing its role in the regulation of nucleus and
MTOC position in SMCs.

RHAMM is a receptor for the extracellular matrix pro-
tein hyaluronan; it regulates cell migration,39,40 and as-
sociates with microtubules and actin.41 Our results dem-
onstrating that the knockdown of RHAMM decreases the
population of dynamic microtubules are consistent with
previous studies showing that RHAMM regulates micro-
tubule stability.42 We therefore propose that RHAMM acts
by maintaining dynamic microtubules in the perinuclear
region to allow the movement of the nucleus. Alternatively
or simultaneously, RHAMM localization to centrosomes
and perinuclear microtubules and its interaction with dy-
nein,43,44 a microtubule motor protein, may also facilitate
MTOC reorientation to the rear of the nucleus.

The requirement for MTOC reorientation and its direc-
tion during cell migration is not fully understood; however
it seems to vary between cell types and to depend on the
context in which the cell is migrating. Many cells front
polarize the MTOC during migration (eg, endothelial
cells,13 astrocytes,10 macrophages,11 fibroblasts,45 and
neurons),46 but some other cells (eg, CHO or PtK cells)
can migrate without polarizing the MTOC.12 In neointimal
SMCs, we found that that rear polarization of MTOC is not
merely the result of random positioning of the MTOC, but
instead is a cell-specific localization that, when dis-
rupted, dramatically affects cell migration. Rear polariza-
tion of the MTOC has not been frequently reported, but
may occur preferentially in cell types with a less orga-
nized microtubule array in the cell anterior. We speculate
that rear polarization is an adaptive mechanism that al-
lows a more robust and organized actin cytoskeleton to
compensate for a less organized microtubule cytoskeleton.

For example, positioning the MTOC and microtubule array
to the rear of the nucleus may leave the cell anterior free for
the rapid assembly of actin in the direction of cell migration.
It is also possible that rear polarization of the MTOC governs
the direction of cell migration, as is the case in Dictyostelium
discoideum,47 or that the rear polarized MTOC preferentially
accommodates cargo delivery to the back of neointimal
SMCs during migration, as is the case for neutrophils48 and
migrating lymphocytes.49 Alternatively, rear polarization
may facilitate exocytosis of chemoattractants at the rear end
of the cells, enabling collective cell migration like that which
occurs in D. discoideum.50

In our study, the migration of SMCs was significantly
slower, but not completely blocked, after PKC inhibition or
after silencing of ARPC5 or RHAMM individually. These
treatments uniformly caused a change in the polarization of
MTOC from a rear position to a front position relative to the
nucleus in the majority of the cells, and also caused lamel-
lipodia fragmentation in some but not all cells. Furthermore,
PKC inhibition resulted in the accumulation of actin-ringed
vesicular structures, ARPC5 silencing resulted in disassem-
bly of the supranuclear actin net, and RHAMM silencing
decreased the population of dynamic microtubules. Be-
cause the defects did not occur in all cells, we cannot rule
out the possibility that these proteins were not completely
inhibited in 100% of the cells in each culture. It is also
possible, however, that multiple distinct mechanisms con-
tribute to the actin organization in the lamellipodia to allow
the directional cell migration of neointimal SMCs. There are
other proteins that mediate actin nucleation and might com-
pensate for the knockdown of ARPC5; these include
formins51 and Ena/VASP.52 Furthermore, the activity of
these proteins is cell cycle dependent, and neointimal
SMCs at the wound edge are not synchronized in the cell
cycle, so this might account for some of the variability in
response.

We propose a model to illustrate how microtubule- and
actin-based mechanisms collaborate in controlling the
rear polarization of the MTOC in migrating neointimal

Figure 10. Rear polarization of the MTOC in migrating neointimal SMCs
involves ARPC5- and RHAMM-dependent mechanisms. PKC� phosphoryl-
ates and activates ARPC5 and RHAMM. ARPC5 coordinates the organization
of the actin net above the nucleus. RHAMM coordinates microtubule-based
motors to orient the MTOC rearward of the nucleus. Actin filaments emanat-

ing from the nodes of the actin net regulate both the position of the nucleus
relative to the cell edge and the advancing lamellipodia during migration.
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SMCs (Figure 10). PKC� phosphorylates and activates
ARPC5, which organizes the actin net dorsolateral of
nucleus. Actin filaments emanating from the nodes of the
actin net regulate the position of the nucleus relative to
the cell edge. RHAMM, also phosphorylated by PKC�,
may coordinate microtubule motor protein interaction
with microtubules and influence microtubule stability to
orient the MTOC to the rear of the nucleus. Cytoplasmic
actin stress fibers, and the branched actin network at the
anterior leading edge of the cell, allow membrane protru-
sion of the advancing lamellipodia during migration. It is
likely that the actin cytoskeleton controls nuclear position
through a balance of actin retrograde flow at the leading
edge and actin-myosin contraction at the rear of the cell
or at the net located dorsolateral to the nucleus.

In conclusion, to our knowledge the present study is
the first to demonstrate rear polarization of the MTOC
during directed migration of SMCs from tunica media to
tunica intima in vivo. We are also among the first to inves-
tigate the signaling pathways controlling rear polarization
of the MTOC in any cell type, and have implicated
ARPC5, RHAMM, and PKC� in this process and in neo-
intimal SMC migration. These findings have clinical rele-
vance to the pathogenesis of atherosclerosis and reste-
nosis, because rear polarization occurs in SMCs
migrating to infiltrate the intima, which is a critical process
in atherosclerotic plaque formation and restenosis after
arterial stenting. In addition, these results also shed light
on the general mechanisms used by cells to rearrange
the cytoskeleton while migrating in three dimensions.
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