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A B S T R A C T 

The small GTPase racl controls actin redistribution to membrane ruffles in fibroblasts and 

other cell types, as well as the activation of the N A D P H oxidase in phagocytes. W e explored 

the possibility that these two processes could be related. W e used a replication-deficient ade­

noviral vector to overexpress the constitutively active form of racl, racVI2, in human and mouse 

aortic endothelial cells. W e show here that, in addition to membrane ruffle formation, racV12 

induced an increase in the total amount of F-actin within endothelial cells. Concurrently, 

racvl2-overexpressing cells produced significantly higher amounts of free radicals, as detected 

by the fluorescent probe 5-(and-6)-chloromethyl-2',7'-dichloro-dihydrofluorescein diacetate, 

than cells infected with a control virus encoding the bacterial /3-galactosidase (Ad-/JGal). To 

assess the specific role of superoxide in racVI2-induced actin reorganization, we co-expressed 
the human enzyme Cu,Zn-superoxide dismutase (SOD), by means of another adenoviral vec­

tor construct. Overexpressed S O D reduced the concentration of superoxide detected in Ad-

racvi2-transfected cells and reversed the effects of Ad-racV12 on the content of filamentous 

actin. MnTMPyP, an S O D mimetic, as well as the antioxidant N-acetyl cysteine, had similar 

effects, in that they reduced not only the free radicals production, but also ruffle formation 
and the concentration of F-actin within racvl2-overexpressing endothelial cells. Our data sup­

port the hypothesis that superoxide is one of the important mediators acting downstream of 
racl on the pathway of actin cytoskeleton remodeling in endothelial cells. Antiox. Redox Sig­

nal. 1, 29^3. 

I N T R O D U C T I O N lead to cellular movements. Microinjection ex­
periments in Swiss 3T3 fibroblasts showed that 

T h e nature of the signaling pathways that the sequential activation of cdc42, rac and rho 

control actin reorganization in migrating induces, respectively, (i) the formation of 

cells is not characterized. The small GTP-bind- filopodia, (ii) a strong pinocytotic and mem-

ing proteins of the rho family, of which the best brane ruffling activity, accompanied by redis-

characterized are rhoA, racl, rac2, and cdc42, tribution of actin fibers at the periphery of the 

were found to coordinate the spatial and tem- cells, and (iii) the assembly of stress fibers and 

poral changes in the actin cytoskeleton that focal adhesions (Ridley and Hall, 1992; Ridley 
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et al, 1992; Nobes and Hall, 1995). The in­

volvement of small GTP-binding proteins in 

actin reorganization has been confirmed in 

other cell types as well (Norman et al, 1994; 

Nusrat et al, 1995; Larochelle et al, 1996; Mur­
phy and Montell, 1996; Cox et al, 1997). How­

ever, the downstream effectors of the small 

GTP-binding proteins, and in particular of rac, 

still represent a controversial issue (Hall, 1998). 
Several candidates, such as PORl (Van Aelst et 

al, 1996), mPAK-3 (Bagrodia et al, 1995), and 
LIM-kinase 1 (Arber et al, 1998; Yang et al, 
1998) were suggested to be the missing links 
between rac and actin cytoskeleton reorgani­
zation. 

Racl and rac2 proteins are also involved in 

an apparently unrelated process: recruitment 
to the plasma membrane of the cytoplasmic 
components and activation of the phagocytic 
N A D P H oxidase (Abo et al, 1991; Knaus et al, 
1991). The enzyme catalyzes the production of 
superoxide (02~; SO), the reactive oxygen 
species (ROS) involved in bactericidal activity 

in phagocytes. Evidence has accumulated that 
more than one N A D P H oxidase system exists 
within the body, one of which produces SO in 
nonphagocytic cells (Meier et al, 1991, 1993; 
Emmendorffer et al, 1993; Zulueta et al, 1995; 
Griendling and Alexander, 1997; Irani and 
Goldschmidt-Clermont, 1998). Recently, the 
presence of cytoplasmic (Jones et al, 1996) and 
membranous components of the N A D P H oxi­
dase (Bayraktutan et al, 1998), was demon­
strated in endothelial cells (EC). 
Previously, we have studied the effects of a 

limited period of hypoxia, followed by reoxy-
genation, on cultured human aortic endothe­
lial cells (HAEC). Interestingly, we observed 
a pattern of actin reorganization, similar to 
that observed in cells exposed to growth fac­
tors, a process known to involve rac protein: 
(i) increase of the total filamentous actin, and 
(ii) translocation of the filaments to the pe­
riphery of the cells (Crawford et al, 1996). Re-
oxygenation after hypoxia is known to be ac­
companied by the production of ROS, in 
particular SO (Zweier et al, 1994; Zulueta et 

al, 1995,1997). Inhibition of SO accumulation 
by adenovirus-mediated overexpression of 
Cu,Zn-superoxide dismutase (SOD) pre­
vented the actin changes observed consequent 

to hypoxia-reoxygenation of H A E C (Craw­

ford et al, 1996). 
The above data suggested that ROS, and 

specifically SO, could represent important ef­

fectors for rac in the control of actin reorgani­

zation. The present study was designed to test 

this hypothesis, and we show that in endothe­

lial cells the regulation of the actin cytoskele­
ton by a dominant positive mutant of rac re­

quires the production of superoxide within 

these cells. 

MATERIALS A N D METHODS 

Cells and media 

W e used human aortic (HAEC) and human 

coronary (HCEC) endothelial cells (Clonetics, 

San Diego CA), which were grown in E G M and 
EGM-2, respectively (Clonetics), and subcul­
tured as recommended by the provider; or a 

mouse aortic endothelial cell line (MAEC) (Bas-
taki et al, 1997), grown in Dulbecco's modified 
Eagle medium (DMEM; Gibco BRL, Grand Is­

land, NY), supplemented with 10% fetal bovine 
serum (FBS; Gemini Bio-Products, Calabasas, 
CA). 

Adenoviral constructs and 
endothelial cells infection 

The recombinant adenovirus Ad-racy22, con­
taining the c-myc-tagged constitutively acti­
vated form of rac (a gift of A. Hall), was con­
structed by homologous recombination in 293 

cells using the adenovirus-based plasmid 
JM17, as previously described (Sulciner et al, 

1996). Replication-incompetent adenoviruses 
carrying the cDNA for human Cu,Zn-superox-

ide dismutase (Ad-SOD), and the bacterial B-
galactosidase gene (Ad-/3Gal), were con­

structed as described (Crawford et al, 1996). 
Endothelial cell infection was performed by di­
luting the viral vector in a small amount of cul­

ture medium at the desired multiplicity of in­
fection (m.o.i.) (typically, a final volume of 500 

/a1 per well was used in a six-well plate) and 
kept for 1.5-2 hr on a rocking platform, at 37°C, 

in 5% C02 in air. The cells were then rinsed 

with medium and maintained in the incubator 

for 2 more days to allow full expression of the 
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proteins (Moldovan et al, 1996). For the differ­

ent biochemical measurements (vide infra), ade-

novirus-infected cells were kept overnight in 

the appropriate medium containing 0.1% FBS 

(defined arbitrarily as serum starvation condi­

tion). 

Actin measurement 

For bulk actin concentration, the cells plated 

on six-well plates were rinsed with buffer (15 

m M HEPES p H 7.0, 145 m M NaCl, 0.1 m M 

MgCl2, 10 m M EGTA), supplemented with a 

mixture of protease inhibitors. The cells were 

then lysed with the same buffer, now ice-cold, 

and supplemented with 1% Triton-X 100 (lysis 

buffer) to which 600 n M (final concentration) 

of rhodamine-phalloidin (Molecular Probes, 

Eugene, OR) was added. The plates were 

placed on ice and the cells were scraped and 

then transferred into a 1.5-ml eppendorf tube. 

After vortexing for 30 sec, the samples were 
centrifuged at 50,000 X g in a Beckman TL-100 

rotor for 30 min at 4°C. The supernatants were 

removed and used for protein assay. The pel­

lets were gently rinsed with 200 /xl of buffer 

without disrupting them. Then 200 /xl of 

methanol was added and the samples were 
kept overnight at 4°C. The phalloidin concen­

tration was measured after transferring the 

samples into a 96-well plate by fluorescence de­

tection in a CytoFluor II fluorescence plate 

reader (PerSeptive Biosystems, Framingham, 
M A ) , using a rhodamine-phalloidin standard 

curve. All determinations were normalized to 

the protein concentration. 

SOD assay 

S O D activity was determined with the SOD 

525 kit (R&D Systems, Inc., Minneapolis M N ) , 

following the manufacturer's recommenda­

tions. In brief, cells were washed with phos­

phate buffered saline (PBS), and harvested with 

a cell scraper in 200 uA of ice-cold water sup­

plemented with protease inhibitors. Cells were 

sonicated for 2 X 15 sec on ice, and then the de­

bris was pelleted for 10 min in a microcen­

trifuge, at maximum speed, at 4°C. To the su­
pernatants, a mixture of ethanol-chloroform 

(62.5:37.5, vol/vol) was added, vortexed, and 
microfuged as above. The upper, aqueous 

phase was used for SOD determination. The 

change in absorbency was measured at 525 nm, 

in a Beckman D U 640B spectrophotometer. The 

initial rate was used to calculate the SOD 525 
units, according to the formula: 

SOD 525 units = 0.93 (RsRc"1-l)(1.073 
- 0.073 RsRc"1)"1 

where Rs is the rate of autooxidation of the 

reagent 5,6,6fl,llb-tetrahydro-3,9,10-trihydrox-

ybenzo[c]fluorene in the presence of the cell 

lysate, and Re is the rate of its autooxidation in 

the presence of H20 (control). All the mea­

surements were normalized to the protein con­

centration. 

Fluorescence microscopy and image analysis 

Cells grown on coverslips and infected with 

the adenoviral constructs were rinsed with 

Dulbecco's PBS (Gibco BRL, Grand Island, NY), 

then fixed with 3.7% formaldehyde in PBS for 
10 min, and permeabilized with 0.2% Triton X-

100 in PBS for 10 min. The rest of the proce­
dure was done away from light. The coverslips 

were inverted on a 200-/il rhodamine-phal­

loidin drop for 30 min, and then rinsed with 
PBS. The slides were incubated afterwards with 

a mixture of the following first antibodies, for 

1 hr: a 1:500 dilution of either rabbit anti-SOD 
or preimmune rabbit IgG (as control) (Accu­

rate, Westbury, NY), and a 1:100 mouse anti-c-

myc epitope (9E10, SantaCruz Biotechnology, 
Inc., Santa Cruz, CA). After washing, the cov­

erslips were incubated with a mixture of the 

secondary antibodies: a 1:60 FITC-goat anti-
mouse (SantaCruz) and a 1:100 Cy5-goat anti-

rabbit (Jackson Laboratories, Bar Harbor, ME). 

The coverslips were then rinsed with PBS and 
mounted in Fluoromount-G (Southern Biotech­

nology Associates, Inc., Birmingham, AL). The 

cells were examined with a Noran confocal mi­

croscope (Noran Instruments, Middleton, WI) 

or with a Nikon Eclipse 800 microscope. 

Fluorescence-activated cell sorting analysis of 

intracellular antigens 

For fluorescence-activated cell sorting 

(FACS) analysis, the cells were suspended with 
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0.25% trypsin for 5 min. Then trypsin-neutral-

izing solution (Clonetics) was added, and the 

cell suspension was centrifuged at 200 X g 

(1,000 rpm) in a Sorvall RT 7 centrifuge for 5 

min at room temperature. The cells were then 

fixed for 10 min by resuspension in freshly pre­

pared 1% paraformaldehyde in PBS, rinsed in 
PBS supplemented with 1% bovine serum al­

bumin (BSA-PBS), permeabilized with 0.3% 
saponin in BSA-PBS for 5 min, and pelleted as 

above. The incubation with the first antibody 

anti-c-myc, diluted in BSA-PBS with 0.3% 
saponin, was done for 30 min on ice. Cells were 
washed two to three times with the same buffer, 
incubated on ice with the secondary antibody, 

either fluorescein isothiocyanate (FITC)- or 
Texas Red-labeled, washed two to three times, 
resuspended in BSA-PBS, and analyzed imme­
diately with a FACSCalibur flow cytometer 
(Beckton Dickinson, Mountain View, CA). 

Oxidant detection 

The production of oxidants was measured by 
two different assays. The lucigenin assay was 
done as previously reported (Irani et al, 1997). 
The fluorescence assay was done by loading 
the cells with 5-(and-6)-chloromethyl-2',7'di-
chloro-dihydrofluorescein diacetate (CM-DCF-
DA) (Molecular Probes). Cells were rinsed with 
Hanks' balanced salt solution (HBSS) (Gibco), 
and incubated with 5 llM CM-DCF-DA in 
HBSS for 20-30 min at 37°C. The cells were then 
rinsed with HBSS, and either trypsinized as 
described and used immediately for FACS 
analysis, or examined alive with a Nikon Eclipse 
800 microscope at an excitation wavelength of 

490 nm. 

Western blots 

The cells grown in six-well plates were lysed 
in 200 til of lysis buffer, harvested on ice, son­
icated 2 X 15 sec, and the debris pelleted in a 
microcentrifuge at maximum speed for 10 min 
at 4°C. A total of 5-10 /ig of protein from the 
supernatants was run on a 5-20% SDS-PAGE 
for 1 hr at 150 V. The gels were transferred 
overnight at 5 V to Hybond ECL nitrocellulose 
membranes (Amersham Corporation, Arling­
ton Heights, IL). The first antibody was an anti-
c-myc epitope (Santa Cruz) and the secondary 
antibody was horseradish peroxidase (HRP)-

conjugated goat anti-mouse (Hyclone Labora­

tories, Logan UT). The binding was detected by 

SuperSignal® (Pierce Chemical Co., Rockford, 

IL), as directed by the manufacturer. 

Protein assay 

The protein concentration was determined 

by the bicinconinic acid (BCA) assay (Sigma 

Chemical Co., St. Louis, M O ) , following the 

Sigma procedure No. TPRO-562, and using 

BSA as standard. 

RESULTS 

Overexpression ofracvn protein in endothelial cells 

induces dose-dependent changes in F-actin content 

To create a reliable system in which bulk bio­

chemical measurements could be performed on 
multiple cells, such as quantitation of filamen­
tous actin as well as other parameters, we have 
engineered replication-deficient adenoviral 

constructs. The E1A gene of the adenovirus 
was replaced, by homologous recombination, 
with the cDNA for the constitutively activated 
mutant of rac, racV22 (Ad-racy22), under the 

control of the cytomegalovirus promoter (Sul­
ciner et al, 1996). Western blot analysis of in­
fected HAEC, using an antibody against the c-

myc tag epitope as a probe, showed that the rac 
protein is strongly expressed, and that the 
amount of protein increases with the m.o.i. 
(Fig. 1A), whereas no such rac expression is de­
tected in the cells infected with a control virus, 

in which the bacterial /3-galactosidase gene was 
inserted (Ad-/3Gal). Likewise, mouse endothe­
lial cells could be infected by the viral construct 

and expressed heightened levels of racw2, as 

determined by FACS analysis of the M A E C in­
fected with increasing concentrations of the 
adenovirus (not shown). However, in mouse 

cells, we detected a plateau of racv:2 expression 

at around 250 m.o.i, therefore, this was the 
maximum m.o.i. used with these cells in the fol­
lowing experiments. 

In H A E C which overexpress racV32, the 
changes in F-actin distribution and content 

were dependent upon the level of racW2 pro­
tein expression (Fig. IB). When the racV12 con­

tent was low in H A E C exposed to reduced 

serum conditions (0.1% FBS), as detected by im-
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FIG. 1. RacV12 overexpression induces a m.o.i.-dependent increase in F-actin content. A. H u m a n aortic endothe­
lial cells transfected with Ad-racV22 express constitutively activated rac. The expression of racV22 was detected with 
an antibody directed against the c-myc tag of the protein and by Western blot of h u m a n aortic endothelial cells. The 
infections were at the indicated m.o.i., and the assays were performed after 3 days, on overnight serum-starved cells. 
B. The organization of the actin cytoskeleton in Ad-racV22-infected cells depends upon the amount of expressed rac"22 
H u m a n aortic endothelial cells were infected with Ad-racV22 at an m.o.i. of 100. The cells were double-stained for 
racV22 expression (left panel) and F-actin (right panel). RacV22 was detected by an antibody directed against the c-myc 
tag and an FITC-labeled secondary antibody, and F-actin organization was assessed by staining with rhodamine-phal­
loidin on the same cells. C. The concentration of F-actin in Ad-racV22-infected cells. Mouse aortic endothelial cells 
were infected with Ad-racV22 or Ad-/3Gal, at the indicated m.o.i. After 3 days, cells were serum-starved overnight and 
lysed, and F-actin content was assayed by rhodamine-phalloidin binding. The amount of F-actin-bound rhodamine-
phalloidin was determined fluorimetrically relative to a standard curve and was normalized to the protein content. 
The data are expressed as percent of change in the amount of rhodamine-phalloidin in Ad-racV22 versus Ad-/3Gal-in-
fected cells at the same m.o.i. ± SEM. The increase at 100 and 250 m.o.i. is significant (p < 0.03) w h e n compared to 
control cells (Ad-/3Gal-infected at matching m.o.i.) and to cells infected with lower Ad-rac^22 m.o.i. (25). The data are 
representative of three independent experiments. 
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munostaining, stress fibers disintegrated and 

F-actin was mostly present as punctate foci and 

at the level of peripheral ruffles, where racy12 

was detected. In cells where racy22 expression 

was high, strong rhodamine-phalloidin stain­

ing was detected throughout the cells, includ­
ing staining of actin fibers that were less promi­

nent and thick than typical endothelial cell 
stress fibers (Fig. IB). 

Because of the high efficiency of transfection 
provided by the adenoviral method, w e could 

assess bulk changes in F-actin concentration that 

were associated with the reorganization of the 
cytoskeleton. W h e n compared to the Ad-/3Gal-

infected cells, both H A E C and M A E C infected 
with Ad-racy12 were consistently found to con­
tain increased F-actin concentration, which was 

proportional to the m.o.i. of the recombinant 
adenovirus added to the cells (Fig. 1C). H o w ­
ever, the cells infected with the lowest m.o.i. dis­

played a reproducible small decrease of F-actin 
(Fig. 1C, first column), which probably reflected 
the dissolution of stress fibers (Fig. IB). 

Cells overexpressing racV12 produce increased 

amounts of free radicals 

Rac is a key regulator in the recruitment 

to the plasma membrane of the cytoplasmic 
subunits of the phagocytic N A D P H oxidase 

(Dagher et al, 1995). A s a consequence, the en­

zyme is activated and produces the S O neces­

sary for the killing of invading bacteria within 

phagosomes. Several reports, including our 

own, showed that in nonphagocytic cells S O is 

also produced by an N A D P H oxidase-like 
mechanism (Emmendorffer et al, 1993; Zulueta 

et al, 1995; Crawford et al, 1996; Griendling 
and Alexander, 1997; Bayraktutan et al, 1998; 

Irani and Goldschmidt-Clermont, 1998). W e 

tested whether rac1722 overexpression in E C 
could activate N A D P H oxidase and induce S O 

production. W e used the fluorescent probe 

C M - D C F - D A , a cell-permeable fluorescein de­
rivative with a high cellular retention, that flu­
oresces upon oxidation (Zulueta et al, 1997). 
This probe detects mainly H202, resulting from 

Racv 

Rac"12 Rac"12 + NAC 

Experimental condition 

fG>A 2Xldrl Vn ^^ ,increased in aortic endothelial cells that overexpress Rac™. A. MAEC were in-

?M nrp nA ?• * / ^ lncubatl0n P«lod'the ««* were trypsinized and analyzed by flow cytometry for 
CM-DCF-DA fluorescence. Results are expressed as percent chanee in C M DTP DA moHi„„ a cytometry ror 
respective Ad,Galmfected controls ± siu. The data are r e ^ ^ ^ ^ ^ t ^ S ^ T ^ 
were transfected with Ad-rac1722 or Ad-flGal at a m o i of 500 Aftpr ? H=,„c „„n Fcil""u experiments, b. riAfcL. 
they were harvested and resuspended m Krebs HEPES bufLr ̂ ^ ^ , ^ S ^ ? S ^ ? ° 7 ^ ^ 
cubated for the indicated times at 37°C. A total of 100,000 c e l l s ^ e Z ^ d l d uclgen^T^i^tn^etame 
S S I ̂ d chemil™*cence was measured in a Monolight 2010 luminometer for 60 sec Taluefre^sent m e ^ -
SEM from three independent measurements, and are expressed as relative light units per 100 000 ceUs " 
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the scavenging of SO by SOD, and was used 

as an indicator of the total ROS production 

by the infected cells. FACS analysis of Ad-racy22-

infected, CM-DCF-DA-loaded cells showed in­

creased production of free radicals, as com­

pared to Ad-j3Gal-infected control cells. This 

increase was inhibited by addition of the 

cell permeable antioxidant N-acetyl cysteine 

(NAC) (Fig. 2A). W e also used an assay more 

specific for SO detection, the luciferase chemi­

luminescence assay (Irani et al, 1997; Li et al, 

1998). H A E C infected with Ad-rac^12, com­

pared with control, Ad-)3Gal-infected cells, dis­

played increased production of free radicals, 

which was proportional to the m.o.i. of the in­

fecting adenovirus (Fig. 2B). W e conclude that 

in endothelial cells overexpressing the consti­

tutively activated mutant of rac, an increased 

production of ROS is triggered, as it is the case 

in fibroblasts, probably as a result of the acti­

vation of a N A D P H oxidase-like enzyme com­

plex by racy22. 

NAC and a SOD mimetic reverse the effects of 

racvu overexpression on actin organization 

If superoxide produced by racyi2-mediated 

mechanism(s) were contributing to actin cy­

toskeleton reorganization, then w e expected 

that superoxide scavengers could reverse this 

process. W e used several antioxidants/ROS 

scavengers to define the contribution of S O and 

other R O S produced within endothelial cells, 

to the actin changes induced as a result of racV22 

overexpression. In one set of experiments w e 

incubated the Ad-racy22-infected H A E C with 

N A C . W e found that N A C reduced the increase 

in F-actin resulting from overexpressing Tacvn 

(Fig. 3A, column 3). Interestingly, it also de­

creased slightly, but significantly, the amount 

of actin filaments in control Ad-)3Gal-infected 

cells (Fig. 3A, column 2) and in uninfected E C 

(Fig. 3B). Hence, it is likely that in endothelial 

cells, the dynamic generation of free radicals 

contributes to the maintenance of F-actin con­

tent. 

In another set of experiments w e incubated 

Ad-racV22-infected M A E C and H C E C with the 

S O D mimetic, M n T N P y P (Faulkner et al, 1994). 

F-actin was stained by rhodamine-phalloidin 

and analyzed either by F A C S or by fluores-

B 
3000 

'2000-

1000 

0 5 20 
NAC (mM) 

FIG. 3. NAC decreases the F-actin content in both con­
trol and Ad-racvl2-infected endothelial cells. A. Human 
aortic endothelial cells were infected with Ad-racV22 or 
Ad-/3Gal, at a m.o.i. of 100. After 3 days, the cells were 
treated, where indicated, with 20 m M NAC for 1 hr prior 
to F-actin assay by fluorimetry. The results are expressed 
as percent change in rhodamine-phalloidin fluorescence 
versus the Ad-/3Gal infected (matching m.o.i.) control 
cells ± SEM. The differences between NAC treated and 
untreated rac-overexpressing cells are significant (p < 
0.05). B. Uninfected human aortic endothelial cells were 
treated for 1 hr with the indicated concentrations of NAC, 
and F-actin was assayed as described. The differences be­
tween treated versus nontreated cells are significant (p < 
0.05). 

cence microscopy. The organization of actin in 

these cells was clearly affected by S O scaveng­

ing: the ruffles were no longer visible, while w e 

observed a more prominent bundling of F-actin 

in long, parallel fibers (Fig. 4A). In the presence 

of this more specific S O scavenger, the amount 

of actin filaments in racvl2-overexpressing cells 

was significantly reduced as determined by 

bulk F-actin measurement (Fig. 4B). 

SOD co-expressed with racvn reduces the effect 

of the constitutively active form of rac on 

F-actin organization 

The experiments with the SOD mimetic sug­

gested that S O might be an important media­

tor of the actin changes induced by racV12. To 

confirm this hypothesis, w e used another spe­

cific scavenger of the S O radical, the enzyme 

Cu,Zn-superoxide dismutase, to decrease the 

intracellular level of SO, as w e had done to 
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f •' a r^r£ Y ail 8uJe™»de dismutase reverse the effects of constitutively activated Rac on F-actin con­
tent. A HCEC were infected with Ad-rac™ at a m.o.i. of 500. After 3 days, overnight serum-starved cells were in­
cubated with MnTMPyP (25 pM) or vehicle (PBS) for 1 hr, then cells were fixed, stained for F-actin S t h V h o S i t 
phalloidin, and examined with a Nikon Eclipse 800 fluorescence microscope. Bar, 50 uM B Mouse aortic widnthplial 
cells were infected with Ad-rac™ or Ad*Gal at the indicated m.o.i. After 3 dayTand over^ght serum starvation 
cells were incubated or 1 hr with the SOD mimetic MnTMPyP (25 „M). and F-actin assayed by rhodarnTe-phalloidm 
binding and flow cytometry Results are expressed as percent change in median fluorescence of bound rhodamirT 
phalloidm versus control cells (Ad-feal-mfected at matching m.o.i.) ± SEM. C. HAEC were infected concomSfv 
with Ad-rac™ and/or Ad-SOD. F-actin was assayed fluonmetrically as described. The results are expressed™s2 
ex^ime^. " ^ t0 CdlS " ^ ^ ^ " ^ ^ ^ " " ^ *nd ̂  representative of ZTndepende^ 

study endothelial cells exposed to hypoxia/re-

oxygenation (Crawford et al, 1996), and to de­

termine the consequent changes in actin cy­

toskeleton in the presence or the absence of 

racW2 overexpression. Because neither exoge­

nously added S O D nor the intracellular S O an­

ion are membrane permeable, w e chose to 

transfect H A E C with an adenoviral vector that 

contains the c D N A of human S O D (Ad-SOD) 

(Crawford et al, 1996). In cells overexpressing 

SOD, the activity of the enzyme is increased, 

and the increase is proportional to the m.o.i. 

(Fig. 5A). W h e n w e co-infected H A E C with Ad-

rac^2, Ad-SOD, or Ad-^Gal and then studied 

the S O D activity, a significant increase in S O D 

activity was detected in Ad-SOD-infected cells, 
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FIG. 5. Detection of SOD in HAEC infected with Ad-
SOD. A. HAEC were infected with Ad-SOD at the indi­
cated m.o.i. and the SOD activity was assayed after 3 days. 
Results are expressed as SOD 525 units, normalized to the 
protein content of each sample. Inset: Dependency of SOD 
activity upon viral m.o.i. B. SOD activity assayed in 
HAEC infected concomitantly with Ad-SOD, Ad-racV22, 
and Ad-/3Gal, at the indicated m.o.i. 

and this effect was unaltered by the co-trans-

fection of the cells by Ad-racya2 or Ad-)3Gal 

(Fig. 5B). W e maintained the mix of m.o.i. con­

stant by varying the m.o.i. of control Ad-/3Gal, 

to account for the unspecific effect of the repli­

cation-deficient virus. 

W e first analyzed the actin changes by bulk 

measurements in a similar co-infection experi­

ment. W h e n F-actin is measured by rhodamine-

phalloidin staining, an increase was detected in 

racK12-overexpressing cells compared to the 

level detected in Ad-/3Gal control cells (Fig. 4C, 

column 1). In cells overexpressing S O D alone, 

F-actin decreased (Fig. 4C, column 4) consistent 

with the findings obtained with cells exposed 

to N A C and M n T M P y P , again suggesting that 

the baseline F-actin content in these cells might 

be sensitive to the redox state. W h e n both 

racV32 and S O D were co-expressed, F-actin 

level was heightened by racV12, but this in­

crease was reduced in a dose-dependent fash­

ion by the overexpression of S O D (Fig. 4C, 

columns 2 and 3). 

To confirm these biochemical findings with 

morphological data, w e used a triple staining 

of H A E C infected with Ad-racy22, Ad-)8Gal, 

and A d - S O D to maintain a final m.o.i. of 1,000, 

but where the relative m.o.i. of each adenovirus 

was varied. W e detected F-actin by staining the 

cells with rhodamine-phalloidin, and the ex­

pression of the two proteins racVI2 and S O D by 

immunostaining. Racy22 protein was detected 

by a primary monoclonal antibody directed to 

the c-myc tag, and a fluorescein isothiocyanate 

(FITC)-labeled anti-mouse secondary anti­

body. S O D was detected by a rabbit anti-hu­

m a n S O D polyclonal antibody and a Cy5-la-

beled anti-rabbit secondary antibody. Confocal 

microscopic analysis revealed specific patterns 

of actin organization that were strongly de­

pendent upon the levels of overexpressed pro­

teins. The control endothelial cells, infected 

with Ad-/3Gal only, displayed a typical actin 

network rich in stress fibers across the entire 

cell. N o racV22 (c-myc tag) or S O D are im­

munologically detectable within these cells 

(Fig. 6a-c). In cells containing high amounts of 

immunologically reactive racV32 (Fig. 6d), w e 

observed a profound reorganization of the 

actin cytoskeleton (Fig. 6f). The stress fibers 

were no longer present, and prominent ruffles 

formed at the cell edges, containing high 

amounts of F-actin. The appearance of F-actin 

in SOD-overexpressing cells was not markedly 

different from control cells, except for the fact 

that some of these cells acquired an elongated 

shape, different from the cobblestone appear­

ance of cultured aortic endothelial cells, and 

the stress fibers were thicker and more paral­

lel, similar to the racV22-overexpressing cells 

treated with the S O D mimetic (Fig. 6g-i). W h e n 

both racV12 and S O D were expressed at high 

level within the same cell (Fig. 6j-k), the F-actin 

appearance was intermediate between that 

present in Ad-racyi2- and Ad-SOD-infected 

cells (Fig. 61): the membrane ruffles were still 

present, but smaller than in racyi2-overex-

pressing cells, and actin stress fibers, slightly 
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thinner than in SOD-expressing cells, were pre­

sent within the cell body. 

DISCUSSION 

We show in the present study that racy12 
overexpression, in either human or mouse aor­

tic endothelial cells, induces actin reorganiza­

tion and production of free radicals and that 

the two processes are linked. The last decade 

has brought an important change in the frame­

work wherein free radicals were considered 

solely as harmful molecular species, which, 

through their oxidizing activity, impair normal 

cellular functioning. Previous reports indicated 

that the effect of R O S might be more complex 

(Halliwell, 1986). It was more recently estab­

lished that R O S can be important mediators for 

multiple processes that include the regulation 

of transcription (Sen and Packer, 1996; Suzuki 

et al, 1997), cell proliferation and apoptosis 

(Burdon, 1995; Irani et al, 1997; Polyak et al, 

1997; Kim et al, 1998), and cellular activation 

(Goldstone et al, 1995, 1996). In this context, 

considering the controlling role of rac in the ac­

tivation of the phagocytic N A D P H oxidase and 

actin cytoskeleton organization, the next logi­

cal step was to ask whether rac-induced for­

mation of free radicals, in particular SO, was 

involved in the reorganization of the actin cy­

toskeleton. This possibility was also suggested 

by the fact that an N A D P H oxidase-like en­

zyme has been demonstrated in cells other than 

the phagocytic lineage (Meier et al, 1991,1993; 

Zulueta et al, 1995; Bayraktutan et al, 1998), as 

well as by the recent finding that racl-induced 

production of free radicals is involved in col-

lagenase-1 expression (Kheradmand et al, 

1998). In addition, previous findings from this 

laboratory supported a role for S O in actin reg­

ulation. W e showed that racl is a downstream 

effector of ras on the pathway of S O produc­

tion in nonphagocytic cells (Sundaresan et al, 

1996; Irani et al, 1997). Moreover, conditions 

known to increase intracellular S O and other 

free radicals in these cells were usually accom­

panied by a process of actin reorganization that 

was similar to that described in cells microin-

jected with rac (Crawford et al, 1996; Heldman 

et al, 1996; Ridley et al, 1992). 

To test our hypothesis, w e designed a model 

system that allowed us to perform quantitative 

biochemical measurements to correlate the level 

of activated rac expression to the production of 

free radicals and to the changes in actin organi­

zation. W e used the constitutively activated form 

of racl, racw2, in which the mutation of the 

amino acid in position 12 from glycine to valine 

results in the abolishment of the GTPase activity 

of rac (Dieckmann et al, 1991). W e and others 

have used replication-incompetent (E1/E3-

deleted) adenoviruses as vectors to introduce 

new genes into cells, which express on their sur­

face the glycoproteins required for virus adhe­

sion and uptake (Moldovan et al, 1996; Wilson, 

1996; Hashimoto et al, 1997), and w e could thus 

study the regulation of the actin cytoskeleton in 

cells infected with replication-incompetent ade­

noviruses containing the gene of either an active 

racV22 or control /3-Gal. Because endothelial cells 

are susceptible to adenoviral infection, the intro­

duction within these cells of the racW2-encoding 

gene mediated by our adenovirus construct was 

remarkably efficient. W e could readily detect by 

Western blots, FACS analysis, and immunohis-

tochemistry that H A E C and, to a lesser extent, 

M A E C expressed racV32 and that the level of ex­

pression was directly related to the number of 

infectious viral particles added per cell (Fig. 1). 

The organization of F-actin within endothe­

lial cells in situ and in culture comprises promi­

nent stress fibers, both at the periphery of the 

cells and crossing the entire cell body, attached 

at one or both ends to focal adhesions (Wong 

et al, 1982; Gabbiani et al, 1983). W h e n a dis­

continuity within the monolayer appears, a 

profound reorganization of the actin cy­

toskeleton takes place before the cells start mi­

grating to cover the gap. The various steps of 

this process are documented from both in vivo 

and culture systems: a typical time-course com­

prises the formation of microspikes within 

minutes after wounding, and the appearance 

of membrane ruffles within a couple of hours 

and of stress fibers within a day from wound­

ing (Vyalov et al, 1996; Aepfelbacher et al, 

1997). The spatial and temporal control of the 

actin cytoskeleton organization in Swiss 3T3 fi­

broblasts was ascribed to the sequential acti­

vation of cdc42, rac, and rho (Nobes and Hall, 

1995). In our hands, dissolution of stress fibers, 
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FIG. 6. S O D overexpression in H A E C reduces the effects of RacV12 on F-actin organization. Cells were transfected 
with Ad-/3Gal at a m.o.i. of 1,000 (a-c), Ad-racV22 + Ad-j8Gal at m.o.i. of 500 each (d-f), Ad-SOD + Ad-/3Gal at m.o.i. 
500 each (g-i), and Ad-racV22 + Ad-SOD at m.o.i. 500 each (j-1), for 2 days. Cells were then starved of serum overnight 
and were processed for immunocytochemistry as follows: racV22 was detected by a mouse monoclonal antibody against 
the c-myc tag and a secondary FITC-labeled antibody (a, d, g, j); S O D was detected by a rabbit anti-human S O D poly­
clonal antibody, and a secondary Cy5-labeled antibody (b, e, h, k); F-actin was detected by staining with rhodamine 
phalloidin (c, f, i, 1). Cells were examined with a Noran confocal microscope. Original magnification, 63X. 
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the punctate aspect of F-actin within the cell 

body, and presence of high amounts of fibers 

at the membrane ruffles, were observed in cells 

deprived of serum, but expressing low amount 

of iacV12, similar to the changes described in 

Swiss 3T3 fibroblasts upon rac microinjection. 

W e detected an elevated F-actin content in cells 

that expressed high concentrations of racV22 in 

both human and mouse endothelial cells (Fig. 
1), which has been observed in other systems 

as well (Takaishi et al, 1997). The role of rho in 

inducing actin stress fibers in endothelial cells 
was recently characterized (Aepfelbacher et al, 

1997). It is conceivable that the intrinsic rho 

contributes to F-actin generation in racyi2-over-
expressing cells. However, we cannot ascribe 

the increased formation of F-actin solely to rho 
activity, because rho activation reportedly in­
duces the assembly of preformed actin fila­

ments into stress fibers (Machesky and Hall, 
1997), whereas in our cells de novo actin poly­
merization clearly takes place. 
The Ad-racVI2-infected cells produce in­

creased amounts of free radicals (Fig. 2 and 
Irani et al, 1997). By using either a nonspecific 

yet powerful cell-permeable antioxidant, NAC, 
or the more specific SO scavengers, MnTMPyP 
(Faulkner et al, 1994; Weiss et al, 1996) and 
SOD expression with adenovirus transfection, 
we decreased the amount of ROS present 
within these cells. Remarkably, each of these 
antioxidants reversed the increase in F-actin in­
duced by racy12 overexpression (Figs. 3 and 4). 
Moreover, when cells were infected with Ad-
SOD only, or when control or noninfected cells 
were treated with NAC, we also observed a 
slight decrease in the amount of filamentous 
actin relative to control cells. W e consider that 
these findings support the interpretation that a 
minimal level of SO within the cytoplasm is re­
quired for the maintenance of the F-actin level 

in quiescent endothelial cells, while an increase 
in the level of free radicals in stimulated cells 
is necessary for the breakdown of existing 
stress fibers and repolymerization of actin 

fibers at the membrane ruffles. It is important 
to realize that the steady state reached by cells 

in terms of F-actin is by no means a rigid state: 
G- and F-actin are in a dynamic equilibrium 

(Mitchison and Cramer, 1996), and we propose 

that free radicals are, in fact, accelerating this 

turnover. 

Joneson and Bar-Sagi have recently studied 

the role of superoxide and free radicals as sig­

naling mediators for mitogenesis and oncoge­

nesis (Joneson and Bar-Sagi, 1998). Using mi­

croinjection of cells, they have increased the 
cellular concentration of rac or mutants thereof. 

Using this approach, they have confirmed our 
previous observation that superoxide is re­

quired for the mitogenic activity and transfor­

mation of Rac-overexpressing cells (Sundare-
san et al, 1996; Irani et al, 1997). However, they 

have found that oxidants were not needed to 

induce the actin cytoskeleton changes. Several 

important differences between the two studies 
are noteworthy. Joneson and Bar-Sagi used fi-

broblastoid cells, whereas our studies involved 

endothelial cells exclusively. Moreover, the ap­
proach used to overexpress Rac is different be­

tween the two studies. They used microinjec­
tion of cells for most of their experiments, 

whereas we have used a very efficient adeno­
virus-mediated cell transfection technique, al­
lowing for expression of rac in >95% of the in­

fected cells. Therefore, we have been able to 
perform bulk biochemical assays to quantitate 
filamentous actin which the study of Joneson 

and Bar-Sagi did not permit. Moreover, to in­
hibit superoxide-mediated pathways, they 
used antagonists such as SOD protein added 

externally to the cells. Although it is difficult to 
predict how an effect of SOD added outside the 

cells might be transmitted, because SOD does 
not seem to be cell permeant, and superoxide 
does not cross membranes either, we have 

overexpressed SOD directly in cells using a 

replication-incompetent adenovirus coding for 
SOD. 

W e consider that the differences between 

these two studies might reflect at least two im­
portant characteristics of rac signaling, (i) As it 

is true with many other signal transduction 
pathways, the messenger molecules involved 

are strongly cell type-dependent. Our findings 

were similar in EC from two different species 
and with different genomic programming (pri­

mary culture vs. immortalized cell line), which 

supports the role of rac-induced formation of 

ROS in actin reorganization in EC. (ii) These re-
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suits underscore the multifaceted character of 

rac as a signaling molecule. Multiple rac-ligand 

mediated molecular reactions are needed to 

transduce rac signals fully (Freeman et al, 1996; 

Joneson et al, 1996; Westwick et al, 1997). Our 

results are consistent with the concept that rac 

controls multiple and probably redundant 

pathways to induce a specific effect upon the 
actin cytoskeleton. 

In conclusion, we propose that a key media­

tor for rac downstream effects, such as actin re­

organization in endothelial cells, is superoxide, 

because antioxidants—and in particular super­

oxide dismutase—reverse the effects of consti­
tutive activation of rac upon actin. W e also 

propose a major role for oxidants in actin re­

organization through the modulation of inter­

actions between actin and actin-binding pro­

teins. For example, SO could alter the activity 

of capping proteins near the plasma mem­

brane, promoting the addition of monomeric 

actin subunits at the barbed end of filaments. 
H202, which diffuses through cells more read­

ily, could potentiate the activity of severing 

proteins at the level of stress fibers, which in 

the presence of monomeric actin concentra­
tions that are supracritical, could induce actin 

polymerization and the thickening of stress 

fibers (Arcaro, 1998; Goldschmidt-Clermont 

and Moldovan, 1999). 
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