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Neutrophils and macrophages, recruited to the wound
site, release reactive oxygen species by respiratory
burst. It is commonly understood that oxidants serve
mainly to kill bacteria and prevent wound infection. We
tested the hypothesis that oxidants generated at the
wound site promote dermal wound repair. We observed
that H,0, potently induces vascular endothelial growth
factor (VEGF) expression in human keratinocytes. Dele-
tion mutant studies with a VEGF promoter construct
revealed that a GC-rich sequence from bp —194 to —50 of
the VEGF promoter is responsible for the H,0, re-
sponse. It was established that at um concentrations
oxidant induces VEGF expression and that oxidant-in-
duced VEGF expression is independent of hypoxia-in-
ducible factor (HIF)-1 and dependent on Spl activation.
To test the effect of NADPH oxidase-generated reactive
oxygen species on wound healing in vivo, Racl gene
transfer was performed to dermal excisional wounds
left to heal by secondary intention. Racl gene transfer
accelerated wound contraction and closure. Racl over-
expression was associated with higher VEGF expression
both in vivo as well in human keratinocytes. Interest-
ingly, Racl gene therapy was associated with a more
well defined hyperproliferative epithelial region, higher
cell density, enhanced deposition of connective tissue,
and improved histological architecture. Overall, the his-
tological data indicated that Racl might be an impor-
tant stimulator of various aspects of the repair process,
eventually enhancing the wound-healing process as a
whole. Taken together, the results of this study indicate
that wound healing is subject to redox control.

Wound healing commences with blood coagulation followed
by infiltration of neutrophils and macrophages at the wound
site to release reactive oxygen species (ROS)! by an oxygen-
consuming respiratory burst. It is commonly understood that
oxidants serve mainly to kill bacteria and prevent wound in-
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fection (1). Recent studies show that at low concentrations ROS
may serve as signaling messengers in the cell and regulate
numerous signal transduction and gene expression processes
(2-5). Previous studies from our laboratories have reported
that in the wound site ROS may promote wound angiogenesis
by inducing VEGF expression in wound-related cells such as
keratinocytes and macrophages (6—8). Specifics of the signal-
ing path involved in ROS-induced VEGF expression remain
unknown, however.

The Rac GTPase belongs to the rho family of small GTP
binding proteins, and its role in the production of ROS in
phagocytic cells such as neutrophils is well established (9). Rac
proteins are essential for the assembly of the plasma mem-
brane NADPH oxidase that is responsible for the transfer of
electrons to molecular oxygen leading to the production of
superoxide anions during respiratory burst. Rac proteins, in
particular Racl, serve a similar function in nonphagocytic cells
(10, 11). Racl regulates cell growth, migration, and cellular
transformation by increasing the intracellular production of ROS
(10, 12-14). The objectives of the current study were 2-fold. First,
characterize the transcriptional control of Hy,O4-inducible VEGF
expression in human keratinocytes. Second, we sought to exam-
ine whether Racl overexpression influences inducible VEGF
expression in keratinocytes. To test the hypothesis that ROS
promotes wound repair, a murine secondary-intention wound-
healing model was employed to investigate whether Racl gene
transfer regulates wound contraction and closure.

EXPERIMENTAL PROCEDURES
Materials and Plasmids

Herbimycin, geldanamycin, and lavendustin A were obtained from
Calbiochem, San Diego, CA. Recombinant human tumor necrosis fac-
tor-a (TNFa) and VEGF ELISA kits were from R&D Systems, Minne-
apolis, MN. Diphenyleneiodonium (DPI), mithramyecin, H,O,, and un-
less otherwise stated, all other chemicals were obtained from Sigma.

The empty plasmid pEXV and the expression plasmid pEXVracV12
(encoding Myc epitope-tagged constitutively active Racl) were provided
by Dr. K. Irani (10). SP-1 Luc, where three repeat SP1 consensus sites
are placed upstream of a luciferase gene, was provided by Dr. P.
Farnham (15). The VEGF reporter constructs (see Fig. 3), containing
sequences derived from the human VEGF promoter-driving expression
of the firefly luciferase gene, were provided by Dr. D. Mukhopadhyay.
The deletion mutant constructs, derived from the 2.6-kb VEGF pro-
moter fragment using polymerase chain reaction, were subcloned into
pGL-2 basic vector (Promega) as described (16).

Cells and Cell Culture

Immortalized human keratinocytes line HaCaT (17) were grown as
described (6, 7). Adult human epidermal keratinocytes were obtained
from Cascade Biologics Inc. (Portland, OR) and grown as described (6).
VEGF protein expression by keratinocytes was determined using an
ELISA approach described previously (6, 7).

This paper is available on line at http://www.jbc.org
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Fic. 1. H,0, induced VEGF expression in human keratino-
cytes. HaCaT keratinocyte line (A, C, and D) or primary adult human
epidermal keratinocytes (B) were challenged either with H,0, and/or
with TNFa (25 ng/ml) as indicated for 12 h. VEGF release in the media
was measured by ELISA (4, B, and D). C, cells treated with H,O,, (250
uM, 12 h) were immunostained with anti-VEGF primary and fluores-
cein isothiocyanate (shown in green)-conjugated secondary antibody. In
the lower panels, the nuclei were stained with 4’,6-diamidino-2-phe-
nylindole (shown in blue). ¥, p < 0.001 when compared with correspond-
ing H,0, or TNFa non-treated cells. 7, p < 0.001 when compared with
cells treated with H,O, or TNFa alone.

Immunofluorescent Staining of VEGF

HaCaT cells treated or not treated with H,0, (250 um, 12 h) were
fixed in 3.7% formaldehyde solution. Cells were then permeabilized
with phosphate-buffered saline containing 0.2% Triton X-100, and non-
specific antibody binding was blocked. VEGF expression was detected
using anti-goat-hVEGF (1:50 dilution; R&D Systems). To enable fluo-
rescence detection, cells were incubated with anti-goat-IgG-fluorescein
isothiocyanate (Santa Cruz, San Diego, CA) secondary antibody (1:100
dilution). The nuclei were stained with 4',6-diamidino-2-phenylindole
(Molecular Probe).

RNase Protection Assay and Reverse Transcription-PCR

Total RNA was isolated from cells with Trizol reagent (Invitrogen).
The mRNA were detected from total cell RNA by RNase protection
assay utilizing DNA templates from BD PharMingen (BD RiboQuant™
Ribonuclease Protection Assay System, BD PharMingen, San Diego,
CA) (6, 7). VEGF-A (splice variants VEGF206, VEGF189, and
VEGF165), VEGF-B (splice variants VEGF-B186 and VEGF-B167),
VEGF-C, and VEGF-D were detected by reverse transcription-PCR
using commercially available primer pairs (R&D Systems) and previ-
ously described routine protocol (6).

Transient Transfection and Luciferase Assay

HaCaT cells were transiently transfected with the VEGF-Luc and
Spl-Luc constructs using SuperFect (Qiagen) reagent according to the
manufacturer’s instructions. After 18 h of transfection, the cells were
activated for 4—6 h with H,0, Luciferase reporter activity was deter-
mined using a commercial kit (Stratagene). To block Sp1 interaction to
its specific DNA-binding sites HaCaT cells were incubated with 100 nm
mithramyecin (Sigma) 2 h prior to activation of the cells with H,O,.

Expression of Racl in Cells

Following 18 h of seeding, HaCaT cells were transiently transfected
with either the empty expression plasmid pEXV or the expression
plasmid pEXVracV12 (constitutively active Racl) using SuperFect
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Fic. 2. H,0,-sensitive gene expression related to angiogenesis.
A, HaCaT cells were activated with H,O,, for 6-12 h. RNase protection
assay data shown. B, HaCaT cells were activated with H,O, for 6 h.
VEGF isoforms and its homologues (VEGF-B, -C, and -D) were detected
using reverse transcription-PCR.

transfection reagent (Qiagen). The cells were maintained in regular
culture condition for 24 h to allow for protein expression.

Immunoblot Analyses

For Racl immunoblot, cytosolic protein extract of cells transiently
transfected with pEXV or pEXVRac1V12 plasmids were separated on a
10% SDS-polyacrylamide gel under reducing conditions, transferred to
nitrocellulose, and probed with anti-Racl antibody (1:1000 dilution;
Upstate Biotech, Lake Placid, NY).

Protein Phosphotyrosine

Using standard Western blot techniques we were not available to get
a high-quality resolution of bands. Instead, we labeled cellular proteins
with 2°S (18). Tyrosine-phosphorylated proteins were immunoprecipi-
tated, and autoradiography was performed as described previously (18).

GSH/GSSG

GSH and GSSG were simultaneously detected from wound edge
tissues using a HPLC-coulometric electrode array detector (Coularray
Detector, model 5600 with 12 channels; ESA Inc., Chelmsford, MA). For
extraction, wound edge tissues were pulverized in liquid nitrogen and
then homogenized in 5% wt/v m-phosphoric acid using a Teflon homog-
enizer. The samples were snap frozen and stored in liquid nitrogen until
the HPLC assay. On the day of HPLC assay, samples were quickly
thawed on ice and centrifuged (12,000 X g, 5 min) at 4 °C. Supernatants
were collected and filtered through a 0.2-uMm filter. The filtrate was
immediately injected to HPLC. GSH and GSSH were separated using a
C18 column and the following mobile phase: 50 mM sodium dihydro-
gen phosphate, 0.5 mM octanosulphonic acid, and 3% acetonitrile at
pH 2.7 (19). The coulometric electrode array offers several advan-
tages over conventional single-channel detectors (20). Using a pro-
gressively increasing oxidative array of 12 electrodes, compounds can
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FiG. 3. Deletion mutant construct analysis of H,0,-sensitive site in the VEGF promoter. A, schematized VEGF promoter deletion
constructs. The HIF-1 site is centered at bp —965 (41), while GC boxes reside between bp —94 and —51 (42). B, deletion analysis of VEGF promoter
revealed a H,O,-responsive cis element from bp —194 to —50. VEGF reporter constructs were transiently transfected in HaCaT cells. After 18 h
of transfection, the cells were activated for 6 h with H,O, in a serum-free media. C, H,0,-induced activation of Spl-Luc in HaCaT cells. D,
treatment of cells with SP1-inhibitor mithramycin (100 nM) completely blocked H,0,-induced VEGF expression. E, aminopurine (1 mwm), inhibitor
of the HIF-1 path, did not influence H,O,-induced VEGF expression. VEGF expression was measured by ELISA. *, p < 0.01 when compared with
corresponding H,O, non-treated cells. T, p < 0.001 when compared with corresponding mithramycin-untreated cells.

be made to react at three consecutive sensors. The upstream electrode
oxidizes a small portion of the analyte, the second dominant electrode
oxidizes the bulk of the analyte, and the downstream electrode oxidizes
the remainder. A particular standard eluting at a given retention time
will always provide a predictable response across these three elec-
trodes. The ratio of the response across these three electrodes remains
constant and is referred to as ratio accuracy. The comparison of ratio
accuracy of standard versus sample is powerful and an immediate
indicator of peak purity. Compared with standard, lower ratio accuracy
in sample will indicate the presence of a co-elutant.

Secondary-intention Excisional Dermal Wound Model

Male BALB/c mice (n = 10; 4—6 weeks of age) were used. Two 8 X
16-mm full-thickness excisional wounds (6) were placed on the dorsal
skin, equidistant from the midline and adjacent to the four limbs (see
Fig. 9A). When required, the animals were killed and cutaneous wound
edges (1-1.5 mm) were harvested.

Racl Gene Transfer

Each of the two wounds was topically treated once daily (days 0-5)
with either empty plasmid (pEXV) or expression plasmid pEXVracV12
(constitutively active Racl) (21). Twenty-five microliters of naked plas-
mid DNA (10 ug) in sterile Tris-EDTA, pH 8.0, (TE) were administered
onto the wound area and spread evenly using the pipette tip. The
applied DNA was allowed to completely air dry on the treated skin,
which took ~10 min. Plasmid amplification and purification were per-
formed using standard procedures (22). To study the effect of Racl gene
therapy on endothelial cell response, transgenic mice (FVB/N-TgN-
TIE2GFP) were wounded (n = 3) as described above. This strain ex-
presses green fluorescent protein (GFP) under the direction of the
endothelial-specific receptor tyrosine kinase (Tie2) promoter. All ani-
mal protocols were approved by the Institutional Lab Animal Care and
Use Committee of the Ohio State University, Columbus, OH.

Determination of Wound Area

Imaging of wounds was performed between days 0—14 of wounding
using a digital camera (Mavica FD91, Sony). The wound area was
determined using WoundMatrix™ software.

Collagen Content

Collagen content of wound edge tissue was assessed by determining
the amount of hydroxyproline (23). Frozen wound tissue was pulverized
under liquid nitrogen and then hydrolyzed in 1 ml of 5 N HCI overnight
at 110 °C. The reaction was neutralized with 2.5 N NaOH. The hy-
droxyproline assay was done in a 96-well plate by adding 100 ul of
oxidizing solution to wells. The oxidizing solution was prepared by
adding 6 mg of chloramine T/ml of oxidation buffer (3 ml of isopropyl
alcohol, 1.65 ml of H,O, 1.95 ml of citrate-acetate buffer, pH 6). Next, 50
wul of standard or sample was added to each well. This was followed by
addition of 100 ul of Ehrlich’s reagent (6 g of p-dimethylaminobenzal-
dehyde dissolved in 52 ml of isopropyl alcohol and 16 ml of 50% per-
chloric acid) to each well. After incubating the samples at 60 °C for 45
min, the samples were cooled to room temperature. Absorbance was
measured at 562 nm, and the amount of hydroxyproline present in
samples was determined by comparison to a standard curve.

Histology

Formalin-fixed wound edges were embedded in paraffin and sec-
tioned. The sections (4 um) were deparaffinized and stained with the
following primary antibodies: rabbit polyclonal antibodies to Racl (BD
Transduction Laboratories), anti-VEGF (R&D Systems), or anti-tenas-
cin (Chemi-Con International).

GFP Visualization—Freshly dissected, unfixed wound edge was
snap-frozen and immediately cut into 10 pwm frozen sections. GFP
expression was visualized and imaged using a fluorescent microscope
(Nikon E800 with MetaMorph version 4.5 software, Universal Imaging
Corp.). Image of the same frame shown in Fig. 6C was also captured
using Differential Interference Contrast (DIC, Nomarski) optics.

Masson Trichrome Staining—Wound edge sections (4 um) were
deparaffinized and stained using Masson Trichrome procedure (24).
This procedure result in blue-black nuclei, blue collagen and cytoplasm,
and keratin, muscle fibers, and intracellular fibers all stained red.

Statistics

In vitro data are reported as mean = S.D. of at least three experi-
ments. Comparisons among multiple groups were made by analysis of
variance. p < 0.05 was considered statistically significant. In vivo: data
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from one wound of a mouse was compared with the other wound on the
same mice using paired ¢ test.

RESULTS

Micromolar concentrations of H,O, induced VEGF protein
expression in human HaCaT as well as primary keratinocytes
(Fig. 1, A-C). Under conditions of co-existence, the effects of
TNFa and Hy,0O, on VEGF induction were additive (Fig. 10).
Simultaneous study of multiple angiogenesis-related genes us-
ing RNase protection assay indicated that VEGF mRNA is
specifically sensitive to H,O, exposure and that the control is
at the transcriptional level (Fig. 2A). Keratinocytes are not
known to have functional VEGF receptors. Our results indicate
the absence of Flt receptors in HaCaT (Fig. 2A). Several homo-
logues of VEGF, VEGF-A, -B, -C, and -D, have been cloned.
Most of the biologically important known functions of VEGF
are ascribed to VEGF-A. Less is known about the function and
regulation of VEGF-B, -C, and -D, but they do not seem to be
regulated by the major pathways that regulate VEGF-A (25,
26). Specific study of the various forms of VEGF showed that all
four varieties of VEGF are expressed in HaCaT. VEGF-A is
selectively induced by H,O,. Among the three splice variants of
VEGF-A studied, the 206 form was absent in HaCaT (not
shown). Both splice variants of VEGF-A detected in HaCat
were induced in response to H,0O, treatment (Fig. 2B). To
characterize the transcriptional control of the VEGF gene by
H,0,, HaCaT cells were transiently transfected with VEGF
promoter-luciferase constructs. This line of investigation was
started using a 2.6-kb VEGF promoter fragment (bp —2361 to
+298, relative to transcription start site) ligated to a luciferase
reporter gene (Fig. 3A). Fig. 3B shows that H,0, clearly in-
duced luciferase expression driven by the 2.6-kb promoter con-
struct. To define the region of the VEGF promoter responsive to
H,0,, we utilized a series of 5’ deletions of 2.6-kb promoter
vector as demonstrated schematically in Fig. 3A. These dele-
tion mutants were then transiently transfected to HaCaT ke-
ratinocytes to test the effect of H,O, treatment. H,O, induced
reporter activity in the 2.6-, 1.5- as well as 0.35-kb (bp —194 to
+157) VEGF promoter constructs. Under these conditions,
baseline reporter activity was comparably detected when the
above-mentioned three constructs were used (Fig. 3B). Inter-
estingly, when the 0.2-kb (bp —50 to +157) construct was used,
both baseline as well as H,O,-induced reporter activity was
completely lost. Similar results were obtained when the
0.07-kb (=50 to +18) construct was used. These results suggest
that the sequence from bp —194 to —50 of the VEGF promoter
is responsible for the H,0, response. The 144-bp VEGF ele-
ment (bp —194 to —51) that conferred H,O,-mediated tran-
scriptional induction is GC-rich and contains four closely
spaced GC boxes (bp —94 to —51) that have been identified to
have Spl binding function in electrophoretic mobility shift

Fic. 5. Involvement of NADPH oxi-
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assays (27). Therefore, we sought to test whether these Spl
binding sites were responsible to confer oxidant sensitivity to
the VEGF promoter constructs. To accomplish this goal, a Sp-1
luc reporter construct containing three consensus Spl binding
sites upstream of the luciferase gene was used. In experiments
where HaCaT cells were transiently transfected with the Sp1-
luc promoter construct, H,O, indeed induced luciferase expres-
sion as shown in Fig. 3C. Further evidence to support that Sp1
plays a key role in oxidant-induced VEGF expression was ob-
tained from experiments showing that H,O,-induced VEGF
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Fic. 4. Involvement of protein tyrosine phosphorylation in
H,0,-induced VEGF production. A, **S-labeled tyrosine phospho-
rylated proteins were immunoprecipitated from extract of HaCaT cells
treated with H,0, for 30 min. **S-labeled proteins were resolved using
SDS-PAGE and subsequently detected using autoradiography. B and C,
cells were treated with either herbimycin A (1 uM), geldanamyecin (1 uM;
both c-Src kinase inhibitors) or lavendustin A (5 um; extracellular
growth factor receptor tyrosine kinase inhibitor) for 15 min before H,O,
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1-

dase in inducible VEGF expression. A a9 3507 B

A, Racl expression in HaCaT cells tran- ,@,\ 300

siently transfected with empty plasmid Q@G P

(pEXV) or expression plasmid containing _F\ Q;F\ £ 2507

the constitutively active Racl gene & e

(pEXVracV12). B, Racl overexpression < 2 200+

increased VEGF expression and mark- .

edly potentiated H,O,-induced VEGF ex- ‘ . Rac 1 (LB 150+ .

pression. The NADPH oxidase inhibitor |

DPI (5 um) and apocynin (not shown) at- > 100+ 1: :t
tenuated inducible VEGF expression. *, 1 A

p < 0.05 compared with pEXV-trans- - Land ACtln 50

fected cells not treated with H,O,; T, i A

p < 0.001 when compared with the HO, - t+ + - + +
pEXV-transfected group; %, p < 0.001 E'IP% 2 g G EEE g
lower than the corresponding DPI-

untreated group. pPEXV pEXVRac1V12

0202 ‘0T JequIieoeq Uo SNGWIN|oD-5a1xeiq ASRBAIUN SF.IS 01O T /B10°aq [ mammy/:dy wouy papeojumod


http://www.jbc.org/

Redox Control of Wound Repair

pEXVRac1V12

Fic. 6. Wound edge in response to Racl gene transfer. Racl (A)
and VEGF (B) expression on day 3 post-wounding. C, Racl gene trans-
fer promoted endothelial cell proliferation in FVB/N-TgN-TIE2GFP
mice with GFP-tagged endothelial cells. D, image of the same frame
shown in C using differential interference contrast (DIC, Nomarski)
optics.

expression is inhibited by the Sp1 transcription inhibitor mith-
ramycin A (Fig. 3D).

Hypoxia, a major regulator of inducible VEGF expression, is
known to regulate VEGF by a pathway that is characterized by
the presence of ¢-Src kinase upstream and by hypoxia-inducible
factor (HIF)-1 downstream (28). As reported above, deletion
analysis of VEGF reporter construct revealed that the HIF-1
sites in the VEGF-promoter were not involved in H,O,5-induced
VEGF transactivation. 2-Aminopurine is a serine-threonine
kinase inhibitor that specifically blocks certain cellular events
including inducibility (29) and DNA binding of HIF-1. Because
activation of HIF-1 has been shown to be redox-sensitive we
examined the effect of 2-aminopurine on H,04-induced VEGF
release (Fig. 3E). The observation that 2-aminopurine does not
influence H,0,-induced VEGF expression is consistent with
results reported in Fig. 3B indicating that H,O,-induced VEGF
expression is not mediated by HIF-1 signaling. This observa-
tion supports the hypothesis that the downstream regulators of
hypoxia and oxidant-induced VEGF expression are different.

Exposure of cells to oxidants such as H,0O, is known to
induce protein tyrosine phosphorylation primarily by inhibit-
ing SH-rich protein tyrosine phosphatases (3, 18). The concen-
tration of H,O, that induced VEGF expression also induced
protein tyrosine phosphorylation. Studies using protein tyro-

Fic. 7. Wound edge histology in response to Racl gene trans-
fer. Formalin-fixed paraffin sections from wound edges harvested on
post-wounding day 3 were stained using the Masson Trichrome proce-
dure. Ed, enhanced deposition of connective tissue (bluish stain); Es,
eschar; G, granulation tissue; HE, hyperproliferative epithelium; M,
muscle

PEXV  pEXVRaciVi2

Fic. 8. Tenascin expression in wound edge in response to Racl
gene transfer. Post-wounding day 3 tissue. Es, eschar; G, granulation
tissue; HE, hyperproliferative epithelium.

sine kinase inhibitors showed that c-Src kinase inhibitors such
as herbimycin and geldanamycin inhibited H,0,-induced
VEGF expression in HaCaT cells. Receptor protein tyrosine
kinase inhibitor lavendustin A did not influence H,O5-induced
VEGF expression (Fig. 4).

To test the effect of Racl overexpression on basal and H,0,-
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Fic.9. Racl gene transfer and
wound closure. A, the secondary inten-
tion wound (8 X 16 mm full-thickness)
model (Day 0). Digital images of the left
(treated with pEXV) and right (treated
with pEXVracV12) side wounds are
shown between days 0—11. B, wound clo-
sure, shown as percentage of area of ini-
tial wound determined on the indicated
day after wounding. C, wound edge hy-
droxyproline content was measured as an
index of collagen deposition. D, GSSG/
GSH ratio was determined as a marker of
oxidation. Mean * S.D. * p < 0.05 by
paired ¢ test.

inducible VEGF expression, HaCaT cells were transiently
transfected with an empty expression vector pEXV or an active
expression vector encoding the constitutively active (rac1V12)
Myc epitope-tagged cDNAs of Racl. Transient transfection of
cells with rac1V12 increased Racl protein expression as de-
tected by immunoblotting (Fig. 5A). Racl overexpression
clearly increased VEGF expression under resting conditions as
well as that induced by H,0,, (Fig. 5B). The synergistic effect of
Racl overexpression and H,0, was best observed when a lower
concentration of H,0, was used to trigger submaximal VEGF
expression. The potentiating effect of Racl on inducible VEGF
expression was sensitive to DPI as well as apocynin (1-2.5 mwM;
not shown) suggesting that the observed effect of Racl was
mediated by NADPH oxidase activity. These results suggest
that under resting conditions HaCaT cells abundantly express
Racl. Transfection with rac1V12 further elevated Racl protein
levels in the cell. Overexpression of Racl induced VEGF ex-
pression by a NADPH oxidase-dependent mechanism.

To test the effect of Racl on wound contraction and closure,
each of the two cutaneous wounds was topically treated either
with the empty plasmid (pEXV) or with the expression plasmid
encoding constitutively active Racl (rac1V12) for 4 days post-
wounding. Racl overexpression in response to rac1V12 treat-
ment is shown in Fig. 6A. The raclV12-treated side also
showed more prominent VEGF staining as shown in Fig. 6B.
With the objective to detect endothelial cells we attempted to
stain these same histological sections for the detection of CD31.
Because of poor quality commercial antibody we were not able
to obtain satisfactory staining specific for endothelial cells. To
study effect of Racl gene therapy on endothelial cell prolifera-
tion, similar wounds were placed on the dorsal skin of FVB/
N-TgN-TIE2GFP mice. We observed that Racl overexpression
was associated with a larger number of GFP-tagged endothelial
cells in the healing wound (Fig. 6, C and D).

For a more detailed visualization of the histological architec-
ture of the wound edge tissue, sections were subjected to
trichrome staining (Fig. 7). Racl gene therapy was associated
with a more well defined hyperproliferative epithelial region,
higher cell density, enhanced deposition of connective tissue,
and improved overall histological organization. Fig. 9C pro-
vides direct biochemical evidence confirming that Racl gene
therapy was indeed associated with higher wound edge colla-
gen content as determined by hydroxyproline measurement.

33289

160 B
1401 = pEXV
512& ¥Z7Z pEXVRac1
gmcr 2 * i
:” U $
e N 78 W
5 | 7 7 7 7
= 40 7 7 7 7

2 W VW W
= DL I
NN 78 78 78 78 P
120 0 daays aﬂe?rwounzjmg "
100 o

C
i®
i
g
3E

pEXV pEXVRac1

Wound healing is associated with a marked increase in the
expression of the extracellular matrix glycoprotein tenascin
(30). Tenascin expression, a marker of wound repair, was
clearly more prominent in wounds subjected to Racl gene ther-
apy (Fig. 8). In summary, the histological data indicated that
Racl might be an important stimulator of various aspects of
the repair process, eventually enhancing the wound healing
process as a whole (Figs. 7-9).

A representative case where the left wound was treated with
pEXV and the right wound was treated with rac1V12 is shown
in Fig. 9A. Racl gene transfer clearly accelerated wound clo-
sure, and the effect was clearly seen from day 1 after wounding
(Fig. 9B). One of the most rapid responses to increased accu-
mulation of oxidants is the prompt oxidation of GSH to GSSG.
Racl-dependent cellular oxidant generation has been demon-
strated in several previous studies (10, 12, 13). Fig. 9D provides
direct evidence attesting that Racl gene transfer promoted
oxidant generation in the wound edges.

DISCUSSION

Activated phagocytic cells generate ROS as bactericidal
agents by a NADPH oxidase-dependent respiratory burst
mechanism (1). More recently, non-phagocytic cells have been
identified to generate ROS by a NADPH oxidase-dependent
system (31). Deficiencies in NADPH oxidase function causes
chronic granulomatous disease, a disorder that is associated
with wound infection and impaired wound healing (32). Recent
studies indicate that ROS may serve as signaling mediators (4).
Among the various forms of ROS, H,0, is relatively stable,
membrane-permeable, and therefore a good candidate to serve
as a cellular messenger (33). We postulated that by virtue of its
signal transduction regulatory properties, ROS mediate some
of the beneficial effects of oxygen on wound healing. Specifi-
cally, we observed that H,O, induces VEGF expression (6, 7).
ROS not only support angiogenesis but also stimulate collagen
production (34), a key event in wound healing. The wound
microenvironment is dynamic involving activity of a number of
chemical mediators. Under conditions of co-existence, H,O,
and TNFa co-operated to enhance inducible VEGF expression
(Fig. 1). Deletion analysis using a series of mutant VEGF
promoter constructs revealed that H,O, induced VEGF expres-
sion is not mediated by HIF-1. HIF-1 is a major regulator of
inducible VEGF expression. Although HIF-18 confers sensitiv-
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ity to oxygen (35), our results show that oxidants do not require
HIF-1 to induce VEGF expression (Fig. 3). The sequence from
bp —194 to —50 of the VEGF promoter was responsible for the
H,0, response. The 144-bp VEGF element (bp —194 to —51)
that conferred H,0,-mediated transcriptional induction is GC-
rich and contains four closely spaced GC boxes (bp —94 to —51)
that have been identified to have Spl binding function in
electrophoretic mobility shift assays (27). Direct studies using
Spl promoter constructs as well as the Spl inhibitor mithra-
mycin identified that Sp1 sites in the sequence from bp —194 to
—50 of the VEGF promoter are responsible for the H,O, re-
sponse (Fig. 3). A single major transcription start is known to
be located near these Spl binding sites in the VEGF gene
promoter. Similar to H,O,, cytokines such as bFGF, platelet-
derived growth factor, and TNFa are known to induce VEGF
expression by a mechanism that requires Sp1 but not HIF (36,
37). Transcription control of the inducible VEGF gene by Sp1 is
bidirectional. While our results show that Sp1 mediates induc-
tion of VEGF expression by oxidant, von Hippel-Lindau tumor
suppressor gene-mediated transcriptional repression of VEGF
expression is caused by a direct inhibitory action on Sp1 (27).

Catalytically active NADPH oxidase univalently reduces mo-
lecular oxygen to generate O;, which in turn rapidly dismu-
tates to form H,0,. Upon appropriate stimulation, a functional
NADPH oxidase is assembled when the cytosolic proteins
p47P*  p6TPo* 40P and the small GTPase Rac (Racl or
-2) associate with a membrane-localized flavocytochrome (cyto-
chrome b559). The closely related small GTP-binding proteins
Racl, Rac2, and Rac3 are part of a larger Rho subfamily of Ras
proteins. Racl controls actin redistribution to membrane ruf-
fles in fibroblasts and other cell types, as well as the activation
of the NADPH oxidase in both phagocytes as well as non-phago-
cytic cells (11, 14, 38). Direct evidence supporting a mitogenic
function of oxidants generated by Racl has been reported (10,
13). Although under conditions such as reoxygenation injury,
Racl-dependent oxidant production may prove to be deleteri-
ous (12), we sought to utilize the oxidant-generating ability of
Racl to accelerate wound healing. In vitro, Racl overexpres-
sion increased VEGF expression and worked synergistically
with H,O, to enhance VEGF expression in a NADPH oxidase-
dependent manner. In vivo, Racl overexpression was associ-
ated with more prominent expression of VEGF and prolifer-
ation of endothelial cells. Study of the spatial control of
growth factor-induced Rac activation revealed that Racl ac-
tivation is associated with activation at the leading edge of
motile cells (39). Remodeling of the extracellular matrix and
consequent alterations of integrin-mediated adhesion and
cytoarchitecture are central to wound healing. It has been
observed that activation of Racl may lead to altered gene
regulation and alterations in cellular morphogenesis, migra-
tion, and invasion (40). Consistent with these findings, we
observed that Racl gene transfer clearly facilitated murine
excisional dermal wound closure and tissue remodeling.
These findings are in line with the proposed central role of
Racl in regulating cellular morphogenesis and migration
(40).

Taken together, the results of this study provide firm sup-
port to the claim that wound healing is subject to redox control.
It is established that um oxidant induces VEGF expression and
that oxidant-induced VEGF expression is independent of HIF-1
and dependent on Spl. Using the Racl gene transfer approach
it is documented that strategies to promote oxidant production
in the wound microenvironment may promote wound healing.

Redox Control of Wound Repair
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