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GROWTH FACTORS-CYTOKINES

Rac1-Dependent Intracellular Superoxide Formation
Mediates Vascular Endothelial Growth
Factor-Induced Placental Angiogenesis in Vitro

Su-min Li, Ling-wen Zeng, Lin Feng, and Dong-bao Chen

Department of Reproductive Medicine (S.-m.L., D.-b.C.), University of California San Diego, La Jolla,
California 92093; Key Laboratory of Regenerative Biology (L.-w.Z.), Guangzhou Institutes of Biomedicine
and Health, Chinese Academy of Sciences, Guangzhou 510663, China; and the Departments of
Obstetrics and Gynecology (L.F., D.-b.C.) and Experimental Pathology (D.-b.C.), University of California
Irvine, Irvine, California 92697

Vascular endothelial growth factor (VEGF) is one of the best characterized angiogenic factors
controlling placental angiogenesis; however, how VEGF regulates placental angiogenesis has not
yet completely understood. In this study, we found that all the components of assembling a
functional NADPH oxidase (NOX2, p22P"°%, p47Phex, p67Ph°X and Rac1) are expressed in ovine
fetoplacental artery endothelial cells (oFPAECs) in vitro and ex vivo. Treatment with VEGF (10
ng/ml) rapidly and transiently activated Rac1 in oFPAECs in vitro and increased Rac1 association
with p67P"°% in 5 min. Intracellular superoxide formation began to significantly increase after
25-30 min of VEGF stimulation, which was mediated by both VEGFR1 and VEGFR2. VEGF also
stimulated oFPAE cell proliferation and migration and enhanced the formation of tube-like struc-
tures on Matrigel matrix. In oFAPEC transfected with specific Rac1 small interfering RNA (siRNA,
40 nm), VEGF-induced intracellular superoxide formation was completely abrogated in association
with a 78% reduction of endogenous Rac1. In oFPAE cells transfected with the specific Rac1 siRNA,
but not with transfection reagent alone or scrambled control siRNA, VEGF-induced cell prolifer-
ation, migration, and tube-like structure formation were dramatically inhibited. Pretreatment of
an NADPH oxidase inhibitor apocynin also abrogates the VEGF-stimulated intracellular superoxide
production and DNA synthesis in oFPAECs. Taken together, our results demonstrated that a Rac1/
Nox2-based NADPH oxidase system is present in placental endothelial cells. This NADPH oxidase
system appears to generate the second messenger superoxide that plays a critical role in the
signaling control of the VEGF-induced placental angiogenesis. (Endocrinology 151: 5315-5325,
2010)

ascular endothelial growth factor (VEGF) stimulates
Vplacental angiogenesis and nitric oxide (NO) produc-
tion (i.e. two key mechanisms for implementing the bidi-
rectional maternal-fetal exchanges essential for fetal
growth and survival) (1, 2). The biological functions of
VEGF are mediated by its tyrosine kinase receptors [i.e.
fms-related tyrosine kinase 1 (Flt-1/VEGFR1) and kinase
insert domain receptor (KDR/VEGFR-2)] (3). Ligand bind-
ing initiates tyrosine phosphorylation of the intracellular do-
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mains of KDR and Flt-1, resulting in activation of down-
stream signaling pathways (4-6). In placental endothelial
cells, we have shown that VEGF activates complex signaling
pathways, including extracellular signal-regulated kinases,
phosphoinositol-3-kinase/protein kinase B, and endothelial
NO synthase (eNOS)/NO, etc., which are critical for endo-
thelial cell angiogenesis and gene expression (5-9); however,
how VEGEF regulates placental angiogenesis remains incom-
pletely understood.

Abbreviations: CCD, Charge-coupled device; DHE, dihydroethidium; eNOS, endothelial
NO synthase; HUVEC, human umbilical vein endothelial cell; mAb, monoclonal antibody;
NO, nitric oxide; NOX, NADPH oxidase; oFPAEC, ovine fetoplacental artery endothelial
cells; PA, placental artery; pAb, polyclonal antibody; PE, preeclampsia; redox, reduction-
oxidation; RFU, relative fluorescence intensity; ROS, reactive oxygen species; siRNA, small
interfering RNA; VEGF, vascular endothelial growth factor.
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NADPH oxidase derived intracellular superoxide (O5)
has been shown recently to mediate growth factor signal-
ing (10-12). This oxidase was first identified in phago-
cytes (i.e. macrophages and neutrophils) as a multi-sub-
unit enzyme assembled by the flavocytochrome bssg
composed of the plasma membrane bound gp91°"°* and
p22Phox and several cytosolic components including
p47Phox p67Phox and the small G protein Rac (13). When
phagocytes are activated, membrane translocation of the
cytosolic components activates the oxidase; with NADPH
as the electron donor, extracellular O5 is produced in
burst for host defense (14). Vascular endothelial and
smooth muscle cells express most of the NADPH oxidase
subunits (15); however, the vascular oxidase differs func-
tionally from the phagocyte NADPH oxidase as it pro-
duces constitutively low levels of O; inside the cells even
in resting conditions (16).

Human placental tissues contain NADPH oxidase ac-
tivity, which is greater in early compared with term preg-
nancy (17, 18). Both trophoblastic and capillary endothe-
lial cells in the placenta express NADPH oxidase mRNA
and protein (19, 20). Apart from distinct biochemical fea-
tures from phagocyte NADPH oxidase, the function of
placental NADPH oxidase is currently unknown (17). Pla-
cental NADPH oxidase expression is elevated in pre-
eclampsia (PE) compared with normal pregnancy (19-
21). Elevated NADPH oxidase is expected to increase the
formation of O; that is the major reactive oxygen species
(ROS) in the placenta (20); combined with other sources
of ROS, the balanced reduction-oxidation (redox) status
shifts to cause oxidative stress and cell damage, which
have been reasoned as one of the leading etiologies of PE
(22). However, several large-scale clinical trials have failed
to show any beneficial effects of antioxidants on amelio-
rating the symptoms of PE (23-25). These data have
shaken the oxidative stress theory of PE pathogenesis and
implicated a different image of the role that ROS plays in
pregnancy.

VEGF activates Rac1 and recruits p47P"°* and p67Phox
to the membrane in human umbilical vein endothelial cells
(HUVECs). This facilitates the assembling and activation
of an endothelial NADPH oxidase (26). Low levels of in-
tracellular O; formation via NADPH oxidase functions as
an important second messenger for transmitting VEGF
signaling via KDR (12) to angiogenic responses and redox-
sensitive gene expression (10, 11, 27). In this study, we
hypothesized that O, derived from endothelial NADPH
oxidase plays a key role in mediating placental angiogen-
esis. Our data show that VEGF rapidly and transiently
activates Rac1 and increases intracellular O, formationin
a time-dependent fashion in primary ovine fetoplacental
artery endothelial cells (0FPAECs). Down-regulation of
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endogenous Rac1 inhibits the VEGF-induced O, forma-
tion and in vitro angiogenesis. Pharmacological inhibition
also confirmed a role of NADPH oxidase in VEGF-in-
duced placental angiogenesis. Our data suggest that en-
dothelial NADPH oxidase-derived intracellular O5 plays
a key role in the VEGF-regulated placental angiogenesis in
vitro.

Materials and Methods

Materials

Recombinant human VEGF,ss was from R&D Systems
(Minneapolis, MN). MCDB131, medium-199 (M-199), and an-
tibiotic-antimycotic solution were from Invitrogen (Grand Is-
land, NY). Fetal bovine serum was from Biomedia (Foster City,
CA). Goat anti-p22P"°* polyclonal antibodies (pAb), horserad-
ish peroxidase conjugated rabbit antigoat IgG were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Rabbit anti-p67°Ph°x
pAb, anti-p47Ph* pAb, and anti-gp91P"*X pAb, and mouse anti-
Racl monoclonal antibody (mAb), and Rac activation assay kit
and the siRNA/siAB assay kit were from Upstate Biotechnology,
Inc. (UBI, Lake Placid, NY). Anti—B-actin mAb was from Am-
bion (Austin, TX). Anti-eNOS mAb was from Cell Signaling
Technology, Inc. (Danvers, MA). Dihydroethidium and Prolong
Gold antifade reagent were from Molecular Probes (Eugene,
OR). Peroxidase-conjugated antirabbit and antimouse IgGs and
[Methyl-*H]-thymidine (2.85 TBg/mmol, 1 mCi/ml) were from
Amersham Biosciences (Arlington Heights, IL). BSA, gelatin,
and all other chemicals were from Sigma (St. Louis, MO) unless
indicated.

Animals and tissue sample collection

Late pregnant (D120-130; gestation ~145 days) ewes were
purchased from Nebeker Ranch (Lancaster, CA). The animal use
protocol was approved by the University of California San Diego
Animal Subjects Committee. Immediately after sacrifice, second-
ary fetoplacental artery (PA) segments were harvested, fixed in
3.7% paraformaldehyde for preparation of paraffin-embedded
tissue blocks. Fresh PAs were used for isolation of endothelial
cells as described below. A segment of PA (~100 mg) per pla-
centa were homogenized in 4 volumes per wet weight of 20
mmol/liter Tris-HCI (pH 7.6), 1% Triton X-100, and 20% glyc-
erol with a Pro200 tissue homogenizer (3 X 20 sec bursts) on ice.
The homogenates were cleared by centrifugation and protein
content was measured by using a Bio-Rad protein kit using BSA
as the standard.

Fluorescence microscopy

Ovine placental artery segments were fixed with 3.7% para-
formaldehyde, paraffin embedded, and 6-pm sections (arterial
rings) were cut and mounted onto slides. After deparaffinization
and rehydration, the tissue sections were blocked in PBS + 1%
BSA containing 2% goat serum for 30 min at room temperature,
followed by incubation with rabbit antihuman gp91P"**/NOX2
pAb (5 ug/ml, UBI) in PBS + 1% BSA overnight at 4 C. Anti-
eNOS mAb (2 pg/ml) was applied to the samples for 1 h. After
washing (3 X 5 min) in PBS + 0.3% Triton X-100, the samples
were incubated with Alexa Fluor *#8-labeled goat antimouse IgG
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(8 mg/ml) and rhodamine-labeled donkey antirabbit IgG (Mo-
lecular Probes, 0.8 pg/ml) for 1 h at room temperature. After
washing, the samples were mounted with ProLong Gold antifade
reagent containing 4’-6-diamidino-2-phenylindole (DAPI, blue).
The samples were then analyzed by fluorescence microscopy.
Digitalized images were captured and processed by using a high-
resolution charge-coupled device (CCD) camera using the Sim-
ple PCI software. Omitting first antibody and replacing the first
antibodies with rabbit/mouse IgGs were used as controls.

Cell culture and preparation of total cell extracts

oFPAECs were isolated as previously described (7, 28). Cells
were subcultured and used at passages 7-10. The immortalized
oFPAE cell line (SV40-0oF) containing a neomycin resistance gene
and a simian virus 40 gene encoding large T and small t antigens
were kindly provided by Dr. Zheng (29) and used at passage
19-21. Before each experiment, subconfluent (~70-80%) cells
were serum starved in M-199 containing 1% fetal bovine serum,
0.1% BSA, 25 mm HEPES overnight. After stimulation, cellular
proteins were harvested in a nondenaturing lysis buffer (28) and
protein content was measured as above.

Immunoprecipitation and immunoblotting

Immunoprecipitation was performed with 500 ug protein per
sample. The samples were incubated with 4 ug anti-Racl mAb
in lysis buffer (1 ml) overnight at 4 C. Protein-G agarose beads
(50/50 slurry beads, 50 ul) were added and incubated at 4 C for
1 h. The beads were pelleted, washed, and boiled in Laemmli
buffer for 5 min. The supernatants were subjected to immuno-
blotting with anti-p67°"°* or anti-p22P"** pAb and anti-Racl
mADb. Immunoblotting was carried out as described previously
(28). The immunoreactive protein signals were visualized by us-
ing the Chemi-Glow substrate, and digital images were captured
with the Chemilmager Imaging System with a high-resolution
CCD camera and quantified by the Chemilmager 4400 software
(Alpha Innotech Corp., Santa Clara, CA).

Rac1 GST-PAK pull-down assay

Racl activation was measured by a Rac activation assay kit
from UBL Briefly, equal amounts of protein samples (500 g/
assay) were precleared with glutathione agarose beads. The sam-
ples were incubated with the GST-PAK-CD fusion protein bound
to glutathione-coupled Sepharose beads at 4 C for 1 h. The beads
and proteins bound to the fusion protein were washed three times
with lysis buffer and eluted in 2X Laemmli sample buffer. The
samples were boiled for 5 min and then used for analyzing the
amounts of active GTP-bound Racl by immunoblotting.

Rac1 small interfering RNA (siRNA)

oFPAECs were transfected with 40 nm SMARTpool siRNA
directed against the Racl mRNA sequence (UBI) by using the
siLentFect Lipid Reagent (Bio-Rad, Hercules, CA). Transient
transfection of Rac1 or scrambled siRNAs (control) was carried
out as described (30). The cells were used for experiments at 24 h
posttransfection. Trypan blue assay confirmed that cell viability
was not affected by siRNA transfection.

Measurement of intracellular O3
Dihydroethidium (DHE) was used to detect intracellular O3
as the later oxidizes DHE to produce ethidium which in turn
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permanently stains nucleotide acids to produce red fluorescence
and thus can be used specifically for measuring intracellular O35
(31). Cells, grown on gelatin-coated cover slides, were placed in
Hank’s balanced buffer [20 mm HEPES (pH 7.5), 0.5 mm MgCl,,
137 mMm NaCl, 10 mMm glucose, 5.4 mm KCl, 4.2 mm NaHCOj,
3 mMm Na,HPO,, 0.4 mm KH,PO,, 0.8 mm MgSO,] containing
2 mM calciumand 0.2 % BSA. Calcium was supplemented freshly
in the buffer prior as calcium is connected to O; generation by
stimuli (32). VEGF (10 ng/ml) and 10 um DHE were added
simultaneously from the beginning of cell stimulation. After 10
min incubation at 37 C, the cells were examined under a flu-
orescence microscope with a X20 objective. Digitalized im-
ages of the cells were captured at 5-min intervals at room
temperature with excitation at 518 nm and emission at 605 nm
by a Hamamatsu CCD camera using the SimplePCI software
(Compix Inc., Cranberry Township, PA). Relative fluorescence
intensity (RFU) of the images was calculated offline. Each ex-
periment was run in triplicate and repeated three times with
different cell preparations. Images of different areas were taken
from each slide and the RFU of the images were averaged as
mean * SEM.

Cell proliferation assays

[*H]-thymidine incorporation was used to measure DNA
synthesis. Briefly, serum-starved cells in 24-well plate were stim-
ulated with VEGF (10 ng/ml) for 48 h. [°H]-thymidine (1 uCi per
well per 0.5 ml medium) was added during the last 6 h of VEGF
treatment. After washing with cold PBS, the acid-insoluble ma-
terials of the cells were precipitated with 5% (wt/vol) trichloro-
acetic acid. The DNA was extracted with 0.1 M NaOH (200 ul
per well) and neutralized with HCI. [*H]-thymidine incorpora-
tion was quantified by liquid scintillation spectrophotometer.
Cell number was measured by direct counting the cells using a
hemocytometer. The cells grown in 6-well plate were treated
with or without VEGEF for 72 h, trypsinized, and counted.

Cell migration assays

Cells (30,000 per well) were seeded on the top of the filter
membrane of BD Falcon FluoroBlok Insert (8.0 um pores; BD
Biosciences, San Jose, CA) and placed in a 24-well plate. The
bottom chambers were filled with 0.8 ml of MCDB131-
0.2%FCS with or without VEGF. Calcein acetoxymethyl ester
(calcein-AM, 0.2 pg/ml) was added for 30 min at the end of
stimulation. The plate was examined under an inverted fluores-
cence microscope. Digitalized images of green fluorescently la-
beled cells migrated through the filter membrane were captured
with excitation at 494 nm and emission at 517 nm by a CCD
camera using SimplePCI. The number of migrating cells was
counted from four randomly chosen areas per insert. Cell mi-
gration was confirmed by the Scratch “wound” assay as de-
scribed (5, 6).

Tube formation assay

Tube formation on matrigel was measured as previously de-
scribed (5, 6). Images from five microscopic fields per well were
analyzed. The branch points of the formed tubes were counted
and averaged. Experiments were repeated in triplicate.

Experimental replications and data analysis
All experiments were repeated at least three times using
oFPAECs from different ewes. Data are presented as mean = SEM
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and analyzed by one way ANOVA. When a F-test is significant,
treatment responses will be compared with the corresponding
controls by multiple comparisons using SigmaStat/plot software
(SPSS, Chicago, IL). P < 0.05 was considered as significant.

Results

Expression of NADPH oxidase in placental artery
endothelial cells

The phagocyte-like multi-component NADPH oxidases,
composed of cytochrome bssg (gp91PP**/NOX2 and
p22Ph°%) and cytosolic proteins (p47PP°%, p67PhX and
Racl), is the major source of O; in endothelial cells (11).
With fluorescence microscopic analyses, in sections of fe-
tal placental artery rings immunoreactive NOX2 was de-
tected in fetoplacental artery endothelial cells strongly la-
beled with an anti-eNOS antibody; smooth muscle cells
also expressed high levels of NOX2 protein but expressed
no or very low levels of eNOS (Fig. 1A). To further confirm

A
Merge
eNOS

< Nox2
gp91/ < pB7phox
Nox2

- p47phox
Merge

FIG. 1. NADPH oxidase expression in ovine fetoplacental artery

ex vivo and fetoplacental artery endothelial cells in vitro. A,
Immunofluorescence microscopic analysis of NADPH oxidase and eNOS
expression in ovine fetal placental artery rings. Digital images were first
captured with fluorescence microscopy under a X40 objective. A field
of the X40 image (top merged) in the box was then examined under a
X100 oil objective to detail endothelial/smooth muscle colocalization.
Incubation with antirabbit and mouse IgGs were used as experimental
controls. Triangles and asterisks depict endothelial and smooth muscle
cells, respectively. B, Immunoblot analysis of NOX2, p47P"**, and
p67Ph°x expression in protein extracts (40 ug per lane) of ovine
fetoplacental artery endothelial cells (oFPAECs), ovine placental artery
homogenates (PA), and SV40-transfected oFPAE cell line (SV40-oF).

Rac1-ROS in VEGF-Induced Placental Angiogenesis
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FIG. 2. Effects of VEGF on intracellular superoxide formation in oFPAECs.
A, Time course studies. Cells grown on gelatin-coated glass coverslips
were treated without or with VEGF (10 ng/ml) in Hank'’s buffer containing
dihydroethidium (10 wm) simultaneously. DHE fluorescence was examined
under an inverted fluorescence microscope. Digitalized fluorescent images
of the cells were captured at 5-min intervals in dark at room temperature
with excitation at 518 nm and emission at 605 nm. RFU of the images
was calculated offline by using SimplePCl. One series of DHE fluorescence
image in control and VEGF-treated oFPAECs at 10-min interval were
recorded every 5 min were shown. B, Role of specific VEGF receptors.
After 60 min pretreatment with the VEGFR1 or VEGFR2 neutralizing
antibodes (20 wg/ml), the effects of VEGF (10 ng/ml) on intracellular
superoxide in oFPAECs was measured. Flt1 nAb, VEGFR1 neutralizing
antibody; KDR nAb, VEGFR2 neutralizing antibody. Each experiment was
run in triplicate and repeated three times with different cell preparations.
Images of different areas were taken from each coverslip, and the RFU of
the images were averaged as mean = sem. ***, P < 0.001; *, P < 0.05,
vs. control.

the expression of NOX2/NADPH oxidase in placental en-
dothelial cells, immunoblotting was performed to detect
other components of the oxidase. As shown in Figures 1B,
3, and 4, all the cytosolic components were expressed in
oFPAECs. NOX2, p47Ph* and p67P'°* proteins were
also detected in the SV40-transformed oFPAE cell line
(SV40-0F) and in HUVECs (data not shown) known to
express functional NADPH oxidases (15).

Fluorescence Intensity
(Fold of control)

VEGF stimulates intracellular O; formation in
oFPAECs

Although ROS including O, are generally considered as
toxic byproduct to induce DNA damage, apoptosis, and cell
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death, solid evidence also showed recently that at low levels
they function as important signal mediators participating in
normal cell activities (27, 33). It is possible that intracellular
O, may function as second messenger for VEGF signaling
toward placental angiogenesis. To this end, we first used the
oxidative fluorescent dye DHE as a probe to detect O gen-
eration in response to VEGF stimulation in oFPAECs. DHE
is cell permeable; when oxidized by O it is converted to
ethidium that binds to DNA to form red fluorescence (31). It
has been widely used as a means for measuring intracellular
O3 (31).In oFPAECs, treatment with VEGF (10 ng/ml, up to
1 h) increased intracellular O in a time-dependent fashion.
Compared with controls, the DHE fluorescence began to
increase around 30 min and was significantly enhanced
thereafter by VEGF (Fig. 2A). Because oFPAECs express
both VEGFR1 and VEGFR2 (5), we then determined their
specific role by using the neutralizing antibodies that effec-
tively blocked their respective functions (5). Pretreatment
with the neutralizing antibodies of both KDR and Fltl
blocked VEGF stimulation of intracellular O3, suggesting
that both are required (Fig. 2B).

VEGF rapidly and transiently activates Rac1 in
oFPAECs

Current model for the assembling and activation of NADPH
oxidase in nonphagocytic cells highlights a critical role of

0 5 10 15 20 25 30
Time (min)
FIG. 3. Effects of VEGF on the small G protein Rac1 activation in oFPAECs. A, Cells were
treated with VEGF (10 ng/ml) for up to 10 min. GTP bound Rac1 was pulled down from total
cell extracts (500 uG protein per lane) by using 5 ug PAK-PDB agarose beads. The pull-down
was measured by immunoblotting with an anti-Rac1 mAb (upper panel). Total
protein (20 ng) from the same samples was immunoblotted with Rac1 mAb to verify sample
loading. PC, positive control; NC, negative control. Blots of atypical experiment are shown.
Data (mean=sem) were summarized from three independent experiments. *, P < 0.05 vs.
time 0. B, Cells were treated with VEGF (10 ng/ml) for up to 30 min. Equal amounts of
proteins (500 ng) were immunoprecipitated with 4 pg anti-Racl mAb, and immunoblotting
with anti-p67P"°* pAb, anti-p27°"°* pAb, and Rac1 mAb. Blots of atypical experiment shown
represent three independent experiments. Data (mean = sem) were summarized from three

ratricopeptide repeat (TPR) motifs that
specifically interact with active Racl,
which is required for NADPH oxidase ac-
tivation (34). In unstimulated oFPAECs,
we found that the amounts of Racl
bound p67P"°* and p22Ph°* was detect-
able but low. Treatment with VEGF sig-
nificantly increased Rac1 bound p67°h°
protein at 5—15 min and returned to base-
line at 30 min poststimulation. Racl
bound p22Pr* appeared to be increased,
though not statistically significant, at 5
min after VEGF treatment (Fig. 3B).

Rac1 down-regulation abrogates VEGF-induced
intracellular O; formation

To determine the role of Rac1 in the VEGF-induced O; for-
mation and angiogenic responses i vitro, we developed a
method for specifically down-regulating endogenous
Rac1 protein in oFPAECs. After optimizing conditions for
duplex siRNA transfection, we found that transfection of
40 nMm of mixed Rac1 siRNAs showed a maximal inhibi-
tion of Rac1 protein expression with minimal cytotoxic-
ity. Transfection of specific Racl siRNAs, but not the
scrambled control siRNA, Rac1 protein was significantly
reduced by 77.6 = 7.8 %. Transfections of both scrambled
and Rac1siRNAsdid notalter B-actin protein in oFPAECs
(Fig. 4A). VEGEF significantly stimulated intracellular O3
formation in oFPAECs transfected with control but not
Racl siRNAs (Fig. 4B).

Rac1 down-regulation blocks the VEGF-induced
angiogenic responses

VEGEF is one of the best studied endothelial cell mitogens
with the ability of stimulating endothelial cell to prolifer-
ate and migrate as well as to form tube-like structure on
extracellular matrix proteins (36). We have recently
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FIG. 4. Effects of Rac1 down-regulation by siRNA on intracellular
superoxide formation in oFPAECs. A, Subconfluent (~70%) oFPAE
cells were transfected without (sham) or with 40 nm of either Rac1 or
scrambled siRNAs using the Bio-Rad siLentFect lipid reagent. Rac1
protein levels were measured by immunoblotting at 24 h
posttransfection. B-actin was probed as a control. ***, P < 0.001 vs.
sham and scrambled siRNA controls. B, Cells transfected with Rac1 or
scrambled siRNAs were treated with 40 ng/ml VEGF in Hank's buffer
containing dihydroethidium (10 um) for 1 h at 37 C. DHE fluorescence
was recorded every 10 min, and digital images were captured.
Fluorescence images of a typical experiment at 30 min poststimulation
are shown and data (means = sem) of the relative fluorescence
intensity from three independent experiments are summarized in the
bar graph. Bars with different letters differ significantly (P < 0.05).

shown that VEGF stimulates oFAPEC cell proliferation,
migration, and tube formation on Matrigel (5). In this
study, we assessed the effects of Rac1-dependent O5 for-
mation on the VEGF-induced in vitro angiogenesis using
oFPAEC:s. In cells transfected with the scrambled siRNA,
VEGF was able to significantly increase DNA synthesis at
48 h and cell number at 72 h; however, in cells transfected
with Rac1 siRNAs, VEGF no longer stimulated DNA syn-
thesis and cell number (Fig. 5). With the transwell migra-
tion assay, we observed that treatment with VEGF (10
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FIG. 5. Effects of Rac1 down-regulation on VEGF-induced oFPAE cell
proliferation. Subconfluent cells in 12-well plate were transfected with
Rac1 or scrambled siRNAs. After 24 h of recovery, the cells were serum
starved overnight. Cells were treated with VEGF (10 ng/ml) for 48 h for
measuring DNA synthesis or 72 h for measuring cell number. For DNA
synthesis, [*H]-tymidine (1 wCi) was added into each well 6 h before
completion of VEGF treatment. [*H]-tymidine incorporation into DNA
was measured by liquid scintillation counting. For cell number
measurement, the cells were trypsinized after 72 h of treatment with
or without VEGF for counting cell numbers. Data (means = sem) of
[®H]-tymidine (DPM) for de novo DNA synthesis (A) and cell number (B)
from three independent experiments are summarized. Bars with
different letters differ significantly (P < 0.05).

ng/ml) for 16 h significantly stimulated cell migration in
sham (transfection reagent alone) transfected cells or
transfected with scrambled control siRNA; however, in
cells transfected with specific Rac1 siRNAs, VEGF failed
to stimulate oFPAE cell migration (Fig. 6A). The stimu-
latory effect of VEGF on oFPAEC migration was con-
firmed by a “scratch” wound assay as shown in Figure 6B.
Treatment with VEGF (10 ng/ml) stimulated formation of
tube-like structures on Matrigel using sham and scram-
bled control siRNA-transfected oFPAECs; however,
VEGF did not stimulate tube-like structures on Matrigel in
cells transfected with specific Racl siRNAs (Fig. 7).

Intracellular O; mediates the VEGF-stimulated
proliferation in oFPAECs

Apocynin is capable of preventing p47P"* translocation
to the plasma membrane thereby inhibiting the assembling
of a functional NADPH oxidase (37); it has been used as
a pharmacological inhibitor for NADPH oxidase (38). To
further test the role of intracellular O, formation in the
VEGF-induced oFPAE cell proliferation, oFAPEC were
pretreated with apocynin (0.5 mm) for 1 h, followed by
incubation with VEGF for measuring intracellular O; at

€202 Joquialdag €1 uo Jasn suIM| - DN A ZG09G7Z/GLES/L L/LG L/BI0IIE/0pUS/W0D dNO"dlWspeoe)/:Sdy WOI) POPEOJUMOQ



Endocrinology, November 2010, 151(11):5315-5325

Sham

>

Scrambled Rac1

2
=
o
O
[T
[0}
w
>
= A0 m Control
[ O VEGF
E 150 b b
1]
O 100 a a a a
=]
9
2
= 0. !
Sham Scrambled Rac1
siRNA Transfected
B

Scrambled Rac1

Control

o b = Control
i T O VEGF
% 150
3

100
3 a
® c
2 ]

o :
Scrambled siRNA Rac1 siRNA

FIG. 6. Effects of Rac1 down-regulation on VEGF-induced oFPAE cell
migration. A, Subconfluent cells were transfected without (sham) or with
Rac1 or scrambled siRNAs and allowed to recover for 24 h. The cells were
then trypsinized and seeded into the 24-well FluoroBlok Insert System.
After treatment with or without 10 ng/ml VEGF for 16 h, cells migrated to
the bottom of the filter membranes were labeled with calcein
acetoxymethyl ester (calcein-AM, 0.2 pg/ml) for 30 min. Digitalized
images (X 100) of green fluorescently labeled cells migrated to the bottom
side of the filter membrane were captured with excitation at 494 nm and
emission at 517 nm. The number of cells migrated from four randomly
chosen areas were counted and analyzed. B, Subconfluent (~80%) cells
were transfected with Rac1 or scrambled siRNAs and cultured until
confluence. Confluent monolayers were starved overnight and scrapped
with a sterilized tip. After treatment with or without VEGF (10 ng/ml) for
24 h, digitalized images of cell migration were captured. The white
dashed line shows the position of “wounding” of the confluent
monolayer. Photographs of a typical experiment of images of migrated
cells in the transwell assay and the Scratch “wound” assay are shown.
Data (means = sem) from three independent experiments using different
cell preparations are summarized in the lower bar graphs. Bars with
different letters differ significantly (P < 0.05).

1 h or DNA synthesis at 48 h. We observed that treatment
with apocynin effectively blocked VEGF-induced intra-
cellular O formation (Fig. 8A). Lastly, we examined
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FIG. 7. Effects of Rac1 down-regulation on VEGF-induced formation
of tube-like structures in oFPAECs. Subconfluent cells were transfected
without (sham) or with Rac1 or scrambled siRNAs for 24 h and then
starved overnight. After trypsinization, the cells (2000 per well) were
added to 96-well plates precoated with the Matrigel. After the cells
were cultured for 3 h, formation of the tube-like structures was
examined under an inverted Leica microscope. Digitalized images

(X 10) were captured with the simplePCl software. Images shown
represent one typical experiment, and bar graphs summarize data
(means = sem) from three independent experiments using different cell
preparations. Bars with different letters differ significantly (P < 0.05).

whether O; formation is involved in endothelial cell pro-
liferation. Consistent with the data shown in Fig. 7A,
treatment with VEGEF significantly stimulated DNA syn-
thesis; however, in cells pretreated with apocynin (0.5
mM), the VEGF-stimulated DNA synthesis was com-
pletely attenuated (Fig. 8B).

Discussion

Angiogenesis is essential for the establishment and execu-
tion of the bidirectional maternal-fetal exchange of nutri-
ents and respiratory gases, which is arguably the most
important event for pregnancy (1, 2). Placental angiogen-
esis is a multi-factorial complex involving many cell types,
of which endothelial cells play a central role in activating
matrix protein degradation, proliferate, migrate and even-
tually form tube-like structures. VEGF and its receptors
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FIG. 8. Effects of apocynin on VEGF-induced intracellular superoxide
formation and cell proliferation in oFPAECs. A, Subconfluent cells
grown on 0.2% gelatin coated coverslips were serum-starved
overnight. After pretreated with 0.5 mm apocynin, the cells were
treated with or without 10 ng/ml VEGF and concurrently loaded with
10 pM dihydroethidium for 1 h. Fluorescent Images were captured as
described in Fig. 2. Photographs of one typical experiment shown
represent similar results obtained from three independent experiments
using different cell preparations. B, Serum-starved subconfluent cells
were pretreated with 0.5 mm apocynin for 1 h and then treated with
or without 10 ng/ml VEGF for 48 h. DNA synthesis was determined as
described in Fig. 5A. Bar graph summarizes data (means = sem) from
three independent experiments using different cell preparations. Bars
with different letters differ significantly (P < 0.05).

are the best studied angiogenic regulatory system in the
placenta (5, 6, 39). Compelling data have shown that
VEGEF and its receptors KDR and Flt1 are increased in
uterine and fetal tissues accompanied with placental an-
giogenesis during pregnancy. Ligand-receptor interac-
tions result in a plethora of signaling pathways including
mitogen-activated protein kinases, protein kinase B/Akt,
and eNOS-NO, etc. (5-9). These pathways are important
in mediating VEGF stimulation of placental artery endo-
thelial cell proliferation (7, 40), migration and tube for-
mation (3, 6), and NO production via eNOS that is crit-
ical for placental vasodilatation (40).
precise signaling mechanisms of VEGF action in the pla-
cental endothelial cells are not yet completely understood.
In this study, we have shown that VEGF provokes rapid
intracellular O, formation in oFPAECs. oFPAECs ex-
press high levels of Rac1, which can be rapidly and tran-
siently activated by VEGF. Down-regulation of endoge-
nous Racl by its specific siRNAs inhibited the VEGF-
induced intracellular O, formation and VEGF-stimulated
in vitro angiogenic responses, including cell proliferation,
migration, and tube formation. Pharmacologic inhibition
of NADPH oxidase by apocynin also attenuated VEGF-

However, the
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induced intracellular O; formation and iz vitro angiogen-
esis. Hence, our findings suggest that Rac1-dependent in-
tracellular O5 formation is directly linked to the VEGF-
induced placental artery endothelial cell proliferation,
migration, and tube formation (angiogenesis iz vitro), im-
plicating a novel route for VEGF action in placental en-
dothelial cells.

Oj isashort-lived ROS, which can be generated during
any cellular oxygen metabolisms from many enzymatic
sources, including mitochondrial respiration (41, 42),
xanthine oxidase (43), cytochrome P450 (44), lipoxygen-
ase and cyclooxygenase (45), hemeoxygenase (46), and
uncoupled endothelial nitric oxide synthase (47), etc. We
have shown herein that VEGF stimulation of intracellular
O; formation is completely inhibited by apocynin in
oFPAECs. In keeping with previous data showing that VEGF
stimulation of O, formation was inhibited only by inhibition
of NADPH oxidase but not by inhibition of other enzymatic
pathways in HUVECGCs (11), our data suggest that O
formed by VEGF stimulation in oFPAECs might be ex-
clusively derived from endothelial NADPH oxidase.

In mammals, Rac1 belongs to a family of small GTPases
composed of the ubiquitously expressed Racl (48), he-
matopoetic Rac2 (48), and the predominantly neuronal
Rac3 (49). They participate in the regulation of cell
spreading (50, 51), cell cycle progression (52), prolifera-
tion and migration (53), and transformation (54). In
vascular endothelial and smooth muscle cells, as a key
component for the assembling of the multicomponent
NADPH oxidase, activation of Rac1 directly regulates in-
tracellular O5 formation thereby playing a key role in the
vascular redox homeostasis (34). In endothelial cells, in-
tracellular O3 is likely derived from NADPH oxidase as-
sembled by gp91P"**/NOX2 or its homologues by Racl
(12, 55). Transient transfection of dominant negative
Racl has demonstrated a critical role of Racl in the
VEGF-induced O; formation via NADPH oxidase (10,
11), which is linked to VEGF-induced angiogenesis in
HUVECs (11, 27, 35). Our current study show that a
similar NOX2/NADPH oxidase is possibly important for
the VEGF-induced angiogenesis in oFPAECs because: 1)
Racl down-regulation by its specific siRNAs, presump-
tively disrupting the assembling of endothelial NOX2/
NADPH oxidase, inhibited VEGF-induced angiogenesis
in vitro; 2) pharmacological inhibition of NADPH oxi-
dase by apocynin inhibited VEGF-induced O5 formation
and cell proliferation.

With the identification of four homologues of the
phagocyte NADPH oxidase gp91°"°* in nonphagocytic
cells, these catalytic subunits of NADPH oxidase have
been renamed as NADPH oxidases (NOX) (16). Apart
from the gp91P>*/NOX2, endothelial cells also express
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Nox1, Nox 3-4 (56, 57). In most studies, Nox2 is found
in HUVECs and functional in redox mediated angiogen-
esis in vitro and in vivo (11, 12). However, one study
claimed that Nox2 is not expressed, or if any, at very low
levels in HUVECs (58). Nox4 is expressed in endothelial
cells (56, 57). Our current study shows that NOX2,
p21Phox  pgq7phox - pe7Phox and Racl proteins are ex-
pressed in oFPAECs. VEGF stimulates Rac1 and Rac1¢™"
binding of p67°P°%, Together with inhibition of VEGF
stimulation of intracellular O; formation by Rac1 knock-
down, our findings suggest that the Nox2/NADPH oxi-
daseis present and functional in oFPAECs. Our study does
not exclude the possibility that other NOX/NADPH oxi-
dase(s) is also involved. In human placenta, Nox1 mRNA
and protein are expressed in term trophoblastic and vil-
lous capillary endothelial cells (19, 20). We have found
high levels of Nox4 mRNA expression and low levels of
NOX1 in oFPAECs; interestingly, Nox1 expression ap-
pears to be up-regulated by VEGF and fibroblast growth
factor in oFPAECs (Barker and Chen, unpublished data).
The function of these NOXs are not known in the pla-
centa; however, these enzymes may participate in regulat-
ing angiogenesis as NADPH oxidase assembled with these
NOXs also produces low levels of intracellular O that
functions as cell signaling mediators (59).

How a specific NADPH oxidase is assembled and ac-
tivated is complex because different NOXs assemble
NADPH oxidase differently in different cell types, which
can be further complicated by their different subcellular
localizations. Nox1 and Nox4 are exclusively localized in
intracellular membranes of vascular smooth muscle cells,
suggesting that they produce O inside this cell type (60).
Although NOX2/NADPH oxidase similarly assembles at
plasma membrane in phagocytes (61) and nonphagocytes
including endothelial cells (26), O5 is produced outside
phagocytes on activation whereas is produced inside en-
dothelial cells even without stimulation. Thus, subcellular
localization cannot fully explain why NADPH oxidase
produces O5 outside in phagocytes vs. inside in endothe-
lial cells. In phagocytes, NOX2/NADPH oxidase is as-
sembled in the phagosome possibly localized in caveolae
(61). Caveolae are high abundantly in placental endothe-
lial cells (5). Thus, it would be interesting to investigate if
NOX2/NADPH oxidase is assembled and activated in en-
dothelial caveolae by VEGF.

Angiogenesis is a multi-step process that is initiated by
endothelial cell activation in response to increased local or
systemic angiogenic factors. Activated endothelial cells se-
crete factors resulting in basement matrix protein degra-
dation, endothelial cell proliferation and migration, and
eventually formation of tube-like structures (36). As a
member of the Rho family small GTPases, Rac1 plays an
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important role in cell migration, proliferation, transfor-
mation, and gene expression (34). We have shown that
VEGEF stimulates oFPAEC proliferation, migration, and
tube formation [Current study, (5)]. Rac1 knockdown by
its specific siRNA abrogated these VEGF-induced an-
giogenic responses. Thus, our data suggest that Racl
participates into the regulation of placental endothelial
cell angiogenesis. However, whether Racl is involved in
other aspects of angiogenesis by VEGF such as base-
ment breakdown and vascular permeability awaits fur-
ther investigation.

Once formed, the short-lived O; can be rapidly con-
verted to the relative stable hydrogen peroxide, when pro-
duced in excess, causing oxidative stress toxic to placental
endothelial and trophoblastic cells (62). Oxidative stress
in the placenta has been considered as one of the potential
leading etiologies of complicated pregnancies (20). This
theory has provided a rationale for several clinical trials of
antioxidant therapy for preeclampsia (63). Although an
initial clinical trial showed that supplementation of anti-
oxidants potentially reduced the risk for pregnant women
of developing preeclampsia (64), the follow-up large scale
VIP trial (23) and the studies (24, 25) of vitamin C/E sup-
plementation to pregnant women showed no benefits of
reducing the risk of preeclampsia, intrauterine growth re-
striction, or death or other serious outcomes in their in-
fants. In contrast, the VIP trial revealed the potential of
antioxidant supplementation to increase the rate of babies
born with low birthweight (23). The reason of causing
these unexpected results is elusive. However, a physiolog-
ical role of O; derived from NADPH oxidase in placental
angiogenesis as shown herein and other endothelial cells
(11, 27) might have provided one possible clue. A large
body of evidence also suggests that at a certain concen-
tration window intracellular ROS are signaling mediators
essential for normal functions (65). For example, low lev-
els of exogenous hydrogen peroxide (<10 um) stimulates
DNA synthesis, cell proliferation, migration, and tube for-
mationin HUVECs (27). Consistent with our findings that
inhibition of NADPH oxidase by apocynin and Racl
knockdown impairs in vitro placental angiogenesis, others
have shown that various antioxidants also decrease the
VEGF-induced angiogenesis iz vitro and in vivo (11, 66).
In keeping with the fact that normal pregnancy is accom-
panied by increased ROS formation with gestational age
due to increased maternal-fetal metabolism, it is possible
that antioxidant supplementation during pregnancy for
preeclampsia prevention may have bought the oxidative
stress occurring in preeclampsia lower than the levels seen
in normal pregnancy, thereby causing harmful impacts on
ROS-mediated normal cell physiology, in particular vas-

€202 Joquialdag €1 uo Jasn suIM| - DN A ZG09G7Z/GLES/L L/LG L/BI0IIE/0pUS/W0D dNO"dlWspeoe)/:Sdy WOI) POPEOJUMOQ



5324 Lietal. Rac1-ROS in VEGF-Induced Placental Angiogenesis

cular morphology and/or function, in the aforementioned
clinical trials.

Altogether, our current in vitro studies have established
acritical role for Rac1-dependent intracellular superoxide
formation via endothelial NADPH oxidase in mediating
VEGEF stimulation of placental angiogenesis. Cautiously,
the physiological and pathophysiological significance of
the conclusions drawn based on these studies will need to
be verified by in vivo animal studies. In particular, the
effect of antioxidant supplementation on placental angio-
genesis i vivo is an intriguing area that deserves further
investigation. However, our current studies provide evi-
dence for the first time from a unique perspective for ex-
plaining the unexpected results of the antioxidant trials
(23-25) in the prevention of preeclampsia.
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