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Phosphatidic acid generated by the activation of phospho-
lipase D (PLD) functions as a second messenger and plays a
vital role in cell signaling. Here we demonstrate that PLD-de-
pendent generation of phosphatidic acid is critical for Rac1/
IQGAP1 signal transduction, translocation of p47phox to cell
periphery, and ROS production. Exposure of [32P]orthophos-
phate-labeled human pulmonary artery endothelial cells
(HPAECs) to hyperoxia (95% O2 and 5% CO2) in the presence
of 0.05% 1-butanol, but not tertiary-butanol, stimulated PLD
as evidenced by accumulation of [32P]phosphatidylbutanol.
Infection of HPAECs with adenoviral constructs of PLD1 and
PLD2 wild-type potentiated hyperoxia-induced PLD activa-
tion and accumulation of O2

./reactive oxygen species (ROS).
Conversely, overexpression of catalytically inactive mutants
of PLD (hPLD1-K898R or mPLD2-K758R) or down-regula-
tion of expression of PLD with PLD1 or PLD2 siRNA did not
augment hyperoxia-induced [32P]phosphatidylbutanol accu-
mulation and ROS generation. Hyperoxia caused rapid acti-
vation and redistribution of Rac1, and IQGAP1 to cell periph-
ery, and down-regulation of Rac1, and IQGAP1 attenuated
hyperoxia-induced tyrosine phosphorylation of Src and cor-
tactin and ROS generation. Further, hyperoxia-mediated
redistribution of Rac1, and IQGAP1 tomembrane ruffles, was
attenuated by PLD1 or PLD2 small interference RNA, sug-
gesting that PLD is upstream of the Rac1/IQGAP1 signaling
cascade. Finally, small interference RNA for PLD1 or PLD2
attenuated hyperoxia-induced cortactin tyrosine phospho-
rylation and abolished Src, cortactin, and p47phox redistribu-
tion to cell periphery. These results demonstrate a role of
PLD in hyperoxia-mediated IQGAP1 activation through
Rac1 in tyrosine phosphorylation of Src and cortactin, as well
as in p47phox translocation and ROS formation in human lung
endothelial cells.

Phagocytic cells of the immune system (neutrophils, eosino-
phils, monocytes, andmacrophages) generate superoxide (O2

. )2
instrumental in the killing of invading pathogens solely by
NADPH oxidase (1–3). Deficiency of O2

. results in the geneti-
cally inherited disorder chronic granulomatous disease, a con-
dition in which the affected individuals are susceptible to infec-
tion (4). Phagocytic NADPH oxidase is activated when
cytosolic p47phox, p67phox, and Rac2 translocate to the phago-
somes and plasmamembrane and form a complex with integral
membrane cytochrome b558, which, in turn, is a Nox2
(gp91phox)/p22phox heterodimer (5, 6). Assembly of phagocytic
NADPHoxidase is initiated by two signals. The first is the phos-
phorylation of multiple serine and tyrosine residues in the
p47phox domain, which leads to unmasking of p47phox SH3
domains that bind to a proline-rich target in the C terminus of
p22phox (7–10). The interaction between p47phox and p22phox
seems to be an essential requirement for the translocation of
other cytosolic components of the oxidase. The second signal is
the binding of GTP to Rac2, which leads to the dissociation of
Rac from Rho-GDI and binding to p67phox, followed by trans-
location of p67phox/GTP-Rac2 to the membrane (11). Non-
phagocytic cells express predominantly Rac1, Tiam1 (a GEF
involved in Rac1 activation), Nox1–5, and most of the other
cytosolic phagocytic oxidase components (12); however, the
oxidative output of non-phagocytes is much smaller compared
with the phagocytes. A recent study indicates that IQGAP1, an
effector of Rac1, may link Nox2 to actin, thereby enhancing
ROS production and contributing to cell motility in ECs (13).
The one ormoremechanisms responsible for differences in the
oxidative burst between the phagocytic and non-phagocytic
cells are yet to be defined.
We have demonstrated previously that hyperoxia activates

lung endothelial NADPH oxidase, which in part is mediated by
ERK, p38 MAPK (14, 15), and Src (16), and hyperoxia-induced
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p47phox tyrosine phosphorylation and translocation to cell
periphery is dependent on Src (16). Further, tyrosine phospho-
rylation of cortactin mediated by Src is essential for hyperoxia-
induced p47phox translocation and O2

. /ROS generation in
HPAECs (17). In addition to Src, phosphatidic acid (PA) or
diacylglycerol also stimulated phosphorylation of p47phox and
p22phox in neutrophils both in vivo and in vitro (18–20). PA is
generated in mammalian cells via de novo biosynthesis or
hydrolysis of membrane phospholipids catalyzed by phospho-
lipase D (PLD) (21–25). Activation of polymorphonuclear leu-
kocytes with formyl-Met-Leu-Phe enhanced the oxidative
burst that correlated with PA accumulation, and inclusion of
short-chain primary alcohols attenuated the NADPH oxidase
mediated O2

. /ROS generation, suggesting a potential role for
PLD in the regulation ofNADPHoxidase (12, 26, 27). However,
the downstream targets of PLD that signal NADPH oxidase
activation have not been fully characterized.
Here, we identify for the first time that activation of IQGAP1

by Rac1 is downstream of PLD in hyperoxia-induced ROS gen-
eration. In addition, we show that activation of Rac1/IQGAP1
by PLD also regulates Src-dependent tyrosine phosphorylation
of cortactin and p47phox translocation to cell periphery. Thus,
our results define a novel molecular mechanism for hyperoxia-
induced NADPH oxidase activation by PLD/PA-mediated
p47phox membrane translocation via Rac1/IQGAP1/Src/cor-
tactin signaling cascade.

EXPERIMENTAL PROCEDURES

Materials—Human pulmonary artery endothelial cells
(HPAECs), endothelial basal media (EBM-2), and a bullet kit
were obtained from Lonza (San Diego, CA). Phosphate-buff-
ered saline (PBS) was obtained from Biofluids Inc. (Rockville,
MD). DCFDA (6-carboxy-2�,7�-dichlorodihydrofluorescein
diacetate), Alexa Fluor 488, 568, or 594 mouse, rabbit, donkey,
chicken, or goat secondary antibodies, Prolong Gold maintain
media, and precast Tris-glycine polyacrylamide gel were pur-
chased from Invitrogen-Molecular Probes (Eugene, OR). The
enhanced chemiluminescence (ECL) kit was from Thermo Sci-
entific (Rockford, IL). Polyclonal goat anti-p47phox antibody
was provided by Dr. Leto (National Institutes of Health,
Bethesda, MD). Adenoviral constructs, wild type (Wt) and
mutant (Mn) for hPLD1, mPLD2, and dominant Rac1 were
generated at the services of the University of Iowa Gene Trans-
fer Vector Core (Iowa City, IA). Antibody for PLD1 was pro-
vided byDr. Bourgoin (Laval University, Canada), and antibody
for PLD2 (28) was fromDrs. Nozawa and Banno (Gifu Interna-
tional Institute of Biotechnology, Japan). IQGAP1-Myc (Wt
andMn) were provided byDr. Sacks (HarvardUniversity,MA).
siRNA for PLD1, PLD2, Tiam1, Rac1, IQGAP1, antibodies for
cortactin, Src, ERK1 and ERK2, Tiam1, IQGAP1, protein A/G
plus agarose, rabbit IgG, and bovine serum albumin were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Gene
silencer was fromGenlantis (San Diego, CA), and FuGENEHD
transfection reagent was from Roche Applied Science. Phos-
phatase inhibitor mixture, anti-actin, and anti- phospho-Src
(Y418) antibodies were from Sigma. Anti-phospho-cortactin
(Y486) antibody was obtained from Chemicon (Boronia, Aus-
tralia). c-Myc antibody was from Biomol (Plymouth Meeting,

PA). Rac1 inhibitor (NSC23766) was purchased from Calbio-
chem. Rac1 antibody was from BD Biosciences (San Jose, CA).
Rac1 activation kit was from Upstate Biotechnology, Inc.
(Temecula, CA). Anti-phospho-tyrosine, -phospho-serine, and
-phospho-threonine were from Zymed Laboratories Inc. (San
Francisco, CA). TLC plates were fromAnalTech (Newark, DE).
Microscopy Lab-Tek slides chambers were from Electron
Microscopy Sciences (Hatfield, PA). Incubator chamber for
hyperoxia exposure was from Billups-Rothenberg (Del Mar,
CA). Cell lyses buffer was from Cell Signaling Technology
(Danvers, MA). Polyvinylidene difluoride and nitrocellulose
membraneswere fromMillipore (Billerica,MA). Protein stand-
ard and secondary IgG (H�L)-horseradish peroxidase-conju-
gated antibodies were from Bio-Rad.
Endothelial Cell Culture—HPAECs at passages 5–8 in

EGM-2 complete medium with 10% fetal bovine serum, 100
units/ml penicillin, and streptomycin were grown to contact-
inhibitedmonolayers with a typical cobblestonemorphology in
a 37 °C incubator under a 5% CO2-95% air atmosphere. Cells
were detached from T-75 flasks with 0.05% trypsin and resus-
pended in fresh complete medium, then cultured in 35-mm,
60-mm, or 100-mm dishes or on slide chambers for immuno-
fluorescence studies. All cells were starved overnight in EGM-2
medium containing 1% fetal bovine serum prior to exposure to
normoxia or hyperoxia.
Exposure of Cells to Hyperoxia—HPAECs were placed in a

humidity-controlled airtight modulator incubator chamber
and flushed continuously with 95%O2-5%CO2 for 30min until
the oxygen level inside the chamber reached �95%. Chamber
was then placed in a cell culture incubator at 37 °C for the
desired length of time. The concentration of O2 inside the
chamber was monitored with a digital oxygen monitor.
The buffering capacity of the cell culture medium did not
change significantly during the period of hyperoxic exposure
and was maintained at pH � 7.4.
RNA Isolation and Real-time Reverse Transcription-PCR—

Total RNAwas isolated fromHPAECs grown on 35-mmdishes
using TRIzol� reagent according to themanufacturer’s instruc-
tion. iQ SYBR Green Supermix was used to do the real-time
measurements using iCycler by Bio-Rad. 18 S (sense, 5�-GTA-
ACCCGTTGAACCCCATT-3�, and antisense, 5�-CCATC-
CAATCGGTAGTAGCG-3�) was used as a housekeeping gene
to normalize expression. The reaction mixture consisted of 0.3
�g of total RNA (target gene) or 0.03 �g of total RNA (18 S
rRNA), 12.5 �l of iQ SYBR Green, 2 �l of cDNA, 1.5 �M target
primers, or 1 �M 18 S rRNA primers, in a total volume of 25 �l.
For all samples, reverse transcription was carried out at 25 °C
for 5 min, followed by cycling to 42 °C for 30 min and 85 °C for
5 min with iScript cDNA synthesis kit. Amplicon expression in
each sample was normalized to its 18 S rRNA content. The
relative abundance of target mRNA in each sample was calcu-
lated as 2 raised to the negative of its threshold cycle value times
106 after being normalized to the abundance of its correspond-
ing 18 S rRNA (housekeeping gene), (2�(primer Threshold Cycle)/
2�(18 S Threshold Cycle) � 106). All primers were designed by
inspection of the genes of interest usingPrimer 3 software.Neg-
ative controls, consisting of reaction mixtures containing all
components except target RNA, were included with each of the
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reverse transcription-PCR runs. To verify that amplified prod-
ucts were derived from mRNA and did not represent genomic
DNA contamination, representative PCR mixtures for each
gene were run in the absence of the reverse transcription
enzyme after first being cycled to 95 °C for 15 min. In the
absence of reverse transcription, no PCR products were
observed.
Transfection and Infection of HPAECs—For siRNA experi-

ments HPAECs were transfected with Fl-luciferase GL2 duplex
siRNA (target sequence: 5�-CGTACGCGGAATACTTCGA-
3�, Dharmacon, CO) as a positive control (scrambled RNA).
HPAECs grown to�60–70% confluence were transfected with
Gene Silencer transfection agent plus scrambled RNAor PLD1,
PLD2, Tiam1, Rac1, or IQGAP1 siRNA (50 nM) in serum-free
EBM-2mediumaccording to themanufacturer’s recommenda-
tions. At 3 h post-transfection, fresh complete EGM-2medium
was added, and the cells were cultured for an additional 72 h
prior to experiments.
For cDNA experiments HPAECs grown to�50% confluence

were transfected with 1 �g/ml Vector-control or plasmids
DNA of IQGAP1-Myc (Wt and Mn) or p47phox-GFP using
FuGene HD (3 �g/ml) transfection reagent in serum-free
EGM-2 medium according to the manufacturer’s recommen-
dation. After 3 h themediumwas replaced by complete EGM-2,
and the cells were incubated for 72 h post-transfection.
For transient infection adenoviral constructs (5 plaque-

forming units/cell) of Vector-control, PLD1 Wt, PLD1 Mn,
PLD2Wt, PLD2Mn, or Rac1 dominant-negative were added to
HPAECs grown to �80% confluence in complete EGM con-
taining 10% fetal bovine serum. After overnight culture, the
virus-containing medium was replaced with fresh complete
medium, exposed to normoxia or hyperoxia, and treated as
indicated.
Determination of Hyperoxia-induced ROS Formation—ROS

production in HPAECs exposed to either normoxia or hyper-
oxia was determined by the DCFDA fluorescence measured by
spectrofluorometer or fluorescence microscopy (14, 16, 17).
HPAECs were loaded with 10 �MDCFDA for 30min in serum-
free medium at 37 °C in a 95% air-5% CO2 environment. At the
end of incubation, the medium containing DCFDA was aspi-
rated, cells werewashed oncewith completemedium, complete
medium was added, and cells were exposed to normoxia and
hyperoxia. For spectrofluorometer measurements cells were
scraped, and the medium containing cells was transferred to
1.5-ml microcentrifuge tubes and centrifuged at 8,000 � g for
10 min at 4 °C. The medium was aspirated, and the cell pellet
was washed twice with ice-cold PBS and sonicated on ice with a
probe sonicator for 15 s in 500�l of ice-cold PBS to prepare cell
lysates. Fluorescence of oxidized DCFDA in cell lysates, an
index of formation of ROS, was measured on an Aminco Bow-
man series 2 spectrofluorometer with excitation and emission
set at 490 and 530 nm, respectively, using appropriate blanks.
All above steps were performed in the dark. The extent of ROS
formation was expressed as a percentage of normoxic control.
For fluorescent microscopy measurements cells were washed
twice with Phenol Red-free basal EBM-2, and fluorescence of
oxidized DCFDA was examined under a Nikon Eclipse TE
2000-S fluorescence microscopy with a Hamamatsu digital

charge-coupled device camera (Japan) using a 20� objective
lens. Statistics of entire images were calculated using MetaVue
software (Universal Imaging Corp., PA) and expressed as % of
Control.
PLD Activation in Intact ECs—HPAECs were labeled with

[32P]orthophosphate (5 �Ci/ml) in phosphate-free medium
containing 2% fetal bovine serum for 18–24 h (29–31). Cells
were washed in minimal essential medium and exposed to
either normoxia or hyperoxia for varying time periods in the
presence of 0.05% 1-butanol or tertiary butanol as indicated in
the figures. The incubations were terminated by addition of
methanol-concentrated HCl (100:1, v/v). [32P]PBt formed as a
result of PLD activation and trans-phosphatidylation reaction,
an index of in vivo PLD stimulation (31), was separated by TLC
in 1% potassium oxalate-impregnated silica gel H plates using
the upper phase of ethyl acetate-2,2,4-trimethyl pentane-glacial
acetic acid-water (65:10:15:50, v/v) as the developing solvent
system (31). Unlabeled PBt was added as a carrier during the
lipid separation byTLCandwas visualized under iodine vapors.
Radioactivity associated with PBt was quantified by liquid scin-
tillation counting, and data are expressed as dpmnormalized to
106 counts in total lipid extract or as a percentage of control.
Rac1 Activation Assay—HPAECs were cultured in 100-mm

dishes, exposed to normoxia or hyperoxia and Rac1 activation
was evaluated using the Rac1 Activation Assay Kit as per the
manufacturer’s protocol. Briefly, after exposure to hyperoxia,
cells were washed twice with ice-cold PBS and lysed with lyses
buffer. Cell lysates (0.5–1 mg/ml) were loaded with 10 �g of
PAK-1 p21-binding domain fusion-protein conjugated to aga-
rose for 1 h to bind Rac1-GTP, centrifuged, and washed three
times with lyses buffer. The proteins were separated by SDS-
PAGE, transferred to nitrocellulose membrane, and probed
with antibodies as indicated. Quantification of the bands was
performed by ImageJ software (NIH) and expressed in pixels (%
Control). Total cell lysates were also probed separately with
anti-actin antibody to confirm equal loading.
Immunofluorescence Microscopy—HPAECs grown on slide

chambers were exposed to either normoxia or hyperoxia then
immediately fixed with 3.7% paraformaldehyde in PBS for 10
min, permeabilized for 4 min in 3.7% paraformaldehyde con-
taining 0.25% Triton X-100. In some experiments for Rac1,
Tiam1, IQGAP1, and p-Src staining, permeabilization was per-
formed by methanol treatment for 4 min at �20 °C. Then cells
were rinsed three times with PBS and incubated for 30 min at
room temperature in TBST blocking buffer containing 1%
bovine serum albumin followed by incubation with primary
antibodies (1:200 dilution in blocking buffer, 1 h). Thoroughly
rinsed with TBST, cells were then stained with Alexa Fluor
secondary antibodies (1:200 dilution in blocking buffer, 1 h).
After washing slides were prepared with maintain media and
examined with a Nikon Eclipse TE 2000-S fluorescence micro-
scope and Hamamatsu digital camera (Japan) using a 60� oil
immersion objective lens. Protein redistribution to cell periph-
ery was estimated by statistics of equivalent square of cell
periphery from normoxic and hyperoxic samples andMetaVue
software (Universal Imaging Corp.).
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Preparation of Cell Lysates, Immunoprecipitation, andWest-
ern Blotting—HPAECs were serum-deprived for �18 h in
EBM-2 containing 1% fetal bovine serum. After exposure to
normoxia or hyperoxia, cells were washed with ice-cold PBS
containing 1 mM vanadate, scraped into 1 ml of lysis buffer (50
mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% Nonidet P-40; 0.25%
sodiumdeoxycholate; 1mMEDTA; 1mMphenylmethylsulfonyl
fluoride; 1 mM Na3VO4; 1 mM NaF; 10 �g/ml aprotinin; 10
�g/ml leupeptin; and 1 �g/ml pepstatin) containing 1% phos-
phatases inhibitor mixture, sonicated on ice with a probe soni-
cator (15 s), and centrifuged at 5000 � g in a microcentrifuge
(4 °C) for 5 min. Protein concentrations of the supernatants
were determinedusing a Pierce protein assay kit. Equal volumes
of the supernatants, adjusted to 1mg of protein/ml, were dena-
tured by boiling in 6� SDS sample buffer for 5min, and samples
were separated on SDS-PAGE gels and analyzed by Western
blotting. For immunoprecipitation, cell lysates (0.5–1 mg of
protein) were incubated overnight with 2 �g/ml appropriate
antibodies, conjugated to proteinA/GPLUS-agarose (50�l) for
2 h at 4 °C, and then centrifuged at 5000 � g in a microcentri-
fuge. Pellets were washed in lyses buffer, dissociated by boiling
in 2� SDS sample buffer for 5 min and separated on SDS-
PAGE. Protein bandswere transferred overnight (25V, 4 °C) on
polyvinylidene difluoride or nitrocellulose membranes, probed
with primary and secondary antibodies according to the man-
ufacturer’s protocol, and detected by the ECL kit. The blots
were scanned (UMAX Power Lock II) and quantified by an
ImageJ software (NIH). To verify unspecific protein co-immu-
noprecipitation cell lysates (1 mg of protein) were incubated
overnight with 2 �g of rabbit IgG and IQGAP1 or Cortactin,
conjugated to protein A/G PLUS-agarose (50 �l) for 2 h at 4 °C
and Western blotted as described above.
Statistics—Analysis of variance and Student-Newman-Keul’s

test were used to comparemeans of two ormore different treat-
ment groups. The level of significancewas set to p� 0.05 unless
otherwise stated. Data are expressed as mean � S.E.

RESULTS

Role of PLD in Hyperoxia-induced ROS Formation in
HPAECs—Previous studies have shown that hyperoxia stimu-
lates ROS generation (14, 16, 17, 32, 33) and activates PLD in
ECs (22, 34); however, the role of PLD in hyperoxia-induced
NADPH oxidase activation and ROS generation is not well
defined. Therefore, we investigated the role of PLD1 and PLD2,
the two isoforms of PLD (21, 23, 25, 35, 36), on hyperoxia-
mediated O2

. /ROS generation. HPAECs overexpressing PLD1/
PLD2 wild-type or catalytically inactive mutants were labeled
with [32P]orthophosphate and exposed to hyperoxia for 2 h. As
shown in Fig. 1, overexpression of hPLD1/mPLD2 wild type
increased both basal and hyperoxia-induced [32P]PBt produc-
tion and ROS formation, whereas the hPLD1-K898R/mPLD2-
K758R mutants attenuated the formation of labeled PBt and
ROS production. Consistent with the data using adenoviral
hPLD1/mPLD2 vectors, down-regulation of PLD1 or PLD2
with siRNA attenuated ROS generation mediated by hyperoxia
(supplemental Fig. S1). Further, accumulation of [32P]PBt was
significantly higher at 2 and 3 h as compared with cells exposed
to normoxia (supplemental Fig. S2A), and 1-butanol, but not

tertiary-butanol, attenuated hyperoxia-mediated ROS produc-
tion, indicating a role for PLD in NADPH oxidase activation
(supplemental Fig. S2B). Importantly, either PLD1 or PLD2
siRNA affected the mRNA level of PLD2 or PLD1, respectively
(supplemental Fig. S1A). These results show a role for PLD1
and PLD2 in hyperoxia-induced ROS production in HPAECs.
siRNA for PLD1 and PLD2 Attenuate Hyperoxia-induced

p47phox Translocation to Cell Periphery, Activation, and Asso-
ciation of p47phox with Cortactin and Src—We have previously
demonstrated that hyperoxia enhances Src-dependent tyrosine
phosphorylation of p47phox and translocation and association
of p47phoxwith Src and cortactin in HPAECs (16, 17). Based on
our observation that PLD is involved in hyperoxia-mediated
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FIGURE 1. Effects of overexpression of wild-type and catalytically inactive
mutants of hPLD1 and mPLD2 on hyperoxia-induced [32P]PBt formation
and ROS production in HPAECs. HPAECs were infected with vector, wild-
type, or mutant hPLD1 or mPLD2 adenoviral constructs and subsequently
labeled with [32P]Pi, exposed to normoxia and hyperoxia as indicated. A, accu-
mulation of [32P]PBt, an index of PLD activation, was quantified as described
under “Experimental Procedures.” Values are mean � S.D. of three independ-
ent experiments in triplicate. *, p � 0.05 compared with vector control/nor-
moxia; **, p � 0.01 compared with vector control/normoxia; ***, p � 0.05
compared with vector control/hyperoxia; ****, p � 0.001 compared with
PLD1 or PLD2 wild-type. B, ROS formation, under normoxia or hyperoxia, was
determined by DCFDA oxidation as described under “Experimental Proce-
dures.” Values are mean � S.D. from three independent experiments in trip-
licate. *, p � 0.05 compared with vector control/normoxia; **, p � 0.01 com-
pared with vector control/normoxia; ***p � 0.001 compared with vector
control/normoxia; ****, p � 0.05 compared with PLD1 or PLD2 wild-type
infected cells. In separate experiment, HPAECs were collected with lyses
buffer, separated by 10% SDS-PAGE, and Western blotted with PLD1 or PLD2
antibodies as indicated (insets).
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ROS production, we investigated the role of PLD on p47phox
translocation and its enhanced association with Src and cortac-
tin. As shown in Fig. 2A, most of the native p47phoxwas distrib-
uted in the cytoplasm and perinuclear region in normoxic cells,
and hyperoxia enhanced the translocation of p47phox from the
cytoplasm toward cell peripherywithin lamellipodia structures.
Furthermore, down-regulation of PLD1 or PLD2 with siRNA
blocked hyperoxia-mediated redistribution of p47phox to cell
periphery and localization in lamellipodia (scrambled siRNA:
normoxia, 100 � 8%; hyperoxia, 178 � 12%; PLD1 siRNA: nor-
moxia, 100 � 6%; hyperoxia, 105 � 8%; PLD2 siRNA: nor-
moxia, 100� 4%; hyperoxia, 96� 4%) (Fig. 2A). Next, we inves-
tigated the role of PLD2 in enhancing the association between
p47phox, Src, and cortactin mediated by hyperoxia. As shown in
Fig. 2B, overexpression of PLD2 mutant attenuated hyperoxia-
induced tyrosine phosphorylation of p47phox, Src, and cortactin
as well as hyperoxia-induced association of p47phox with Src
and cortactin. Interestingly, overexpression of PLD2 mutant
protein increased the association of p47phox with Src and cor-
tactin even in normoxia. These results demonstrate that PLD
regulates hyperoxia-induced p47phox phosphorylation and
redistribution to cell periphery and enhances association with
Src and cortactin.
Hyperoxia Induces Translocation of Tiam1 and Rac1 to Cell

Periphery in HPAECs—Earlier studies have demonstrated that
Rac1 is a key cytosolic component that regulates assembly and
activation of phagocytic NADPH oxidase (8, 33, 37–41). To
characterize the role of Rac1 in hyperoxia-induced ROS pro-
duction, we determined if Tiam1, a GEF involved in Rac1 acti-
vation by hyperoxia. Exposure of HPAECs to hyperoxia for 3-h
induced redistribution of Tiam1 and Rac1 to cell periphery as
evidenced by immunofluorescence microscopy (normoxia:
Tiam1, 100 � 4; Rac1, 100 � 5; hyperoxia: Tiam1, 172 � 14;

Rac1 193 � 8) (Fig. 3A). Activation
of Rac1 by hyperoxia was also veri-
fied by precipitation of Rac1 bound
toGTPwithPAK-1PBD.Hyperoxia
increasedactivationofRac1inatime-
dependent fashion as evidenced by
Western blotting of PAK-1 PBD
precipitates (normoxia: 100 � 6;
hyperoxia: 1 h, 146� 5; 2 h, 214� 8;
3 h, 270 � 9 (Fig. 3B). Knocking
downTiam1 expressionwithTiam1
siRNA decreased hyperoxia-in-
duced Rac1 activation (data not
shown). Further, down-regulation
of Rac1 with Rac1 siRNA had no
effect on the expression of IQGAP1
and cortactin proteins (supplemen-
tal Fig. S7). These results demon-
strate that hyperoxia activates
Tiam1 and Rac1 in HPAECs.
Rac1 Depletion Attenuates Hyper-

oxia-induced p47phox Translocation
and ROS Production—We next
examined the functional role of
Rac1 in hyperoxia-induced ROS

production using molecular strategies to down-regulate or
block Rac1 action. HPAECs were pretreated with Rac1 siRNA
for 72 h, which reduced�90%Rac1 protein expression, respec-
tively (Fig. 3C). Further, down-regulation of Rac1 attenuated
ROS generation mediated by hyperoxia. In parallel experi-
ments, Rac1 siRNA attenuated hyperoxia-induced transloca-
tion of native p47phox or p47phox-GFP to cell periphery (Fig. 3D).
Semiquantitation of the redistribution of p47phox-GFP to cell
periphery, using an image analyzer, showed an �1.9-fold
increase in the intensity during hyperoxia as compared with
cells exposed to normoxia while transfection of cells with Rac1
siRNA attenuated hyperoxia-induced p47phox translocation to
cell periphery (scrambled siRNA: normoxia, 100 � 6%; hyper-
oxia, 189 � 15%; Rac1 siRNA: normoxia, 100 � 7%; hyperoxia,
117 � 9%). Taken together, these results suggest that Tiam1
and Rac1 regulate hyperoxia-dependent p47phox redistribution
to cell periphery and ROS formation in HPAECs.
PLD2 siRNAAttenuatesHyperoxia-inducedTiam1 andRac1

Activation inHPAECs—AsTiam1/Rac1 regulatesNADPHoxi-
dase activation and ROS generation in HPAECs, we next stud-
ied the role of PLD in hyperoxia-induced Tiam1/Rac1 activa-
tion and redistribution to cell periphery. HPAECs were
transfected with scrambled or PLD2 siRNA (50 nM) for 72 h,
and cells were challenged with normoxia or hyperoxia. Expo-
sure to hyperoxia stimulated translocation of Tiam1 and Rac1
to the plasma membrane and knock down of PLD2 with PLD2
siRNA attenuated hyperoxia-induced translocation of Tiam1
andRac1 (scrambled siRNA: normoxia-Tiam1, 100� 8%; Rac1,
100 � 6%; hyperoxia-Tiam1, 136 � 12%; Rac1, 198 � 15%;
PLD2 siRNA: normoxia-Tiam1, 100 � 4%; Rac1, 100 � 8%;
hyperoxia-Tiam1, 109 � 6%; Rac1, 119 � 10%) (Fig. 4A). The
immunofluorescence results were confirmed by precipitation
of activated Rac1 using PAK-1 PBD-agarose beads followed by
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FIGURE 2. Effects of PLD1 or PLD2 siRNA and catalytically inactive mPLD2 mutant on hyperoxia-induced
translocation of p47phox to cell periphery and association of p47phox with Src and cortactin. A, HPAECs
were transfected with scrambled, PLD1, or PLD2 siRNA prior to exposure to either normoxia or hyperoxia (3 h)
probed with anti-p47phox antibody, and examined by immunofluorescence microscopy using a �60 oil objec-
tive. Exposure of cells to hyperoxia resulted in redistribution of p47phox to cell periphery, whereas siRNA for
PLD1 or PLD2 blocked p47phox redistribution. A representative image from several experiments is shown.
B, HPAECs were infected with vector control or mPLD2 K758R mutant in adenoviral construct, exposed to either
normoxia or hyperoxia (3 h), and cell lysates were subjected to immunoprecipitation with anti-p47phox anti-
body under non-denaturing conditions as described under “Experimental Procedures.” Immunoprecipitates
were analyzed by 10% SDS-PAGE and probed with antibodies as indicated. Representative blots from three
independent experiments are shown.
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Western blotting. HPAECs were infected with a catalytically
inactive PLD2-K758Rmutant for 24 h, followed by exposure to
either normoxia or hyperoxia for 2 h.Hyperoxia-increased acti-
vation of Rac1, which was attenuated by PLD2-K758R mutant
(Vector Control: normoxia, 100 � 6%; hyperoxia, 625 � 56%;
PLD2-K758R: normoxia, 170 � 28%; hyperoxia, 310 � 46%)
(Fig. 4B). These results show that PLD2 regulates hyperoxia-
induced Tiam1/Rac1 activation in HPAECs.
Hyperoxia-induced ROS Generation Is Dependent on

IQGAP1 Activation in HPAECs—IQGAP1 is an IQ domain
proteinwith a region containing sequence that has homology to
RasGAP (42–45), and a recent study indicated that IQGAP1
may link Nox2 with actin (13) at the leading edge, thereby
enhancing ROS production and ROS-dependent endothelial
migration and proliferation (13, 46). However, very little infor-

mation is available concerning
hyperoxia-mediated activation of
IQGAP1 and endothelial NADPH
oxidase assembly and activation.
HPAECs were exposed to normoxia
or hyperoxia (3 h), and activation of
IQGAP1 was determined by immu-
nohistochemistry. As shown in Fig.
5 (A and B), hyperoxia enhanced
translocation of IQGAP1 to plasma
membrane (normoxia, 100 � 12%;
hyperoxia, 153 � 15%), and time-
dependent phosphorylation of
IQGAP1 at serine/threonine and
tyrosine residues indicating activa-
tion of IQGAP1. Overexpression of
Myc-tagged IQGAP1mutant atten-
uated hyperoxia-induced ROS for-
mation; however, overexpression of
IQGAP1 wild type had no effect on
ROS production under hyperoxia
(Fig. 5C). These results show a role
for activated IQGAP1 in hyperoxia-
mediated ROS production in
HPAECs.
IQGAP1 siRNA Attenuates Asso-

ciation of IQGAP1 with Src, Cortac-
tin, and p47phox—We further inves-
tigated the potential interaction
between IQGAP1 and components
of NADPH oxidase and cytoskeletal
proteins. HPAECs were exposed to
either normoxia or hyperoxia for
varying timeperiods, and cell lysates
were subjected to immunoprecipi-
tation with anti-IQGAP1 antibody
and analyzed for NADPH oxidase
activating proteins. As shown in Fig.
6 (A and B), IQGAP1 is constitu-
tively associated with PLD2, Tiam1,
Rac1, Src, cortactin, and p47phox
under normoxia, and exposure to
hyperoxia (1–3 h) further increased

this association with the exception of total Rac1. Additionally,
the cortactin immunoprecipitates also revealed the presence of
immunodetectable IQGAP1, Tiam1, and p47phox under basal
conditions, which was further increased after hyperoxia (Fig.
6C). Next, we investigated by immunofluorescencemicroscope
the association between IQGAP1 and p47phox in normoxia and
hyperoxia. As shown in Fig. 6D, IQGAP1 and GFP- p47phox
seemed to be dispersed mainly in the cytoplasm; however,
exposure ofHPAECs to hyperoxia (3 h) enhanced translocation
of both IQGAP1 and GFP- p47phox to the cell periphery and
merging of the immunofluorescence stains of IQGAP1 (red)
and GFP-p47phox (green) showed co-localization (yellow) at the
plasma membrane of the cell. Transfection of HPAECs with
IQGAP1 siRNAblocked translocation ofGFP-p47phox (Fig. 6D)
without affecting the expression of Rac1 and cortactin (supple-
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FIGURE 3. Involvement of Tiam1 and Rac1 in hyperoxia-induced ROS formation and p47phox redistribu-
tion to cell periphery. A, HPAECs were exposed to either normoxia or hyperoxia (3 h), probed with anti-Tiam1
or anti-Rac1 antibodies, and redistribution examined by immunofluorescence microscopy using a �60 oil
objective. Exposure of cells to hyperoxia resulted in translocation of Tiam1 and Rac1 from the cytoplasm to cell
periphery. A representative image from three independent experiments is shown. B, HPAECs were exposed to
either normoxia or hyperoxia (1, 2, and 3 h). Cell lysates were prepared, and activated Rac1 was precipitated
using PAK-1 PBD-agarose beads as described under “Experimental Procedures.” Precipitated Rac1 beads were
separated by 4 –20% gradient SDS-PAGE and Western blotted with anti-Rac1 antibody. Shown is a represent-
ative blot from three independent experiments. C, HPAECs were transfected with scrambled or Rac1 siRNA, and
cells were loaded with 10 �M DCFDA for 30 min prior to exposure to either normoxia or hyperoxia (3 h).
Oxidation of DCFDA was monitored by DCFDA fluorescence as described under “Experimental Procedures.”
Western blot insets reflect Rac1 expression by scrambled or Rac1 siRNA. Values are mean � S.D. of three
independent experiments in triplicate. *, p � 0.05 compared with scrambled siRNA/normoxia; **, p � 0.01
compared with scrambled siRNA/hyperoxia. D, HPAECs were transfected with scrambled, Rac1 siRNA, or Rac1
siRNA for 72 h plus p47phox-GFP (1 �g/ml plasmid DNA) for 48 h. Cells were exposed to normoxia or hyperoxia
(3 h) and probed with anti-p47phox antibody and examined by immunofluorescence microscopy using a �60
oil objective. A representative result from three independent experiments is shown.
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mental Fig. S7). Similarly, down-regulation of IQGAP1 with
siRNA attenuated translocation of cortactin to cell periphery
(Fig. 7A) and decreased hyperoxia-induced tyrosine phospho-
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resentative immunofluorescence micrograph from three independent
experiments. B, HPAECs were infected with vector control or catalytically
inactive mutant of mPLD2, exposed to either normoxia or hyperoxia (3 h), and
activated Rac1 was precipitated from total cell lysates using PAK-1 PBD-aga-
rose beads as described under “Experimental Procedures.” Shown is a repre-
sentative blot from three independent experiments.
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PAGE, and Western blotted with antibodies as indicated. Shown is a repre-
sentative blot from three independent experiments. C, HPAECs were trans-
fected with vector control or Myc-tagged IQGAP1 wild-type (Wt) or mutant
(Mn), loaded with 10 �M DCFDA, exposed to either normoxia or hyperoxia (3
h), and ROS formation was quantified by DCFDA fluorescence as described
under “Experimental Procedures.” Values are mean � S.D. from three inde-
pendent experiments in triplicate. *, p � 0.01 compared with vector control/
normoxia; **, p � 0.05 compared with vector control/hyperoxia; ***, p � 0.05
compared with vector control/hyperoxia. In the inset, overexpression of
IQGAP1 Wt or Mn was verified by Western blotting of cell lysates (20 �g of
protein) and probed with anti-Myc antibody.
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rylation of Src (Fig. 7B). These results suggest the involvement
of IQGAP1 in hyperoxia-induced p47phox and cortactin redis-
tribution to cell periphery and association of IQGAP1 with
PLD2, Tiam1, Src, cortactin, and p47phox in HPAECs.
PLD2 and Rac1 Regulate Hyperoxia-induced IQGAP1

Activation—Having established roles for PLD2 in Rac1 activa-
tion, and in the assembly and activation ofNADPHoxidase and
ROS generation, we next studied the role of PLD2 and Rac1 in
IQGAP1 activation by hyperoxia. HPAECs were transfected
with scrambled, PLD2 (50 nM), or Rac1 siRNA (50 nM) for 72 h
prior to exposure to normoxia or hyperoxia. As shown in Fig.
8A, PLD2 siRNA, but not scrambled siRNA, attenuated hyper-
oxia-induced translocation of IQGAP1 to cell periphery. Simi-
larly, overexpression of the catalytically inactive mPLD2-
K758R mutant did not stimulate hyperoxia-induced serine/
threonine and tyrosine phosphorylation of IQGAP1; however,
enhanced basal tyrosine phosphorylation, but not serine/thre-
onine phosphorylation, of IQGAP1 (Fig. 8B). Additionally,
overexpression of catalytically inactive mPLD2-K758R mutant
attenuated association of IQGAP1 with activated Rac1 as veri-
fied by precipitation of activated Rac1 bound to GTP with
PAK-1 PBD (Vector Control: normoxia, 100 � 12%; hyperoxia,

270 � 22%; adenoviral PLD2-
K758R mutant: 20 � 6%; hyperoxia,
70 � 14%) (Fig. 8C). Down-regula-
tion of PLD1 with PLD1 siRNA and
exposure of cells to either normoxia
or hyperoxia resulted in a similar
attenuation of IQGAP1 activation
(data not shown). These data sug-
gest the involvement of PLD in
hyperoxia-induced IQGAP1 activa-
tion. As Rac1 activation is down-
stream to hyperoxia-induced PLD
stimulation, the role of Rac1 in
IQGAP1 activation and association
with p47phox was investigated.
Exposure of HPAECs to hyperoxia
(3 h) revealed translocation of both
IQGAP1 and GFP-p47phox to the
cell periphery and merging of the
immunofluorescence stains of
IQGAP1 (red) and GFP-p47phox
(green) showed co-localization (yel-
low) at the plasma membrane of the
cell. Furthermore, down-regulation
of Rac1 expressionwith Rac1 siRNA
blocked hyperoxia-induced translo-
cation of IQGAP1 and GFP-p47phox
to cell periphery (Fig. 9A). Further,
the increased association of
IQGAP1 with phospho-Src, cortac-
tin, and phospho-p47phox was
diminished in Rac1 siRNA-trans-
fected cells after exposure to hyper-
oxia (Fig. 9B). These results show a
role for PLD2 in Rac1-dependent
activation of IQGAP1 by hyperoxia.

Role of Rac1 in Hyperoxia-induced Tyrosine Phosphorylation
of Src and Cortactin in HPAECs—As it was determined from
the earlier experiments of this study that Rac1 via IQGAP1-
regulated hyperoxia-induced p47phox translocation to cell
periphery and ROS production; we also investigated the role of
Rac1 in the activation of Src and cortactin. HPAECswere trans-
fected with scrambled or Rac1 siRNA (50 nM) for 72 h prior to
exposure to hyperoxia. As shown in Fig. 10 (A and B), Rac1
siRNA attenuated hyperoxia-mediated tyrosine phosphoryla-
tion of Src as evidenced by immunocytochemistry (scrambled
siRNA: normoxia, 100 � 12%; hyperoxia, 303 � 24%; Rac1
siRNA: normoxia, 100� 4%; hyperoxia, 143� 16%), andWest-
ern blotting with phospho-Src and total Src antibodies as com-
pared with scrambled cells exposed to hyperoxia. Similarly, treat-
ment of cells with dominant-negative Rac1 or NSC23766, an
inhibitor of Rac1, blocked hyperoxia-induced tyrosine phospho-
rylation of Src (data not shown). In our recent studies, we have
shown that tyrosine phosphorylation of cortactin is essential for
hyperoxia-mediated assembly of NADPH oxidase components
with the actin cytoskeleton during ROS generation in HPAECs
(17). We next examined the effect of Rac1 siRNA or dominant-
negative Rac1 on hyperoxia-induced tyrosine phosphorylation of
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noprecipitates were subjected to SDS-PAGE and Western blotting with anti-IQGAP1, -Tiam1, -cortactin, and
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cortactin. Cells under normoxia showed basal tyrosine phospho-
rylation of cortactin as determined by immunohistochemistry or
Western blotting with phospho-specific cortactin antibodies.

Exposure to hyperoxia enhanced tyrosine phosphorylation of cor-
tactin, which was partially blocked by Rac1 siRNA (Fig. 11A) or
dominant-negative Rac1 (Fig. 11B). These results show that Rac1
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FIGURE 7. Down-regulation of IQGAP1 with IQGAP1 siRNA blunts of hyper-
oxia-induced translocation of cortactin and phosphorylation of Src.
A, HPAECs was transfected with scrambled or IQGAP1 siRNA prior to exposure to
either normoxia or hyperoxia (3 h), probed with anti-cortactin antibody, and
examined by immunofluorescence microscopy. Shown is a representative
immunofluorescence micrograph from three independent experiments. The
redistribution of cortactin to cell periphery was quantified using an image ana-
lyzer as described under “Experimental Procedures.” Values are mean�S.D. from
three independent experiments and expressed as relative pixels. *, p � 0.01 com-
pared with scrambled siRNA-transfected cells/normoxia; **, p � 0.05 compared
with scrambled siRNA transfected cells/hyperoxia. B, in parallel experiments ECs
were transfected with scrambled or IQGAP1 siRNA, cells exposed to either nor-
moxia or hyperoxia (3 h), total cell lysates separated by SDS-PAGE 10% gels, and
Western blotted with total Src, IQGAP1, and phospho-Src antibodies as described
under “Experimental Procedures.” Shown is a representative blot from three
independent experiments.
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antibody. Redistribution of IQGAP1 was examined by immunofluorescence
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immunoprecipitation with anti-IQGAP1 antibody, and immunoprecipitates were
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representative blot from three independent experiments.
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plays a critical role in hyperoxia-mediated enhanced tyrosine
phosphorylation of Src and cortactin in HPAECs.
PLD2 siRNA Attenuates Hyperoxia-induced Tyrosine Phos-

phorylation of Src and Cortactin in HPAECs—Having estab-
lished the role of PLD2 in Rac1 and IQGAP1 activation as well
as ROS generation by hyperoxia, we next investigated the role

of PLD2 in modulation of tyrosine phosphorylation of Src and
cortactin. Down-regulation of PLD2 with PLD2 siRNA attenu-
ated tyrosine phosphorylation of Src as evidenced by immuno-
fluorescence microscopy (scrambled siRNA: normoxia, 100 �
8%; hyperoxia, 249 � 16%; PLD2 siRNA: normoxia, 100 � 8%;
hyperoxia, 97 � 18%) (Fig. 12A). Because tyrosine phosphoryl-
ation of p47phox is dependent on Src (16), and PLD2 is essential
for Src phosphorylation (Fig. 12A), it raises the possibility that
PLD2 plays a role in hyperoxia-mediated enhanced association
of cortactin and p47phox with Src. This was explored by down-
regulation of cells with PLD2 siRNA, Src was immunoprecipi-
tated for co-immunoprecipitation studies under normoxia and
hyperoxia. Down-regulation of PLD2 expression partly abol-
ished hyperoxia-mediated co-immunoprecipitation of cortac-
tin, phospho-cortactin, phospho-Src, and p47phoxwith Src (Fig.
12B). Further, PLD2 siRNA prevented cortactin redistribution
to lamellipodia and tyrosine phosphorylation of cortactin (Fig.
13,A andB). Furthermore, additional experimentswere carried
out in the presence of 1-butanol or tertiary butanol to demon-
strate the involvement of PLD pathway as PA is channeled to
PBt by 1-butanol and not by tertiary-butanol. Addition of 1-bu-
tanol, but not tertiary-butanol, attenuated hyperoxia-mediated
redistribution of Rac1, IQGAP1, cortactin, and p47phox to cell
periphery, suggesting a role for PA or DAG generated by the
PLD pathway in activation of the various components of
NADPH oxidase (supplemental Figs. S3–S6). Although the
PLD1, PLD2 siRNA, or 1-butanol experiments suggest a role for
PLD signaling in hyperoxia-induced tyrosine phosphorylation
of Src and cortactin, the involvement of PA or DAG derived
from PLD pathway is not conclusive as PA could be converted
to DAG by lipid phosphate phosphatases or lipins (22, 23, 47).

DISCUSSION

Vascular NADPH oxidase has emerged as an important gen-
erator of lung O2

. /ROS that regulates endothelial signaling,
motility, proliferation, and barrier function (1–3, 12, 48). The
mechanisms of vascular NADPH oxidase activation, akin to
phagocytic oxidase activation, are complex, requiring phospho-
rylation of the cytosolic components and assembly of the phos-
phorylated cytosolic subunitswithRac1 to the cytochrome b558.
In the present study, we show that (i) hyperoxia activated PLD;
(ii) transient overexpression of adenoviral constructs of PLD1
and PLD2 wild type potentiated hyperoxia-induced PLD acti-
vation, p47phox translocation, and accumulation of ROS, while
the catalytically inactivemutants of PLD1 and PLD2 attenuated
hyperoxia-mediated activation of NADPH-oxidase and ROS
generation; (iii) hyperoxia caused a rapid activation and redis-
tribution to cell periphery of Tiam1/Rac1 as well as IQGAP1;
(iv) down-regulation of Rac1/IQGAP1 blocked hyperoxia-in-
duced Src and cortactin tyrosine phosphorylation, p47phox
translocation, and ROS production; and (v) down-regulation of
PLD2 either with siRNA or dominant-negative PLD2 attenu-
ated activation of Rac1, IQGAP1, Src, cortactin, and p47phox
redistribution to cell periphery.
Our results show a requirement for both PLD1 and PLD2 in

the assembly and activation of NADPH oxidase and ROS gen-
eration. Although it is not clear how both PLD1 and PLD2 reg-
ulate hyperoxia-induced NADPH oxidase activation and ROS
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or Rac1 siRNA, cells exposed to either normoxia or hyperoxia (3 h), and total
cell lysates were subjected to immunoprecipitation with anti-IQGAP1 anti-
body as described under “Experimental Procedures.” Immunoprecipitates
were analyzed after separation by SDS-PAGE for total IQGAP1, cortactin, Src,
and p47phox with anti-IQGAP1, -cortactin, -Src, and -p47phox antibodies,
respectively. Shown is a representative blot from three independent
experiments.

PLD-mediated Activation of NADPH Oxidase via Rac1/IQGAP1

15348 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 22 • MAY 29, 2009

http://www.jbc.org/cgi/content/full/M109.005439/DC1


generation, it has been proposed
that increased PIP2 generated by
PLD1 leads to PLD2 activation (49).
Further, PA generated through
PLD1/PLD2 activation can be met-
abolically converted to either lyso-
phosphatidic acid or DAG (21–23);
therefore, we have used 1- and ter-
tiary-butanol (47) in some of the key
experiments to demonstrate the
participation of PLD pathway in
NADPH oxidase activation and
ROS generation. These experiments
were based on the literature that
showed PLD also catalyzes trans-
phosphatidylation of PA to primary,
but not secondary or tertiary, short-
chain alcohols such as propanol or
butanol, and the formation of phos-
phatidyl alcohol mitigates PA- or
DAG-dependent second messenger
functions (22, 47). Thus, incubation
of cells with 1-, but not tertiary-,
butanol resulted in increased PBt
formation by hyperoxia and attenu-
ated hyperoxia-induced Rac1,
IQGAP1, cortactin, and p47phox
translocation to cell periphery, con-
firming a role for PLD pathway in
the assembly and activation of
endothelial NADPH oxidase and
ROS generation (supplemental Figs.
S3–S6). However, our results do not
exclude the role of DAG-dependent
activation of PKC isoforms in the
assembly and activation of vascular
NADPH oxidase and ROS genera-
tion (12, 50). In human lung ECs,
overexpression of dominant-nega-
tive PKC� and PKC� partly blocked
hyperoxia-induced ROS generation
(12) suggesting involvement of
DAG-dependent activation of PKC
in NADPH oxidase activation. Sim-
ilarly, earlier studies have shown
that, in activated leukocytes,
p47phox is phosphorylated by PKC
�, � II, �, and � (51, 52), and upon
stimulation with angiotensin II,
p47phox is phosphorylated at serine
and tyrosine residues in vascular
smooth muscle cells (53).
Accumulating evidence supports

an absolute requirement for Rac in
the activation of phagocytic and
non-phagocytic NADPH oxidase in
vivo and in vitro (37, 54); however,
mechanisms of Rac1 or Rac2 activa-
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FIGURE 10. Effect of Rac1 siRNA on hyperoxia-induced Src activation. A, HPAECs were transfected with
scrambled or Rac1 siRNA prior to exposure to either normoxia or hyperoxia (3 h) and probed with anti-
phospho-Src antibody. Shown is a representative immunofluorescence micrograph from three independ-
ent experiments. Hyperoxia enhanced immunostaining of phospho-Src near cell periphery, which was
blocked by Rac1 siRNA. B, HPAECs were transfected with scrambled or Rac1 siRNA, and total cell lysates
were separated by 4 –20% SDS-PAGE and Western blotted with anti-Src, anti-phospho-Src, or anti-Rac1
antibodies as described under “Experimental Procedures.” Shown is a representative blot from three
independent experiments.
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oxia stimulated tyrosine phosphorylation and translocation of phospho-cortactin to cell periphery, which was
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ments as relative pixels. *, p � 0.01 compared with scrambled siRNA/normoxia; **, p � 0.05 compared with
scrambled siRNA/hyperoxia. B, HPAECs were infected with vector-control or adenoviral dominant-negative
Rac1 prior to exposure to normoxia or hyperoxia (3 h), cell lysates (20 �g of protein) were separated by 4 –20%
SDS-PAGE and Western blotted with anti-cortactin, anti-phospho-cortactin, or anti-Rac1 antibodies. Overex-
pressed dominant-negative Rac1 ran slightly ahead of native Rac1 on SDS-PAGE. Shown is a representative
Western blot from three independent experiments, and hyperoxia-induced phosphorylation of cortactin was
calculated by densitometry and normalized to total cortactin. The values are mean � S.D. from three inde-
pendent experiments. *, p � 0.05 compared with vector control/normoxia; **, p � 0.001 compared with vector
control/hyperoxia.
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tion and downstream targets of Rac that regulate NADPH oxi-
dase assembly and ROS generation have not been well defined.
In the present study, we demonstrate for the first time a critical
role for PLD in Rac1-dependent ROS production by hyperoxia
in HPAECs. Hyperoxia-induced Rac1 activation was mediated
byTiam1 (data not shown), one of several RacGEFs, and down-
regulation of PLD2 with siRNA or overexpression of a catalyt-
ically inactivemutant of PLD2 attenuatedTiam1 aswell as Rac1
activation and its translocation to cell periphery (Fig. 3, A and

B). The role of PLD inRac activation
seems to depend on the stimulus
and cell type studied. Our current
results on PLD-dependent activa-
tion of Rac1 by hyperoxia are in
agreement with sphingosine-1-phos-
phate-mediated Rac1 activation by
PLD2 in human lung EC motility
(55) and regulation of integrin-me-
diated spreading and migration by
GTP-Rac1 localization through the
elevating PLD activity in OVCAR-3
cells (56). Although the mecha-
nisms of regulation of Rac1 by PLD
have not been well defined, the ele-
gant studies of Chae et al. (56) have
shown that PA generated from PLD
activation in OVCAR-3 cells acts as
a membrane anchor of Rac1 with
the C-terminal polybasic motif of
Rac1 being responsible for the
direct interaction with PA. Further,
it seems that PA may also induce
dissociation of the Rho-guanine
nucleotide dissociation inhibitor
from Rac1 for PA-mediated Rac1
localization (56, 57). Alternatively,
PA based on its anionic properties
(58, 59) may support NADPH oxi-
dase assembly as evidenced in vitro
experiments (57). These results on
PLD-dependent activation of Rac1
are in contrast to earlier reports on
small GTP-protein-dependent acti-
vation of PLD by growth factors and
antigens in human promyelocytic
HL60 (60) and RBL-2H3 (61).
In defining effectors of Rac1 that

regulate NADPH oxidase assembly,
we have identified IQGAP1 as a
novel downstream target of PLD-
Rac1 signal transduction in human
lung ECs. IQGAP1 is an IQ domain-
containing protein with a region
containing sequence that has
homology to RasGAP and has sev-
eral interaction sites of well estab-
lished calponin homology, WW, IQ
motif, GRD, and RGCT domains

(42). IQGAP1 interacts with several proteins, including signal-
ing molecules like Cdc42, Rac1, calmodulin, �-catenin, E-cad-
herin, actin filaments, and microtubule plus end tracking pro-
teins (CLIP170), and adenomatous polyposis coli suggesting its
role in cell polarity, adhesion, and migration (13, 42–46,
62–65). A recent study indicates that IQGAP1 may link Nox2
to actin at the leading edge, thereby enhancing ROS production
and contributing to cell motility in ECs (13). Here, we demon-
strate that hyperoxia induces IQGAP1 translocation to cell
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anti-phospho-Src antibody. Translocation of phospho-Src was quantified by image analyzer using MetaVue
software. Shown is a representative immunofluorescence micrograph from three independent experiments.
Hyperoxia enhanced tyrosine phosphorylation of Src in cell periphery, which was attenuated by PLD2 siRNA.
The values are mean � S.D. from three independent experiments. *, p � 0.01 compared with scrambled
siRNA/normoxia; **, p � 0.05 compared with scrambled siRNA/hyperoxia. B, HPAECs were infected with adeno-
viral vector control or mPLD2 mutant prior to exposure to normoxia or hyperoxia (3 h). Cell lysates were
subjected to immunoprecipitation with anti-Src antibody as described under “Experimental Procedures,” and
immunoprecipitates were subjected to SDS-PAGE and Western blotted with anti-Src, -cortactin, -p47phox, and
-phospho-Src antibodies as described under “Experimental Procedures.” Hyperoxia increased co-immunopre-
cipitation of cortactin, p47phox, phospho-Src, and phospho-cortactin with Src, which was attenuated by PLD2
siRNA. Shown is a representative blot from three independent experiments.
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attenuated by PLD2 siRNA. Shown is a representative immunofluorescence micrograph from several inde-
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-phospho-cortactin, -actin, and -PLD2 antibodies. PLD2 siRNA attenuated hyperoxia-induced phosphorylation
of cortactin. Shown is a representative blot from three independent experiments.
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periphery, IQGAP1 siRNA attenuated hyperoxia-induced ROS
generation, and down-regulation of Tiam1/Rac1 attenuated
IQGAP1 translocation to cell periphery in HPAECs. We also
show that hyperoxia enhances association between IQGAP1
andRac1, PLD2, cortactin, and p47phox and that siRNA for Rac1
and PLD2mitigated IQGAP1 activation. The functional signif-
icance of interaction of IQGAP1 with p47phox is demonstrated
by the observation that down-regulation of Rac1 and IQGAP1
expression with siRNA inhibits tyrosine phosphorylation and
translocation of p47phox to cell periphery. The observed effects
of Rac1 and IQGAP1 siRNA were not due to off-target
responses to siRNA (supplemental Fig. S7). IQGAP1, an effec-
tor of Rho-GTPases, is a key regulator of cellular processes such
as cell migration, wound closure, and proliferation (66–68).
IQGAP1 has been shown tomediate repair of bronchial epithe-
lial cells through activatingTcf signals independent of Rac1 and
Cdc42 (69). In the current study, IQGAP1 is the effector of
Rac1, because IQGAP1 siRNA did not affect hyperoxia-in-
duced activation of Rac1 and blocking Rac1 had no effect on
PLD activation by hyperoxia (data not shown) suggesting a
PLD3 Rac13 IQGAP1 cascade in p47phox translocation and
ROS generation in HPAECs.
Actin cytoskeleton and other cytoskeletal proteins play an

essential role in the assembly and activation of NADPHoxidase
(11, 17, 70, 71). We have recently demonstrated that the inter-
action between cortactin andp47phox, which facilitatesNADPH
oxidase activation and ROS (17), is dependent on Src-mediated
tyrosine phosphorylation of cortactin and association of Src
with cortactin (16). In the present study, we have identified that
PLD/PA signaling is part of the regulatorymechanismof hyper-
oxia-mediated assembly of p47phox with Rac1/IQGAP1/Src/
cortactin and ROS generation. Addition of exogenous PA stim-
ulated phosphorylation of p47phox in intact neutrophils and
cell-free preparations via a novel PA-activated protein kinase
(18, 20, 27). In a subsequent study, several neutrophil agonists
such as phorbol myristate acetate, opsonized zymosan, and
formyl-Met-Leu-Phe stimulated p22phox phosphorylation and
NADPHoxidase activity in neutrophils (72) suggesting a role of
PA derived from PLD in the phosphorylation of the compo-
nents and activation of the phagocytic oxidase. However, the
signaling cascade of the PLD/PA pathway in relation to assem-
bly and activation of NADPH oxidase are still not well defined.
In the present study, we have defined some of the downstream
targets of PLD, including Rac1, IQGAP1, and Src, in the assem-
bly of cortactin with p47phox and ROS generation. Our results
also indicate that Rac1 is the immediate effector of PLD as
down-regulation of Rac1 attenuates PLD-dependent IQGAP1,
Src, cortactin, and p47phox translocation as well as ROS gener-
ation. It is unclear if the PA-dependent activation of Rac1 and
subsequent signaling cascades involves either a direct or indi-
rect interaction between Rac1 with IQGAP1, cortactin, and
p47phox.

In summary, our results demonstrate a novel and important
mechanism linking PLD-generated PA in the assembly and
activation of endothelial NADPH oxidase and ROS generation
in response to hyperoxia. A role for ROS in pulmonary leak and
injury is a clinically relevant condition in bronchopulmonary
dysplasia and ventilator-induced lung injury. Future studies

targeting PLD or some of the downstream targets of PLD such
as Rac1 or IQGAP1 may provide new therapeutic avenues in
minimizing excess ROS generation and lung injury.
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