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IQGAP1 Regulates Endothelial Barrier Function via EB1-Cortactin
Cross Talk
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Cross talk between the actin cytoskeleton and microtubules (MT) has been implicated in the amplification of agonist-induced Rho sig-
naling, leading to increased vascular endothelial permeability. This study tested the involvement of actin-MT cross talk in the mecha-
nisms of barrier enhancement induced by hepatocyte growth factor (HGF) and evaluated the role of the adaptor protein IQGAP1 in
integrating the MT- and actin-dependent pathways of barrier enhancement. IQGAP1 knockdown by small interfering RNA attenuated
the HGF-induced increase in endothelial barrier properties and abolished HGF-activated cortical actin dynamics. IQGAP1 reduction
abolished HGF-induced peripheral accumulation of Rac cytoskeletal effector cortactin and cortical actin remodeling. In addition, HGF
stimulated peripheral MT growth in an IQGAP1-dependent fashion. HGF also induced Rac1-dependent IQGAP1 association with the

MT fraction and the formation of a protein complex containing end-binding protein 1 (EB1), IQGAP1, and cortactin. Decreasing en-
dogenous IQGAP1 abolished HGF-induced EB1-cortactin colocalization at the cell periphery. In turn, expression of IQGAP1AC
(IQGAP1 lacking the C-terminal domain) attenuated the cortactin association with EB1 and suppressed HGF-induced endothelial cell
peripheral actin cytoskeleton enhancement. These results demonstrate for the first time the MT-actin cross talk mechanism of HGF-
induced endothelial barrier enhancement and suggest that IQGAP1 functions as a hub linking HGF-induced signaling to MT and actin

remodeling via EB1-IQGAP1-cortactin interactions.

ascular permeability under physiologic and pathological con-

ditions is controlled by a spectrum of circulating vasoactive
mediators. Hepatocyte growth factor (HGF) is a multifunctional,
mesenchyme-derived, pleiotropic factor secreted by several cell
types that regulates different biological processes, including the
maintenance of vascular barrier integrity (1-4). Increased HGF
levels have been detected in inflamed lungs and suggested to serve
as a compensatory mechanism to help protect lung vascular integ-
rity under acute lung injury conditions and attenuate the devas-
tating consequences of lung inflammation and tissue injury (5).
Barrier-protective effects of HGF have been observed in pulmo-
nary and cerebral endothelial cell (EC) monolayers (6, 7).

Agonist-mediated control of endothelial cytoskeleton and mono-
layer permeability involves multiple cytoskeletal signaling proteins.
Agonist-induced EC hyperpermeability often develops as a result of
receptor-mediated activation of Rho GTPase and Rho-associated ki-
nase, which leads to increased myosin light chain (MLC) phosphor-
ylation, actin stress fiber formation, actomyosin contraction, and cell
retraction (8). In turn, EC monolayer recovery and actin reorganiza-
tion are characterized by cytoskeletal relaxation, dissolution of stress
fibers, activation of cortical actin polymerization, and actin filament
branching, leading to increased cytoskeletal motility and resealing of
intercellular gaps. These events are regulated by Rac GTPase-depen-
dent mechanisms (9).

HGF binding to its receptor, c-Met, stimulates receptor ty-
rosine kinase activity and activates multiple downstream signaling
kinases and small GTPases. Activated Racl GTPase stimulates the
cytoskeletal effectors cortactin, Arp2/3, and others, which leads to
cortical actin thickening, assembly of adherens junctions, and en-
hancement of the endothelial barrier (2, 9). Emerging evidence
suggests a role for cross talk between cytoskeletal elements such as
microtubules (MT) and the actin network in the regulation of Rho
GTPase signaling and the maintenance of cell monolayer integ-
rity. For example, partial disassembly of the peripheral MT pool
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by barrier-disruptive agents leads to release of the MT-associated
Rho activator GEF-H1I, leading to a further increase in Rho signal-
ing, actin remodeling, and EC barrier dysfunction (10). This
mechanism of MT-actin cytoskeletal cross talk has been shown to
be involved in endothelial hyperpermeability induced by trans-
forming growth factor beta (TGF-), tumor necrosis factor alpha
(TNF-a), lipopolysaccharide (LPS), thrombin, and EC exposure
to a high-magnitude cyclic stretch (11-14). However, the role of
signaling cross talk between MT and the actin cytoskeleton in the
enhancement or restoration of EC barrier properties remains vir-
tually unexplored. Recent studies connected the increased exten-
sion of MT to the cell cortical region with activation of cortical
actin polymerization and cortical cytoskeletal enhancement (15).
The mechanistic links between peripheral MT extension and cor-
tical actin cytoskeleton enhancement and the proteins integrating
signals from MT to initiate Rac-dependent actin polymerization
remain unknown.

IQGAPI is a multifunctional regulatory protein involved in
cytoskeletal remodeling and assembly of cell junctions. IQGAP1
controls MT and actin cytoskeletal dynamics via interactions with
the small GTPases Racl and Cdc42. IQGAP1 contains a calponin
homology domain (CHD), four calmodulin-binding IQ domains,
a RasGAP-related domain (GRD), and a RasGAP C-terminal do-
main (16). IQGAP1 interacts with several proteins, including sig-
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naling molecules like Cdc42 and Racl GTPases, calmodulin,
B-catenin, E-cadherin, actin filaments, MT-associated plus-end
tracking proteins (CLIP170 and CLASP-2), adenomatous polyp-
osis coli, and others (17, 18). The interactions with the actin cyto-
skeleton, MT, and adherens junction proteins (19-21) suggest a
role for IQGAPI in MT-actin functional cross talk and local reg-
ulation of Rac/Cdc42 signaling. This study examined the role of
IQGAP1 in MT peripheral growth and MT-actin cytoskeleton in-
teractions as a potential mechanism of HGF-induced barrier en-
hancement in the vascular endothelium.

MATERIALS AND METHODS

Cell culture and reagents. Human HGF was obtained from R&D Systems
(Minneapolis, MN). The cell-permeating c-Met kinase inhibitor N-[3-
fluoro-4-(7-methoxy-4-quinolinyl)phenyl]-1-(2-hydroxy-2-methyl-
propyl)-5-methyl-3-oxo-phenyl-2,3-dihydro-1H-pyrazole carboxamide
was from EMD Millipore (Billerica, MA). Texas Red-conjugated phalloi-
din and Alexa Fluor 488 were purchased from Molecular Probes (Eugene,
OR). End-binding protein 1 (EB1) and Racl antibodies were purchased
from BD Transduction Laboratories (San Diego, CA), IQGAP1, anti-Myc
tag antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA),
cortactin and phospho-Y**'-cortactin antibodies were from Millipore
(Billerica, MA), and diphosphorylated MLC antibody was obtained from
Cell Signaling (Beverly, MA). Unless otherwise specified, all biochemical
reagents, including 3-actin and 3-tubulin antibodies, were obtained from
Sigma (St. Louis, MO). Human pulmonary artery endothelial cells
(HPAEC) were obtained from Lonza (East Rutherford, NJ) and used for
experiments at passages 5 to 7.

siRNA and DNA transfections. HPAEC were treated with prede-
signed IQGAP1-specific small interfering RNA (siRNA). A set of three
Stealth Select siRNA duplexes was purchased from Invitrogen (Carlsbad,
CA) in a ready-to-use, desalted, deprotected, annealed, double-stranded
form. Predesigned Racl-specific siRNA of standard purity was ordered
from Ambion (Austin, TX). Transfection of EC with siRNA was per-
formed as previously described (22). Nonspecific, nontargeting RNA
(Dharmacon, Lafayette, CO) was used as a control treatment. Seventy-
two hours after transfection, cells were harvested and used for experi-
ments. Plasmids encoding Myc-tagged full-length IQGAPI and an
IQGAPIAC mutant isoform lacking amino acids 1502 to 1657 (23) were
used for transient transfections according to the protocols described pre-
viously (12, 24). After 24 h of transfection, cells were treated with the
agonist of interest and used for experiments.

Analysis of EC permeability. EC permeability to macromolecules was
monitored by the express permeability testing assay (XPerT) recently de-
veloped by our group (25) and now available from Millipore (Vascular
Permeability Imaging Assay, catalog number 17-10398). This assay is
based on the high-affinity binding of a non-cell-permeating, avidin-con-
jugated, fluorescein isothiocyanate (FITC)-labeled tracer to biotinylated
extracellular matrix proteins immobilized on the bottoms of culture
dishes covered with EC monolayers. FITC-avidin binding to the bottom
of a matrix-coated culture dish increases if the EC barrier is compromised
by treatment with a barrier-disruptive agonist. In permeability visualiza-
tion experiments, 15 min after EC stimulation with HGF, an FITC-avidin
solution was added directly to the culture medium for 3 min before ter-
mination of the experiment. Unbound FITC-avidin was washed out with
phosphate-buffered saline (PBS; pH 7.4, 37°C), cells were fixed with 3.7%
formaldehyde in PBS (10 min, room temperature), and visualization of
FITC-avidin on the bottoms of coverslips was performed with the Nikon
Eclipse TE 300 imaging system (Nikon, Tokyo, Japan) equipped with a
digital camera (DKC 5000; Sony, Tokyo, Japan); 10X objective lenses
were used. Images were processed with Photoshop 7.0 software (Adobe
Systems, San Jose, CA). For permeability assays in 96-well plates, HPAEC
were seeded onto biotinylated gelatin-coated 96-well plates, transfected
with nonspecific or IQGAP1-specific siRNA, and grown for 72 h prior to
testing. FITC-avidin solution was added directly to the culture medium 3
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min before termination of the experiment. After washing away of un-
bound FITC-avidin, the fluorescence of matrix-bound FITC-avidin was
measured on a Victor X5 multilabel plate reader (PerkinElmer, Waltham,
MA). Measurements of transendothelial electrical resistance (TER) across
confluent HPAEC monolayers were performed with an electrical cell-
substrate impedance-sensing system (Applied Biophysics, Troy, NY) as
previously described (24, 26).

Immunofluorescence and live-cell imaging. Endothelial cells plated
on glass coverslips were treated with the agonist of interest, fixed in 3.7%
formaldehyde in PBS for 10 min at 4°C, washed three times with PBS,
permeabilized with 0.1% Triton X-100 in PBS-Tween (PBST) for 30 min
at room temperature, and blocked with 2% bovine serum albumin (BSA)
in PBST for 30 min. Incubations with antibodies to the Myc tag or cor-
tactin were performed in blocking solution (2% BSA in PBST) for 1 h at
room temperature and followed by staining with Alexa 488-conjugated
secondary antibodies. Actin filaments were stained with Texas Red-con-
jugated phalloidin. After immunostaining, slides were analyzed with a
Nikon video imaging system (Nikon Instech Co.) as described elsewhere
(26, 27). For live imaging of green fluorescent protein (GFP)-cortactin,
cells were plated on MatTek dishes (MatTek, Ashland, MA) and trans-
fected with a GFP-cortactin plasmid. Time-lapse images were acquired
with a 100X, numerical aperture (NA) 1.45 oil objective in a 3] Marianas
Yokogawa-type spinning-disk confocal system equipped with a CO,
chamber and a heated stage. For time-lapse MT plus-end tracking, cells
were transfected with GFP-EB1 and images were acquired at 2-s intervals
for 40 to 60 s with a 100X, NA 1.45 oil objective in a manner similar to that
used in experiments with GFP-cortactin. Twenty consecutive images ob-
tained under each condition were used for projection analysis with Image]J
software. For MT quantification, cells were fixed with —20°C methanol
and immunostaining was carried out with B-tubulin as described previ-
ously (15, 28). For tracking analysis of peripheral MT tip growth, EB1 in
the cell margin area (2 to 10 wm from the cell border) was tracked with the
Manual Tracking plug-in of the Image] software. The median track length
was calculated with the Excel software.

Isolation of MT-enriched fractions. MT-enriched fractions were iso-
lated as previously described (29). After agonist stimulation, cells were
incubated with extraction buffer containing PEM [100 mM piperazine-
N,N’-bis(2-ethanesulfonic acid) (PIPES; pH 6.75), 1 mM EGTA, 1 mM
MgSO,], 0.5% NP-40, and a protease and phosphatase inhibitor cocktail
for 10 min at room temperature. The cytosolic fraction containing soluble
tubulin was collected at room temperature by centrifugation at 12,000
rpm for 15 min. The attached cells containing polymerized MT were
incubated on ice for 30 min to induce MT depolymerization and tubulin
release into the soluble fraction. Cells were scraped into PEM containing a
protease and phosphatase inhibitor cocktail and passed several times
through a 26-gauge needle. The cell debris was removed by centrifugation
at 2,000 X g for 2 min at 4°C. Collection of the tubulin fraction corre-
sponding to polymerized tubulin was performed after centrifugation at
92,000 X g for 30 min at 4°C to remove other cytoskeletal components
(F-actin and intermediate filaments). Depolymerized tubulin from the
supernatant was repolymerized in the presence of 20 M paclitaxel (orig-
inally named taxol) and 1 mM GTP at 37°C for 1 h. Sedimentation of
polymerized MT with associated proteins was performed by centrifuga-
tion at 92,000 X g for 30 min at room temperature over a 20% sucrose
gradient in PEM containing a protease and phosphatase inhibitor cocktail
and 20 wM paclitaxel. This approach allowed the reconstitution of MT-
bound proteins with the exact fraction of tubulin corresponding to the
pool of polymerized MT from control and agonist-stimulated cells. MT
pellets were separated by SDS-PAGE. Sample loading normalized to the
tubulin content was used for Western blot analysis to evaluate the relative
amounts of MT-associated GEF-H1 in control and stimulated cells.

Coimmunoprecipitation, differential protein fractionation, and
immunoblotting. After agonist stimulation, cells were washed in cold
PBS and lysed on ice with cold TBS-NP-40 lysis buffer (20 mM Tris [pH
7.4], 150 mM NaCl, 1% NP-40) supplemented with a protease and phos-
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FIG 1 IQGAP1 knockdown attenuates HGF-induced EC barrier enhancement. (A to D) Permeability measurements. (A) TER measurements in EC stimulated
with HGF (50 ng/ml) with or without HGF washout (marked by arrow). (B) EC transfected with 50 or 100 nM IQGAP1-specific siRNA (si-IQGAP1) or
nonspecific RNA (nsRNA) were stimulated with HGF (50 ng/ml), and TER was monitored over time. The bar graph depicts EC permeability changes at the time
point corresponding to the maximal TER increase. Results are represented as mean = SD; *, P < 0.05; n = 3. The inset shows a quantitative analysis of IQGAP1
levels detected by immunoblotting in siRNA-treated EC. (C) HPAEC transfected with IQGAP1-specific siRNA or nonspecific RNA were stimulated with the
vehicle or HGF (50 ng/ml); this was followed by the addition of FITC-avidin (25 pg/ml, 3 min). Unbound FITC-avidin was removed, and the FITC fluorescence
signal on the coverslip bottom was visualized by fluorescence microscopy as described in Materials and Methods. Results are representative of four independent
experiments. Bar = 5 pm. (D) Bar graph depicting a quantitative analysis of XPerT permeability assay data obtained in parallel experiments with 96-well plates.
Results are presented as mean = SD; *, P < 0.05; n = 6. (E and F) Sparsely seeded EC (E) or EC monolayers (F) transfected with IQGAP1-specific siRNA
(si-IQGAP1) or nonspecific RNA were stimulated with HGF (50 ng/ml, 10 min). Immunofluorescence visualization of the actin cytoskeleton was performed by
Texas Red-phalloidin staining. Results are representative of three independent experiments. Bars = 5 (E) and 10 (F) pm. (G) Immunofluorescence visualization
of diphosphorylated MLC (pp-MLC) was performed by staining with the corresponding antibody. Results are representative of three independent experiments.
Bar = 10 pm. Insets show Western blot analyses of pp-MLC in control and HGF-stimulated HPAEC.
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FIG 1 continued

phatase inhibitor cocktail (Roche, Indianapolis, IN). Clarified lysates were
then incubated with antibodies to Myc, IQGAP1, EBI, or cortactin over-
night at 4°C and washed three or four times with TBS-NP-40 lysis buffer,
and the complexes were analyzed by Western blotting with appropriate
antibodies. In fractionation studies, cytosolic and membrane fractions
were isolated with a subcellular protein fractionation kit (Thermo Fisher
Scientific, Rockford, IL) according to the manufacturer’s protocol. For
analysis of the protein phosphorylation profile, cells were stimulated and
lysed and then protein extracts were separated by SDS-PAGE, transferred
to polyvinylidene fluoride membrane, and probed with specific antibod-
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ies. Equal protein loading was verified by reprobing membranes with an
antibody to B-actin or the specific protein of interest.

Statistical analysis. Results are expressed as mean values *+ standard
deviations (SDs) of three to five independent experiments. Stimulated
samples were compared to controls by unpaired Student ¢ tests. For mul-
tiple-group comparisons, a one-way analysis of variance, followed by the
Fisher’s post hoc test, was used. A P value of <0.05 was considered statis-
tically significant.

RESULTS

IQGAP1 knockdown attenuates HGF-induced barrier enhance-
ment and peripheral actin remodeling. HGF exhibits a potent
barrier-enhancing effect on EC monolayers, as reflected by a pro-
nounced increase in TER (Fig. 1A). Interestingly, removal of HGF
did not significantly affect the HGF-induced TER increase in the
first hour, but the effect of HGF washout became evident at later
times. This result suggests the sustained nature of HGF-induced
cytoskeletal remodeling and strengthening of intercellular junc-
tions, leading to EC barrier enhancement. The involvement of
IQGAPI1 in HGF-induced barrier enhancement mechanisms was
tested by an siRNA-induced IQGAP1 knockdown approach. Sev-
enty-two hours after transfection with nonspecific or IQGAP1-
specific siRNA, EC were stimulated with HGF, and EC monolayer
barrier properties were evaluated by measurements of TER. HGF
treatment of EC monolayers transfected with nonspecific RNA
duplexes increased TER levels (Fig. 1B). In contrast, IQGAP1
knockdown strongly attenuated the HGF-induced barrier en-
hancement response in a dose-dependent fashion.

The effects of IQGAP1 knockdown on HGF-induced EC barrier
enhancement were further tested in a novel permeability assay
(XPerT) that allows the visualization of local areas in EC monolayers
with increased EC permeability to macromolecules. HGF signifi-
cantly decreased basal EC monolayer permeability to FITC-labeled
avidin (Fig. 1C, upper panels). The HGF barrier-enhancing effect in
EC monolayers was abrogated by IQGAP1 knockdown (Fig. 1C,
lower panels). The bar graph in Fig. 1D shows results of quantitative
XPerT permeability assays performed in the 96-well plate format.

The effects of IQGAP1 knockdown on HGF-induced actin cy-
toskeletal remodeling were tested by immunofluorescence stain-
ing of EC with Texas Red-phalloidin. In control cells, HGF in-
duced accumulation of F-actin at the cell periphery, reflecting
activation of cortical actin polymerization (Fig. 1E). This process
was inhibited in EC by IQGAP1 knockdown. Similar inhibitory ef-
fects of IQGAP1 knockdown on HGF-induced peripheral F-actin
accumulation were observed in confluent EC monolayers (Fig.
1F). HGF stimulation also decreased the phosphorylation of MLC
in nontransfected EC. siRNA-induced IQGAP1 knockdown did
not significantly change the diphospho-MLC pattern under basal
conditions but did attenuate the reduction of diphospho-MLC
immunoreactivity caused by HGF (Fig. 1G).

IQGAP1 knockdown abolishes HGF-induced cortical actin
dynamics. Cortactin plays an essential role in cortical actin cyto-
skeletal dynamics. HGF-induced cortactin accumulation at the
cell leading edge, signifying increased actin polymerization, was
investigated by live microscopy. EC treated with nonspecific RNA
and transfected with GFP-tagged cortactin were stimulated with
HGF, and peripheral accumulation of GFP-cortactin was tracked
over time (Fig. 2A, top panels). In similar experiments, EC were
treated with IQGAP1-specific siRNA prior to transfection with
GFP-cortactin and HGF stimulation (Fig. 2A, bottom panels).
Treatment with HGF induced prominent cortactin accumulation
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at the edges of control cells (Fig. 2, arrows), and this effect was
abolished in cells with IQGAP1 knockdown.

Rac activation triggers signaling pathways leading to increased
tyrosine phosphorylation of cortactin (30). We observed that
knockdown of IQGAP1 almost completely abolished HGF-in-
duced cortactin phosphorylation (Fig. 2B). Similarly, in cells with
reduced IQGAPI, the ability of HGF translocation to the mem-
brane/cytoskeletal compartment was impaired. (Fig. 2C). In
agreement with these results, HGF induced cortactin localization
in the submembrane regions at the periphery of control cells and
IQGAP1 knockdown abrogated this effect (Fig. 2D).

IQGAP1 isrequired for stimulation of peripheral MT growth
by HGF. To assess a possible role for IQGAP1 in the HGF-induced
changes in peripheral MT density, control and HGF-stimulated
EC were fixed with methanol and subjected to immunofluores-
cence staining with an antibody to -tubulin. Microscopic analy-
sis of MT structures showed a more expanded peripheral MT net-
work in HGF-treated EC than in cells treated with the vehicle (Fig.
3A, top panels). This effect was abolished when HGF-stimulated
cells were transfected with IQGAP1-specific siRNA (Fig. 3A, bot-
tom panels). The insets in Fig. 3A represent higher-magnification
images of the MT network in the peripheral regions of HGF-stim-
ulated control EC and cells with IQGAP1 knockdown. Quantita-
tive analysis of peripheral MT density showed no differences be-
tween peripheral MT in control cells and those in IQGAP1
knockdown cells. However, IQGAP1 knockdown significantly at-
tenuated the HGF-induced increase in peripheral MT in lung EC
(Fig. 3A, inset).

Effects of HGF on MT peripheral growth in control and
IQGAP1 knockdown EC were further evaluated by live micros-
copy of GFP-labeled MT plus-end binding protein EB1 and track-
ing of EBl-positive MT tips. HGF stimulated MT peripheral
growth, as illustrated by EB1 projections obtained from live im-
ages and quantitative analysis of microscopy data (Fig. 3B, top
panels). Knockdown of IQGAP1 abrogated HGF-induced MT pe-
ripheral growth (Fig. 3B, bottom panels).

HGF induces Racl-dependent IQGAP1 association with the
MT fraction. The role of IQGAP1 in HGF-induced control of MT
dynamics and the nature of IQGAP1 interaction with MT remain
incompletely understood. These effects were evaluated by bio-
chemical analysis of MT fractions from control and HGF-stimu-
lated pulmonary EC. HGF induced a rapid association of IQGAP1
with the MT fraction (Fig. 4A). This effect was abolished in EC
pretreated with a pharmacologic inhibitor of the HGF receptor
(c-Met) (Fig. 4B). HGF-induced association of IQGAP1 with the
MT fraction was also abrogated in cells with knockdown of Racl
(Fig. 4C). These data suggest that c-Met receptor activation by
HGF induces Racl-dependent association of IQGAP1 with MT.

IQGAP1 Integrates Microtubules and Actin Cytoskeleton

HGF stimulates the association of EB1, IQGAP1, and cortac-
tin. The results described above suggest that HGF-induced actin
cytoskeletal remodeling is dependent on IQGAP1 and involves
cortactin accumulation at the cell periphery. In addition, HGF
stimulates IQGAPI association with MT. We next tested if HGF
induces interactions among IQGAP1, cortactin, and MT proteins.
Myc-IQGAP1 was coexpressed with GFP-cortactin or GFP-EB1 in
HeLa cells. Immunoprecipitation with an anti-Myc antibody, fol-
lowed by immunoblotting with a GFP antibody, revealed that
both cortactin and EB-1 coimmunoprecipitated with IQGAP1
(Fig. 5A). GFP, which served as a negative control, was not found
in a complex with Myc-IQGAPI.

Interactions among endogenous IQGAPI, cortactin, and EB1
in the human pulmonary endothelium were evaluated by using
coimmunoprecipitation assays. HGF induced the association of
IQGAPI1 with cortactin and EB-1, which was abolished in EC with
Racl knockdown (Fig. 5B). A series of reciprocal immunoprecipi-
tation assays with antibodies to cortactin and EB1 confirmed the
specificity of the interactions of endogenous IQGAP1, cortactin,
and EB1 induced by HGF (Fig. 5C and D). These interactions were
also dependent on Racl.

To examine whether the cortactin-EB-1 interaction is medi-
ated by IQGAP1, endogenous IQGAP1 was knocked down with
siRNA and coimmunoprecipitation assays with EB1 or cortactin
antibodies were performed with control and HGF-stimulated
cells. The results show that IQGAP1 knockdown blocked HGF-
induced complex formation between EBI and cortactin (Fig. 6A
and B). Quantitative analyses of these immunoprecipitation stud-
ies are presented in the bar graphs in Fig. 6A and B. Imaging
studies performed with human pulmonary endothelium revealed
increased EB1-cortactin colocalization at the cell periphery
upon HGF stimulation (Fig. 6C). These effects were inhibited
in IQGAP1 knockdown cells. Collectively, these results suggest
that IQGAP1 serves as a scaffold for the recruitment of cortac-
tin and EB1 in response to HGF treatment.

IQGAP1AC mutant protein impairs HGF-induced periph-
eral MT growth and attenuates cortactin-EB1 association and
EC barrier enhancement. The IQGAP1 domain structure defines
multiple interactions with its binding partners. The C-terminal
domain has been implicated in IQGAP1 targeting to MT (18). We
used a truncated mutant IQGAP1 protein with a preserved GRD
(involved in interaction with Cdc42/Racl and responsible for
IQGAP1 activation) but lacking amino acids 1502 to 1657 at the C
terminus (termed IQGAP1AC) to test the role of the C terminus
in EB-1-cortactin interactions and MT growth. In comparison
with the expression of wild-type IQGAP1 in HPAEC, the expres-
sion of IQGAP1AC attenuated HGF-induced MT growth (Fig. 7).
The bar graph in Fig. 7 presents a quantitative image analysis

FIG 2 IQGAPI1 mediates HGF-induced cortactin activation. HPAEC transfected with IQGAP1-specific siRNA (si-IQGAP1) or nonspecific RNA (nsRNA)
(100 nM, 72 h) were stimulated with HGF (50 ng/ml). (A) Live-cell imaging of control and IQGAP1-depleted cells expressing GFP-cortactin. Snapshots
depict HGF-induced cortical dynamics at the periphery of control and IQGAP1-depleted cells. Arrows indicate cortactin accumulation at cell edges.
Results are representative of three independent experiments. Bar = 5 pm. (B) HGF-induced cortactin phosphorylation in control and IQGAP1-depleted
EC was evaluated by Western blotting with phospho-Y**'-cortactin antibody. Equal protein loading was confirmed by probing the membrane with a
cortactin antibody. siRNA-induced IQGAP1 knockdown was confirmed by probing whole-cell lysates with an IQGAP1 antibody. (C) Cells transfected
with nonspecific RNA or IQGAP1-specific siRNA were treated with HGF for 5, 10, or 15 min, and membrane translocation of cortactin was analyzed by
Western blot analysis of EC membrane fractions. siRNA-induced IQGAP1 knockdown was confirmed by probing whole-cell lysates with IQGAP1
antibody. Results are representative of four independent experiments. (D) Control and IQGAP1-depleted pulmonary EC cultures were stimulated with
HGF (50 ng/ml, 10 min). HGF-induced cortactin translocation was evaluated by immunofluorescence staining of formaldehyde-fixed EC. Results are

representative of three independent experiments. Bar = 5 pm.

September 2014 Volume 34 Number 18

mcb.asm.org 3551


http://mcb.asm.org

Tian et al.

B-Tubulin &
<
2
x
(7]
c
Vehicle HGF
o
<
(O]
<}
»
*
16
HGF E i
Eo,s
204
[0
a
Veh HGF Veh HGF
B Before HGF After HGF nsRNA  si-IQGAP1
35
TF-EB1 =
E 3 | nsRNA
" =
©25 |
E: % 2| ~
(+4 @
2 £15 ¢ /
% 1 F v/
[0
=05 | .
HGF: 0 min 10 min
0
35
 si-IQGAP1

si-IQGAP1

Median track length (um)
N

HGF: 0 min 10 min

FIG 3 IQGAP1 promotes HGF-induced peripheral MT network formation. (A) Cells grown on coverslips were transfected with nonspecific RNA (ns-RNA) or
IQGAP1-specific siRNA (si-IQGAP1) and stimulated with HGF (50 ng/ml, 10 min); this was followed by immunofluorescence staining of MT with an antibody
against B-tubulin. The magnified images of the insets (right side) show details of MT structure. Bar = 5 um. The bar graph presents a quantitative analysis of
peripheral MT density in control and IQGAP1-depleted EC. Results are presented as mean = SD; *, P < 0.05; n = 4 independent experiments, 10 cells per
condition. Veh, vehicle. (B) Live-cell imaging of HPAEC transfected with IQGAP1-specific siRNA or nonspecific RNA and labeled with GFP-EB1. Projection
analysis of 20 consecutive images before and after HGF (50 ng/ml) treatment shows changes in GFP-EB1 track length (left panels). Bar = 2 pm. The panels on
the right show quantification of GFP-EBI1 track length. Each pair of dots represents the median track length in a cell before and after HGF treatment. Results are
representative of three independent experiments.
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FIG 4 HGF stimulates Racl-dependent association of IQGAP1 with the MT
fraction. HPAEC were stimulated with HGF (50 ng/ml); this was followed by
isolation of the MT-enriched fractionation. Western blotting was used to de-
tect IQGAPI in the MT fraction, normalized to tubulin content, and in total
lysates isolated from control and HGF-treated EC. (A) Time course analysis of
HGF-induced IQGAP1 association with the MT fraction. (B) Effect of c-Met
inhibitor (inh; 50 nM carboxamide, 30 min) on HGF-induced IQGAP1 asso-
ciation with the MT fraction. (C) Effect of siRNA-induced Racl knockdown
(50 nM, 48 h) on HGF-induced IQGAP1 association with the MT fraction.
Racl protein depletion was confirmed by Western blot analysis of total cell
lysates with a Racl antibody. Results are representative of three to five inde-
pendent experiments.

of peripheral MT density in EC transfected with the wild-type
IQGAP1 and mutant IQGAP1AC proteins.

A coimmunoprecipitation assay with a cortactin antibody
showed that expression of IQGAP1AC reduced the HGF-induced
interaction between cortactin and EB1 (Fig. 8A). Expression of
IQGAP1AC also attenuated HGF-induced cortactin phosphory-
lation (Fig. 8B), which was previously shown to be mediated by
Racl-dependent mechanisms (30). In addition, expression of
IQGAP1AC both attenuated HGF-induced peripheral actin po-
lymerization (Fig. 8C) and suppressed the EC barrier-enhancing
response to HGF as monitored by elevation of TER in HGF-stim-
ulated pulmonary EC monolayers (Fig. 8D).

DISCUSSION

This study demonstrates a novel role for IQGAP1 in the mecha-
nisms of HGF-induced barrier enhancement in vascular endothe-
lium. Stimulation of EC with HGF promoted peripheral MT
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FIG 5 HGF induces Racl-dependent association of IQGAP1, EBI, and cor-
tactin. (A) Recombinant Myc-IQGAP1 and GFP-cortactin or GFP-EB1 was
coexpressed in HeLa cells. Control transfections were performed with the
empty (Em.) GFP vector. After immunoprecipitation (IP) with an anti-Myc
tag antibody, the presence of overexpressed proteins in the immune complex
was tested by Western blot analysis with anti-Myc tag and anti-GFP tag anti-
bodies (left panel). Expression of recombinant proteins in HeLa cells was con-
firmed by Western blot analysis of whole-cell lysates (WCL) (right panel). (B to
D) HPAEC transfected with nonspecific RNA (nsRNA) or Racl-specific
siRNA (si-Rac) were stimulated with HGF (50 ng/ml), and endogenous
IQGAP1 (B), cortactin (C), and EBI (D) proteins were immunoprecipitated
under nondenaturing conditions with the appropriate antibodies. The pres-
ence of protein partners in immune complexes was tested by Western blotting.
Racl protein depletion was confirmed by Western blot analysis of total cell
lysates with a Racl antibody. Results are representative of three to six indepen-
dent experiments.

growth and protrusion of EB1-positive MT plus ends to the EC
peripheral submembrane area which was dependent on IQGAP1.
These effects were coupled to increased cortactin localization to
the EC cortical layer and increased cortical actin polymerization,
leading to decreased basal permeability of the EC monolayer. Ex-
periments with IQGAP1 knockdown show that HGF-induced
cortactin phosphorylation and peripheral accumulation, leading
to peripheral actin cytoskeleton remodeling, is dependent on the
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FIG 6 HGF-induced EB1 and cortactin interactions are IQGAP1 dependent. (A, B) HPAEC treated with nonspecific RNA (nsRNA) or IQGAP1-specific siRNA
(si-IQGAP1) were used for reciprocal coimmunoprecipitation (IP) assays with EB1 (A) and cortactin (B) antibodies, followed by Western blot assay detection
of cortactin and EB1. Bar graphs depict quantitative densitometry analysis of immunoblotting data. Results are presented as mean *+ SD; *, P < 0.05; n = 4. RDU,
relative density units. (C) HPAEC grown on glass coverslips were stimulated with HGF (50 ng/ml); this was followed by double immunofluorescence staining for
cortactin (red) and EB1 (green). The insets are shown at the bottom as higher-magnification images of the peripheral cell areas marked by quadrangles in the
upper panels and depict cortactin and EBI colocalization, which is yellow. Shown are representative results of three independent experiments. Bars = 5 pm.
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FIG 7 Effect of the IQGAP1AC mutant protein on HGF-induced stimulation of peripheral MT network formation. Cells grown on coverslips were transfected
with wild-type IQGAP1 (IQGAP1-WT) or IQGAP1AC and stimulated with HGF (50 ng/ml, 10 min). The MT network was visualized by immunofluorescence
staining of methanol-fixed cells with an antibody against 3-tubulin. Transfected cells were visualized by staining with an anti-Myc tag antibody. The insets are
shown as magnified images on the right with details of MT structure in nontransfected (inset 1) and IQGAP1AC-transfected (inset 2) cells. Shown are
representative results of three independent experiments. Bar = 5 wm. The bar graph presents a quantitative analysis of peripheral MT density in EC transfected
with IQGAP1-WT or IQGAP1AC. Results are presented as mean = SD; *, P < 0.05; n = 5 independent experiments, 10 cells per condition.

presence of IQGAP1 and strongly depends on the ability of
IQGAP1 to form a functional complex with cortactin and EBI.
IQGAP1 knockdown also attenuated actin cortical remodeling,
peripheral MT growth, and enhancement of the EC barrier
function in response to HGF. Our unpublished studies show a
similar effect of IQGAP1 inhibition on the attenuation of EC
permeability in response to the barrier-enhancing phospho-
lipid oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phos-
phocholine (A. Birukova and K. Birukov, unpublished data).
These results indicate that Rac-mediated IQGAPI activation
and IQGAP1-dependent regulation of peripheral cytoskeletal
dynamics may be a universal mechanism that regulates EC bar-
rier function with barrier-protective agonists.

Cross talk between MT and the actin cytoskeleton has been
shown to be associated with increased endothelial permeability in
response to barrier-disruptive agonists such as thrombin, TGF-f3,
TNF-a, and LPS or direct MT disruption by colchicine or nocoda-
zole (11, 13,24, 31-33). The mechanism of this cross talk included
partial dissolution of the MT network, release and activation of

September 2014 Volume 34 Number 18

MT-associated Rho-specific guanine nucleotide exchange factor
GEF-H1, stimulation of Rho-dependent MLC phosphorylation,
actin stress fiber formation, cell contraction, and formation of
intercellular gaps (11, 31).

In contrast to cross talk by barrier-disruptive agonists, HGF
stimulation promoted Racl-dependent association of IQGAP1
with MT and the formation of an EB1-IQGAP1-cortactin com-
plex. The formation of this functional complex further stimulated
local Racl signaling, as indicated by increased cortactin phos-
phorylation and subcortical accumulation (Fig. 2). The presence
of EB1, an MT plus-end binding protein, in the coimmunopre-
cipitation complex with IQGAP1 and cortactin supports a role for
this complex in capturing the MT tips in the actin cytoskeletal
compartment at the cell periphery.

The presence of Racl activity was critical for the previously
described formation of an IQGAPI1-CLIP-170—Rac tripartite
complex, which captured MT at the leading edge and promoted
directional lamellipodium formation in epithelial cells (34). In
agreement with these findings, our data strongly suggest that MT
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FIG 8 IQGAPI1AC attenuates HGF-induced EB1-cortactin interactions, cortactin phosphorylation, and EC barrier enhancement. (A) HPAEC transfected with
full-length IQGAP1 (IQGAP1-WT) or IQGAP1AC were stimulated with HGF (50 ng/ml, 10 min) and used in a coimmunoprecipitation (IP) assay with a
cortactin antibody, followed by a Western blot assay for EBI and cortactin. The bar graph represents a quantitative analysis of the Western blot assay data; *, P <
0.05; n = 4. (B) HGF-induced cortactin phosphorylation in EC expressing full-length IQGAP1 or IQGAP1AC was evaluated by a Western blot assay with a
phospho-Y**!'-cortactin antibody. Equal protein loading was confirmed by probing with a cortactin antibody. (C) Expression of IQGAP1AC abrogates HGE-
induced activation of cortical actin cytoskeleton and lamellipodium formation. F-actin was visualized by staining with Texas Red-phalloidin. IQGAP1AC-
expressing cells were visualized by immunofluorescence staining with an anti-Myc tag antibody. The insets are shown as magnified images at the bottom with
details of peripheral F-actin staining in nontransfected (inset 1) and IQGAP1AC-transfected (inset 2) cells. Shown are representative results of three independent
experiments. Bar = 10 pm. (D) Permeability measurements. EC transfected with IQGAP1AC or wild-type IQGAP1 (IQGAP1-WT) were stimulated with HGF
(50 ng/ml), and TER was monitored for 1.5 h. The Western blot assay at the upper right shows the expression of recombinant IQGAP1-WT and IQGAP1AC in
HPAEC. The bar graph below it depicts EC permeability changes at the time point corresponding to the maximal TER increase. Results are represented as mean *
SD;*, P < 0.05;n = 5.
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FIG 9 Scheme of how IQGAP1 mediates HGF-induced vascular endothelial
barrier enhancement effects via stimulation of MT-actin cross talk. HGF-in-
duced activation of Racl mediated by the c-Met receptor stimulates MT pe-
ripheral growth, and MT plus-end tips reaching the cell cortical region are
captured on the cortical actin cytoskeleton via the formation of a tripartite
complex of cortactin, IQGAP1, and MT. The formation of this complex coor-
dinates cortical actin dynamics and supports local Racl activity levels, leading
to enhanced cortical actin polymerization and endothelial barrier enhance-
ment. inh, inhibitor; si-Racl, Rac-1-specific siRNA; si-IQGAP1, IQGAP1-spe-
cific siRNA.

capture by IQGAP1 determines cortical actin dynamics mediated
by a Rac mechanism. Although precise regulation of leading-edge
dynamics by MT-bound IQGAP1 awaits further investigation, we
speculate that IQGAP1-directed functional interaction of MT
with actin filaments at the cell periphery recruits additional acti-
vators of Racl signaling and thus contributes to local Racl regu-
lation at the leading edge of the cell. This regulation plays a key
role in the reestablishment of cell monolayer integrity and the EC
barrier.

Mapping of IQGAP1 protein interaction sites shows interac-
tions of MT-associated partners CLASP-2 and CLIP-170 with the
IQGAPI C terminus (17, 34). On the other hand, the interaction
of IQGAP1 with the actin-binding protein N-WASP has been
mapped to the N-terminal CHD or the C-terminal domain and
shown to promote Rac-dependent actin polymerization and
branched actin filament assembly (35, 36). Our results show that
IQGAP1 is essential for the formation of a functional complex
between EB-1 and cortactin. These data represent a novel mecha-
nism of MT anchoring to the peripheral actin cytoskeleton, which
induces an EC barrier-enhancing response.

Expression of a deletion mutant form of IQGAP1 (termed
IQGAP1AC) that lacks the C terminus involved in the interaction
with MT but retains the GRD (involved in the interaction with
Cdc42/Racl and responsible for IQGAP1 activation) abolished
the HGF-induced formation of an IQGAP1-EB1-cortactin com-
plex. Expression of IQGAP1AC also inhibited HGF-induced en-
richment of MT at the cell periphery and partially suppressed
cortical actin polymerization.
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Our data show that Racl is required for the IQGAP1-depen-
dent formation of an EB1-cortactin complex. This complex pro-
motes MT capture at the cell periphery, leading to activated cor-
tical actin polymerization and endothelial barrier enhancement.
This complex may be disrupted by the expression of IQGAP1AC,
which lacks the MT-binding domain. Thus, the C-terminal
IQGAP1 domain (comprising amino acids 1502 to 1657) is critical
for the formation of a tripartite IQGAP1-EB1-cortactin complex.

On the basis of our findings, we propose a model of IQGAP1-
dependent control of vascular endothelial integrity via MT-actin
cross talk (Fig. 9). Increased IQGAP1-MT interaction induced by
barrier-protective stimuli such as HGF promotes Rac-dependent
expansion of MT growth to the cell periphery. EBI at the MT
growing ends interacts with IQGAP1. The resultant IQGAP1-EB1
complex captures cortactin, leading to local activation of actin
polymerization and enhancement of the peripheral F-actin rim.
This actin cytoskeleton remodeling tightens the intercellular gaps
and increases the endothelial barrier function. HGF-induced for-
mation of the EB1-IQGAP1-cortactin tripartite complex may fur-
ther promote local Rac signaling at the cell periphery, which is
essential for the maintenance of EC barrier integrity; this possibil-
ity requires further investigation.
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