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Abstract

Previous reports described important role of hepatocyte growth factor (HGF) in mitigation of 

pulmonary endothelial barrier dysfunction and cell injury induced by pathologic agonists and 

mechanical forces. HGF protective effects have been associated with Rac-GTPase signaling 

pathway activated by Rac-specific guanine nucleotide exchange factor Tiam1 and leading to 

enhancement of intercellular adherens junctions. This study tested involvement of a novel Rac-

specific activator, Asef, in endothelial barrier enhancement by HGF and investigated a mechanism 

of HGF-induced Asef activation. Si-RNA-based knockdown of Tiam1 and Asef had an additive 

effect on attenuation of HGF-induced Rac activation and endothelial cell (EC) barrier 

enhancement. Tiam1 and Asef activation was abolished by pharmacologic inhibitors of HGF 

receptor and PI3-kinase. In contrast to Tiam1, Asef interacted with APC and associated with 

microtubule fraction upon HGF stimulation. EC treatment by low dose nocodazole to inhibit 

peripheral microtubule dynamics partially attenuated HGF-induced Asef peripheral translocation, 

but had negligible effect on Tiam1 translocation. These effects were associated with attenuation of 

HGF-induced barrier enhancement in EC pretreated with low ND dose and activation of Rac and 

its cytoskeletal effectors PAK1 and cortactin. These data demonstrate, that in addition to 

microtubule-independent Tiam1 activation, HGF engages additional microtubule- and APC-

dependent pathway of Asef activation. These mechanisms may complement each other to provide 

the fine tuning of Rac signaling and endothelial barrier enhancement in response to various 

agonists.
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1. Introduction

The lung endothelium forms a semi-selective barrier between circulating blood and 

interstitial fluid, which is dynamically regulated by a counterbalance of barrier protective 

and barrier disruptive bioactive molecules present in the circulation. Mechanisms which 

govern increased vascular permeability have been actively investigated [1-6], while cellular 

mechanisms of endothelial barrier enhancement by circulating vasoactive agonists and 

growth factors are far less understood.

Hepatocyte growth factor (HGF) is a multifunctional mesenchyme-derived factor secreted 

by several cell types including vascular endothelium. Along with other bioactive substances 

HGF appears in lung circulation under pathological conditions, such as acute lung injury, 

sepsis, lung inflammation, and ventilator induced lung injury, and has been implicated in 

lung repair, cell survival, and restoration of lung barrier function [7-9]. Barrier protective 

effects of HGF have been observed in human pulmonary endothelial cells (EC) [10] and 

cerebral endothelium [11]. HGF stimulates multiple signaling pathways including activation 

of Src and c-Abl tyrosine kinases [12, 13], mitogen activated protein (MAP) kinases Erk1/2 

and p38, protein kinase C, phosphatidylinositol-3-kinase (PI3-kinase) and its downstream 

effector GSK-3β [10] and small GTPase Rac [8, 9].

One mechanism of HGF-induced endothelial barrier enhancement involves activation of 

PI3-kinase causing stimulation of guanine nucleotide exchange factor (GEF) Tiam1, which 

facilitates exchange of GDP for GTP in the nucleotide-binding center of small GTPase Rac 

leading to Rac activation [14]. As result, activated Rac induces remodeling of the actin 

cytoskeleton and increases interaction between adherens junction proteins α,β,γ-catenin and 

VE-cadherin [9, 10].

Tiam1 belongs to the Dbl family of GEFs, and its nucleotide exchange activity is regulated 

by diverse mechanisms, including PI3-kinase-dependent, receptor tyrosine kinase-

dependent, protein kinase A-dependent, and Epac-Rap1-dependent pathways [14-18]. Tiam1 

is directly involved in Rac-mediated endothelial barrier protective effects by a number of 

agonists including sphingosine-1 phosphate, HGF, high molecular weight hyaluronan and 

protective oxidized phospholipids [19-21]. However, Tiam1-dependent mechanism does not 

fully explain the potent HGF-induced EC barrier enhancement and stimulation of Rac 

signaling, as inhibition of Tiam1 did not cause complete inhibition of HGF effects in the 

lung endothelium.

Another member of the Dbl family of Rac-specific GEFs, Asef has been recently implicated 

in the regulation of the actin cytoskeleton remodeling in epithelial and neuronal cells by 

activating Rac and Cdc42 GTPases [22]. Constitutive Asef activation by truncated APC or 

Asef overexpression decreased cell-cell adhesion and migration of colorectal tumor cells 

[23], but decreased E-cadherin-mediated cell-cell adhesion and promoted migration of 

kidney epithelial cells [24]. Asef contains Dbl homology (DH) domain exhibiting GEF 

activity, plekstrin homology (PH) domain which determines the subcellular localization and 

activity by interacting with phosphatidylinositol phosphate, Src homology 3 (SH3) 

autoinhibitory domain and a region that binds tumor suppressor Adenomatous Polyposis 
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Coli Protein (APC), which also interacts with microtubules [24]. Constitutive Asef 

activation by truncated APC or Asef overexpression decreased cell-cell adhesion and 

migration of colorectal tumor cells [23], but decreased E-cadherin-mediated cell-cell 

adhesion and promoted migration of kidney epithelial cells [24]. Involvement of Asef in 

regulation of vascular endothelial barrier remains unknown.

This study tested an involvement of Asef in pulmonary EC barrier enhancement, relations 

between Asef and Tiam1 in stimulating HGF-induced Rac signaling and EC permeability 

response, and investigated a mechanism of HGF-induced Asef intracellular translocation and 

activation.

2. Materials and Methods

2.1. Cell culture and reagents

Human HGF was obtained from R&D Systems (Minneapolis, MN). Cell-permeable c-Met 

kinase inhibitor, N-(3-Fluoro-4-(7-methoxy-4-quinolinyl)phenyl)-1-(2-hydroxy-2-

methylpropyl)-5-methyl-3-oxo-phenyl-2,3-dihydro-1H-pyrazole carboxamide, and PI3-

kinase kinase inhibitor LY294002 were from EMD Millipore (Billerica, MA). Reagents for 

immunofluorescence were purchased form Molecular Probes (Eugene, OR). End-Binding 

protein-1 (EB1) and Rac1 antibodies were purchased from BD Transduction Laboratories 

(San Diego, CA); phospho-cortactin and phospho-PAK antibodies were from Cell Signaling 

(Beverly, MA); Asef, APC, Tiam1 antibodies were from Santa Cruz Biotechnology (Santa 

Cruz, CA);. Unless otherwise specified, all biochemical reagents, including nocodazole, β-

actin and β-tubulin antibodies, were obtained from Sigma (St. Louis, MO). Plasmid for 

bacterial expression of Rac (G15A) mutant used in GEF activation assays was a generous 

gift from Katalin Szaszi (St. Michael's Hospital, Toronto, Canada). Human pulmonary artery 

endothelial cells (HPAEC) were obtained from Lonza (East Rutherford, NJ) and used for 

experiments at passages 5-7.

2.2. Si-RNA and DNA transfections

HPAEC were treated with pre-designed Asef-, Taim1-, or APC-specific siRNA. Set of three 

Stealth™ Select siRNA duplexes was purchased from Invitrogen (Carlsbad, CA) in ready to 

use, desalted, deprotected, annealed double-strand form. Transfection of EC with siRNA 

was performed using siPORT transfection reagent (Invitrogen, Carlsbad, CA) as previously 

described [25]. Non-specific, non-targeting RNA (Dharmacon, Lafayette, CO) was used as a 

control treatment. Seventy-two hours after transfection, cells were harvested and used for 

experiments.

2.3. Analysis of EC permeability

Endothelial permeability to macromolecules was monitored by express permeability testing 

assay (XPerT) [26, 27] available from Millipore (Vascular Permeability Imaging Assay, cat. 

#17-10398). This assay is based on high affinity binding of cell impermeable avidin-

conjugated FITC-labeled tracer to the biotinylated extracellular matrix proteins immobilized 

on the surface covered with EC monolayers. In permeability visualization experiments, 15 

min after EC stimulation with HGF, FITC-avidin solution was added directly to the culture 
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medium for 3 min before termination of the experiment. Unbound FITC-avidin was washed 

out with 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 using Nikon imaging system Eclipse TE 300 (Nikon, Tokyo, Japan) equipped 

with a digital camera (DKC 5000, Sony, Tokyo, Japan). Images were processed with Adobe 

Photoshop 7.0 software (Adobe Systems, San Jose, CA). For the permeability assay in the 

96-well plates, cells were seeded on biotinylated gelatin-coated plates (3×104 cells/well). 

FITC-avidin solution was added directly to the culture medium at the final concentration 25 

μg/ml for 3 min before termination of the experiment unless otherwise specified. Unbound 

FITC-avidin was washed out with 200 μl PBS, pH 7.4, 37°C (two cycles, 10 sec each). 

Finally, 100 μl PBS was added in each well, and the fluorescence of matrix-bound FITC-

avidin was measured on Victor X5 Multilabel Plate Reader (Perkin Elmer, Waltham, MA) 

using an excitation wavelength of 485 nm and emission wavelength of 535 nm, 0.1 sec. 

Measurements of transendothelial electrical resistance (TER) across confluent HPAEC 

monolayers were performed using the electrical cell-substrate impedance sensing system 

(Applied Biophysics, Troy, NY) as previously described [28, 29].

2.4. Immunofluorescence staining and imaging analysis

Endothelial cells plated on glass cover slips were treated with the agonist of interest, fixed in 

3.7% formaldehyde solution 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% BSA in PBST for 30 min. Incubations with primary 

antibodies were performed in blocking solution (2% BSA in PBST) for 1 hr at room 

temperature followed by staining with Alexa 488-conjugated secondary antibodies. After 

immunostaining, slides were analyzed using a Nikon video imaging system (Nikon Instech 

Co., Japan) as described elsewhere [28, 30]. For microtubule analysis, cells were fixed with 

-20 °C methanol and immunostaining was carried out with β-tubulin or EB1 antibodies as 

described previously [25, 31]. In brief, the cell boundaries were outlined, and the concentric 

outline shapes reduced to 70% were applied to the images to mark peripheral (outer 30% of 

diameter) and central (inner 70%) regions. The integrated fluorescence density in the 

peripheral area was measured using MetaMorph software and was calculated as a percentage 

of the integrated fluorescence density in the total cell area. The results were normalized in 

each experiment.

2.5. Co-immunoprecipitation, subcellular fractionation and immunoblotting

After agonist stimulation, cells were washed in cold phosphate buffered saline (PBS) and 

lysed on ice with cold TBS-NP40 lysis buffer (20 mM Tris pH 7.4, 150 mM NaCl, 1% 

NP40) supplemented with protease and phosphatase inhibitor cocktails (Roche, Indianapolis, 

IN). Clarified lysates were then incubated with antibodies to APC or Asef overnight at 4°C, 

washed 3-4 times with TBS-NP40 lysis buffer, and the complexes were analyzed by 

Western blotting using appropriate antibodies. In fractionation studies, cytosolic (soluble) 

and membrane/cytoskeletal (particulate) fractions were isolated as described previously [32, 

33]. For analysis of protein phosphorylation profile, cells were stimulated, then lysed, and 

protein extracts were separated by SDS-PAGE, transferred to polyvinylidene fluoride 
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membrane, and probed with specific antibodies. Equal protein loading was verified by 

reprobing membranes with antibody to β-actin or specific protein of interest.

2.6. Rac and GEF activation assays

Rac activation was evaluated in pulldown assays using agarose beads with immobilized 

PAK1-PBD [28]. In brief, after stimulation, cell lysates were collected, and GTP-bound Rac 

was captured using pull-down assays with immobilized PAK1-PBD agarose. The levels of 

activated Rac as well as total Rac content were evaluated by western blot analysis. Active 

Asef or Tiam1 was affinity precipitated from cell lysates according to previously described 

protocol [34] using the Rac (G15A) mutant kindly provided by K. Szaszi (St. Michael's 

Hospital, Toronto, Canada). This mutant cannot bind nucleotide and therefore has high 

affinity for activated GEFs [35]. Activated Asef and Tiam1 in Rac (G15A) pulldowns were 

detected by Western blotting and normalized to total Asef or Tiam1 in cell lysates for each 

sample. Precipitation with glutathione–Sepharose beads containing no fusion proteins 

resulted in no guanine nucleotide exchange proteins precipitation.

2.7. Statistical analysis

Results are expressed as means ± SD of three to six independent experiments. Stimulated 

samples were compared to controls by unpaired Student's t-tests. For multiple-group 

comparisons, a one-way variance analysis (ANOVA), followed by the post hoc Fisher's test, 

were used. P<0.05 was considered statistically significant.

3. Results

3.1. HGF-induced activation of Asef and Tiam1 mediates barrier protective effects on 
pulmonary EC

Involvement of Asef and Tiam1 in HGF-induced EC barrier enhancement was first tested in 

experiments with measurements of permeability for macromolecules. Knockdown of Asef, 

Tiam1 or both proteins in human lung EC was performed using siRNA approach. Fresh EC 

monolayers with nearly established confluence were used to better illustrate barrier 

enhancing effects of HGF treatment and effects of protein knockdown. Bar graph (Figure 

1A) represents quantitative analysis of EC permeability changes by measurements of 

fluorescence of accumulated FITC-avidin in 96-well plates using microplate reader, as 

described in Methods. Single knockdown of Tiam1 or Asef partially attenuated HGF-

induced EC barrier enhancement indicated by increased binding of FITC-avidin to 

biotinylated substrate under EC monolayers. The double knockdown of Asef and Tiam1 

exhibited additive effect on suppression of HGF-induced EC barrier enhancement.

Visualization of paracellular permeability was performed by fluorescence microscopy of 

control and stimulated EC grown on glass coverslips after quick incubation with FITC-

avidin permeability tracer (Figure 1B). In control conditions, low levels of basal 

accumulation of FITC-labeled tracer were observed at sites underlying the cell-cell junction 

area and reflecting basal levels of paracellular permeability. HGF significantly decreased the 

basal EC monolayer permeability for FITC-labelled avidin. Barrier enhancing effect of HGF 
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was partially attenuated by single knockdown of Asef or Tiam1 and was completely 

abrogated in EC monolayers with double Asef/IQGAP1 knockdown.

3.2. HGF-induced activation of Rac is mediated by Asef and Tiam1

Single Asef or Tiam1 knockdown partially attenuated HGF-induced Rac activation 

evaluated by Rac-GTP pulldown assays. Rac activation was completely inhibited by double 

knockdown of Asef and Tiam1 (Figure 2A, left panel). siRNA-induced taget protein 

knockdown was confirmed by western blot analysis of EC lysates (Figure 2A, right panel). 
HGF activated Asef and Tiam1 guanine nucleotide exchange activities towards Rac 

evaluated by pulldown of activated GEFs on Rac(G15A) beads. These effects were 

abrogated by the cell pretreatment with pharmacologic inhibitors of HGF receptor c-Met and 

PI3-kinase (Figure 2B). These results demonstrate dual regulation of HGF-induced Rac 

activity by Asef and Tiam1.

3.3. HGF induces selective recruitment of Asef to microtubules and association with APC

Asef interaction with microtubule-associated protein adenomatous polyposis coli (APC) is 

required for its activation and guanine nucleotide exchange activity towards Rac [22]. 

Analysis of potential Asef and Tiam1 recruitment to microtubules was examined in 

experiments with isolation of microtubule enriched fraction. HGF stimulation increased the 

levels of Asef and APC in EC microtubule fraction (Figure 3A). By contrast, the basal levels 

of Tiam1 detected in MT fraction under non-stimulated conditions were not affected by 

HGF treatment. siRNA-induced knockdown of APC abolished HGF-induced recruitment of 

Asef to microtubule fraction suggesting APC-facilitated mechanism of Asef association with 

microtubules (Figure 3B). Analysis of total cell lysates showed that APC knockdown did not 

affect total Asef levels in pulmonary EC. APC-Asef association was further tested in 

reciprocal co-immunoprecipitation assays using APC or Asef antibody. HGF stimulated 

interaction between Asef and APC, which was abolished by cell pretreatment with c-Met 

and PI3-kinase inhibitors (Figure 3CD). These data suggest that in addition to activation of 

nucleotide exchange activity, c-Met - PI3-kinase signaling is also important for Asef 

interaction with APC.

3.4. Inhibition of peripheral microtubule dynamics attenuates HGF-induced barrier 
enhancement

Nocodazole (ND) is a MT depolymerizing agent capable of complete dissolution of 

microtubule network when used at high concentration. However, at low concentrations 

nocodazole has been shown to have no effect on gross MT cytoskeleton structure, but slow 

down peripheral MT dynamics [36]. In the test experiments we determined the ND 

concentration which had no considerable effect on basal EC permeability evaluated by 

measurements of transendothelial electrical resistance (TER) (Figure 4A) and microtubule 

arrangement under basal conditions (Figure 4B). At this low concentration (0.05 nM), ND 

attenuated HGF-induced barrier enhancement monitored by TER measurements in EC 

monolayers (Figure 5A). We evaluated effects of HGF and low dose ND pretreatment on 

peripheral MT density. EC after HGF stimulation were fixed with methanol and subjected to 

immunofluorescence staining with antibody to End-Binding protein-1 (EB1) which tracks 
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the growing plus end of microtubules. Analysis of EB1 staining showed higher density of 

EB1-positive MT tips at the distal area of HGF-stimulated cells, as shown in Figure 5B and 

higher magnification insets. Pretreatment with low dose ND did not significantly affect the 

EB1-positive MT tips density in control cells, but abolished the HGF effects on peripheral 

MT expansion. Bar graph presents the quantitative analysis of immunofluorescence data.

3.5. Differential role of peripheral microtubule dynamics in HGF-induced translocation of 
APC/Asef and Tiam1

Effects of MT peripheral dynamics on APC, Asef and Tiam1 recruitment to cell cortical 

compartment were examined using treatment with low ND dose, as described above. 

Subcellular fractionation experiments showed that low dose ND treatment abolished 

accumulation of APC and Asef in the membrane/cytoskeletal fraction. Of note, low dose ND 

treatment did not affect the HGF-induced membrane recruitment of Tiam1 (Figure 6A). Bar 

graphs represent quantitative analysis of Asef, APC and Tiam1 translocation in HGF-

stimulated EC with and without ND pretreatment. Immunofluorescence analysis of 

intracellular Asef and Tiam1 localization shows increased accumulation of these proteins at 

the submembrane area at the cell periphery of HGF-stimulated EC. Pretreatment with low 

dose ND abolished the HGF-induced peripheral accumulation of Asef but did not affect 

accumulation of Tiam1 (Figure 6B).

3.6. Inhibition of peripheral microtubule dynamics attenuates HGF-induced activation of 
Rac signaling and enhancement of EC barrier

EC pretreatment with low dose ND attenuated HGF-induced activation of Rac (Figure 7A) 

and phosphorylation of Rac effector PAK1 and regulator of actin remodeling, cortactin 

(Figure 7B). This parameter reflects activation of Rac signaling pathway, as phosphorylation 

of cortactin at Y421 and Y466 in response to Rac1 activation resulted in localization of 

phosphorylated cortactin with F-actin in lamellipodia and podosomes [37] and regulated 

actin dynamics. In turn, decreased cortactin tyrosine phosphorylation was observed in cells 

with inhibited Rac1 and was associated with inhibition of cortactin peripheral localization 

[38].

Effects of low ND dose on the HGF-induced EC barrier enhancement were further tested 

using visualization of local areas in the EC monolayers with increased EC permeability for 

macromolecules. Bar graph depicts results of quantitative analysis of permeability data 

(Figure 7C). HGF significantly decreased the basal EC monolayer permeability for FITC-

labelled avidin. Barrier enhancing effect of HGF was attenuated in EC monolayers 

pretreated with low ND dose. Visualization of the sites of increased permeability showed 

that basal levels of FITC-labeled tracer accumulation at sites underlying the cell-cell 

junction area observed in control nonstimulated EC monolayers were reduced in HGF-

treated EC, and HGF effect was attenuated by low dose ND pretreatment. (Figure 7D).

4. Discussion

The main finding of this study is a demonstration of a novel role of Asef in the HGF-

induced enhancement of endothelial barrier. Our data also show different routes of HGF-
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induced Tiam1 and Asef translocation to cell periphery. While HGF-induced PI3-kinase 

activation was essential for activity of both GEFs, the HGF-induced Tiam1 activation and 

peripheral translocation was independent on microtubule dynamics. In contrast, HGF-

induced microtubule peripheral growth was required for APC-assisted translocation of Asef 

to cell periphery, full activation of Rac signaling and EC barrier enhancement response. 

HGF increased association of Asef and APC with MT fraction and stimulated formation of 

Asef-APC complex detected by reciprocal co-immunoprecipitation assays. APC forms a 

complex with EB1 at microtubule plus-ends and colocalizes at cell junctions with adherens 

junction protein β-catenin [39]. On the other hand, APC binding to Asef via its armadillo 

repeat domain enhances its GEF activity [40]. These features suggest a potential role for 

APC in regulation of basal endothelial barrier and re-establishment of monolayer integrity 

via agonist-induced interactions with Asef and stimulation of Asef nucleotide exchange 

activity.

In polarized fibroblasts, APC accumulation was also observed at the actin-rich lamellopodia 

of migrating cells [41]. Importantly, the most frequent APC localization occurs at the tips of 

microtubule-dependent cellular protrusions which appear to be the areas with activated actin 

dynamics and migration activity in this direction [42]. These published data support the 

proposed role for Asef-APC complex in the microtubule-guided local regulation of Rac 

activity observed in our study.

The accumulation of APC at EC periphery observed in this study may be also mediated 

through direct interactions of APC with the Rac/Cdc42 effector protein, IQGAP1 [41]. Our 

unpublished data show presence of IQGAP1 in the Asef co-immunoprecipitates from HGF-

stimulated EC. These observations support our hypothesis that HGF-induced EC barrier 

enhancement is mediated by local Rac signaling via MT-APC assisted delivery and IQGAP1 

peripheral capturing of Asef leading to its activation and local stimulation of Rac siganling.

This study used EC treatment with low dose nocodazole to further dissecta role of peripheral 

MT polymerization/depolymerization dynamics in HGF-induced signaling by Asef and 

Tiam1. We determined the nocodazole concentration which, similarly to effects previously 

described in immortalized BSC-1 cell line [36], did not cause global changes in the pool of 

polymerized tubulin or MT network structure, but attenuated peripheral MT polymerization/

depolymerization dynamics in pulmonary EC. At this concentration, nocodazole inhibited 

HGF-induced peripheral MT expansion and significantly attenuated HGF-induced 

peripheral accumulation of Asef without affecting peripheral translocation of Tiam1. 

“Freezing” of peripheral microtubule dynamics partially attenuated HGF-induced activation 

of Rac signaling and decreased HGF-induced barrier enhancement in EC monolayers which 

was detected by XPerT permeability assay. These results further support a novel role for 

Asef in local regulation of Rac signaling at cell periphery via cooperation with microtubule-

dependent mechanisms.

In summary, the results of this study provide a new insight into barrier enhancing 

mechanisms stimulated by HGF and demonstrate an alternative mechanism of Rac 

stimulation via APC- and MT-mediated peripheral delivery and activation of Asef which 

acts in concert with PI3K-Tiam1-dependent axis of Rac signaling.
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Non-standard Abbreviations

APC Adenomatous Polyposis Coli Protein

EB1 End-Binding protein-1

EC endothelial cells

GEF guanine nucleotide exchange factor

HPAEC human pulmonary artery endothelial cells

MT microtubules

nsRNA non-specific RNA

TER transendothelial electrical resistance

XPerT express permeability testing assay
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Highlights

- Asef and Tiam1 cooperatively regulate HGF-induced endothelial barrier 

enhancement

- PI3-kinase activation was essential for activity of both GEFs

- Tiam1 activation and peripheral translocation was independent on MT 

dynamics

- HGF-induced MT peripheral growth was required for Asef-mediated Rac 

activation
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Figure 1. Asef and Tiam1 knockdown attenuates HGF-induced EC barrier enhancement
A - EC grown in 96-well plates were transfected with Asef-specific, Tiam1-specific siRNA 

or non-specific RNA were stimulated with HGF (50 ng/ml, 10 min). After unbound FITC-

avidin was removed, the FITC fluorescence at the bottom of culture dish was measured as 

described in Methods; *P<0.05 vs. control; **P<0.05 vs. HGF-stimulated EC treated with 

nonspecific RNA; n=6. B - Pulmonary EC grown on glass coverslips with immobilized 

biotinylated gelatin (0.25 mg/ml) were transfected with specific siRNA or non-specific 

RNA. After cell stimulation with vehicle or HGF (50 ng/ml), FITC-avidin (25 μg/ml) was 

added for 3 min. Unbound FITC-avidin was removed, and FITC fluorescence signal was 

visualized by fluorescence microscopy.
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Figure 2. Role of Asef and Tiam1 in HGF-induced activation of Rac
A – Pulmonary EC were transfected with Asef-specific, Tiam1-specific siRNA, or their 

combination, or with non-specific RNA and stimulated with HGF (50 ng/ml, 5 min). Rac 

activation was determined by Rac-GTP pulldown assay. Content of activated Rac was 

normalized to the total Rac content in EC lysates. siRNA-induced target protein depletion 

was verified by western blot analysis. Bar graphs represent quantitative densitometry of 

western blot experiments. *P<0.05 vs. nsRNA; n=3. B – Cells were preincubated with 

vehicle, c-Met inhibitor (carboxamide 50 nM, 30 min) or PI3-kinase inhibitor (LY294002 

20μM, 30 min) followed by stimulation with HGF (5 min). Asef and Tiam1 activation was 

determined by pulldown assay with immobilized RacG15A and evaluated by increased GEF 

association with RacG15A. Content of activated Asef or Tiam1 was normalized to the total 

GEF protein content in EC lysates. Bar graphs represent quantitative densitometry of 

western blot experiments. *P<0.05 vs. HGF treatment without inhibitors; n=3.
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Figure 3. HGF effects on APC, Asef and Tiam1 association with MT fraction and APC-Asef 
interactions
A – EC were stimulated with HGF (50 ng/ml) followed by isolation of MT-enriched 

fractionation. APC, Asef and Tiam1 were detected by western blot of MT fractions and 

normalized to tubulin content. Bar graph represents quantitative densitometry of western 

blot experiments. *P<0.05; n=3. B – EC were treated with nonspecific and APC-specific 

siRNA, and HGF-induced accumulation of Asef in MT fraction was assessed. Lower panels 

show Western blot detection of total Asef and APC protein levels in total cell lysates. Bar 

graphs represent quantitative densitometry of western blot data. *P<0.05 vs. nsRNA; n=3. C 
and D - EC pretreated with vehicle, c-Met inhibitor or PI3-kinase inhibitor were stimulated 

with HGF (50 ng/ml), and APC (C) and Asef (D) proteins were immunoprecipitated under 

non-denaturing conditions using appropriate antibody. Presence of APC, Asef and Tiam1 in 

immune complexes was tested by western blot. Results are representative of three to six 

independent experiments.
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Figure 4. Dose-dependent effects of nocodazole on EC permeability and microtubule 
arrangement
A – EC were treated with the indicated concentrations of nocodazole, and changes in EC 

permeability were monitored by TER measurements. Shown are representative data from 

three independent measurements. B – Immunofluorescence staining of microtubule 

cytoskeleton in EC treated with various nocodazole concentrations was performed using β-

tubulin antibody.
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Figure 5. Effect of low dose nocodazole on HGF-induced EC barrier enhancement and 
microtubule peripheral growth
A – Human pulmonary EC were treated with low dose nocodazole (0.05 nM, marked by first 

arrow). At the time point indicated by second arrow, cells were stimulated with HGF (50 ng/

ml), and TER was monitored over 2 hrs. Shown are representative data of four independent 

experiments. B - EC grown stimulated with HGF with or without pretreatment with low 

dose nocodazole (0.05 nM) followed by immunostaining with anti-EB1 antibody. Insets 

show high magnification images of cell peripheral areas with EB1-positive microtubule tips. 

Bar graph depicts quantitative analysis of peripheral EB1 in methanol-fixed HPAEC 

monolayers; *P<0.05, n=6.
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Figure 6. Effect of low dose nocodazole pretreatment on HGF-induced Asef, Tiam1 and APC 
peripheral translocation
Human pulmonary EC pretreated with low dose nocodazole (0.05 nM, 15 min) were 

stimulated with HGF (50 ng/ml). A – Asef, Tiam1 and APC accumulation in membrane/

cytoskeletal fraction was monitored by western blot. The content of examined proteins in 

corresponding total cell lysates was used as a normalization control. Bar graph represents 

quantitative densitometry of western blot experiments. *P<0.05 vs. HGF without nocodazole 

treatment; n=4. B - Intracellular redistribution of endogenous Asef an Tiam1 in HGF-

stimulated endothelial cells was examined by immunofluorescence staining with appropriate 

antibody. Shown are representative results of three to five independent experiments.
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Figure 7. Pretreatment with low dose nocodazole suppresses HGF-induced activation of Rac 
pathway and EC barrier enhancement
Human pulmonary EC pretreated with low dose nocodazole (0.05 nM, 15 min) were 

stimulated with HGF (50 ng/ml). A – Rac activation was assessed by pulldown of Rac-GTP 

using PAK-PBD beads. B – Rac-dependent PAK and cortactin phosphorylation was 

assessed by western blot analysis of total cell lysates. C and D – EC permeability was 

evaluated by XPerT permeability assay described in Methods. After unbound FITC-avidin 

was removed, the FITC fluorescence signal was visualized by fluorescence microscopy. The 

bar graph shows quantitative analysis of EC permeability of EC monolayers grown in 96-

well plates; *P<0.05 vs. HGF without nocodazole treatment; n=6 (C). Permeability changes 

were monitored in pulmonary EC grown on glass coverslips with immobilized biotinylated 

gelatin (0.25 mg/ml) (D).
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