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Transforming growth factor (TGF)-b1 activity has been shown to
increase vascular endothelial barrier permeability, which is believed
to precede several pathologic conditions, including pulmonary
edema and vessel inflammation. In endothelial monolayers, TGF-
b1 increases permeability, and a number of studies have demon-
strated the alteration of cell–cell contacts by TGF-b1. We hypothe-
sized that focal adhesion complexes also likely contribute to
alterations in endothelial permeability. We examined early signal
transduction events associated with rapid changes in monolayer
permeability and the focal adhesion complex of bovine pulmonary
artery endothelial cells. Western blotting revealed rapid tyrosine
phosphorylation of focal adhesion kinase (FAK) and Src kinase in
response to TGF-b1; inhibition of both of these kinases using pp2
(4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine),
ameliorates TGF-b1–induced monolayer permeability. Activation of
FAK/Src requires activation of the epidermal growth factor receptor
downstream of the TGF-b receptors, and is blocked by the epidermal
growth factor receptor inhibitor AG1478. Immunohistochemistry
showed that actin and the focal adhesion proteins paxillin, vinculin,
and hydrogen peroxide–inducible clone-5 (Hic-5) are rearranged in
response to TGF-b1; these proteins are released from focal adhesion
complexes. Rearrangement of paxillin and vinculin by TGF-b1 is not
blocked by the FAK/Src inhibitor, pp2, or by SB431542 inhibition
of the TGF-b type I receptor, anaplastic lymphoma kinase 5; how-
ever, pp1 (4-Amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]
pyrimidine), which inhibits both type I and type II TGF-b receptors,
does block paxillin and vinculin rearrangement. Hic-5 protein rear-
rangementrequiresFAK/Srcactivity.Together, these results suggest
that TGF-b1–induced monolayer permeability involves focal adhe-
sion and cytoskeletal rearrangement through both FAK/Src-depen-
dent and -independent pathways.
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Transforming growth factor (TGF)-b1, a multifunctional growth
factor/cytokine, can activate numerous physiologic and patho-
logic cellular processes, such as cell migration, stimulation or
inhibition of cell growth, tissue injury response, modulation of
immune cell activity, and extracellular matrix modification (1–5).
Paradoxically, although TGF-b1 is important for normal repair
processes in several tissues, increased expression of TGF-b1 has

a detrimental effect in the lung (5, 6). In pathologic conditions,
TGF-b1 has been implicated in increased permeability of the
endothelial barrier associated with both pulmonary edema and
vascular remodeling. In patients with acute lung injury (ALI) or
acute respiratory distress syndrome (ARDS) increased levels of
TGF-b1 protein, detected in the bronchoalveolar lavage fluid,
correlates with pulmonary edema and increased pulmonary
vessel permeability (7–11). In animal models of ALI/ARDS,
TGF-b1 protein is increased in the bronchoalveolar lavage fluid
several days after administration (12), and pulmonary edema
could be attenuated by either a pharmacologic inhibitor of
TGF-b1 or in mice lacking the integrin avb6, which activates
latent TGF-b1 (13, 14). TGF-b1 is also believed to be involved
in the loss of pulmonary artery barrier function, leading to
vascular remodeling in pulmonary hypertension; in this case,
decreased endothelial barrier function allows cytokines and
inflammatory cells infiltration of the intimal layer of the vessels,
leading to smooth muscle cell hypertrophy and hyperplasia (15).

In vitro studies have shown that TGF-b1 induces an alteration
in vascular endothelial cell shape from cobblestone to a pleo-
morphic morphology within 24 hours (16), and TGF-b1 reduces
vascular endothelial monolayer barrier integrity that is detect-
able within 3 hours of treatment (17). The change in endothelial
barrier permeability is concurrent with myosin light-chain phos-
phorylation, rearrangement of the myosin and actin cytoskeletal
proteins, and disassembly of the adherens junctions (17, 18).

Members of the TGF-b superfamily signal through complexes
of heteromeric serine/threonine kinase transmembrane recep-
tors, which have been classified as type I or type II receptors based
on amino acid sequences and functional properties (3, 6). Ex-
tensive research has shown that the biological responses to TGF-
b1 are cell type specific, and that the signaling differences occur,
at least in part, due to differential expression of TGF-b receptor
subtypes (19, 20). Endothelial cells of the lung express the TGF-b
type II receptor (TbR-II) and two type I receptors, the activin
receptor-like kinase 5 (ALK5), which is broadly expressed, and
ALK1, which is expressed solely in the endothelium (20). Signal
transduction leading to loss of endothelial barrier function has
been shown to include TGF-b1 activation of p38 mitogen-
activated protein kinase (MAPK), and the activation of RhoA
and Rho-kinase (17, 18, 21).

CLINICAL RELEVANCE

Pulmonary edema is a critical factor in acute respiratory
distress syndrome. Transforming growth factor (TGF)-b1
is involved in this activity, and we have investigated early
signal transduction of TGF-b1, which is involved in alter-
ations of the endothelial cell monolayer.
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Recently, experiments have shown that focal adhesion kinase
(FAK) is also important for the regulation of endothelial barrier
function (22). We hypothesized that TGF-b1–induced membrane
permeability may also involve alterations in the focal adhesion
complex. Here, we have examined early TGF-b1 signal trans-
duction leading to the activation of FAK and src kinase, and
rearrangement of the focal adhesion proteins, paxillin, vinculin,
and hydrogen peroxide–inducible clone (Hic)-5. Our results
suggest that FAK/Src activation requires the epidermal growth
factor receptor (EGFR) downstream of TGF-b receptor activa-
tion, and, although Src and FAK may regulate subcellular lo-
calization of some members of the focal adhesion complex (e.g.,
Hic-5), other members (e.g., paxillin and vinculin) are regulated
through other pathways downstream of the TGF-b receptors.

MATERIALS AND METHODS

Reagents

TGF-b1 protein (101-B1) was purchased from R&D Systems (Minne-
apolis, MN). FBS (100–106) was from Gemini Bio-Products (Woodland,
CA). RPMI 1640 medium, fungizone, and Dulbecco’s PBS were
purchased from Invitrogen (Carlsbad, CA). The FAK/Src kinase in-
hibitor, pp2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]
pyrimidine), and actinomycin D were purchased from Calbiochem (La
Jolla, CA). The TGF-b type I receptor kinase inhibitors, SB431542 or
SB505124, were purchased from Sigma Aldrich (St. Louis, MO). The
EGFR inhibitor, AG1478, was purchased from Calbiochem (San Diego,
CA); pp1 (4-Amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]
pyrimidine) inhibitor was purchased from Tocris (Elliswille, MO).
Antibodies were purchased from the following companies: anti-p42/
p44 MAPK, anti-paxillin and anti-Smad2/3 were from Upstate Biotech
(Charlottesville, VA); EGFR activated form (clone 74), vinculin, and
Hic-5 antibodies were purchased from BD Transduction Laboratories
(San José, CA); phospho-p42/p44 MAPK antibody was purchased from
Signal Transduction Laboratories (Beverly MA); antibodies for extra-
cellular signal–regulated kinase 1, b-actin, and influenza hemaglutinin
(HA, Y-11) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Alexa Fluor 488–labeled secondary antibodies directed
against rabbit or mouse primary antibodies, and rhodamine-labeled
phalloidin were purchased from Molecular Probes (Eugene, OR).

Cell Culture

Bovine pulmonary artery endothelial cells (BPAEC) purchased from
Cell Applications, Inc. (San Diego, CA). Passage 2–8 cells were used
for all experiments and were cultured in RPMI 1640 with 10% FBS,
1% penicillin/streptomycin, and 0.5% fungizone. Cells were grown in
5% CO2 at 378C in a humidified atmosphere in a culture incubator.
Human embryonic kidney 293 cells, purchased from American Type
Culture Collection (Manassas, VA), were grown in Dulbecco’s mod-
ified Eagle’s medium with 10% FBS, 1% penicillin/streptomycin, and
0.5% fungizone, in 5% CO2 at 378C in a humidified atmosphere in
a culture incubator.

Endothelial Barrier Permeability

BPAEC were seeded on transparent filter insert (Falcon; BD Bioscien-
ces, Bedford, MA) preincubated in a six-well plate with warm RPMI/
10% FBS. Once the cells grew to confluence (6–7 days), cells were
switched to low serum (RPMI/0.01% FBS) for 16 hours. The endothelial
barrier function was measured using MilliCell-ERS (Millipore, Billerica,
MA). The electrical resistance of each cell monolayer was measured at
several time points before and after different treatments by immersing
one tip of the electrode in the well and the other in the insert. The level of
total resistance of the electrode is subtracted as a control for all electrical
resistance experiments. The resistance of the filter alone is approxi-
mately 98–100 mOhms. Experiments were performed at least three times
(each with n 5 3 monolayers). Data are presented as means (1 SD).
Statistical differences were determined by analysis of variance followed
by Bonferroni’s post hoc testing for multiple comparisons between two
sample means (P , 0.05 was considered statistically significant).

Cell Lysate and Immunoprecipitation

Cell lysates for Western blotting were prepared as previously described
(23). Briefly, cells were growth-arrested in medium containing 0.1%
FBS. The cells grown on a 35-mm dish were preincubated with
inhibitors for 30 minutes before treatment with TGF-b1. Cells were
washed two times with ice-cold PBS and then scraped in 100 ml buffer
containing 50 mM Hepes solution (pH 7.4) containing 1% (vol/vol)
Triton X-100, 4 mM EDTA, 1 mM NaF, 0.1 mM Na3VO4, 1 mM
Na4P2O7, 2 mM phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin, and
10 mg/ml aprotinin. After the cells were transferred to the tubes, they
were placed on ice for 15 minutes and briefly vortexed. The insoluble
material was removed by centrifugation (14,000 3 g, 10 minutes, 48C),
and the supernatant was used for analysis.

For immunoprecipitation, equal concentrations of protein (at least
300 mg) of cell lysates were immunoprecipitated with the 1/1,000
dilution of primary antibody and 1/100 (vol/vol) GammaBind Plus
beads (10 ml/1 ml; Amersham Biosciences, Piscataway, NJ). After
incubation overnight on a rotator at 48C, the beads were precipitated
by microcentrifugation at 10,000 3 g for 10 minutes at 48C and washed
twice with fresh lysis buffer containing protease and phosphatase
inhibitors. The final wash buffer was removed and beads were boiled
in 25 ml fresh Laemmli buffer for 5 minutes. The beads were vortexed
and finally precipitated for 10 minutes at 14,000 3 g.

Nuclear Extracts

Cells were washed in ice-cold PBS and scraped into a lysis buffer
containing 10 mM Hepes (pH 7.8), 10 mM KCl, 2 mM MgCl2, 4 mM
EDTA, 0.1 mM PMSF, 5 mg/ml leupeptin, 5 mg/ml aprotinin, 95 mM
NaF, 2.7 mM Na3VO4, and 10 mM Na4P2O7; lysates were incubated for
15 minutes at 48C. Nonidet P-40 was then added at a final concentration
of 0.6%. The lysates were then mixed vigorously and centrifuged at 48C
for 5 minutes. Pelleted nuclei were resuspended in 50 mM Hepes (pH
7.8), 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 0.1 mM PMSF, and
10% (vol/vol) glycerol, then mixed for 30 minutes to 2 hours at 48C,
centrifuged, and the supernatant harvested.

Western Blots

Cell lysates (10 mg of protein) were electrophoresed through 10% SDS-
PAGE and electroblotted onto a membrane. Blots were blocked in 5%
BSA in Tris-buffered saline (TBS)/0.1% Tween 20 (TTBS) for 1 hour
at ambient temperature before incubating overnight with 1:1,000
dilution of primary antibody in TTBS/0.5% BSA at 48C. Blots were
washed three times with TTBS for 10 minutes, for a total of 30 minutes.
Secondary antibodies were diluted 1:1,000 in TTBS for 1 hour; blots
were washed in TBS for at least 2 hours before exposing to the film.
ECL (Amersham, Piscataway, NJ) was applied according to the
manufacturer’s instructions before film exposure.

Immunohistochemistry

Cells were grown in 35-mm dishes onto glass coverslips for 8–16 hours.
Cells were grown to 80% confluence before treatment. Cells were then
washed once with 1 ml warm PBS for 3 minutes before fixing for 5
minutes in 1 ml formalin (4% formaldehyde in PBS). Cells were then
gently washed thrice with 1 ml room temperature PBS for 3 minutes.
Cells were permeabilized for 5 minutes with triton buffer (0.1% triton,
50 mM PIPES, pH 7.0, 90 mM HEPES, pH 7.0, 0.5 mM MgCl2, 75 mM
KCl, 0.5 mM EGTA) and again washed three times in PBS. For actin
cytoskeletal labeling, rhodamine-labeled phalloidin (1:50 in 1% BSA in
PBS) was added drop-wise onto the center of the cover slip and
incubated for 1 hour at ambient temperature. For immunodetection of
focal adhesion proteins, primary antibodies were diluted 1:100 in 2%
BSA in PBS. Antibody solutions were added drop-wise to the coverslip
and incubated for 30 minutes at ambient temperature. Secondary
antibodies were diluted 1:100 in 2% BSA in PBS and incubated for
30 minutes at ambient temperature. Finally, the stained cells were
washed three times with 1 ml PBS at ambient temperature for 3
minutes each. Cover slips were mounted in 9:1 glycerol PBS. Fluores-
cent proteins were visualized on an Olympus FV500 series confocal
laser scanning microscope using 340 magnification (Olympus, Center
Valley, PA).
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Neutral Comet Assay

The neutral comet assay was used to measure double-stranded DNA
breaks as an indication of apoptosis as previously described (24). Cells
were treated with apoptotic stimuli, washed in PBS, pH 7.4, embedded
in 1% agarose, and placed on a comet slide (Trevigen, Gaithersburg,
MD). Cells were then placed in lysis solution (2.5 M NaCl, 1% Na-
lauryl sarcosinate, 100 mM EDTA, 10 mM Tris base, 0.01% Triton
X-100) for 30 minutes. The nuclei were subsequently electrophoresed
for 20 minutes at 1 V/cm in 13 Tris/borate/EDTA buffer (TBE; 53

TBE stock is 250 mM Tris, 250 mM Boric acid, 5 mM EDTA), fixed in
ethanol, followed by staining with Sybr Green (Molecular Probes,
Eugene, OR) and visualized with an Olympus FV500 series confocal
laser scanning microscope using 403 magnification at 478 nm excita-
tion and 507 nm emission wavelengths. Between 100 and 150 comets
were scored per experiment and assigned into type A, B, or C cate-
gories, based on their tail moments. Type C comets were defined as
apoptotic cells as described by Krown and colleagues (25).

RESULTS

TGF-b1 Activates Src and FAK, and Inhibition of These

Kinases Ameliorates TGF-b1–Induced Permeability

of an Endothelial Monolayer

We hypothesized that focal adhesion complexes and cellular
adhesion to the substratum may be involved in endothelial
barrier function (22). A study of TGF-b1 signal transduction
showed that FAK is activated downstream of integrin upregu-
lation within approximately 6 hours in fibroblasts (26). The
kinetics of TGF-b1–induced phosphorylation of FAK and Src
is shown in Figure 1A. Phosphorylation occurred within 10
minutes after 1 ng/ml TGF-b1 treatment, and was transient.
Interestingly, although Src is not phosphorylated in fibroblasts,
we found phosphorylation of src in endothelial cells with a time
course similar to that of FAK (Figure 1B). Our experiments
also showed that total cellular levels of FAK and Src were not
altered by treatment with TGF-b1 (middle panels, Figures 1A
and 1B, respectively).

We next investigated the role of FAK/Src in TGF-b1–
induced increase in endothelial monolayer permeability. Treat-
ment of a confluent monolayer of PAEC with TGF-b1 reduced
the integrity of the endothelial barrier, detectable within 2 hours
(Figure 1C). This is in agreement with the findings by others
using both macromolecular diffusion and electrical impedance
techniques showing that TGF-b1 increases permeability of an
endothelial monolayer (17). Pretreatment of cells with pp2,
a FAK/Src inhibitor, ameliorated TGF-b1–induced permeabil-
ity of the endothelial barrier. Treatment with pp2 alone had no
detectable effect on the endothelial barrier permeability. In
some cases, TGF-b1 has been shown to cause decreased vi-
ability of endothelial cells. We therefore investigated the effect
of TGF-b1 on apoptosis in the PAEC during this short time
period using the neutral comet assay (Figure 1D). The 4-hour
time point showed no apoptosis, although some apoptosis was
observed at 24 hours. Therefore, the increase in endothelial
barrier permeability at early time points did not appear to be
related to TGF-b1–induced apoptosis.

ALK5 Receptor Inhibition Does Not Block TGF-b1–Induced

FAK Activation, but EGFR Transactivation Is Required

Endothelial cells express the TbR-II and two type I receptors,
ALK1 and ALK5 (20). These two type I receptors appear to have
different signaling targets in endothelial cells (20); however, the
kinase activity of ALK5 was found to be required for ALK1-
induced signal transduction, such as Smad1/5 phosphorylation
(27). In agreement with findings by others (3), inhibition of
the ALK5 receptor kinase by the specific inhibitor, SB431542,

blocked TGF-b1–induced nuclear translocation of Smads 2 and
3 in PAEC (Figure 2A). Unexpectedly, however, phosphoryla-
tion of FAK was not affected by inhibition of ALK5 (Figure
2B); total levels of FAK were unchanged during this time
course (data not shown).

Recent results by Uchiyama-Tanaka and colleagues showed
that, in mesangial cells, TGF-b1 activates FAK through the
rapid (z 2 minute) transactivation of the EGFR (28). Because
of the similarity of the FAK activation time course in mesangial
cell with our findings in PAEC, we investigated whether the
EGFR was also involved in this cell type. Western blot analysis
showed that TGF-b1 treatment led to the phosphorylation of
EGFR, detectable within 3 minutes (Figure 2C). Preincubation
of cells with the specific EGFR inhibitor, AG1478, completely
blocked TGF-b1–induced phosphorylation of FAK without al-
tering total cellular concentrations of FAK protein (Figure 2D).
These data suggest that transactivation of EGFR is required for
FAK activation, and that this activation occurs independently of
ALK5 activation.

FAK/Src Inhibition Reduces TGF-b1–Induced Increase in

Tyrosine Phosphorylation but Does Not Block P42/P44

MAPK Activation

Our findings of FAK and Src activation by TGF-b1 in endothe-
lial cells were in contrast with previous findings in fibroblasts, in
which FAK activation is delayed (z 6 hours) and there is no
activation of Src (26, 29). In fibroblasts, TGF-b1 signaling re-
sults in phosphorylation of a number of high–molecular weight
proteins including FAK and additional proteins that have not
yet been identified (30). Inhibition of FAK phosphorylation
blocks some of the long-term effects of TGF-b1 in fibroblasts,
including alterations associated with transdifferentiation to the
myofibroblast phenotype (26). Examination of signaling by
TGF-b1 in endothelial cells also showed the induction of
tyrosine phosphorylation on several high molecular weight
proteins (Figure 3A). A peak of tyrosine phosphorylation of
a number of proteins (mostly . 60 kD) occurred between 2 and
4 hours after treatment; this is in contrast with findings in
fibroblasts, where a peak in tyrosine phosphorylation of high–
molecular weight proteins occurred at 6–12 hours (30). In-
hibition of FAK/Src kinases in PAEC greatly reduced overall
TGF-b1–induced tyrosine phosphorylation (Figure 3B), sug-
gesting that FAK and/or Src are required for subsequent tyro-
sine phosphorylation.

As the identities of most of the phosphotyrosine proteins are
not known, we further investigated the requirement of FAK/Src
for TGF-b1 activation of MAPK in endothelial cells. In PAEC,
TGF-b1 induced sustained activation of MAPK, which was de-
tectable within 30 minutes of treatment (Figure 3C). Total cel-
lular levels of MAPK were not changed. Interestingly, pp2 did
not inhibit TGF-b1 activation of MAPK, suggesting that FAK/Src
are not required for MAPK activation by TGF-b1 (Figure 3D).

TGF-b1 Induces Cytoskeletal and Focal Adhesion

Complex Rearrangement

The phosphorylation states of FAK and/or Src are known to
influence the assembly of proteins in the focal adhesion complex
(31). Treatment of PAEC with TGF-b1 induced the rearrange-
ment of peripheral actin, which could be detected by im-
munohistochemical staining within 1 hour of treatment, with
a maximal effect at approximately 4 hours (Figure 4A, upper
panels). Actin fibers withdrew from the periphery of the cell,
and subsequently formed a network within the cell, away from
the cell membrane. No reduction in total cellular actin was de-
tected (data not shown). This is in agreement with findings by
others in studies examining actin rearrangement in microvascular
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endothelial cells in response to factors that alter cellular
motility or cell monolayer integrity (17, 21, 32).

Rearrangement of focal adhesion proteins paxillin, vinculin,
and the paxillin-related protein, Hic-5, were observed with
a similar time course as actin rearrangement. In untreated cells,
paxillin was observed in discretely staining focal adhesions, as
shown by immunohistochemical staining (Figure 4A, lower
panels). Within 1 hour of treatment with TGF-b1, paxillin
protein appeared to be removed from the focal adhesion
complexes, and could be detected in a network within the cell.
Similar findings were obtained for rearrangement of vinculin
and Hic-5 (data not shown).

Previous findings by others have shown that paxillin and
Hic-5 are translocated to the nucleus under certain conditions
(33, 34). The TGF-b1–induced network of focal adhesion

proteins appeared near the nucleus, and we tested the ability
of the rearranged proteins to associate with the nucleus in
a manner that would allow their copurification. Treatment of
PAEC with TGF-b1 induced the nuclear translocation of Smad2/3
proteins, which are known to be involved in TGF-b1 signaling,
within 30 minutes, and these proteins were detected in a Western
blot of nuclear extract (Figure 4B). We were also able to detect
the translocation of paxillin, vinculin, and Hic-5 within 30 minutes,
and the association with the nucleus was maintained for up to
4 hours (respectively, Figures 4C–4E). We also observed an in-
crease in paxillin phosphorylation as demonstrated by immu-
noprecipitation with anti-phosphotyrosine antibody followed
by immunoblotting with anti-paxillin antibody (Figure 4F).
The increased phosphorylation correlates with the time course
of rearrangement of paxillin from the focal adhesion.

FAK/Src and EGFR Inhibition Do Not Prevent

TGF-b1–Induced Rearrangement of Vinculin and Paxillin

Rearrangement of focal adhesion proteins has been shown in
several systems to be controlled by FAK and/or Src activity (31).
We investigated the role of these proteins in vinculin and paxillin
rearrangement by inhibiting FAK and Src with pp2. Results show
that TGF-b1–induced rearrangement of vinculin rearrangement
was not inhibited by pretreatment with pp2. Immunohistochem-
ical results showed that pretreatment of cells with pp2 did not
prevent vinculin from being localized away from focal adhesions
in response to TGF-b1 treatment (Figure 5A). Similar findings
were obtained for paxillin rearrangement (data not shown).
Western blots of nuclear extracts showed that vinculin was
associated with the nucleus after TGF-b1 treatment and was

Figure 1. Transforming growth factor (TGF)-b1–induced membrane
permeability is ameliorated by focal adhesion kinase (FAK)/Src in-

hibition. (A and B) Bovine pulmonary artery endothelial cells (BPAEC)

were grown to 80 to 90% confluence and placed in low serum (0.01%

FBS) overnight. Cells were treated with TGF-b1 (1 ng/ml) for the
indicated times. (A) Equal protein concentrations of cell lysates were

immunoprecipitated with anti-FAK and GammaBind beads. Immuno-

precipitates were used for Western blots with antiphosphotyrosine. The

blot was then stripped and probed for total FAK protein (middle panel).
Experiments were repeated at least three times. Densitometry shows

normalized increase in tyrosine phosphorylation (lower panel). *Statis-

tically significant difference from corresponding control mean (n 5 3).
(B) Equal protein concentrations of whole-cell lysates were directly

analyzed in Western blots using the phosphotyrosine 418 Src-specific

antibody. The blot was then stripped and probed for total Src protein

(middle panel). Experiments were repeated at least three times.
Densitometry shows normalized increase in tyrosine phosphorylation

(lower panel). *Statistically significant difference from corresponding

control mean (n 5 3). Representative data are shown for all blots. (C)

BPAEC were grown to confluence on transparent filter insert. Cells were
placed in low serum (0.01% FBS) overnight and then treated with TGF-

b1 (1 ng/ml) with or without pretreatment with 10 mM pp2. Control

cells were treated with vehicle (DMSO) or treated with 10 mM pp2

alone. Membrane permeability was measured at the indicated times, as
described in MATERIALS AND METHODS. Open triangles, control; closed

triangles, pp2; closed circles, TGF-b 1 pp2; open circles, TGF-b.

*Statistically significant difference from corresponding control mean;
#statistically significant difference from corresponding TGF-b1 mean;

P , 0.05. (D) Neutral comet assay. BPAEC were grown to 80 to 90%

confluence, placed in low serum (0.01% FBS) overnight, and treated

with 1 ng/ml TGF-b1. At the indicated times, cells were harvested and
embedded in paraffin. Cells were lysed and DNA was electrophoresed

in Tris/borate/EDTA (TBE) buffer. Rounded nuclei indicate the intact

DNA; comet-like tails indicate apoptotic DNA fragmentation.

b
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not blocked by pretreatment with pp2 (Figure 5B). The pp2
inhibitor also failed to prevent TGF-b1–induced phosphorylation
of paxillin (Figure 5C).

As shown in Figure 2C, the EGFR is rapidly phosphorylated
in response to TGF-b1. We investigated whether focal adhesion
protein rearrangement required this transactivation. The EGFR
inhibitor, AG1478, also did not block rearrangement of paxillin
as determined by Western blot of nuclear extracts (Figure 5D).
This is in agreement with our finding that FAK/Src activation is
not upstream of vinculin rearrangement.

ALK5 Is Not Specifically Required for Vinculin and Paxillin

Rearrangement by TGF-b1

Endothelial cells of the lung express two type I TGF-b receptors:
ALK5, which is broadly expressed, and ALK1, which is expressed

solely in the endothelium (20). We wished to determine which of
these receptors is required for focal adhesion protein reorgani-
zation. In Figure 2A, we demonstrate the ALK5-dependent
activation of Smad2/3 in PAEC. However, TGF-b1–induced
rearrangement of the focal adhesion protein, vinculin, was not
blocked by ALK5 inhibitor, SB431542, as determined by Western
blot analysis (Figure 6A). This indicates that, although ALK5 is
clearly activated in PAEC and is required for Smad2/3 activation,
it is not required for vinculin rearrangement.

Figure 2. FAK activation does not require anaplastic lymphoma kinase
(Alk) 5 but does require epidermal growth factor receptor (EGFR)

transactivation. PAEC were grown to 80 to 90% confluence and placed

in low serum (0.01% FBS) overnight. Cells were treated for the indicated

times with TGF-b1 (1 ng/ml) with or without pretreatment with 10 mM
SB431542. (A) Nuclear extracts were prepared, and equal amounts of

protein from each condition were used for Western blots for Smad 2/3

protein. (B) Equal amounts of protein from whole-cell lysates were
immunoprecipitated using anti-FAK antibody and GammaBind beads.

Proteins were eluted from the beads and used for Western blotting with

antiphosphotyrosine antibody. (C) Cells were treated for the indicated

times with TGF-b1 (1 ng/ml). Equal protein concentrations of whole-cell
lysates were analyzed in Western blots using the phosphotyrosine EGFR-

specific antibody. The blot was stripped and probed for b-actin as

a loading control. (D) Cells were treated for the indicated times with

TGF-b1 (1 ng/ml) with or without 20-minute pretreatment with 10 mM
AG1478. Equal amounts of protein from whole-cell lysates were immu-

noprecipitated using anti-FAK antibody and GammaBind beads. Proteins

were eluted from the beads and used for Western blotting with anti-
phosphotyrosine antibody (upper panel); the blot was stripped and

probed for total FAK protein as a loading control (lower panel). Repre-

sentative data are shown for all blots.

Figure 3. FAK/Src activation contributes to total TGF-b1–induced

phosphotyrosine activation but not p42/p44 MAPK activation in PAEC.

(A and B) BPAEC were grown to 80 to 90% confluence and placed in

low serum (0.01% FBS) overnight. (A) Cells were treated with TGF-b1
(1 ng/ml) for the indicated times; (B) cells were pretreated with or

without 10 mM pp2 for 30 minutes. Equal protein concentrations of

cell lysates were used for Western blots with antiphosphotyrosine. (C

and D) BPAEC were grown to 80 to 90% confluence and placed in low
serum (0.01% FBS) overnight. (C) Cells were treated with TGF-b1

(1 ng/ml) for the indicated times; (D) cells were pretreated with or

without 10 mM pp2 for 30 minutes. Equal protein concentrations of cell
lysates were used for Western blots with anti–phospho-p42/p44 MAPK

(upper panels of C and D) or total p42/p44 MAPK (lower panels of C and

D). Representative data are shown.
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We next attempted to specifically inhibit ALK1 using
adenoviral expression of a dominant-negative mutant (gift of
Dr. P. ten Dijke, The Netherlands Cancer Institute, Amster-
dam, The Netherlands [35]). However, infection of PAEC with
control adenovirus abrogated the cytoskeletal responses to
TGF-b1, suggesting that this method of protein expression
would not be suitable for our system. Recently, the pp1
inhibitor was shown to inhibit both type I and type II TGF-b
receptors (36). We used this drug to determine whether
simultaneous inhibition of the type I and type II TGF-b

receptors could block vinculin rearrangement. Preincubation
of cells with pp1 effectively blocked vinculin rearrangement,
suggesting that signal transduction through the TGF-b recep-
tors are required for this activity (Figure 6B).

FAK/Src Inhibition Prevents TGF-b1–Induced

Rearrangement of Hic-5

Rearrangement of focal adhesion proteins has been shown to
occur simultaneously with activation of FAK and Src kinases. In
several cases, activation of FAK or Src has been shown to occur
upstream of alteration of the focal adhesions (31, 37, 38). In-
hibition of FAK/Src kinases by pp2 blocked TGF-b1–induced
nuclear association of Hic-5 at 2 hours as shown by a Western blot
of nuclear extract (Figure 7A). Interestingly, we observed that
TGF-b1 induced significant downregulation of total cellular Hic-
5 protein in PAEC, observable within 2–4 hours in Western blots
of whole-cell lysate (Figure 7B); this is in contrast with findings
from other osteoblastic and fibroblast cell types, in which TGF-b1
induces Hic-5 expression (39, 40). Down-regulation of the total
cellular Hic-5 protein was not inhibited by pp2, but could be
blocked by actinomycin D (Figures 7C and 7D, respectively).
These findings together suggest that rearrangement of Hic-5 by
TGF-b1 requires FAK/Src activation; however, the TGF-b1–
induced decrease in total cellular Hic-5 is FAK/Src-independent,
but may be regulated through gene transcription.

DISCUSSION

The primary finding of this work is that TGF-b1 induces the
rapid activation of FAK and src associated with the early loss of
barrier function in an endothelial cell monolayer. TGF-b1 also
induces the rearrangement of focal adhesion proteins, paxillin,
vinculin, and Hic-5, as well as actin cytoskeleton reorganization
with a similar time course. Our experiments using the pp2
inhibitor indicate that redistribution of paxillin and vinculin is
independent of FAK/Src activation, but FAK/Src activity is
required for Hic-5 rearrangement. We have also determined
that the TGF-b1 transactivation of EGFR is necessary for FAK/
Src activation, but not for vinculin rearrangement. Finally, the
TGF-b1 type 1 receptor, ALK5, is not required for this activity,
but combined inhibition of the type I and type II TGF-b
receptors by pp1 does block focal adhesion rearrangement.
Several laboratories have shown that the two type I receptors,
ALK1 and ALK5, have different targets in endothelial cells
(e.g., ALK1 is upstream of Smads 5 and 8, whereas ALK5 is
upstream of Smad3 activation). Unfortunately, our experiments
using adenoviral expression of dominant-negative ALK1 could
not be interpreted due to the inhibition of the vinculin/paxillin
rearrangement by the adenoviral infection itself. Therefore, our
results cannot determine whether there is redundancy in the
ALK1, ALK5, and/or the type II receptor signaling, or whether
the signaling to vinculin/paxillin occurs via ALK1 and/or the
type II receptor. We can conclude that FAK/Src activations are
not required for this event.

Our findings indicate that the focal adhesion proteins, paxillin
and vinculin, are transiently redistributed away from focal
adhesions to internal cellular locations, and that these proteins
can copurify with the nucleus. This redistribution of paxillin and/
or vinculin has been demonstrated to occur in other cell types in
response to factors that induce cellular motility, such as in
hepatocyte growth factor treatment of smooth muscle cells (41)
and in platelet-derived growth factor treatment of NIH 3T3 cells
(42). In both of these examples, focal adhesion rearrangement is
believed to play a role in cellular motility, but the function of
relocalization of focal adhesion proteins to a nucleus-associated

Figure 4. TGF-b1 induces reorganization of the actin cytoskeleton and

proteins from the focal adhesion complex. (A) BPAEC were grown to 80

to 90% confluence and placed in low serum (0.01% FBS) overnight.

Cells were treated with TGF-b1 (1 ng/ml) for the indicated times. Cells
were then fixed, permeabilized, and stained for the actin cytoskeleton

(upper panels) or paxillin (Pax; lower panels). (B–E) BPAEC were grown

to 80–90% confluence and placed in low serum (0.01% FBS) over-

night. Cells were treated with TGF-b1 (1 ng/ml) for the indicated times.
Nuclear extracts were harvested and equal amounts of protein were

subjected to Western blots for: (B) Smad 2/3; (C) paxillin; (D) vinculin;

and (E) hydrogen peroxide–inducible clone (Hic)-5 (this blot was also
stripped and probed for b-actin as a loading control [lower panel]). (F)

BPAEC were grown to 80 to 90% confluence and placed in low serum

(0.01% FBS) overnight. Cells were treated with TGF-b1 (1 ng/ml)

for the indicated times. Equal amounts of protein from cell lysates
were immunoprecipitated using anti-phosphotyrosine antibody and

GammaBind beads. Immunoprecipitates were then used for Western

blots for paxillin. Representative results are shown for all experiments.
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region is not currently understood. We hypothesize that the
rearrangement of focal adhesion proteins may function to shuttle
transcription factors to the perinuclear region. The paxillin-
related protein, Hic-5, may provide an example of this function.
Hic-5 is localized to the focal adhesion complex in resting cells
and is translocated into the nucleus in response to a variety of
signaling events where it regulates the activity of transcription
factors, such as c-fos and the specificity protein 1 (SP1) transcrip-
tion factor (34, 43, 44).

Two studies have shown that TGF-b1–induced endothelial
barrier dysfunction involves activation of p38. The findings
show that p38 is phosphorylated within 30 minutes to 1 hour

after TGF-b1 stimulation of BPAEC (18), and that this acti-
vation requires Smad2 protein (45). It is likely that the ac-
tivation of p38 is independent of and not required for FAK/src
phosphorylation as the time course of p38 activation is far
downstream our time course of FAK/Src phoshorylation, and
we have shown that FAK/Src activation is independent of
ALK5 which activates Smad2. We have performed preliminary
studies that show that p38 inhibition using SB203580 does not
block TGF-b1–induced vinculin rearrangement (data not shown).

We have additionally identified differential effects of TGF-
b1 on Hic-5 expression in endothelial cells, where Hic-5 is
downregulated in a mechanism that requires new transcription.
Other researchers have found that Hic-5 levels increase in
response to TGF-b1 treatment of osteoblasts, rat embryo
fibroblast-52 cells (REF52), and mesenchymally transdifferenti-
ated epithelial cells (40, 46, 47). Recent findings by several
laboratories have identified Hic-5 as a steroid receptor coac-
tivator (48) as well as a coregulator of Smad3 and Sp1 (44, 49,
50). Our finding, that TGF-b1 downregulates Hic-5 protein in
PAEC, suggests that the transcriptional regulatory activity of
Hic-5 is also differentially regulated in PAEC in response to
TGF-b1. This is in contrast with the upregulation of Hic-5 as
seen in REF52 or other mesenchymal cell types. Hic-5 protein
has also been shown to be required for endothelial cellular
migration; either phosphorylation or knockdown of Hic-5
blocked motility (51, 52). Thus, TGF-b1–induced degradation
of Hic-5, in combination with alterations in paxillin and vinculin
subcellular localization, could potentially play a role in the
concerted regulation of cell motility and transcriptional regula-
tion related to cell migration. Current work in our laboratory is
directed toward further understanding of possible cell type
differences in the function of Hic-5 in modulation of transcrip-
tion factor activity in primary PAEC.

The differential effects of TGF-b1 on different cell types can
be demonstrated by comparison of our current findings in primary
endothelial cells with findings from mesenchymal cell types. TGF-
b1 signaling in cultured endothelial cells can induce loss of barrier

Figure 6. TGF-b1–induced reorganization of vinculin and paxillin is
blocked by combined inhibition of TGF-b type I and type II receptors.

PAEC were grown to 80 to 90% confluence and were placed in low

serum (0.01% FBS) overnight. Cells were treated for the indicated

times with TGF-b1 (1 ng/ml) with or without pretreatment with 10 mM
SB431542 or SB505124. (A) Nuclear extracts were prepared and equal

amounts of protein were used for Western blots for vinculin. (B) Cells

were treated for the indicated times with TGF-b1 (2 ng/ml) with or

without 20-minute pretreatment with 10 mM pp1. Nuclear extracts
were prepared, and equal amounts of protein from each condition

were used for Western blots for vinculin.

Figure 5. TGF-b1–induced reorganization of the focal

adhesion proteins does not require FAK/Src activation or

EGFR transactivation. (A–C) BPAEC were grown to 80 to
90% confluence and placed in low serum (0.01% FBS)

overnight. Cells were treated for the indicated times with

TGF-b1 (1 ng/ml) with or without pretreatment with 10

mM pp2. Cells were then used for the following series of
experiments. (A) Nuclear extracts were prepared and

equal amounts of protein from each sample were used

for Western blots for vinculin. (B) Cells were fixed,

permeabilized, and analyzed by immunohistochemistry
using anti-vinculin antibody. (C) Equal amounts of protein

from whole-cell lysates were immunoprecipitated with

anti-phosphotyrosine antibody and GammaBind beads;

proteins eluted from the beads were used for Western
blots for paxillin protein. (D) BPAEC were grown to 80 to

90% confluence and placed in low serum (0.01% FBS)

overnight. Cells were treated for the indicated times with
TGF-b1 (1 ng/ml) with or without 20-minute pretreat-

ment with 10 mM AG1478. Nuclear extracts were pre-

pared, and equal amounts of protein from each condition

were used for Western blots for paxillin. Representative
results are shown for all blots.
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function, growth arrest, and, in some cases, apoptosis (20, 21).
This is in contrast with TGF-b1 signaling in primary lung
fibroblasts, which leads to proliferation and hypertrophy (26).
Our signal transduction findings in pulmonary endothelial cells
reveal significant differences from signal transduction events
previously shown to occur in primary fibroblasts in response to
TGF-b1 (26). Activation of FAK and Src by TGF-b1 in endo-
thelial cells occurs within 10–20 minutes, whereas studies of TGF-
b1 signaling in fibroblasts have shown that FAK activation is not
detected until 8–12 hours (26), and src activation has not been
reported. We also found peak activation of total cellular tyrosine
phosphoproteins by TGF-b1 in endothelial cells at 2 to 4 hours. In
contrast, fibroblasts do not show maximal tyrosine phosphoryla-
tion until 10 to 16 hours after TGF-b1 treatment (30). The
activation time course of p42/p44 MAPK by TGF-b1 in endo-
thelial cells also differs from that in fibroblasts. Whereas endo-
thelial cells have significant p42/p44 MAPK activation within 1
hour of treatment with TGF-b1, fibroblasts do not display
detectable activity until 6 to 16 hours. In fibroblasts, the delayed
activation of FAK occurs after synthesis of extracellular matrix
proteins and autocrine activation of integrins (26). Delayed
activation of p42/p44 MAPK also requires expression of basic
fibroblast growth factor and autocrine activation of its receptor
(53). Our results here demonstrate that early activation of FAK/
Src requires transactivation of EGFR; the mechanism of p42/p44
MAPK activation is still under investigation in PAEC.

Much of the cell type–specific signaling differences of TGF-b1
have been attributed to differential expression of the TGF-b
receptor types (20). Our findings indicate that TGF-b1 regulates
cellular attachment to the extracellular matrix in addition to
regulating cell–cell adhesion, as shown by others. The combina-
tion of these events is likely important for the overall alterations
in the endothelial barrier during ARDS, leading to infiltration of
inflammatory cells as well as increased pulmonary edema (9, 54).
The use of mice lacking the a5b6 integrin, which activates latent
TGF-b1, helped to identify TGF-b1 as a critical effector of pul-
monary edema after ALI (14, 54). Given the importance of TGF-
b1 in both normal and pathologic processes, it will be important to
continue to learn how the differential expression of the TGF-b
receptor subtypes affects activation of downstream signaling
pathways.
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