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Abstract
Multifunctional cytokine transforming growth factor-beta (TGF-β1) plays a critical role in the
pathogenesis of acute lung inflammation by controlling endothelial monolayer permeability. TGF-
β1 regulates endothelial cell (EC) functions via two distinct receptors, activin receptor-like kinase
1 (ALK1) and activin receptor-like kinase 5 (ALK5). The precise roles of ALK1 and ALK5 in the
regulation of TGF-β1-induced lung endothelium dysfunction remain mostly unknown. We now
report that adenoviral infection with constitutively active ALK5 (caALK5), but not caALK1,
induces EC retraction and that this receptor predominantly controls EC permeability. We
demonstrate that ubiquitinated ALK5 and phosphorylated heat shock protein 27 (phospho-Hsp27)
specifically accumulate in the cytoskeleton fraction, which parallels with microtubule collapse,
cortical actin disassembly and increased EC permeability. We have found that ALK1 and ALK5
interact with heat shock protein 90 (Hsp90). Moreover, the Hsp90 inhibitor radicicol (RA)
prevents accumulation of ubiquitinated caALK5 and phospho-Hsp27 in the cytoskeletal fraction
and restore the decreased EC permeability induced by caALK5. We hypothesize that specific
translocation of ubiquitinated ALK5 receptor into the cytoskeleton compartment due to its lack of
degradation is the mechanism that causes the divergence of caALK1 and caALK5 signaling.
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Introduction
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are inflammatory
disorders of the lung and are associated with high rates of morbidity and mortality. Both
ALI and ARDS result from widespread lung inflammation and increased pulmonary
vascular permeability (Dudek and Garcia, 2001; Parsons et al., 1989). Even with the recently
successful, non-specific ventilation treatments for ALI and ARDS, there is still a
tremendous need for continued research to clarify the underlying pathophysiological
mechanisms and to develop approaches for specific treatments for these disorders.

Growing evidence indicates that inflammatory cytokines, such as TGF-β1, increase
endothelial permeability in vitro and play a critical role in the development of lung edema
during lung injury in vivo (Lucas et al., 2009; Martin et al., 1995; Pittet et al., 2001). Our
previous studies (Antonov et al., 2008; Birukova et al., 2005a; Birukova et al., 2004) as well
as data from other laboratories (Goldberg et al., 2002; Lu et al., 2006) demonstrated that
TGF-β1-induced endothelial hyperpermeability is directly associated with activation of
endothelial contractile signaling pathways. These studies elucidated the sequence of events
leading from TGF-β1 signaling to the compromise of endothelial barrier function and
established the principal cellular signaling pathways involved (Dudek and Garcia, 2001;
Goldberg et al., 2002; Pittet et al., 2001).

TGF-β1 regulates endothelial function via two distinct receptors expressed on endothelial
cells: activin receptor-like kinase 1 (ALK1) and activin receptor-like kinase 5 (ALK5)
(Bertolino et al., 2005; Goumans et al., 2002; Lebrin et al., 2005; Ota et al., 2002). Although
crosstalk between ALK1 and ALK5 signaling has been suggested (Finnson et al., 2008;
Goumans et al., 2003a; Goumans et al., 2003b; Goumans et al., 2002), the precise role for
these receptors in the regulation of TGF-β1-induced lung endothelium permeability remains
mostly unknown. Recent data suggested that the receptors have different roles in regulating
endothelial functions (Finnson et al., 2008; Goumans et al., 2003b; Goumans et al., 2002).
Several studies imply that ALK1 receptor is important for controlling endothelial cell (EC)
migration, proliferation and exstracellular matrix synthesis (Finnson et al., 2008; Goumans
et al., 2003a). We have previously demonstrated that activation of ALK5 receptor is
associated with an increase in EC monolayer permeability (Birukova et al., 2005a).

In this study, we explore the model of bovine pulmonary artery EC (BPAEC) infected with
constitutively activated ALK1 and ALK5. This model was previously used in several studies
designed to elucidate the distinct role of ALK1 and ALK5 receptors in the regulation of EC
function (Goumans et al., 2003b; Ota et al., 2002). Importantly, this model mimics, in part,
the conditions of chronic inflammation in the lung. We consider that this molecular
approach is an appropriate model to study the specific role of distinct TGF-β1 receptors in
the activation of signaling pathways controlling endothelial barrier function. Binding of
TGF-β1 to receptors results in down-regulation of TGF-β1-induced signaling. Receptors
undergo recycling in both the presence and absence of ligand activation, with the rates of
internalization and recycling being unaffected by ligand binding. Activated TGF-β1
receptors are directed to a distinct endocytic pathway for down-regulation (Mitchell et al.,
2004). The ubiquitin-proteasome pathway, an evolutionarily conserved cascade, tightly
regulates TGF-β1 family signaling (Fukunaga et al., 2008; Inoue and Imamura, 2008; Itoh
and ten Dijke, 2007; Izzi and Attisano, 2004). TGF-β1 binding to its receptors initiates the
degradation of several key components of its signaling pathway. Inhibition of the
proteasome activity causes accumulation of these components in cells and modulates TGF-β
signaling in a time-dependent and gene-specific manner (Zhang and Laiho, 2003). It is
known that under pro-inflammatory conditions ubiquitinated aggregates can accumulate in
cells as detergent- resistant aggregates localized in the cytoskeletal compartment (Ogburn
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and Figueiredo-Pereira, 2006). It was suggested that receptor ubiquitination and proteasome
degradation is the feedback mechanism responsible for physiological responses to stressful
stimulation (Ciechanover, 1994; Finley et al., 2004).

The 90-kDa heat-shock protein (Hsp90) is an abundant molecular chaperone that functions
by facililitating protein folding and stabilization (Picard, 2002; Pratt and Toft, 2003;
Wrighton et al., 2008; Zhang and Burrows, 2004). Pharmacological inhibition of Hsp90
results in ubiquitin-mediated degradation of client proteins (Kamal et al., 2003; Zhang and
Burrows, 2004). Heat shock protein 27 (Hsp27) is a well-known Hsp90 client protein
(Antonov et al., 2008; Kindas-Mugge et al., 2002). It binds to actin and, when
phosphorylated in the cytoskeleton, promotes actin-myosin association (Bitar, 2002; Huot et
al., 1996; Mounier and Arrigo, 2002; Piotrowicz et al., 1998). Phosphorylated Hsp27
mediates Rho-induced MYPT1 (myosin phosphatase target subunit 1) phosphorylation and
cellular contraction, leading to the increases in EC permeability (Bogatcheva et al., 2007).
Cytokines such as TNF and IL-1 can induce Hsp27 phosphorylation, which is linked with
edemic effects of these cytokines. Recently, we have demonstrated that TGF-β1-induced
hyperpermeability of EC monolayer is associated with increases of Hsp27 phosphorylation
and Hsp90-Hsp27 complex formation (Antonov et al., 2008). These data raised the
possibility that translocation of Hsp27 into the cytoskeleton that is induced by activated
TGF-β1 receptors and its phosphorylation play a role in controlling EC permeability. Hsp27
is required for cell survival and is thought to be involved in protein chaperone function in
the cell (Jakob et al., 1993). Hsp27 binds to and inactivates the pro-apoptotic molecules
Smac, caspase 3, caspase 9, and cytochrome c release (Pandey et al., 2000). Hsp27
expression and phosphorylation directly affects EC cytoskeleton arrangement and parallels
the increase in EC permeability (Antonov et al., 2008). Apoptosis is a potential mechanism
associated with phosphorylated Hsp27 translocation in the cytoskeleton compartment and
EC hyperpermeability.

We hypothesized that the predominant translocation of ALK5 receptor into the cytoskeleton
and its ubiquitination is the principal mechanism leading to the divergence of signals
induced by ALK1 and ALK5 receptors. We demonstrate that ALK1 and ALK5 are
associated with Hsp90 and that the Hsp90 inhibitor radicicol (RA) protects from the
disregulation of endothelial barrier function induced by constitutively active ALK5
(caALK5) infection. These findings uncover the novel mechanism of regulation of
endothelial barrier function by TGF-β1 receptors, which includes activation of Hsp90-
mediated EC signaling pathways and supports the possibility that Hsp90 inhibitors (some of
which are in clinical cancer trials) may have therapeutic value in the improvement of ALI
and ARDS.

Materials and Methods
Antibodies and reagents

Primary antibodies were obtained as follows: anti-β-Catenin mAb were from ZYMED
Laboratories (South San Francisco, CA). Anti- phospho-hsp27 (Ser 82), anti-VE-cadherin,
anti-diphospho-MLC (Thr18/Ser19) polyclonal and anti-phospho-p38MAPK (Thr180/
Tyr182) antibodies (Abs) were from Cell Signaling Technology, Inc. (Danvers, MA). Anti-
Hsp27 polyclonal antibody (Ab) was from Stressgen Bioreagents Corporation (Ann Arbor,
MI). Anti- PARP (poly(ADP-ribose) polymerase) polyclonal Ab, anti-green fluorescent
protein (GFP), anti-β-Tubulin and anti-Ubiquitin (P4G7) mAbs were from Covance, Inc.
(Emeryville, CA). Anti-β-actin, anti-MLC mAbs and tetramethylrhodamine isothiocynate
(TRITC)-conjugated phalloidin were from Sigma-Aldrich (St. Louis, MO). Anti-ALK1
(ACVRL1, N-term) polyclonal Ab was purchased from Abgent (San Diego, CA). Anti-
phospho-Caldesmon (p-CaD) (Ser789), anti-ALK5 (V-22) polyclonal Abs and HA-probe
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(F-7) mAb were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Hsp90 and anti-L-
Caldesmon (CaD) mAbs were from BD Transduction Laboratories (Bedford, MA). Alexa
Fluor 488 conjugated secondary Ab and ProLong Gold antifade reagent (mounting medium)
with and without DAPI were purchased from Molecular Probes (Eugene, OR). ALK5
inhibitor SB-431542 was obtained from Tocris (Ellisville, MO). Selective inhibitor of Rho-
associated protein kinase Y-27632, selective inhibitor of p38MAPK SB-203580, Protein G
Plus/Protein A Agarose Suspension and ProteoExtract Subcellular Proteome Extraction Kit
were from Calbiochem (Merck KGaA, Darmstadt, Germany). Rac G-LISA Activation
Assay Biochem kit was from Cytoskeleton (Denver, CO). Unless specified, biochemical
reagents were obtained from Sigma-Aldrich (St. Louis, MO).

Construction of recombinant adenoviruses
Recombinant adenoviruses were constructed as described by (Fujii et al., 1999). Briefly,
hemagglutinin (HA)-tagged type 1 receptor caALK1 or caALK5 was subcloned into the
SwaI site of the pAxCAwt cassette cosmid. Each cosmid carrying the expression unit and
adenovirus DNA-terminal protein complex were cotransfected into E1 transcomplemental
cell line 293. The recombinant adenoviruses generated by homologous recombination were
isolated, and the insertion of type 1 receptor cDNAs was confirmed by digestion using
restriction endonucleases. Thus, caALK1 and caALK5 generated by the recombinant
adenovirus contain an HA- tag and can be detected by HA-tag-specific antibody. High-
titered stocks of recombinant adenoviruses were grown in 293 cells and purified.
Recombinant adenoviruses with the insertion of GFP cDNAs (Ad5-CMV-GFP) were
purchased from Vector Development Laboratory (Houston, TX).

Cell culture and adenoviral infection
We utilized in-house harvested BPAEC, which we have previously characterized
extensively for different models (Antonov et al., 2008; Chatterjee et al., 2008). Cultures
were maintained in medium 199, supplemented with 10% fetal bovine serum, 5% iron-
supplemented calf serum (HyClone, Logan, Ut), 2mM L-glutamine, 1mM sodium pyruvate,
100U/ml penicillin, 100 μg/ml streptomycin (all from Invitrogen, San Francisco, CA). In all
experiments BPAEC monolayers (passages 4-10) were used 4-6 day after seeding. BPAEC
were infected with HA-tagged caALK1 or caALK5 adenoviral constructs at multiplicity of
infection (m.o.i.) of 10-50 pfu/cell for 18 hrs. Cells were washed and allowed to recover for
24 hrs prior to use. Recombinant adenoviruses with the insertion of GFP cDNAs (Ad5-
CMV-GFP) were used as a control.

Endothelial monolayer permeability assay
Changes in endothelial permeability were assessed by measuring electrical resistance across
monolayer (TER) using the electrical cell impedance sensor technique (Applied Biophysics,
Troy, NY), as previously described (Antonov et al., 2008; Antonova et al., 2007b; Birukova
et al., 2005b; Verin et al., 2001). Briefly, equivalent numbers of endothelial cells were
plated on gold electrode arrays (8W10E) and experiments were conducted after BPAEC
formed confluent monolayers (TER had achieved 1000-1200Ω). Cells were then treated as
described, and TER was recorded over time.

Immunofluorescense microscopy
Immunofluorescense microscopy studies were performed as we have previously described
(Antonov et al., 2008; Birukova et al., 2004; Verin et al., 2001). After treatment BPAEC
grown on coverslips were washed with PBS three times, fixed in 3.7% paraformaldehyde for
10 min, and permeabilized with 0.2% Triton X-100 for 10 min. Cells were blocked with
PBS-Tween 20 containing 2% BSA for 30 min and incubated with primary antibodies 1h at
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37°. Specimens were washed and exposed to Alexa Fluor 488 conjugated secondary
antibodies 1h at room temperature. Actin was visualized by TRITC-labeled phalloidin
(1mM in PBS, with 0.1% BSA) placed onto the coverslips for 30 min. Coverslips were
mounted with ProLong Gold antifade mounting medium (Molecular Probes, Eugene, OR).
To detect chromatin condensation, slides were mounted in ProLong Gold antifade mounting
medium with DAPI. Specimens were analyzed under a ZEISS Axio Imager Observer D1
epifluorescence microscope.

Western immunoblotting and co-immunoprecipitation
After treatments, BPAEC monolayers were rinsed with PBS, lysed with 2×SDS sample
buffer, and boiled for 5 min. Extracts were separated on SDS-PAGE, transferred to PVDF or
nitrocellulose membranes and reacted with the antibody of interest. Immunoreactive proteins
were visualized with enhanced chemiluminescent detection system (Amersham, Little
Chalfont, UK). The relative intensities of the proteins bands were quantified by scanning
densitometry using National Institute of Health's ImageJ software (Bethesda, MD). For
immunoprecipitation, cells were lysed with ice-cold immunoprecipitation buffer (20 mM
Tris HCl, pH 7.4; 137 mM NaCl; 10% glycerol; 1% Nonidet P-40; 2 mM EDTA; 1 mM
Na3VO4; 20 mM Na2MoO4; 1mM NaF; and protease inhibitor cocktail), sonicated 3 times
for 15 seconds. The cell lysates were clarified by centrifugation at 12,000 × g for 10 min at 4
°C, and the protein concentrations were determined with a BCA protein assay reagent kit as
described by the manufacturer (Pierce, Thermo Fisher Scientific, Rockford, IL Pierce). The
supernatant was immunoprecipitated with anti-HA-tag Ab (5 μg/ml) overnight at 4°C
followed by incubation with protein G plus agarose beads for 4 hrs at 4°C. Agarose beads
were collected by centrifugation, washed three times with PBS, resuspended in 40-60 μl of
3×SDS sample buffer, then boiled for 5 min. Protein was separated on 4-12% gradient SDS-
PAGE. The resulting membranes were blotted with Hsp90, ubiquitin or HA-tag Abs.

Preparation of subcellular fractions
After treatment BPAEC were rinsed with PBS and used for differential extraction of
proteins from subcellular fractions (cytosol, membrane/organelle, nucleus, cytoskeleton)
using the Calbiochem ProteoExtract Subcellular Proteome Extraction Kit (S-PEK) (Merck
KGaA, Darmstadt, Germany) according to the manufacturer's protocol. Protein in the
subcellular fractions was measured using BCA assay kit (Pierce, Thermo Fisher Scientific,
Rockford, IL). Protein concentration was equalized between samples in each fraction. For
Western blotting 6×SDS sample buffer was added to each sample and boiled for 5 min.
Immunoblotting analysis was performed as described above. For co-immunoprecipitation
experiments, 50 μg protein of the cytoskeletal fraction in 250 μl of the corresponding buffer
from the kit were used. All steps of co-immunoprecipitation and following Western blot
analysis were performed as described above for whole cell lysates.

Rac activation assay
BPAEC cultured for 5 days in 35-mm dishes were infected with caALK1, caALK5 (50
m.o.i.) or GFP constructions for 42 hrs. For measurement of Rac 1 activation, the Rac G-
LISA Activation Assay Biochem kit (Cytoskeleton, Denver, CO) was used according to the
manufacturer's recommendations. The Rac activation signal measured by G-LISA was
presented as absorbance at 490 nm.

Statistical analysis
Values are reported as mean ± SE. Comparisons between control and treated cells were
performed utilizing t-test or one-way ANOVA, as appropriate, using GraphPad InStat 3.0
software (San Diego, CA). Differences of p ≤0.05 were considered significant.
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Results
Time- and dose-dependent expression of TGF-β receptors induced by infection of BPAEC
with caALK1 and caALK5 adenoviral constructs

We initially determined the optimal caALK1 and caALK5 adenoviral concentrations and
exposure times that result in significant production of the corresponding activated receptors.
We found that exposure for 42 hrs with both caALK1 and caALK5 constructs results in a
significant production of caALK1 and caALK5 receptors in a dose-dependent manner (Fig.
1A) revealed by Western blot with anti-HA-tag specific antibody. Optimal concentration for
caALK1 and caALK5 stimulation was 20-50 m.o.i. After 18 and 42 hrs of treatment with
both adenoviral constructs (50 m.o.i.) significant accumulation of both receptors in BPAEC
was observed (Fig. 1B). Expression of caALK1 and caALK5 could also be detected as early
as 8 hrs after infection with longer exposure times (data not shown). To determine the
specifity of infection, we examined the products induced by caALK1 and caALK5
adenoviral infection using antibodies specific to ALK1 and ALK5 receptors. We found that
infection with caALK5 results in the expression of only ALK5 receptor. Similarly, caALK1
infection activates synthesis of only ALK1 receptor (Fig. 1C). Next, we addressed the
question whether caALK1 or caALK5 infection can induce significant accumulation of the
corresponding receptors only in a specific population of BPAEC or in the majority of
BPAEC. We found that infection with both adenoviral constructs results in caALK5 and
caALK5 receptor expression more than in 95% of BPAEC (Fig. 1D). Thus, we concluded
that adenoviral infection with caALK1 and caALK5 adenoviral constructs results in specific
and significant production of active receptors in BPAEC.

Effect of caALK1 and caALK5 adenoviral infection on BPAEC permeability
To test the hypothesis that caALK1 and caALK5 expression results in EC permeability
changes we examined the effect of caALK1 and caALK5 adenoviral infection on changes in
BPAEC TER, which inversely correlates with changes in endothelial permeability (Keese et
al., 2004; Verin et al., 2001). We found that caALK1 infection has a minor effect on the
BPAEC TER (Fig. 2A). Only a high concentration of caALK1 (50 m.o.i.) induces a decline
in BPAEC TER (15-20%). In contrast, caALK5 infection results in significant increases of
BPAEC permeability at all caALK5 concentrations tested (Fig. 2B). The changes in BPAEC
TER can be detected as early as 6-8 hrs after infection suggesting that even the relatively
low amounts of caALK5 receptor expressed soon after infection are sufficient to alter
BPAEC permeability. Next, we found that an inhibitor of ALK5 receptor activity,
SB-431542 (10-40 μM) completely abolishes the effect of caALK5 on BPAEC TER, but has
no effect on the changes in TER induced by caALK1 infection (Fig. 2C, D). Additionally we
found that the Rho kinase inhibitor, Y27632 (10 μM) and p38MAPK inhibitor, SB203580
(20 μM) significantly attenuated the effect of caALK5 infection on BPAEC permeability
(Supplemental Fig. 1), suggesting that Rho and p38MAPK pathways are involved in ALK5-
induced permeability. However, inhibition of Rho and p38MAPK signaling is not sufficient
to abolish the effect of ALK5 on EC permeability changes. These data suggest that caALK5
compared to caALK1 is a more a prominent and highly specific activator of the signaling
pathways involved in controlling endothelial permeability.

Infection with caALK5 results in the loss of BPAEC integrity via the mechanisms requiring
BPAEC cytoskeleton rearrangement

We compared the morphological changes in BPAEC monolayers induced by caALK1 and
caALK5 infection and found that caALK5, but not caALK1 or GFP infection, induces a
clearly visible BPAEC detachment and the loss of monolayer integrity (Fig. 3A, B, C). To
determine whether these changes in monolayer integrity are mediated via cytoskeleton
rearrangement, we examined F-actin and β-tubulin organization after caALK1 and caALK5
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infection. Treatment with caALK1 (50 m.o.i.; 18 hrs) has a minor effect on cortical F-actin
structure and stress fiber formation as well as on β-tubulin arrangement (Fig. 3E, H) as
compared with control BPAEC infected with a GFP adenoviral construct (Fig. 3D, G). In
contrast, infection with caALK5 results in a dramatic rearrangement of both F-actin and
peripheral β-tubulin (Fig. 3F, I). Treatment with caALK5 at 10-20 m.o.i for 18 hrs
stimulates stress fiber formation, disruption of cortical actin and leads to gap formation
between cells, suggesting endothelial cell contraction. Moreover, the involvement of F-actin
in caALK5-induced EC cytoskeletal rearrangement was supported by the inhibition of Rho
GTPase Rac1(Supplemental Fig. 2A), which is directly linked to stabilization of cortical
actin and EC barrier enhancement (Bogatcheva et al., 2007; Clements et al., 2005; Spindler
et al.; Tapon and Hall, 1997). Finally, we find that caALK5 infection results in decreased β-
catenin and VE-cadherin expression (Supplemental Fig. 2B), in the BPAEC cytoskeleton
fraction, which is known to be important for tight junction formation between endothelial
cells and in maintaining endothelial barrier function (Di et al., 2007; Hurst et al., 1999;
Rudini et al., 2008).

Adenoviral infection with caALK5 induced BPAEC apoptosis
As demonstrated in Figure 3C, caALK5 overexpression results in significant BPAEC
detachment suggesting that caALK5 may have an effect on the contact of BPAEC with
substrate. The contact of EC with extracellular matrix is essential for cell survival. Infection
of BPAEC with the caALK5 constructs compared to infection with caALK1 results in
increased numbers of cells (up to 40%) that show chromatin condensation and nuclear
fragmentation revealed by DAPI staining (Fig. 4A, B), indicating EC apoptosis (Antonova et
al., 2007b; Martin and Green, 1995; Mills et al., 1999). Additionally, caALK5 but not
caALK1 infection increases the level of cleaved PARP (inactive PARP) and decreased the
level of active PARP (Fig. 4C, D, E), which is known to be important in the repair of
damaged DNA and thus is considered to be characteristic of active cell apoptosis (Martin
and Green, 1995; Oliver et al., 1998).

Effect of caALK1 and caALK5 infection on myosin light chain and caldesmon
phosphorylation

Key endothelial contractile events in several models of agonist-induced barrier dysfunction
are the phosphorylation of regulatory myosin light chain (MLC) and caldesmon, actin and
myosin-binding regulatory protein (Bogatcheva and Verin, 2009; Garcia et al., 1995; Garcia
and Schaphorst, 1995; Verin et al., 2001; Verin et al., 1998; Verin et al., 1995). Thus we
examined the effects of caALK1 and caALK5 adenoviral infection on MLC and caldesmon
phosphorylation. We found that treatment with the caALK1 adenoviral construct had no
significant effect on MLC or caldesmon phosphorylation (Fig. 5) whereas caALK5 infection
results in 2-3 fold increase in diphospho-MLC and 5-fold phospho-caldesmon levels (Fig. 5)
after 18 hrs of exposure with adenoviral constructs. These data indicate that caALK5
specifically targets key EC contractile pathways.

Effect of caALK1 and caALK5 infection on Hsp27 and phosphorylated Hsp27 levels in
cytosolic and cytoskeletal fractions of BPAEC

Phosphorylation of Hsp27 is directly linked with stabilization of F-actin (Huot et al., 1997;
Huot et al., 1998; Huot et al., 1996; Hurst et al., 1999) and is involved in the regulation of
EC permeability induced by TGF-β (Antonov et al., 2008; Di et al., 2007).

We examined the effect of caALK1 and caALK5 adenoviral infection on the levels of
phosphorylated Hsp27 and total Hsp27 in cytosolic and cytoskeletal compartments of
BPAEC. We have found that in cytosol both caALK1 and caALK5 infections significantly
increased the level of the phospho-Hsp27 (Fig. 6A) but not total Hsp27. Indeed, in cytosol,
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the level of phospho-Hsp27 induced by caALK1 infection was significantly (more than 2
times) higher then after caALK5 infection (Fig, 6B). In cytoskeleton we have found total
and phospho-Hsp27 expression only in the samples subjected to caALK1 or caALK5
infections (Fig, 6C). In contrast with cytosol, the level of phospho-Hsp27 induced by
caALK5 infection in cytoskeleton fraction was significantly (more than 3 times) higher than
after caALK1 infection (Fig, 6D). The ratio of phospho-Hsp27/Hsp27, calculated as fold
increase to caALK1 (Fig. 6E), revealed that after caALK5 infection the level of
phosphorylated Hsp27 in cytoskeleton significantly increased compared with that in cytosol.

These data suggest that caALK5 induction of specific translocation of phosphorylated
Hsp27 in the cytoskeletal compartment could be the mechanism driving the distinct
responses of BPAEC to constitutively activated TGF-β receptors.

caALK1 and caALK5 receptors interact with Hsp90
We hypothesized that Hsp90 is associated with ALK1 and ALK5 receptors. To test this
hypothesis, BPAEC were infected with adenoviral constructs and whole cell lysates
immunoprecipitated with anti-HA-tag mAb. We then examined the expression of Hsp90 in
the immunoprecipitates with Hsp90-specific mAb. As shown in Figure 7A,
immunoprecipitation with anti-HA-tag mAb reveals significant expression of Hsp90 after
infection with both caALK1 and caALK5. It has been shown that release of client proteins
from Hsp90 complexes results in their ubiquitination and degradation (Kamal et al., 2003;
Picard, 2002; Zhang and Burrows, 2004). We thus addressed the question whether caALK1
and caALK5 produced via adenoviral infection are ubiquitinated. We have found that the
gene products immunoprecipitated with anti-HA-tag Ab after caALK5 infection are
ubiqutinated (Fig. 7B), whereas immunoprecipitates following caALK1 infection were not
ubiquitinated. Western blot analysis of proteins from whole cell lysate (Fig. 7C) separated
by SDS-PAGE revealed equal expression of HA-tagged ALK1 and ALK5. Expression of
GFP used as a control. β-actin level examined to verify equal protein loading.

Specific accumulation of ubiqutinated caALK5 receptor in the BPAEC cytoskeletal
compartment

We demonstrated that caALK5 adenoviral infection results in the predominant translocation
of Hsp27 into BPAEC cytoskeleton (Fig. 6). Hsp90 is associated with both Hsp27 (Kindas-
Mugge et al., 2002) and TGF-β1 receptors (Wrighton et al., 2008). We have shown that
both, caALK5 and caALK1 are Hsp90 client proteins, but only caALK5 is ubiquitinated
(Fig. 7). We hypothesized that caALK5 also translocates into BPAEC cytoskeletal
compartment. To test this, we examined caALK1 and caALK5 accumulation in subcellular
fractions after adenoviral infection. As shown in Figure 8A, caALK1 and caALK5 have
comparable levels of expression in the membrane/organelle and nuclear fractions.
Surprisingly, in contrast with caALK1, caALK5 infection results in a large accumulation of
caALK5 in the cytoskeletal fraction as revealed by Western blotting with HA-tag-specific
Ab. Microtubule dissolution and F-actin rearrangement parallel accumulation of
ubiquitinated protein in the detergent insoluble (cytoskeleton) fraction (Ogburn and
Figueiredo-Pereira, 2006). Thus, we examined whether caALK5 expressed in the BPAEC
cytoskeleton is ubiquitinated. We find that only caALK5 located in the cytoskeleton is
ubiquitinated (Fig. 8C). This mechanism may be of importance in the regulation of BPAEC
permeability.
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Hsp90 inhibitor RA prevents hyperpermeability induced by caALK5 adenoviral infection
via a mechanism requiring inhibition of ubiquitinated caALK5 and phospho-Hsp27
accumulation in the cytoskeletal fraction

Hypothetically, Hsp90 inhibitors may attenuate the effects of caALK5 and improve BPAEC
barrier function. We found that the Hsp90 inhibitor RA (1 μM) completely abolished
translocation of caALK5 into cytoskeleton and expression of ubiquitinated proteins (Fig.
9A, B) revealed by Western blotting analysis with HA-tag or ubiquitin-specific Abs. To test
the hypothesis that proteasome-dependent mechanisms are involved in these effects, we
treated cells with the proteasome inhibitor lactacystin (LA, 5 μM) in the presence or absence
of RA. We found that RA abolished accumulation of ubiquitinated proteins in the
cytoskeleton induced by caALK5 infection, whereas LA restored expression of ubiquitinated
proteins (Fig. 9C). Re-probing the blot with HA-tag Ab together with the data presented in
Figure 7 suggested that the ubiquitinated protein is ALK5. To prove that the ubiquitinated
protein indeed is ALK5, we immunoprecipitated the cytoskeletal fraction with HA-tag Ab
and examined the effect of RA and LA specifically on caALK5 expression and
ubiquitination with HA-tag and ubiquitin Abs (Fig. 9D). We found that RA abolished the
increases of ubiquitinated caALK5 expression in the cytoskeleton. As predicted, LA
increased the accumulation of ubiquitinated caALK5 in the cytoskeleton. This effect of LA
in the presence of RA was minimal (Fig. 9D), suggesting that RA may activate proteasome-
independent mechanisms of ubiquitinated protein degradation, for example, by lysosomes.
These data suggest that proteasome degradation of ALK5 plays a role in the effects of RA
on EC permeability. Next we demonstrated that RA completely prevents the decline in TER
induced by exposure with caALK5 adenoviral constructs (Fig. 9E). Finally, we
demonstrated that RA treatment decreased phospho-Hsp27 expression in the cytoskeleton
induced by caALK5 adenoviral infection (Fig. 9F). Surprisingly, caALK1 adenoviral
infection in the presence of RA increased phospho-Hsp27 expression in the BPAEC
cytoskeleton as compared with GFP infection, whereas RA alone has no effect on the
phospho-Hap27 level. Currently, we do not have an explanation of the molecular
mechanisms of the synergistic effects of RA and caALK1 infection on phospho-Hsp27-
regulated signaling pathways.

Discussion
In the present study, we demonstrate for the first time that the roles of ALK1 and ALK5 in
the regulation of EC barrier dysfunction are not identical. We hypothesize that specific
translocation of ALK5 receptor into the cytoskeleton and its ubiquitination is the checkpoint
where the signal transduction pathways activated by ALK1 and ALK5 diverge. Our data
demonstrate the role of ubiquitin and the proteasome in the regulation of TGF-β1 signaling
and establish an important role of Hsp90 and Hsp27 in controlling endothelial barrier
functions. Finally, our data raise the possibility that inhibitors of Hsp90 may improve
inflammatory status in the lung by preventing endothelial dysfunction induced by sustained
activation of ALK5.

Initially, we intended to document that caALK1 and caALK5 adenoviral infections indeed
have different effects on endothelial permeability and integrity. Multiple signaling
pathways, including SMAD-dependent and independent mechanisms, were described by us
and others (Birukova et al., 2005a; Finnson et al., 2008; Goumans et al., 2003a; Goumans et
al., 2003b; Goumans et al., 2002; Itoh and ten Dijke, 2007; Lebrin et al., 2004; Lu et al.,
2006). In this study, we focus only on the several pathways known to be critical in the
control of endothelial permeability induced by TGF-β1 activation, which obligatorily leads
to endothelial barrier dysfunction (Birukova et al., 2005a; Lebrin et al., 2005; Pittet et al.,
2001). We demonstrate that infection with caALK5, in contrast with caALK1, activates
MLC and caldesmon and stimulates phosphorylated Hsp27 translocation into the
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cytoskeletal fraction. We find that only caALK5, but not caALK1, results in F-actin stress
fiber formation as well as disruption of the peripheral microtubules meshwork and gap
formation between EC. We also find that caALK5 infection results in a significant decrease
in VE-cadherin and β-catenin expression in the BPAEC cytoskeleton, which is important for
formation of appropriate contacts (tight junctions) between EC, suggesting that exposure to
caALK5 disrupts endothelial monolayer organization. These data directly indicate specific
activation of EC contractile mechanisms by sustained activated ALK5.

In this study, we have found that caALK5 activates apoptosis in EC. It is well known that
the loss of contact of EC with substrates leads to EC apoptosis (Mills et al., 1999). Our data
imply that caALK5 infection also targets contact of EC with the extracellular matrix.
Probably the differences between TGF-β1 stimulation and sustained activation of ALK5
depend on the duration of stimuli and activation of feedback mechanisms that allow EC to
escape from an activated state. Also, it is possible that the differences in EC permeability
induced by caALK1 and caALK5 are mediated by the induction of EC detachment and
apoptosis by caALK5 treatment.

The major goal of this study was to identify the regulatory checkpoints where contractile
signaling pathways initiated by caALK1 and caALK5 diverge. We focused on two events
directly associated with regulation of EC barrier function, namely, effects of caALK1 and
caALK5 adenovirus infections on phospho-Hsp27 and caALK5 distribution in different
subcellular compartments. Phosphorylated Hsp27 is an F-actin stabilizing protein (Bitar,
2002; Huot et al., 1997; Huot et al., 1998; Huot et al., 1996) and plays a role in the
regulation of EC cytoskeletal arrangement. Several inflammatory cytokines can induce
Hsp27 phosphorylation, which is linked with edemic effects of these cytokines (Antonov et
al., 2008; Bertolino et al., 2005; Pittet et al., 2001; Rogalla et al., 1999). Previously we have
shown that TGF-β1-induced hyperpermeability is associated with increased Hsp27
phosphorylation, association of Hsp27 with Hsp90, and intensive F-actin stress fiber
formation (Antonov et al., 2008). We have also demonstrated that Rho-kinase and
p38MAPK are involved in the transduction of signals induced by TGF-β1 (Bogatcheva et
al., 2007). We have now demonstrated that the effects of Hsp27 on EC barrier function
require accumulation of phospho-Hsp27 specifically in the BPAEC cytoskeleton. An
important novel finding is that caALK5 infection results in specific accumulation of the
ubiquitinated ALK5 receptor in the cytoskeleton. We hypothesized that caALK5 adenoviral
infection induced specific translocation of Hsp27 and ALK5 into the cytoskeleton and that
this is the checkpoint where signaling induced by caALK1 and caALK5 diverge.

The strength and duration of TGFβ-1 signaling largely depends on a negative feedback
program initiated during signal progression (Itoh and ten Dijke, 2007). Receptor
ubiquitination following degradation is one of the critical mechanisms controlling the
transition between an active and inactive state in the cells. One of the mechanisms leading to
accumulation of ubiquitinated proteins is the lack (or insufficient function) of proteasome
degradation. Ubiquitin targets aberrant proteins to degradation by the proteasome/lysosome
(Finley et al., 2004). The mechanisms implicated in the formation of aggregates containing
ubiquitinated proteins remain unclear. Protein aggregates containing ubiquitinated proteins
are detected in a variety of degenerative diseases (Lennox et al., 1988; Lowe et al., 1988a;
Lowe et al., 1988b). It has been shown that microtubule collapse parallels deposition of
ubiquitinated protein aggregates (Ogburn and Figueiredo-Pereira, 2006). Most ubiquitinated
proteins were detected in the Triton X-100 insoluble fraction (cytoskeletal). This aberrant
protein deposition, triggered by the products of inflammation, may be common to different
compounds that disrupt microtubules and induce protein aggregation. Our data demonstrates
that caALK5 accumulated in the cytoskeletal compartment is ubiquitinated, implying that
proteasomes play a role in the effects of caALK5.
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We do not observe significant ALK1 accumulation in the cytoskeletal fraction, whereas the
levels of ALK1 and ALK5 in organelle/membrane and nuclear fractions are comparable.
Probably these differences in ALK1 and ALK5 expression reflect the lack of ALK5
degradation whereas ubiquitinated ALK1 is degraded. This hypothesis fits with previous
data that demonstrated that TGF-β receptors are targets of ubiquitin-mediated degradation
(Ebisawa et al., 2001; Itoh and ten Dijke, 2007; Izzi and Attisano, 2004; Kavsak et al., 2000;
Zhang and Laiho, 2003).

Importantly, it was reported (Ogburn and Figueiredo-Pereira, 2006) that ubiquitinated
protein deposition triggered by products of inflammation can parallel tubulin meshwork
collapse and thus inhibit trafficking of ubiquitinated proteins into the proteasome. This
results in formation of a positive loop leading to cytoskeletal collapse. It is possible that
changes in the F-actin and tubulin arrangement induced by caALK5 are associated with the
lack of ubiquitinated caALK5 degradation.

We conclude that caALK5 infection down-regulates proteasome degradation of ubiqutinated
ALK5 receptor, leading to accumulation of ubiquitinated protein in the cytoskeleton, which
results in the microtubule meshwork collapse and increases in endothelial permeability.
Figure 10 summarizes the hypothetical model of the regulation of EC barrier dysfunction
induced by caALK5.

Hsp90 is one of the most abundant cellular proteins, accounting for about 1-2% of total
proteins under unstressed conditions (Pratt and Toft, 2003). Recently we demonstrated that
Hsp90 inhibitors protect and restore the increased EC permeability induced by several
inflammatory cytokines including TGF-β1, suggesting that the Hsp90 chaperone complex is
critically involved in the regulation of EC permeability (Antonov et al., 2008; Antonova et
al., 2007a; Chatterjee et al., 2007). This complex cycles between an “open” and “closed”
state conformation, relative to the distance between the N terminals of Hsp90 homodimer.
Hsp90 inhibitors shortcut the cycle and lock the complex in the “open” state, resulting in
client protein deactivation, destabilization, and proteasomal degradation (Picard, 2002;
Zhang and Burrows, 2004). It was suggested that TGF-β1 receptors are Hsp90-interacting
proteins (Wrighton et al., 2008) and thus the Hsp90 plays a role in TGF-β1 signaling via its
ability to stabilize TGF-β1 receptor. Inhibiting Hsp90 function leads to ubiquitin-mediated
degradation of TGF-β1 receptors (Wrighton et al., 2008). Hsp90 inhibitors may activate the
turnover of ubiquitinated caALK5 and thus protect from the disregulation of EC barrier
function. Indeed, we find that the specific inhibitor of Hsp90 RA prevents phospho-Hsp27
and caALK5 translocation into the cytoskeleton and decreases the expression of
ubiquitinated caALK5 in the cytoskeletal fraction. These effects of RA treatment parallel
with the improvement of BPAEC permeability induced by caALK5 infection.

In conclusion, we describe here a novel molecular mechanism involved in the regulation of
EC barrier function by TGF-β1 receptors. Coupled with the fact that Hsp90 inhibitors are in
clinical trials, our data present the genuine possibility that small molecular inhibitors of
Hsp90 may represent a class of drugs for treating inflammatory TGF-β1-related conditions
in the lung, directed towards specific mechanisms leading to the pathological state.
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Figure 1. Dose-and time-dependent accumulation of caALK1 and caALK5 in BPAEC
(A) BPAEC were exposed to10-50 m.o.i. of HA-tagged caALK1, HA-tagged caALK5, GFP
or vehicle for 42 hrs (n=7). (B) BPAEC were infected with 50 m.o.i. of HA-tagged caALK1
or HA-tagged caALK5 and examined at different time intervals after infection. Control cells
were infected with 50 m.o.i. of GFP adenoviral construct or were treated with the vehicle
(PBS). Expression of HA-tagged recombinant proteins was detected by Western blotting
with HA-tag specific Ab as well as anti-β-actin Ab as loading control. (C) BPAEC were
infected with 50 m.o.i. of caALK1 or caALK5 for 42 hrs. Blots were probed with ALK1 and
ALK5 specific antibodies (n=5) (D) Immunofluorescent visualization of HA-tagged
caALK1 and HA-tagged caALK5 in BPAEC. BPAEC were infected with adenoviral
constructs as described in (A) and caALK1 and caALK5 expressions detected with HA-
specific Ab (n=4; bars= 20μm; N/S-insert - nonspecific staining)
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Figure 2. Effect of caALK1 and caALK5 adenoviral infection on BPAEC permeability
BPAEC were plated on gold microelectrodes and cultured for 5 days. (A, B) Cells were
infected with caALK1, caALK5, or GFP (all 50 m.o.i.) or treated with vehicle (PBS). TER
was measured as an index of the changes in EC permeability (see Methods). Changes in
TER were monitored for up to 18 hrs. (C, D) The cells were prepared as described in (A, B),
and preincubated with ALK5 inhibitor SB-431542 (10-40μm), or vehicle (0.1% DMSO) for
1 hr and then infected with caALK1, caALK5 (50 m.o.i.). The changes in BPAEC
permeability were monitored as described in Methods. (Data are mean±SE; n=4).
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Figure 3. Infection with caALK1 and caALK5 has different effects on BPAEC monolayer
integrity and cytoskeleton meshwork rearrangement
BPAEC grown on glass coverslips for 5 days were infected with GFP (A, D, G), caALK1
(B, E, H) or caALK5 (C, F, I); (all 50m.o.i.) for 18 hrs. The cells were formalin-fixed,
permeabilized with 0.1% Triton X-100 and stained for F-actin (D, E, F) and β-tubulin (G, H,
I) as described in Methods. Arrows indicate the loss of the contacts between EC
(Bars=20μm; n=3) (F, I)). Phase contrast microphotographs illustrate morphological
alterations in EC monolayer induced by adenoviral infection (A, B, C) (original
magnification ×100).

Antonov et al. Page 18

J Cell Physiol. Author manuscript; available in PMC 2014 January 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Adenoviral infection with caALK5 but not caALK1 induce BPAEC apoptosis
BPAEC were infected with 50 m.o.i. of caALK1 or caALK5 for 42 hrs. (A, B). Cells were
fixed and stained with DAPI as described in Methods (bars=20μm; n=3). Arrows indicate
nuclear fragmentation and chromatin condensation induced by caALK5 infection. (C) Cells
were treated as described in (A, B) and cell lysates subjected to Western blot analysis for
cleaved and uncleaved PARP levels. (D, E) PARP levels are presented as relative density
units (RDU). Data were normalized to β-actin expression as control for equal protein loading
and presented as fold increases in PARP levels compared to GFP treatment as control. (Data
are mean±SE; n=4; *p<0.03, #p<0.02 compared with * - ALK1, or # - GFP; NS- not
significant).
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Figure 5. Adenoviral infection with caALK5 but not caALK1 induces MLC and caldesmon
phosphorylation
BPAEC were infected with caALK1, caALK5, or GFP (50 m.o.i. for 42 hrs). Expression of
diphospho-MLC and total MLC (A) and expression of phospho-caldesmon (p-CaD) and
total caldesmon (CaD) were detected by Western blot with MLC, pp-MLC (Thr18/Ser19),
CaD or p-CaD (Ser 789) Abs. (C, D). Effects of adenoviral infection on the activation of
MLC and caldesmon phosphorylation were presented as relative density units (RDU). Data
are the ratio of the levels of phosphorylated proteins to total proteins and a fold increase to
vehicle treatment. (Data are mean±SE; *p<0.05, compared with vehicle, n=4).
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Figure 6. caALK5 infection, in contrast to caALK1 infection, targets Hsp27 accumulation and
Hsp27 phosphorylation in the BPAEC cytoskeletal compartment
BPAEC were infected with ca ALK1, ca ALK5, or GFP (50 m.o.i.; 42 hrs). (A, B) Cells
were lyzed and subcellular fractions prepared as described in Methods. Cytosolic and
cytoskeletal fractions were analyzed for Hsp27 and phospho-Hsp27 levels by Western blot
as described in Methods. Equal protein loading was confirmed by re-probing of membranes
with β-actin Ab. (C, D,) Quantitative analysis of the level of Hsp27 and phospho-Hsp27 in
cytosolic and cytoskeletal fractions presented as relative density units (RDU). Data
presented as fold increases in Hsp27 or phospho-Hsp27 levels after caALK5 treatment as
compared with caALK1 infection. (E) Ratio phospho-Hsp27/Hsp27 revealed level of
phosphorylated Hsp27 in cytoskeleton comparing with cytosol after caALK1 and caALK5
infections. (Data are mean±SE; *p<0.05, effect of caALK5 treatment in cytoskeleton versus
cytosol, n=4).
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Figure 7. ALK1, ALK5 and ubiquitinated ALK5 interact with Hsp90
BPAEC cultured for 5 days were infected with caALK1, caALK5, or GFP (50 m.o.i. for 18
hrs). Whole cell lysates were prepared and immunoprecipitated with HA-tag-specific Ab as
described in Methods. Precipitates were subjected to Western blot analysis with Hsp90-
specific, HA-tag-specific (A) or ubiquitin-specific Ab (B). Isotype-matched IgG1 was used
as a control for specifity of immunoprecipitation. (C) Western blot analysis of whole cell
lysates with HA-tag-specific, GFP-specific or b-actin specific Ab. (n=3).
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Figure 8. caALK5 infection, in contrast with caALK1 infection results in specific accumulation
of ubiquitinated caALK5 in the cytoskeleton
BPAEC were infected with caALK1, caALK5, or GFP (50 m.o.i.; 42 hrs). Cells were
harvested and subcellular fractions isolated as described in Methods. Equal amounts of
protein were loaded and subjected to Western blot analysis with anti-HA-tag Ab (A) or anti-
ubiquitin Ab (B). (n=4).
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Figure 9. Hsp90 inhibitor RA prevents BPAEC functional alterations induced by caALK5
infection via mechanism requiring ubiquitinated caALK5 proteasome degradation
(A, B) Cytoskeleton fractions were isolated after caALK1 or caALK5 infection in the
presence or absence RA (1 μg/ml) as described in Methods. caALK accumulation in the
cytoskeleton fraction was examined by Western blot analysis with HA-tag specific Ab (A)
or anti-ubiquitin Ab (B). (C) BPAEC were treated as in (A, B) in the presence of RA (1 μg/
ml), LA (5 μM), or both as indicated. Cytoskeletal fractions were analyzed by Western blot
with anti-ubiquitin Ab. (D) BPAEC were treated as in (A, B) in the presence of RA (1 μg/
ml), LA (5 μM) or both as indicated, or with caALK5 alone. Cytoskeleton fractions were
immunoprecipitated with HA-tag specific Ab. Expression of ubiquitinated caALK5 was
examined with anti-ubiquitin Ab by Western blot. (E) BPAEC permeability was monitored
by measuring TER after caALK5 infection in the presence or absence of RA (1 μg/ml). (F)
BPAEC were infected with caALK1 and caALK5 as described in (A). Cytoskeleton
fractions were prepared and examined by Western blot with anti-phospho-Hsp27 Ab. β-
Actin was used as a control for equal protein loading. A-F; n=4.
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Figure 10. Hypothetical model of the regulation of endothelial barrier function by activated
ALK1 and ALK5
ALK1 and ALK5 are proteins that interact with Hsp90. Subsequent to overexpression and
persistent activation; they are subjected to ubiquitination and proteasomal degradation to
maintain “normal” physiologically relevant responses to stressful stimuli. In contrast with
caALK1, (pathway on the left) caALK5 is not subjected to proteasomal degradation
(proteasomal insufficiency?), leading to accumulation of ubiquitinated AKL5 in
cytoskeleton (pathway on the right). Ubiquitinated ALK5 aggregates can induce tubulin
disruption, F-actin stabilization, and stress fiber formation, leading to the formation of a
pathological loop that maintains compromised EC function. In contrast, activated ALK1 has
no effect on cytoskeleton-dependent trafficking to the proteasome, and thus activated ALK1
is eliminated via degradation and does not induce EC barrier dysfunction. The mechanism of
accumulation of ubiquitinated caALK5 is mediated by chaperone Hsp90. We hypothesize
that persistent activation of overexpressed ALK5 is the molecular mechanism controlling
TGF-β1-dependent EC permeability that plays a role in the pathogenesis of ALI and ARDS.
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The Hsp90 inhibitor radicicol (RA) promotes proteasome degradation of AKL5 and prevents
EC hyperpermeability.
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