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Increased endothelial permeability con-
tributes to the morbidity and mortality
associated with chronic inflammatory dis-
eases, including acute lung injury. Cyclic
AMP response element-binding protein
(CREB) transcriptional factor induces
genes that regulate inflammation and vas-
cular remodeling. However, the role of
CREB in regulating endothelial barrier
function is unknown. Here, we demon-
strate that CREB maintains basal endothe-
lial barrier function and suppresses endo-
thelial permeability increase by diverse
agonists such as thrombin, lipopolysac-
charide, histamine, and VEGF. We show

that CREB transcriptionally controls the
expression of p190RhoGAP-A, a GTPase-
activating protein that inhibits small GT-
Pase RhoA. Impairing CREB function us-
ing small interfering RNA or dominant-
negative (dn)–CREB mutant (dn-CREB)
markedly suppressed p190RhoGAP-A ex-
pression, increased RhoA activity, in-
duced actin stress fiber formation, and
produced an amplified and protracted
increase in endothelial permeability in
response to thrombin. Rescuing
p190RhoGAP-A expression restored the
permeability defect in dn-CREB–transduc-
ing endothelial cells. These findings were

recapitulated in vivo because dn-CREB
expression in mice vasculature increased
basal lung microvessel permeability and
exaggerated permeability increase in-
duced by thrombin and lipopolysaccha-
ride. Inhibiting RhoA signaling restored
endothelial barrier dysfunction in the dn-
CREB–expressing lung microvascula-
ture. These results uncover a pivotal role
of CREB in regulating endothelial barrier
function by restricting RhoA signaling
through controlling p190RhoGAP-A ex-
pression. (Blood. 2012;119(1):308-319)

Introduction

The vascular endothelium lining all blood vessels dynamically
regulates nutrient supply to underlying tissues and also maintains
host-defense and tissue-fluid homeostasis.1 Endothelial monolayer
integrity is maintained by the integrated actions of the contractile
and interendothelial adhesive forces that couple cells with each
other.1-4 However, increased actin-myosin–driven endothelial cell
contraction weakens intercellular adhesion, forming minute gaps
between endothelial cells, leading to accumulation of protein-rich
fluid in the interstitial tissue, a hallmark of tissue inflammation,
including acute lung injury.1,2,5,6

Cyclic AMP response element-binding (CREB) protein is a
nuclear transcriptional factor that regulates several cellular func-
tions, such as inflammation, cell proliferation, differentiation,
adaptation, and survival.7,8 Mice lacking CREB die postnatally
within 15 minutes primarily because of impairment of lung func-
tion.9,10 However, increased CREB activity has been shown to be
associated with pathogenesis of asthma, chronic obstructive pulmo-
nary disease, cognitive memory alteration, and neointima forma-
tion.11-14 CREB expression also is induced after endotoxemia or
hemorrhage-induced acute lung injury, but its significance remains
unclear.15,16 Studies show that various stimuli, including growth
factors,7 oxidants,17-19 and G protein–coupled receptors ligands7

induce CREB activity by mediating CREB phosphorylation at
serine 133 residue.7,20,21 For example, adenosine by activating
adenosine A2 receptor stimulates cAMP/protein kinase A cascade
that in turn phosphorylates CREB at serine 133 residue, inducing
its transcriptional activity.22,23 Moreover, protein kinase C and

MAP kinases as well as Ca2� calmodulin-dependent kinase can
induce CREB activity by phosphorylating it at serine 133 resi-
due.7,21 On being phosphorylated CREB binds to DNA and
regulates the transcription of proteins that contains a cAMP
response element (CRE) sequence within their promoter.21

The small GTPase RhoA plays a critical role in inducing
endothelial cell contraction and thereby in increasing endothelial
permeability.1,24,25 RhoA activity is finely regulated by the GTPase-
activating proteins (GAPs) that stimulate GTP hydrolysis by
GTPases “switching off” the RhoA cycle.26 Studies show that
p190RhoGAP (referred to as p190 hereafter) specifically targets
RhoA.27,28 Impairment of p190 function leads to constitutive
activation of RhoA signaling, leading to persistent increase in
endothelial permeability.29,30 Thus, p190, by antagonizing RhoA
activity, mitigates the increase in endothelial monolayer permeabil-
ity. Although signaling mechanisms that regulate p190 function are
progressively becoming clear, much less is known about the
molecular mechanisms that regulate p190 expression. Interestingly,
p190 promoter contains CRE sequence. Thus, we tested the
hypothesis that CREB plays an important role in maintaining
endothelial barrier function through its ability to transcriptionally
control p190 expression.

We interfered with the function of CREB using small interfering
RNA (siRNA) or transduced dominant-negative (dn)–CREB mu-
tant (Ser133Ala-CREB mutant) in endothelial cells and in wild
type-mice microvasculature to explore the role of CREB in
regulating endothelial permeability. Here, we demonstrate p190 as
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an effector of CREB via which CREB controls RhoA signaling and
thereby maintains basal endothelial barrier function and suppresses
the persistent increase in endothelial permeability by proinflamma-
tory mediator thrombin as well as lipopolysaccharide (LPS).

Methods

Materials

Human pulmonary arterial endothelial (HPAE) cells and endothelial growth
medium (EBM-2) were obtained from Lonza Walkerville. Human �-thrombin
was obtained from Enzyme Research Laboratories. The Nucleofactor
HCAEC kit and electroporation system were from Amaxa Biosystems.
Anti-CREB, anti-RhoA, and HRP-conjugated anti–mouse immunoglobulin
G (IgG) antibodies were purchased from Santa Cruz Biotechnology.
Anti–phospho-133-CREB antibody was purchased from Cell Signaling
Technology, anti–p190RhoGAP-A antibody was purchased from BD Biosci-
ences, and anti–phospho-T850 myosin light chain (MLC) phosphatase
1 (MYPT1) antibody was from Millipore. Alexa-labeled 488 donkey
anti–goat secondary antibody and rhodamine-phalloidin were purchased
from Invitrogen. CREB siRNA (109994) 5�-GGUGGAAAAUGGACUG-
GCUtt-3� was purchased from Ambion.31 Pooled p190RhoGAP-A siRNA
and scrambled siRNA with no sequence homology to human genome was
purchased from Dharmacon RNA Technologies. T4 polynucleotide kinase
was obtained from New England Biolabs. [gamma-32P]ATP (specific
activity, 3000 Ci/mmol) was from MP Biomedicals. Ser133Ala-CREB
mutant was purchased from Addgene. All of the primers and oligonucleo-
tides were synthesized by Integrated DNA Technologies.

Animals

All animal studies were approved by the Institutional Animal Care and Use
Committee of the University of Illinois. C57BL/6J mice were used as
wild-type controls. All experiments were performed on 6- to 8-week-old
male mice.

Cell culture and transfection

HPAE cells were cultured as described previously.32 HPAE cells were
transfected with siRNA using a Nucleofector device (Amaxa Biosystems)
or siRNA transfection reagent (Santa Cruz Biotechnology). cDNA was
transduced into HPAE cells using SuperFect (QIAGEN) or Nucleofac-
tor.32,33 We routinely observed 90% siRNA transfection efficiency in
endothelial cells,32,33 whereas the efficiency of cDNA lies between 50% and
70%.32,33

Endothelial permeability

Endothelial permeability was determined by measuring the influx of Evans
blue–labeled albumin across endothelial monolayer or by assessing changes
in transendothelial electrical resistance in real-time, as described
previously.27,32

Immunofluorescence

HPAE cells were fixed and incubated with anti–VE-cadherin antibody for 1
hour by Alexa-labeled 488 donkey anti–goat antibody and rhodamine
phallodin.27,34 Cells were viewed at room temperature with a 63�/1.2 NA
objective and an LSM 510 confocal microscope (Carl Zeiss).

RhoA activity

RhoA activity was measured using the GST-rhotekin-Rho binding protein
that specifically pulls down activated RhoA, as described previously.27

Western blot analysis

HPAE cells were lysed, and lysates containing equal amounts of protein
were resolved by electrophoresis and immunoblotted using appropriate
antibodies, as described previously.32,34

G-actin and F-actin ratio

Cells were collected in ice-cold PBS and globular (G)– and filamentous
(F)–actin were extracted using buffers, as described previously.35 Equal
volumes of G- and F-actin lysates mixed with SDS loading buffer were
separated by 10% SDS-PAGE and detected by immunoblotting with an
anti-actin antibody.

Quantitative real-time RT-PCR

Total RNA was isolated from HPAE cells using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. RNA was quantified spectro-
photometrically and reverse transcription (RT)–PCR was carried out with a
High-Capacity cDNA reverse transcription kit based on the supplier’s
protocol (AB4368814; Applied Biosystems). cDNA was then used for the
PCR amplification using SYBR Green assay kit (AB4309155; Applied
Biosystems) and a Prism 7000 Real-Time PCR machine (Applied Biosys-
tems) using the following conditions: 95°C for 10 minutes followed by
40 cycles at 95°C for 15 seconds with extension at 56°C for 1 minute for
both p190-A and GAPDH. The PCR amplification run was examined, using
the 7300 real-time PCR system–operated SDS Version 1.4 program
(Applied Biosystems). The program uses the Delta Rn analysis method
(Applied Biosystems). PCR products were separated on 1% agarose gel.
Primers used for p190-A were forward (F), AGAAAGAGCCGGTTG-
GTTCAT and reverse (R), AACATAGCCAAAGAGGCCTTACG accord-
ing to accession NM_004491.3. Primers used for CREM were F, GCCTGC-
CTCCTCGCGAACTT and R, TAAACCGCTCCCCTGAGCCG; for ATF2
were F, TGCCCTGTAACCGCCATGCAGA and R, GGCTCTGTACTCTG-
GTCCGCCA; for Rap1 GTPase were F, GTGTCTCACTGCAC-
CTTCAATGGCA and R, ACGCCTCCTGAACCAAGGACCA; and for
p115RhoGEF were F, TCTTCCGGAAAAAGGTGATG and R,
GGTCTGTAGCAC-
CTGGCTTC.

Electrophoretic mobility shift assay

Nuclear extracts were prepared from HPAE cells using protocols as
described previously.13 Protein–DNA complexes were formed by incubat-
ing 5 �g of nuclear protein in a total volume of 20 �L of buffer consisting
of 15mM HEPES, pH 7.9, 3mM Tris-HCl, pH 7.9, 60mM KCl, 1mM
EDTA, 1mM phenylmethylsulfonyl fluoride, 1mM dithiothreitol, and
4.5 �g of bovine serum albumin, 2 �g of poly(dI-dC), 15% glycerol, and
100 000 cpm of 32P-labeled oligonucleotide probe for 30 minutes at 30°C.
The protein–DNA complexes were resolved by electrophoresis on a 4%
polyacrylamide gel using 1 � Tris-glycine-EDTA buffer (25mM Tris-HCl,
pH 8.5, 200mM glycine, and 0.1mM EDTA). CREB consensus oligonucle-
otides (5�-AGAGATTGCCTGACGTCAGAGAGCTAG-3�) were used as
32P-labeled oligonucleotide probes to measure CREB DNA-binding activi-
ties. Double-stranded oligonucleotides were labeled with [gamma-32P] ATP
using the T4 polynucleotide kinase kit (New England Biolabs) following
the supplier’s protocol.

Chromatin immunoprecipitation assay

Cells were cross-linked in situ by incubating them with 1% formaldehyde at
37°C for 10 minutes, and lysates were collected in ice-cold phosphate-
buffered saline. Lysates were resuspended in SDS lysis buffer, followed by
sonication (550 sonic dismembrator; Thermo Fisher Scientific) to generate
DNA fragments of 500 to 1000 bp. Samples were then diluted in ChIP
dilution buffer, precleared with the salmon sperm DNA/protein A agarose-
50% slurry, and supernatant was collected after the centrifugation. Superna-
tant was immunoprecipitated with 10 �g of anti-CREB antibody overnight
followed by addition of agarose beads. Immunocomplexes were then
retrieved by centrifugation and washed 5 times following the Millipore
ChIP assay protocol. The immunoprecipitated DNA was uncross-linked,
subjected to proteinase K digestion, and purified using QIAquick columns
(QIAGEN). The purified DNA was used as a template for PCR amplifica-
tion using primers (F, 5�-ATCTCAGCTCACCACAACCACT-3�; R, 5�-
CGTGGTAGCTTACGCCTGTAAT-3�) flanking the putative CREB bind-
ing site located from �735 and �728 in human p190-A promoter region.
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The PCR products were resolved on 1.5% agarose gels and visualized by
ethidium bromide staining, as described previously.13

Plasmid PGL3-basic-hRhoGap promoter

The human p190Rho-A promoter was cloned from human genomic DNA
(BD Biosciences) by PCR amplification using Finnzymes Phusion High-
Fidelity DNA polymerase (New England Biolabs). Primers were designed
to amplify a fragment of 2951 bp based on the genomic DNA sequence
GenBank NT_011109.16. The PCR-amplified fragment spanned a region
from �2950 to �1 relative to the translational start site of the human
p190RhoGap protein. Shown are the primers sequences that include
restriction sites (italicized) that allow for subcloning into PGL3-basic
vector: hRGap-Pro-NheI-F, 5�-ATATATGCTAGCGCAggttcagtgcttgca-
cag-3� and hRGap-Pro-HindIII-R, 5�-ATATATAAGCTTCGTCGACA-
CATCCTGCCACGA-3�. The amplified human p190RhoGap promoter
fragment containing the restriction sites 5�-NheI/HindIII-3� was digested
with NheI and HindIII restriction enzymes (New England Biolabs) and
ligated to the same digested restriction sites of the PGL3-basic vector
(Promega) using T4 DNA ligase (New England Biolabs). The resulting
plasmid PGL3-basic-hRhoGap promoter was verified for DNA quality and
integrity through gel analysis and sequencing analysis.

Luciferase assay

HPAE cells were first transfected with scrambled or CREB siRNA, and
after 24 hours cells were transduced with p190-A promoter-luciferase
construct or pGL3 basic vector using Lipofectamine 2000 reagent (Invitro-
gen). Cells were left unstimulated or stimulated with thrombin for 6 hours,
washed once with ice-cold PBS, and lysed. Luciferase activity was
determined using a Promega kit following manufacture’s protocols. Values
are expressed as relative luciferase units.

Liposomal delivery of cDNA in the mouse lung

Liposomal preparation and delivery of cDNA in the mouse vasculature was
performed as described previously.34

LPS treatment

Mice housed in sealed container were exposed to a nebulized solution of
lyophilized Escherichia coli LPS in sterile saline (1 mg/mL) for 45 minutes
at a driving flow rate (8 L/min) using a small volume nebulizer (Resigard II;
Marquest Medical) and killed at the indicated times.32

Assessment of lung microvessel permeability

Evans blue–conjugated albumin (EBA; 20 mg/kg) was injected retro-
orbitally 30 minutes before sacrificing the mice to assess vascular leak
induced by LPS or protease activating receptor 1 (PAR1) peptide, as
described previously.32,34 The extravasated EBA concentration in lung
homogenates was calculated against a standard curve (micrograms Evans
blue dye per lung). EBA extravasation (EBAE) values were calculated by
determining the ratio of EBAE influx in the lung versus plasma.

Lung weight determination

Left lungs from the same mice used for EBAE were excised and dried in the
oven at 60°C overnight for calculation of lung wet/dry ratio, as described
previously.32,34

Statistical analysis

Comparisons between experimental groups were made by 1-way ANOVA
and paired Student t test. Differences in mean values were considered
significant at P � .05.

Results

Impairment of CREB function increases endothelial
permeability

We investigated whether HPAE cells depleted of CREB form
functional barrier by assessing the decrease in transendothelial
electrical resistance (TEER), a measure of endothelial barrier
integrity in real time.34 We observed that CREB siRNA signifi-
cantly reduced endogenous CREB expression at 48 hours after
transfection (Figure 1A). CREB siRNA had no effect on the
expression of other transcription factors belonging to CREB
family, such as ATF2 and CREM (supplemental Figure 1, available
on the Blood Web site; see the Supplemental Materials link at the
top of the online article). We observed that TEER decreased
significantly in CREB-depleted endothelial cells, whereas it re-
mained stable in cells transfected with control siRNA (Figure 1B),
indicating CREB is required for maintaining endothelial barrier
integrity.

Thrombin, a serine protease released during vascular injury,
rapidly induces actin-myosin–driven endothelial contraction, lead-
ing to increased endothelial permeability.4,24,34 This is followed by
a recovery period during which endothelial contraction is sup-
pressed and interendothelial junctions reseal restoring normal
endothelial permeability. Thus, we determined the effect of CREB
depletion on thrombin-induced increase in endothelial permeabil-
ity. We normalized TEER values after 48 hours of transfection in
control and CREB siRNA-transfected endothelial monolayers, and
changes in TEER were assessed after stimulation with thrombin.
As expected, thrombin rapidly decreased TEER in control siRNA-
transfected monolayer and subsequently the TEER returned to
basal levels within 2 hours (Figure 1C). Inhibition of CREB
expression enhanced TEER decrease induced by thrombin, and
these responses persisted without recovery to basal level
(Figure 1C).

We also determined the effect of CREB knockdown on transen-
dothelial influx of EBA in naive monolayer or after stimulation of
monolayer with thrombin. We found that depletion of CREB
basally increased transendothelial albumin influx that was further
augmented after thrombin stimulation (Figure 1D). Moreover,
CREB depletion markedly enhanced barrier disruption after VEGF
and histamine (supplemental Figure 3).

In other studies, we transduced dn-CREB mutant (Ser133Ala-
CREB mutant) in HPAE cells and quantified the effect of impair-
ment of CREB function on TEER. As expected, dn-CREB sup-
pressed basal CREB phosphorylation (Figure 1E). We observed
that transduction of dn-CREB mutant also disrupted basal barrier
function (Figure 1F) and led to persistent increase in the duration of
endothelial permeability in response to thrombin (Figure 1G), recapitu-
lating the above-mentioned findings in CREB knockdown cells.

Next, we determined the morphology of CREB-depleted endo-
thelial monolayer by staining for adherens junction (AJ) marker
VE-cadherin as well as assessed actin fibers. We found that CREB
depletion resulted in AJ disruption and actin stress fiber formation,
leading to interendothelial gap formation (Figure 1H-I). Thrombin
exaggerated AJs disruption and actin stress fiber formation in
CREB-depleted monolayer, and these changes persisted even after
120 minutes postthrombin challenge, resulting in formation of
numerous opened gaps (Figure 1H-I). However, in control siRNA-
transfected HPAE cells, thrombin induced transient disruption of
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Figure 1. CREB is required for maintaining basal endothelial barrier function and for preventing persistent increases in endothelial permeability postthrombin
challenge. (A-C) Depletion of CREB impairs endothelial barrier function. (A) HPAE monolayers were transfected with 2.4 �g of either scrambled (SiSc) or CREB siRNA
(SiCREB) for 48 hours. Cell lysates were immunoblotted 48 hours after transfection using anti-CREB antibody to analyze CREB expression. Immunoblot with anti-actin
antibody was used as a loading control. (B) Cells plated on gold electrodes were transfected with either SiSc or SiCREB and after 24 hours after transfection, TEER was
determined for indicated times. Data represent mean � SD from 3 experiments performed in duplicates. Asterisk (*) indicates values different from SiSc-transfected endothelial
monolayers (P � .05). (C) HPAE monolayers were transfected with SiSc or SiCREB for 48 hours after which cells were simulated with 50nM thrombin, and changes in TEER
were recorded overtime. The effects of CREB inhibition on endothelial barrier recovery postthrombin challenge were examined after normalization of TEER values after
48 hours of transfection to 100%. Data represent mean � SD from 3 experiments performed in duplicates. Asterisk (*) indicates values different from SiSc-transfected
endothelial monolayers (P � .05). (D) HPAE cells seeded on Transwell plates were transfected with SiSc or SiCREB and 48 hours after transfection, EBA clearance was
determined after without or with thrombin challenge. Data represents the mean � SD from 3 experiments. Asterisk (*) indicates difference from unstimulated SiSc monolayer,
and double asterisk (**) indicates difference from thrombin-stimulated SiSc- or control SiCREB-expressing cells (P � .05). (E-G) Expression of dn-CREB mutant impairs
endothelial barrier function. HPAE cells seeded on 6-well plates or gold-plated electrodes were transfected with control cDNA or dn-CREB mutant. After 24 hours after
transfection, we determined changes in CREB phosphorylation (E) and TEER in naive monolayer (F) or after stimulation with 50nM thrombin (G) at indicated times. For
determining CREB phosphorylation and expression of CREB mutant, cell lysates were immunoblotted with anti–Ser133-CREB antibody anti-CREB antibodies. Immunoblot
with anti-actin antibody was performed for protein loading control. The effects of CREB inhibition on endothelial barrier recovery postthrombin challenge were examined after
normalization of TEER values after 24 hours after transfection to 100%. Data represent mean � SD from 3 experiments performed in duplicates. Asterisk (*) indicates values
different from SiSc-transfected endothelial monolayers (P � .05). (H-I) CREB knockdown disrupts adherens junctions and increases actin stress fiber formation. HPAE cells
expressing SiSc or SiCREB were left unstimulated or stimulated with 50nM thrombin for indicated times, fixed, and immunostained with anti–VE-cadherin antibody and
rhodamine phalloidin as described in “Immunofluoresence.” Cells were visualized using an LSM confocal microscope. The images shown are representative of 3 independent
experiments. (I) Plot shows time course of fold-change in intercellular gap areas in siSc- or SiCREB-expressing cells after thrombin stimulation. Gap area was quantified using
National Institutes of Health ImageJ Version 1.44 software. Asterisk (*) indicates values different from values at time 0 in SiSc-transfected monolayers (P � .05), and double
asterisk (**) indicates values different from corresponding thrombin-stimulated SiSc-transfected endothelial monolayers (P � .05). (J) Effect of CREB depletion on actin
polymerization. SiSc or SiCREB cells were lysed and centrifuged to separate G- and F-actin. Lysates were then immunoblotted with anti-actin antibody to determine actin
polymerization. Numbers indicate densitometric values from 3 individual experiments.
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AJs and actin stress fiber formation, and as a result, interendothelial
gaps were not apparent at 120 minutes (Figure 1G-I). CREB
depletion had no effect on actin polymerization because amount of
G- versus F-actin remained the same (Figure 1J). These findings
along with above-mentioned TEER data suggest that CREB is
required for maintaining a normal endothelial barrier and that it
prevents amplified and protracted increase in endothelial permeabil-
ity by inflammatory mediators such as thrombin.

CREB maintains endothelial barrier function by down-
regulating RhoA signaling

RhoA plays a critical role in inducing actin-stress fiber formation
and endothelial permeability.27,34 We therefore reasoned whether
impairment of CREB function increased endothelial permeability
by up-regulating RhoA signaling. As shown in Figure 2, in control
siRNA-transfected cells, RhoA activity was barely detectable in
unstimulated endothelial monolayers (Figure 2A-B). Thrombin
induced a 4-fold activation of RhoA that returned to basal level in
30 minutes (Figure 2A-B). However, in CREB-depleted monolay-
ers, RhoA activity was increased to 3-fold without thrombin
stimulation (Figure 2A-B). Thrombin augmented RhoA activity by
12-fold, and this activity remained elevated to 6-fold until 30 min-
utes (Figure 2A-B).

An important consequence of RhoA signaling is the phosphory-
lation of the Rho kinase substrate MYPT1, which prevents
dephosphorylation of MLC and thereby sustains actin-myosin
contraction.1,4 Therefore, we determined MYPT1 phosphorylation
in CREB-depleted cells. Consistently, we observed that MYPT1
was basally phosphorylated in CREB-depleted cells and that the
phosphorylation increased further after thrombin stimulation (Fig-

ure 2A,C). Depletion of CREB had no effect on endogenous levels
of RhoA, because the total amount of RhoA was similar in control
and CREB siRNA-transfected cells (Figure 2A).

CREB suppresses RhoA activity by controlling p190-A
expression and thereby establishes endothelial barrier

Guanosine exchange factors (GEFs) and GAPs regulate RhoA
activity. GEFs increases RhoA activity by inducing GDP-GTP
exchange on RhoA.1,25 On the contrary, GAPs antagonizes RhoA
activity specifically by increasing GTPase activity of RhoA.36-38

We have shown previously that p115RhoGEF and p190-A play a
critical role in regulating RhoA activity.27 We therefore tested the
possibility that CREB controls RhoA signaling via regulating the
expression of either p190-A or p115RhoGEF. In addition, we
assessed the effect of CREB depletion on the expression of
VE-cadherin, 	-catenin, p120-catenin, and FAK proteins because
these proteins form endothelial barriers and interact with upstream
regulators of RhoA, such as p190-A.1,37 We found that CREB
deficiency did not alter the expression levels of FAK, p120-catenin,
or 	-catenin (Figure 3A). However, knockdown of CREB mark-
edly suppressed p190-A expression (Figure 3A). Quantitative PCR
analysis of p190-A in CREB-depleted or dn-CREB–transducing
cells showed that impairment of CREB function decreased p190-A
mRNA by 70% (Figures 3B-C) while sparing the expression of
p115RhoGEF (supplemental Figure 2), thus identifying p190-A as
the transcriptional target of CREB.

To determine that loss of p190-A expression was responsible for
impairment of endothelial barrier function in dn-CREB–transduc-
ing cells, we overexpressed wild-type p190-A in dn-CREB–
expressing cells and determined TEER and interendothelial gaps

Figure 2. CREB negatively regulates RhoA signaling.
(A) Effects of CREB depletion on RhoA (top row and
panel B) or myosin phosphatase 1 (MYPT1; second row
and panel C) activities. HPAE cells transfected with either
SiSc or SiCREB were left unstimulated or stimulated with
50nM thrombin for indicated times after which they were
lysed to measure RhoA activity. MYPT1 activity was
determined by immunoblotting with anti–phospho-381
MYPT antibody. Top row shows RhoA activity as indi-
cated by the amount of RBD-bound RhoA, whereas third
row shows total amount of RhoA protein in whole cell
lysate. Bottom row shows immunoblot of CREB using
anti-CREB antibodies. (B-C) Plots show mean � SD of
fold-increase in RhoA (B) or MYPT1 (C) activities from
multiple experiments over value at time 0 (n 
 4). Aster-
isk (*) indicates values different from unstimulated SiSc
group (P � .05), and double asterisk (**) indicates values
different from corresponding thrombin-stimulated, SiSc-
transfected monolayers (P � .05).
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formation after without or with thrombin stimulation. We found
that rescuing p190-A expression (Figure 4A inset) markedly
suppressed interendothelial gaps formation in CREB knockdown
cells (Figure 4A) and thereby restored basal barrier function as well
as facilitated the reformation of barrier after thrombin challenge
(Figure 4B-C). In addition, we determined that decreased p190-A
expression is sufficient to impair barrier function seen in CREB
knockdown cells. Thus, we depleted p190-A in HPAE cells using
siRNA and determined TEER in response to thrombin. We found
that � 70% reduction in p190-A expression (similar to that induced
by CREB knockdown; Figure 4D inset) impaired basal endothelial
barrier function as seen in CREB knockdown cells (Figure 4D-E).
Furthermore, thrombin persistently increased endothelial permeabil-
ity in these monolayers (Figure 4E). Collectively, these findings
demonstrate that CREB maintains endothelial barrier function by
controlling p190-A expression, which dampens RhoA signaling.

CREB induces p190RhoGAP promoter activity

Phosphorylation at serine 133 residue and nuclear translocation
determine CREB activity.8,20,21 We first determined whether CREB
activity is altered in association with disruption of endothelial
barrier function by thrombin. CREB phosphorylation was deter-
mined in cell lysates using anti–phospho-serine 133 antibody.
Nuclear extracts containing equal amount of protein were analyzed
by EMSA for CREB DNA-binding activity using radiolabeled
CREB consensus oligonucleotide probe. We observed that CREB
is basally phosphorylated and thrombin induced a 4-fold increase
in CREB phosphorylation within 5 minutes, which further in-
creased to 6-fold at 30 minutes and remained elevated around this
level even at 1 hour (Figure 5A). Thrombin also induced an
increase in CREB DNA-binding activity above basal level within
1 hour that persisted at 2 hours (Figure 5B). These findings suggest
that CREB is induced during alteration of endothelial barrier
function.

Transfac analysis of human p190-A promoter revealed the
presence of a putative CREB-binding motif spanning from �735 to
�728 bp. To address the possibility that CREB transcribes p190-A
by binding to CRE site on p190-A promoter, we performed a ChIP
assay. ChIP analysis revealed that CREB directly binds to
p190RhoGAP promoter, whereas it failed to bind p190-A promoter
in HPAE cells transducing dn-CREB mutant (Figure 5C).

We also determined the functional role of CREB interaction
with the p190RhoGAP promoter in inducing p190-A promoter
activity. To do this, we a generated p190-A promoter luciferase
reporter plasmid and cotransduced this plasmid in HPAE cells
without or with CREB siRNA. These cells were stimulated with
thrombin for 6 hours after which luciferase activity was deter-
mined. As shown in Figure 5D, basal promoter activity was
suppressed by 5-fold in CREB-depleted HPAE cells. Moreover,
thrombin increased luciferase activity by 2-fold in cells transducing
control vector, but it failed to increase the luciferase activity in
CREB-depleted cells (Figure 5D). These findings demonstrate that
CREB controls p190-A expression by directly inducing its pro-
moter activity.

CREB is required for restoring lung vascular barrier function

We have shown that thrombin increases lung vascular barrier
permeability by activating protease activating receptor 1 (PAR1)
that resolves naturally within the next 2 to 3 hours.34,39 We also
have shown that nebulized endotoxin, LPS disrupts lung vascular
barrier function that resolves within 24 hours.32 Thus, we used
these mice models of lung injury to address the in vivo relevance of
CREB activation in regulating endothelial barrier function via
p190-A. We conjugated dn-CREB mutant with liposome and
injected retro-orbitally into mouse vasculature.35 Mice receiving
vector served as a control. After 48 hours after transfection, these
mice were challenged with PAR1 peptide (1 mg/kg),34,39 and the
lungs were harvested at indicated times. In other studies, mice

Figure 3. CREB depletion suppresses p190-A expression. (A) Effect of
CREB knockdown on p190-A protein expression. HPAE cells expressing
SiSc or SiCREB were lysed and immunoblotted with indicated antibodies
to determine their expression. Numbers indicate densitometric values
under each condition taking SiSc as 100%. (B-C) Effect of impairment of
CREB function on p190-A mRNA expression. HPAE cells transfected with
either SiCREB for 48 hours (B) or dn-CREB mutant for 36 hours (C) were
lysed, and RNA was extracted. mRNA was analyzed by quantitative
RT-PCR using primers specific for the p190-A. GAPDH expression was
used as a paired control. Asterisk (*) indicates values different from
SiSc-transfected monolayers (P � .05).
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transducing vector or dn-CREB mutant were allowed to inhale LPS
for 45 minutes as described in “LPS treatment” and, after 4 and
24 hours, these mice were sacrificed. We determined EBAE in the
lung parenchyma and lung wet-dry weight ratio to assess the effect
of impaired CREB function on lung vascular barrier function.
Injection of PAR1 peptide (intravenously) increased edema forma-

tion and lung vascular permeability in mice receiving control
vector or CREB mutant at 30 minutes (Figure 6A-C). Lung
vascular barrier function recovered at 150 minutes in vector-
expressing lungs (Figure 6A-C). However, mice lungs transducing
dn-CREB mutant showed increased vascular leak under basal
conditions (Figure 6A-C). PAR1 activation further augmented lung

Figure 4. Restoration of p190RhoGAP expression rescues endothelial barrier defect in CREB-impaired endothelial cells. (A) HPAE cells were cotransduced with
control cDNA plus GFP-tagged p190-A cDNA or dn-CREB mutant along with green fluorescent protein (GFP)-tagged p190-A cDNA. After 24 hours, cells were lysed, and
lysates were immunoblotted with anti-GFP and anti-p190-A antibodies to determine protein expression (inset). In parallel, cells were stimulated with thrombin for indicated
times, fixed, and stained with anti–VE-cadherin antibody and viewed under confocal microscope. Intracellular gap areas were quantified using National Institutes of Health
ImageJ Version 1.44 software. The values shown are representative of 3 independent experiments. Asterisk (*) indicates values different from unstimulated control
vector-expressing cells (P � .05), and double asterisk (**) indicates values different from corresponding thrombin-stimulated control vector-transducing monolayers (P � .05).
Pound (#) indicates values different from corresponding thrombin-stimulated dn-CREB–transducing monolayers (P � .05). (B-C) HPAE cells cotransducing indicated cDNA
were stimulated without (B) or after thrombin stimulation (C), and TEER was determined at indicated times. Data represent mean � SD of percentage of decrease in TEER.
Asterisk (*) indicates values different from value at 24 hours (P � .05), and double asterisk (**) indicates values different from dn-CREB vector-transducing monolayers with
and without treatment of thrombin (P � .05). (D-E) Effect of p190-A knockdown on endothelial monolayer permeability. HPAE cells were transfected with 2.4 �g of SiSc or
p190-A siRNA for 48 hours, after which changes in TEER were determined without (D) or after thrombin stimulation (E). Inset, cell lysates were immunoblotted 48 hours after
transfection using anti–p190-A antibody to analyze p190-A expression. Immunoblot with anti–	-actin antibody was used as a loading control. Plot shows mean � SD from
3 experiments performed in duplicates. Asterisk (*) indicates values different from corresponding SiSc-transfected endothelial monolayers (P � .05).
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vascular dysfunction, but this did not resolve in 150 minutes
(Figure 6A-C). Likewise, we observed that LPS-induced increase
in lung vascular permeability returned to near normal levels within
24 hours in vector-expressing lungs, but these responses persisted
in dn-CREB mutant–expressing lungs (Figure 6D-E). These find-
ings indicate that CREB plays a critical role in maintaining lung
vascular function and for opposing barrier dysfunction by the
2 diverse inflammatory agents PAR1 and LPS.

We also assessed the effect of CREB impairment on
p190RhoGAP function in the lungs. Consistent with findings in
endothelial cells, we observed that transduction of dn-CREB
impaired p190-A expression, leading to increased MYPT1 phosphor-
ylation under basal condition that increased further after PAR1
activation (Figure 6F-G). PAR1 activation significantly increased
CREB phosphorylation in lungs expressing control vector (Figure
6H). However, dn-CREB–expressing lungs showed diminished
CREB phosphorylation, confirming the expression of dn-CREB
mutant in the lungs (Figure 6H).

Inhibition of RhoA signaling reverses lung vascular barrier
dysfunction occurring secondary to impairment of CREB
function

To address whether inhibition of RhoA signaling would restore
endothelial barrier function in lungs transducing dn-CREB mutant,
we inhibited Rho kinase by injecting Y-27632 into mice (10 mg/kg
body) 15 minutes before the PAR1 peptide infusion in mice
transducing control vector or dn-CREB mutant. We observed that
inhibition of RhoA restored albumin leakage and edema formation
in mutant-expressing lungs to the level seen in control lungs after
without or with PAR1 activation (Figure 7A-B). To compare the
effectiveness of RhoA inhibition in restoring lung edema formation
in vector and CREB mutant–expressing lungs, we recalculated
findings in Figure 7A-B, taking 0-minute values in vector-
expressing lungs as 100%. Data show a pronounce effect of RhoA
inhibition in mitigating basal as well as PAR1 induced increase in

lung edema formation in mutant-expressing lungs (Figure 7C-D).
Similar findings were observed in endothelial cells transducing
dn-CREB mutant where inhibition of Rho kinase attenuated
persistent increase in endothelial permeability by thrombin (data
not shown). Thus, CREB prevents lung vascular dysfunction via
p190-A–mediated suppression of RhoA signaling.

Discussion

Our results identified a crucial role of CREB in maintaining basal
endothelial monolayer integrity and in restoring normal endothelial
barrier function after increase in endothelial permeability by the
inflammatory mediators thrombin, VEGF, and histamine as well as
the endotoxin LPS. We specifically demonstrate that CREB
transcriptionally controls p190-A expression that antagonizes RhoA
signaling, thereby preventing disruption of endothelial monolayer
integrity and long-lasting increase in endothelial permeability in
response to inflammatory agonists. The increased RhoA signaling
secondary to the loss of CREB and p190-A function was a decisive
factor in disrupting endothelial barrier integrity and in amplifying
endothelial permeability increase in response to thrombin because
normal barrier function was restored by either rescuing p190-A
expression or by inhibiting the activity of RhoA effector Rho
kinase in CREB-impaired cells and lungs.

Impairment of endothelial barrier function is a crucial factor in
the pathogenesis of several diseases arising because of tissue
inflammation and hypoxia.1,22,23,40 In the lung, increased microves-
sel endothelial permeability leads to protein-rich alveolar edema
and severely impairs oxygenation, leading to the life-threatening
disease acute lung injury.2,6 It is well established that actin-myosin–
driven endothelial cell contraction primarily determines endothe-
lial permeability increase induced by inflammatory mediators such
as thrombin.3,4,41 However, whether CREB directly influences the
formation of functional endothelial barrier and whether it is

Figure 5. CREB is required for inducing p190-A
promoter activity. (A) Thrombin activates CREB. HPAE
cells were stimulated with thrombin (50nM) for the indi-
cated times, and phosphorylation of CREB was deter-
mined by immunoblotting using Ser133-phosphospecific
antibody. Membrane was reprobed with anti-CREB anti-
body to normalize for protein loading. Data represent
mean � SD from 3 individual experiments. Asterisk (*)
indicates significant increase in phosphorylation above
time 0 (P � .05). (B) Thrombin induces CREB nuclear
localization. HPAE cells stimulated with thrombin for
indicated times were lysed, and nuclear extracts were
prepared as described in “Electrophoretic mobility shift
assay.” Nuclear extracts containing equal amount of
proteins were analyzed for protein-CRE DNA-binding
activity using 32P-labeled consensus CRE oligonucleo-
tide as a probe. (C) Effect of CREB knockdown on p190-A
promoter expression. Nuclear extracts from cells transduc-
ing control vector or dn-CREB mutant were used for ChIP
assay using monoclonal anti-CREB antibodies, and the
resulting DNA fragments were subjected to PCR amplifi-
cation using primers spanning the CREB consensus
sequences from human p190-A. (D) Depletion of CREB
suppresses p190-Apromoter activity. HPAE cells express-
ing Sc or SiCREB for 24 hours were transfected with
p190-A luciferase promoter construct. Cells were then left
unstimulated or stimulated with thrombin for 6 hours, and
the luciferase activities were determined. Asterisk (*)
indicates values different from values from SiSc group at
time 0 (P � .05), and double asterisk (**) indicates value
different from SiSc cells after without or with thrombin
stimulation.
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necessary for altering endothelial permeability in response to
inflammatory mediators is unknown. We showed that impairment
of CREB function increased stress fiber formation under naive
conditions consequently disrupting endothelial barrier disruption.
Moreover, the proinflammatory mediator thrombin, which gener-
ally induces a reversible increase in endothelial permeabil-

ity,27,32,34,42 produced an amplified and protracted increase in
endothelial permeability in CREB-impaired cells. Histamine and
VEGF also induced exaggerated increase in endothelial permeabil-
ity in CREB-depleted endothelial cells. We show that thrombin
enhanced actin stress fiber formation in CREB-depleted cells,
which prevented resealing of AJs. Hence, lungs transducing

Figure 6. Effect of impairment of CREB function on
lung microvessel permeability. (A-E) Expression of
dn-CREB mutant in lungs exaggerate pulmonary edema
formation. Mice were injected retro-orbitally with lipo-
some encapsulating either vector or dn-CREB mutant.
After 48 hours after transfection, either PAR1 agonist
(1 mg/kg) or control peptide was injected intravenously
into mice (A-C), or mice were exposed to nebulized LPS
(D-E). Lung vascular permeability was determined by
quantifying EBAE or wet-dry weight ratio at the indicated
times. (A) Representative images of PAR1-induced Ev-
ans blue accumulation in the lungs-transducing vector or
dn-CREB mutant. (B-E) Plot shows mean � SEM of
changes in EBAE and wet-dry weight ratio after PAR1
peptide administration or LPS exposure in control and
dn-CREB-transdcucing lungs (n 
 4). Asterisk (*) indi-
cates values different from control vector group value at
time 0, and double asterisk (**) indicates values different
from corresponding PAR1 peptide treated control vector
group (P � .05). (F) Control vector or dn-CREB–transduc-
ing lungs were harvested after treatment with either
control peptide or PAR1 peptide at indicated times. Lung
lysates were immunoblotted with the indicated antibodies
to determine PAR1-induced phosphorylation of CREB
and MYPT1. Immunoblot with anti-CREB antibody was
used to confirm the overexpression of CREB in dn-CREB
mutant lungs. (G-H) Plot shows mean � SEM of fold-
increase in CREB phosphorylation and MYPT1 activity in
lungs-transducing dn-CREB mutant. Asterisk (*) indi-
cates significance from its control vector group at time 0
(P � .05), and double asterisk (**) indicates significance
from the corresponding PAR1 peptide–treated control
vector mice group (P � .05).
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dn-CREB mutant showed persistent edema formation after in
response to PAR1 activation. We also showed that impairment of
CREB function prevented resolution of lung edema in a model of
LPS-induced acute lung injury. Thus, these findings demonstrate
that CREB function is required to establish endothelial barrier and
to mitigate long-lasting increase in endothelial permeability by
diverse edemagenic agents.

CREB belongs to a family of cAMP response genes.7 It is well
established that increased cAMP concentration strengthens endothe-
lial barrier function and prevents the increases in endothelial
permeability in response to several agonists such as thrombin, LPS,
and hypoxia.1,43,44 For example, up-regulated adenosine B2 recep-
tor by inducing cAMP generation suppresses hypoxia-induced
vascular leak.45,46 Adenosine B2 receptor contains hypoxia-
inducible factor binding elements in the promoter region.45,46

Because CREB can regulate hypoxia-inducible factor expression47

our findings raise the possibility that CREB play a general role in
mitigating endothelial barrier dysfunction during inflammation as
well as oxygen stress.17,23,46

The small GTPases RhoA and Rac1 play a key role in regulating
endothelial permeability.25,27,44 Because RhoA induces actin stress
fiber formation and endothelial permeability increase,1 we specu-
lated that CREB-regulated endothelial permeability by regulating
RhoA expression. However, we showed that impairment of CREB
function did not alter RhoA expression. Notably, we showed that
CREB function was required not only for suppressing basal RhoA
activity but also for attenuating thrombin-induced RhoA activity.
Inhibition of RhoA signaling reversed endothelial permeability
defect in CREB-impaired cells and lungs, demonstrating CREB-
regulated endothelial barrier by antagonizing RhoA activity. Baumer
et al showed that Rac1 activity significantly contributes to mitigate
the increase in endothelial permeability by thrombin and LPS.43

However, our findings demonstrate that inhibition of RhoA signal-
ing was sufficient to restore basal endothelial barrier function in
CREB knockdown cells under naive conditions and after thrombin
challenge, indicating CREB specifically alters RhoA signaling.

RhoA is known to cycle between the active (GTP-bound) and
inactive (GDP-bound) states.26,48 Rho activation state is regulated
by the opposing actions of the GEFs and the GAPs. The P115
RhoGEF proteins mediate the activation of RhoA in response to
thrombin by stimulating the release and exchange of GDP for
GTP.26 However, GAP proteins inactivate RhoA by increasing
intrinsic RhoA-GTPase activity, converting RhoA-GTP into RhoA-
GDP form.25,26 p190RhoGAP family consisting of p190-A and
p190-B isoforms primary accounts for the total RhoGAP activity.49

Interestingly, p190 specifically inactivates RhoA.38 Several studies
showed that p190-A prevents the increase in endothelial permeabil-
ity induced by thrombin27,28 and endotoxin.29,30 Our findings
implied that CREB transcriptionally controls an upstream regulator
of RhoA whose function is to dampen RhoA activity. Therefore, we
posited that a functionally important relationship exists between
CREB activity and p115RhoGEF or p190-A expression that
regulates RhoA signaling to maintain endothelial barrier function.
Hence, we focused on determining the role of CREB in regulating
p115RhoGEF and p190-A expression. We showed that impairment
of CREB function lead to depletion of p190-A protein. However,
CREB depletion had no effect on expression of p115RhoGEF
expression. Moreover, depletion of CREB did not alter the
expression of VE-cadherin, 	-catenin, p120-catenin, or FAK, all
which play a fundamental role in regulating endothelial permeabil-
ity.1 Thus, CREB specifically targets p190-A. Decreased p190-A
expression helps to explain amplified RhoA activity, consequently
inducing MLC phosphatase activity and actin stress fiber formation
in CREB impaired endothelial cells and mice lungs, which leads to
amplified and protracted increase in endothelial permeability by
thrombin and LPS. Consistently, we showed that restoring
p190RhoGAP expression in dn-CREB mutant–transfected cells
reestablished the endothelial barrier function toward the levels seen
in control cells. Also, we showed that siRNA-induced knockdown
of p190RhoGAP recapitulated endothelial barrier defect seen in
CREB-depleted cells. These findings are consistent with the notion
that CREB and p190RhoGAP operate in a linear pathway, where

Figure 7. Inhibition of RhoA signaling restores endo-
thelial barrier function in dn-CREB lungs. Mice trans-
ducing control vector or dn-CREB mutant were given with
either normal saline (vehicle) or Rho kinase inhibitor
Y-27632 (10 mg/kg body weight mice) intravenously for
15 minutes. Mice were then injected with either control
peptide or PAR1 peptide for the indicated times. Evans
blue was injected into the mice 30 minutes before they
were euthanized. Lung vascular permeability measure-
ments were determined by quantifying transendothelial
albumin flux of EBA (A) or lung wet-dry ratio (B). Data
represent mean � SEM from 3 individual experiments.
Asterisk (*) indicates values different from control vector
group at 0 time point, and double asterisk (**) indicates
values different from values in corresponding PAR1
peptide–treated control group (P � .05). Pound (#) indi-
cates values different from dn-CREB mutant lungs
(P � .05). (C-D) Mean � SD of percentage of change in
inhibition of lung vascular permeability (C) and lung
wet-dry weight ratio (D) by Y-27632. Values shown in
panels A and B were recalculated taking time 0 value in
vector-expressing lungs as 100%. Asterisk (*) indicates
values different from control vector group.
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p190 acts downstream of CREB in dampening RhoA signaling and
thereby in establishing endothelial barrier function and limiting
protracted increase in endothelial barrier dysfunction post thrombin
challenge.

Several mechanisms such as protein–protein interactions, phos-
pholipid modification, subcellular translocation, and proteolytic
degradation regulate p190-A activity.50 For example, phosphoryla-
tion of p190-A by cSrc and FAK induced its GAP activity.27,37 p190
interaction with p120-RasGAP, Rnd3, and p120-catenin was cru-
cial for p190 GAP activity.37 We showed that CREB transcription-
ally controls p190RhoGAP expression. We identified CRE site in
the p190-A promoter where CREB binds to induce p190-A promoter
activity. Consistently, depletion of CREB markedly suppressed
p190RhoGAP promoter activity. We also showed that thrombin in-
creased CREB activity as well as p190-A promoter activity. However,
thrombin did not induce p190-A promoter activity in CREB-depleted
cells. Thus, our results demonstrate that transcriptional control of the
p190-A expression by CREB was another regulatory mechanism of
p190-Aactivity and thereby maintenance of endothelial barrier function.

In conclusion, our findings provided new insight into the
physiologic roles of CREB. CREB down-regulates RhoA via
maintaining the expression of p190-A and thereby helps to
maintain endothelial barrier function under basal conditions and
prevent long-lasting increases in endothelial permeability by
inflammatory mediators. CREB functional interactions with RhoA
via p190 have significant implications in vivo under physiologic
and pathologic conditions.
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