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Background: Disruption of endothelial cell (EC) junction-associated proteins is a major contributing factor to inflamma-
tion-induced barrier dysfunction.
Results: Knockdown of ERG in EC led to markedly increased EC permeability and reduced expression of the tight junction
protein CLDN5.
Conclusion: ERG regulates EC barrier function via transcriptional regulation of CLDN5.
Significance: ERG is a transcriptional regulator of EC barrier function.

ETS-related gene (ERG) is a member of the ETS transcription
factor family.Ourprevious studies have shown that ERGexpres-
sion is highly enriched in endothelial cells (EC) both in vitro and
in vivo. ERG expression is markedly repressed in response to
inflammatory stimuli. It has been shown that ERG is a positive
regulator of several EC-restricted genes including VE-cadherin,
endoglin, and vonWillebrand factor, and a negative regulator of
other genes such as interleukin (IL)-8 and intercellular adhesion
molecule (ICAM)-1. In this study we have identified a novel role
for ERG in the regulation of EC barrier function. ERG knock-
down results in marked increases in EC permeability. This is
associated with a significant increase of stress fiber and gap for-
mation in EC. Furthermore, we identify CLDN5 as a down-
stream target of ERG in EC. Thus, our results suggest that ERG
plays a pivotal role in regulating EC barrier function and that
this effect is mediated in part through its regulation of CLDN5
gene expression.

Vascular inflammation occurs in several diseases including
diabetes, atherosclerosis, and rheumatoid arthritis (1–3).
Increased endothelial cell (EC) permeability is a major conse-
quence of vascular inflammation that leads to an increase in
paracellular leakage of plasma fluid and protein. The paracellu-
lar route is regulated by adherens junction (AJ)2- and tight junc-

tion (TJ)-associated proteins. AJs are formed by homotypic
interactions of the cadherin family of adhesion proteins,
whereas TJs comprise membrane-spanning proteins, including
claudin, occludin, and junctional adhesion proteins (4, 5). The
claudin family consists of 24 tetraspan transmembrane pro-
teins, each with a unique tissue distribution. Claudin 5
(CLDN5) is enriched in EC. CLDN5-knock-outmice die within
1 day after birth and demonstrate a defect in the blood-brain
barrier (6).
Inflammatory stimuli such as histamine, thrombin, vascular

endothelial growth factor (VEGF), and tumor necrosis factor-�
(TNF-�) can cause disruption of EC cell-cell junctions aswell as
alterations in cytoskeletal architecture, leading to increased gap
formation and stress fiber assembly. Whereas certain inflam-
matory stimuli, such as thrombin or histamine, lead to rapid
alterations in endothelial barrier function that occur in seconds
to minutes, other mediators, such as TNF-� or endotoxin, are
associated with much more gradual changes that occur over
several minutes to hours and that are accompanied by signifi-
cant changes in gene expression.
The ETS genes are a family of transcription factors sharing a

highly conserved DNA binding domain, the ETS domain, that
recognize DNA with an internal conserved DNA binding
sequence core motif of GGAA/T (7). We and others have
shown a role for selectedmembers of the ETS family in the reg-
ulation of inflammatory responses in EC. For example, the ETS
factor ESE-1 is rapidly induced in cultured EC in response to
proinflammatory cytokines, including interleukin (IL)-1� and
TNF-�, and in vivo, in response to endotoxin administration
(8). Target genes of ESE-1 include nitric-oxide synthase 2
(NOS2) and cyclooxygenase-2 (COX-2). Similarly, Ets-1 induc-
tion occurs in EC in response to several inflammatory stimuli
including proinflammatory cytokines and angiotensin II (9).
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Furthermore, Ets-1 is a critical mediator of the generation of
reactive oxygen species and inflammatory gene expression in
EC in vivo in response to systemic infusion of angiotensin II
(10).
In contrast to most other ETS factors, we have recently

shown that the ETS factor ERG exhibits an EC-restricted pat-
tern of expression in both cultured cells and in different organs
in vivo (11). ERG functions as a transcriptional activator of sev-
eral EC-specific genes including endoglin, vonWillebrand fac-
tor, VE-cadherin, intercellular adhesion molecule (ICAM)-2,
and RhoJ (12–16). Recently, a few studies have implicated a role
for ERG in the regulation of EC function during inflammation.
We have shown that ERG expression is down-regulated upon
inflammatory stimulation both in vitro and in vivo (11). Fur-
thermore, we and others have demonstrated that ERG can
function as a transcriptional repressor of a selected number of
inflammatory genes, such as IL-8 and ICAM-1, which in turn
promote the recruitment and attachment of neutrophils to the
activated endothelium (11, 17).
In this study, we further characterize the role of ERG in reg-

ulating EC barrier function. ERG knockdown leads to marked
increases in EC permeability. This is associated with significant
changes in EC cytoskeletal structure and architecture.We have
identified CLDN5 as a novel ERG target in EC, which plays a
pivot role in mediating EC intercellular resistance and
permeability.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Primary human umbilical vein
EC (HUVEC), human coronary artery EC (HCAEC), human
pulmonary artery EC (HPAEC), and human lungmicrovascular
EC (HMVEC) were obtained from Lonza (Allendale, NJ) and
grown in EBM-2 (EC Basal Medium-2) supplemented with
EGM-MV SingleQuots (Lonza).
Immunofluorescent Staining—Cells were plated on 12-mm

glass circular coverslips in a 24-well dish. Before immuno-
staining, cells were fixed in 3.7% formaldehyde for 5 min at
room temperature and washed three times with PBS. After
being permeabilized in 0.05% Triton X-100, cells were then
incubated with phalloidin-594 (Invitrogen) for 30 min at room
temperature in the dark. Samples were rinsed three times with
PBS. The staining was visualized by fluorescence confocal
microscopy.
Western Blot Analysis—After corresponding treatments,

cells werewashedwith ice-cold PBS and lysedwith radioimmu-
neprecipitation assay solution, containing a protease inhibitor
mixture. Equal amounts of total protein extractswere subjected
to 10% SDS-PAGE and transferred to 0.45-�m nitrocellulose
membranes. Membranes were blocked with 5% dry milk and
probed with respective primary antibodies (rabbit anti-ERG
(Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-
CLDN5 (Invitrogen), or anti-tubulin (Sigma-Aldrich), followed
by incubation with HRP-conjugated anti-rabbit or anti-mouse
secondary antibody (Santa Cruz Biotechnology). Protein bands
were visualized using an enhanced chemifluorescence detec-
tion system (Denville Scientific, Metuchen, NY) according to
the manufacturer’s protocol and chemiluminescent sensitive
film.

siRNA Transfections—siRNA transfection in EC was per-
formed as previously described (11) using Lipofectamine 2000
(Invitrogen). The sequences of siRNAs used in this study are
listed in supplemental Table 1 (Dharmacon, Lafayette, CO).
Quantitative Real-time PCR (QPCR)—Total RNA was iso-

lated using the RNeasy kit (Qiagen, Valencia, CA). Single-
stranded cDNA was synthesized from total RNA using the
RNA-to-cDNA kit (Applied Biosystems, Foster City, CA).
SYBRGreen I-based real-time PCRwas carried out on anOpti-
con monitor. The sequences of the primers used in this study
are listed in supplemental Table 2. For each run, TBP (TATA
box-binding protein) primers were used to normalize the
amount of cDNA.
Luciferase Reporter Gene Constructs—Human CLDN5 pro-

moter (�1666 to �117 bp) fragments were cloned from the
human BAC clone RP11-16C10 (Invitrogen) by PCR using
primers hCLDN5-P-F and hCLDN5-P-R, which contains NheI
and XhoI cutting sites at the ends (sequences are shown in
supplemental Table 3). This 1783-bp fragment was inserted
into the NheI-XhoI site and subcloned into the pGL3 Basic
luciferase reporter vector (Promega, Madison, WI).
Site-directed Mutagenesis Constructs—Site-directed muta-

genesis of the ERG binding site (�116) within hCLDN5
promoter (CLDN5-mut) was generated using a QuikChange
site-directed mutagenesis kit (Stratagene), following the man-
ufacturer’s instructions. In brief, pGL3-hCLDN5-WTwas used
as the template using primers of hCLDN5-ERG-m-F and
hCLDN5-ERG-m-R, which resulted in mutated ERG binding
element from TTCCT to TTTTT. Primer sequences are listed
in supplemental Table 3.
Transactivation Assays—HUVEC were plated in a 12-well

plate the day before transfection. CLDN5 wild-type or mutant
promoter constructs were co-transfected with a mammalian
expression plasmid (pCI) encoding corresponding genes or
empty vector as indicated and Renilla (Promega) into HUVEC
using Dharmafect I (Dharmacon). After 24 h of incubation, the
cells were lysed in 200 �l of Cell Culture Lysis Reagents (Pro-
mega) and analyzed for luciferase activity by using the Lucifer-
ase Assay system (Promega) with AutoLumat LB953 (EG&G
Berthold, Oak Ridge, TN).
Chromatin Immunoprecipitation (ChIP) Assay—ChIP analy-

sis was performed as described previously (11) using the ChIP
Assay kit (Upstate Biotechnology, Waltham, MA) according to
the manufacturer’s protocols with minor modifications. After
the DNA was extracted from the supernatant, QPCR was per-
formed using primers hCLDN5-C-F1 and hCLDN5-C-R1 for
region ChIP1 and hCLDN5-C-F2 and hCLDN5-C-R2 for region
ChIP2 (DNA sequences are listed in supplemental Table 2).
Electric Cell-Substrate Impedance Sensing (ECIS) Analysis—

Endothelial cell intercellular impedance across a monolayer of
EC was measured using the ECIS technique (ECIS model 1600;
Applied BioPhysics, Troy, NY). Briefly, 8-well ECIS arrays
(8W10E�) were coated with fibronectin (Invitrogen). Treated
or nontreated EC were plated at confluent density and allowed
to form monolayers. The impedance of EC was acquired. Data
plots are representative of triplicate experiments, with each
graph showing impedance readings from a separate well, at 40
distinct electrodes per well.
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FITC-Dextran Transwell Assay—EC were plated on the
insert of Transwell and cultured until confluent. FITC-dextran
(Invitrogen) was added to the top chamber. After 4–6 h,
samples were removed from the basolateral (bottom) com-
partments and read in a fluorometer (FluroStar Optima,
BMGLABTECH) at excitation 485 nm, emission 520 nm.
Generation of Adenovirus and Lentivirus—The human ERG

cDNA was PCR- amplified using primers hERG-cDNA-F and
hERG-cDNA-R. The hERG cDNA was then digested with SalI
and SmaI restriction enzymes and inserted in the SalI/EcoRV
sites of the pAdTrack vector pTRK CMV shuttle vector. To
clone CLDN5 into adenovirus system, full-length human
CLND5 cDNA was amplified from human cDNA clone (Ori-
gene, Rockville, MD) using the primers hCLDN5-Ad-F and
hCLDN5-Ad-R and inserted into the BglII and SalI sites of

pTRK CMV vector. The primer sequences are included in sup-
plemental Table 3. Positive clones were confirmed by auto-
mated DNA sequencing. Recombination of the positive clones
and virus production were carried out as described previously
(18). The adenovirus propagation protocol used has been
described previously (19). EC transfection of adenovirus was
performed as described previously (15). Protein expression of
ERG and CLDN5 by each of the adenoviral constructs was con-
firmed by Western blot analysis. ERG shRNA and control
shRNA lentiviruses were generously provided by Dr. Towia
Libermann, Beth Israel Deaconess Medical Center. The target-
ing sequence of ERG shRNA is based on the siRNAwe screened
with the greatest yield of reduction in ERG expression (ERG
siRNA #4), as described previously (11). The infection of lenti-
virus was carried out as described previously (20).

FIGURE 1. ERG knockdown increases EC permeability. HUVEC were infected with lentiviral ERG shRNA (ERG-sh) or a CTR shRNA (CTR-sh). A and B, cell extracts
were prepared, and equal amounts of total proteins were separated on polyacrylamide gel. Protein levels of ERG and the control protein, tubulin, were
determined by Western blot analysis. A, representative Western blot (IB) shows protein bands of ERG (top) and tubulin (bottom). B, densitometry analysis shows
density ratios of ERG and tubulin. Three independent experiments were performed. *, p � 0.01. C, in FITC-dextran Transwell assay, ERG shRNA-treated or control
shRNA-treated HUVEC were seeded onto collagen-coated inserts. When the EC monolayer became confluent, FITC-dextran was added to the top. Permeability
was determining by measuring the fluorescence within the lower chamber after a 6-h incubation. The data are presented compared with control cells � S.D.
(error bars), n � 5. p � 0.01. D, in ECIS assay, the intercellular resistance was measured 24 h after cells were plated. The data represent the relative barrier
resistance (Rb) values relative to control cells at the indicated time points, � S.D., n � 3. *, p � 0.01. E, effects of ERG knockdown on stress fiber and gap
formation are shown. Cells were fixed and stained with phalloidin-594 (red) to demonstrate cytoskeletal actin in either ERG or control (CTR) shRNA transfected
HUVEC. Arrows indicate intercellular gaps.
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Statistical Analysis—Statistical significances were assessed
by a paired-samples t test. A value of p � 0.05 was significant.

RESULTS

Knockdown of ERG Results in Increased EC Permeability—
We have shown previously that ERG is markedly down-regu-
lated in EC stimulated by TNF-� and lipopolysaccharide (LPS)
(11). Stimulation of ECwith proinflammatory cytokines such as
TNF-� or LPS is also associated with significant changes in EC
permeability. To assess the role of ERG in regulating EC per-
meability, we used a lentivirus expressing ERG shRNA to knock
down ERG expression in EC. ERG shRNA effectively suppressed
ERG protein expression by�90% in EC (Fig. 1,A and B). To eval-
uate the effect of suppressing ERG expression upon EC permea-
bility, we first employed an in vitro Transwell permeability assay
usingFITC-dextrananddemonstratedan increase inpermeability
of �2-fold in ERG shRNA-treated EC compared with control

treated cells (Fig. 1C). To validate our initial findings further, we
used a second approach, the ECIS system tomeasure the intercel-
lular electrical resistance, which is partly determined by the integ-
rity of junctional proteins that exist at cell-cell junctions. ERG
knockdown was associated with significantly decreased electrical
resistance compared with control cell monolayers (Fig. 1D), con-
sistent with the increased permeability we observed in the in vitro
Transwell permeability assay. A similar reduction of intercellular
electric resistancewas also observed inHMVEC (data not shown).
Taken together, these results support a role for ERG in the regula-
tion of EC barrier function.
Down-regulation of ERG Alters EC Cytoskeletal Structure—

When we inhibited ERG expression in HUVEC using ERG
shRNA and stained the cells with phalloidin-594, we observed
marked changes in the structural appearance of the actin cyto-
skeleton. ERG shRNA-treated cells revealed increased numbers
of stress fibers in the central portion and intercellular gaps,

FIGURE 2. Partial rescue of TNF-�-induced decreased EC intercellular resistance by ERG. A, HUVEC infected with adenoviruses expressing ERG or GFP
control (CTR). Overexpression of ERG was determined by Western blotting (IB) using antibody against ERG. Tubulin was used as a loading control. B, ECIS assay.
HUVEC infected with Ad-ERG or Ad-CTR were incubated in medium containing TNF-� (2 ng/ml) or medium alone for 24 h. The intercellular resistance was
measured and collected using ECIS system over 24 h. The data are shown relative to control cells in the absence of TNF-� stimulation. The bar graphs represent
the relative Rb values at the indicated time points, � S.D. (error bars), n � 3. *, p � 0.01.
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whereas control shRNA-treated demonstrated prominent cor-
tical actin fibers, with themajority of themicrofilaments tightly
associated with the interendothelial junctions (Fig. 1E). A sim-
ilar phenotype has been described for EC in response to inflam-
matory stimuli such as thrombin orTNF-� (21, 22). In addition,
the ERG-knockdown EC acquired a more spindle-like mor-
phology compared with a cobblestone pattern in the control
treated cells (data not shown).
Partial Rescue of TNF-�-induced Decreased EC Intercellular

Resistance by ERG Overexpression—To determine further
whether ERG contributes to the alternation of permeability in
response to inflammatory stimuli, we next evaluated the ability
of ERGoverexpression to rescue TNF-�-mediated reduction of
intercellular resistance. ERG expression was enhanced using
adenoviral delivery system. A GFP-expressing adenovirus was
used as a control. The overexpression of ERG protein was vali-
dated byWestern blotting (Fig. 2A). Importantly, the ERG ade-
novirus was able to rescue TNF-�-induced alteration in inter-
cellular resistance by 50–60% (Fig. 2B), further supporting our
hypothesis that ERG plays a critical role in the regulation of EC

barrier function. However, enhanced ERG expression was not
able to rescue the increased permeability induced by histamine
(supplemental Fig. 1).
Down-regulation of ERG Is Associated with Reduced Expres-

sion of Junctional ProteinCLDN5—It is well known that disrup-
tion of intercellular adhesion and tight junctions plays an
important role inmediating gap formation and vascular perme-
ability. Thus, it is possible that the effect of ERG on EC barrier
function is mediated by altered expression of AJ and/or TJ-
associated proteins. We have previously carried out DNA
microarrays of ERG siRNA-treated HUVEC (11). Further anal-
ysis of these data revealed that expression of the TJ protein
CLDN5 is reduced in ERG-deficient EC (data not shown), sug-
gesting that it may be a downstream target gene of ERG. To
validate this result, we transfected multiple EC types (HUVEC,
HCAEC, and HMVEC) with four different ERG-specific
siRNAs (#1–#4) and assayed the cells for CLDN5 expression.
ERG knockdown was associated with markedly reduced
expression of CLDN5 (85–90%) at the level of RNA (Fig. 3A). A
similar reduction in CLDN5 protein expression was also dem-

FIGURE 3. Effect of ERG siRNA treatment of EC on CLDN5 expression. A, HUVEC, HMVEC, and HCAEC were transfected with ERG siRNAs (#1–#4) or a CTR
siRNA. mRNA expression levels of CLDN5 were evaluated by QPCR using primers specific for CLDN5, normalized against TBP (TATA box-binding protein). The
data are shown as relative -fold change of reduction compared with CTR siRNA-treated samples � S.D. (error bars), n � 3. p � 0.01. B, HUVEC were transfected
with either ERG siRNA (#4) or control siRNA. The protein levels of CLDN5 were assessed by Western blotting (IB) using antibody against ERG or CLDN5. Tubulin
was used a loading control. Densitometry analysis shows density ratios of ERG or CLDN5 relative to tubulin. Three experiments were performed. *, p � 0.01.
C, mRNA expression of CLDN5 in different cell types is shown. QPCR was used to analyze CLDN5 in different cell types. The relative quantity of expression is
shown for the different cell types relative to HUVEC � S.D., n � 3. D, mRNA expression of CLDN5 in different tissues is shown. The relative quantity of expression
is shown for the different mouse tissues relative to brain � S.D., n � 3.
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onstrated using the ERG siRNA with the greatest reduction in
ERG expression (ERG siRNA #4; Fig. 3B). Previous studies have
shown that CLDN5 expression is largely restricted to EC. Con-
sistent with these reports, CLDN5 transcripts were expressed
in HUVEC, HCAEC, HPAEC, and HMVEC, but not in human
vascular smoothmuscle cells, Jurkat cells, or 293 cells (Fig. 3C).
Of note, CLDN5 is highly expressed in lung compared with
other organs (Fig. 3D). This pattern contrasts with the blood-
brain barrier-restricted phenotype seen in CLDN5-null mice
and is very similar to what we have observed for ERG (11). In
addition, both ERG and CLDN5 were repressed in the lung of
the mice injected with TNF-� or LPS (supplemental Fig. 2).
These results support the possibility that CLDN5 is a down-
stream target of ERG.
CLDN5 IsDirect Transcriptional Target of ERG—Toevaluate

whetherCLDN5 is a direct target of ERG,we analyzed the prox-
imal promoter of the humanCLDN5 gene. Based on the known
consensus binding sequence for ERGwe identified two putative
ERG binding sites (�750 and �116) in the proximal promoter

of the CLDN5 gene (Fig. 4A). A ChIP assay was employed to
determine whether or not ERG physically binds to one or both
of the two putative ERG binding sites in the proximal CLDN5
promoter. ERGwas shown to bind with high affinity to a region
that spanned the �116 site (ChIP2 region; Fig. 4B), but not to a
region spanning the �750 consensus element (ChIP1 region;
data not shown). Interestingly, the ERG consensus binding site
(�116) we identified within the ChIP2 region of CLDN5 pro-
moter is highly conserved across various species (supplemental
Fig. 3). We next subcloned 1.7 kb of the proximal promoter of
the human CLDN5 gene into the pGL3 luciferase reporter. Co-
transfections in HUVEC using the CLDN5 promoter construct
and expressionplasmids encodingERGor a control plasmiddem-
onstrated a significant increase in CLDN5 promoter activity with
the ERG expression plasmid compared with the control plasmid
(Fig. 4C). To evaluate the functional role of the�116ERGbinding
site in the transactivation of the CLDN5 promoter by ERG, we
generated a point mutation of the CLDN5 promoter (CLDN5-
mut)within theERGbindingsite (Fig. 4A).Theresultingconstruct

FIGURE 4. CLDN5 is a downstream target of ERG. A, schematic diagram of the CLDN5 promoter. Black boxes indicate the putative ERG binding sites. TSS,
transcriptional start site; ATG, translational start site; E1 and E2, exon 1 and exon 2, respectively. B, ChIP assay of CLDN5 promoter using HUVEC. An ERG
polyclonal antibody was used for immunoprecipitation. The data are shown as QPCR analysis using primers corresponding to the putative ERG binding site of
CLDN5 promoter ChIP2 indicated in A relative to control IgG � S.D. (error bars), n � 3. p � 0.01. C, transactivation assay. HUVEC were co-transfected with CLDN5
promoter luciferase reporter gene vector and either the empty mammalian expression plasmid (pCI) or pCI-ERG. After 24 h of incubation, cells were harvested
for luciferase assay. The data are shown as -fold change of luciferase activity compared with co-transfection with empty expression plasmid � S.D., n � 3. p �
0.01. D, HUVEC transfected with CLDN5 wild-type promoter (CLDN5-WT) or mutant at �116 (CLDN5-mut) in pGL3 vector together with pCI-ERG or pCI alone.
After 24 h of incubation, cells were assessed for luciferase activities. The data are shown as relative luciferase activity compared with co-transfection with the
empty expression plasmid (pCI) � S.D., n � 3. p � 0.05. E, HUVEC infected with either ERG shRNA or control shRNA and transfected with CLDN5 promoter in
reporter vector. After 24 h of incubation, cells were assayed for luciferase activity. The data are presented relative to control cells � S.D., n � 3. p � 0.01.
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was transiently transfected into HUVEC along with the ERG
expression plasmid. Mutation at the �116 ERG site resulted in
significantly reduced transactivationof theCLDN5promoter (Fig.
4D). These results suggest that this ERGbinding site (�116) func-
tions to mediate CLDN5 expression by ERG in EC. Furthermore,
we demonstrated that the wild-type human CLDN5 promoter
exhibited reduced activity in ERG knockdown cells (Fig. 4E).
CLDN5 Knockdown Is Associated with Decreased Intercellu-

lar Resistance—We were interested in determining whether
knockdown of CLDN5 leads to phenotypic changes in intercel-

lular resistance in EC similar to those in knockdown of ERG.
The knockdown efficiency of CLDN5 siRNAs at both RNA and
protein levels is shown in Fig. 5, A and B, with a reduction of
approximately 80%. Interestingly, knockdown of CLDN5 using
either #2 or #4 siRNA disrupted EC intercellular resistance by
�50% (Fig. 5C).
Partial Rescue of ERG Knockdown Effect on Intercellular

Resistance by Adenoviral CLDN5 Expression—We next evalu-
ated the ability of an adenovirus expressing CLDN5 to rescue
EC barrier function in ERG knockdown EC. The overexpres-

FIGURE 5. CLDN5 knockdown is associated with decreased intercellular resistance. A and B, ability of CLDN5 siRNAs to repress CLDN5 expression. HUVEC
were transfected with various CLDN5 siRNAs (#1–#4; 40 nmol/liter) or a control siRNA (CTR). After incubation for 48 h, CLDN5 expression was assessed by QPCR
(A) using CLDN5-specific primers or by Western blot analysis (B) using anti-CLDN5 antibody. Tubulin was used as a loading control. Quantitation was done by
densitometric analysis. n � 3. *, p � 0.05. C, ECIS. EC were treated with CLDN5 #2, #4 siRNAs or a control siRNA (40 nmol/liter). After incubation for 48 h cells were
then plated on the 8W10E� to assess the intercellular resistance for a period of 24 h. Data shown are presented as values of normalized Rb value relative to
control samples. The bar graphs represent the relative Rb values at indicated time points relative to control � S.D., n � 3. *, p � 0.01.
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sion ofCLDN5delivered in adenoviruswas confirmedbyWest-
ern blotting (Fig. 6A). Overexpression of CLDN5 alone had no
effect on EC intercellular resistance in control cells, whereas it
was able to rescue that in ERG shRNA-treated EC partially (Fig.
6B, �50%), supporting the concept that CLDN5 is a major
downstream target of ERG that is involved in regulating EC
permeability. Furthermore, adenoviral expression of CLDN5
was able to rescue partially the increased permeability induced
by TNF-� stimulation (supplemental Fig. 4).

DISCUSSION

CLDN5 is an EC-restricted TJ protein that promotes EC bar-
rier function. Previous studies inmice have shown that CLDN5
is expressed in the endothelium of all segments of blood vessels
in the mouse brain and lung, and in afferent and efferent arte-
rioles of the kidney (23). Expression was also observed in EC in

some segments of blood vessels in the intestine, skin, skeletal
muscle, testis, and liver (23–25). In human lung, CLDN5 is
strongly expressed in the endothelium of capillaries, arteries,
veins, and lymphatic vessels (23). The results of our study pro-
vide further support that CLDN5 is expressed in several differ-
ent tissues, with particularly high expression in the lung.
The expression of CLDN5 is dynamically regulated at tran-

scriptional and posttranscriptional levels. In mice, acute lung
injury resulted increased CLDN5 protein and mRNA expres-
sion in the lung (26). Lungs frompatients with interstitial pneu-
monia also revealed increased CLDN5 protein expression (27).
In vitro studies have shown that CLDN5 mRNA expression is
induced in EC by acreolin (26), 17�-estradiol (28), and hydro-
cortisone (26). Conversely, mRNA and/or protein expression is
suppressed byTNF-� (29, 30), IL-1 (31), andVEGF (32). Several
transcription factors have been implicated in the control of

FIGURE 6. Adenoviral delivery of CLDN5 partially rescues the effect of ERG knockdown on intercellular resistance. A, HUVEC treated with ERG shRNA and
infected with either Ad-CLDN5 or Ad-GFP as a control. After incubation for 48 h, the overexpression of CLDN5 was determined by Western blotting using
antibody against CLDN5. Tubulin was used as a loading control. B, ECIS assay. HUVEC infected with ERG shRNA or control shRNA were cultured and transfected
with either Ad-CLDN5 or Ad-GFP as a control. After incubation for 48 h the intercellular resistance was measured and collected using ECIS system for 24 h. The
data are shown relative to control cells treated with control Ad-GFP (Ad-CTR). The bar graphs represent the relative Rb values at indicated time points relative
to control � S.D., n � 3. *, p � 0.01.
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CLDN5 gene expression, including SOX18 (33) and FOXO1
(34).
The mouse CLDN5 promoter was previously cloned and

characterized (29). The promoter does not have a classical
TATA box. DNA sequence analysis of the promoter revealed
six putative glucocorticoid-response elements, two NF-�B
sites, three Sp1 sites, one Ap2 site, and three E-box elements.
High basal activity of the CLDN5 promoter could be repressed
byTNF-�, providing further support for a transcriptional effect
of this cytokine. However, the precise transcriptional mecha-
nism by which TNF-� repressed promoter activity was not
elucidated.
Our findings point to CLDN5 as a direct transcriptional tar-

get of ERG. The human promoter contains two ERG consensus
sites (at�750 and�116). UsingChIP, we found that ERGbinds
to a region spanning the �116 ERG element. A point mutation
of this site resulted in a significant reduction in ERG-mediated
activation of the CLDN5 promoter, suggesting a functional role
for the �116 ERG binding motif. These data, together with our
previous observation that TNF-� suppresses ERG expression
(11) are consistent with a role for this transcription factor in
mediating cytokine repression of CLDN5.
Several lines of evidence support a biologically relevant link

between TNF-�, ERG, CLDN5 and EC barrier function. First,
both ERG and CLDN5 knockdown promoted barrier dysfunc-
tion. Second, ERG overexpression partially rescued the pro-
permeability effect of TNF-�. Finally, CLDN5 overexpression
partially rescued the negative effect of ERG knockdown on bar-
rier properties. Together, these findings support a model in
which TNF-� (and perhaps other cytokines) promotes
increased permeability in part by inhibiting ERG expression
and its downstream target gene, CLDN5. Finally, we recognize
that there may be additional downstream targets of ERG that
have yet to be identified and that also play an important role in
the regulation of EC barrier function. Future studies will be
directed at trying to identify these additional downstream tar-
gets of ERG and to define further the role of ERG in the regu-
lation of EC barrier function in vivo in diseases such as bacterial
sepsis, atherosclerosis, that are associated with significant
endothelial dysfunction.
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