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Background: In quiescent endothelial cells, the transcription factor Erg regulates cell homeostasis by repressing expression
of proinflammatory genes.
Results: Erg represses NF-�B p65-dependent transcription of ICAM-1, partly by inhibiting p65 binding to DNA.
Conclusion: Erg acts as a gatekeeper in quiescent endothelial cells to inhibit basal NF-�B activity.
Significance: Novel pathway controlling endothelial cell activation and inflammation.

The interaction of transcription factors with specific DNA
sequences is critical for activation of gene expression programs.
In endothelial cells (EC), the transcription factor NF-�B is
important in the switch from quiescence to activation, and is
tightly controlled to avoid excessive inflammation and organ
damage. Here we describe a novel mechanism that controls the
activation of NF-�B in EC. The transcription factor Erg, the
most highly expressed ETSmember in resting EC, controls qui-
escence by repressing proinflammatory gene expression. Focus-
ing on intercellular adhesion molecule 1(ICAM)-1 as a model,
we identify two ETS binding sites (EBS �118 and �181) within
the ICAM-1 promoter required for Erg-mediated repression.
We show that Erg binds to both EBS �118 and EBS �181, the
latter located within the NF-�B binding site. Interestingly, inhi-
bition of Erg expression in quiescent EC results in increased
NF-�B-dependent ICAM-1 expression, indicating that Erg
represses basal NF-�B activity. Erg prevents NF-�B p65 from
binding to the ICAM-1 promoter, suggesting a direct mechanism
of interference. Gene set enrichment analysis of transcriptome
profiles of Erg and NF-�B-dependent genes, together with chro-
matin immunoprecipitation (ChIP) studies, reveals that thismech-
anism is common to other proinflammatory genes, including
cIAP-2and IL-8.Theseresults identifya role forErgasagatekeeper
controlling vascular inflammation, thus providing an important
barrier to protect against inappropriate endothelial activation.

Members of the transcription factor family nuclear factor
(NF)-�B are important mediators of proinflammatory
responses in the vasculature. Activation of the NF-�B pathway
leads to the expression of multiple genes involved in inflamma-
tion, including cytokines and chemokines, adhesion molecules
and growth factors. NF-�B familymembers include RelA (p65),
RelB, c-Rel, NF-�B1 (p50), and NF-�B2 (p52), which bind as
homodimers or heterodimers to theNF-�B binding sites on the
promoters of target genes (1). In resting endothelial cells (EC),2
NF-�B is sequestered in the cytoplasm by proteins of the inhib-
itor of NF-�B (I�B) family. Activation by stimuli including
tumor necrosis factor (TNF)-�, interleukin (IL)-1, and lipopo-
lysaccharide (LPS) triggers a signaling cascade that leads to the
degradation of I�B� and the phosphorylation and translocation
of NF-�B to the nucleus (2). NF-�B activity is tightly regulated
through feedback repressive mechanisms (3, 4). Control of
NF-�B activity is essential to maintain quiescence and for the
resolution of the inflammatory response; in chronic inflamma-
tion the tight control on NF-�B is lost, leading to vascular dis-
eases such as atherosclerosis (5). The identification of key
mediators to regain control of EC homeostasis has great poten-
tial for the development of novel therapeutics.
There is growing evidence on the importance of transcrip-

tion factor Erg inmaintaining EC homeostasis. Erg is amember
of the ETS family of transcription factors, characterized by a
conserved ETS DNA binding domain that binds to a core con-
sensusmotif of GGA(A/T) (6). Erg is themost highly expressed
ETS factor in resting EC (7), where it acts as an activator of
genes involved in homeostasis, including endoglin (8), ICAM-2
(9), vascular endothelial-cadherin (10), and heme oxygenase-1
(11). Recently, we and others have shown that Erg represses
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endothelial expression of proinflammatory molecules ICAM-1
and IL-8 in quiescent cells, and that inhibition of Erg induces
leukocyte adhesion to unstimulated human umbilical vein
endothelial cells (HUVEC) (12, 13), suggesting an important
role for Erg in maintaining EC homeostasis by repressing basal
expression of proinflammatory genes.
The clinical relevance of Erg in repressing EC activation is

supported by its pattern of expression in atherosclerotic
plaques: Erg is expressed in the healthy endothelium of human
coronary artery but is absent from the activated endothelium
over inflammatory infiltrate in the plaque shoulder (12). This is
likely to be the result of endothelial activation by proinflamma-
tory stimuli, because Erg levels have been shown to decrease
upon LPS or TNF-� stimulation (9, 13). These data suggest that
Erg may be important in maintaining endothelial quiescence
and in the termination of the inflammatory response, by pre-
venting the induction of proinflammatory gene expression.
In this study we investigate the mechanisms used by Erg to

repress inflammatory gene expression in quiescent EC, focus-
ing on ICAM-1 as a model gene. We show that in quiescent EC
Erg prevents NF-�B p65 binding to DNA, suggesting that Erg
may compete with p65 for DNA binding. We demonstrate that
Erg binds to two ETS binding sites (EBS) in the ICAM-1 pro-
moter and we show that both EBS and NF-�B consensus sites
are required for the repressive activity of Erg. Using bioinfor-
matic analysis of transcriptome profiling datasets and valida-
tion by ChIP, we show that thismechanism is common to other
proinflammatory genes and we identify a specific subset of
NF-�B target genes repressed by Erg in quiescent endothelial
cells.

EXPERIMENTAL PROCEDURES

Cells—HUVEC were isolated and cultured in supplemented
M199 media as previously described (10).
Erg and ETS Factor Inhibition—Erg expression was inhibited

using either Genebloc (Silence Therapeutics AG, Berlin, Ger-
many) as previously described (10), or by RNA interference
with short interfering RNA (siRNA). siRNA treatment to
inhibit Erg, Fli1, and Ets2 expression was carried out using
Hs_ERG_7, Hs_FLI1_7, Hs_ETS2_7, andHs_GAPB�_10 Flexi-
Tube siRNA (Qiagen), respectively, andAllStars Negative Con-
trol siRNA (Qiagen). HUVEC were seeded onto 1% gelatin-
coated plates and grown in EGM-2 medium (Lonza,
Wokingham, United Kingdom). The following day, siRNA (10
nM) was mixed with AtuFect01 lipid (1 �g/ml, Silence Thera-
peutics) at 5 times concentration in Opti-MEM (Invitrogen),
then added to cells for 24 or 48 h.
Transduction of HUVEC with Erg Adenovirus—Erg overex-

pression was carried out using a V5-tagged Erg-3 adenovirus
(AdErg), as described previously (12). Briefly, HUVEC (3 � 104
cells/well) seeded onto 1% gelatin-coated 24-well plates in
EGM2 were transduced with 50 multiplicity of infection of
AdErg or �-galactosidase adenovirus (AdLacZ).
Transduction of HUVEC with I�B� Super Repressor

Adenovirus—HUVEC (1 � 105 cells/well) were seeded onto 1%
gelatin-coated 6-well plates in supplementedM199media. The
following day, cells were transduced with 100 multiplicity of
infection of I�B� Super Repressor Adenovirus (AdI�B�SR)

(14) or AdLacZ in serum-free M199 medium for 2 h before
replacing with complete M199 medium. After 24 h, cells were
transfected with Erg or control siRNA as described above.
Alternatively, after 42 h following adenovirus transduction,
cells were treated with 10 ng/ml of TNF-� for 6 h. ICAM-1
mRNA levels were assessed by quantitative RT-PCR, normal-
ized to GAPDH. Oligonucleotides used in this study are
described in supplemental Table S1.
Inhibition of NF-�B in HUVEC with BAY 11-7085—HUVEC

(1 � 105 cells/well) were seeded onto 1% gelatin-coated 6-well
plates in EGM-2. After 39 h, cells were treated with BAY
11-7085 (5 �M, Sigma) diluted in dimethyl sulfoxide and incu-
bated for a further 24 h. Cells were treated with 10 ng/ml of
TNF-� for the final 6 h. ICAM-1 protein levels were measured
by Western blot using an anti-ICAM-1 (clone 15.2, kind gift of
Prof. Nancy Hogg) antibody, and normalized to GAPDH
(MAB374 Millipore).
Chromatin Immunoprecipitation—Chromatin immunopre-

cipitation (ChIP) was performed using ChIP-IT express (Active
Motif, Rixensart, Belgium) as previously described (10). Briefly,
sheared chromatin fromHUVECuntreated, or treatedwith Erg
or control siRNA, was fixed in 1% formaldehyde for 10 min
before shearing chromatin using a Bioruptor (Diagenode,
Liege, Belgium). Chromatinwas immunoprecipitatedwith 2�g
antibody to Erg (sc-353, SantaCruz Biotechnology, Inc), NF-�B
p65 (ab7970, AbCam, Cambridge, United Kingdom), or nega-
tive control rabbit IgG (PP64, Chemicon, Millipore). Immuno-
precipitated DNA was then used as template for quantitative
PCR using primers specific for the ICAM-1 promoter, cIAP2
promoter, IL-8 promoter, and the negative control gene
GAPDH. Oligonucleotide sequences are listed in supplemental
Table S1.
Site-directed Mutagenesis of ICAM-1 Promoter Constructs—

The ICAM-1 promoter construct pGL4 ICAM-1 1.3 containing
the first 1.3 kb upstream from the transcription start site as
described in Ref. 12 was mutated within ETS binding sites
(EBS), or within the NF-�B binding site as previously shown
(15), using the QuikChange� lightning multi site-directed
mutagenesis kit (Agilent), all primers were designed using the
QuikChange� Primer Design Program (Agilent). Briefly, pGL4
ICAM-1 1.3 plasmid was amplified using a primer designed to
mutate a specific EBS from GGAA to CCAA or the NF-�B site
from TTGGAAATTCC to TTCTAGATTAG. Sequencing was
carried out to confirm mutation of the desired EBS. Mutations
within more than one EBS were carried out sequentially. Prim-
ers for site-directed mutagenesis are listed in supplemental
Table S1.
Reporter Gene Assays—HUVEC were seeded at 3 � 104 per

well in EGM-2 medium (Lonza) on a gelatin-coated 24-well
plate, and the following day either transduced with AdErg or
AdLacZ (50 multiplicity of infection), or transfected with 100
nM Erg or control Genebloc and maintained in EGM-2
medium. After 24 h, co-transfection of HUVECwas performed
with Genejuice transfection reagent (Merck Chemicals),
according to themanufacturer’s instructions. Briefly, cells were
incubatedwith 1.5�l ofGeneJuice, 250ng of pGL4 ICAM-11.3,
pGL4ICAM1-EBS mutants, or pGL4.10 empty vector and 250
ng of pGL4.73 Rluc/TK Renilla luciferase (Promega) for 24 h.
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Luciferase activity was measured using the Dual Luciferase�
Reporter Assay System (Promega) on a Syngergy HT micro-
plate reader (BioTek,Winooski, VT) to calculate the dual lucif-
erase ratio.
Electromobility Shift Assay (EMSA)—Nuclear lysates from a

confluent monolayer of HUVEC were extracted using the
Nuclear extract kit (ActiveMotif) following themanufacturer’s
instructions. DNA protein interactions were then investigated
using the Lightshift chemiluminescent EMSA kit (Pierce).
Briefly, biotinylated double-stranded oligonucleotides contain-
ing the ICAM-1 promoter sequence surrounding and including
EBS �118 and �181 were incubated with 2 �g of HUVEC
nuclear lysate with or without excess unbiotinylated oligonu-
cleotides. Components of the protein-DNA complexes were
investigated by the addition of anti-Erg (sc-353, Santa Cruz),
anti-NF-�B p65 (ab7970, AbCam), or IgG (PP64, Millipore)
control antibodies. EMSA reactions were run on a 0.5� Tris
borate-EDTA (TBE) polyacrylamide gel and transferred to
Hybond N� nylonmembrane (GEHealthcare, Amersham Bio-
sciences) before detection. See supplemental Table S1 for oli-
gonucleotide sequences.
Gene Set Enrichment Analysis—Gene set enrichment analy-

sis (GSEA) overlap studies were carried out using GSEA soft-
ware version 2.0 (Broad Institute). The query dataset were the
1138 genes identified as being up-regulated following a 48-h
Erg inhibition in HUVEC (16), which were then compared
against all the studies in the C2 curated gene sets. GSEA corre-
lation of microarray data from Erg GeneBloc-treated HUVEC
from the following published studies: TNF-�-treated pancre-
atic cancer cells (17), TNF-�-treated endothelial cells (18),
NF-�B p65 ChIP seq data (19), was performed using Gene Set
Enrichment Analysis version 2.0 software using 1000 data
permutations.

RESULTS

Erg Repression of ICAM-1 Expression Is Not Shared by Other
Constitutively Expressed ETS Factors—Recentlywe have shown
that inhibition of Erg expression using antisense (Genebloc or
GB) up-regulates basal ICAM-1mRNA and protein levels (12).
Because a number of ETS factors are constitutively expressed in
resting EC (7), and all share the DNA consensus motif GGA(A/
T), we investigated whether other ETS factors can repress
ICAM-1 expression in EC, using siRNA. We selected the fol-
lowing ETS factors, all expressed in resting HUVEC, although
at lower levels than Erg (supplemental Fig. S1 and Ref. 7): Fli-1,
the ETS factor with the closest homology to Erg; Ets-2, a more
distantly related ETS factor known to interact with Erg (20);
and GABP�, which can act as an activator or repressor of tran-
scription (21, 22). siRNA to Fli-1 inhibited expression of Fli-1
but not Erg, Ets-2, or GAPB�; similarly, siRNA to Ets-2 affected
only Ets-2 expression, not Erg, Fli-1, or GAPB� expression;
GABP-� siRNA only affected GABP-� expression and not Erg,
Fli-1, or Ets-2; and finally Erg siRNAdid not affect expression of
the other three ETS factors (Fig. 1A). Only siRNA to Erg caused
a significant increase in ICAM-1 mRNA levels (Fig. 1B), indi-
cating that repression of ICAM-1 expression is not a shared
property of constitutive ETS factors.

Erg Binds to ICAM-1 Promoter in a Region Proximal to the
Transcription Start Site—We have previously shown that Erg
binds to the ICAM-1 promoter (12). The first 1.3 kb upstream
of the ICAM-1 transcription start site are required for ICAM-1
basal expression and regulation by inflammatory stimuli (23).
Bioinformatic analysis using MatInspector shows that this
region contains 16 EBS consensus sequences (Fig. 1C). A num-
ber of these EBS have been shown to play a role in ICAM-1
expression, including two AP1-EBS repeats involved in
ICAM-1 induction after H2O2 stimulation (24), and two EBS
that are involved in ICAM-1 expression in non-endothelial cells
(25–27). Analysis of oligonucleotide screening and ChIP
sequencing (ChIP Seq) data has suggested a possible specific
Erg consensus motif of (A/C)GGAA(G/A) (28) or AGGA(A/
T)(G/A) (29). This consensus sequence appears in the ICAM-1
promoter five times, at �1239, �1136, �773, �118, and �75
relative to the transcription start site (Fig. 1C). To investigate
whether Erg binding to the ICAM-1 promoter is localized
around these sites, ChIP was carried out by scanning the EBS in
the first 1.3 kb of the ICAM-1 promoter, using quantitative PCR
(qPCR) with primers for regions (R) named 1, 2, 3, 4, and 5 (Fig.
1C). Erg enrichment at R4, which includes EBS �118 and EBS
�181, was greater than at other regions containing EBS (Fig.
1D). To confirm the specificity for Erg binding at this site, ChIP
was carried out on chromatin from HUVEC treated with Erg
siRNA. This showed a decrease in the amount of Erg bound to
R4 after Erg inhibition, compared with control siRNA treat-
ment (Fig. 1E). These data indicate that Erg binds to the
ICAM-1 promoter in a region detected by the R4 primers,�188
to 103 bp upstream of the transcription start site.
Erg Repression of ICAM-1 Is Dependent on Two EBS �181

and �118 Upstream of the Transcription Start Site—Previ-
ously, using an ICAM-1 promoter luciferase construct contain-
ing the first 1.3 kb upstream of the ICAM-1 transcription start
site, we have shown that Erg represses ICAM-1 promoter activ-
ity in resting EC (12). Inhibition of Erg expression increased the
activity of the ICAM-1 promoter luciferase construct; con-
versely, overexpression of Erg by adenovirus (AdErg) repressed
basal promoter activity. To identify which EBS are involved in
Erg-mediated repression, we generated ICAM-1 promoter con-
structs with mutations within single EBS, or two EBS together,
if they had previously been shown to have a cooperative role
(24, 25). Additionally, we mutated the NF-�B site at �188, pre-
viously identified as important for cytokine-mediated up-regu-
lation of ICAM-1 (15) (Fig. 2A). In agreement with previous
data (12), inhibition of Erg expression by Genebloc antisense
significantly increasedwild type (WT) ICAM-1 promoter activ-
ity by 1.66-fold, compared with control (Fig. 2B). The ICAM-1
promoter EBSmutants�96,�153,�358,�834, and�907 also
showed significantly increased promoter activity after Erg inhi-
bition. However, the EBS mutant constructs �118 and �181,
and the combined �118/�181 mutant, showed no significant
increase in promoter activity after Erg Genebloc treatment
compared with control Genebloc, indicating involvement of
these sites in Erg-mediated repression of ICAM-1 promoter
activity. The double mutant EBS �96/�118, shown previously
to have a role in both transactivation and repression of ICAM-1
by ETS factors in rabbit kidney RK13 cells and HEK 293 cells

Erg Controls Endothelial Quiescence by Repressing NF-�B

APRIL 6, 2012 • VOLUME 287 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 12333

http://www.jbc.org/cgi/content/full/M112.346791/DC1
http://www.jbc.org/cgi/content/full/M112.346791/DC1


(25–27), also showed no increase in promoter activity after Erg
inhibition; however, this is likely to occur through EBS�118, as
mutation of EBS �96 alone was responsive to Erg inhibition.
Finally, mutation of the NF-�B site at �188 resulted in loss of
ICAM-1 up-regulation following Erg Genebloc, indicating that
NF-�B is involved in the Erg-dependent repression. In conclu-

sion, this set of experiments indicates that Erg-mediated
repression of ICAM-1 involves EBS�118 andEBS�181,which
is located within theNF-�B consensus sequence, and requires a
functional NF-�B binding site.

To consolidate these findings, we used the opposite
approach. ICAM-1 promoter activity is repressed after Erg

FIGURE 1. Erg represses ICAM-1 and binds to the ICAM-1 promoter region 4 in resting EC. A and B, HUVEC were treated with siRNA for Erg, Fli-1, Ets-2, or
GABP� for 24 h; relative expression of Erg, Fli-1, Ets-2, and GABP� mRNA (A) or ICAM-1 mRNA (B) was quantified by RT-PCR and expressed as relative to control
siRNA treatment (Cont). C, analysis of 1.3 kb of the ICAM-1 promoter identified putative EBS, Erg consensus sites, AP1/ETS sites, and an NF-�B site as indicated.
Location of quantitative PCR amplicons covering R1, R2, R3, R4, and R5 are indicated by black lines below. D and E, ChIP was carried out using an anti-Erg or
control IgG antibody on sheared chromatin from confluent resting HUVEC (D) or HUVEC treated with Erg or control siRNA (E). Immunoprecipitated DNA was
analyzed by qPCR for primers covering ICAM-1 promoter regions 1–5 (D) or region 4 only (E) and negative control region. Results are expressed as fold-change
compared with IgG normalized to input and negative control region. n � 6 (B), n � 5 (C), *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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overexpression in HUVEC (12); therefore we investigated
whether this repression was lost after mutation of EBS in the
ICAM-1 promoter. In agreement with previous data, transduc-
tion with AdErg repressed ICAM-1 promoter activity to 38% of
treatment with AdLacZ (Fig. 2C). Only one construct, contain-
ing mutation of the combined EBS �118 and �181, was not
repressed byAdErg transduction.However, Erg overexpression
repressed the EBS �118 and �181 constructs when these EBS
were mutated individually (Fig. 2C). Taken together, these data
suggest that Erg repression involves two EBS, 118 and 181 bp
upstream of the transcription start site and either of these sites
is sufficient for Erg-mediated repression. One of these sites
(EBS �181) is located within the consensus binding site for
NF-�B.
Erg Binds to EBS �118 and EBS �181 in the ICAM-1

Promoter—The above data suggest that Erg is repressing
ICAM-1 through a mechanism that involves EBS �118 and
EBS�181. To investigatewhether Erg is binding directly to EBS
�118 or �181, we studied the interaction between Erg and

these sequences by electrophoretic mobility shift assay
(EMSA).Nuclear extracts from restingHUVECwere incubated
with biotinylated double-stranded oligonucleotides containing
either the EBS �118 or �181 sequence. The oligonucleotide
containing EBS �118 formed a number of complexes with
nuclear proteins from resting HUVEC (Fig. 3A, lane 1, arrows),
two of which were competed by excess unlabeled probe but
not by a probe containing a mutation in the EBS �118 site,
indicating specificity for this site. Addition of an anti-Erg
antibody resulted in the appearance of a supershift (Fig. 3A,
lane 4, arrowhead) and a decrease in the intensity of a com-
plex (Fig. 3A, solid arrow), indicating that Erg binds to the
EBS �118 site. The supershift was specific, as it was com-
peted off by an excess of unlabeled probe, but not by unla-
beled probe containing a mutation of the EBS �118 (Fig. 3A,
lanes 5 and 6, respectively). Addition of IgG antibodies had
no effect on the band pattern (Fig. 3A, lane 7), confirming
that Erg specifically interacts with the oligonucleotide con-
taining EBS �118.

FIGURE 2. Identification of the DNA binding site involved in Erg-mediated repression of ICAM-1. A, schematic diagram of ICAM-1 promoter mutant
constructs. pGL4 ICAM-1 1.3 was mutated in either single or double EBS or in the NF-�B binding site. EBS were mutated from GGAA to CCAA. NF-�B was mutated
as previously shown (15). B, ICAM-1 promoter activity of EBS mutants after Erg Genebloc treatment. Results are expressed as luciferase activity relative to control
Genebloc-treated cells. C, ICAM-1 promoter activity of EBS mutants after AdErg treatment, expressed as luciferase activity relative to AdLacZ (n � 3–7). *, p �
0.05; **, p � 0.01; ***, p � 0.001.
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EMSA carried out with the EBS �181 oligonucleotide
showed the formation of three specific complexes with nuclear
proteins from resting HUVEC (Fig. 3B, lane 1, arrows), which
were competed by excess unlabeled probe but not by a probe
containing amutation in the EBS�181 site (Fig. 3B, lanes 2 and
3). The addition of an anti-Erg antibody resulted in a decrease
in the intensity of the two upper bands, suggesting that Erg
binds to this complex (Fig. 3B, lanes 7–10); however, contrary
to what was observed for the �118 EMSA, no supershift was
detectable. A similar patternwas observedwith a different anti-
Erg antibody (data not shown), suggesting that the absence of a
supershift is not due to a technical issue related to a single
antibody but possibly because the new complex is too large to
be identified by this method. In support of the specificity of the
interaction of Erg with this site, addition of control IgG anti-
bodies had no effect on the band pattern (Fig. 3B, lane 11 com-
pared with lane 1). In conclusion, the EMSA experiments indi-
cate that Erg binds to both EBS �118 and �181 in the ICAM-1
promoter.
NF-�Bp65Binds to EBS�181 in the ICAM-1Promoter—EBS

�181 is part of an NF-�B consensus sequence that is bound by
NF-�B p65 after TNF-� stimulation in HUVEC (15, 30).
Although the majority of NF-�B p65 in resting EC is located in
the cytoplasm, low levels of p65 are also found in the nucleus
(12, 31, 32). In quiescent EC, nuclear-localized NF-�B p65
appears to have a role in constitutive expression of genes, such
as ICAM-2 and P-selectin, as mutation of the NF-�B binding
sites within the promoters of these genes results in a decrease in
basal activity (9, 33). Using EMSA, we investigated whether, in

resting HUVEC, p65 interacts with the NF-�B site at �188,
which overlaps with EBS �181. Addition of an anti-NF-�B p65
antibody caused a marked decrease in the intensity of all three
bands identified with this oligonucleotide (Fig. 3B, lanes 4–6,
arrows), suggesting that the anti-NF-�B p65 antibody binds to
the protein-oligonucleotide complex at this site. No super-
shifted bandwas visible after the addition of the anti NF-�Bp65
antibody. However, loss of the major complex after addition of
NF-�B p65 antibody suggests that, at least in vitro, nuclear
NF-�B p65 is able to bind to the EBS �181 oligonucleotide in
resting HUVEC as well as in activated HUVEC.
Erg Inhibits NF-�B p65 Binding to the ICAM-1 Promoter—As

shown above, Erg repression of the ICAM-1 promoter requires
EBS �181, which is part of the NF-�B consensus sequence.
Because EMSA studies have shown that Erg can bind to this
site, we investigated the possibility that, in resting EC, Erg
might block NF-�B p65 binding to the ICAM-1 promoter at
EBS�181.We first testedwhetherNF-�Bp65 could bind to the
region containing the NF-�B site and EBS �181 within the
native chromatin structure of resting HUVEC, using ChIP.
ChIP was carried out on a confluent monolayer of quiescent or
TNF-�-treated HUVEC. Chromatin was enriched with an
NF-�B p65 antibody and binding sites were analyzed by quan-
titative PCR, using the ICAM-1 promoter primers described
above (see Fig. 1D). No enrichment for NF-�B p65was found in
R4, which contains the NF-�B binding sites, EBS �181 and
�118, or in flanking R3 and R5 (Fig. 3C); however, NF-�B p65
was enriched in R4 after treatment with TNF-�, as expected
(34) (Fig. 3C). Thus, these results show that although p65 can

FIGURE 3. Erg binds to ICAM-1 promoter through EBS �118 and �181, and NF-�B p65 binds to EBS �181. A, and B, biotinylated oligonucleotides
containing sequences from the ICAM-1 promoter EBS �118 (A) or the EBS �181 (B) were incubated with nuclear lysate from resting HUVEC. Antibodies to Erg,
p65, or IgG were incubated with nuclear extract-oligonucleotide complexes as indicated. Specificity was measured by addition of saturating amounts of
competing oligonucleotide (competitor) or competing oligonucleotide with a mutation in the EBS �118 (A) or �181 (B) (M-competitor). Shifted protein-
oligonucleotide complexes are indicated by an arrow and super-shifted complexes are indicated by arrowhead. Images are a single representation of at least
3 separate experiments. C and D, ChIP was carried out on sheared chromatin from confluent resting HUVEC � TNF (10 ng/ml for 30 min) (C), or HUVEC treated
with Erg or control siRNA (D) using an anti-NF-�B p65 or control IgG antibody. Immunoprecipitated DNA was analyzed by qPCR for primers covering ICAM-1
promoter regions (R) 3–5 (C) or 4 (D) and negative control region. Results are expressed as fold-change compared with IgG normalized to input and negative
control region. n � 4 (C), n � 6 (D); *, p � 0.05.
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bind to the NF-�B site within this region of the ICAM-1
promoter, when presented as an oligonucleotide, such as in
the EMSA (Fig. 3B), in fact p65 does not bind to this same
sequence in native chromatin from unstimulated HUVEC.
Therefore we speculated that there may be an inhibitory
element in the native chromatin structure of the ICAM-1
promoter that inhibits the binding of p65 to this site. Because
Erg also binds to this region, we investigated whether the
presence of Erg inhibits the binding of NF-�B p65 to DNA,
by performing ChIP for NF-�B p65 on HUVEC treated with
Erg siRNA. As expected, inhibition of Erg expression by
siRNA decreased the amount of Erg binding to the ICAM-1
promoter (see Fig. 1E). Interestingly, this resulted in a signifi-
cant increase in NF-�B p65 binding to R4 of the ICAM-1 pro-
moter (Fig. 3D). These results suggest that in quiescent EC Erg
prevents endogenous nuclear NF-�B p65 from binding to the
ICAM-1 promoter.
Erg Represses NF-�B-mediated ICAM-1 Basal Expression—

The above data suggest that Erg is repressing ICAM-1 expres-
sion by inhibitingNF-�B p65 binding to the ICAM-1 promoter.
We therefore investigatedwhetherNF-�B is responsible for the
up-regulation of ICAM-1 expression after Erg inhibition.
NF-�B activity was inhibited using an adenovirus expressing a
mutant super repressor version of I�B� (AdI�B�SR), which
cannot be phosphorylated anddegraded, resulting in sequestra-
tion of NF-�B in the cytoplasm (14). After transduction with
AdI�B�SR, the increase in ICAM-1 mRNA expression follow-
ing Erg inhibition was lost, compared with cells transduced
with AdlacZ (Fig. 4A). The inhibitory activity of AdI�B�SR on
NF-�B was confirmed on TNF-�-stimulated HUVEC (supple-
mental Fig. 2A). Similar results were observed using the BAY-
117085 inhibitor compound, which blocks I�B� degradation
(35): the up-regulation of ICAM-1 protein levels after Erg inhi-
bitionwas lost in cells treatedwith BAY-117085 comparedwith
dimethyl sulfoxide control (Fig. 4B). The ability of BAY-117085
to repress the NF-�B pathway was confirmed in TNF-� treated
HUVEC (supplemental Fig. 2B). Thus, using two separate

inhibitors of NF-�B, we have demonstrated that the up-regula-
tion of ICAM-1 after Erg inhibition is mediated by the activity
of NF-�B.
Genome-wide Analysis Shows That Erg Represses Multiple

NF-�BTarget Genes—Because Erg inhibits ICAM-1 expression
by repressing NF-�B activity, we hypothesized that Erg may
also inhibit the expression of other NF-�B target genes in rest-
ing endothelium.We have previously investigated the genome-
wide targets of Erg by transcription profiling of HUVEC treated
with Erg Genebloc (16), and found that Erg represses a number
of genes involved in inflammatory processes. To expand this
analysis to the entire Erg dataset and find patterns that could
support the biological data, we used GSEA (36–38), and com-
pared the Erg dataset with other relevant gene sets, to identify
common biological functions. We carried out an initial screen
to identify any overlap between genes up-regulated following
Erg inhibition and published datasets held in the Broad Insti-
tute curated GSEAMSigDB database. Of the top 9 studies with
the most significant overlaps in regulated genes, two involved
the response to treatment with the NF-�B activating cytokine
TNF-�. The first study, in pancreatic cancer cells, investigated
genes up-regulated (at least 1.5-fold) by TNF-� treatment that
were inhibited by an IKK inhibitor, therefore regulated by
NF-�B (17). The second study investigated the response of
microvascular and macrovascular endothelial cells to TNF-�,
interferon �, or IL-4 (18). The sets of genes regulated by TNF-�
in both studies significantly overlapped with genes up-regu-
lated by Erg inhibition, suggesting a specific alignment of Erg
with NF-�B regulatory pathways. We then carried out a sepa-
rateGSEAbetween thewhole Erg dataset and these two studies.
Comparison between the Erg dataset and the genes up-regu-
lated in pancreatic cancer cells after TNF-� treatment gave a
significant normalized enrichment score of 1.67 (Fig. 5A), indi-
cating a correlation between NF-�B target genes in pancreatic
cancer cells and genes up-regulated by Erg inhibition in
HUVEC. Comparison with genes up-regulated in TNF-�-
treated endothelial cells gave a significant normalized enrich-

FIGURE 4. NF-�B induces ICAM-1 expression after Erg inhibition. A, Erg siRNA or control siRNA-treated HUVEC were transduced with AdI�B�SR or AdLacZ.
ICAM-1 mRNA levels were measured by quantitative RT-PCR and results are expressed as fold-change compared with control siRNA AdLacZ-treated. n � 5.
B, Erg or control Genebloc-transfected HUVEC were treated with BAY-11-7085 or dimethyl sulfoxide (DMSO) control. ICAM-1 protein levels were measured by
Western blot using an anti-ICAM-1 antibody and normalized to levels of GAPDH (n � 3). *, p � 0.05; **, p � 0.01.
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ment score of 2.06 (Fig. 5B). This indicates a correlation
between NF-�B pathway target genes in endothelial cells and
genes up-regulated by Erg inhibition in HUVEC. In addition,
we also used GSEA to compare the Erg-regulated genes with
the data from a recent ChIP seq analysis, which identified reg-
ulatory sequences bound by NF-�B p65 in LPS-treated macro-
phages (19). This comparison gave a normalized enrichment
score of 1.11 with a p value of 0.097 (Fig. 5C), indicating a trend
toward a correlation. Analysis of the three studies together sug-
gests a strong correlation, although not complete overlap,
between genes repressed by Erg and genes transactivated by
NF-�B.Table 1 lists the shared genes enriched inmore than one
study. This analysis adds power to our detailed study of repres-
sion of ICAM-1byErg and suggests that constitutive repression
of NF-�B target genes by Erg is a commonmechanism tomain-
tain endothelial quiescence.
To confirm that Erg repression of NF-�B activation is a com-

monmechanism in resting EC, we focused on two genes: cellu-
lar inhibitor of apoptosis (cIAP)-2 and IL-8. cIAP-2 was identi-
fied in all three studies used for the GSEA comparisons,
whereas IL-8 was identified in the GSEA comparison with the
study on TNF-�-treated EC (18) and was previously shown to
be repressed by Erg (13). Levels of cIAP2 and IL-8 are low in
quiescent EC and are up-regulated by proinflammatory cyto-
kines such as TNF-� (39, 40). Therefore both genes are candi-
dates for regulation by both Erg and NF-�B. First, we showed
that Erg inhibition in HUVEC significantly increased the
mRNA levels of cIAP2 (Fig. 5D, panel i), confirming that cIAP2
is repressed by Erg in resting HUVEC. We then carried out
ChIP to test whether Erg binds to the promoter of cIAP2 in
resting HUVEC, using primers designed around the Erg con-
sensus sequence nearNF-�B sites (Fig. 5D, panel ii, and supple-
mental Fig. S3). This showed that Erg binds to the promoter of
cIAP2. Previous studies have demonstrated that Erg binds to an
EBS in the IL-8 promoter (13). Analysis of the IL-8 promoter
showed that the EBS identified as the binding site of Erg is located
within the functional NF-�B binding site, similarly to what was
observed for ICAM-1 and cIAP2 (supplemental Fig. S3).

Our data shows that Erg inhibits NF-�B p65 binding to the
ICAM-1 promoter in quiescent EC. To investigate whether the
same applies to the other target genes investigated here, we
tested whether Erg inhibits binding of NF-�B p65 to the IL-8
and cIAP2 promoters. ChIP on resting HUVEC treated with
control or Erg siRNA showed that NF-�B p65 binding to the
IL-8 and cIAP2 promoters increases significantly after Erg inhi-
bition (Fig. 5D, panels iii and iv, respectively). These results

FIGURE 5. GSEA demonstrates highly significant enrichment of genes repressed by Erg with genes up-regulated by NF-�B activating cytokine
TNF-�. A–C, GSEA was carried out using standard settings. The graphical outputs show enrichment (green curve) of genes up-regulated in TNF-�-treated
pancreatic cancer cells (A), endothelial cells (B), or genes bound by NF-�B p65 in macrophages after LPS stimulation (C), along a ranked list of genes up-
or down-regulated by 48 h of Erg inhibition. The normalized enrichment score (NES) reflects the degree to which a gene set is overrepresented at the top
or bottom of a ranked list, normalized for differences in gene set size and in correlations between gene sets and the expression dataset (D, panel i) mRNA
from HUVEC treated with Erg or control siRNA was analyzed by quantitative RT-PCR with primers specific for cIAP2 and normalized to GAPDH, expressed
as relative to control siRNA-treated cells (n � 3), *, p � 0.05. D, panel ii, ChIP was carried out on sheared chromatin from confluent resting HUVEC, using
an anti-Erg or control IgG antibody. Immunoprecipitated DNA was analyzed by qPCR for primers covering EBS in cIAP2 (see supplemental Fig. S3) and
negative control GAPDH promoter region. Data are expressed as fold-change compared with IgG normalized to input and control regions (n � 3), *, p �
0.05. (D, panels iii and iv) ChIP was carried out on sheared chromatin from HUVEC treated with control or Erg siRNA, using an anti NF-�B p65 or control
IgG antibody. Immunoprecipitated DNA was analyzed by qPCR for primers covering the NF-�B site and EBS in cIAP2 (D, panel iii), or IL-8 (panel iv) (see
supplemental Fig. S3) and a negative control GAPDH promoter region. Data are expressed as fold-change compared with IgG normalized to input and
control region (n � 8). *, p � 0.05; **, p � 0.01.

TABLE 1
Common gene hits and accession numbers from GSEA analysis
List of shared genes enriched in more than one study. Common genes enriched for
Erg GSEA among all three studies are in dark grey. Common genes enriched for Erg
GSEA with TNF-�-treated pancreatic cancer cells and TNF-�-treated EC studies
are in light grey. The remaining genes were commonly enriched between genes
bound by NF-�B p65 after LPS treatment, and either TNF-�-treated pancreatic
cancer cells or TNF-�-treated EC.
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indicate that, as with ICAM-1, Erg inhibits constitutive binding
of nuclear NF-�B p65 to the promoters of IL-8 and cIAP2.
Therefore Erg represses expression of multiple NF-�B target
genes in resting EC. In summary, the data in this study describe
a novel mechanism controlling endothelial homeostasis, based
on the transcription factor Erg, and suggest a novel pathway of
inhibition of NF-�B activity in resting endothelium.

DISCUSSION

Healthy EC maintain homeostasis through a dynamic bal-
ance between expression of protective genes and repression of
proinflammatory genes. In this study we identify a novel mech-
anism that controls endothelial quiescence through inhibition
of NF-�B activity. The ETS transcription factor Erg is known to
drive the expression of genes that promote EC homeostasis (8,
10, 11); here we demonstrate that Erg also maintains EC home-
ostasis through the repression of NF-�B p65 activity. We show
that Erg binds to the promoters of a number of NF-�B target
genes, repressing their basal expression. We also show that Erg
blocks NF-�B p65 binding to the promoters of ICAM-1, IL-8,
and cIAP2 in resting HUVEC and that inhibition of Erg results
in NF-�B-mediated induction of the expression of these genes.
We suggest that in quiescent EC, Erg acts as a gatekeeper, to
inhibit the activity of low constitutive levels of nuclear NF-�B
p65 and protect the endothelium from the up-regulation of
proinflammatory genes, thus maintaining quiescence. Tight
control of NF-�B activation is crucial to cellular homeostasis,
and several mechanisms, both at the transcriptional and non-
transcriptional levels, have been identified. We propose that
Erg may provide a checkpoint to pass before induction of
NF-�B target genes occurs in EC.
In this study, Erg was shown to interact with two EBS in the

ICAM-1 promoter, and both were found to be required for Erg
repression of ICAM-1 expression. One of the sites is within the
NF-�B consensus binding site, and our data suggest that Erg may
directly compete with NF-�B p65 for binding at this site. The role
of EBS�118 in Erg repression of ICAM-1 activity, however, is less
clear. In the ICAM-1 promoter, the EBS�118 and theNF-�B site
are 70 bp apart, which suggest they are approximately half a
nucleosome apart. This may allow Erg-mediated repression
throughmodificationof thenucleosomal structure of the ICAM-1
promoter. Analysis of the promoter sequences of other genes
highlighted in the GSEA identified putative Erg binding sites
within a distance equivalent to 1–2 nucleosomes away from an
NF-�B site.3 The involvement of distant sites in transcriptional
repression has been well described, and may involve recruitment
of co-repressors and/or modification of chromatin structure (41).
A recent example is provided by BCL6, which was shown to
repress a subset ofNF-�B target genes inmacrophages by binding
the promoters at a distance equivalent to approximately one
nucleosome or 200 bp away fromNF-�B binding sites (19). In the
absence of inflammatory stimuli, BCL6 recruited HDAC3 to pro-
moters of NF-�B target genes and repressed their transcription.
Erg may similarly repress NF-�B p65 binding by recruiting co-re-
pressors to the promoters of NF-�B target genes. Erg interacts
with the histone-3 lysine-9 specific-methyltranferase Erg-associ-

ated protein with a SET domain (ESET), and ESET binds co-re-
pressors HDAC-1 and -2, and mSin3A and -B (42, 43). Whether
ErgrepressesNF-�Btargetgenes throughrecruiting theseorother
co-repressors is being investigated.
ETS factors regulate specific target genes through combina-

torial promotermotifs and interaction with other transcription
factors. The enhancers of endothelial specific genes are synergis-
tically activated by FOX and ETS transcription factors containing
FOXO:ETSmotifs (44).Also, analysis of thegenome-widebinding
sites of 10 key regulators of blood stem/progenitor cells identified
a combinatorial interaction between a heptad of transcription fac-
tors including Erg (29). Other ETS combinatorial transcription
factor motifs include the serum response elements that bind ter-
nary complex ETS factors and the serum response factor (45), and
ETS:AP1bindingmotifs (46).Our data highlights for the first time
a mechanism of combinatorial repression involving Erg and
NF-�B, controlling basal repression of ICAM-1 and other proin-
flammatory endothelial genes.
Inhibition of Erg in resting HUVEC stimulates leukocyte

recruitment (13). This suggests that Erg is required to protect
EC against a low level of inflammatory stimuli that may other-
wise cause chronic activation and inflammation. Erg levels are
inhibited by TNF-� stimulation (9, 13), and recently we have
shown that overexpression of Erg inhibits TNF-�-induced
NF-�B activity. Moreover we showed that overexpression of
Erg inhibited acute inflammation in mouse paws induced by
TNF-� (12). This, in conjunction with our present study of the
basal repression of proinflammatory genes, suggests that inhi-
bition of Erg is required to induce a NF-�B-mediated inflam-
matory response in the endothelium, and that Erg can control
NF-�B activity at multiple levels.

Interestingly, not all the genes identified by the GSEA com-
parison of Erg and NF-�B-dependent datasets were repressed
through themechanisms identified here (data not shown), sug-
gesting that other pathways may be involved in Erg-mediated
repression. It is possible that some of the genes may be indirect
targets of Erg; genomic ChIP sequencing of Erg DNA binding
profiles will address this question.
One of the EBS (�118) involved in Erg-mediated repression

of ICAM-1 expression was previously shown to be required for
the regulation of ICAM-1 in non-endothelial cells. Ets-1, Ets-2,
and ERM overexpression in RK13 cells increased ICAM-1 pro-
moter activity through EBS �118 (25). This site is also respon-
sible for the repression of ICAM-1 by the ETS factor FEV. FEV
expression is restricted to prostate and small intestine tissue
(47) and Dami megakaryocytic cells (27). FEV contains an ETS
DNA binding domain, which is highly homologous to Erg and
Fli-1 (48); however, its restricted pattern of expression suggests
that FEV is not likely to play a role in transcriptional repression
in endothelial cells. EBS �834 and �907, suggested to have a
role in H2O2-mediated activation of the ICAM-1 promoter
(24), do not appear to have a role in Erg-mediated repression.
The role of Erg as a repressor of inflammation is in contrast to

that of other ETS factors, which have previously been shown to
act synergistically withNF-�B in promoting inflammatory gene
expression. Overlapping ETS and NF-�B binding sites have
been identified in the regulatory regions of inflammatory genes
such as IL-3, IL-12, IL-2, IL-2 receptor-�, and granulocyte-mac-3 N. H. Dryden and A. M. Randi, unpublished data.
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rophage colony stimulating factor (49–52). Chimeric decoy oli-
gonucleotides containing a combination of EBS and NF-�B
consensus sequences were able to inhibit inflammation in
abdominal aortic aneurysms to a greater level than either site
alone (53). In EC, Erg expression is down-regulated by inflam-
matory stimuli (9, 13); this is in contrast with ETS factors
including Ets-1, Ets-2, and ESE-1, whose expression is
increased after treatment with agents such as IL-1�, TNF-�,
angiotensin II, or thrombin (9, 17, 54–59). These ETS factors
have been shown, in endothelial cells, to drive the expression of
proinflammatory genes such asVCAM-1, inducible nitric-oxide
synthase, cyclooxygenase-2, andMCP1. In this study we showed
that Ets-2, Fli-1, andGABP�, although constitutively expressed
in EC, do not repress ICAM-1 expression. The different expres-
sion levels and activities of ETS factors highlights their impor-
tant role in regulating inflammation.
In conclusion, this study provides evidence of the crucial role

Erg plays in maintaining a quiescent state in endothelial cells.
By inhibiting the activity of constitutive low levels of nuclear
NF-�B, Erg represses the transactivation of a set of proinflam-
matory NF-�B target genes. Thus Erg provides a checkpoint to
protect endothelial cells against inappropriate activation, and
may prevent the onset of chronic inflammatory vascular dis-
eases, such as atherosclerosis.
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