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Oxidative stress induces a prothrombotic state through enhancement of adhesion properties of the endothelium. E-selectin, an
endothelial cell adhesion molecule, becomes a therapeutic target for venous thrombosis, whereas the regulatory mechanisms of its
expression have not been fully understood. In the present study, we report that H2O2 treatment increases expression of E-selectin but
decreases expression of the endothelial transcription factor ETS-related gene (ERG) in HUVECs in a dose- and time-dependent manner.
In BALB/c mice treated with hypochlorous acid, E-selectin expression is increased and ERG expression is decreased in endothelial cells
of the brain and lung. RNA interference of ERG upregulates E-selectin expression, whereas transfection of ERG-expressing plasmid
downregulates E-selectin expression in HUVECs. Knockdown or overexpression of ERG comprises H2O2-induced E-selectin expression
in HUVECs. Deletion of the Erg gene in mice results in embryonic lethality at embryonic days 10.5�12.5, and E-selectin expression is
increased in the Erg−/− embryos. No chromatin loop was found on the E-selectin gene or its promoter region by capture high-throughput
chromosome conformation capture. Chromatin immunoprecipitation and luciferase reporter assay determined that the 2127 ERG
binding motif mediates ERG-repressed E-selectin promoter activity. In addition, ERG decreases H2O2-induced monocyte adhesion.
Together, ERG represses the E-selectin gene transcription and inhibits oxidative stress�induced endothelial cell adhesion. The
Journal of Immunology, 2023, 211: 1835�1843.

E-selectin, also known as CD62E, is a glycoprotein specifi-
cally expressed on endothelial cells (1). Upon activation of
proinflammatory cytokines, expression of E-selectin is rapidly

upregulated (1, 2). The lectin-EGF elements of E-selectin recognize
glycoproteins or glycolipids on leukocytes’ surface (3), which include
P-selectin glycoprotein ligand-1, E-selectin ligand-1, and CD44 (4�6).
E-selectin promotes leukocyte tethering, rolling along the endothelium
and facilitating leukocyte transmigration (7, 8). E-selectin mediates
leukocyte adhesion to endothelial cells and also augments thrombotic
clot formation as the fibrin content (9). Inhibition of E-selectin reduces
venous thrombosis and prevents fibrin formation (10). Circulating
E-selectin (soluble E-selectin) is formed by enzymatic cleavage of
transmembranous E-selectin on activated endothelial cells (11). The
concentration of soluble E-selectin is directly correlated with cell sur-
face expression (12) and increases upon endothelial cell injury (13, 14).
Oxidative stress is induced with uncontrolled production of reac-

tive oxygen species (ROS) (15). Excessive ROS causes an increase
of subendothelial low-density lipoprotein cholesterol (LDL), which
is oxidized to form oxidized LDL (ox-LDL) (16). ox-LDL increases
expression of adhesion molecules such as ICAM-1 and VCAM-1,
resulting in leukocyte adhesion and migration through the endothe-
lium (17). Hyperglycemia also increases the production of ROS and

increases leukocyte adhesion by upregulation of adhesion molecules
(18, 19). In hypertension, angiotensin II induces extra production of
ROS in endothelial cells (20) and upregulates E-selectin expression
in endothelial cells (21). In addition, oxidative stress induces throm-
bus formation, which requires leukocyte adhesion and enhances
adhesion molecule expression (22, 23). A mouse model of venous
thrombosis showed more neutrophils in the vein wall (24). Attach-
ment of neutrophils to endothelial cells is regulated by adhesion mole-
cules, including E-selectin (25). However, modulation of E-selectin
expression in oxidative stress�induced thrombosis formation has not
been explored.
The ETS-related gene (ERG) belongs to the E-26 transformation-

specific family of transcription factors by recognizing the conserved
binding motif GGAA/T (26). ERG is specifically expressed in the
endothelial cells and maintains the vascular barrier function through
transcriptional regulation of the expression of VE-cadherin (27),
endoglin (28), and claudin-5 (29). Deletion of the ERG gene in
mice led to embryonic lethality at embryonic days 10.5�12.5 with
vascular defects and hemorrhage (30). In addition, ERG is required
for expression of coagulation-related factors von Willebrand factor
(31) and thrombomodulin (32). ERG also maintains vascular homeo-
stasis through inhibition of adhesion molecule ICAM-1 (33).
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In this study, we report that H2O2 stimulation increases E-selectin
expression and decreases ERG expression in a dose- and time-
dependent manner in cultured endothelial cells. In mice, hypochlo-
rous acid (HOCl) treatment increases E-selectin expression while
decreasing ERG expression in endothelial cells of the brain and
lung. ERG negatively regulates E-selectin expression in cultured
endothelial cells and in mouse embryos, whereas it mediates
H2O2-induced E-selectin expression. ERG regulates the E-selectin
promoter activity through the −127 ERG binding motif. In addition,
ERG decreases H2O2-induced monocyte attachment on endothelial
cells. Our findings demonstrate ERG represses the E-selectin gene
transcription on endothelial cells, and it represents what is, to our
knowledge, a novel mediator for oxidative stress�induced adhesion.

Materials and Methods
Animal models

A total of 20 female BALB/c mice at 6 wk of age were obtained from Vital
River (Beijing, China) and randomly divided into the PBS control group and
the HOCl treatment group. The HOCl treatment was performed as previ-
ously described (34). Briefly, HOCl was freshly prepared by adding NaClO
solution (active chlorine 6%) to KH2PO4 solution (100 mM; pH 6.2). A dos-
age of 200 ml HOCl solution was injected intradermally into the shaved
back of the mouse by a 27-gauge needle once every day for 8 wk. The con-
trol group of mice was injected with 200 ml sterilized PBS. The chemical
reagents were obtained from Solarbio (Beijing, China). The Erg1/− mice
were generated by Gem Pharmatech (Nanjing, China) through CRISPR/Cas9
technology. Two guide RNAs, 59-AGCACCTTTACCTGCGCCTT-39 and
59-GAATCTCCTTGGTAGTAGGT-39, were constructed to delete the 683-bp
fragment spanning exons 4�10 of the Erg gene and were introduced with

Cas9 nuclease into the C57BL/6NJ-derived fertilized eggs, followed by
transfer to pseudopregnant females. Mouse genotyping was confirmed by
PCR, and primer sequences are listed in Supplemental Table I. All experi-
mental studies were performed in accordance with guidelines prescribed by
the animal care committee of Shandong University.

Cell culture and transfection

HUVECs were purchased from ScienCell (Carlsbad, CA) and cultured in
basal endothelial cell medium supplemented with the EGM-2-MV bullet kit
(ScienCell). THP-1 monocytes were purchased from the American Type
Culture Collection and cultured in RPMI 1640 (Life Technologies, Waltham,
MA) supplemented with 10% FBS (Life Technologies). The siRNAs were
synthesized by GenePharma (Shanghai, China): NC siRNA, 59-UUCUCC-
GAACGUGUCACGUTT-39; ERG siRNA, 59-GGACAGACUUCCAAGA-
UGATT-39. pcDNA3-ERG plasmid was obtained from OriGene Technolo-
gies (catalog no. RC208093; Rockville, MD). HUVECs of passages 4�8
were grown to 70% confluence and transfected with 50 nmol siRNAs or
2 mg pERG plasmid with Lipofectamine 2000 reagent according to the
manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA).

Real-time PCR

Total RNA was isolated from cells and tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA). The cDNA was synthesized with the Hi SuperScript Reverse
Transcriptase Kit (Vazyme, Nanjing, China). Quantitative RT-PCR (qRT-PCR)
was carried out using the Bio-Rad CFX96 Real-Time System (Bio-Rad
Laboratories, Hercules, CA) with SYBR Green PCR Master Mix (Vazyme).
The fold change was calculated by the 2−DDCt method. The primer sequences
are shown in Supplemental Table I.

Western blot analysis

Cells and mouse tissues were collected in ice-cold radioimmunoprecipitation
assay/0.1% SDS lysis buffer supplemented with 1% PMSF (Wuhan, China). An
equal amount of protein sample was separated by 10% SDS-PAGE (Bio-Rad

FIGURE 1. H2O2 increases E-selectin expression and
decreases ERG expression in HUVECs in a dose- and
time-dependent manner. HUVECs were treated with 0, 10,
50, 100, 200, or 500 mM H2O2 for 12 h. Expression of
mRNA of the E-selectin (A) and ERG (E) genes was
determined by qRT-PCR. The protein levels of E-selectin
(B) and ERG (F) were determined by Western blotting
(n 5 5). HUVECs were treated with 200 mM H2O2 for 0,
2, 4, 6, 12, or 24 h. E-selectin expression was assessed
by qRT-PCR (C) and Western blotting (D). Expression of
mRNA of the E-selectin (C) and ERG (G) genes was
determined by qRT-PCR. The protein levels of E-selectin
(D) and ERG (H) were determined by Western blot analysis
(n 5 5). GAPDH was used as a loading control. *p< 0.05,
**p < 0.01.
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Laboratories) and then transferred onto a PVDF membrane (EMD Millipore,
Burlington, MA). The membrane was blocked in TBST solution containing
5% nonfat milk for 1 h and then incubated with the primary Ab overnight at
4◦C. After washing, the membrane was incubated with the HRP-conjugated
secondary Ab for 1 h. Protein bands were visualized by the GE Amersham
Imager 600 (GE Healthcare Bio-Sciences, Marlborough, MA). Densitometry
of immunoblots was quantified by ImageJ software (NIH, Bethesda, MD).
The primary Abs were as follows: E-selectin (10494-1-AP, 1:500; PTG,
Rosemont, PA), ERG (92513, 1:1000; Abcam, Boston, MA), and GAPDH
(10494-1-AP, 1:8000; PTG). The secondary Abs were goat anti-rabbit IgG
(SA00001-2, PTG) and goat anti-mouse IgG (SA00001-1, PTG).

Immunofluorescence

Mouse brain and lung tissues were frozen in O.C.T. compound (Sakura
Finetek, Torrance, CA), cut at 7 mm, and placed on slides. After fixation
with cold methyl alcohol, the slides were incubated with primary Abs over-
night at 4◦C and then stained with fluorescent secondary Abs for 1 h at
room temperature. Then, the slides were incubated with DAPI (Solarbio
Technology, New York, NY) for nuclear staining for 5 min. The staining
was photographed using a Leica upright microscope (Leica, Wetzlar, Germany).
The primary Abs were as follows: CD31 (1:50; BD Biosciences, Franklin
Lakes, NJ), ERG (1:200; Abcam), E-selectin (1:200; PTG). The secondary
Abs were goat anti-rabbit Alexa Fluor 488 (1:200; Abcam) and goat anti-rat
Alexa Fluor 546 (1:50; Invitrogen).

Capture high-throughput chromosome conformation capture

HUVECs were fixed with 1% formaldehyde for 10 min, and then 0.2 M
glycine was used to quench the cross-linking for 5 min. Next, capture high-
throughput chromosome conformation capture (CHi-C) was performed according
to previously described protocols (35). To generate the CHi-C library, biotin-
labeled 120-bp RNA baits were targeted to the promoter of the SELE (E-selectin)
gene and its neighboring gene SELL (L-selectin) (chr1:169676615-169676734,

chr1:169702595-169702714, chr1:169706244-169706363). The CHi-C library
was sequenced on the Illumina NovaSeq 6000 platform, and the analysis of
sequencing data was performed as previously described (36, 37).

Chromatin immunoprecipitation

HUVECs were cross-linked with 1% formaldehyde for 10 min. Chromatin
immunoprecipitation (ChIP) was performed according to the manufacturer’s
instructions (9005s; Cell Signaling Technology, Danvers, MA). Immunopre-
cipitation was performed overnight at 4◦C with anti-ERG Ab (133264;
Abcam) or IgG (3900; Cell Signaling Technology). The purified DNA fragments
were analyzed by semiquantitative PCR and qRT-PCR. The primer sequences
are shown in Supplemental Table I.

THP-1�HUVEC adhesion assay

HUVECs were treated with H2O2 and/or transfected with ERG siRNA or
pERG. THP-1 cells were incubated with 10 mM calcein-AM (Thermo
Fisher) at 37◦C for 15 min and then added to HUVEC culture medium
(CM) at 1 × 106 cells/ml. After incubation for 30 min, the nonadherent
THP-1 cells were removed by rinsing with PBS. The adherent THP-1 cells
labeled by calcein-AM were captured by fluorescence microscopy (Leica).

ELISA

After transfection with siERG or pERG plasmids for 48 h, the CM of
HUVECs was collected and centrifuged for 5 min at 180 × g. The superna-
tant was collected and measured by an E-selectin ELISA kit following the
manufacturer’s protocol (DSLE00; R&D Systems, Minneapolis, MN).

Luciferase activity

The fragment spanning the region −840 to 11 of the E-selectin promoter
was synthesized by SangonBiotech (Shanghai, China) and subcloned into the
pGL3-basic plasmid through the XhoI/HindIII digestion sites. The mutation

FIGURE 2. The expression of Erg and E-selectin in
mice treated with HOCl. Mice were administered an injec-
tion with HOCl to induce oxidative stress. Expression of
mRNA levels of the Erg and E-selectin genes in brains
(A) or lungs (D) was detected by qRT-PCR (n 5 6).
**p< 0.01. The protein levels of Erg and E-selectin in
brains (B) or lungs (E) were detected by Western blot
analysis (n 5 6). GAPDH was used as a loading control.
(C and F) Representative images of double-immunofluorescence
staining of CD31 (red)/E-selectin (green) on brain (C) or
lung (F) tissue. Scale bars, 50 mm.
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of the −127 ERG binding site was generated (59-TTCCCGGGAA-39 to 59-
GTAACGTAGA-39). The pGL3-E-selectin (WT ) and pGL3-E-selectin with
ERG mutation (ERG mut) plasmids were transfected into HUVECs with Lipo-
fectamine 3000 (Thermo Fisher) following the manufacturer’s protocol. The
pCMV-TK was used as an internal control. Luciferase activity was measured
using the Dual-Glo luciferase reporter assay system (Promega, Madison, WI),
and the light intensity was measured by a Berthold luminometer (Wildbad,
Germany). The relative luciferase activity was normalized to internal Renilla
luciferase activity.

Statistical analysis

All statistical analyses were performed using GraphPad Prism software ver-
sion 9.0c (GraphPad Software, La Jolla, CA). Data obtained were exhibited
as the mean ± SEM. Comparison between two groups was determined by
unpaired Student t test. A value of p < 0.05 was considered to indicate a statis-
tically significant difference.

Results
H2O2 treatment increases E-selectin expression and decreases ERG
expression in HUVECs in a dose- and time-dependent manner

HUVECs were treated with 0, 10, 50, 100, 200, or 500 mM H2O2

for 12 h to induce oxidative stress. All concentrations of H2O2-
stimulated intracellular ROS production were measured by DCFH-
DA (Supplemental Fig. 1A). Expression of E-selectin and ERG in
H2O2-treated HUVECs was determined by qRT-PCR (Fig. 1A,
1E) and Western blot analysis (Fig. 1B, 1F). Expression of
E-selectin was increased with a peak at 200 mM H2O2 treatment.
Next, HUVECs were exposed to 200 mM H2O2, and mRNA and
protein were collected at 0, 2, 4, 6, 12, and 24 h for examination for
E-selectin expression. Fig. 1C and 1D show that mRNA and protein
levels of E-selectin expression are increased with a maximal level at
12 h. In the same sets of HUVECs, qRT-PCR and Western blotting
showed that expression of transcription factor ERG is decreased at
100, 200, and 500 mM H2O2 treatment for 12 h, and its expression
is also decreased upon 200 mM H2O2 treatment at 4, 6, 12, and
24 h (Fig. 1G, 1H). The intensity of protein bands was quantified
by normalization to GAPDH (Supplemental Fig. 2A�2D). Together,

H2O2 treatment increases E-selectin expression and decreases ERG
expression in a dose- and time-dependent manner in HUVECs.
Oxidative stress induction increases E-selectin expression while
decreasing ERG expression in mice

In vivo oxidative stress was induced by injection of HOCl into mice
and validated by malondialdehyde assay (Supplemental Fig. 1B).
The expression of E-selectin and ERG mRNA and protein levels in
mouse brain and lungs was assessed by qRT-PCR and Western blot
analysis. In HOCl-treated mouse brain and lung tissues, mRNA and
protein levels of E-selectin were significantly increased, whereas mRNA
and protein levels of ERG were significantly decreased (Fig. 2A,
2B, 2D, and 2E). In addition, double-immunofluorescence staining
of CD31/E-selectin was performed on mouse tissues. In endothelium
positively stained for CD31, the intensity of E-selectin staining was
significantly increased, whereas the staining of ERG was significantly
decreased, in brain (Fig. 2C) and lung tissues (Fig. 2F) of HOCl-
treatment mice.

ERG negatively regulates E-selectin expression in HUVECs

To determine the role of ERG in the regulation of E-selectin expres-
sion, ERG expression was knocked down by siRNA interference in
HUVECs and validated by qRT-PCR and Western blot analysis
(Fig. 3). In HUVECs with knockdown of ERG expression, mRNA and
protein levels of E-selectin were significantly increased (Fig. 3A, 3B).
To detect the soluble E-selectin, ELISA was performed with the
CM, and no significant difference was found in the CM of HUVECs
transfected with ERG siRNA and scrambled RNA (Fig. 3C). In addi-
tion, ERG-expressing plasmid (pERG) was transfected in HUVECs,
and ERG overexpression was validated by qRT-PCR and Western
blot analysis. In HUVECs with ERG overexpression, mRNA and
protein levels of E-selectin were decreased (Fig. 3D, 3E), whereas
the soluble E-selectin in CM remained unchanged (Fig. 3F). The
intensity of protein bands was quantified by normalization to GAPDH
(Supplemental Fig. 2E, 2F). In HUVECs transfected with ERG
siRNA, H2O2 treatment did not induce an additional increase of
E-selectin expression (Fig. 3G). In HUVECs transfected with pERG

FIGURE 3. ERG represses E-selectin expression in
HUVECs. HUVECs were transfected with ERG siRNAs
(A�C) or ERG-expressing plasmids (D�F). (A and D) Expres-
sion of mRNA of the ERG and E-selectin genes was detected
by qRT-PCR (n 5 5). (B and E) The protein levels of ERG
and E-selectin were examined by Western blotting (n 5 5).
(C and F) The concentrations of E-selectin in the CM were
determined by ELISA. (G and H) HUVECs were transfected
with ERG siRNA or pERG plasmids for 24 h and then treated
with 200 mMH2O2 for 12 h. The protein levels of E-selectin
were detected by Western blot analysis. GAPDH was
used as a loading control. **p< 0.01. EV, empty vector.
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plasmid, H2O2 treatment failed to increase E-selectin expression
(Fig. 3H). Thus, E-selectin expression in endothelial cells is negatively
regulated by ERG, which mediates oxidative stress�induced E-selectin
expression.

Deletion of the Erg gene in mice increases the expression of E-selectin

To validate the role of ERG in E-selectin expression in vivo, Erg1/−

mice were generated by CRISPR/Cas9 technology. Homogeneous
deletion of the Erg gene resulted in embryonic lethality (30). The
Erg1/− mice were intercrossed to obtain the Erg−/− embryos, which
were validated by PCR of the genomic DNA from the yolk sac
(Fig. 4B). Fig. 4C shows representative images of E11.5 Erg1/1

and Erg−/− embryos with or without yolk sacs. The mRNA and pro-
tein of the embryos were collected to examine E-selectin expression.
In the Erg−/− embryos, transcription of the E-selectin gene and
E-selectin protein level were significantly increased (Fig. 4D, 4E).

Chromatin interaction is absent on the E-selectin promoter

Previous studies have reported endothelium-specific genes are regu-
lated by chromatin looping structures between enhancers and promoters

(38�41). To explore chromatin regulation of the gene transcription,
promoter CHi-C was performed for the E-selectin gene and its
neighboring gene SELL using a biotinylated RNA bait library designed
for human GRCh37/hg19 genomes (35). Three promoter-interacting
regions were identified to interact with the SELL promoter (Fig. 5A),
and these promoter-interacting regions are located on the adjacent
genes SELP and F5 (Fig. 5B). However, no chromatin interaction
was captured on the E-selectin promoter on a genome-wide scale
(Fig. 5A, 5B). Therefore, the E-selectin gene transcription is not
governed by interactions of promoters with distal elements through
chromatin loops.

ERG directly binds to the E-selectin promoter and represses the
promoter activity in HUVECs

The conservation of the regulatory elements of the E-selectin
gene promoter were predicted by the University of California Santa
Cruz Genome tool (http://genome.ucsc.edu), and the consensus
sequence −127 ERG binding element was identified (Supplemental
Fig. 3). The 840 kb upstream of the transcription start site of the
E-selectin gene was cloned, and the −127 ERG binding site was

FIGURE 4. Deletion of the Erg gene in mice increases
expression of E-selectin. (A) The schematic strategy to
construct the Erg−/− mice. CRISPR/Cas9 sgRNA genome
targeting the exons 4�10 region of the Erg gene. KO,
knockout; WT, wild type. (B) Validation of gene targeting
of the Erg gene by PCR. (C) Representative images of
embryonic day 11.5 WT and Erg−/− embryos with or with-
out yolk sacs. Scale bar, 500 mm. (D) Expression of mRNA
of the Erg and E-selectin genes in the embryonic day 11.5
WT and Erg−/− embryos (n 5 4). Data are shown as mean
± SEM. **p< 0.01. (E) Immunoblots of Erg and E-selectin
proteins from the embryonic day 11.5 WT and Erg−/−

embryos.
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mutated (Fig. 6A, left). Both fragments were cloned into the pGL3
construct and transfected into HUVECs with pERG or empty vector
(Fig. 6A, right). Luciferase assays showed that overexpression of ERG
significantly decreased the E-selectin promoter activity (Fig. 6A, right).
In addition, mutation of the −127 ERG binding site significantly
increased the E-selectin promoter activity and compromised ERG-
induced inhibition of the promoter activity. ChIP was performed
with ERG Ab on the −127 ERG binding motif on the E-selectin
promoter region in HUVECs transfected with pERG or empty vector.
As shown in Fig. 6B and 6C, ERG directly binds to the E-selectin
promoter, and binding affinity is significantly increased with overex-
pression of ERG. These results indicated that ERG interacts with
the −127 ERG binding motif and inhibits the E-selectin promoter
activity.

ERG decreases THP-1 cell adhesion to HUVECs

In mice treated with HOCl, leukocyte adhesion to the vascular wall
is increased, as shown by H&E staining (Supplemental Fig. 1C). In
vitro, HUVECs were incubated with 200 mM H2O2 for 6 h, and
THP-1 cells were added into the culture for 30 min. After washing,
we found that the number of THP-1 cells adhered to HUVECs was
significantly increased by H2O2 treatment (Fig. 7A). These results
confirmed that oxidative stress increases monocyte adhesion to

endothelial cells. Transfection with ERG siRNA in HUVECs
resulted in a significant increase of THP-1 cell adhesion (Fig. 7B),
whereas transfection with pERG in HUVECs significantly reduced
THP-1 cell adhesion (Fig. 7C). In HUVECs transfected with ERG
siRNA, H2O2 treatment failed to induce an additional increase in
the number of adhered THP-1 cells (Fig. 7D). Thus, ERG negatively
regulates monocyte adhesion to endothelial cells (Fig. 8).

Discussion
In this study, we found that oxidative stress increases E-selectin
expression, whereas it decreases ERG expression in endothelial cells
both in vitro and in vivo. ERG represses E-selectin expression in
HUVECs, and the Erg−/− mouse embryos showed elevated E-selectin
expression. In addition, ERG directly binds to the E-selectin promoter
and inhibits the promoter activity. Knockdown of ERG expression
in endothelial cells compromises oxidative stress�induced monocyte
adhesion.
Oxidative stress with overproduction of ROS initiates endothelial

dysfunction, leading to vascular diseases. ox-LDL, angiotensin II,
and hyperglycemia increase adhesion molecule expression and sub-
sequent leukocyte adhesion, which is likely mediated by extra pro-
duction of ROS (17, 20, 21, 42�44). In addition, H2O2 treatment

FIGURE 5. CHi-C analyses
of the E-selectin (SELE) gene.
(A) Chromatin interactions on
169660�169720 kb on chromo-
some 1. The E-selectin (SELE)
and L-selectin (SELL) genes are
shown as red arcs. The yellow
highlight is the location of the
SELE gene. The blue arrow is
the direction of SELE transcrip-
tion. (B) Circlet view of CHi-C
interactions. Gene density is in
red and the link of cis-regulated
elements. The figure was generated
usingWashU Epigenome Browser,
GRCh37/hg19.
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promotes polymorphonuclear neutrophil adhesion to HUVECs (45).
In this study, we found that H2O2 treatment directly increased
E-selectin expression and promoted monocyte adhesion to endo-
thelial cells, supporting the role of E-selectin in oxidative stress�
induced endothelial cell adhesion.
Oxidative stress promotes blood cell�endothelial cell interactions

to facilitates vascular thrombus formation (46). The composition
of vascular thrombi includes fibrin, RBCs, platelets, leukocytes,
and neutrophil extracellular traps (47). Leukocyte infiltration in the
vein wall is related to vascular thrombus weight (48). In a venous
thrombosis mouse model established by ligation of the infrarenal
inferior vena cava, E-selectin mRNA and protein levels were
increased in mouse inferior vena cava tissues (48). In the same
thrombotic mouse model, E-selectin−/− mice showed less neutro-
phil adhesion than the wild-type clotted animal (9, 48), suggesting
that E-selectin facilitates clot formation during venous thrombosis.
GMI-1271, a small glycomimetic antagonist for E-selectin (49),

was found to be safe and effective for the treatment of calf vein deep
vein thrombosis (49, 50). Our study also supports that E-selectin is a
therapeutic target for thrombosis. Recent studies discovered that
transcription of multiple genes was modulated by chromatin interac-
tion (38�41). In our study, no loop was found on the E-selectin gene
and promoter region by CHi-C. This excluded the role of chromatin
interaction in regulation of the E-selectin gene transcription.
Previous studies reported that the E-selectin gene expression is

upregulated by transcription factors, including NF-kB, activating
transcription factor 2, and high-mobility group protein I (Y) (51�54). In
addition, the −195 AP1 and −90 Ets-1 binding sites on the E-selectin
promoter mediate K1-3 regulated E-selectin gene transcription (55).
In this study, we performed phylogenetic analysis and identified a
highly conserved ERG binding motif at the −127 site on the E-selectin
promoter. Mutation of this motif increases the E-selectin promoter
activity and abolishes ERG-induced decrease of the E-selectin pro-
moter activity. A ChIP assay showed that ERG directly binds to the

FIGURE 6. ERG suppresses the E-selectin promoter
activity in HUVECs. (A) Schematic representation of the
E-selectin promoter-driven luciferase reporter constructs
(left). HUVECs were transfected with pGL3-E-selectin
(WT) or pGL3-E-selectin (mutation of the −127 ERG motif)
with EV or pERG plasmids, and the luciferase activity was
measured (right) (n 5 5). (B and C) ChIP assay for ERG
binding to the E-selectin promoter in HUVECs transfected
with EV and pERG plasmid. (B) Representative image of
semiquantative PCR of the DNA fragments pulled down by
ChIP assay with ERG Ab. (C) qRT-PCR analysis of the
DNA fragments pulled down by ChIP assay with ERG Ab
(n 5 5). **p< 0.01. EV, empty vector.

FIGURE 7. ERG negatively regulates THP-1 cell adhesion to
HUVECs. HUVECs were cocultured with calcein-AM�labeled
THP-1 monocytes for 30 min after exposure to 200 mM H2O2 for
12 h (A), or transfection with ERG siRNA for 24 h (B), or trans-
fection with pERG plasmid for 24 h (C). (D) HUVECs were trans-
fected with ERG siRNA for 24 h and then treated with 200 mM
H2O2 for 12 h. THP-1 cell adhesion was captured (left panel) and
analyzed (right panel). The number of adherent THP-1 cells is
shown as mean ± SEM. Scale bar, 200 mm. *p< 0.05, **p < 0.01.
EV, empty vector.
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E-selectin promoter and that ERG overexpression resulted in addi-
tional binding of ERG to the E-selectin promoter. Our results
characterized what is, to our knowledge, a novel transcriptional
regulator of the E-selectin gene (Fig. 8).
ERG is specifically expressed in endothelial cells and abundant in

the lung and brain vasculature (56, 57). Inflammatory cytokines TNF-a,
LPS, and IL-1b decrease ERG expression in endothelial cells (58�60).
Deficiency of ERG increases expression of proinflammatory genes,
including ICAM-1, VCAM, CD44, and IL-8 (33, 60). ERG directly
binds to the −75 ETS binding motif on the IL-8 promoter and
inhibits IL-8 gene transcription (60). Both the −118 and −181 ETS
binding motifs on the ICAM-1 promoter mediate ERG-repressed
ICAM1 gene transcription (33). In addition, overexpression of ERG
inhibits the NF-kB signaling pathway, thereby reducing TNF-a�
induced ICAM-1 expression at early time points (33). ERG is required
for expression of VE-cadherin, von Willebrand factor, endoglin,
claudin-5, and thrombomodulin, which contribute to vascular homeo-
stasis (27�29, 31, 32). In our study, we showed that ERG decreases
E-selectin expression and mediates oxidative stress�induced mono-
cyte attachment. These results suggest that ERG is a negative regula-
tor for thrombosis.
In summary, our study demonstrates that oxidative stress induces

E-selectin expression in endothelial cells via repression of transcription
factor ERG and that ERG inhibits the E-selectin gene transcription
and decreases oxidative stress�induced monocyte adhesion. These
findings demonstrate what we believe are novel regulatory mech-
anisms of E-selectin expression, which may help develop novel
therapeutic approaches for thrombotic diseases.
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