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Abstract

Angiopoietin-2 (Ang-2) plays an important role in destabilizing vessels for angiogenesis, however its transcriptional regulation
has not been determined. Here we isolated about 3.2kb of the 5 upstream of the human Ang-2 gene and further characterized the
transcriptional regulation of Ang-2. We found 10 Ets binding sites (EBSs) in this region. Ets-1 and Ets-2 but not Erg-1 augmented
its promoter activity. Sequential deletion of EBSs and mutation analysis revealed that EBSS located at —416/—406 from the
translation initiation site was critical for Ets-1- or Ets-2-stimulated promoter activity. VEGF induced the expression of Ets-1 and
Ang-2 in human umbilical vein endothelial cells (HUVECs). Electrophoretic mobility shift and chromatin immunoprecipitation
assays showed that Ets-1 bound to EBS8 in HUVECs. Moreover, synthetic double-strand oligonucleotides containing corre-
sponding EBS8 abrogated the induction of Ang-2 by VEGF in HUVECs. These results indicate that Ets-1 and the corresponding

EBS are critical for the induction of Ang-2.
© 2004 Elsevier Inc. All rights reserved.
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Angiogenesis is a process by which new blood vessels
are formed from pre-existing ones. Physiological angi-
ogenesis in the adult is observed only in restricted sites
such as the endometrium and ovarian follicle, and it is
normally transient. However, persistent angiogenesis
plays a crucial role in pathologic states including tumors
[1]. Angiogenesis is normally achieved by the following
sequential steps: detachment of mural pericytes for
vascular destabilization, extracellular matrix degrada-
tion, migration of endothelial cells (ECs), proliferation
of ECs, tube formation by ECs, and reattachment of
pericytes for vascular stabilization [2].

Many factors are reported to be involved in angio-
genesis. Among them, endothelium-tropic factors in-
cluding vascular endothelial growth factor (VEGF)
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family members and angiopoietins play principal roles.
Angiopoietin-1 (Ang-1) is an agonistic ligand of the
TIE-2 receptor and stabilizes the vessels by promoting
the adhesive interactions between ECs and mural cells
[3,4]. In contrast, angiopoietin-2 (Ang-2) induces de-
tachment of mural cells and destabilizes the vessels [5].
Thus far, the mechanism by which Ang-2 promotes the
detachment of the pericytes remains elusive. Ang-2 can
transduce a very weak signal through the shared recep-
tor TIE-2 [6]. However, various data indicate that Ang-2
may be a natural antagonist of Ang-1 and that pericyte
detachment induced by Ang-2 may be the result of
competitive inhibition of Ang-1 binding to TIE-2. De-
stabilization by Ang-2 in the absence of VEGF is pro-
posed to result in vessel regression [7], whereas such
destabilization in the presence of VEGF facilitates the
angiogenic response [8]. In spite of these findings, the
transcriptional regulation of Ang-2 has remained largely
unknown.
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The Ets family proteins are transcription factors that
bind to the regulatory region of target genes via the Ets
binding motif, GGAA/T [9]. Ets-1 is a prototype of this
family. Ets-1 is expressed in ECs during angiogenesis or
re-endothelialization after denuding injury [10-12]. Ets-
1 is induced in ECs by representative angiogenic factors
such as VEGF and basic fibroblast growth factor
[11,13], and VEGF-stimulated induction of Ets-1 is
mediated through VEGF type-2 receptor and its
downstream extracellular signal-regulated protein ki-
nasel/2 [14,15]. Ets-1 promotes angiogenesis by induc-
ing urokinase-type plasminogen activator, matrix
metalloproteinase (MMP)-1, MMP-3, MMP-9, and
integrin B3 in ECs as target genes [11,16], and the
transfection with a truncated Ets-1 gene having domi-
nant-negative activity inhibits angiogenesis [17].

Earlier we transiently overexpressed Ets-1 in human
umbilical vein endothelial cells (HUVECS) and charac-
terized the uncovered function of Ets-1 [18]. A com-
prehensive search by c¢DNA microarray analysis
revealed that Ets-1 augmented various angiogenesis-re-
lated genes including Ang-2 in HUVECs [19]. Here, we
characterized the promoter region of the human Ang-2
gene and identified a cluster of Ets binding sites (EBSs).
We further determined the critical EBS responsible for
the transactivation of the human Ang-2 gene.

Materials and methods

Materials. Recombinant human VEGF (VEGF¢s5) was purchased
from Sigma (St. Louis, MO); rabbit polyclonal anti-human Ets-1 an-
tibody (Ab), anti-human Ets-2 Ab, anti-human Erg-1 Ab, and rabbit
normal IgG were from Santa Cruz Biotechnology (Santa Cruz, CA);
T4 polynucleotide kinase was from Takara (Ohtsu, Japan); poly(dI-
dC) - poly(dI-dC) and Sephadex G-50 (DNA grade) were from Iwaki
(Tokyo, Japan); Opti-MEM and Lipofectin were from Gibco-BRL
(Rockville, MD); PGL3 vector, pRL-TK vector, and Dual-Luciferase
reporter assay system were from Promega (Madison, WI); and
[¢-32P]dCTP and [y-**P]JATP were from Amersham (Buckinghamshire,
UK).

Cells. HUVECs were obtained from Kurabo (Osaka, Japan) and
cultured on type-I collagen-coated dishes (IWAKI) in endothelial basal
medium (EBM) containing endothelial cell growth supplement (Clo-
netics, Walkersville, MD) and 10% fetal calf serum (FCS) (JRH Bio-
sciences, San Antonio, TX). COS7 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Nissui Pharmaceutical, Tokyo,
Japan) containing 10% FCS, 4mM glutamate, 100 pg/ml kanamycin,
and 2.2 mg/ml NaHCOs;.

Isolation and characterization of genomic clones. BAC Human Filter
(Incyte Genomics, Palo Alto, CA) was hybridized with radiolabeled
c¢DNA of human Ang-2. BAC-positive clone was obtained from Incyte
Genomics and analyzed by sequencing with appropriate gene-specific
primers. The nucleotide sequences were determined by using a DNA
sequencing kit (Applied Biosystems, Foster City, CA) and an ABI
Prism 310 DNA sequencer (Applied Biosystems).

Plasmid constructions. A 3.20-kb of genomic sequence upstream to
the translation initiation site of the human Ang-2 promoter sequence
was amplified by polymerase chain reaction (PCR) from the BAC-
positive clone by using pyrobest DNA polymerase (Takara) and the
oligonucleotide primer pairs of 5-CTAGCTAGCTGCTTTGCA

CCGCATT-3 and 5-CCCAAGCTTAAC TTAACTTGAGGGCA
AACACAC-3. This fragment was digested with Nhel and HindIII and
subcloned into the Nhel and HindlIIl sites of the pGL3 basic vector,
which contains the coding region for firefly luciferase. Deletion con-
structs to remove successive EBSs were made by PCR amplification
using the oligonucleotides 5-CTAGCTAGCTTGTGCACCCGGA
AGCATCA-3 and 5-CCCAAGCTTAACTTAACTTGAGGGCAA
ACACAC-3 (deletion of EBSI), 5-CTAGCTAGCCTGGGCAAC
AAGAGTGAGA-3' and 5-CCCAAGCTTAACTTA ACTTGAGG
GCAAACACAC-3 (deletion of EBS2), 5-CTAGCTAGCAAGGCT
GTCTTTCGGTTAG-3 and 5-CCCAAGCTTAACTAACTTGAG
GGCAAACACAC-3 (deletion of EBS3), 5-CTAGCTAGCCATGG
TGAAACCCTGTCTC-3" and 5-CCCAAGCTTAACTTAACTTGA
GGGCAAACACAC-3¥ (deletion of EBS4), 5Y-CTAGCTAGCACG
TTTACAGGAGCCAAAC-3" and 5-CCCAAGCTTAACTTGAGG
GCAAACACAC-3 (deletion of EBSS5), 5-CTAGCTAGCTATTTT
GCCAGCTTAGCAC-3 and 5-CCCAAGCTTAACTTAACTTGA
GGGCAACACAC-3 (deletion of EBS6), 5-CTAGCTAGCCCCCT
ACAGGAAGATAACGG-3 and 5-CCCAAGCTTAACTTA ACT
TGAGGGCAAACACAC-3 (deletion of EBS7), 5Y-CTAGCTAGC
CCACTACACATGTCTGGCTG-3 and 5-CCCAAGCTTAACTT
AACTTGAGGGCAAACACAC-3' (deletion of EBSS), and 5-CT
AGCTAGCACTGACACTGTAGGATCTGG-3' and 5-CCCAAGC
TTAACTTGAGGGCAAACACAC-3' (deletion of EBS9). To make
the construct of mutated EBSS8, we performed PCR amplification using
oligonucleotides 5'-CTAGCTAGCCCCCTACACCAAGATAACG
G-3 and 5-CCCAAGCTTAACTTAACTTGAGGGCAAACACAC-
3'. These PCR products were subcloned into the Nhel and HindlII sites
of the pGL3 basic vectors. All constructs and a mutated region were
sequenced to check for any spurious changes.

Human Ets-1, Ets-2, and ets-related gene (Erg)-1 cDNAs were
kindly provided by Dr. Dennis K. Watson (Medical University of
South Carolina). The entire coding regions of Ets-1 and Ets-2 were
amplified by PCR using the primer oligonucleotides 5-CCCAA
GCTTCATGAAGGCGGCCGTCGAT-3 and 5-CCGGATATCTG
CTCGTCGGCATCTGGCTT-3 (Ets-1), 5-CCCAAGCTTGATGA
ATGATTTC-3 and 5-CCGGATATCTGGTCCTCCGTGTC-3
(Ets-2) having HindIII and EcoRYV sites. The amplified products were
digested with HindIII and EcoRV, and subcloned into pcDNA3.1/
Myc-HisC (Invitrogen, Carlsbad, CA). For the entire coding region of
Erg-1, primer oligonucleotides 5-TTGGCGGCCGCTATGGTGGG
CAGCCCAGA-3" and 5-TCCCCTCGAGCTTAGTAGTAAGTGC
CCA-3' having Notl and Xhol sites were used. The amplified product
was digested with Notl and Xhol and subcloned into pcDNA3.1/Myc-
HisC.

Luciferase assay. COS7 cells (2 x 10%) were seeded into 24-well
tissue culture dishes and incubated for 16 h. Thereafter, the cells were
transfected by use of Lipofectin for 3h with 0.4 pg Ang-2 reporter
plasmid, 0.04 pg pRL-TK plasmid, which contains a herpes simplex
virus thymidine kinase promoter upstream of the Renilla luciferase
gene, and 0.2 ug of pcDNA3.1/Myc-HisC empty vector or vector for
expression of Ets-1, Ets-2, or Erg-1. After a 21-h incubation in DMEM
containing 10% FCS, the cells were washed with PBS and lysed with
passive lysis buffer. Firefly luciferase and Renilla luciferase activities
were measured sequentially by using a Dual-Luciferase Reporter assay
system and a Luminescencer JNR (Atto, Tokyo, Japan). After the
firefly luciferase signal (FLS) and the Renilla luciferase signal (RLS)
had been measured, the relative luciferase activity was calculated as
FLS/RLS.

Western blot analysis. Western blot analysis was carried out as
described previously [11]. Briefly, 24 h after the transfection, protein
was extracted from COS7 cells, separated by SDS-PAGE, and trans-
ferred to nitrocellulose membranes. The membranes were blocked for
1h at room temperature with Tris-HCl-buffered saline (TBS) con-
taining 1% bovine serum albumin (BSA) and then incubated for 1 h at
RT in TBS containing 0.05% Tween 20 (T-TBS), 1% BSA, and either
anti-Ets-1 Ab diluted 1/200, anti-Ets-2 Ab diluted 1/200, anti-Erg-1 Ab
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diluted 1/200, or anti-B-actin antibody diluted 1/5000. The filter was
then washed four times with T-TBS and incubated for 1h with
horseradish peroxidase-conjugated protein G (Bio-Rad, Hercules,
CA). After the filter had been washed three times with T-TBS, the blots
were detected by an enhanced chemiluminescence method using an
ECL Western blotting detection kit (Amersham). The results were
visualized by using a LAS-1000 (Fuji, Tokyo, Japan).

Electrophoretic mobility shift assay (EMSA ). For COS7 cells, cells
in 10-cm plastic dishes were transfected by use of Lipofectin for 3h
with or without 4 pg of Ets-1-expressing vector and then incubated for
24h in DMEM containing 10% FCS. For HUVECs, cells were
preincubated for 16 h in M 199 containing 5% FCS and then stimulated
with 1 nM VEGF for 12 h. Thereafter, whole cell extracts (WCEs) were
prepared by the freezing—thawing method. Synthetic oligonucleotides
(normal EBSS8, 5-CCCCTACAGGAAGATAACGG-3'; and mutant
EBS8, 5-CCCCTACACCAAGATAACGG-3') were labeled by use of
T4 polynucleotide kinase and [y-**P]JdATP. Each DNA was purified by
Sephadex G-50 column chromatography and diluted to 10,000 cpm/pl.
Two microliters of DNA was incubated in a final volume of 20 pul with
1.5pg poly(dI-dC) - poly(dI-dC), 10mM Tris-HCl, 50mM NaCl,
1mM EDTA, 5% glycerol, lmM DTT, and 5pg WCE for 30 min at
room temperature. In some experiments, 3 pg of WCE was incubated
with 5pg anti-Ets-1 antibody or the same amount of non-immune
rabbit IgG at 4°C for 1h prior to the addition of 3*P-labeled DNA.
For competition experiments, a 100-fold amount of unlabeled oligo-
nucleotide was added to the reaction. The mixture was separated on a
native 4% polyacrylamide gel in 1 x TAE for 90 min. Autoradiography
was carried out with an imaging plate and the bands were analyzed
with a BAS2000 Image Analyzer (Fuji).

Chromatin immunoprecipitation assay. The chromatin immunopre-
cipitation (ChIP) assay was performed by using a Chromatin Immu-
noprecipitation Assay Kit (Upstate Biotech, Lake Placid, NY).
Approximately 1 x 107 of HUVECs were stimulated with 1 nM VEGF
for 12 h. Thereafter, formaldehyde was added to the culture media to a
final concentration of 1% and the cells were then incubated at 37 °C for
10min. Next, they were washed twice with ice-cold PBS containing
I mM phenylmethylsulfonyl fluoride (PMSF) and 1 pg/ml aprotinin,
scraped into the same buffer, and then pelleted. The pellets were re-
suspended in 0.1 ml SDS lysis buffer and incubated for 10 min on ice.
The cell lysates were sonicated six times, 10s each time, and centri-
fuged. Supernatants were diluted 10-fold by addition of ChIP dilution
buffer and immunoprecipitated with 2 ug of anti-Ets-1 antibody or

non-immune rabbit IgG for 16h at 4°C. Sixty microliters of salmon
sperm DNA/protein-A-agarose-50% slurry was added to the tubes,
which were then rotated for 1 h at 4°C. After a gentle centrifugation,
the pellets were collected and washed sequentially with low-salt buffer,
high-salt buffer, LiCl buffer, and TE (5min for each). Immunopre-
cipitates were resuspended in 100 pl elution buffer (1% SDS, 0.1 M
NaHCO;), mixed with 4 pul of 5M NacCl, and placed at 65°C for 6 h.
Thereafter, DNA was extracted by phenol/chloroform and ethanol
precipitation, resuspended in 50 ul of water, and amplified by PCR.
The primer set was as follows: sense, 5-TATTTTGCCAGCTTAGCA
C-3’; and antisense, 5-ATCCTACAGTGTCAGTATCC-3. To show
the input of sonicated chromatin used in the ChIP assays, we applied
0.5% of sonicated chromatin before immunoprecipitation.

Application of a transcription factor decoy and Northern blotting.
Cells were treated with a transcription factor decoy as described
previously [20]. Briefly, by use of Lipofectin, subconfluent HUVECs
were transfected with synthetic double-strand oligonucleotides (1 pM)
at 37°C for 3h and then incubated in M199 containing 5% FCS for
12 h. After the incubation, the cells were stimulated with 1 nM VEGF
for 12h; and total RNA was then extracted by the AGPC method,
fractionated on a 1% agarose gel containing 2.2 M formaldehyde, and
transferred onto a nylon filter (Hybond N+, Amersham). The filter
was hybridized with 3*P-labeled probe in hybridization solution for
24h at 42°C. Thereafter, the filter was washed in 2x SSC and 0.1%
SDS at 42°C and then in 0.2x SSC and 0.1% SDS at 65°C. Auto-
radiography was carried out and analyzed with a BAS2000 Image
Analyzer (Fuji).

Results
Ets-1 activates the Ang-2 promoter activity

The region approximately 3.2-kb upstream from the
translation initiation site of the human Ang2 gene was
isolated. This region was placed in front of a luciferase
reporter gene and the promoter activity was analyzed.
Hypoxia was reported to increase the expression of
Ang-2 [21]. However, we could not find any hypoxia
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Fig. 1. Transcriptional activation of human Ang-2 promoter by Ets-1. In a 3.2-kbp upstream region starting from the start codon of the human Ang-
2 promoter, 10 EBSs were found and named as shown at the top of the figure. COS7 cells were transiently co-transfected with each promoter
construct and pcDNA3.1 empty vector (open bars) or Ets-1-expressing vector (solid bars). Western blotting showed that the transfection with Ets-1-
expressing vector induced the synthesis of Ets-1 protein. Luciferase activity was expressed as fold induction for each construct. Values are means of
triplicate samples. Error bars indicate standard deviations (SDs). *P < 0.05, **P < 0.005.
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responsive elements in this region and hypoxia did not
increase the promoter activity (data not shown). In-
stead, we found 10 EBSs. As shown in Fig. 1, co-
transfection of COS7 cells with Ets-1-expressing vector
and the Ang-2 full promoter construct significantly
increased the relative luciferase activity compared with
that obtained with the empty vector. Sequential dele-
tion of these EBSs showed that the relative luciferase
activity was significantly decreased when the cluster of
EBS7, EBS8, and EBS9 was deleted. The nucleotide
sequence around this region is shown in Fig. 2A. Ad-
ditional deletion constructs in this region showed that
the relative luciferase activity was aborted when the
EBS8 (—416/-406) was deleted (Fig. 2B). Furthermore,
mutation of EBS8 (GGAA to CCAA) significantly
decreased the responsiveness of the promoter fragment
to Ets-1 (Fig. 2C). These results thus indicate that
EBSS8 is critical for the promoter activity of human
Ang-2.

A ATTACCTCAGATATTTTGCCAGCT TAGCACGGCAAAAA
-600 TCAGTTTCAGACAAAAGAGAT CAACT GCTCTCTCTAGGAAATACT TAATT
-550 GGGGTGGT GCCTAGGAAATGCCCAGGGGT CCTGTAACAGATCGGTTTTTC

-500 CCAGAGGGTTTCTGCAGCATGGGTCCT GGT TGGAGGGCAGGCAT TCTGCT
-450 CTGATTTTTCCTGT TGCCTGGCTAGT GACCCCCTACAGGARGAT AACGGC

_400 TAAGCCAGGAGGGCGGAGCAGCCCACT ACACAT GT CTGGCTGCTCTTATC
_359  AACTTATCATATAAGGAARRGGAAAGTGATTGATTCGGATACTGACACTGT
-300 AGGATCTGGGGAGAGAGGAACAAAGGACCGTGAAAGCT GCT|
_250 CTGACACAGCCCTCCCAAGT GAGCAGGACTGTTCTTCCCACTGCAATCTG
_200  ACAGITTACTGCATGCCTGGAGAGAACACAGCAGTAARAACCAGGTTTGC
~150 TACTGGAARRAGAGGAAAGAGAAGACT TTCAT T GACGGACCCAGCCAT GG
~100 CAGCGTAGCAGCCCTGCGTT TCAGACGGCAGCAGCT CGGGACTCTGGACG

-50 TGTGTTTGCCCT CAAGT TTGCTAAGCTGCTGGTTTATTACT GAAGAAAGAATG
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Fig. 2. EBS responsible for the transactivation of human Ang-2. (A)
Nucleotide sequence of human Ang-2 promoter. Bolded and under-
lined sequences are EBSs (EBS 7-10). Box indicates the TATA box.
(B) Effect of progressive deletion of EBSs on Ang-2 promoter activity
by Ets-1. COS7 cells were transiently transfected with each promoter
construct and pcDNA3.1 empty vector (open bars) or Ets-1-expressing
vector (solid bars), and luciferase activity was expressed as fold in-
duction for each construct. (C) Effect of EBS8 mutation on Ang-2
promoter activity by Ets-1. COS7 cells were transiently transfected
with each promoter construct along with pcDNA3.1 empty vector
(open bars) or Ets-1-expressing vector (solid bars), and luciferase ac-
tivity was expressed as fold induction for each construct. Values are
means of triplicate samples. Error bars indicate SDs. **P < 0.005.

We examined other Ets family transcription factors.
Co-transfection of COS7 cells with the Ets-2-expressing
vector significantly increased the relative luciferase ac-
tivity compared with the activity obtained with the
empty vector, and the deletion of EBS8 decreased the
relative luciferase activity (Figs. 3A—C). In contrast, co-
transfection with the Erg-1-expressing vector did not
increase the Ang-2 promoter activity at all (Fig. 3D).

Ets-1 binds to the EBSS element

We performed EMSA analysis to show the binding of
Ets-1 to the EBSS8. First, WCEs from COS7 cells
transfected with the Ets-1-expressing vector were ap-
plied to EMSA. A DNA-protein complex was detected
by using the labeled normal EBS8 (Fig. 4A, lane 3). An
excess amount of unlabeled normal EBS8 competed
with the labeled one for the complex formation (Fig. 4A,
lane 4), whereas an excess amount of unlabeled mutant
EBS8 did not (Fig. 4A, lane 5).

We previously demonstrated that VEGF induced Ets-
1 as well as Ang-2 in ECs [11,13,22]. We therefore
stimulated HUVECs with VEGF and obtained WCEs
from HUVECs. As shown in Fig. 4B, the density of the
DNA-protein complex band was enhanced by the
stimulation with VEGF. This increased DNA-protein
complex was competed by an excess of unlabeled normal
EBS8 but not by one of mutant EBSS (Fig. 4C, lane 4
vs. 5). Moreover, the band density apparently decreased
when anti-Ets-1 antibody, but not non-immune IgG,
was added to WCSs with the labeled EBS8 probe
(Fig. 4C, lane 2 vs. 3). These results indicate that the
band observed in VEGF-stimulated HUVECs repre-
sents the complex of Ets-1 and the labeled EBS8 probe.

EBSS is important for transcriptional activity of Ang-2 in
HUVECs

We performed ChIP analysis to confirm the binding
of Ets-1 to this region of the Ang-2 gene. PCR ampli-
fication of the DNA fragments isolated from VEGF-
stimulated HUVECs, with the primers that allowed
detection of EBSS8, showed that Ets-1 was present in this
region (Fig. 5A).

To further verify the requirement of EBS8 in VEGF-
stimulated induction of Ang-2 in HUVECs, we applied
double-stranded oligonucleotides of the normal EBSS
and the mutant EBS8 as transcription factor decoys.
Northern blotting revealed that VEGF induced the ex-
pression of Ang-2 (Fig. 5B; lane 2); and the treatment
with the normal EBSS almost completely inhibited this
induction of Ang2 (Fig. 5B; lane 3), whereas the treat-
ment with the mutant EBS8 had little effect (Fig. 5B;
lane 4). These results indicate that Ets-1 is involved at
least in part in the VEGF-stimulated induction of Ang-2
in HUVECs.
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Fig. 3. Role of Ets-2 and Erg-1 in the transcriptional activation of human Ang-2 promoter. (A) Same as Fig. 1 except that the Ets-2-expressing vector
(solid bars) was used in place of the Ets-1-expressing one. Western blotting showed that the transfection with Ets-2-expressing vector induced the
synthesis of Ets-2 protein. (B,C) Same as Figs. 2B and C, respectively, except that the Ets-2-expressing vector replaced the Ets-1-expressing one. (D)
COS7 cells were transiently co-transfected with each promoter construct. Each promoter construct along with pcDNA3.1 empty vector (open bars)
or Erg-1-expressing vector (solid bars). Western blotting showed that the transfection with Erg-1-expressing vector induced the synthesis of Erg-1
protein. Luciferase activity was expressed as fold induction for each construct. Values are means of triplicate samples. Error bars indicate SDs.

**P < 0.005.

Discussion

The significance of Ang-2 has been shown in the
embryonic or peri-natal vascular development [4,23].
Moreover, accumulating evidence suggests that Ang-2
also plays a crucial role in pathological angiogenesis
including tumors. Ang-2 is up-regulated in ECs of tu-
mor vessels [24]. Unlike normal blood vessels, tumor
blood vessels are tortuous, leaky, and immature [25].
The abnormal architectures of tumor vessels may be the
consequence of Ang-2 up-regulation, since the gene

transfer of Ang-1 in tumor cells enhanced the coverage
of vessels with pericytes and made vessel mature [26].
Importantly, the angiogenic response in advanced tu-
mors requires the concomitant expression of Ang-2 and
VEGF [6]. Whereas Ang-1 and Tie-2 expression levels
were rather stable, the expression of Ang-2 in tumor
vessels was closely correlated with the amount of VEGF
in advanced tumors [27]. VEGF induces the expression
of Ang-2 in ECs [21,22]. Thus, the up-regulation of Ang-
2 by VEGF is thought to be a characteristic feature in
advanced tumors.
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Fig. 4. Binding of Ets-1 to EBS8 of the human Ang-2 promoter. (A) WCEs isolated from COS7 cells were applied to EMSA. Lane 1, *?P-labeled
EBSS probe alone; lane 2, WCE isolated from untransfected COS7 cells; lanes 3-5, WCE isolated from COS7 cells transfected with Ets-1-expressing
vector: no additive (lane 3), 100-fold unlabeled normal EBS8 was added (lane 4), and 100-fold unlabeled mutant EBS8 was added (lane 5). (B) WCEs
from HUVECsS stimulated with or without VEGF (50 ng/ml) were used for the EMSA. Lane 1, unstimulated HUVECsS; lane 2, VEGF stimulation.
(C) WCEs from HUVECsS stimulated with VEGF (50 ng/ml) were used for the EMSA. Lane 1, WCE alone; lane 2, WCE with nonimmune anti-rabbit
1gG; lane 3, WCE with anti-Ets-1 antibody; lane 4, WCE with 100-fold unlabeled normal EBS8; and lane 5, WCE with 100-fold unlabeled mutant

EBSS.

Fig. 5. Ets-1 bound to EBSS is responsible for the induction of Ang-2
in HUVECs. (A) The ChIP assay was performed as described in
Materials and methods. Lane 1, PCR amplification before immuno-
precipitation; lane 2, PCR amplification after immunoprecipitation
with nonimmune anti-rabbit IgG; and lane 3, PCR amplification after
immunoprecipitation with anti-Ets-1 antibody. (B) HUVECs were
treated with double-stranded oligonucleotides of normal EBS8 (nor-
mal decoy) or mutant EBS8 (mutant decoy). Thereafter, the cells were
stimulated with VEGF (50 ng/ml). The expression of Ang-2 mRNA
was determined by Northern blotting. Lane 1, unstimulated HUVECs;
lane 2, VEGF stimulation; lane 3, normal decoy with VEGF stimu-
lation and lane 4, mutant decoy with VEGF stimulation.

Here we demonstrated for the first time the impor-
tance of Ets family transcription factor in the induction
of Ang-2. A question arises as to whether or not such a
scenario operates in the in vivo situation. Several Ets
family proteins have been studied in terms of the regu-
lation of angiogenesis [28]. Here we showed that Ets-1
and Ets-2 exhibited similar effects on the promoter ac-
tivity of Ang-2, whereas Erg-1 has no such effect. Ets-1

and Ets-2 are closely related, but Ets-1 is preferentially
expressed in ECs of developing vessels [29]. Notably,
Ets-1 is the only Ets family protein that is induced by
VEGF stimulation and is up-regulated in vessels of
various tumors [10,30-32]. Moreover, the expression of
Ets-1 in tumor vessels is positively correlated with the
amount of VEGF in tumors [31,33]. These series of
observations strongly suggest that VEGF in tumors
augments the expression of Ang-2 in ECs via the in-
duction of Ets-1.

In conclusion, our present study demonstrates the
essential EBS in the transactivation of the human Ang-2
gene. We further propose that Ets-1 induced by VEGF
may represent one of the critical transcription factors in
the regulation of Ang-2 gene expression in human ECs.
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