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Early growth response gene-1 and hypoxia-inducible factor-1a
affect tumor metastasis via regulation of tissue factor
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Abstract

Background. Hypoxia up-regulated expression of tissue factor (TF) may facilitate tumor cell metastasis, but transcriptional
mechanisms remain undefined. Material and methods. To verify the role of Egr-1 in hypoxia-induced TF expression in
breast cancer cells, quantitative PCR and Western blot analysis were performed. The secretion of VEGF under hypoxia
was detected by enzyme-linked immunosorbent assay (ELISA). Egr-1 and HIF-1a siRNA were transiently transfected
into breast cancer cells to evaluate their specific roles. Results. The increased Egr-1 expression occurring in hypoxic breast
cancer cells can up-regulate TF expression and stimulating protein 1(Spl) was not responsible for the hypoxia-induced
expression of TF. HIF-1o mediated the hypoxia-induced up-regulation of TF expression through vascular endothelial
growth factor (VEGF). The regulatory effects of Egr-1 on TF under hypoxia were independent of HIF-1o. Either Egr-1
or HIF-1a was responsible for hypoxic induction of tumor cells adhesion. HIF-1q, but not Egr-1, had a pivotal role in
human breast cancer cells invasion. Both Egr-1 and HIF-1o were critical to angiogenesis induced by hypoxic conditions
in MDA-MB-231 and HUVEC co-cultures. In nude mice, both Egr-1 and HIF-1o small interfering RNA (siRNA) could
decrease extravasation of MDA-MB-435 cells in the lung after tail vein injection. Conclusions. Hypoxia-induced expression
of TF in human breast cancer cells depends on Egr-1 and HIF-10, and both of these proteins may play an important
role in breast cancer metastasis, either directly or indirectly through the TF pathway.

Tissue factor (TF), a 47-kDa transmembrane
protein, is frequently overexpressed in human tumors
and functions in two manners, through induction of
a signaling pathway and through its procoagulant
activity. TF is no longer perceived only as a coagula-
tion factor, but rather as a central trigger of the
coagulation cascade as well as an important cell-
associated signaling receptor. TF could be useful in
guiding immune [1] or pharmacological [2] attacks
on tumor microcirculation. The functional involve-
ment of TF in tumor initiation, growth and angio-
genesis renders it a logical target for the development
of anti-tumor effects or anti-metastasis agents [3].
Thus, recent promising research on TF suggests that

this unique molecule could be explored in various
ways to treat human cancer.

The TF promoter contains three overlapping
early growth response gene-1 (Egr-1)/stimulating
protein 1 (Spl)-binding sites within a proximal
enhancer region (—111 to +14 bp) [4]. Egr-1 is a
zinc finger transcription factor that belongs to a
family of early growth response genes [5]. This
phosphoprotein rapidly accumulates in the nucleus
upon stimulation by mitogens, a variety of cytok-
ines, and cellular stress, including hypoxia [6]. Egr-1
has been reported to regulate TF expression by
displacing Sp1 from its binding site following exter-
nal stimuli, whereas Sp1 is believed to mediate basal
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TF expression [7]. Moreover, hypoxia-inducible
factor-1loo (HIF-1o) is highly expressed in breast
cancer, especially under hypoxia [8]. Hypoxia-
responsive elements, which are the primary binding
sites for HIF-10, have not been reported within the
TF promoter [4]. Recent research has reported that
hypoxia-mediated up-regulation of TF in glioblas-
toma multiforme cells depends largely on Egr-1
while being independent of HIF-la. However,
vascular endothelial growth factor (VEGF) up-
regulates TF expression in endothelial cells through
the activation of the VEGF receptor (VEGFR),
which could suggest an indirect role of HIF-1a in
the regulation of TF, as VEGF is a direct HIF-1o
target gene [9]. The mechanisms responsible for the
increased expression of TF in hypoxic mammary
cancer are currently not known. In the present
study, we investigated the effects of Egr-1 and
HIF-1o. on the transcriptional regulation of TF
expression in human breast cancer cells under
hypoxia, as well as their potential for decreasing
neoplastic metastasis.

Material and methods

Cell lines and cell culture

Human breast carcinoma MDA-MB-231 cells were
cultured in RPMI 1640 media supplemented with
10% fetal bovine serum (FBS, Gibco) and antibiotics
(100 units/ml penicillin, and 100 mg/ml streptomy-
cin). Human breast cancer MDA-MB-435 cells were
maintained in DMEM with 10% FBS. Human
umbilical vein endothelial cells (HUVEC) were
obtained from wumbilical veins and cultured as
described previously [8]. Endothelial cells were cul-
tured in M199 medium (Sigma) with 20% FCS,
supplemented with 50 ng/ml of endothelial cell
growth supplement (Sigma) and 100 ng/ml heparin.
Endothelial cells at the third to sixth passages were
used. To create hypoxic conditions, 70-80% confluent
cells were placed in an anaerobic chamber (HERAcell
150, Thermo) with 1% O, and 5% CO, at 37°C.

Adhesion assays

Adhesion assays were performed in 96-well culture
plates. Briefly, triplicate wells were precoated over-
night at 4°C with BSA (2% w/v, Sigma), fibronectin
(10 pg/ml, Sigma), or vitronectin (10 pg/ml, Sigma).
Cells were seeded at 2 X 10%well in serum-free
DMEM or RPMI-1640 supplemented with 0.1%
BSA. The cells pretreated with hypoxia or normoxia
were allowed to adhere for 60 min at 37°C. Non-
adherent cells were removed by gentle washing with
phosphate buffered sodium (PBS), and adherent
cells were measured with the CCK-8 kit (Dojindo
Laboratories) [10].

Invasion assays

Human breast cancer cell invasion was assayed in
Transwell chambers (8 um pore size; Corning,
Lindfield, NSW, Australia). The surface of the filter
membrane was coated with 30 ug of Matrigel
(Sigma) for 2 h; 3 X 10% cells/well were seeded into
the upper chamber and were allowed to invade
toward a serum gradient (2% FBS) in the bottom
well. After incubation at 37°C for 12 h under
hypoxia or normoxia, migrated cells were stained
and counted in five randomly selected fields as
described previously [8].

In vitro angiogenesis assays

The formation of capillary tube-like structures by
HUVEC was analyzed on Matrigel. HUVEC were
starved for 4 h in medium 199 with 1% FBS, seeded
on the polymerized Matrigel (3 X 10%cells/well). A
co-culture model of HUVEC with MDA-MB-231
cells was established using Transwell chambers
(0.4 um pore size; Corning, Lindfield, NSW,
Australia) in a 24-well format. Breast cancer cells
were pretreated with Egr-1 or HIF-1o small interfer-
ing RNA (siRNA) seeded in the upper chambers,
and then co-cultured with HUVEC seeded in
the lower chamber and further incubated for 8 h in
normoxia or hypoxia conditions [11].

TF pro-coagulant activity determination

TF-activated factor VII (VIIa) compounds activate
factor X into factor Xa which can break down a
chromogenic substrate (chromogenic substrate,
S-2222) into peptides and p-nitroaniline (pNA).
Measurements of the latter at 405 nm can give an
optical density (OD) value that reflects the level of TF
pro-coagulant activity. Briefly, cell lysate (18 ul) and
human prothrombin complex solution (2 ul, 0.01 g/ml,
containing CaCl, 5 mM) were added into a 384-well
plate and incubated at 37°C for 15 min. Subsequently,
chromogenic substrate preheated to 37°C (20 pl,
0.5 mM, containing 25 mM ethylene diamine tetra-
acetic acid) was added to each well and incubated
for 3 min, followed by measurement of the 405 nm
absorbance value using a microplate reader [12].

siRNA transfection

The chemically-modified oligonucleotides of siRNA
for Egr-1-, HIF-lo- and Spl-specific siRNA
sequences were purchased from Ambion (Austin,
TX; Genbank accession nos. NM_001964,
NM_001530 and NM_138473). Transfections
(50 nM Egr-1, HIF-1o or Spl siRNA) were accom-
plished using the Silencer siRNA Transfection II kit
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according to the supplier’s instruction (Ambion).
Twenty-four hours after transfection, MDA-MB-
231, MDA-MB-435 cells were placed in hypoxia
(1% O,) for 1 or 12 h, respectively.

Quantitative real-time PCR (qPCR)

qPCR was carried out on an iCycler Real-time PCR
Detection System (Bio-Rad) using Sybr green PCR
master mix (Applied Biosystems). The primiers used
were: Egr-1 forward 5-TGACCGCAGAGTCTT
TTCCT-3" and reverse 5-TGGGTTGGTCATGC
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TCACTA-3"; TF forward 5-GCCAGGAGAAA
GGGGAAT-3" and reverse 5-CAGTGCAATAT
AGCATTTGCAGTAGC-3’; HIF-1o. forward 5'-
CTCACCCAACGAAAAATTACAGAA-3" and
reverse 5-ATTGAGTGCAGGGTCAGCACTAC-3";
B-actin forward 5-TCACCCACACTGTGCC
CATCTACGA-3’ and reverse 5-CAGCGGAAC
CGCTCATTGCCAATGG-3’. The amount of
target gene mRNA relative to the internal control
was calculated using the AACT method as follows:
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Figure 1. Egr-1 is responsible for hypoxia-induced TF expression in human breast cancer cells. To create hypoxic conditions, cells were
placed in an anaerobic chamber with 1% O, and 5% CO, at 37°C. (A) Egr-1 mRNA expression was analyzed by qRT-PCR and expression
was recorded as the fold increase compared to that in normoxia. Values are mean + SD for five experiments. **p < 0.01 vs. that of normoxia;
(B) Western blot showing a marked increase in Egr-1 protein expression at both 1 and 12 h of hypoxia. Egr-1 siRNA significantly inhibited
the hypoxia-mediated up-regulation of Egr-1 protein; (C) gqRT-PCR for TF mRNA expression. Values are mean = SD for five experiments.
**p < 0.01 vs. that in normoxia; ##p <0.01 vs. that in hypoxia; (D) The representative immunoblots show that hypoxia (12 h) strongly
increased TF protein expression and this hypoxia-mediated up-regulation of TF protein was inhibited greatly by Egr-1 siRNA; (E) The
activity of TF induced by hypoxia (12 h) was inhibited greatly by Egr-1 siRNA. Values are mean + SD for five experiments. *p <0.05 vs.

that of normoxia; #p < 0.05 vs. that in hypoxia.
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Western blot

Western blot was performed according to our pub-
lished method [8]. Blots were probed with murine
antibodies specific for human Egr-1 (R&D Systems),
TF (R&D Systems), SP1 (Santa Cruz, CA), HIF-1a
(Sigma), owv (Santa Cruz), B3 (Santa Cruz) and actin
(Sigma). Horseradish peroxidase (HRP) linked anti-
mouse immunoglobulin G (Sigma) was used as a
secondary antibody. Immunoreactive proteins on the
membrane were visualized by enhanced chemilumi-
nescence (ECL) Western blotting detection reagents
(Amersham, UK).

Enzyme-linked immunosorbent assay (ELISA)

Cells were incubated under hypoxic conditions for
12 h, and then conditioned medium was collected
and stored at —80°C until analysis. MMP-2, MMP-9
and VEGF ELISAs were performed according to the
manufacturer’s instructions (R&D Systems).

Fluorescent labeling

Cells were incubated for 30 min at 37°C with serum-
free Opti-MEM (Invitrogen) containing the fluores-
cent cell tracker dye rhodol-based fluorophore
(CMRA, red fluorescent) or a 5-chloromethyl-
fluorescein diacetate (CMFDA, green fluorescent) at
2 uM (Molecular Probes, Eugene/Oregon). After
washing, cells were incubated for an additional 30 min
with dye-free medium, washed, and trypsinized.

Tumor cell extravasation in nude mice

MDA-MB-435 cells infected with Egr-1 or HIF-1a
siRNA were labeled in vitro with CMRA (red fluo-
rescent) and normal MDA-MB-435 cells were
labeled in vitro with CMFDA (green fluorescent)
described earlier. Cells labeled with the red and
green fluorescent dyes were mixed at a ratio of 1:1,
and 2.5 X109 cells suspended in PBS were intro-
duced by tail vein injection. The ratio of green-to-red
fluorescent cells in the injected suspension was
measured by counting in a fluorescence microscope.
Lungs were harvested 15 min or 7 h after injection.
Lung tissues were sectioned in a cryostat and
fluorescent cells in five random fields (200X magni-
fication) of each section were counted [13].

Statistical analysis

Quantitative data are expressed as means * stan-
dard deviation (SD). Comparisons were analyzed
by the Student’s t-test. Significance was defined as
p <0.05.

Results

Role of Egr-1 in hypoxia-induced TF expression in
breast cancer cells

Hypoxia strongly induced Egr-1 mRNA levels in
MBA-MB-231 and MDA-MB-435 cells within 1 h
compared with normoxia. As shown in Figure 1A,
Egr-1 mRNA levels were increased by 25.54 = 5.24-
fold in MDA-MB-231 and 17.50 *=4.34-fold in
MDA-MB-435 cells after hypoxia 1 h and by
5.93+1.93- and 6.54 * 2.06-fold, respectively, at
12 h. Similarly, increased Egr-1 protein levels were
detected by Western blot (Figure 1B). Egr-1 siRNA
markedly inhibited both Egr-1 mRNA (p<0.01)
and protein expressions under hypoxia. TF mRNA
expression was strongly up-regulated by hypoxia
(12 h) in both MDA-MB-231 and MDA-MB-435
cells and Egr-1 siRNA dramatically attenuated this
hypoxia up-regulation of TF mRNA (Figure 1C).
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Figure 2. Hypoxia-mediated up-regulation of TF expression is
independent on Spl. To create hypoxic conditions, cells were
placed in an anaerobic chamber with 1% O, and 5% CO, at
37°C. (A) MDA-MB-231 and MDA-MB-435 cells were
transfected with Spl siRNA or non-specific siRNA the day
before hypoxia treatment. Hypoxia (12 h) caused a large increase
in TF mRNA expression, which was not affected by Sp1l siRNA
treatment. Fold increase normalized to normoxia. Values are
mean * SD for five experiments. **p < 0.01 vs. that of normoxia;
(B) Spl siRNA in MDA-MB-231 cells significantly inhibited
Spl protein levels but did not affect the marked hypoxic
up-regulation of TF.
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Similarly, hypoxia up-regulation of TF protein in
both cell lines was significantly inhibited by Egr-1
siRNA (Figure 1D). Meanwhile, the activities of TF
in MDA-MB-231 and MDA-MB-435 cells were
increased under hypoxia. Egr-1 siRNA decreased
this hypoxia-induced up-regulation of TF activity in
both of the human breast cancer cells (Figure 1E).
Together, these results showed that the increased
Egr-1 expression occurring in hypoxic breast cancer
cells can up-regulate TF expression.

Sp1 s not up-regulated by hypoxia
in breast cancer cells

Since Spl is also a critical regulator of TF gene
expression, we investigated whether it contributed to
the increased expression of TF under hypoxia in
human breast cancer cells. It was found that Spl
siRNA in hypoxic MDA-MB-231 cells could signifi-
cantly reduce the amount of Spl protein expression
but did not substantially affect the hypoxia-induced
TF expression (Figure 2). Therefore, we concluded
that Spl is not up-regulated by hypoxia in breast
cancer cells and does not directly up-regulate TF
under these conditions.
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HIF-10 and VEGF are also involved in hypoxia-
mediated up-regulation of TF expression

Silencing of HIF-1a by siRNA (50 nM) signifi-
cantly inhibited its expression under hypoxia,
whereas control MDA-MB-231 breast cancer cells
showed strong up-regulation of HIF-1o. Mean-
while, HIF-1o siRNA inhibited hypoxia-mediated
up-regulation of TF in MDA-MB-231 cells
(Figure 3A). However, Egr-1 siRNA did not affect
HIF-1o expression under hypoxia in MDA-MB-
231 cells, indicating that the effects of Egr-1 on
TF expression were not due to an indirect effect
on HIF-1a (Figure 3B). HIF-10 siRNA decreased
hypoxia-induced up-regulation of TF activity in
MDA-MB-231 by 35.3% and in MDA-MB-435
cells by 51.9% (Figure 3C). Whereas hypoxia sig-
nificantly increased VEGF levels in conditioned
medium compared with that under normoxia
(p <0.05; Figure 3D), it was significantly reduced
in that of MDA-MB-231 cells treated with HIF-1o
siRNA as determined by ELISA (p <0.01). Thus,
HIF-1o seemed to be a key but indirect regula-
tor of the hypoxic expression of TF via the effects
of VEGF.

(B)
MDA-MB-231
HIF-1a e -
EQr-1 | e SN S— _—
B-Actin | D CGEND CGEND TN
Hypoxia 12h - + + +
Egr-1 siRNA - - + -
NS siRNA - - - +
D
(D) L MDA-MB-231
E 1000 -
(=]
£
G
o 500 -
>
0
Hypoxia 12h - + + +
HIF-1a siRNA - - + -
NS siRNA - - - +

Figure 3. Hypoxia-mediated up-regulation of TF expression is dependent on HIF-1o and VEGF. Human breast cancer cells
were transfected with siRNA against HIF-1o during incubation in normoxia for 24 h. The cells were then incubated in 1%
oxygen for 12 h before harvesting. (A) Western blots showing a marked increase in HIF-1o and TF protein expression at 12 h
of hypoxia. TF protein expression could be attenuated by HIF-1a siRNA. (B) Western blots showing that Egr-1 siRNA did
not affect HIF-1a expression. (C) Knockdown of HIF-1a decreased hypoxia-mediated up-regulation of TF activity in MDA-
MB-231 and MDA-MB-435 cells. Values are mean = SD for five experiments. **p < 0.01 vs. that in normoxia; #p < 0.05 vs.
that in hypoxia; (D) HIF-1o siRNA attenuated hypoxia-induced VEGF secretion. Conditioned medium was collected, and
VEGF was measured by ELISA. Values are mean = SD for five experiments. **p < 0.01 vs. that in normoxia; ##p <0.01 vs.

that in hypoxia.
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Effects of Egr-1 and HIF-1a on tumor
metastases in Vitro

To metastasize successfully, cells need to acquire
a motile phenotype and to invade through the
basement membrane and surrounding stroma.
Site-specific metastasis has been proposed to be
regulated, in part, by adhesion to and invasion
towards the extracellular matrix (ECM) expressed
at metastatic sites.

We first explored cell adhesion under hypoxic
conditions. The MDA-MB-231 lines adhered only
weakly to vitronectin and fibronectin in normoxia.
Under hypoxia, however, adhesion of MDA-MB-231
cells to vitronectin was markedly increased, whereas
only moderate binding to fibronectin was observed.
Knockdown of Egr-1 (Figure 4A) or HIF-1o (Figure
4B) by RNA interference attenuated hypoxia-induced
adhesion to cancer cells. The antagonist of avf33,
polypeptide of RGD (Arg-Gly-Asp), and B3 anti-
body could attenuate hypoxia induced breast cancer
cells adhesion to vitronectin, indicating that hypoxia-
induced cell adhesion to vitronectin was mediated
specifically via ovPB3 integrin (Figure 4C). Egr-1
siRNA and HIF-1o siRNA treated MDA-MB-
231 cells significantly inhibited ovf33 protein levels,
indicating that Egr-1/HIF-lo inhibited adhesion
partially due to the owvB3 pathway (Figure 4D).

A transwell assay was performed while cells were
cultured during hypoxia overnight to investigate
the effects of hypoxia on cell invasion. As shown in
Figure 5A, hypoxia significantly increased the inva-
sive response of cancer cells (p <0.05). Knockdown
of HIF-1oo by RNA interference reduced HIF-1o
expression and attenuated hypoxia-induced invasion
of cancer cells, while Egr-1 siRNA did not attenuate
hypoxia-induced invasion of cancer cells (Figure
5A). Tumor cells are known to secrete MMPs, which
are thought to degrade ECM and facilitate tumor cell
invasion in tissues. As shown in Figure 5B, hypoxia
resulted in an increase in MMP-9 secretion, while
MMP-2 secretion was not changed. The effects of
HIF-1o and Egr-1 on MMP-9 secretion by MDA-
MB-231 cells were also examined. HIF-1a siRNA
significantly attenuated the stimulation of MMP-9
secretion during hypoxia, while Egr-1 siRNA did not
affect it. These results showed that HIF-1lo cont-
ributed to MMP-9 secretion during hypoxia and
augmented cell invasion in breast cancer cells, while
Egr-1 decreased hypoxia-induced cells invasion, but
it may be less important to this process.

Co-culture with tumor cells under hypoxia
conditions induced tubular network formation of
endothelial cells plated on Matrigel (Figure 6A).
Whether the cells were incubated in hypoxia or
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Figure 4. Effects of Egr-1 and HIF-1a on tumor cell adhesion in vitro. To create hypoxic conditions, cells were placed in an anaerobic
chamber with 1% O, and 5% CO, at 37°C. (A) MDA-MB-231 cells adhered weakly to vitronectin and fibronectin in normoxia. After
1 h of hypoxia, adhesion of MDA-MB-321 cells to vitronectin markedly increased. Egr-1 siRNA attenuated this hypoxia-induced adhesion
of the cancer cells. (B) HIF-10 siRNA decreased the hypoxia-induced adhesion of breast cancer cells. (C) Treatment with a function-
blocking anti-B3 integrin antibody and RGD (0.5 g/l) inhibited the adhesion of human breast cancer cells to vitronectin, indicating that
this process is mediated specifically via avp3 integrin. (D) MDA-MB-231 cells were transfected with Egr-1 or HIF-1a siRNA 24 h before
hypoxia treatment and analyzed for avB3 expression by Western blot. Egr-1 siRNA or HIF-1o siRNA affected awvfB3 expression.
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Figure 5. Effects of Egr-1 and HIF-1o on tumor cell migration
in vitro. To create hypoxic conditions, cells were placed in an
anaerobic chamber with 1% O, and 5% CO, at 37°C. (A) Cell
invasion was greatly increased under hypoxia. HIF-1a siRNA
attenuated hypoxia-induced invasion of cancer cells, while Egr-1
just moderately decreased the cell invasion using 2% FBS as the
chemoattractant. Average numbers of cells migrating in five
randomly selected fields were counted 12 h after seeding. (B)
Effects of Egr-1 and HIF-1o siRNA on MMP-2 or MMP-9
secretion. After blocking HIF-1o expression with 50 nM HIF-1o
siRNA, MDA-MB-231 cells were cultured under hypoxic
conditions in serum-free medium for 12 h; the conditioned
media were collected and analyzed by ELISA. A decreased
amount of MMP-9 was secreted in response to HIF-1oo RNAI.

co-cultured with MDA-MB-231 cells in normoxia
alone, the vascular tubule formation was not differ-
ent from that under nomoxia. However, when the
HUVECs were co-cultured with tumor cells under
hypoxia, the capacity of endothelial cells to form
tubules were enhanced significantly,. MDA-MB-231
cells transfected by either Egr-1 siRNA or HIF-1a
siRNA could inhibit HUVEC vascular tubule forma-
tion (Figure 6B). Hypoxia also caused a marked
increase in the levels of VEGF in conditioned medium
from the hypoxia co-culture compared with nor-
moxia (p <0.01), while knockdown Egr-1 or HIF-
loo decreased those VEGF levels (Figure 6C).
These results showed that Egr-1 and HIF-1o
contributed to angiogenesis during hypoxia and
co-culture HUVEC with breast cancer cells.

Egr-1 and HIF-1a decreases extravasation of
MDA-MB-435 cells in vivo

Cells were stained with the fluorescent dye CMRA
or CMFDA, which are both cell permeable and,
within cells, becomes entrapped by a covalent reac-
tion with cytoplasmic proteins. The approach was
used in nude mice to study MDA-MB-435 cell
extravasation, with CMRA (red fluorescent) labeling
of Egr-1 or HIF-1o siRNA treated MDA-MB-435
cells and CMFDA (green fluorescent) labeling of
normal MDA-MB-435 cells. As shown in Figure 7,
MDA-MB-435 cells were observed in the lung at
7 h after tail vein injection, but less Egr-1 or HIF-1¢,
siRNA treated cells than normal MDA-MB-435 cells
were seen. In control studies, lungs harvested at
15 min showed relatively few fluorescent cells, mostly
representing cells adherent to the lung endothelium
that had not yet migrated. These data provide
evidence for decreased lung extravasation of low-
Egr-1-expressing MDA-MB-435 and low-HIF-10-
expressing MDA-MB-435 cells after tail vein
injection.

Discussion

The clinical importance of hypoxia for tumors is
that it protects the cancer cells against radiation
and chemotherapy, and it also regulates cell migra-
tion in inflammatory and neoplastic diseases by
influencing leukocyte recruitment and activation,
angiogenesis, and metastasis formation [14]. HIF-
lois an important cytokine induced by hypoxia. It
can influence tumor progress by activating its down-
stream proteins [15,16]. Hypoxia contributes to the
expression and nuclear translocation of Egr-1[17],
which plays crucial roles in tumor invasion and
metastasis [18] and the tumor microenvironment
[19]. A growing body of evidence suggests that TF
participates in cancer progression and metastasis
[20-22]. TF levels in mammary adenocarcinoma
and other tumors correlate with increasing tumor
progression, and an unfavorable prognosis mostly
due to its prothrombotic and proangiogenic effects
[17]. The regulators of TF are diverse, such as
Egr-1 [23], the cooperative action of AP-1 and
Egr-1 [24], and MAPK/ERK [25]. Mechanisms
responsible for the increased expression of tissue
factor in hypoxic mammary adenocarcinoma are
not known. We explored the possible mechanisms
of hypoxia-induced TF expression in mammary
adenocarcinoma, especially the regulation effects of
Egr-1/HIF-10 on TF. This study demonstrated for
the first time that Egr-1 and HIF-1q are critical to
hypoxia-mediated up-regulation of TF expression
in human breast cancer cells. In addition, Egr-1
and HIF-1o are important determinants of breast
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Figure 6. Effects of Egr-1 and HIF-1o on vascular tubule formation in vitro. To create hypoxic conditions, cells were placed in an anaerobic
chamber with 1% O, and 5% CO, at 37°C. (A) HUVEC co-culture with MDA-MB-231 model was performed using transwell chambers
adapted to 24-well format. The breast cancer cells were pretreated with Egr-1 or HIF-1o. siRNA seeded in upper chambers, then co-
cultured with HUVEC seeded in 24-well further incubated in normoxia or hypoxia conditions. (B) Vascular tubule formation was not
different when HUVECs were incubated in hypoxia or in nomoxia or co-cultured with MDA-MB-231 cells in normoxia alone. When
co-cultured with tumor cells in hypoxia, the capacity of endothelial cells to form tubules was enhanced significantly. Both Egr-1 siRNA
and HIF-1o siRNA could inhibit vascular tubule formation (200X .1. Normoxia; 2. Normoxia + co-culture; 3. Hypoxia; 4. Hypoxia + co-
culture; 5. Hypoxia + co-culture + Egr-1 siRNA; 6. Hypoxia + co-culture + HIF-1o siRNA). (C) Conditioned medium was collected from
normoxic or hypoxic conditions of (B) and VEGF was measured by ELISA. VEGF levels in conditioned medium from hypoxia co-cultured
cells higher than that from HUVEC cultured under normoxia. Values are mean *+ SD for five experiments. **p <0.01 vs. that in normoxia;

##p <0.01 vs. that in hypoxia co-culture.

cancer cells adhesion, invasion and angiogenesis
and may be associated with mammary adenocarci-
noma metastasis. The roles of Egr-1 and HIF-1a in
tumor metastasis may be direct or indirect through
the TF pathway.

Our studies have shown that the hypoxic induc-
tion of TF expression in human breast cancer depends
on the up-regulation of Egr-1, a transcriptional regu-
lator known to be rapidly induced by several micro-
environmental stimulants, including hypoxia, growth
factors, and hormones. Previous studies have shown
that Egr-1 is the major mediator of TF expression in
epithelial cells [6], mononuclear phagocytes [6], and
endothelial cells [26]. However, the role of Egr-1 in
the hypoxia-induced expression of TF in mammary
tumors has not been explored fully. Spl and Egr-1
are zinc finger transcription factors that share three
GC-rich binding regions within the TF promoter
that are critical for maintaining its basal activity
[27]. We have shown that the proximal Egr-1/Spl-
binding sites in the TF promoter are also necessary
for its hypoxia-induced activity in human breast
cancer cells. Spl was constitutively expressed in
breast cancer cells and showed no increased expres-
sion under hypoxia. Hypoxia-induced TF expression

could be attenuated by Egr-1 siRNA, whereas these
findings were not observed by using Spl siRNA.
Together, our results indicate that Egr-1 is the most
critical element engaging the Egr-1/Spl-binding
site of the TF promoter in hypoxic human breast
cancer cells and that Spl likely plays a role in the
basal expression of TF.

In endothelial cells, the regulation of TF has been
shown to depend on VEGF and requires the activa-
tion of the VEGFR [8]. Because the VEGF gene is
under the transcriptional regulation of HIF-1o,
which is strongly up-regulated in breast cancer, the
expression of TF could be under the indirect regula-
tion of HIF-1o in breast cancer cells. We found that
HIF-1oo was responsible for the hypoxic up-
regulation of TF expression through VEGEF. Thus,
HIF-1a is certainly critical for the hypoxic induction
of angiogenesis that occurs in breast cancer, and it
may be regulating this process through the expres-
sion of TF under hypoxia.

Up-regulated TF expression by tumor cells may
be critical for the development of tumor growth,
metastasis process and, angiogenesis [28]. Since
Egr-1 and HIF-1o are critical for the hypoxic induc-
tion of TF expression in breast cancer, it is rational
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Figure 7. Extravasation analysis of MDA-MB-435 cells in nude mice. (A) Fluorescence micrograph of frozen sections of a nude
mouse lung at 7 h after tail vein injection of red CMRA-labeled Egr-1 siRNA treated MDA-MB-435 cells mixed 1:1 with green
CMFDA-labeled normal MDA-MB-435 cells. (B) Tumor cell count ratios (green CMFDA-labeled normal MDA-MB-435 cells/red
CMRA-labeled Egr-1 siRNA treated MDA-MB-435 cells) in lung at 15 min and 7 h after tail vein injection (n= 6, mean = SD,
**p < 0.01 compared with 1:1 cell mixtures). (C) Fluorescence micrograph of frozen sections of a nude mouse lung at 7 h after tail
vein injection of red CMRA-labeled HIF-1o siRNA treated MDA-MB-435 cells mixed 1:1 with green CMFDA-labeled normal
MDA-MB-435 cells. (D) Tumor cell count ratios (green CMFDA-labeled normal MDA-MB-435 cells/red CMRA-labeled HIF-10.
siRNA treated MDA-MB-435 cells) in lung at 15 min and 7 h after tail vein injection (n = 6, mean = SD, **p < 0.01 compared with

1:1 cell mixtures).

to suppose that Egr-1 and HIF-1o may play impor-
tant roles in tumor metastasis. By use of in vitro and
in vivo assays, we showed that both Egr-1 and HIF-
1o are critical to hypoxic induction of breast cancer
cell metastasis.

The integrin family has been shown to play a
critical role in cell proliferation, migration, invasion
and colonization, as well as promoting cell survival
[10,29]. Our observation is consistent with these pre-
vious studies. Egr-1 or HIF-10 siRNA could decrease
cancer cells adhesion to vitronectin and inhibit the
expression of avp3. We used the matrigel invasion
assay to determine the effect of Egr-1 or HIF-10 on
mammary carcinoma cell lines and found that cell
invasion was greatly increased under hypoxia. HIF-1a.
siRNA attenuated hypoxia-induced invasion of can-
cer cells and decreased MMP-9 levels up-regulated
by hypoxia. However, Egr-1 may play a less important
role than HIF-1a in cancer cell invasion. These data
implicated the pivotal role of Egr-1 and HIF-1a in
cancer cell adhesion and the critical role of HIF-1a.
in cancer cells invasion during hypoxia.

The growth of solid tumors is dependent on
angiogenesis, as a tumor requires ample blood supply
for expansive growth. When HUVECs were incubated

in hypoxia or co-cultured with MDA-MB-231 cells
in normoxia alone, vascular tubule formation was not
different from that of nomoxia, but the
capacity of endothelial cells to form tubules was
enhanced significantly when the HUVECs were co-
cultured with tumor cells under hypoxia. Combined
with the VEGF ELISA assay, we concluded that
VEGF up-regulated by hypoxia in MDA-MB-231
cells enhanced HUVEC tubule formation. Thus,
both Egr-1 and HIF-1a played important roles in
angiogenesis in the co-culture system under hypoxia.

Metastasis is the overwhelming cause of mortality
in patients with breast cancer, and our understand-
ing of its cellular and molecular determinants is lim-
ited. TF is the principal physiologic initiator of
coagulation. It also plays an important role in tumor
growth and metastasis possibly by contributing to
adhesion, invasion and angiogenesis [30,31]. Our
study has provided evidence that both Egr-1 and
HIF-1o are critical to the hypoxic up-regulation of
TF expression in breast carcinoma cells. Notably,
these factors may play important roles in breast can-
cer metastasis and may represent significant thera-
peutic targets that should be considered in the future
treatment of breast cancer metastasis.
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