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Acute myeloid leukemia (AML) is a biologically hetero-

geneous disease of the hematopoietic system characterized

by a block in differentiation of immature blast cells in bone

marrow. Recent studies suggest that angiogenesis in bone

marrow plays a critical role in leukemogenesis and thus

antiangiogenic strategies are considered for the treatment of

AML.1 Angiogenesis, the process of new blood vessels from

pre-existing vessels, plays an important role in various

physiological and pathological conditions. Angiogenesis in

physiological processes is involved in embryonic development,

growth, and wound healing. The process is a multi-step

mechanism that encompasses activation, migration, and

proliferation of endothelial cells. Angiogenesis can occur

when the balance is changed towards a decreased level of

inhibitors of angiogenesis or an increased level of angiogenic

activators such as vascular endothelial growth factor

(VEGF) or basic fibroblast growth factor (bFGF).2 Tumors

need angiogenesis for growth that requires the supply of

oxygen and other essential nutrients as well as for

metastasis. Since the process is involved in cancer cell

growth and metastasis, it has been the central focus on

cancer treatment and prevention. More than 20 angiogenic

factors and 300 anti-angiogenic factors have been identified

so far. Of them, VEGF and bFGF have a prominent activity

in angiogenesis.3 Transcriptional activation of VEGF gene is

mediated by a variety of cellular transcription factors including

hypoxia-inducible factor-1 (HIF-1) and other transcription

factors such as NF-κB and SP1.4-7 Especially, HIF-1 plays

an important role in VEGF induction. Since angiogenesis is

controlled by multiple regulation mechanisms, more

endogenous anigogenic regulators might be involved in the

process. 

In the present study, we studied the effect of tissue factor

(TF) on angiogenesis to elucidate the regulation mechanism

of angiogenesis induced by TF. TF is the essential receptor

for factor VII/VIIa and is the primary initiator of blood

coagulation in vivo. However, recent studies have suggested

that TF regulates the angiogenesis in tumors.8 Also, the

expression of TF in the hepatocarcinoma (HCC) tissue

sample correlated significantly with VEGF level and tumor

microvessel density.9 However, the functional connection

between TF and the angiogenic process is still unclear. 

Since endothelial cell migration through extracellular

matrix is one of the essential steps for neovascularization,

we first investigated the effect of TF on endothelial cell

migration. For these experiments, we transfected HEK 293

cells with a plasmid bearing TF gene and Zeocin marker for

selection. After selection of cells stably expressing TF in

Zeocin-containing medium and confirmation of protein

expression, Conditioned medium (CM) was collected from

Zeocin-resistant cells for HUVEC migration assays. In a

chemotaxis chamber, HUVECs were treated with CM from

stably transfected cells for 2 h and HUVECs that had been

migrated through membrane pores were counted under

microscope. We used VEGF (20 ng/mL) as a positive

control. CM from TF-overexpressing HEK 293 cells (TF-

CM) showed significantly induced migratory effect,

compared to that of control-CM (CM obtained from empty

plasmid-transfected cells) (Fig. 1A). This result suggests that

CM from cells stably overexpressing TF (TF-CM) has the

biological activity that can induce endothelial cell migration.

In vitro angiogenesis was assessed by endothelial cell tube

formation as well as endothelial cell migration. Tube formation

is a major process of angiogenesis. The endothelial cells

begin to divide, and they migrate out through the dissolved

holes of the existing vessel towards the diseased tissue. As

the vessel extends, the tissue is remolded around the vessel.

Then sprouting endothelial cells roll up to form a blood

vessel tube. The tube formation assay is designed to analyze

an endothelial cell's ability to develop a blood vessel. To

determine whether TF functions for the HUVEC tube

formation, we examined the ability of TF to promote the

formation of capillary-like structures of HUVECs on

Matrigel. We used bFGF (10 ng/mL) as a positive control.

CM collected from TF-overexpressing HEK 293 cells (TF-

CM) caused an increase in capillary-like structures, compared to

control-CM (Fig. 1B). Therefore, these data indicate that TF

has ability of inducing tube formation of endothelial cells.

We then measured the protein levels of VEGF and bFGF

in CM to investigate whether their production is involved in

TF-stimulated HUVEC tube formation since they are

ubiquitous and potent activators of angiogenesis. Using
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ELISA kit, we found that TF-overexpressing cells released

significantly more VEGF and bFGF than control cells (Fig.

2A and B), suggesting that the increased levels of secreted

VEGF and bFGF are associated with TF-induced angiogenic

activity involved in migration and tube formation.

Since TF-CM contains increased level of VEGF that is a

target of HIF-1, we carried out HRE-luciferase reporter

assay to examine whether TF regulates the transactivation

activity of HIF-1 that is stabilized at hypoxia and plays a key

role in VEGF transcription. TF-overexpressing cells were

transfected with pHRE-Luc reporter plasmid and either

grown under normoxic condition or treated with a hypoxia-

mimicking reagent (125 μM CoCl2). As shown in Figure 3,

TF-overexpressing cells resulted in about 4-fold increase of

the luciferase activity under normoxic condition and about

12-fold increase under hypoxia-mimicking condition, compared

to control cells grown at normoxia. Interestingly, the relative

ratios of luciferase activities from TF-overexpressing cells

Figure 1. HUVEC migration and tube formation assays with TF-
CM (A). TF-CM stimulates endothelial cell migration. HUVECs
were incubated with control-CM or TF-CM for 2 h. After fixation
and staining, the number of migrated cells was determined by
counting two regions of each well under a microscope. VEGF (20
ng/mL) was used as a positive control. (B). HUVECs were
collected and seeded on Matrigel-coated plates at a density of
2.4 × 104 cells/well and then incubated with control-CM or TF-
CM. As a positive control, bFGF (10 ng/mL) was used. After 18 h,
fields from each sample were photographed. Total tube areas were
analyzed and quantitated by the Scion Image program. The control
tube areas were defined as 100% tube formation, and the percent
increase in tube formation as compared with control was calculated
for each sample.

Figure  2. TF increases the levels of VEGF and bFGF in CM. (A)
Control or TF-overexpressing stable cells were incubated in serum-
free M199 medium for 20 h, and aliquots of the CM were
collected. The level of VEGF in CM was measured by ELISA as
described in Material and Methods. (B) The level of bFGF in CM
was measured by ELISA.

Figure  3. TF enhances the transactivation activity of HIF-1. HEK
293 cells that constitutively express TF and control cells that con-
tain empty pcDNA3.1/Zeo plasmid were transfected by lipofect-
amine with 1 μg each of the reporter plasmid pHRE-Luc and 0.5
μg of pCMV/β-gal. Cells were treated with 125 μM CoCl2 for 24 h.
Luciferase activities were normalized to β-galactosidase activities. 
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incubated under hypoxia-mimicking and normoxic conditions

are similar to those of control cells, respectively, suggesting

that TF activates HIF-1 activity at both normoxia and

hypoxia. Taken together, these results suggest that TF

activates the HIF-1 transactivation activity and that its

activatory function is oxygen-independent.

In conclusion, the results of this study suggest that TF

mediates angiogenesis by inducing both VEGF and bFGF.

The induction of VEGF by TF may involve HIF-1-mediating

pathway, at least in part. Since TF, however, induces the

transactivation activity of HIF-1 irrespective of oxygen level

and thus leads to the increase of VEGF secretion at

normoxia, these results indicate that TF may be involved in

oxygen-independent HIF-1 regulation pathway in some

degree. Since mitogen-activated protein kinase (MAPK)

pathways have been known to be activated by TF10 and

activates HIF-1, it is conceivable that TF activates MAPK

pathways and they, in turn, activates HIF-1 for VEGF

production. This observation provides evidence that TF

might be a candidate for developing anti-cancer agent in

tumor growth and angiogenesis.

Experimental Section

Cell culture. Human embryonic kidney (HEK) 293 and

human umbilical vein endothelial cells (HUVECs) were

routinely maintained as previously described.11

Plasmid constructs. The C-terminal hemagglutinin (HA)-

tagged gene for expression in mammalian cells was con-

structed by polymerase chain reaction, followed by cloning

into the pcDNA3.1/Zeo-HA plasmid. The luciferase reporter

plasmid (pHRE-Luc) containing the promoter of HIF-1α
was purchased from Stratagene.

Transfection and selection of TF-overexpressing cells.

HEK 293 cells were transfected by lipofectamine reagent

(Invitrogen) with 1 μg each of pcDNA3.1/Zeo-HA-TF or

pcDNA3.1 Zeo-empty vector as a control. After 48 h, trans-

fected cells were selected for two weeks in DMEM contain-

ing 10% FBS and Zeocin (200 μg/mL). After 15 days of

selection, resistant cells arising in dishes were propagated in

low level (150 μg/mL) of Zeocin. The overexpressed TF in

stably transfected cells was confirmed by immunoblotting.

Preparation of conditioned medium (CM). Confluent

cells were washed and grown in serum free M199 medium.

After 20 h of incubation, CM was collected and centrifuged

at 500 × g for 10 min and then at 800 × g for 20 min to

remove debris. The resultant CM was immediately used for

migration and tube fomation assays or stored at −70 oC until

use.

HUVEC migration and tube formation assays. Endo-

thelial cell migration and tube formation assays were carried

out as previously described.12 

Luciferase assays. TF-overexpressing HEK 293 cells and

control HEK 293 cells were grown to 50-80% confluence in

60 mm cell culture dish, transfected by lipofectamine with 1

μg pHRE-Luc and pCMV/β-gal, and assayed as previously

described.13

Determination of the VEGF and bFGF levels. The

amounts of VEGF or bFGF proteins in the CM from the cells

were determined using an enzyme-linked immunosorbent assay

kit (R&D Systems, Minneapolis, MN) according to the

manufacturer’s instructions. Quantification of VEGF or

bFGF expression level was analyzed in equal densities of

cells.
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