
Abstract

Aims/hypothesis. As vascular endothelial growth fac-
tor (VEGF) plays a pivotal role in the development of
diabetic retinopathy, inhibition of angiogenesis in-
duced by VEGF is crucial to treat diabetic retinopathy.
HGF (hepatocyte growth factor)/NK4, containing the
N-terminal hairpin domain and the four subsequent
kringle domains of HGF, is considered as a specific
antagonist for HGF. Our aim was to explore the inhib-
itory effects of HGF/NK4 on angiogenesis induced by
VEGF.
Methods. To analyze the in vivo angiogenesis, we
used rabbit corneal micropocket assay. Proliferation
and migration of human endothelial cells, expression
of ets-1, an essential transcription factor for angiogen-
esis, and the phosphorylation of extracellular signal-
regulated kinase (ERK) was examined with or without
HGF/NK4.
Results. Using corneal micropocket assay, in vivo ad-
ministration of HGF/NK4 inhibited angiogenesis in-
duced by VEGF. HGF/NK4 inhibited proliferation and

migration of human endothelial cells induced by
VEGF in a dose-dependent manner. Interestingly,
VEGF-mediated phosphorylation of ERK was signifi-
cantly attenuated by HGF/NK4. Of importance,
HGF/NK4 attenuated the increase in ets-1 protein
stimulated by VEGF. Nevertheless, HGF/NK4 did not
affect phosphorylation of VEGF receptor-2 [kinase
domain region (KDR)/foetal liver kinase (Flk)-1]. Al-
though tyrosine phosphatase inhibitor (Na3VO4), or
okadaic acid, serine-threonin kinase inhibitor, did not
prevent the inhibition of ERK phosphorylation by
HGF/NK4, co-incubation of HGF/NK4 with VEGF
significantly diminished mitogen-activated protein
(MAP) ERK kinase (MEK) phosphorylation (p<0.01).
Conclusions/interpretation. Overall, HGF/NK4 inhib-
ited angiogenesis induced by VEGF through inhibi-
tion of phosphorylation of ERK and ets-1 expression
in in vitro cultured endothelial cells and in vivo rabbit
model. [Diabetologia (2003) 46:115–123]
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The morbidity and mortality associated with diabetes
are largely attributable to the sequelae of microvascu-
lar and macrovascular disease. Over the past decade,
dramatic progress has been achieved in elucidating the
fundamental processes underlying the pathogenesis of
these complications. Although renal and arterial dis-
eases still remain the main causes of death in diabetic
patients, ocular complications are major determinants
of disability. Preretinal neovascularization and chronic
retinal edema are two major sight-threatening compli-
cations that can occur during proliferative diabetic ret-
inopathy. Angiogenic growth factors such as vascular
endothelial growth factor (VEGF) are believed to play
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a pivotal role in the development of microvascular
complications such as diabetic retinopathy [1]. Intra-
ocular VEGF concentrations are increased in patients
with active ocular neovascularization from prolifera-
tive diabetic retinopathy, central retinal vein occlu-
sion, retinopathy of prematurity and rubeosis iridis 
[2, 3]. As retinal ischaemia induces intraocular neo-
vascularization, which often leads to glaucoma, vitre-
ous haemorrhage and retinal detachment, presumably
by stimulating the release of angiogenic molecules,
VEGF plays a major role in mediating active intraocu-
lar neovascularization in patients with ischaemic reti-
nal diseases such as diabetic retinopathy and retinal
vein occlusion. Therefore, inhibition of angiogenesis
induced by VEGF is considered to be crucial in the
treatment of angiogenic diseases such as proliferative
diabetic retinopathy.

This therapeutic strategy is supported by the obser-
vation that VEGF concentration in vitreous fluid de-
clined after successful laser photocoagulation [2]. Al-
though argon laser panretinal photocoagulation for
proliferative diabetic retinopathy has been reported to
reduce the incidence of blindness by 90% with rela-
tively small amounts of treatment [3, 4], novel therapy
for control of proliferative disease is required in pa-
tients with diabetes. Recently, a novel antagonist of
HGF (hepatocyte growth factor) has been reported [5].
This molecule is composed of the N-terminal 447
amino acids of the HGFα-chain, containing the N-ter-
minal hairpin loop and the first four kringle domains
of the HGF protein, and this has been termed
HGF/NK4. HGF/NK4 has no agonistic activity in
terms of mitogenic, motogenic and morphogenic ac-
tivity, and tyrosine phosphorylation of Met/HGF re-
ceptor [6]. HGF/NK4 binds to the Met/HGF receptor,
but competitively inhibits the multiple biological ac-
tivities of HGF. In this study, we show that a fragment
of HGF (HGF/NK4) inhibits neovascularization in-
duced by VEGF both in vivo and in vitro. HGF/NK4
could have the therapeutic potential to prevent retinal
neovascularization, providing the opportunity to treat
proliferative diabetic retinopathy.

Materials and methods

Rabbit corneal micropocket assay. Male New Zealand White
rabbits (2 to 2.5 kg) were used. Animals were anaesthetized
with a mixture of xylazine (5 mg/kg) and ketamine (50 mg/kg).
A corneal pocket was created with a cataract knife in the eye
of the rabbit [7]. Into this pocket, an ethylene-vinyl-acetate co-
polymer slow-release pellet containing 200 ng VEGF with or
without HGF/NK4 was implanted. The pellet was positioned
2 mm from the corneal limbus. The corneas of all the rabbits
were observed daily and photographed by means of a digital
camera from Nikon (Tokyo, Japan). To evaluate the inhibitory
effect of HGF/NK4 on corneal neovascularization, the area of
corneal neovascularization was measured by outlining an isos-
celes triangle with its apex at the centre of the pellet positioned
2 mm from the corneal limbus [8]. The area of the isosceles

triangle served as a standardized area within which neovascu-
larization was quantified. The area of neovascularization was
then manually outlined and calculated using Macscope version
2.56S. The inhibitory effect of HGF/NK4 on neovasculariza-
tion was expressed as the ratio within the standardized area.
All experimental procedures were approved by the Osaka Uni-
versity Medical School Animal care and Use Committee and
were in accordance with the ‘Principles of laboratory animal
care’ (NIH publication no. 85-23, revised 1985).

Cell culture. Human aortic endothelial cells (passage 3) was
obtained from Clonetics (San Diego, Calif., USA), and cul-
tured in EBM medium supplemented with 5% foetal calf se-
rum in the standard fashion [9]. In addition, human retinal cap-
illary endothelial cells (passage 3) was obtained from Cell
System (San Diego, Calif., USA), and cultured in DMEM me-
dium supplemented with 10% foetal calf serum in the standard
fashion [9]. These cells showed the specific characteristics of
endothelial cells by immunohistochemical examination and
morphological observation. All the cells were used within pas-
sage 5 to 7, while they showed specific characteristics of endo-
thelial cells.

Assay for endothelial cell proliferation. Endothelial cells were
plated sparsely at a density of 1×104 cells per well in collagen
type I-coated 12-well dishes (Costar, Cambridge, Mass., USA),
and then cultured for 24 h in EBM medium supplemented with
5% FBS. After the cells were cultured for a further 20 h in se-
rum-free EBM medium, the medium was changed to fresh de-
fined serum-free medium containing VEGF (3, 10 and
20 ng/ml) or vehicle. To assess the inhibitory effect of
HGF/NK4 on cell proliferation, the cells were cultured in 
serum-free medium containing VEGF with or without
HGF/NK4. Two days after stimulation with VEGF, an index of
cell proliferation was assessed as cell count using a Coulter
counter (Beckman Coulter, Fullerton, Calif., USA).

Inhibitory effect of HGF/NK4 on migratory activity of
VEGF. Sub-confluent endothelial cells were cultured for 20 h
in serum-free EBM medium, and then cells were plated at a
density of 1×104 cells per well in transwell chambers (Costar),
equipped with a 8 mm-diameter polycarbonate filter (pore size
5 µm), which were pre-coated with purified human fibronectin
(Cappel, Aurora, Ohio, USA). Treatments consisted of the ad-
dition of VEGF (0, 1, 3, 10, 30 ng/ml) with or without
HGF/NK4 (150, 300, 600 ng/ml). After 5 h of culture, the non-
invasive cells were removed with cotton swabs. The cells that
had stuck to the under surface of the polycarbonate filter were
fixed, stained with hematoxylin & eosin, and finally counted
with a microscope (5 fields/well).

Western blots. The effect of HGF/NK4 on tyrosine phosphoryla-
tion of the KDR/Flk-1 receptor was initially studied. Sub-con-
fluent endothelial cells were cultured in serum-free EBM for
20 h. Serum-starved cells were treated with VEGF (20 ng/ml)
with or without HGF/NK4 (20 µg/ml) for 10 min, washed with
PBS containing 2 mmol/l Na3VO4, and the cell lysate was cen-
trifuged at 12 000×g for 15 min. The supernatant was treated
with anti-phosphotyrosine antibody and protein G Sepharose.
Alternatively, the supernatant was also treated with anti-
KDR/Flk-1 antibody and protein A Separose. Immunoprecipitat-
ed materials were washed with lysis buffer and solubilized with
sample buffer for SDS/PAGE, electroblotted onto polyvinylid-
ene difluoride membranes (Millipore, Bedford, Mass., USA),
and probed with anti-KDR/Flk-1 antibody. The cells were ex-
tracted in lysis buffer composed of 20 mmol/l Tris/HCl (pH 7.4),
10 mmol/l EDTA, 150 mmol/l NaCl, 2 mmol/l Na3VO4, 5 µg/ml
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leupeptin, 1 mmol/l phenylmethylsulfonyl fluoride, and 0.5%
Triton X-100, and extracted for 1 h at 4°C. The proteins were
separated by SDS-PAGE and electroblotted onto PVDF mem-
branes and probed with antibodies. Proteins reacting with these
antibodies were detected using an ECL enhanced chemilumines-
cence method (Amersham, Little Chalfont, UK).

The inhibitory effect of HGF/NK4 on ets-1 protein synthe-
sis was also investigated. Experiments were carried out using
60-mm tissue culture dishes with a confluent cell monolayer.
After 20 h of serum-starvation, cells were stimulated with
VEGF (5, 10, 20 ng/ml) with or without HGF/NK4 (5,
20 µg/ml) for 48 h and then extracted in lysis buffer. The pro-
teins were separated by SDS-PAGE and electroblotted onto
PVDF membranes and probed with anti-ets-1 antibody. Fur-
thermore, we investigated the inhibitory effect of HGF/NK4 on
p44/42 MAPK (ERK) or MEK phosphorylation. After 20 h of
serum-starvation, cells were stimulated with 10 ng/ml VEGF
and/or HGF/NK4 (5, 10 µg/ml) for 10 min, and cells were
lysed in lysis buffer and extracted for 1 h at 4°C. Proteins were
separated by SDS-PAGE and electroblotted onto PVDF mem-
branes and probed with anti-phospho-p44/42 MAPK or MEK
antibody or anti-p44/42 MAPK or MEK antibody.

Materials. Phenylmethylsulfonyl fluoride, sodium orthovana-
date (Na3VO4), aprotinin, and other protease inhibitors were
purchased from Sigma (St. Louis, Mo., USA). Recombinant
human VEGF was obtained from R & D (Minneapolis, Minn.,
USA). Polyclonal anti-phospho-p44/42 MAP kinase antibody
was obtained from New England Biolabs (Beverly, Mass.,
USA). Polyclonal MEK antibody was obtained from New En-
gland Biolabs (Beverly, Mass., USA). Rabbit polyclonal anti-
Ets-1 antibody (C-20), rabbit polyclonal anti-Flk-1 antibody
(C-1158) and mouse monoclonal anti-phosphotyrosine anti-
body (PY99) were obtained from Santa Cruz Biotechnology
(Santa Cruz, Calif., USA). Protein G and A Sepharose were
obtained from Amersham Pharmacia Biotech (Uppsala, Swe-
den). Reagents for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotting were ob-
tained from Bio-Rad (Richmond, Calif., USA).

Statistical analysis. All values are expressed as means ± SD.
All experiments were repeated at least three times. Statistical
analysis was done by analysis of variance, and the level of sig-
nificance was a p value of less than 0.05.

Results

Inhibition of VEGF-induced angiogenesis by HGF/
NK4 in rabbit corneal neovascularization model. To
examine whether HGF/NK4 can inhibit angiogenesis
induced by VEGF, we implanted a sustained-release
pellet containing 200 ng VEGF with or without
HGF/NK4 into a corneal pocket of New Zealand
White rabbits (n=21). New capillary vessels grew
from the corneal limbus, across the cornea, and into
the VEGF pellet within 6 days (Fig. 1B). In contrast,
corneal neovascularization was inhibited in rabbits
treated with a pellet containing 4 or 10 µg HGF/NK4
(Fig. 1C). The area of neovascularization was smaller
in rabbits treated with 10 µg HGF/NK4 (p<0.01)
(Fig. 1D). These results clearly showed that HGF/
NK4 has an anti-angiogenic effect on VEGF-
induced angiogenesis in vivo.
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Fig. 1A–D. (upper) Inhibition of VEGF-induced corneal neo-
vascularization by HGF/NK4 in rabbit corneal model at 7 days
after stimulation. A Pellet containing vehicle. B Pellet contain-
ing 200 ng VEGF. C Pellet containing 200 ng VEGF and 10 µg
HGF/NK4. D Inhibitory effect of HGF/NK4 on corneal neo-
vascularization model at 7 days after pellet implantation. n=7
per group. HGF/NK4 = rabbits treated with HGF/NK4 (0, 4
and 10 µg) in pellets containing 200 ng VEGF. *p<0.01 vs.
0 µg/pellet HGF/NK4



Inhibitory effect of HGF/NK4 on proliferation and mi-
gration of endothelial cells. Before establishing the ef-
fect of HGF/NK4 on VEGF-induced endothelial cell
proliferation, we investigated whether endothelial
cells could respond to physiological levels of VEGF.
We therefore tested the effect of VEGF on endothelial
cell growth. Treatment of endothelial cells with VEGF
resulted in an increase in the number of cells (p<0.01)
(Fig. 2A). No change in cell number was observed in
the treatment with 3 ng/ml VEGF. Interestingly, addi-
tion of HGF/NK4 inhibited endothelial cell prolifera-
tion induced by VEGF in a dose-dependent manner
(p<0.05) (Fig. 2A). We further examined the effect of
HGF/NK4 on mitogenic activity of endothelial cells
induced by VEGF. Stimulation with VEGF induced
migration of endothelial cells in a dose-dependent
manner (p<0.01) (data not shown). Importantly, addi-

tion of HGF/NK4 dose-dependently inhibited the cell
migration induced by VEGF (p<0.01) (Fig. 2B).

Molecular mechanisms of inhibition of angiogenesis
by HGF/NK4. Initially, we hypothesized that the inhi-
bition of endothelial cell proliferation by HGF/NK4 is
due to the inhibition of tyrosine autophosphorylation
of VEGF receptor-2 [kinase domain region
(KDR)/foetal liver kinase (Flk)-1] induced by VEGF.
Tyrosine autophosphorylation of KDR/Flk-1 after ad-
dition of VEGF with or without HGF/NK4 was evalu-
ated after immunoprecipitation and subsequent immu-
noblotting. Tyrosine autophosphorylation of KDR/
Flk-1 could be detected 10 min after the addition of
VEGF, while simultaneous administration of HGF/
NK4 and VEGF did not inhibit tyrosine autophos-
phorylation (Fig. 3A). No inhibition of tyrosine auto-
phosphorylation by HGF/NK4 was also confirmed by
immunoprecipitation with anti-KDR/Flk-1 antibody.
These results showed that HGF/NK4 did not affect ty-
rosine autophosphorylation of the KDR/Flk-1 receptor
induced by VEGF in endothelial cells.

Therefore, we further studied the effect of HGF/
NK4 downstream of the angiogenesis pathway. As the
ets family takes part in regulating angiogenesis by
controlling the transcription of these genes whose ac-
tivity is necessary for the migration of endothelial
cells from pre-existing capillaries, we examined the
expression of ets-1 protein induced by VEGF. Western
blot analysis showed that ets-1 protein is up-regulated
by VEGF in a dose-dependent way (Fig. 3B,C)
(p<0.05). Unexpectedly, co-incubation of HGF/NK4
(20 µg/ml) with VEGF (20 ng/ml) for 48 h resulted in
attenuation of ets-1 protein induced by VEGF
(P<0.01) (Fig. 4A,B). As previous reports document-
ed a pivotal role of MAP kinases in ets-1 activation by
VEGF, we hypothesized that HGF/NK4 interferes
with the MAP kinases, ERK, activation in human en-
dothelial cells. As expected, after stimulation with
VEGF, phosphorylation of ERK-1 and ERK-2 was ob-
served from 5 min after stimulation using a specific
antibody for the phosphorylated form of these kinases
(Fig. 5A). Maximum induction of ERK phosphoryla-
tion was detected after 10 min of stimulation with
VEGF (Fig. 5A). Importantly, co-incubation of HGF/
NK4 with VEGF diminished ERK phosphorylation
(p<0.01) (Fig. 5B,C). There was no change in non-
phosphorylated ERK between cells treated with
VEGF and HGF/NK4. To further elucidate the mecha-
nisms, we examined the effects of Na3VO4, tyrosine
phosphatase inhibitor, or okadaic acid, serine-threonin
kinase inhibitor, on the inhibition of ERK phosphory-
lation by HGF/NK4. Unexpectedly, both inhibitors did
not affect the inhibition of ERK phosphorylation by
HGF/NK4 (data not shown). Thus, the inhibition of
ERK phosphorylation by HGF/NK4 might not depend
on phosphatase pathway. We then explored up-stream
of the ERK pathway (Fig. 6), co-incubation of
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Fig. 2A, B. A Inhibitory effect of HGF/NK4 on VEGF
(10 ng/ml)-induced cell proliferation at 2 days after treatment.
None: VEGF 0 ng/ml, NK4: 0, 2, 5, 10 µg/ml. The data are
representative of three independent experiments. n=4 per
group. *p<0.05 vs. 0 µg/ml HGF/NK4. B Inhibition of VEGF
(3 ng/ml)-induced cell migration by HGF/NK4 at 4 days after
treatment. None: VEGF 0 ng/ml, NK4: 0, 0.15, 0.3, 0.6 µg/ml.
The data are representative of three independent experiments.
n=5 per group. **p<0.01, *p<0.05 vs 0 µg/ml HGF/NK4
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Fig. 3A–C. A Effects of VEGF with or without HGF/NK4 on
tyrosine autophosphorylation of KDR/Flk-1 receptor. The
KDR/Flk-1 receptor was immunoprecipitated with anti-pho-
sphotyrosine (anti-P-Tyr) antibody and subjected to
SDS/PAGE. Proteins were electroblotted onto a polyvinylidene
difluoride membrane and probed with anti-KDR/Flk-1 anti-
body. IP, immunoprecipitation; IB, immunoblotting. None =
untreated endothelial cells, VEGF (20 ng/ml) = VEGF
(20 ng/ml) alone, VEGF (20 ng/ml) + HGF/NK4 (20 µg/ml) =
VEGF (20 ng/ml) and HGF/NK4 20 µg/ml, HGF/NK4

(20 µg/ml) = HGF/NK4 (20 µg/ml) alone. B, C Effect of
VEGF on ets-1 protein expression. B Western blot analysis for
ets-1 protein at 2 days after treatment. None = untreated endo-
thelial cells, VEGF 5, 10, 20 ng/ml = endothelial cells treated
VEGF (5, 10, 20 ng/ml). C Percentage increase in ets-1 protein
expression. VEGF 0 = untreated endothelial cells, VEGF 5,
10 ng/ml = endothelial cells treated with VEGF (5, 10 ng/ml).
These experiments were repeated three times. Values are ex-
pressed as percentage change in ets-1 protein induced by
VEGF. *p<0.05 vs. VEGF 0

Fig. 4A, B. Inhibitory effect of HGF/NK4 on ets-1 protein ex-
pression induced by VEGF. A Western blot analysis for ets-1
protein at 2 days after treatment. None = untreated endothelial
cells, VEGF 20 ng/ml = VEGF (20 ng/ml), VEGF 20 ng/ml +
HGF/NK4 5, 20 µg/ml = VEGF (20 ng/ml) and HGF/NK4 
(5 or 20 µg/ml). B Quantitative analysis of inhibitory effect of

HGF/NK4 on ets-1 protein. HGF/NK4 0 = VEGF (20 ng/ml)
without HGF/NK4, HGF/NK4 20 µg/ml = VEGF (20 ng/ml)
and HGF/NK4 20 µg/ml. These experiments were repeated
three times. Values are expressed as percentage change in ets-1
protein expression induced by VEGF. *p<0.05 vs. HGF/NK4 0



HGF/NK4 with VEGF diminished MEK phosphoryla-
tion (p<0.01). Importantly, inhibition of ERK and
MEK phosphorylation was also observed in human
retinal capillary endothelial cells, similar to aortic en-
dothelial cells (Fig. 7A–C). 

Discussion

The formation of new blood vessels occurs as a result
of the growth of capillaries by vascular sprouting from
pre-existing vessels, a process called angiogenesis
[14]. Angiogenesis is a complex phenomenon which
includes at least four distinct properties of endothelial
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Fig. 5A–C. A Time course of ERK phosphorylation induced
by VEGF. Cells were treated for 5, 10 and 30 min with
10 ng/ml VEGF. None = untreated endothelial cells, 5, 10,
30 min = VEGF (10 ng/ml) at 5, 10 and 30 min after treatment.
B Inhibitory effect of HGF/NK4 on ERK phosphorylation in-
duced by VEGF at 10 min after stimulation. None = untreated
endothelial cells, 10 ng/ml VEGF = VEGF (10 ng/ml),
10 ng/ml VEGF + 5, 10 µg/ml HGF/NK4 = VEGF (10 ng/ml)
and HGF/NK4 (5 or 10 µg/ml), 10 µg/ml HGF/NK4 =

HGF/NK4 (10 µg/ml) alone. IB immunoblotting. C Quantita-
tive analysis for inhibitory effect of HGF/NK4 on ERK phos-
phorylation. HGF/NK4 0 = endothelial cells with VEGF
(10 ng/ml) without HGF/NK4, HGF/NK4 5 or 10 µg/ml = en-
dothelial cells treated with VEGF (10 ng/ml) and HGF/NK4 
5 or 10 µg/ml. These experiments were repeated three times.
Values are expressed as percentage change in ERK phoshory-
lation induced by VEGF. *p<0.01 vs. 0 µg/ml HGF/NK4

Fig. 6A, B. A Inhibitory effect of HGF/NK4 on MEK phos-
phorylation induced by VEGF at 10 min after stimulation.
None = untreated endothelial cells, VEGF 10 ng/ml = VEGF
(10 ng/ml), VEGF 10 ng/ml + HGF/NK4 10µ g/ml = VEGF
(10 ng/ml) and HGF/NK4 (10 µg/ml), HGF/NK4 10 µg/ml =
HGF/NK4 (10 µg/ml) alone. IB, immunoblotting. B Quantita-
tive analysis for inhibitory effect of HGF/NK4 on MEK phos-
phorylation. HGF/NK4 0 = VEGF (10 ng/ml) without
HGF/NK4, HGF/NK4 10 µg/ml = VEGF (10 ng/ml) and
HGF/NK4 10 µg/ml. These experiments were repeated three
times. Values are expressed as percentage change in MEK
phoshorylation induced by VEGF. *p<0.01 vs. 0 µg/ml
HGF/NK4



cells: degradation of vascular basement membrane
and interstitial matrix by proteases such as plasmino-
gen activators and matrix metalloproteinases, migra-
tion, proliferation, and tube formation. During these
processes, various growth factors including fibroblast
growth factor (FGF) family proteins, VEGF and epi-
dermal growth factor family proteins are known to be
stimulated. In contrast, recent studies have identified
anti-angiogenic factors such as angiostatin and endo-
statin [15, 16]. It is expected that these anti-angiogen-
ic molecules could have therapeutic value against neo-
vascular diseases such as cancer [15, 16, 17]. In addi-
tion to classical angiogenic disease, certain diseases
such as proliferative diabetic retinopathy are consid-
ered to be angiogenic diseases. VEGF has been the
centre of interest, since intraocular VEGF concentra-
tions are increased in patients with active ocular neo-
vascularization from proliferative diabetic retinopathy,
central retinal vein occlusion, retinopathy of prematu-
rity and rubeosis iridis [2, 3]. Moreover, VEGF also
increases vascular permeability [18]. These character-

istics of VEGF make it an important candidate to me-
diate the retinal vasoproliferative response to hypoxic
stimuli observed in a variety of sight-threatening isch-
aemic retinal diseases [19]. Therefore, inhibition of
angiogenesis by anti-angiogenic molecules might be
beneficial to treat these ocular diseases.

Recently, a novel antagonist of HGF, HGF/NK4
containing the N-terminal 447 amino acids of the
HGF α-chain, the N-terminal hairpin loop and the first
four kringle domains of the HGF protein, have been
reported [5]. HGF/NK4 has no agonistic activity in
terms of mitogenic, motogenic and morphogenic ac-
tivity, and tyrosine autophosphorylation of the Met/
HGF receptor [6]. HGF/NK4 binds to the Met/HGF
receptor, but competitively inhibits the multiple bio-
logical activities of HGF. Although HGF/NK4 was
originally identified as an antagonist for HGF, the
findings that other kringle fragments such as angiosta-
tin have a broad spectrum of anti-angiogenic activity
induced by various growth factors gave the impres-
sion that HGF/NK4 could also inhibit angiogenesis
generally. Thus, we further examined whether
HGF/NK4 has an inhibitory effect on VEGF-induced
angiogenesis in vivo in this study. Surprisingly, we
found that HGF/NK4 also had an inhibitory effect on
angiogenesis induced by VEGF in a rabbit corneal
neovascularization model. The inhibitory effect of
HGF/NK4 on angiogenesis induced by VEGF is sup-
ported by facts: (i) HGF/NK4 inhibited angiogenesis
induced by VEGF in a rabbit corneal neovasculariza-
tion model; (ii) HGF/NK4 inhibited VEGF-induced
endothelial cell proliferation and migration in a dose-
dependent manner using a culture model; (iii) activa-
tion of phosphorylation of ERK induced by VEGF
was inhibited by HGF/NK4; (iv) the increase in an es-
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Fig. 7A–C. A Inhibitory effect of HGF/NK4 on ERK or MEK
phosphorylation induced by VEGF at 10 min after stimulation
in human retinal endothelial cells. None = untreated endotheli-
al cells, VEGF 10 ng/ml = VEGF (10 ng/ml), VEGF 10 ng/ml
+ HGF/NK4 10 µg/ml = VEGF (10 ng/ml) and HGF/NK4
(10 µg/ml), HGF/NK4 10 µg/ml = HGF/NK4 (10 µg/ml) alone.
IB, immunoblotting. B, C Quantitative analysis for inhibitory
effect of HGF/NK4 on ERK (B) and MEK (C) phosphoryla-
tion. HGF/NK4 0 = VEGF (10 ng/ml) without HGF/NK4,
HGF/NK4 10 µg/ml = VEGF (10 ng/ml) and HGF/NK4
10 µg/ml. These experiments were repeated three times. Values
are expressed as percentage change in MEK phoshorylation in-
duced by VEGF. *p<0.01 vs. 0 µg/ml HGF/NK4



sential transcription factor, ets-1, for angiogenesis in-
duced by VEGF was inhibited by HGF/NK4. Inhibi-
tion of phosphorylation of ERK by HGF/NK4 might
explain its broad spectrum of anti-angiogenic activity,
as activation of ERK in turn regulates a variety of cel-
lular functions that are integral to angiogenesis, for
example, stimulation of migration [20, 21], suppres-
sion of adhesion [22], and stimulation of expression of
matrix metalloproteinase-9 [23], urokinase [24, 25],
and urokinase receptor [26]. Moreover, the MAP ki-
nase kinase inhibitor, PD 098059, prevented tubule
formation by sinusoidal endothelial cells without af-
fecting their adhesion to the basement membrane ma-
trix [27]. Inhibition of angiogenesis by HGF/NK4
might be mediated by interference with the activation
of ERK-1 and ERK-2. The specificity of the inhibition
of ERK phosphorylation by HGF/NK4 was confirmed
by the previous report that HGF, but not VEGF, spe-
cifically activated c-Met in endothelial cells by in-
creasing the phosphorylation on tyrosine residues, as
shown by immunoprecipitation and Western blotting
[34]. In addition, they also reported that HGF/NK4
alone, in concentrations up to 1000 nmol/l, did not in-
duce tyrosine phosphorylation of c-Met, and HGF/
NK4 also failed to activate c-Met in the presence of
VEGF [34].

This study showed that HGF/NK4 inhibited up-reg-
ulation of ets-1 induced by VEGF. Members of the ets
family play important roles in regulating gene expres-
sion in response to multiple developmental and mito-
genic signals [28, 29, 30]. The ets family of transcrip-
tion factors has a DNA-binding domain in common
that binds to a core GGA(A/T) DNA sequence [31]. In
situ hybridization studies have shown that the proto-
oncogene c-ets is expressed in endothelial cells at the
beginning of blood vessel formation, under normal
and pathological conditions [10, 32]. It is believed
that the ets family takes part in regulating angiogene-
sis by controlling the transcription of these genes
whose activity is necessary for the migration of endo-
thelial cells from pre-existing capillaries. Angiogenic
factors such as aFGF, bFGF or VEGF have been re-
ported to induce both ets-1 mRNA and protein [11]. In
addition, we recently reported that HGF also induced
ets-1 activity and protein [33]. These results indicate
that HGF/NK4 could inhibit expression of proteases
via inhibition of ets-1 protein synthesis, resulting in
the inhibition of angiogenesis. As HGF/NK4 did not
affect tyrosine autophosphorylation of VEGF recep-
tor-2 (KDR/Flk-1), HGF/NK4 might alter signal trans-
duction at the receptor level. This study clearly
showed that the inhibition of ERK phosphorylation by
HGF/NK4 is not due to phosphatase pathway, since
both serine/threonine and tyrosine phosphatase inhibi-
tors did not affect the inhibition of ERK phosphoryla-
tion. Interestingly, HGF/NK4 inhibited MEK phos-
phorylation at the up-stream of ERK. These results are
not consistent with the previous report using human

adult dermal microvascular endothelial cells and hu-
man lung-derived microvascular endothelial cells
[34]. They reported that HGF/NK4 inhibited the pro-
liferation of endothelial cells induced by VEGF, but
this inhibition was not due to the blockade of ERK. It
is not clear whether this difference is due to the origin
of endothelial cells from microvascular or large ves-
sels. Further studies are necessary to study the mecha-
nisms of the inhibitory effects of HGF/NK4 on endo-
thelial growth. The inhibitory effect of HGF/NK4 on
angiogenesis induced by VEGF is supported by the in
vivo rabbit corneal neovascularization model. Taken
together, HGF/NK4 could inhibit angiogenesis
through inhibition of phosphorylation of ERK and 
ets-1 protein synthesis downstream of tyrosine phos-
phorylation of KDR/Flk-1 at MEK level.

As previously reported, angiostatin, an endogenous
inhibitor of angiogenesis, diminished activation of
ERK in human dermal microvascular endothelial cells
[35]. Both of these angiogenesis inhibitors (angiosta-
tin and HGF/NK4) contain a similar protein structure,
four kringle domains. Since appropriate folding of
kringle structures is essential for angiostatin to main-
tain its full anti-endothelial activity [36], the kringle
structures of HGF/NK4 may be essential to inhibit an-
giogenesis. We have shown that HGF/NK4, a novel
HGF-antagonist, inhibits proliferation and migration
of human endothelial cells, and phosphorylation of
ERK and the increase in ets-1 protein synthesis in-
duced by VEGF in in vitro cultured endothelial cells
and in vivo rabbit model.
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