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Autocrine motility factor (AMF) is a type of tumor-
ecreted cytokine which primarily stimulates tumor
ell motility via receptor-mediated signaling path-
ays, and is thought to be connected to tumor progres-

ion and metastasis. Using in vivo models, we showed
hat critical neovascularization responded to a biolog-
cal amount of AMF. This angiogenic activity was fixed
y specific inhibitors against AMF. AMF stimulated in
itro motility of human umbilical vein endothelial
ells (HUVECs), inducing the expression of cell sur-
ace AMF receptor localizing a single predominant pe-
inuclear pattern closely correlated with its motile
bility. AMF also elicited the formation of tube-like
tructures mimicking angiogenesis when HUVECs
ere grown in three-dimensional type I collagen gels.
e further immunohistochemically detected AMF re-

eptors on the surrounding sites of newborn microves-
els. These findings suggest that AMF is a possible
umor progressive angiogenic factor which may act in

paracrine manner for the endothelial cells in the
linical neoplasm, and it will be a new target for anti-
ngiogenic treatment. © 2001 Academic Press

Key Words: AMF; gp78; cell motility; tumor angiogen-
sis; metastasis.

Metastasis is an important clinical parameter in the
rognosis of patients who develop malignant tumors. It
enerally occurs via the vascular or lymphangial sys-
em on distant organs such as the liver or lung metas-
asis of colon cancer; therefore, metastasis is closely
elated to the vascular system. Another important re-
ation between metastasis and blood vessels is angio-
enesis. For solid tumors of more than several milli-

Abbreviations used: AMF, autocrine motility factor; E4P,
rythrose 4-phosphate; HUVECs, human umbilical vein endothelial
ells; PHI, phosphohexose isomerase.
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ssential from tumor-generated new blood vessels.
herefore, solid tumors cannot grow without the induc-
ion of angiogenesis (1). Tumor growth is accelerated
ith the induction of angiogenesis, invading into the

urrounding host tissue, and disseminating to distant
rgans. There are reported to be correlations between
umor vascular density and clinical malignancy in nu-
erous malignant tumors, and an unfavorable progno-

is for tumors with a high density of vessels (2–4).
Molecular mechanisms of angiogenesis have been

nvestigated since angiogenesis was recognized to play
serious role in solid tumor progression. It is well

nown that the processes of neovascularization are
ostulated to synchronize with the up-regulation or
own-regulation of several angiogenic factors (5). Tu-
or angiogenesis is promoted by angiogenic-stimu-

ating factors alone or in combination, such as vascular
ndothelial growth factor (VEGF), platelet-derived en-
othelial cell growth factor (PD-ECGF), and interleu-
in 8 (IL-8) which are overexpressed in solid tumors
6–10). The angiogenic factors modulate the single or

ultiple phases among the three processes of angio-
enesis: (i) enzymatic degradation of the basement
embrane; (ii) endothelial cell migration; and (iii) en-

othelial cell multiplication. The mechanisms of angio-
enesis have been elucidated with the demonstration
f the roles of factors in each process. We focused on
endothelial cell migration,” as so far little investiga-
ion has been done on this aspect.

Autocrine motility factor (AMF) is a major cell
otility-stimulating factor associated with the devel-

pment of tumors. AMF was originally purified from
he conditioned medium of human A2058 melanoma
ells as a cytokine with an estimated size of 55 kDa and
timulates the motility of the producing cells directly
r at random (11). The stimulation of tumor cell motil-
ty with AMF is induced by AMF-binding to the cell
urface of the 78 kDa glycoprotein AMF receptor gp78
12, 13). Receptor stimulus with AMF leads to a per-
ussis toxin-sensitive G-protein activation (14), inositol
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ion (16, 17), and receptor phosphorylation (18). These
lterations of intracellular metabolism are considered
o promote cell locomotion. There have been many re-
orts that enhanced expression of AMF and AMF re-
eptor is correlated with progression of malignant tu-
ors. AMF has been purified from the culture media of

arious tumor strains as an autocrine-type motility
actor, and its mechanism, including interaction with
ts receptor gp78, has been investigated.

The remarkable property of AMF is identified with
hosphohexose isomerase/neuroleukin (PHI/NLK), which
atalyzes conversion of glucose 6-phosphate to fructose
-phosphate (19). Furthermore, it is recognized that
MF has PHI enzymatic activity. AMF activities are

nhibited with specific PHI inhibitor, and commercial
HI has AMF activities. AMF secretion has never been

ound on normal cells, although AMF has molecular
imilarities to the PHI family which is a kind of en-
yme associated with intracellular saccharic metabo-
ism. However, it is presumed that the AMF/PHI ex-
racellular receptor may be expressed on normal cells
ue to PHI distribution. Quite recently, Shimizu et al.
ecognized the expression of the AMF receptor mRNA
n various mouse normal tissues (20). This possibly
uggests that tumor AMF may react to normal cells
hrough its gp78 or an unknown receptor on the mem-
rane and affect and control its motile conditions. That
s, AMF not only stimulates AMF-producing tumor cell

otility in an autocrine manner, but also acts as a
aracrine factor to vein endothelial cells to induce an-
iogenesis with cell motility stimulation, and may fa-
ilitate metastasis through these effects on the metas-
asis phase. Thus, we examined whether AMF may
xhibit angiogenic activity by focusing on endothelial
ell motility, which is a previously unrecognized bio-
ogical property of AMF.

ATERIALS AND METHODS

Antibodies and reagents. The anti-gp78 rat monoclonal antibody
3F3A) was used in the form of either ascites fluid or concentrated
ybridoma supernatant (12, 13, 18). The anti-recombinant human
MF polyclonal antibody was obtained from immunized New Zea-

and white rabbit serum by conventional methods. The fluorescein
sothiocyanate (FITC)-conjugated goat anti-rat antibody was pur-
hased from Biochemical Technologies Inc. (Stoughton, MA). The
orseradish peroxidase (HRP)-conjugated goat anti-rabbit or rat an-
ibody was purchased from American Qualex (San Clemente, CA).
ype I collagen was obtained from Funakoshi (Tokyo, Japan), and
econstituted basement membrane Matrigel was purchased from
ollaborative Research Inc. (Bedford, MA). Erythrose 4-phosphate

E4P) was purchased from Sigma (St. Louis, MO). 3,39-Diamino-
enzidine tetrahydrochloride (DAB) was purchased from GIBCO
RL (Rockville, MD).

Cell culture. Human umbilical endothelial cells (HUVECs) ob-
ained from Cell Application, Inc. (San Diego, CA), were maintained
n RPMI 1640 medium supplemented with 20% heat-inactivated
etal bovine serum (FBS) and endothelial cell growth supplement
ECGS; Collaborative Research Inc., Bedford, MA). Human fibrosar-
119
edium (DMEM) containing 10% FBS. These lines were main-
ained at 37°C in an air–5.0% CO2 incubator under mycoplasma-free
onditions.

AMF mutant lines and recombinant human AMF. Cloned AMF
DNA and ribozyme against AMF mRNA (21) were inserted into the
ammalian expression vector pBK-CMV (Amersham Pharmacia
iotech, Uppsala, Sweden) at an EcoRI site and transfected to HT-
080 cells. Three stable transfectant lines, AMF-rich, AMF-knockout
nd mock, were maintained with 500 mg/ml G-418. Expression and
ecretion of AMF protein were confirmed by Western blot analysis
sing serum-free conditioned media from these three clones. The
MF secretion activity of AMF-rich transfectant line was 4.0-fold
igher than that of the control counterpart (mock), which showed the
ame level as parental cells.
Recombinant human AMF (rhAMF) was created as a glutathione

-transferase (GST) fusion protein (22). AMF cDNA was inserted
nto Escherichia coli expression vector pGEX-6P (Amersham Phar-

acia Biotech) and GST-free AMF was purified by using recombi-
ant protein purification system (Amersham Pharmacia Biotech).
hAMF was recognized as a single band on the silver-stained gel of
odium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
AGE).

Cell motility assay. Cell motility was analyzed by using a phago-
inetic track assay (23). Coverslips were coated with a uniform layer
f 1.0% bovine serum albumin (BSA) by means of fixing with 100%
thanol and warm air-drying. The treated coverslips were then em-
edded with colloidal gold particles and placed onto six multiwell
lates (SUMILON) with DMEM containing AMF. Then 2.0 3 103

UVECs were seeded on each coverslip. After 24 h of culture, phago-
inetic tracks were visualized using dark-field illumination and at
east 50 gold particle-free fields were measured.

Immunofluorescent detection. HUVECs were seeded on cover-
lips and cultured with or without AMF for 24 h. These cells on
he coverslips were then fixed with 3.5% paraformaldehyde in
hosphate-buffered saline (PBS) for 10 min at room temperature or
ce-cooled (280°C) methanol for 30 min at 220°C for the cell surface
r permeabilized immmunofluorescent stain. The cells were washed
hree times with PBS and incubated with 10% 3F3A in PBS for 30
in at room temperature. After incubation with primary antibody,

he coverslips were washed and incubated in the dark with 5.0%
ITC-conjugated goat anti-rat antibody in PBS as a secondary anti-
ody for 30 min at room temperature. The coverslips were washed
xtensively and then mounted on slides with glycerol, and fluores-
ent images were visualized using a Laser Scanning Microscope
LSM 510; Carl Zeiss Co., Ltd.).

In vitro angiogenesis assay. The assay for in vitro tube formation
f HUVECs was performed by the reported method with slight mod-
fication (24). HUVECs suspended in RPMI 1640 containing 1.0%
BS were cultured for 24 h on the surface of 0.2% type I collagen
repared with exposure of RPMI 1640 containing 1.0% FBS poured
nto collagen gel for 1 h in 24 multiwell plates (SUMILON). After the
edium was removed at the end of the incubation, an equivalent

olume of 0.2% collagen solution was overlaid and the plates were
llowed to stand for 1 h to solidify the collagen. Then 1.0% FBS–
PMI 1640 with or without AMF was added to the well and cultured.
he medium was changed every other day and morphological
hanges which resembled a tubular structure in the gel were ob-
erved and photographed under a phase-contrast microscope after a
0-day culture.

In vivo Matrigel plug assay. Matrigel plug assay according to the
eport by Passaniti et al. (25) was performed to examine the potential
ffect of AMF on angiogenesis in vivo. Matrigel (10 mg/ml) in liquid
orm at 4°C was mixed with AMF and injected subcutaneously into
he abdominal region of BALB/c mice (0.5 ml volume each). Matrigel
apidly forms a plug at body temperature after injection, and the
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issues. After 14 days, the Matrigel plugs were removed, fixed in
ouin’s solution and embedded in paraffin. Histological sections of

he gel were stained with hematoxylin and eosin. The ingrowth of
lood vessels was microscopically observed.

Tumor angiogenesis assay. HT-1080 AMF-transfectant lines
ere suspended in PBS at a concentration of 1.0 3 106 cells/ml, and
.2 ml of this suspension was injected into a diffusion chamber
onsisting of a ring (Millipore) covered with 0.45-mm-pore filters
Millipore) on both sides. The chamber containing tumor cells was
nserted into a dorsal air sac of BALB/c mice made by injecting air.
he mice were sacrificed, the skins contacted to the chamber were
arefully removed on day 3 or 5, and the newly formed capillary
etworks were observed and photographed.

Immunohistochemistry. The resected skins showing neovascular-
zation were fixed in Bouin’s solution, embedded in paraffin, and sliced
nto 5-mm-thick sections. To prevent endogenous peroxidases, the
eparaffinized sections were incubated with 0.3% H2O2 in methanol at
oom temperature for 30 min. After blocking with 3.0% BSA in PBS, the
lides were exposed to rabbit anti-rhAMF or 3F3A in PBS at room
emperature for 15 min. They were then reacted with a 10% HRP-
onjugated goat anti-rabbit or rat antibody at room temperature for 15
in and developed according to the DAB stain methods.

ESULTS

MF Stimulates Endothelial Cell Motility

AMF was originally identified as a cytokine that
nhances tumor cells motility in an autocrine manner
nd was identified with PHI/NLK, which is a conse-
uential intracellular molecule (11, 19). AMF is recog-
ized as a secretory cytokine only from tumor cells, but
ay have an effect on normal tissues that should have
MF receptor gp78, as PHI universally exists in nor-
al tissues. Therefore, we questioned the effect of
MF on normal cells, especially endothelial cells. The
ffect of AMF on endothelial cell motility was evalu-
ted by phagokinetic analysis of overnight cultures of
UVECs. The average motile area of the untreated
UVECs was 15.7 mm2/h, and the motility response
as stimulated by AMF treatment (Fig. 1). AMF stim-
lated the motility of HUVECs approximately 2.0-fold
t an AMF concentration of 50 pg/ml to that without
timulation (P , 0.001, Student’s t test). The stimu-
ation by AMF on HUVECs motility was at the same
evel as for tumor cells and the effective dose was
imilar to that on tumor cells. However, AMF did not
ffect the endothelial cell proliferation in vitro with the
ffective dose against HUVEC motility (data not
hown).

MF Receptor Expression on Endothelial Cells Surface

Tumor cell locomotion enhanced by AMF results
rom the binding of AMF to gp78. Such AMF-
timulated motility of HUVECs raises the question of
hether motility stimulation is dependent on the in-

eraction between AMF and gp78-like tumor cells. To
xamine the distribution of gp78 on the cell surface or
ntracellular expression of HUVECs, cells were im-
120
unofluorescently stained with anti-gp78 antibodies.
s shown in Fig. 2, gp78 was not detected on the
urface of untreated cells, while AMF exposed cells
xhibited gp78 expression, which closely correlated
ith their motility response. Furthermore, the gp78
xpression on the cell surface was localized predomi-
antly in a single perinuclear pattern with motility
nhancement having some similarity to high-loco-
otive tumor cell localization (12, 14). There was little

ifference in the distribution of intracellular gp78, al-
hough it was expressed with scattered vesicles (data
ot shown).

romotive Ability of AMF to Organize Capillary
Tubes of Endothelial Cells

To accomplish the process of angiogenesis, migrating
ndothelial cells must undergo morphogenesis such as

FIG. 1. Motility response of HUVECs stimulated by AMF expo-
ure. (a) HUVECs were plated on colloidal gold cover slides in culture
edium with or without various concentrations of AMF. After 24 h,

he cells were fixed and the migration of at least 50 fields was
hotographed and each motile area was calculated by NIH Image
oftware. Values are expressed as the mean 6 SEM. *P , 0.01;
*P , 0.001 by Student’s t test. (b) Typical images of this assay. 1,
ontrol HUVECs; 2, 50 pg/ml; 3, 100 pg/ml AMF-treated HUVECs,
espectively. Magnification, 340.
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ormation of capillary-like tubes. We investigated the
ossibility that AMF affects tubular morphogenesis in
itro. As described under Materials and Methods,
UVECs were plated onto collagen gels, and cultured
ith or without AMF. After 10 days of culture, AMF

nduced a network of branched and associated elon-
ated cells which often anastomosed with one another
Fig. 3b). While HUVECs maintained in the control
edium at the same time constituted tube-like struc-

ures in the collagen gels, the structures were obvi-
usly less than that of AMF-treated cells. The exposure
f 50 pg/ml of AMF caused about 2.5-fold higher in
itro angiogenesis than at the control level (Fig. 3a).

n Vivo Angiogenic Effect of AMF

To examine the potential effect of AMF on angiogenic
ctivity in vivo, we used two different assays. One was
he Matrigel plug assay; Matrigel impregnated with
amples were injected subcutaneously into mice. By
his assay, we tested whether AMF would be able to
romote new vessel formation in Matrigel plugs. Mice

FIG. 2. gp78 expression on HUVECs surface after the exposure w
4 h. The cells were fixed, processed for immunofluorescent staining
nd photographed with magnification, 31000. Arrow indicates the co
MF; b, 10 pg/ml; c, 50 pg/ml; d, 100 pg/ml AMF exposure, respecti
121
njected with Matrigel containing AMF (1, 10, 100 or
000 ng) were sacrificed for histological analysis of the
atrigel plugs after 14 days. Microscopic histological

nalysis of hematoxylin and eosin-stained plugs
howed little cellularity on the border of the control
lugs (Fig. 4a), but a large number of invaded cells and
essels were recognized in the plugs containing 10 ng
MF (Fig. 4b). As for the plugs with 100 ng of AMF,
ven more invaded cells and considerable tubular
tructures were recognized (Fig. 4c). Histological ex-
mination revealed half-maximal and maximal angio-
enic responses of AMF at 10 and 100 ng, respectively.
In the other assay, we investigated the contribution

f AMF on tumor-induced angiogenesis. In this in vivo
odel, a diffusion chamber containing tumor cells was

ransplanted into a mouse dorsal air sac. Extensive
apillary networks developed in the dorsal subcutis in
ontact with transplanted chamber. The AMF mutants
f human fibrosarcoma HT-1080, AMF-high expression
r AMF-knockout, were transplanted into the cham-
er, and the effect of AMF was assayed (Fig. 5). The

AMF. HUVECs were exposed to various concentrations of AMF for
detect the surface gp78 as described under Materials and Methods
ponding location of gp78 fluorescence on the cells. a, untreated with
.

ith
to

rres
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resence of HT-1080 cells (control-transfectant line) in
he chamber promoted the development of capillary
etworks, tumor neovasculatures, in the dorsal subcu-
is in contact with the implanted chamber on day 5
Fig. 5b-1). Newly developed capillary blood vessels
ere observed in mice which carried AMF-high expres-

ion tumor cells after 3 days in addition to the preex-
sting microvessels, but AMF-knockout tumor cells ex-
ibited reduction of angiogenic responses on day 5 (Fig.

FIG. 3. Effect of AMF on in vitro tube-like structure formation of
UVECs. (a) Cells were seeded onto type I collagen gel in culture
edium with or without different concentrations of AMF. After 10

ays culture, the formed twigs were photographed under phase-
ontrast microscope with magnification, 3100 and its 10 random
elds were determined with NIH image software and the total

ength per field was calculated. Values are expressed as the mean 6
D. *P , 0.01; **P , 0.001 by Student’s t test. (b) Typical

mages of HUVECs tube formation used for analyzing. 1, control
without AMF); 2, 10 pg/ml; 3, 50 pg/ml; 4, 100 pg/ml AMF addition,
espectively.
122
p78 expression were found on the edge of newborn
icrovessels by the immunohistochemistrical analysis

or new blood vessels in mice carrying the AMF-high
xpression tumor (Fig. 6).

FIG. 4. Microscopic morphology of Matrigel plugs. Matrigel in
he presence or absence of AMF was injected into female BALB/c
ice subcutaneously (n 5 3). Plugs were removed after 14 days and

araffin-embedded. 5-mm-thick sections of plugs were subjected to
ematoxylin and eosin stain. a, control (Matrigel without AMF); b,
0 ng; c, 100 ng AMF containing Matrigel, respectively. Pictures
hown as typical images visualized under magnification, 3200.
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We also assessed the suppression of angiogenesis
ith AMF inhibitors in vivo by using the same dorsal
ir sac assay in mice. E4P, which is known as a PHI
nzymic inhibitor (19), or column-purified polyclonal
gG against AMF was used as the inhibitor. Subcuta-
eous administration of the inhibitor near the tumor
hamber reduced the development of tumor neovascu-
arization (Fig. 7). Mice given the AMF inhibitor devel-
ped microvessels with fragile structures compared to
he control; furthermore, many tiny bleeding spots
ere observed with 500 mg/mouse/day of E4P or 25
g/mouse/day of anti-AMF IgG treatment.

ISCUSSION

Angiogenesis, formation of capillary blood vessels
eading to neovascularization, is an organic reaction
aused by endothelial cell growth and migration from
re-existing blood vessels (26), and is essential to form
circulatory system or fabric at the embryonic phase

n vertebrate (27, 28). It is also associated with an
rray of pathologic processes including inflammatory

FIG. 5. In vivo angiogenesis induced by AMF. AMF mutants of hu
mplanted into a BALB/c mice (n 5 3). A network of newly formed b
as observed (indicated as an arrow) and photographed by digital im

he capillary networks developed inside the rings implanted with
T-1080 mutant cells (2), or AMF-high-expression HT-1080 mutant
123
isease, diabetic retinopathy and wound-healing. Cap-
llary blood vessels are arranged in a series of cellular
rocesses, that is, endothelial cells can migrate, prop-
gate, organize to lumen and form new capillaries in
esponse to appropriate angiogenic signals (29). A
umber of angiogenic factors have been identified, such
s vascular endothelial growth factor (VEGF), basic-,
cidic-fibloblast growth factor (bFGF, aFGF), platelet-
erived endothelial cell growth factor (PD-ECGF),
ransforming growth factor b (TGFb), tumor necrosis
actor (TNF), angiogenin and interleukin 8 (IL-8) (26,
0, 31).
Our results in this report demonstrate a new previ-

usly unrecognized function of AMF as a tumor angio-
enic factor. When Matrigel containing AMF was sub-
utaneously injected into mice, vigorous positive
ngiogenic response was recognized. In contrast to the
ontrol plugs without AMF which were noninvaded
nd actually acellular, Matrigel plugs impregnated
ith AMF had numerous infiltrated cells and orga-
ized to form capillary-like tubular structures. Fur-
hermore, the structures possessed a cellular assembly

n fibrosarcoma HT-1080 were injected into a diffusion chamber and
vessels on the skins contacted to chamber on day 3 (a) or day 5 (b)

s of 1.4 Million Pixels CCD, Olympus Optical Co., Ltd. Pictures are
mber containing control HT-1080 mutant cells (1), AMF-knockout
lls (3).
ma
lood
age

cha
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hich appears to be endothelial cells in the blood ves-
els. The histological properties of this kind of angio-
enic response were similar to those induced by other
ngiogenic factors. Therefore, we have come to the
onclusion that AMF is a tumor-derived angiogenic
actor for the surrounding tissues.

We further investigated whether AMF could modu-
ate angiogenesis with an in vivo model; i.e., a diffusion
hamber method with AMF overexpression or AMF-
nockout variable tumor cells. An assay of this kind
ould be able to estimate the angiogenic effect against

ncessant exposure to various tumor-secreted proteins
nd factors. Neovascularization was occurred at an
arly stage and its vessels image was apparent when
ndothelium was revealed much tumor AMF. Little
eovasculature seemed to be developed against the
MF-knockout tumor. Furthermore the angiogenic ef-

ect derived from this AMF-rich tumor was fixed by
nti-AMF polyclonal antibody or E4P which is known
s a specific enzymic inhibitor of PHI. It is well known
hat malignant tumor cells secrete various angiogenic
actors. Extensive research has shown that the VEGF-
ystem plays an important part in most cases as a
umor angiogenic factor, and other investigations sug-
ested that some cytokines like PD-ECGF or IL-8 are

FIG. 6. Immunohistochemical localization of AMF and AMF rec
ew blood vessels demonstrated in Fig. 5 were paraffin-embedded
nti-AMF or gp78 antibody as described under Materials and Me
ackground; c, AMF observation; d, gp78 observation, respectively.
124
losely related to cancerous angiogenesis (32–34). Our
esults reveal that AMF also plays an essential role
nd contributes substantially to tumor angiogenesis.
any clinical studies demonstrated that excessive en-

ymic activity of PHI identified as AMF is found in the
erum of patients who had malignant tumors with
bundant small blood vessels such as kidney, breast
nd colorectal carcinoma, etc. (35–37). The presence of
MF/PHI molecules seems to be implicated in tumor
alignancy and its progression, including various type

f angiogenesis (38).
Tumor cell autocrine motility factor (AMF) was orig-

nally distinguished as a cell motility modulating fac-
or of tumor cells (11). Secreted AMF has not hitherto
een observed in normal cells and tissues despite the
xpression of the AMF receptor gene in various mouse
issues, because research on AMF was limited to can-
erous investigations. However, AMF is hypothesized
o participate in physiolosical phenomena through its
ell motile stimulation activity by a molecule identified
s PHI/NLK which acts at the intracellular saccharic
etabolism. Experiments using in vitro assays re-

ealed that HUVECs locomotion was promoted by
MF-exposure. The effective dose for HUVECs motile
timulation well corresponded to those of previous re-

or on the angiogenesis phase. The skins containing tumor-induced
sliced into 5-mm-thick sections. Each section was incubated with

ds. a, hematoxylin and eosin staining; b, immunohistochemically
ow indicates each positive staining. Magnification, 3400.
ept
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orts on various types of tumor cells. The AMF recep-
or gp78 was observed at a predominant perinuclear
omain on HUVECs surface, and it closely correlated
ith enhanced motility. The expression of gp78 as such
single intensive pattern on the membrane surface of
UVECs was in good agreement with previous obser-

ations using high-metastatic tumor lines (12, 14). It is
uggested that internalization of gp78 (endocytosis)
nd return to leading lamella on cytomembrane (exo-
ytosis) might occur after AMF-bounding, and a single
redominant domain would appear along the cell edge
n the AMF-stimulated high-metastatic tumors (14,
9). Such distinct gp78 distribution between the pe-
inuclear domain on HUVECs and the verge place on
alignant cells is unclear. The mechanism and control

f endocytosis or exocytosis of gp78 on normal cells may
e different from those of tumor cells. Furthermore,
MF stimulated the growth of tubular HUVECs in

ollagen three-dimensional gels in vitro. This result
lso suggests that HUVECs migration was promoted
y AMF via binding to its receptor, i.e., gp78 exists on
he HUVECs membrane and its expression is pro-
oted by AMF stimulation. The mechanism of the

nhanced angiogenesis observed in mouse model is
onceived to be similar to that of HUVECs experi-
ents, and histochemical findings of gp78 expression

f the surrounding neovascularizated capillary vessels
lso support our assumption. Intracellular signalling
athways consist of a complicated informational net-
ork involving a number of signal transduction mole-

ules. Cell locomotion is thought to be a final resolution
f various signal transduction cascades. Promotion of
umor cell motility initiated by the AMF–gp78 system
s believed to be a series of subcellular processes in-

FIG. 7. Inhibition of in vivo tumor-induced angiogenesis by AMF i
ecognized as AMF high expression were placed into diffusion cham
ALB/c mice (n 5 3). 500 mg E4P/mouse/day or 25 mg column-purifi
usly administered near the chamber every 3 days before sacrifice
esected. The capillary blood vessels inside the chamber were photogr
ictures for neovascularization of PBS vehicle control (a), E4P-treate
ypical tumor-associated neovascularization.
125
luding serine/threonine autophosphorylation of gp78,
ctivation of protein kinase C-dependent signal trans-
ission and cytoskeletal rearrangements (40). The es-

ential cytokine receptors and cytokines for neovascu-
arization are practically tyrosine kinase-dependent
eceptors and recognizable ligands. Since endothelial
ells responded against the AMF stimulation similarly
o the tumor cells reported previously, the binding
ehavior of AMF to gp78 on endothelial cells surface
ay activate the identical signal transduction path-
ay, or multiplicative effects with other or unknown
ngiogenic cytokines related signaling may strongly
nduce the neovascular formation in vivo.

The respective systems of in vivo and in vitro assays
re different. Agreement between the in vivo and in
itro actions of cytokines at angiogenic response is not
niversal. TNF and TGFb stimulate angiogenesis in in
ivo systems (41–43), but TNF suppresses ansiogen-
sis in vitro as an inhibitor of endothelial growth (41,
2) and TGFb exhibits the endothelial proliferation
nd motility (44, 45). It was considered that the angio-
enic effect of TNF and TGFb in vivo are a secondary
unction resulting macrophage/monocyte mobilization
nd gathering, because it would be able to up-regulate
he secretion of cell mitogenic factors such as VEGF
46, 47). The regulation mechanisms of these various
ngiogenic cytokines are also modulated or controlled
y the surrounding extracellular environment. Other
tudies suggest that TGFb promotes the capillary-like
ube formation in collagen gel (48, 49). TNF can stim-
late the endothelial cell migration (41), and the stim-
lation is significantly enhanced when interleukin 6
IL-6) known as a cytokine transiently expressed in
odent endothelium during physiologic angiogenesis

bitors treatment. 4.5 3 105 of HT-1080 transfectant cells which were
with 0.45-mm-pore filters. The chamber was inserted in the back of
rabbit polyclonal antibody against AMF/mouse/day was subcutane-
days after the chamber implantation, the mouse dorsal skin was
ed by the same methods as described in the legend to Fig. 5. Typical

b), and anti-AMF IgG-treated (c) mice are shown. Arrowheads show
nhi
ber
ed
. 5
aph
d (



(50) which inhibits its proliferation (51) coexists (41,
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2). These findings indicate that the complexities of the
ngiogenic phenomena and physiologic angiogenesis
re due to expression and interaction of coordinated
ultiple cytokines. Generally, the angiogenic effect of

ytokines in the in vivo studies are considered to be due
o various secondary factors which are produced from
he surrounding tissues by the cytokines stimulation in
ddition to the direct cytokines effect itself. AMF
hows the angiogenic effect in the respective in vivo
nd in vitro assays. The anti-AMF antibodies could fix
he neovascularization in the mouse model, and AMF-
xposure also incited the endothelial cells to express
he AMF receptor on the membrane in the in vitro
ystem. These results suggest that AMF directly acts
gainst the endothelium and it would be able to per-
orm an important role in clinical tumor angiogenesis.
mplified angiogenesis observed in the two different

ypes of in vivo assays clearly shows the direct effect of
MF on endothelial cells; i.e., AMF stimulates and
nhances the endothelial migration. Enhancement of
n vitro endothelial cell locomotion and tube formation
lso support this in vivo observation. AMF had been
ecognized as a kind of autocrine-type cytokine that
cted against only tumor cells as the name implies.
owever, our new findings in this report suggest that
MF can affect normal surrounding tissues in a para-

rine mannner. The gp78 expression on the HUVECs
urface which is responsible for AMF stimulation, and
mmunohistchemical observation of the gp78 on the
utside of the newborn blood vessel wall also suggest
hat AMF secreted by tumor cells will be able to stim-
late the migration of various normal cells. This pos-
ibility also means that AMF affects the conditions of
ther cancers such as the development of ascites and
leural effusion due to increased capillary permeabil-
ty. AMF has not hitherto been detected from normal
ell lines although AMF has closely high homology
equence with PHI; therefore, AMF is thought to be
ome special form of PHI in cancer cells. Recent re-
earch suggests that some cell motile stimulating fac-
ors are really an ecto/exo-enzyme, such as the T-cell
hemotactic factor is a CAP37/azurocidin which is a
ind of serine protease (53) or autotaxin known as a
umor cell motility factor having high homology
gainst phosphodiesterase (54). It is unclear why these
ntracellular enzymes would be secreted, showing an
xtracellular cytokine-like function in cancer cells. It
ay be a kind of carcinogenic mutation or it may act as

n orphan ligand in wholesome bodies. In any case, it is
onceivable that they have important roles in the reg-
lation and control of homeostasis for both normal and
eoplastic tissues.
Angiogenesis is a critical physiological reaction in-

luding various essential and important processes such
s embryogenesis, wound healing and inflammation.
orbid angiogenesis such as tumor-inducing neovas-
126
herefore, to fix the angiogenesis is necessary in these
ases. AMF will be a new target as an anti-angiogenic
ffect because the cell motile stimulating activity of
MF will be blocked by an antibody or well-known
pecific inhibitors. Also, AMF may be an effective and
afe treatment factor for some diseases which need the
ormation of new blood vessels such as cerebral hem-
rrhage. In this paper, we have demonstrated new
iological functions as well as further possibilities of
umor-secreted AMF.
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