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ABSTRACT

Tumor autocrine imitili!) factor (AMF) is a cytokine which stimulates
both random and directed cell migration by self-producing cells. AMF
has been detected in and purified from serum-free conditioned medium
of murine B16-F1 melanoma cells. Under nonreducing conditions AMF
migrates in sodium dodecyl sulfate-polyacrylamide gel electrophoresis as
a single band of M, 55,000, whereas under reducing conditions it migrates
as a single polypeptide of M, 64,000. Two-dimensional polyacrylamide
gel electrophoresis of the purified AMF resolved two polypeptides with
isoelectric points of 6.35 (major) and 6.4 (minor). No carbohydrate side
chains were detected in the B16-F1 AMF. Purified AMF stimulated
BI6-F1 cell migration in a dose-dependent fashion and bound directly in
a protein-protein-binding assay to the AMF receptor, a cell surface
glycoprotein of M, 78,000 jglycoprotein (gp) 78|. The involvement of
gp78 in AMF-stimulated function was demonstrated by motility assays.
These results suggest that AMF is the natural ligand for the gp78-AMF

receptor.

INTRODUCTION

Invasion of surrounding normal tissue through vascular
boundaries is a prerequisite step for successful tumor cell me
tastasis. Such movement might be mediated by motility of
individual cells or groups of cells at the advancing edge of
tumor protrusions (1, 2). The locomotory machinery and the
systems which regulate its activity and directionality are not
known. The nonrandom nature and organ specificity of met-

astatic dissemination suggest that there are specific parameters
directing cell movement (1, 2).

In order to understand the specific role that active cell loco
motion plays in invasion and metastasis, some research efforts
have focused on potential chemotactic and motility factor in-
ducers of cell locomotion. Host serum proteins and extracellu
lar matrix breakdown products were found to exert a chemo
tactic effect on various tumor cells (3-5). A different experi
mental approach to understanding cell movement has identified
a group of secreted cytokines with molecular masses between
55 and 92 kDa which appear to be specific inducers of cell
motility. Rat ascites hepatoma AH 109A cells were found to
secrete a chemotactic polypeptide thought to facilitate malig
nant invasion (6). Fetal and tumor-derived fibroblasts exhibit
similar modes of migratory behavior and were found to secrete
a "migration stimulating factor" which stimulates cell penetra

tion through collagen matrix (7, 8). A fibroblastic scatter factor
was reported to exert paracrine activity on epithelial-mesenchy-
mal cell interactions and to induce invasiveness of tumor epi
thelial cells (9-11). A tumor-secreted cytokine (~M, approxi
mately 55,000) was implicated in the induction of both random
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and directed cell migration of self-producing cells and has,
therefore, been denoted AMF5 (12,13). AMF-stimulated tumor

motility is associated with pseudopodial protrusion (14), and it
was suggested that AMF interacts with a cell surface receptor
which is coupled to a pertussis toxin-sensitive G protein to
initiate cell motility (15). We previously demonstrated that a
mAb against an M, 78.000 B16-F1 melanoma gp78 and B16-
Fl melanoma serum-free media containing AMF stimulate cell
motility through a GTP-binding protein pathway and desig
nated gp78 as the receptor for B16-F1 AMF (16). Here we
show the purification to homogeneity of a highly potent B16-
Fl melanoma AMF and demonstrate its direct binding to an
affinity-purified gp78, implying that gp78 is the AMF receptor.

MATERIALS AND METHODS

Cell and Culture Conditions. The murine B16-F1 melanoma cell lines
were grown on plastic in Dulbecco's modified Eagle's minimal essential

medium supplemented with glutamine, essential and nonessential
amino acids, vitamins, antibiotics, and 10% heat-inactivated fetal bo
vine serum. The cells were maintained at 37Â°Cin a humidified atmos

phere of 79o COi, 93% air. To ensure reproducibility. all experiments
were performed with cultures grown for no longer than 6 weeks after
recovery from frozen stocks.

Purification of AMF. Semiconfluent 3-day monolayer cultures of
B16-F1 melanoma cells were washed three times in Ca2+- and Mg2+-

free PBS and then cultured in serum-free medium. Twenty-four h later
the medium was collected and replaced by fresh serum-free medium
which was collected 24 h later; no loss of cell viability was observed
during this culturing as determined by dye exclusion. The conditioned
medium (1000 ml) was clarified by centrifugation at 10,000 x g for 10
min and then dialyzed extensively against water and concentrated by
lyophilization. The freeze-dried material was resuspended in PBS buffer
(pH 7.2) and washed through a 30.000 NMWL filter unit (Ultrafree-
MC, Millipore) to remove any small molecular weight macromolecules.
The resultant (2 ml) was then applied to a 123-ml bed volume Sephacryl
S-200 (Pharmacia) molecular sieve using PBS as the eluting buffer.
Fractions ( I ml) were collected at a flow rate of 5 ml/h. Each fraction
was assayed for migratory activity, and a single major peak of activity
was identified. The peak was I25Ilabeled by the chloramine-T method
(17) and analyzed by one- and two-dimensional polyacrylamide gel
electrophoresis. One-dimensional 12.5% slab SDS-PAGE was per
formed according to the method of Laemmli (18). Two-dimensional
PAGE was performed according to the method of O'Farrell (19) as

modified by Paine (20), and iodinated proteins were detected by
autoradiography.

Phagokinetic Track Motility Assay. Uniform carpets of gold particles
were prepared on glass coverslips coated with BSA. as described by
Albrecht-Buehler (21). Colloidal gold-coated coverslips were placed in
35-mm tissue culture dishes and 2000 B16-F1 cells in a suspension
culture were added to each plate. After 24 h the various phagokinetic
tracts were visualized using dark-field illumination in an Olympus or
Nikon inverted microscope at a magnification of x 200. The area cleared
of gold particles by at least 50 cells was measured and the SE reflecting
a 95% confidence level calculated.

gp78 Purification and AMF Binding. gp78 was extracted from B16-
Fl melanoma cells with Nonidet P-40 as previously described (22) and

'The abbreviations used are: AMF. autocrine motility factor; SDS, sodium

dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; gp78. M, 78.000
glycoprotein; mAb, monoclonal antibody; PBS, phosphate-buffered saline (pH
7.2); BSA. bovine serum albumin; pi. isoelectric point.
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Fig. 1. Purification of B16-F1 AM F by molecular sieve chromatography. as

described in "Materials and Methods." Inset, peak of activity was IJ!I labeled and
separated by \2.5% SDS-PAGE under reducing (a) and nonreducing (b) condi
tions followed by autoradiography. M, I4C molecular weight markers (in

thousands).

subjected to an immunoaffinity purification on a rat anti-gp78 mAb

affinity column (16). The direct binding of gp78 to the AMF was
examined by protein slot blot hybridization. Purified gp78 in 200 n\ of
PBS was applied to prewetted nitrocellulose paper (Schleicher and
Schuell Co.) using a mini-slot blot apparatus (Bio-Rad) for 20 min at
room temperature. The slots were then washed three times with PBS
containing 0.1% BSA to block any free protein-binding sites on the
nitrocellulose. ['"IJ-AMF (0.8 x 10" cpm/ml) was added to the slots

for 30 min at room temperature, the nonbound AMF was then washed
with PBS, and the filters were autoradiographed.

RESULTS

Purification of B16-F1 Melanoma AMF. B16-F1 melanoma
cells secrete into the culture-conditioned medium potent heat-
labile AMF activity (16). For its purification, serum-free con
ditioned medium was concentrated and subjected to molecular
sieve chromatography (Fig. 1). Each fraction was analyzed for
its effect on B16-F1 cell motility; the activity was found to
reside between fractions 51 and 54 (Fig. 1) and showed 300-
fold purification. The original unconcentrated conditioned me
dium had a protein content of 35 Mg/ml and specific activity
(concentration required to elicit a maximal response as com
pared to the anti-gp78 mAb, determined by serial dilution effect
on motility) of 6 Mg/ml. After the medium was concentrated, it
contained 2.7 mg/ml protein and displayed a similar specific
activity. The protein content after the second concentration was
2.1 mg/ml and this preparation elicited a maximal response at
5.4 Mg/ml. The column-purified AMF showed a specific activity
of 10-20 pg/ml and a protein concentration of 0.1 Mg/ml. A
sample from each step of the purification process was subjected
to 12.5% SDS-PAGE and silver stained (Bio-Rad) to monitor
progress according to the specifications of the manufacturer.
Numerous bands were visible in all samples except the column

fractions exhibiting motility-stimulating activity (data not
shown), which were devoid of any bands even after heavy
staining. This material was iodinated and separated by 12.5%
SDS-PAGE in the presence or absence of mercaptoethanol and
found by autoradiography to comprise a single polypeptide
(Fig. 1, inset). No additional bands were seen even after pro
longed autoradiography (>2 weeks). Under reducing conditions
the band migrates with an apparent molecular weight of 64,000
and under nonreducing conditions as 55,000, suggesting that it
contains cysteines forming an intrapeptide disulfide bond(s).
Similar molecular sizes (under reducing and nonreducing con
ditions) were previously reported for the human A2058 mela
noma AMF (13), implying that the human and the mouse
melanoma AMFs are likely to be similar. Next, we questioned
whether B16-F1 AMF is a glycoprotein. Treatment of the [I25I]
-AMF with neuraminidase (0.1 units for 30 min at 37Â°C)to

remove terminal sialic acid residues did not affect its apparent
molecular weight on SDS-PAGE (not shown). In addition, a
nonradioactive AMF was separated by SDS-PAGE, electrob-
lotted to nitrocellulose, and subjected to a [125I]-wheat germ

agglutinin overlay procedure (22). No radioactive band was
detected following prolonged autoradiography (not shown).
Based on these two criteria we suggest that B16-F1 AMF is
probably not a glycoprotein. Two-dimensional PAGE of the
purified [':5I]-AMF resolved it into two acidic (near neutral)

polypeptides exhibiting pi values of 6.35 (major) and 6.4 (mi
nor), respectively (Fig. 2).

The purified B16-F1 AMF stimulates B16-F1 cell motility
in a dose-dependent fashion and exerts maximal stimulating
activity between 10 and 20 pg/ml (Fig. 3).

B16-F1 AMF Is the Ligand of gp78. Previously we showed
that the binding of anti-gp78 mAb to its antigen was inhibited
(10-fold) by preincubation of the blots with AMF-containing
serum-free conditioned media and proposed that gp78 behaves
as the AMF receptor (16). To examine whether the purified
B16-F1 AMF binds directly to gp78, gp78 was affinity purified
from B16-F1 melanoma cell extracts on an affinity column of
anti-gp78 mAb coupled to cyanogen bromide-activated Sepha-
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Fig. 2. Two-dimensional gel electrophoresis analysis of purified B16-F1 AMF.
A sample of |'"I]-AMF was subjected to isoelcctric focusing in the first dimension
(left to right) and to SDS-PAGE (nonreducingl in the second dimension (top to
bottom). Top, pH values of the gel slices corresponding to the migration of the
AMF in the isoelcctric gels. MC molecular Â»eightstandards (in thousands) were

electrophoresed in the second dimension alongside the AMF sample. The gels
were processed for autoradiography.
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Fig. 3. Dose-dependent motilily stimulation of B16-F1 cells by the purified

B16-F1 AMF. Zero stimulation represents the basal motility of the control
(unstimulated) cells. Bar, SE obtained from measurements of at least 50 cells per
point.

rose (Pharmacia). gp78 was eluted from the column as a single
band (Fig. 4A) and its binding to [125I]-AMF was analyzed by
double-dilution slot blot hybridization. As seen in Fig. 4B, the
purified B16-F1 ['25I]-AMF binds directly to the nitrocellulose-
immobilized B16-F1 gp78, and no significant binding was
detected in the gp78-free slots. To further analyze the relation
ship between AMF and gp78, B16-F1 melanoma cells were
stimulated to migrate by either purified AMF or anti-gp78
mAb, which mimics the physiological effect of AMF (16), in
the absence or presence of soluble gp78 (Fig. 5). B16-F1 cells
plated on a gold particle-coated substrate in the presence of
either AMF (Fig. 5B) or of anti-gp78 mAb (Fig. 5C) revealed
a 2-fold increase in cell motility as compared with the nonstim-
ulated cells (Fig. 5A). The soluble gp78 did not affect the basal
motility of the cells (Fig. 5D), whereas it did inhibit the stimu
latory effect of both B16-F1 AMF (Fig. 5E) and anti-gp78 mAb
(Fig. 5F). The inhibition is probably the result of competitive
binding of the ligands by the soluble gp78 molecules and thus
dilution of the activity.

DISCUSSION

The present study demonstrates that B16-F1 melanoma cells
secrete an AMF with an apparent molecular weight of 55,000
on SDS-PAGE. Under reducing conditions, AMF exhibits an
apparent molecular weight of 64,000. The purified AMF in
duces motility of the secreting B16-F1 cells in a dose-dependent
fashion. The observed lack of increased motility stimulation
beyond a maximal value, even when a large excess of the
purified AMF is added, may be due to receptor saturation or
possibly this may represent the upper threshold of a rate-
limiting step in the motility stimulation pathway.

Previously, AMF was purified from A2058 human mela
noma-conditioned medium and migrated on nonreduced and
reduced SDS-PAGE with identical molecular weights to the
B16-F1 AMF (13) (Fig. 1). It was proposed that the higher
migration of AMF in the presence of a reducing agent indicates
the reduction of existing intrachain disiili ule bonds. The B16-
Fl melanoma AMF was resolved by isoelectric focusing into
two polypeptides with pis of 6.35 and 6.4. The reason for the
appearance of AMFs with the same molecular weight but with
two different isoelectric points is unknown. Recently, we also
purified the human AMF homologue from HT-1080 fibrosa-
coma-conditioned medium, and the human AMF was resolved
by isoelectric focusing into four polypeptides; two of them had
identical pis to the mouse and two were more acidic with pis

of 6.1 and 6.2. Posttranslational modification such as glycosy-
lation could explain this behavior; however, attempts to dem
onstrate the presence of a covalently bound carbohydrate in
purified B16-F1 AMF by neuraminidase cleavage and lectin
binding were unsuccessful. It is possible that there is more than
one homologous gene encoding AMFs of the same molecular
weight or that the polypeptides undergo slight postranslational
modification which may lead to the appearance of the differ
ently charged AMF isoforms. These properties distinguish
AMF from other motility-inducing factors, i.e., the M, 70,000
migration-stimulating factor (7, 8), the glycosylated M, 32,000-
92,000 scatter factor (9, 10, 11), the acidic and basic fibroblast
growth factors (24, 25), and the insulin-like growth factor (15).
AMF, like scatter factor, migrates on SDS-PAGE differently
in the presence of a reducing agent (9, 13, 24) (Fig. 1). Unlike
scatter factor, which dissociates under reducing conditions into
several polypeptides (9, 25), however, the mouse B16-F1 (Fig.
1) and human A2058 melanoma (13) AMFs remain as intact
polypeptides regardless of the reducing conditions.

Previously, a mAb directed against gp78 was used to study
its surface distribution and possible function in cell locomotion
(16). On motile cells, gp78 was localized by immunofluores-
cence to the leading lamella as well as to the trailing edge,
suggesting shuffling of gp78 during cell migration. Anti-gp78
mAb was found to mimic the physiological effect of AMF, and
the enhanced motility induced by either anti-gp78 mAb or AMF
were both inhibited by a pertussis toxin-sensitive G protein
pathway as has been described for other motility factors (13,
26). The binding of anti-gp78 mAb to its antigen was inhibited
(10-fold) by preincubation with B16-F1 AMF-containing
serum-free conditioned medium. Based on such functional
properties it was suggested that gp78 is the AMF receptor of
B16-F1 melanoma cells (16, 27). We now show that immuno-
purified gp78, immobilized on nitrocellulose, binds [U5I]-AMF

directly. This, in conjunction with competitive inhibition of
AMF-stimulated cell motility by soluble gp78, permits the
conclusion that AMF is the natural ligand of gp78. It is evident
from the present and previous reports4 (16, 27) that AMF is a

modulator of cell motility in culture and possibly plays a role
in tumor cell invasion and metastasis in vivo. The purification

B

9P78

Fig. 4. Binding analysis of B16-F1 AMF lo BI6-F1 gp78. In A, gp78 was
affinity purified from B16-F1 cell extract by chromatography on a anti-gp78-
Sepharose column. After elution. the protein peak was radiolabeled with 12!Iand
analyzed on 8cc SDS-PAGE followed by autoradiography. In B, protein-protein
hybridization of purified B16-F1 melanoma [125I]-AMF to affinity purified gp78
is shown. The binding was analyzed by double dilution in a mini-slot blot
hybridization apparatus. gp78 was added in 200 ^1 to the slots, 0.37 pg to the
upper and 0.19 fig to the lower for 20 min at room temperature. After the cells
were washed, the free nitrocellular protein-binding sites were blocked with 0.1%
BSA, and following additional washing, 200 pi of |I25I]-AMF was added for 30
min at room temperature. The reaction was terminated by washing and the filter
was transferred for autoradiography.
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Fig. 5. Stimulated motility of BI6-I I cells in absence (Â«-Â«â€¢)and presence (Â«/-/)of soluble affinity-purified gp78 (0.05 fig). C'ells Â«ereplated on colloidal gold-
coated coverslips in culture medium (a and </).supplemented with 10 pg/ml BI6-FI AMF (h and./') and anti-gp78 m.\b (r and/). After 24 h cells were photographed

under dark-field illumination and the particle-free area of at least 50 individual cells was measured. The average area cleared of gold particles and the SE are given in
the lower rixhthanil corner of each representative photomicrograph (x 600).

of larger quantities of the AMF will allow analysis of binding
kinetics, receptor affinity, and number of binding sites. Further
investigation will include the molecular cloning of both the
AMF and gp78 and studies of the signal transduetion of AMF
via its receptor in order to establish their roles in cell kinesis
and their relevance to invasion and metastasis.
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