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ABSTRACT

A central feature of tumor metastasis is the migration of
malignant cells through interstitial tissues and vascular structures
as they spread throughout the body. Various components of the
extracellular matrix and of basement membranes, consisting of
genetically distinct collagens, proteoglycans, and noncollage-

nous glycoproteins, are known to modulate certain aspects of
cell behavior, including cell movement. Serum spreading factor
is a glycoprotein component of human serum that is also found
in interstitial tissues. Two native forms are seen in human serum,
a Mr 65,000 and a M, 75,000 component. Spreading factor
promotes substratum attachment and spreading of diverse cell
types, including epithelial and fibroblastic cells, and will affect the
growth rate and differentiation of ceils in serum-free culture

media. Serum spreading factor was shown to promote the
directed migration of the following tumor cell lines in modified
Boyden chamber assays: murine melanoma K-1735 (clones M2,
M4, and 16); human breast carcinoma MCF-7; and human fibro
sarcoma HT-1080. The stimulation of movement occurred over

a concentration range of 0.5 to 50 ng of serum spreading factor
per ml with a maximum response between 5 and 10 /ug/ml. The
maximal response varied with the cell line and ranged from 5- to
50-fold greater migration than control. A monoclonal antibody to

spreading factor, previously shown to inhibit the attachment and
spreading-promoting activity, abrogated this migration response.
Experiments using filters that were precoated with spreading
factor indicated that cells could migrate on an insolubilized layer
of this protein by haptotaxis. Tumor cell migration to spreading
factor in vitro suggests a possible role for this protein in the
phenotypic behavior of metastatic cells.

INTRODUCTION

The formation of distant mÃ©tastasesrequires that the malig
nant cells of a primary tumor first move through the surrounding
interstitium until they reach a vascular structure. Upon reaching
a blood or lymphatic vessel, the cells gain access to the circula
tory system by penetrating through the vessel wall. The tumor
cells then disseminate throughout the body via a hematogenous
and/or lymphatic route. At the secondary site, the cells attach to
vascular endothelial and subendothelial structures and then mi
grate through the basement membrane into the perivascular
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matrix and beyond. These intravasation and extravasation proc
esses require that the malignant cells migrate in a directional
manner through extracellular matrices and across basement
membranes in order to reach secondary sites and successfully
establish mÃ©tastases(1-5).

The biochemical mechanisms underlying the directed migration
of malignant cells are not completely resolved. There is recent
evidence that tumor cells must degrade basement membranes
and perhaps components of interstitial tissues as part of the
migration process (6-14). In addition, factors which stimulate

and promote the movement of tumor cells through tissue appear
to play an important role. A number of factors have been identi
fied which promote the movement of tumor cells in vitro (15-19).

Two terms which are frequently used to describe and discuss
factors which promote the directed migration of cells are che-

motaxis and haptotaxis. Chemotaxis is an imprecisely used term
that describes general cell migration to a gradient of attractant,
usually, but not always, assumed to be a solubilized factor in
fluid phase. Haptotaxis, in contrast, refers specifically to the
directed migration of cells along a gradient of a substratum-

bound insolubilized factor (20, 21). Several recent studies have
examined the role of various components of the extracellular
matrix in promoting tumor cell migration. Laminin and fibronectin,
for example, are 2 noncollagenous glycoprotein components of
basement membranes and interstitial tissues that can modulate
various aspects of cell behavior in vitro, including substratum
attachment and spreading (22-24). Laminin and fibronectin pro

mote the in vitro migration of a variety of tumor cells and
transformed cells, including rat Schwannoma cells (25), murine
melanoma cells (26, 27), human fibrosarcoma cells (28), and
human rhabdomyosarcoma cells (29).

SF4 is another noncollagenous component of the extracellular

matrix. It is a glycoprotein component of human serum that is
also found in interstitial tissues throughout the body (30). In
normal human serum, SF is present as 2 native forms, M, 65,000
and 75,000 components, and occurs at concentrations ranging
from 100 to 400 ÃŸg/m\(30-33). In a manner similar to laminin

and fibronectin, SF promotes attachment and spreading of cells
on glass and plastic substrates and modulates the growth rate
and differentiation of various cell types in serum-free culture
media (32, 34-38).

The present study was performed to examine the role of SF
in promoting the directed migration of various tumor cells and
human peripheral blood mononuclear and polymorphonuclear
leukocytes. The data demonstrate that SF promoted significant
migration of the following tumor cell lines in microwell modified
Boyden chamber assays: murine melanoma K-1735 (clones M2,

4The abbreviations used are: SF, serum spreading factor; DMEM, Dulbecco's
modified Eagle's medium; PBS, phosphate-buffered saline (0.14 M NaCl-0.01 M

phosphate buffer); i.d., intradermal(ly); SDS, sodium dodecyl sulfate.
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M4, and 16); human breast carcinoma cells MCF-7; and human
fibrosarcoma cells HT-1080. SF stimulated the level of random

movement of the tumor cells, and more importantly, it promoted
the directional migration of these cells. Additional studies dem
onstrated the ability of SF to stimulate haptotaxis of tumor cells,
i.e., the migration of cells to substratum-bound SF in the absence
of additional fluid-phase attractant.

MATERIALS AND METHODS

Cells. The cloned murine melanoma cell lines K-1735-M2, K-1735-
M4, and K-1735-16 were kindly provided by Dr. I. J. Fidler, University of

Texas, M. D. Anderson Hospital, Houston, TX. In tumor metastasis
assays, the M4 clone is highly metastatic, the M2 is moderately meta-

static, and the 16 clone is poorly metastatic (39). The human breast
carcinoma cell line MCF-7 was obtained from Meloy Laboratories, Spring
field, VA. The human fibrosarcoma cell line HT-1080 was obtained from

American Type Culture Collection, Rockville, MD. The melanoma and
breast carcinoma cell lines were maintained in vitro by culturing in DMEM
containing 10% fetal calf serum (heat inactivated; Grand Island Biological
Co., Grand Island, NY). The HT-1080 cells were maintained in DMEM

with 10% horse serum (heat inactivated; Sterile Systems, Inc., Logan,
UT). Human peripheral blood mononuclear cells and polymorphonuclear
cells were isolated on discontinuous FicolhHypaque gradients using
standard techniques (40).

Proteins and Antibodies. SF was isolated from human plasma using
the 4-column technique (31) with modifications as previously described

(41). Fibronectin was purified from human plasma by gelatin affinity
chromatography as previously described (42). Laminin was purified from
the mouse EHS tumor by neutral salt extraction as described (43). The
purity of all 3 proteins was assessed by SDS:polyacrylamide electropho-
resis and by reactivity in enzyme-linked immunoassays with antibodies

to various cell adhesion and matrix molecules (31, 32, 43). Monoclonal
and polyclonal antibodies to these proteins showed no cross-reactivity

with each other.
Preparation of a monoclonal antibody to SF was previously described

in detail (32). The antibody was collected from serum-free hybridoma cell

cultures by Staphylococcus aureus Protein A affinity chromatography.
The specificity was demonstrated by immunochemical staining of an
electrophoretic transfer from an SDS:polyacrylamide gel.

Rabbit antiserum to human serum SF was prepared in the following
way. Serum SF used as antigen was purified as described (31, 41 ); SF
preparations purified by these methods contain a single NH2-terminal

amino acid (aspartic acid). In order to further ensure the purity of the
antigenic material, SF preparations were subjected to SDS:poly-

acrylamide electrophoresis (7% gels), and the gels were sliced, eluted,
and assayed for SF by enzyme-linked immunoassay using monoclonal

antibody to human serum SF. Eluates from the first and last positive
slices were discarded, and eluates from slices between the first and last
were pooled and injected into a New Zealand white rabbit according to
the following protocol: 1-mg SF initial injection at multiple sites s.c. and
i.d. in incomplete adjuvant (1:1); 1-mg SF booster s.c. at multiple sites in

incomplete adjuvant (1:1) 2 weeks after the initial injection; and second
identical booster 2 weeks after the first. Blood was collected from ear
veins 2 weeks after the second booster and clotted in the cold, and the
clot was removed by centrifugation. The resulting antiserum was diluted
(1:1) with PBS, passed through a column of cyanogen bromide activated
Sepharose to which had been covalently bound human serum depleted
of SF by glass-bead affinity chromatography as described previously

(44), and stored frozen in aliquots. This antiserum at a dilution of 1:3600
detected human serum SF by enzyme-linked immunoassay, but at

dilutions as low as 1:10 did not detect other human serum proteins as
determined by immunochemical staining of electrophoretic transfers of
human serum from SDS:polyacrylamide gels. Rabbit antiserum to laminin
and fibronectin were prepared as described (43).

Goat anti-rabbit Â¡mmunoglobulin antiserum was purchased from Cap-

pel Laboratories, West Chester, PA. The goat antiserum was radiola-

beled by reductive methylation as previously described (45).
Migration Assay. The conditions and apparatus used for the micro-

chamber modified Boyden chamber assay have been previously de
scribed in detail (25). Briefly, log-phase cell cultures were trypsinized,

washed once in DMEM with 10% fetal calf serum, washed once in
serum-free DMEM, and resuspended to a final concentration of 4 x 105/

ml in DMEM with 0.015 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid buffer, pH 7.2. The putative attractants, laminin, fibronectin, and
SF, were also diluted in this medium at concentrations ranging from 0.5
to 50 Mg/ml. All filters used for the tumor cell assays were polyvinylpyr-
rolidone-free polycarbonate with an 8-nm pore size (Nucleopore, Plea-

sonton, CA). Chambers with cells and attractants were incubated for 4
h at 37Â°Cin a humid 5% C02 atmosphere.

Peripheral blood mononuclear cells were assayed on polycarbonate
filters with 5-Mm pores and with a 90-min incubation at 37Â°C.Peripheral

blood polymorphonuclear cells were assayed on polycarbonate filters
with a 2-MiTtpore size with incubation for 30 min at 37Â°C.

Cell migration was quantitated by light microscopic examination of
processed filters. Cells which had migrated to the lower filter surface
were counted with an Optomax System IV automated image analyzer
(Optomax, Inc., Mollis, NH) using a modified image analysis program
developed in our laboratory by S. L. Palm.

Checkerboard Assay. Zigmond-Hirsch checkerboard analysis of the
migration of HT-1080 cells to SF was performed as previously described

in detail (25, 46). Briefly, cell migration was quantitated with Boyden
chamber assays in which various concentrations of SF were placed into
the upper and lower wells. The difference between SF concentration in
the upper and lower wells resulted in either a net positive gradient, a net
negative gradient, or no net gradient of the protein across the filter within
each chamber. The migration assay was terminated after a 4-h incuba

tion, the filters were processed, and migration was quantitated as
described above.

Migration of HT-1080 Cells on SF-precoated Filters. Spreading

factor was diluted to 1 ng/ml in 0.05 M carbonate buffer, pH 9.6.
Polycarbonate filters were precoated with SF on one side by floating the
filter on the surface of this SF solution. This procedure was previously
shown to selectively coat only the surface which was exposed to the
attractant solution (26). Filters were precoated on both sides by immer
sion in the solution. The filters were incubated overnight at 37Â°C. The

SF-coated filters were then washed extensively in PBS, washed once in

distilled water, and then dried immediately prior to use in routine Boyden
chamber migration assays. Control filters were immersed in the carbon
ate buffer without SF and incubated overnight.

Binding of Spreading Factor, Laminin, and Fibronectin to Polycar
bonate Filters. Indirect radioimmunoassays were performed to demon
strate the binding of attractants to the polycarbonate Boyden chamber
filters. The use of an immunoassay was necessitated by technical
difficulties in the preparation of radiolabeled SF. Sections of the polycar

bonate filters (1x2 cm) were incubated in various dilutions of SF, laminin,
or fibronectin (5 to 50 Â¿ig/ml)in DMEM for 4 h at 37Â°C.The filters were

washed extensively with PBS and then incubated in 3% bovine serum
albumin in PBS for 2 h at room temperature. The filters were again
washed with PBS and incubated for 2 h at 37Â°C with affinity-purified

rabbit antibodies against the 3 proteins or with normal rabbit serum as
a control. The filters were washed again and incubated with 3H-labeled
goat anti-rabbit immunoglobulin for 2 h at 37Â°C. After a final extensive

washing with PBS, the amount of radiolabeled antibody detecting the
specific protein on the filter was quantitated with standard liquid scintil
lation techniques.

RESULTS

Tumor Cell Migration to SF. Routine Boyden chamber migra
tion assays were performed to determine the migration response
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of various tumor cell lines to increasing concentrations of SF. As
shown in Chart 1, each of the cell lines tested, the human
fibrosarcoma HT-1 080, the human breast carcinoma MCF-7, and
the differentially metastatic clones of the K-1735 murine mela

noma, responded with enhanced migration to SF in the lower
wells at concentrations from 0.5 to 50 fig/ml The maximal
increase in migration of each cell line ranged from approximately
5-fold greater than control with the various K-1735 clones to 50-
fold greater than control with the HT-1 080 cells. The optimum

concentration ranged from 5 to 10 ^g of SF per ml for all cell
lines. There was a consistent decrease from the maximum
migration level when the SF concentration was increased to 50

The migration-promoting activity of SF was then compared to
the migration-promoting activity of laminin and fibronectin for

each of the cell lines (Chart 2). Routine Boyden chamber assays
were performed to determine the response of the fibrosarcoma,
the breast carcinoma, and the murine melanoma clones to each
of these 3 extracellular proteins added to the lower wells at the
same concentration, 10 ng/m\. As shown in Chart 2, SSF pro
moted a 50-fold increase in migration of the HT-1 080 fibrosar

coma cells over control levels, while laminin and fibronectin
promoted much smaller increases in cell movement than spread
ing factor. The human breast carcinoma cells, MCF-7, demon

strated essentially no response to laminin and fibronectin but
showed marked enhancement of cell movement with SF. In
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Chart 1. Migration of tumor cells to SF. The indicated spreading factor dilutions
were dispensed in 25-/J volumes into the lower wells of the microwell Boyden
chambers. Suspensions of the indicated tumor cell lines (left) were added to the
upper wells at 4 x 10Â°cells/ml, and the chambers were incubated at 37Â°Cfor 4 h.

At each dilution of SF, the column represents migration to the attractant. Migration
was quantified by counting cells present in 5 random medium-power fields (x 200)
on the lower surface of filters from 3 replicate microchambers with an Optomax
System IV image analyzer. Data expressed as mean cell number per sq mm Â±SE.
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Chart 2. Migration of tumor cells to SF, laminin, and fibronectin. Serum spread
ing factor (SSF), laminin (LMN), and fibronectin (FN) were dispensed into the lower
well of the microwell Boyden chamber, each at 10 //g/ml in DMEM. A control
chamber (CON) was prepared by adding DMEM alone to the lower wells. The
tumor cell lines tested were added to the upper wells at 4 x 10* cells/ml, and the
chambers were incubated for 4 h at 37Â°C.Cell migration was quantified by counting
the cells in 5 random medium-power fields (x 200) on the lower surface of filters
from 3 replicate microchambers using an Optomax System IV image analyzer. Data
expressed as mean cell count per sq mm Â±SE.

contrast to the HT-1080 and MCF-7 cells, each of the 3 K-1735

murine melanoma clones responded to each of the 3 proteins
with increases in migration that were relatively similar. The
migration-promoting activity of SF was therefore moderate to

marked for all of the cell lines tested. Laminin and fibronectin, in
comparison, promoted increases in migration of the melanoma
cells that were equivalent to that promoted by SF; however,
these 2 matrix proteins promoted a much lesser response than
SF from the other cell lines, especially the MCF-7 breast carci

noma.
The specificity of the SF migration response was examined

with a monoclonal antibody to SF. This monoclonal antibody has
been previously shown to inhibit the attachment and spreading
promoting activity of SF (32). Boyden chamber assays were
performed in which tumor cell migration to 10 ng of SF per ml
alone was compared to migration in a chamber with 10 ng of SF
per ml together with 40 /*g of anti-SF monoclonal antibody per
ml in the lower wells. Chart 3 shows that addition of the anti-SF
monoclonal antibody inhibited the expected increase in migration
to SF by 40 to 75%, depending on the cell type. The greatest
inhibition produced by the antibody was seen in the migration of
the MCF-7 breast carcinoma cells, the cells that showed the

greatest difference between migration to SF and migration to
laminin or fibronectin. In similar experiments, performed as a
control, this monoclonal antibody had no effect on the migration
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Chart3. Inhibition of migration to SF by antibody. SF was diluted to
in both DMEM and in DMEM containing 40 Â¿igof an anti-spreading factor monoclo
nal antibody per ml. For each of the tumor cell lines tested, migration to spreading
factor and to spreading factor plus anti-spreading factor antibody was determined.
Cell migration was quantified by counting the cells in 5 random medium-power (x
200) fields on the lower surface of filters from 3 replicate microchambers using an
Optomax System IV image analyzer. The decrease in migration of each tumor cell
line that was seen with the addition of the antibody is expressed as percentage of
inhibition of the migration observed in the absence of antibody.

of any of the tumor cells to laminici and fibronectin (data not
shown).

Additional studies were performed to examine the role of SF
in promoting the movement of peripheral blood leukocytes. Boy-

den chamber assays were performed utilizing migration to the
synthetic tripeptide, f-Met-Leu-Phe, as a positive control for

stimulated cell movement (47). It was found that SF, laminin, and
fibronectin, added to the lower wells at concentrations from 1 to
100 Â¿ig/ml,failed to promote the migration of either human
mononuclear or polymorphonuclear peripheral blood cells in a
30-90 minute assay (data not shown).

Checkerboard Analyses. Checkerboard analyses were per
formed with the HT-1080 fibrosarcoma cells to further evaluate

and characterize cell migration to SF (Chart 4). Checkerboard
analyses examine the cell migration response to various estab
lished gradients of attractant. The analyses were performed with
Boyden chamber assays by placing various concentrations of
attractant above and below each filter. In Chart 4, each square
of the "checkerboard" represents a unique gradient condition.

The number in each square represents tumor cell migration in
response to the given concentrations of SF in the upper and
lower wells of the chamber. The difference between the concen
tration of SF in the upper and lower wells determined the nature
of the resultant gradient. A comparison was performed of cell
migration in the presence of various net positive SF gradients
(more SF in the lower than upper wells; Chart 4, below the
diagonal line) and cell migration under conditions with various
net negative gradients (more SF in the upper than lower wells;
Chart 4, above the diagonal line). The control level of migration
(20 cells/sq mm) was determined with SF absent from both the
upper and lower wells as indicated by the square in the upper
left corner of Chart 4. These studies demonstrated that tumor
cell migration was markedly increased in the presence of positive
gradients of SF, as indicated by the much larger numbers located
in squares below the diagonal in Chart 4. Cell migration toward
a positive gradient of attractant is termed "directional migration."

Cell movement under nongradient conditions (equal SF in upper
and lower wells; Chart 4, along the diagonal line from upper left
to lower right) is referred to as "random migration." As indicated
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Chart 4. Checkerboard analysis of HT-1080 migration to spreading factor.
Dilutions of spreading factor were made as indicated by the bold-faced type in the
left-most vertical column, and 25 Â¡Aof each concentration were dispensed into the

lower wells of the microwell Boyden chamber. Filters were overlayed, and 50 Â¡Aof
cell suspension (4x10" cells/ml) containing the SF concentrations indicated by
the bold-faced type in the uppermost horizontal row were dispensed into the upper

wells. After incubation, the filters were fixed and processed. Cell migration was
quantified by counting the cells in 5 random medium-power fields (x 200) on the
lower surface of filters from 3 replicate microchambers using an Optomax System
IV image analyzer. Data are expressed as the cell count per sq mm (mean Â±SE).
The number in each square of the checkerboard indicates the level of migration of
the HT-1080 fibrosarcoma cells in a chamber with the corresponding concentrations

of spreading factor in the upper and lower wells. The control level of migration is
indicated by the square in the left upper corner of the Chart [SF (0 Â»ig/ml)in upper
and lower wells]. Squares along the diagonal line from upper left to lower right
represent determinations with equal concentrations of SF in the upper and lower
wells. Squares above the diagonal line represent conditions with more SF in the
upper than in the tower wells (net negative gradients). Squares below the diagonal
line indicate migration occurring with more SF in the lower than in the upper well
(net positive gradients).

in Chart 4, SF produced a moderate increase in random migration
over the control level. Spreading factor, therefore, was shown
to promote both the directional and the random migration of
tumor cells.

Migration of Tumor Cells on SF-precoated Filters. The mi
gration of HT-1080 fibrosarcoma cells to substratum-bound SF

was determined in the presence and absence of SF in solution
to evaluate the mechanism of cell movement to this attractant.

Polycarbonate filters were precoated overnight with 1 u,g of
SF per ml in carbonate buffer to bind the protein to the upper
surface only, the lower surface only, or on both surfaces. Follow
ing extensive washing of the filters, Boyden chamber assays
were performed in both the presence and absence of additional
fluid-phase SF in the lower wells. These studies compared the
relative migration-promoting activity of substratum-bound versus
fluid-phase attractant.

In the initial experiments, fibrosarcoma cell migration on the
various SF-precoated filters was determined in the absence of
additional fluid-phase SF in the lower wells. As shown in Chart

5, there was a very small increase in cell migration on the filter
that was precoated with SF on both surfaces (Chart 5, Column
A) and on the filter that was precoated on the upper surface only
(Chart 5, Column B) compared to migration on the control
uncoated filter (Chart 5, Column D). In contrast, there is a very
marked increase in migration (22-fold) on the filter that was

precoated with SF on the lower surface only, 1100 cells/sq mm
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Charts. Migration of HT-1080 cells on spreading factor-precoated filters. Po
lycarbonate filters were precoated to insolubilize spreading factor on either both
surfaces (Column A), on the upper surface only (Column B), or on the lower surface
only (Column C). Migration on an uncoated control filter was also done (Column D).
After extensive washing, the filters were used in Boyden chamber migration assays
in the absence of additional fluid-phase spreading factor in the lower wells. Data
are obtained by counting the cells in 5 random medium-power fields (x 200) on the
lower surface of filters from 3 replicate mfcrochambers using an Optomax System
IV image analyzer. Data are expressed as the cell count per sq mm (mean Â±SE).

(Chart 5, Column C), over the control level, 50 cells/sq mm.
These data indicate that substratum-bound SF, in the absence
of additional fluid-phase attractant, will promote as marked an
increase in migration when it is present as a positive gradient as
when the lower surface only is precoated. Migration in response
to an insolubilized attractant, as shown here with SF, and to
gradients of increasing cell adhesion is termed "haptotaxis."

In the subsequent experiments, fibrosarcoma cell migration on
each of the various precoated filters was determined in the
presence of additional fluid-phase SF added to the lower wells

at concentrations of 0.5 to 50 u.g/mi As shown in Chart 6, there
was approximately equal migration at all fluid-phase SF concen

trations on the filter that was precoated on both sides (Chart
6/4). On the filter that was precoated on the upper surface only
(Chart 6B), there were low levels of cell movement that were
relatively equivalent at the various SF concentrations. On the
filter that was precoated with SF on the lower surface only (Chart
6C), there was a much greater level of cell migration than on the
other 2 precoated filters (Chart 6, A and B). The migration
observed in Chart 6C, on the filter with a precoated lower surface,
was approximately equivalent at each of the lower concentra
tions of fluid-phase SF (0.5 to 5 /ug/ml). A decrease from the

maximum migration was seen when higher concentrations of
fluid-phase SF (10 to 50 /ig/ml) were added below the filter. This
decrease is presumably attributable to diffusion of SF through
the filter pores to the upper chamber during the 4-h incubation

period when it is added to the lower wells at high concentrations.
The diffusion of SF across the filter presumably results in a
decrease in the net SF gradient and mimics the effect that was
seen when both sides of the filter were precoated with SF (Chart
QA). A similar decrease in migration was also seen at 50 u.g/m\
of fluid-phase SF when the fibrosarcoma cells were assayed on

the filter that was not precoated (Chart 60).
These data show that precoating the filters with SF on either

one or both surfaces (Chart 6, A to C) abrogated the fluid-phase,
concentration-dependent migration response that was seen on

the uncoated control filter (Chart 6O). On precoated filters,
therefore, the response was relatively independent of the fluid-

phase attractant and dependent on the insolubilized layer of SF.
These results suggest that, in the initial migration assays per
formed with uncoated filters (Chart 1), the migrating tumor cells
were perhaps responding to SF which had become bound to the
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Charte. Migration of HT-1080 fibrosarcoma cells on filters precoated or not
with spreading factor with additional fluid-phase attractant. Polycarbonate filters
were precoated with spreading factor either on both surfaces (A), the upper filter
surface only (B), or on the lower filter surface only (C). After extensive washing,
the filters were used in Boyden chamber migration assays with fluid-phase SF
added to the lower wells at concentrations ranging from 0.5 to 50 /ug/ml (bottom).
Migration of cells on uncoated control filters was also done (D). For each level of
fluid-phase SF in each graph, the column indicates the level of migration. Data are
obtained by quantification of cells in 5 medium-powered fields (x 200) on the lower
surface of filters from 3 replicate microchambers using an Optomax System IV
image analyzer and are expressed as cell count per sq mm (mean Â±SE).

lower filter surface during the assay and were not, in fact,
responding to the attractant in fluid phase.

In order to determine whether or not the tumor cells can react
with solubilized SF, the effect of preincubation of tumor cells
with SF in fluid phase on the subsequent migration response to
SF was examined. Preincubation of inflammatory cells, such as
polymorphonuclear cells, with various chemotactic factors will
desensitize the cells and inhibit the ability of the cells to respond
to that specific factor in subsequent migration assays (48).
Suspensions of HT-1080 fibrosarcoma cells were adjusted to 4
x 105 cells/ml in DMEM:4-(2-hydroxyethyl)-1-piperazineethane-

sulfonic acid with 200 /Â¿gof SF per ml and were incubated at
37Â°Cfor 1 h. After washing once in DMEM without serum, the

cells were evaluated for migration to SF in a routine Boyden
chamber assay. Preincubation did not inactivate or desensitize
the cells; i.e., exposure to soluble SF had no effect on subse
quent migration to SF (data not shown). These results further
suggest that the tumor cells were not responding to SF in fluid
phase but that in assays showing migration, the cells were
responding to SF that was deposited on the filter surface during
the incubation period.

Binding of Spreading Factor, Laminin, and Fibronectin to
Polycarbonate Filters. The migration of cells on SF-precoated
filters and the lack of cell desensitization by fluid-phase SF

suggest that migration in the routine Boyden chamber assay
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may be substantially, if not solely, due to a substratum-bound

attractant. This would be possible only if SF became bound to
the lower filter surface during the 4-h incubation period and thus

formed an insolubilized positive gradient. To evaluate whether
such binding might occur, sections of polycarbonate Boyden
chamber filters (1x2 cm) were incubated in various dilutions of
SF, laminin, or fibronectin in DMEM. Incubation was for 4 h at
37Â°C, simulating the conditions of a migration assay. After

extensive washing, binding of the proteins to the filters was
detected with an indirect radioimmunoassay. Chart 7 demon
strates the binding, expressed as cpm of radiolabeled secondary
antibody bound to the specific primary antibodies reacting with
SF, fibronectin, and laminin on the filters. The data show that, at
the attractant levels used in this assay (5,10, and 50 /Â¿g/ml),SF
and laminin bind in a concentration-dependent fashion, while
fibronectin binds in a concentration-independent manner, imply

ing that the levels used were saturating. It was demonstrated
therefore that SF, laminin, and fibronectin bind to the polycar
bonate filters under the conditions of a migration assay. These
results support the suggestion that tumor cell movement in the
migration assays was promoted by insolubilized attractant; i.e.,
the cells migrated by a haptotactic mechanism.

DISCUSSION

The spread of cancer throughout the body is a highly complex,
multistage process. In order to form mÃ©tastasesat distant sites,
malignant cells must first move through interstitial tissues and
gain access to the circulatory system by penetrating through
vessel walls. Having disseminated via the hematogenous and/or
lymphatic routes to the secondary sites, the metastatic cells
attach to endothelial and subendothelial structures and invade
through basement membranes into perivascular tissues and
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Chart 7. Radioimmunometric determination of binding of spreading factor, fibro
nectin, and laminin to polycarbonate filters. Sections of polycarbonate Boyden
chamber filters (1x2 cm) were incubated in dilutions of spreading factor (SF),
fibronectin (FW),and laminin (LMN) at 5,10, and 50 >ig/ml in DMEM. Other sections
were incubated in DMEM alone as controls. After extensive washing, binding of
proteins was detected using an indirect radioimmunoassay with specific rabbit
antibodies to each of the respective proteins as the primary antibody and 3H-
labeled goat anti-rabbit immunoglobulin secondary antibody. Binding of the radio-
labeled secondary antibody, indicating specific attractant bound to the filter, was
quantitated by standard liquid scintillation techniques and is expressed as cpm.
Nonspecific binding of the secondary antibody to a filter which had been incubated
in DMEM alone is indicated by the leftmost bar (0). Control determinations were
performed with filters which had been incubated in each of the protein dilutions
using normal rabbit serum as the primary antibody and with additional control filters
which had been incubated Â¡nmedium alone and treated with each of the primary
specific rabbit antibodies. Binding of radiolabeled secondary antibody to these
control filters did not exceed the level of nonspecific binding (0) (data not shown).

adjacent parenchyma (1-5). A central feature of this metastatic

process is the stimulation of directional tumor cell movement
through the extracellular matrix, vascular walls, and basement
membranes. This current study evaluated the ability of the
plasma and interstitial matrix protein SF to promote the in vitro
directional migration of a variety of tumor cell types.

The present study showed that the murine melanoma K-1735,
the human breast carcinoma MCF-7, and the human fibrosar
coma HT-1080 migrate to SF. Enhanced migration was observed

over a concentration range of 0.5 to 50 ng of SF per ml with a
maximum response of 5- to 50-fold greater migration than con

trol. The maximum response was seen at 5 to 10 ^g of SF per
ml with a consistent decrease seen at the highest concentration.
Spreading factor promoted a much greater increase in the mi
gration of the HT-1080 fibrosarcoma and the MCF-7 breast

carcinoma cells than did equal concentrations of either laminin
or fibronectin. However, all 3 proteins at 10 /ig/ml have approx
imately equivalent migration-promoting activity for the 3 differ

entially metastatic clones of the murine melanoma. Spreading
factor did not promote migration of human peripheral blood
mononuclear or polymorphonuclear leukocytes. The specificity
of the response was demonstrated by inhibition of the migration
response by a monoclonal antibody to SF. This monoclonal
antibody had no effect on migration to laminin or fibronectin.

Checkerboard analyses performed with HT-1080 cells showed

that the response to SF was predominantly directional in nature.
Maximum migration occurred only in the presence of a positive
gradient of SF. A much smaller increase in migration occurred in
negative gradients and in nongradient conditions, indicating that
SF could also cause a modest acceleration of random migration.

As previously noted, a decrease in migration from maximum
levels was seen consistently when the concentration of fluid-

phase SF in the lower wells exceeded 10 Â¿Â¿g/ml.This suggested
the possibility that SF was diffusing to the upper chamber during
the incubation period. Once it was in the upper chamber, the
diffused SF could reduce or even abolish the attractant gradient
and thus decrease cell migration. Since it has proven to be
technically difficult to radiolabel SF, it is difficult to directly dem
onstrate diffusion through the filter. However, since small pep-
tides, such as f-Met-Leu-Phe, and even large peptides, such as
laminin (26), are known to diffuse across polycarbonate filters,
presumably, SF will behave in a similar manner.

Migration assays were performed with HT-1080 cells on filters

that were precoated with SF, either on the top surface only, on
the lower surface only, or on both surfaces. The assays were
run with and without additional fluid-phase SF added to the lower

wells. Maximum migration of cells occurred in the presence of a
substratum-bound positive gradient of SF, I.e., when SF was

precoated on the lower surface only. In addition, precoating
either one side or both sides of the filter with insolubilized SF
abrogated the fluid-phase, concentration-dependent response

that was seen on the uncoated control filters. Migration on the
precoated filters was predominantly independent of any addi
tional fluid-phase attractant. These data indicated that the tumor

cell migration response was primarily directional in nature and
was occurring by a haptotactic mechanism. The very modest
increase in migration over control levels that was seen with either
coating of both sides of the filter or coating of the upper surface
only indicated a small increase Â¡nhaptotactic random migration
also.
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Preincubation of cells with 200 HQof SF per ml, simulating the
level of exposure to cells in the bloodstream, had no effect on
subsequent migration assays. This suggested that the tumor
cells were either unable to react, or reacted minimally, to fluid-

phase SF, and that the enhanced migration that was seen on
uncoated filters was in response to SF which had become bound
to the filter during the incubation period. The idea that the cells
are migrating to SF by a haptotactic mechanism was further
supported by radioimmunochemical data which showed that SF
was deposited and bound to the filter surface under conditions
that were similar to the routine migration assay.

Haptotaxis is a term, descriptive of cell movement, that refers
specifically to the directed migration of cells to concentration
gradients of insolubilized attractants. Whereas the term chemo-

taxis has been used in a more general sense, as directed
movement of cells to a soluble attractant, haptotaxis refers
specifically to the situation of a substratum-bound attractant.

Haptotaxis is thought to play a role in the highly complex
movements of embryonic development and wound repair, where
large numbers of cells migrate as sheets or clusters, i.e., epiboly,
and individual cells must move in a coordinated manner relative
to each other (20,21).

The potential significance of haptotaxis in the metastatic proc
ess is suggested by recent studies which show a correlation
between tumor cell metastatic potential and cell attachment rates
to insolubilized endothelial and subendothelial components (8,
49-51). However, the suggestion that the directed migration of

metastatic tumor cells through tissue could be achieved by a
haptotactic mechanism in vivo requires the demonstration that
insolubilized factors, located within appropriate extracellular
sites, could have migration-promoting activity. A significant find

ing in this regard is the recent demonstration of the directed
migration of a rat Schwannoma (25) and a murine melanoma cell
line (26, 27) to substratum-bound laminin and fibronectin in the
absence of additional fluid-phase attractant. Laminin and fibro
nectin are 2 basement membrane and extracellular matrix gly-

coproteins (22). They are known to promote attachment of
various cells in vitro and, as suggested by these recent data,
could possibly promote the movement of tumor cells through the
interstitium and vascular walls.

SF is a glycoprotein component of human serum that is also
found in interstitial tissues. In serum, it is present in 2 native
forms with molecular weights of 65,000 and 75,000 (30,31,33).
The concentration of spreading factor in normal serum ranges
from 100 to 400 fig/m\ (30-33). Thrombin digestion of the native
forms yields a single M, 57,000 species that retains the immu-
nological and biological properties of native spreading factor (52).
In a manner similar to laminin and fibronectin, SF promotes the
attachment and spreading of a variety of epithelial and fibroblastic
cell types in vitro; however, it is Â¡mmunologicallyand biochemi
cally distinct (30, 32, 34-38). Spreading factor is, however,

related immunologically to epibolin (32), a M, 65,000 glycopro
tein of human serum identified and isolated by Stenn and co-
workers (53, 54). Epibolin promotes attachment, spreading, and
migration of epidermal cells in culture. Spreading factor can also
modulate the growth rate and the differentiation of cells in serum-
free culture (36-38). By immunochemical methods, SF is found

in human platelets (32) and in extracts of placenta! tissue (30).
By immunohistochemistry, SF can be demonstrated in interstitial
tissues in a distribution pattern that is similar to fibronectin (30).

Details of the molecular interactions of SF with other serum and
matrix proteins remain to be elucidated, and the significance of
SF to any physiological and pathological processes has yet to
be determined.

The present study showed that tumor cell lines can be stimu
lated to migrate in a directed manner to insolubilized SF. The
implication is that SF in the serum and/or the interstitium partic
ipates in the formation of adhesive and attractive gradients that
could promote tumor cell intravasation and extravasation. The
metastatic spread of cancer is still the primary source of failure
and frustration in the treatment of solid cancers. Recent investi
gations have shown that the metastatic process is highly ineffi
cient due to the complex nature and large number of physiolog
ical, anatomical, and immunological barriers that must be over
come at each stage of tumor cell spreading (55). Recognition of
this fact has promoted interest in detailed analysis of the mech
anisms of metastasis in the hope that potential rate-limiting steps
may be defined, leading to effective intervention of metastasis
formation. The directed migration of tumor cells may prove to be
a vulnerable point in this process, but the molecular mechanisms
guiding cell migration must first be fully elucidated.
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