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ABSTRACF

A varietyof normalcells and tumorcell lines of differingmetastatic
potential were evaluatedfor their effect on various substratesconsisting
of purified preparations of the basement membrane-associatedproteins
fibronectin, laminin, and type IV collagen, which were labeled with tritium
and/or rhodamine isothiocyanate. Different degrees ofclearing or release
of material from the substrate were observed, depending on the cell
protein combination. Normal fibroblasts as well as transformed cells and
cells of low metastatic potential showed extensive clearing of surfaces
coated with fibronectin, l@minin,and type IV collagen. This clearing of
protein began at sites of initial cell adhesion and was restricted to areas
beneath and/or along the apparent paths of cell migration and beneath
cellular processes.Covalent attachment of adhesion proteins to glass
coverslips nearly eliminated clearing and release. Studies showed that a
substantial amount of the fibronectin released from the substrate by HT
1080 fibrosarcoma cells is due to proteolysis. Release and clearing of
substratum-attached protein is reduced by approximately 50% by anti
bodies specific for the protein on the substrate. Tumor cells with low
inetastatic potential were found to produce higher levels of clearing and
release of protein adsorbed to the substrate than tumor cells with high
metastatic potential. This was true for variants of the marine K-1735
melanoma and the UV-2237 fibrosarcoma with high and low metastatic
capability on all three basedsent membrane-associated protein substrates.
The differences in clearing and release between high and low metastatic
cells were not due to differencesin initial cell adhesion to the substrates
but may be associatedwith differencesin the affinity,type of cell
substrate interactions, proteases, or other variables.

INTRODUC1ION

The localized invasion of tumor cells into the surrounding
host tissue and the metastatic spread of tumor cells to distant
sites frequently involve the penetration of certain basement
membranes.A number ofmechanisms might be involved in this
event, including mec@ianicalpressure resulting from the rapid
proliferation of tumor cells, escape of tumor cells through
temporary discontinuities or localized defects in the basement
membranes, and enzymatic digestion of basement membrane
and connective tissue components (1â€”5).These proteolytic en
zymes may be secreted by tumor cells or even by host inflam
matory cells.

Basement membranes are composed of collagens, primarily
type IV collagen, glycoproteins such as laminin, and proteogly
cans (6, 7). The basement membrane-associated components
most often mentioned in the context of enzymatic digestion by
tumor-associated proteasesand collagenasesare type IV colla
gen and the glycoproteins laminin and fibronectin (i). Recent
studies have also shown the degradation ofbasement membrane
proteoglycans by various tumor cells (8).

Malignant tumors are known to be composed of heteroge
neous cell populations, including subpopulations with widely
differing metastatic potential, growth rate, and antigenic prop
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erties, as well as other properties related to their invasive
potential (9). In addition, tumors are infiltrated to varying
degrees with normal host cells such as lymphocytes, fibroblasts,
and macrophages (10â€”12).Interactions among different cancer
cell subpopulations or among cancer cells and host cells might
play an important role in controlling the expression of the
metastatic phenotype, including the localized degradation of
limiting basement membranes (12).

An inescapable component of tumor metastasis is the ability
of tumor cells to migrate (13) and to degrade basement mem
brane constituents. In order to understand this more thor
oughly, we have plated a number of normal cells and tumor
cells lines with known metastatic potential on purified prepa
rations of the basement membrane or basement membrane
associated proteins laminin, fibronectin, and type IV collagen.
These proteins were adsorbed to glass coverslips and labeled
with tritium or rhodamine isothiocyanate. A number of specific
substrate alterations, including substrate proteolysis, were seen,
depending on the composition of the substrate material. Most
notably, normal cells and tumor cells with low metastatic po
tential were found to induce more significant levels of substrate
clearing or release than tumor cells with high metastatic poten
tial. The possible basis for this cellular alteration of substrate
is discussed.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. The human fibrosarcoma cell line
HT-l080(14)was obtained from the American Type Culture Collection
(Rockville, MD). The K-l735 mouse melanoma sublines 16 and M4
(15), displaying low and high metastatic potential, respectively, were
kindly provided by Dr. I. J. Fidler (M. D. Anderson Cancer Center) as
was the mousemelanoma B16 line. The mousefibrosarcoma UV-2237
was induced in a female C3H mouse by chronic UV irradiation (16).
The highly metastatic MM and less metastatic clone 15 cell sublines
isolated from the parent tumor (15â€”18) were also provided by Dr. I. J.
Fidler. All cell lines were cultured in DMEM3 supplemented with 10%
fetal bovine serum and incubated at 37C in a humidified atmosphere
of 5% CO2and 95% air. Cells were passaged twice weeklyand used in
substrate alteration assays between the 5th and 30th passage. Experi
ments were performed a minimum number of three times. The mets
static capabilitiesof the various lines were confirmed by tail vein
injection of I x i0@ cells into syngeneic mice with the animals being
sacrificed at 3 weeks postinjection for quantitation of pulmonary me
tastases (as described by Basara et aL4).

Basement Membrane-associated Proteins. Fibronectin was isOlated
from normal human plasmaby gelatin affinity chromatographyas
described (19). Laminin was isolated from the mouse EHS tumor
(kindly provided by Dr. George Martin, National Institute of Dental
Research, NIH) by the method ofTimpl et a!. (20) as modified by Palm
and Furcht (21), utilizing salt extraction, gel filtration chromatography,
and heparmnaffinity chromatography. Type IV collagen was isolated
from lathyritic mice bearing the EHS tumor using guanidine HCI and
dithiothreitol as described (22).

Purified proteins were labeled with tritium using the reductive meth
ylation technique of Jentoft and Dearborn (23). Using this procedure,

3 The abbreviations used are: DMEM, Dulbecco's modified Eagle's medium;
FN, fibronectin; LMN, laminin; RITC, rhodamine isothiocyanate; FBS, fetal
bovine serum; PBS, phosphate-buffered saline; SDS, sodium dodecyl sulfate.

4Basaraet tiL, submitted for publication.
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METASTATIC VARIANT-SUBSTRATEINTERACTIONS

a specific activity was obtained of 7,800 cpm/@tgfor FN, 10,300 cpm/
@igfor LMN, and9,500cpm/zg for typeIV collagen.

Affinity-purified antibodies to laminin and fibronectin were raised in
rabbits as described (21) and showed no cross-reactivity with other
basement membrane-associated proteins, as determined by enzyme
linked immunosorbent assay. Rabbit antiserum to type IV collagen was
similarly preparedandcharacterized.

Substrate Preparation. Glass coverslips were coated with substrate
protein and labeledwith RITC by a method adaptedfrom that of Avnur
and Geiger (24). Gold Seal coverslips (ClayAdams, Divisionof Becton,
Dickinson and Co., Oxnard, CA) measuring 22 x 22 mm were floated
on solutions of purified protein (20 @ig/ml)in 50 mr@iNaHCO3, pH
9.5. The coverslips were incubated at 37T for 60â€”75 mm and then
washed three times with PBS over 6â€”8h. The coverslips were rinsed
briefly in distilled water before being floated on or immersed in 0.2 M
NaHCO3, pH 9.5, containing 15 @igRITC (Sigma) per ml. RITC was
diluted from a 2-mg/mi stock solution in acetone. RITC conjugation
to protein was allowed to occur for 10 mm at room temperature,
followedby threewashesin PBS over 16â€”18h. After this extensive
washing, the coverslips were rinsed in distilled water, air dried, and
stored dry at room temperature. The mechanism of association of
rhodamineto protein is via the â‚¬-aminogroupsof lysineresidues(25).

To determine the actual amount of protein adsorbed to each cover
slip, 3H-labeledFN, LMN, and type IV collagen were used at 20 @g/
ml to coat coverslips. The adsorbed radiolabeled protein was then
conjugated with rhodamine as described above. After RITC labeling
and PBS washes, the bound protein was removed by treatment in 1%
SDS-0.5 N NaOH. Aquasol scintillation fluor (Beckman) was added
andradioactivitywascountedin a BeckmanLS-230liquid scintillation
counter. From the known specificactivities of the purified radiolabeled
proteins it was calculated that approximately 1.0 @gFN, 1.3 @gLMN,
and 1.2 @LgtypeIV collagenwereadsorbedpercoverslip,giving0.21â€”
0.27 @gof protein/cm2.

In other studies, protein substrates were double labeled with tritium
andthenwith RITC. Cellsplatedon thesesubstratescouldbeviewed
and photographed by fluorescence microscopy, the medium from the
cultures wascounted to quantitate material released from, or remaining
adsorbed to, the substrate.

Covalent Association of Substrate Proteins. To investigate the influ
enceof covalentattachmentof proteins to the coverslipson cell
substrate interactions, purified proteins were coupled directly to the
coverslipsvia 3-aminopropyltrimethoxysilaneand glutaraldehydeas
described by Aplin and Hughes (26). Coverslips were otherwise treated
asabove.Using 3H-labeledproteins,it wasdeterminedthat approxi
mately 1.4@ FN, 1.2 @gLMN, and 1.2 pg type IV collagen were
bound per coverslip. This provided an approximately equivalent amount
of surface-attachedprotein as describedabove,therebypermitting a
comparison of covalent and noncovalent association of substrates.

Substrate Alteration Assay. Tumor cells in log phase growth (one
third to two-thirds confluent) were harvested by treatment with 0.05%
trypsin and 0.5 mM EDTA. The trypsin was inactivated by the addition
of DMEM containing 10% FBS, and a single cell suspension was
generated by repeated pipeting of the cells. The cells were centrifuged
out of the protease and resuspended in DMEM plus 10% FBS. RITC
protein-coatedcoverslipswereplacedin 35-mmtissueculture dishes
and 1 x l0@cells in 0.8 ml medium containing FBS were carefully
placed on each coverslip. Dishes in which the cell suspension flowed
from thecoversliponto thetissuecultureplasticsurfacewerediscarded.
The cultures were incubated at 37C in 5% CO2.for times ranging from
0â€”24h for fluorescence microscopy and for 72 h for quantitation of
released 3H-labeledproteins by liquid scintillation counting.

For fluorescencemicroscopy,the cultureson coverslipswererinsed
three times with PBS and fixed with 3% formaldehyde in PBS for 10â€”
20 mm. The cultures were rinsed three times with PBS and once with
distilled waterbeforebeingmountedin 0.1%Gelvatol(Monsanto,St.
Louis,MO) 0.25%glycerolin 50m@iTris, pH 8.5.Thecoverslipswere
viewedat x400 with a ZeissUniversalmicroscopeequippedfor epiflu
orescence. Photographs were taken on color slide film from 3M, ASA
1000 (St. Paul, MN); Kodak Ektachrome film, ASA 400; or Kodak
Tri-X Panfilm, ASA 400.Exposuresweregenerallyfor 30 or 60 s for
the ASA 1000 film and 1 or 2 mm for the ASA 400 films.

QuantitationofSubstrate Cba@sin@and Release. The amount of RITC
substrate cleared from the surfaceofthe glasscoverslipswasquantitated
with the aid of an Optomax System IV image analysis system (Opto
max, Inc., Hollis, NH). Black and white photographs, taken at x400,
of 10â€”12randomly selected fields containing at least 5 cells each, were
viewed with the image analyzer. The areas of cleared regions, however
irregularly shaped,wereeasily measuredby the system.The image
analysis system was used to count total area cleared as a fraction of
total field area. In situations where label was internalized by the cells,
this could be countedas clearedby simply circumscribingit on the
monitor with the cursor ofthe image analyzer. This circumscribed area
within cells was added to the irregularly shaped regions to obtain the
total area cleared by the cells. The average area cleared per cell was
obtained by dividing the total area cleared per field by the number of
cell nucleiin that field.

Anotherquantitationmethodwasusedto confirm andcomplement
the results obtained with the image analyzer. In these studies, 1 x 10@
cells in 0.8 ml DMEM plus 10%FBS were plated on coverslipscoated
with 3H-labeled proteins. One ml of fresh DMEM-FBS was added per
dish after 24 h. By this time the cellshadattachedto and spreadon
the coverslips, so medium was allowed to cover the bottom of the 35-
mmdishes.After anadditional48 h ofculture, thespentmediumfrom
eachdish wascollectedandpreparedfor liquid scintillation counting.
The label internalized by the cells was released by lysing the cells with
25 mr@i NH4OH, 2 ml/dish, for 10 mm (27).Phenylmethylsulfonyl
fluoride (50 @g/ml),4 mM EDTA, and p-hydroxymercuribenzoate (50
@zg/ml)were added to the lysis buffer to inhibit proteases released from
the lysed cells This cellular fraction was collected and prepared for
liquid scintillation counting.Finally, the labeledsubstrateremaining
attached to the coverslip was removed by solubilization in 1% SDS in
0.5 N NaOH at 37'C for 10â€”20min. This substrate fraction was also
countedin the liquid scintillation counter.The percentageof protein
released from the substrate or internalized was calculated from the cpm
released in the medium, cellular, and substrate fractions.

Next, experiments were performed to test whether protein released
by the cells was present in the medium fraction in an intact form or as
fragments. The medium fraction from a culture of HT-1080 cells on
RITC-3H-FN was collected, concentrated in a Centricon PM-30 micro
concentrator(AmiconCorp.,Danvers,MA), andchromatographedon
a Sephacryl5-200column(Pharmacia)in PBS.One-mlfractionswere
collectedand radioactivity was determinedin a liquid scintillation
counter.

Cell Adhesion Assay. In order to ascertain whether substrate altera
tions were independentof variations in the adhesionof the tumor cells
to the labeled substrates,adhesion assayswere performed as described
(28), using the various tumor cells. Cells were grown for 18â€”24h in
3H-aminoacids (5 @iCi/ml;New England Nuclear, Boston, MA) in log
phase,harvestedwith trypsin-EDTA,centrifugedout of the protease,
and resuspended in DMEM-FBS. Approximately 2 x 10@cells in 0.8
ml DMEM-FBS wereplatedin triplicateonsubstrate-coatedcoverslips
as for the alteration assay. The cells were incubated at 3TC in 5% CO2
for 4 h. After the incubationperiod,the coverslipswerewashedthree
times in PBS containing I mM CaCl2 to remove nonadherent cells.
Adherentcellsweresolubilizedin 2 ml 1%SDS in 0.5 N NaOH and
theradioactivitywascounted.Thepercentageof cellsadheringto each
substrate was calculated by dividing the number of cpm solubilized
from eachcoverslipby the numberof cpm in 2 x l0@cellssolubilized
directly in 1%SDSin 0.5NNaOH.

RESULTS

Initial Observations. The initial observations of the interac
tions of normal and transformed fibroblasts with RITC-FN
substrates are illustrated in Fig. 1. At early times following
replating, slight reorganization and clearing of the substrate
were seen. Extensive rearrangement and clearing were visible
after 24 h in culture.

When metastatic variants of the K-1735 melanoma line were
used in a substrate alteration assayon RITC-LMN, the results
shown in Fig. 2 were seen. Both highly and poorly metastatic
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Fig. 1. Alteration of RITC-FN substrate by normal and malignant fibroblasts. Top, phase contrast bottom, parallel fluorescence micrography. Normal rat dermal

fibroblastswereincubatedfor 3 h (a,e)or 24h (b,f) onRJTC-FNsubstrate.Slightreorganizationofthe substratecanbeseenat theearlytimepoint,whileextensive
rearrangement and clearing are visible by 24 h. HT-1080 human fibrosarcoma cells after 7 h (c, g) and 24 h (d, h) of incubation show similar substrate alterations.
x 730.
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Fig. 2. Interaction of metastatic variants with RITC-LMN substrate. K-l735 mouse melanoma subline 16 (a, c) and M4 (b, d), with low and high metastatic
potential, respectively,were plated on RITC-LMN for 24 h. Phase contrast photographs are in a and b with the correspondingfluorescencephotographs beneath
them (c, d). The clone 16 cells which have a low metastatic potential show significant removal and reorganization of the substrate adsorbed RITC-laminin (a, c).
Although the highly metastatic cells (right) attach, spread, and assume a motile morpholqgy on this substrate, very little clearing ofthe substrate is seen (b, d). x 730.
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cells attached and spreadon the substrate.The highly metastatic
cells failed to appreciably releasesubstrate molecules as deter
mined visually, while the less metastatic cells showed a much
higher degreeof substrate clearing and reorganization.

Characterizing the Clearing and Release Assays. A variety of
experiments were done to establish the usefulness of the sub
strate-clearing assay as a model for cell interaction with, and
alteration and degradation of, basement membranesand extra
cellular matrices. The concentration of protein usedfor coating
the substrate was found to be critical to the success of visualizing
clearing by fluorescence microscopy. When a comparatively low
concentration, i.e., 3 @tg/ml,was used, the fluorescence of
unaltered RITC substrate was very difficult to distinguish from
cleared regions in that there was very little fluorescencepresent
anywhere. On the other hand, when comparatively high con
centrations of coating protein were used, the resulting RITC
substrate layer appeared to be too thick for the cells to remove
all or most of the protein, leaving RITC-conjugated material
on the surface.This again made it difficult to distinguish altered
areas from unaltered areas. Similar observations were made by
Avnur and Geiger (24). In the current studies, coating solutions
of different concentrations for the various proteins were tested.
It was observed that a coating concentration of 20 @tg/mlwas
optimal for all proteins used and this was used for the ensuing
experiments.

The extent of clearing of RITC-substrates by HT-1080 cells
could be determined directly from fluorescence or black and
white micrographs with the aid of an image analysis system.
Fig. 3 compared the areas of RITC-FN, RITC-LMN, and
RITC-type IV collagen cleared per cell by HT-1080 cells after
24 h. The valuesshownare 1500Â±500,370 Â±270,and 1200
Â±500 @m2,respectively. The standard deviation from the mean
for these experiments was quite large, possibly due to, among
other things, cell-to-cell variability in cell cycle stage, pheno
typic heterogeneity of the cells, or variations in the levels of
differentiation of the cells.

A secondmethodof quantitationof substrateproteinrelease
was used to compare with the results seen by image analysis.
In these studies, 3H-labeled proteins were adsorbed onto sur
faces. Fig. 3 also compares the amounts of 3H-protein released
from substrates by HT-1080 cells after 72 h. The extent of
releasequalitatively paralleled the clearing seenmicroscopically
for RITC-labeled fibronectin, laminin, and type IV collagen.
Quantitative differences between the two assaysare likely due
to the fact that substrate release is only one of a number of
activities contributing to clearing. For example, substrate inter

nalized by the cells or reorganized into extracellular fibrils (see
below) would be visualized ascleared but would not be released
into the cell culture medium.

Since the most significant releaseof radiolabeled protein by
HT-1080 cells was seen on 3H-FN, this substrate was used to
investigate the time course of cell-induced protein dissociation
from substrates. Fig. 4 shows the amount of 3H-FN released as
a function of time in culture. This assaywas performed with an
initial plating cell density of approximately 2 x iO@cells/cm2
in medium with serum. Two features of this graph are note
worthy: (a) a lag period was seenby microscopic inspection of
RITC-labeled FN for the first 12 h in culture; (b) the amount
ofreleased material increased in a linear fashion thereafter until
it plateaued. This increased release of protein from the surface
may be related to a variety of factors, including the number and
confluency ofthe cells, the degree ofproteolysis ofthe substrate,
internalization or reorganization of the substrate material into
fibrils without its actual release, the level of protease inhibitors
in serum, cellular activators of serum proteases, etc.

In order to address the possibility that the differences in
clearing or release of labeled substrates were due simply to
differences in the number of cells adhering to each substrate,
adhesion assays were performed. The number of cells adhering
to each protein substrate was determined following a 4-h incu
bation. While laminin mediated slightly less cellular adhesion
than fibronectin or type IV collagen (not shown), this was
insufficient to account for the differences in cell-mediated pro
tein release from the substrate seen in Fig. 3. Although cells
show some difference in adhesion at early time points, over 2â€”
4 hours essentially all of the cells adhere to the substrate.

Investigations were also begun to determine the effect of
specific antibodies on the cell-mediated dissociation of protein
from substrates by HT-1080 cells. Fig. 5 shows the amount of
3H-substrate released in the absence or presence of affinity
purified polyclonal antibodies to fibronectin, laminin, or type
Iv collagen.Thesestudiesshowthat specificantibodiescaused
a 30% reduction in release of substrate-adsorbed fibronectin
and type IV collagen. The inhibition of the release of laminin
with antibodies was even more significant, where there was a
70% decrease. These quantitative inhibition studies confirm
observations made using fluorescence microscopy (not shown).

Effect of Covalent Association of Substrate Proteins. B16
mouse melanoma cells were plated on RITC-substrate cova
lently attached to the glasscoverslips, asdescribedin â€œMaterials
and Methods.â€•No visible clearing by B16-F10 cells was de
tectable on the covalently attached proteins fibronectin, lami
nm, and type IV collagen,although cell adhesion appeared
normal (Fig. 6). The cells are capable ofclearing noncovalently

72 96

0
F L IV

Fig. 3. Quantitation of substrate clearing and release. HT-1080 cells were
culturedon RITC-labeledfibronectin(F), laminin(L), or typeIV collagen(IV)
for 24 h; fixed;andviewedby fluorescencemicroscopy.Photographsofthe cells
and surrounding cleared substrate areas were analyzed with an image analysis
system. Left, average area cleared per cell on three different substrates. Alterna
tively, ifthe cells were cultured for 72 h on 3H-labeled substrates and radioactivity
released into the medium was counted, the results shown on the right were
obtained.This is expressedaspercentageof total coatingproteinreleasedwith
spontaneous release (where no cells were applied) subtracted. Both quantitation
methods show similar responses of the HT-l080 cells to the substrate proteins
tested.
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Fig. 4. Time course ofrelease ofa 3H-fibronectin substrate by HT-1080 cells.

Cells (1 x 10') were incubated for 0-96 h on glass coverslipscoated with @}I.
fibronectin. The medium from each culture was analyzed for released radioactiv
ity. Background levels of radioactivity released by spontaneous desorption of
protein from the glass coverslips in the absence of cells is subtracted at each time
point to give the values indicated. Only a small percentage of the substrate is
released after 24 h in culture. The amount released bycells progressively increases
through 96 h in culture.
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adsorbed substrates (not shown). Since the detection of the
adsorbed protein is dependent on the thickness of the protein
layer bound to the glass coverslips, it was determined whether
the amount of protein covalently bound per coverslip was
substantially higher than the amount of protein noncovalently
adsorbed to each coverslip. The amounts of fibronectin, lami
nm, and type IV collagen covalently bound per coverslip were
1.4, 1.2, and 1.2 @tg,respectively, and these amounts were not
substantially higher than the amount adsorbed and noncova
lently associated(1.0, 1.3, and 1.2 @g,respectively). It was still

possible, however, that releaseofcovalently associatedsubstrate
molecules was occurring but could not be detected by fluores
cence microscopy. In order to address this possibility, 3H-
labeled proteins were covalently attached to the glasscoverslips
and HT-1080 cells were cultured on these substrates for 48â€”72
h. Cell culture medium from these cultures was analyzed for
released radioactivity; approximately twice background levels
ofradioactivity were released into the cell culture medium (data
not shown). It is important to note that the protein substrate
appeared biologically active following covalent association in
that it was effective in promoting cell adhesion and spreading.

Another method used to study the release of 3H-FN from
glass coverslips was molecular setting or exclusion chromatog
raphy of 3H-labeled material released from the substrate. The
material released by HT-1080 cells from 3H-FN substrates into
the medium was concentrated and then chromatographed on a
Sephacryl 5-200 column (see Fig. 7). A substantial peak of
radioactivity eluted with the void volume as would intact fibro
nectin, suggesting that a significant fraction of the released
material (approximately 30%) was intact or nearly intact fibro
nectin. However, nearly 50% ofthe releasedradioactivity eluted
after the void volume peak. In addition, approximately 20% of
the cpm released from the coverslips passedthrough a micro
concentration membrane which had a molecular weight cutoff
of 30,000. These findings suggest that, at least in the caseof a
fibronectin substrate, there was significant degradation by HT
1080 cells.

Substrate Releaseby Tumor Cells ofHigh and Low Metastatic
Potential. When sublines of the K-1735 mouse melanoma with
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Fig. 5. Partial inhibitionof3H-substratereleaseby specificantisera. HT-l080

cellswereplatedon 3H-labeledFN-, laminin-, and type IV collagen(IV)-coated
coverslipsandallowedto adhere.After 4 h, excessaffinity-purifiedantibodiesto
FN, LMN, or type IV collagen were added (+) and the incubation was continued
to 72 h. Radioactivity released into the medium was counted in these samples
and in controls to which normal rabbit serum had beenadded (â€”).The substrate
proteinreleased,expressedasa percentageofthe amountreleasedbythecontrols,
minusbackgroundlevels,is shown.Releaseof 3H-substratesover72h of culture
is reduced by at least 33% by substrate-specific antibodies.
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Fig. 6. Inhibition of visiblesubstrate alter
ation by covalent attachment of substrate. To
investigatethe influenceof covalent substrate
attachment on substrate clearing, purified
basement membrane-associated proteins fibro
nectin (a, d), laminin (b, e), and type IV col
lagen(c,f) wereboundcovalentlyto the cover
slips via 3-aminopropyltrimethoxysilaneand
glutaraldehyde,and RITC was conjugated as
before. Bl6 mouse melanoma cells cultured on
these substrates were unable to produce visible
clearing of the substrate (fluorescent micro
graphs, d-f), even though their attachment
and spreading appeared normal (phase con
trast micrographs, a-c). x 730.
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Fig 8. Substrate release by mouse melanoma K-l735 sublines 16 and M4.
Cells with low (clone 16) and high (M4) metastatic potential were cultured for 72
h on 3H-substrates before medium was collected and counted for released radio
activity.The less metastaticcells(clone 16),releasedsignificantlymore substrate
fibronectinand laminin than the highly metastaticcells(M4). Neithersubline
releasedsubstantialamounts of type IV collagen.
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Fig. 9. Substrate release by mouse fibrosarcoma UV-2237 sublines MM and
clone 15. Cells with low (clone 15) and high (MM) metastatic potential were
cultured for 72 h on 3H-substrates before medium was collected and counted for
released radioactivityThe less metastatic cells released significantlymore sub
strate FN and type IV collagen(IV)than the highly metastatic cells. Both sublines
releasedcomparativelysmall amounts of substrate LMN.
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Fig. 7. Exclusion chromatography of released 3H-FN substrate. Material

releasedfrom the substrate by HT-1080 cellswas concentratedby ultrafiltration
and chromatographed on a Sephacryl 5-200 column. , cpm released by
incubation in tissue culture medium only. Some desorption of intact fibronectin
was seen, but no proteolytic fragments of fibronectin were produced. â€”,
fibronectin and fibronectin fragments released by HT-l080 cells after 72 h in
culture. A number of fragment peaks are seen, e.g., in fractions 22â€”26and 14â€”
16, indicating proteolysis of the substrate. In addition, fraction 29 shows the
material which passed through the ultrafiltration membrane. Since the molecular
weight cutoff for this membrane was approximately 30,000, these are relatively
small fragments of fibronectin. â€”â€”â€”â€”,fibronectin fragments released by HT
1080 cells plated on FN covalentlyattached to the coverslips.Very little intact
fibronectinis released,but a numberof peakscontainingfragments,includinga
large peak with a molecular weight ofless than 30,000 (fraction 29), was seen.

defined metastatic potentials were plated on 3H-substratesand
released radioactivity was counted, the results seen in Fig. 8
were obtained. The less metastatic 1735-16 subline released
significantly more label than the more metastatic 1735-M4
subline, when plated on 3H-FN, at 12.5 versus1%, respectively,
and on 3H-LMN, at 5.0 versus1%, respectively. Neither sublime
released a significant amount of 3H-labeled type IV collagen.
Similar results were seen in studies with RITC-substrates and
fluorescencemicroscopy (not shown; seeFig. 2); i.e., the highly
metastatic cells would clear and remove substrate-adsorbedFN
and LMN much less effectively than the poorly metastatic cells.

The UV-2237 mouse fibrosarcoma sublines of high (MM)
and low (clone 15) metastatic potential were also compared in
quantitative release assays on 3H-substrates. After 96 h in
culture, the results seen in Fig. 9 were observed. As seen with
the K-1735 melanoma sublines, the less metastatic clone 15
sublime released @ignificantlymore labeled protein than the
highly metastatic 14M sublime,at 10 versus5% for 3H-FN and
8% versus 1% for 3H-type IV collagen. Neither of the fibrosar
coma sublines released significant amounts of 3H-LMN. Simi
lar results were seen originally by fluorescence microscopy of
RITC-substrates.

As with the HT-1080 studies described earlier, it was neces
Sal.), to exclude the possibility that the differences seen in cell
mediated protein release assays with tumor cell metastatic
variants were due simply to differential adhesion of the highly
metastatic and less metastatic sublines. Fig. 10 compares the
adhesion of each highly metastatic and less metastatic sublime
on all three substrates tested. No significant differences were
seen for any one subline on each of the substrates or for each
of the sublines on any one substrate. To show that adhesion of

Fig. 10. Adhesion of metastatic variants to basement membrane-associated
protein substratea.The possibility that differential releaseof protein-coated
substrates was simply due to differential adhesion to the substrate was evaluated.
The fibrosarcoma sublines MM and 15 and the melanoma cells M4 and 16 were
assayed for their adhesiveness to substrate fibronectin (F), laminin (L), and type
Iv collagen(IV). Already,after 4 h ofincubation, nearlyall the cellshad adhered
to each substrate tested and there wasno significantdifferenceamongthe various
cellsand substrates.Therefore,the differentialreleaseand alteration of substrate
attached basement membrane-associatedproteins appear to be independent of
simple adhesion. As an example, even though the l735-M4 subline adheres very
well to thesubstratestested,it doesnot releaseanyof them(seeFig.8).

the cells to the substrate protein was not interfered with by the
presence of the RITC label, the adhesion assays were also done
using RITC-labeled substrate and it was observed to have no
effect.

DISCUSSION

The interaction of normal fibroblasts and of tumor cells with
differing metastatic potentials with basement membrane-asso
ciated protein substrateshasbeendescribedin this report. These
studies utilized adsorbed or covalently associatedproteins that
were labeled with rhodamine or tritium. Human fibrosarcoma
HT-1080 cells cleared proteins adsorbedto glasscoverslips
with decreasingefficiencyin the following order: fibronectin,
type IV collagen, and laminin, as determined both by fluores
cence microscopy and by releaseof radiolabeled proteins. The
time course of release of 3H-fibronectin by HT-1080 cells
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showed a lag period for the first 12 h in culture and then
gradually an increased releaseof material. Nearly 100% of the
cells were adhering by 4 h in culture. Clearing of the substrate
adsorbedproteins doesnot begin to bevisually discernible until
later, suggesting that simple adhesion is not responsible for
clearing but that some subsequent cellular response is impor
tant. Adhesion assays showed that the clearing by HT-1080
cells on different substrateswasnot a result ofdifferent numbers
of cells adhering to the substrates.

Antibodies specific for the particular proteins caused a 30%
or greater reduction in the cell-mediated releaseof radiolabeled
proteins. The blocking of protein release or clearing from the
substrate by specific antibodies was only partial. This was not
surprising considering the relatively long incubation period for
the assay, the potential for proteolytic degradation of antibod
ies, and the unknown character of cellular receptors for sites
on the protein substrate molecules which mediate these events.

While covalent attachment of the protein to glass coverslips
prevented visible clearing of RITC-substrates, it did not totally
inhibit release ofradiolabeled substrate-attached proteins. Deg
radation of radiolabeled substrateswas also observedby exclu
sion chromatography of fragments released from noncovalently
adsorbed substrates into the cell culture medium. Mouse mel
anoma and fibrosarcoma sublines of low metastatic potential
produced greater levels of clearing and release of substrate
adsorbed proteins than sublines with high metastatic potential,
although all sublines adhered similarly to the proteins tested.

These studies of fluorescent-labeled proteins adsorbed to
glass surfaces showed that a number of melanoma and fibro
sarcoma cells and normal rat fibroblasts would rearrange and
dissociate proteins from substrates. Other preliminary studies
showed substrate-adsorbed protein release by a human lung
fibroblast cell line and by activated mouse peritoneal macro
phages.5 Studies by Avnur and Geiger (24) and Chen et a!. (29)
have also described the removal of RITC-labeled fibronectin by
normal fibroblasts and by virus-transformed fibroblasts. The
nature of the protein on the substrate in the studies of Chen et
a!. differs substantially from that in our studies or those of
Avnur and Geiger.

In our studies many normal and tumor cells plated on RITC
substrates showed clearing of the substrate only beneath and/
or along the path of the cell and beneath cellular processes,
suggesting that it is not due to proteases secreted into the
medium but rather may be causedby cell surface proteases.A
similar conclusion has been drawn by Chen et a!. (29) and
supported by a number of others (30â€”33).

Microscopically visible dissociation of substrate-adsorbed
protein may result from a combination of proteolytic and
nonproteolytic events. Potential mechanisms of cell dissocia
tion of substrate-adsorbed proteins include internalization of
substrate, reorganization of substrate into long fibers, and re
lease and dissociation of intact substrate proteins from the
coverslips. Internalization and matrix reorganization havebeen
observed for a number of normal and tumor cell-protein com
binations.6 Endocytosis of substrate fibronectin into intracel
lular vesicular structures by chicken and human fibroblasts has
been reported by Avnur and Geiger (24) and Chen et a!. (29).
Reorganization or restructuring of substrate-adsorbed FN into
filaments, fibers, or cables by normal fibroblasts (24) and mi
grating neural crest cells (34) has beenobservedby others.

The next studies determined whether covalent association of
proteins to substratum would modify the cellular response. Both

S Unpublished observations.

6Manuscript in preparation.

internalization and restructuring of RITC-substrates were in
hibited by covalent attachment offibronectin, laminin, and type
Iv collagento the substrate.Although completecell dissocia
tion of proteins covalently associated to the coverslip was not
observed, partial clearing of the substrate layer could not be
excluded, due to the limited light intensity resolving capabilities
of fluorescence microscopy. This is supported by the observa
tion that cells would release radiolabeled protein covalently
bound to glass coverslips. The relatively small amounts of
material released from covalently bound substrates are not
surprising since nearly 30% of the label released from nonco
valently adsorbed FN is present in an intact or nearly intact
form. Studies by Chen et a!. (29) using a somewhat different
system suggest only very localized dissolution of covalently
associatedFN by transformed cells. This would tend to support
the observations we have made. In addition, numerous proteo
lytic cuts may be made on covalently bound substrate without
being sufficient to release detectable amounts from the sub
strate.

More convincing evidence for substrate degradation in the
release of proteins adsorbed to substrate comes from exclusion
chromatography of material released into the medium by HT
1080 cells. While a significant fraction of the released cpm
(30%) eluted in a sharp peak in the void volume, indicating
intact or nearly intact FN, 50% of the total cpm released eluted
after the void volume in two or three recognizable peaks. The
remaining approximate 20% of total cpm was associated with
material with molecular weights of less than 30,000. These
findings suggest that approximately 70% of the fibronectin
released from the substrate is due to proteolytic degradation
mechanisms associated with the HT-1080 cells. The identity of
the protease or proteases potentially involved has not been
ascertained. Plasminogen activator, plasmin, and activation of
a type IV collagenase have been implicated in basement mem
brane protein degradation (31, 35). Cathepsin B, direct action
of plasmin, and other proteases may be involved in the degra
dation of the noncollagenous glycoproteins used in these stud
ies. Our preliminary studies show that RITC-substrate clearing
is not markedly inhibited by the plasminogen activator inhibitor
e-aminocaproic acid (not shown). Chen et a!. (29) also found
that inhibitors of plasminogen activator had no discernible
effect on clearing of fluorescently labeled substrate fibronectin.
At the moment the precise relationship between plasminogen
activator and matrix degradation by tumor cells is not clear,
although it obviously merits further investigation (3).

The slight differences in adhesion of HT-1080 cells to differ
ent substrates during a 4-h experiment are insufficient to ex
plain the differences seen in dissociation of proteins from
substrates. Cells may adhere very well to a particular substrate
without producing any visually discernible alteration in the
substrate. Adhesion is necessary but not sufficient for clearing,
release, internalization, or restructuring of the substrate to
occur.

The results with tumor cells of high and low metastatic
potential plated on labeled substrates were quite unexpected
and together with other data suggestthat something other than
proteases may be involved in the cellular response we observed.
A number of investigatorshave drawn correlationsbetween
metastatic potential and in vitro tumor cell-associated proteo
lytic activity for basement membranes Isee reviews by Liotta et
a!. (1) and by Pauli et a!. (3)1. Our studies show that normal
cells and cells of cloned pairs with lower metastatic potential
show a greater degree of dissociation of substrate-adsorbed
material than cells with high metastatic potential. This was true
for both the K-1735 mouse melanoma sublines and the UV
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2237 mouse fibrosarcoma cell sublines. It was also true for all
three purified basement membrane protein substrates studied,
except when neither highly metastatic or less metastatic cells
released detectable amounts of labeled substrate (see Figs. 8
and 9). The differences observed in clearing were not due to
differences in numbers of cells adhering to the substrates, since
within a few hours the cells are all adherent. Also, the degree
of cell movement is roughly equivalent for these cell sublines,6
except on type IV collagen where highly metastatic cells actually
move more rapidly than the less metastatic.

The results presented here support the hypothesis that the
increased metastatic propensity of certain tumor sublines, in
particular the UV-2237-MM mouse fibrosarcoma and the K-
1735-M4 mouse melanoma, is associated with a marked de
creasein the affinity or type ofcell-substrate contacts (36). Raz
and Geiger (36) have shown that the same less metastatic
melanoma and fibrosarcoma cell variants used in this report
characteristically possess well-developed focal contacts with the
substrate. On the same substrate, the highly metastatic variants
displayed a marked reduction in the number and organization
of vinculin-rich focal contacts (36). Focal contacts have been
identified as the specialized areas on the ventral cell surface
that mediate the closest and strongest adhesion of certain cells
to a solid substrate (37, 38). It has been speculated that the
absenceof focal contacts may allow highly metastatic cells to
escapemore easily from their attachments and invade surround
ing host tissues.

It remains possible that although proteasesappear responsi
ble for tumor invasion of basement membrane and may be
working in the clearing and release of substrate-adsorbed pro
teins, proteases may not be the only determining factor, i.e.,
the existence of specific receptors on cells; the ability to form
specific cell attachments, such as focal contacts; and the ability
of the cell to move and organize its cytoskeleton are all related
in this process. Further studies will analyze the respective
contributions of these processes to the clearing and release of
substrate-attached matrix and basement membrane proteins.
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