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ABSTRACT

Interactions between tumor cells and basement membranes represent
a critical step in the progression of neoplasia and in the metastatic
process. Reconstituted basement membrane matrix, matrigel, has been
recently used with the aim of developing an in vitro assay of tumor cell
invasiveness. We have extended these studies by comparing the invasive-
ness of a large series of normal and malignant epithelial and mesenchymal
cells of human and animal origin cultured on matrigel. Normal cells
(fibroblasts, glomerular mesangial cells, keratinocytes), human fibrosar
coma cells (HT1080), and reticular sarcoma cells (M5076) clearly estab
lished invasive capabilities in the matrix. However, all the other tested
cell lines, malignant or virally transformed cells invasive in vivo (MCF7,
T47D, SA52, SW613, MO4, A431, BeVVo),as well as normal nontrans-
formed cells (MOH22) were incapable of penetration. The morphological
features of matrigel invasion by normal fibroblasts and HT1080 cells are
described at the light and electron microscope levels. The extent of
degradation of a radiolabeled matrigel is minimal and similar in several
cell lines reported to be noninvasive or invasive in vivo. Our data suggest
that matrigel does not provide a universal model to correlate the inva
siveness of cells in vivo and in vitro.

INTRODUCTION

Before disseminating to sites distant from the primary tumor,
neoplastic cells infiltrate BM.4 Thus, interactions between such

invasive cells and BM components play a key role in the
metastatic process. Laminin, one of the main components of
BM, modulates various cell functions such as adhesion, migra
tion, and secretion of enzymes involved in the degradation of
BM macromolecules (1, 2). These functions have been corre
lated with the metastatic potential of invasive cells in vivo (3,
4). Various assays have been designed to determine the inva
siveness of cells in vitro utilizing either authentic BM (5, 6) or
more recently gels of BM components extracted from EHS (7-
9). The reconstituted BM gel (matrigel) (10) has been used in a
Boyden chamber assay in association with a chemoattractant
in the lower compartment. In this system, Albini et al. (8) found
that metastatic tumor cells and leukocytes were able to cross
this matrigel barrier whereas nonmetastatic tumor cells and
normal fibroblasts did not penetrate. Kramer et al. (7) have
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characterized the ultrastructural aspects of human HT 1080
fibrosarcoma cells cultured on matrigel. Since fibrosarcoma
cells were shown to invade the matrix while normal fibroblasts
did not, the authors concluded that "the reconstituted EHS BM

matrix provides a unique three dimensional model for the study
of tumor cell invasion."

In this work, we have compared the invasiveness of a large
series of malignant metastatic human and animal cells as well
as that of nontumorigenic benign cells cultured on the matrigel.
Our results indicate that this reconstituted BM matrix provides
an adequate functional model to study interactions between
cells and BM components. However, since several lines of
highly malignant cells in vivo failed to penetrate this matrix
whereas normal fibroblasts, epithelial cells, or glomerular mes
angial cells succeeded, it is evident that it cannot represent a
universal in vitro model for the study of tumor cell invasion.

MATERIALS AND METHODS

Reconstituted Basement Membrane Gel. Solid gels of BM proteins
(matrigel) were prepared by polymerizing 1 ml of the dialyzed urea-
extracted proteins from the EHS tumor (12) in 35-mm culture dishes,
overnight at 37Â°Cin a humid atmosphere. The procedure was essen

tially identical to that described by Kleinman et al. (10) and Kramer et
al. (7).

In some experiments, collagen type IV obtained from the EHS tumor
grown in mice made lathyritic by inclusion of 0.1% 0-aminopropioni-
trile in the diet (11) was also added in the matrigel to reach a final
concentration of 10-20 /Â¿g/ml(7, 10). Identical results were obtained
when type IV collagen supplemented matrigel was used. Examination
of this reconstituted EHS matrix by phase contrast and electron mi
croscopy reveals that the composition of the matrix appears similar to
that of Kleinman et al. (10) and Kramer et al. (7). We compared our
matrigel to a commercially available preparation (Collaborative Re
search, Bedford, MA) by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. No significant differences were observed between the
two preparations. The presence of laminin, type IV collagen, and
entactin was also documented by Western blot of electrophoresed
matrigel using appropriate antibodies. The amount of type IV collagen
present in our matrigel represented 4% of the total protein, as calculated
from the amino acid composition and hydroxyproline estimations
according to the method of Bergman and Loxley (13). This amount
was identical to that described by Kleinman et al. (10). The presence of
HSPG was estimated by carbazol assay (14). HSPG was calculated to
represent 0.6 to 1% of the total protein, approximately identical to the
percentage reported previously (10). We may thus conclude that our
material possesses the same electrophoretic mobility as that of the
commercial matrigel (Collaborative Research) and that the laminin,
entactin, type IV coilagen, and HSPG contents are comparable to those
described in other studies.

Metabolic Labeling of the Reconstituted Basement Membrane
Gel. Three mice with growing EHS tumors were given i.p. injections of
0.5 mCi/mouse of L-["S]methionine (1190 Ci/mmol; Amersham).

After 24 h of metabolic labeling, excised tumors were extracted and
reconstituted BM gel was prepared as described above. Radiolabeled
gel (7 x IO4cpm/mg proteins) was analyzed by sodium dodecyl sulfate
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polyacrylamide gel electrophoresis and exhibited patterns of proteins
similar to those of the nonradiolabeled gel.

Cell Cultures. Normal human breast, skin and embryonic fibroblasts
were obtained by outgrowth, as described by Delvoye et al. (15), and
used between passages 5 and 12. Keratinocytes were prepared from
human skin as described by Green et al. (16). Normal glomerular
mesangial cells were prepared as described previously (17). Human
HT1080 cells, originally isolated from a metastatic lesion of a fibrosar
coma (18), were supplied by M. Aumailley (Max Planck Institute fÃ¼r
Biochemie, Munich, Germany). Human mammary tumor cells, SA52
(19), SW613 cells (20) were provided by M. F. Poupon (Centre de
Recherche sur le Cancer, Villejuif, Paris, France). Human T47D (21)
and MCF-7 (22, 23) cell lines, originally established from the pleural
effusion of patients with breast carcinoma, were provided by the labo
ratory of R. Gol (University of Liege, Liege, Belgium) and by G.
Leclercq (Institut Bordet, Brussels), respectively. The line transfected
with the transforming DNA from Harvey murine sarcoma virus and
selectable marker pSV2 gpt (MCF7 ras) (24) were supplied by the
laboratory of M. Lippman (Bethesda. MD). The line transfected only
with pSV2 gpt (MCF7 gpt) was used as control. Other tested cell lines
included human choriocarcinoma cells (BeWo cells) (25, 26) that were
obtained from the American Type Culture Collection (Rockville, MD),
human cervical carcinoma cells (A431 cells) (27), and murine reticular
sarcoma cells (M5076) (28). MOH22 (normal embryonic C3H mouse
cells) and MO4 (virally transformed cells derived from MOH22) were
provided by M. Marcel (University Hospital, Ghent, Belgium) (29).

Keratinocytes were cultured in 75% Dulbecco's modified Eagle's
medium (Gibco)-25% Ham's F-12 and then supplemented with 10%
decomplemented FCS, hydrocortisone (0.4 ^g/ml), choleric toxin (10'lo

M), insulin (5 Â¿ig/ml),adenine (20 Â¿ig/ml),transferrin (5 ng/ml), and
triiodothyronine (1.5 x 10~5ng/ml).

Mesangial cells and T47D cells were maintained in RPMI 1640
(Gibco) supplemented with 10% FCS. penicillin-streptomycin (100
units/ml) and ascorbic acid (50 mg/liter). BeWo cells were cultured in
Ham's F-12 (Gibco) supplemented with 15% FCS. All other cell types

were cultured in DMEM supplemented with 10% FCS (Flow Labora
tories), glutamine (292 mg/liter), sodium bicarbonate (2.1 mg/liter),
ascorbic acid (50 mg/liter), and penicillin-streptomycin (100 units/ml).
All cells were maintained as monolayer cultures and routinely passaged
at subconfluence using 0.25% trypsin-2 m\i EDTA.

For invasion assays, the gelled matrix (I ml/35-mm-diameter dish)
was carefully overlaid with culture medium containing 5 x IO5 cells

previously harvested with trypsin-EDTA and washed twice with me
dium supplemented with 10% serum. Every 48 h. the culture medium
was replaced.

Hormone Treatment. Estradiol (10 nM) (Merck, Germany) was sol-

ubilized in ethanol and added to the culture medium to obtain a final
concentration of ethanol below 0.1%. The medium was changed every'

2 days.
Morphological Studies. Cells cultured on plastic dishes or on matrigel

were observed with an inverted Nikon phase contrast microscope.
Matrix invasion was suggested by the identification of cells below the
surface of the gel. as estimated by precise micrometrie focusing.

In scanning electron microscopy, cells grown on glass coverslips were
fixed with 2.5% glutaraldehyde for 45 min in 0.2 M cacodylate buffer.
After postfixation in 1% osmium tetroxide for 30 min, coverslips were
dehydrated through a graded series of ethanol and amyl acetate and
critical point dried. The preparation was coated with gold-palladium
and observed with an Autoscan Etec Corporation scanning electron
microscope at 20 kV acceleration voltage.

In transmission electron microscopy, cultures were fixed in 2.5%
glutaraldehyde-0.15 M cacodylate buffer, postfixed in 2% aqueous os
mium tetroxide, dehydrated in a graded series of ethanol, and embedded
in Epon. Cultures were sectioned perpendicular to the gel surface.
Ultrathin sections were contrasted with uranyl acetate and lead citrate
before examination with a Jeol 1200 EX electron microscope. Cells
were observed after 6, 24, 48, 72, or 120 h of culture.

Invasion evaluation was performed on five randomly chosen areas of
each culture. At least 50 semithin sections (1-3 pm) which were cut

perpendicularly to the matrix surface from each area were stained with
toluidine blue and examined in a Leitz microscope. Invasion was
evaluated by determining the percentage of cells located at least 100
firn below the gel surface after 3 days of culture and by measuring the
time required for the detection of those cells having penetrated the
basement membrane and reached the surface of the plastic dish.

Degradation Analysis. Radiolabeled matrigel (10" cpm/15 mg pro
tein/dish) was polymerized in 35-mm plastic dishes at 37Â°C.Normal
fibroblasts or MO4 cells (1.5 x 105/dish) were added in 2 ml of medium

with or without 10% FCS. In some experiments, several enzymes were
added to the matrigel in the absence of cells and serum. Heparinase II
(2.5 units/dish) (Sigma), plasmin (2.5 units/dish) (Sigma), bacterial
collagenase (Form III from Advanced Biofactures) (20 units/dish) or
type IV collagenase (2 units/dish) was added to triplicate cultures. Type
IV collagenase was obtained from the supernatant of BeWo cells
cultured as described previously (30). For the collagenases assays, the
( ';i' ' concentration in the medium was adjusted to 5 HIM. Incubation

was performed for 24 or 48 h. Control experiments included incubation
in the absence of enzymes, in the presence of heat denatured enzymes
or in the presence of medium supplemented with 20 min EDTA. The
medium was changed every day. The radioactivity in 100 ^' of medium
was measured by liquid scintillation spectrometry (LKB 12/7 Rack
Beta). The spontaneous release of radioactivity in the absence of cells
or enzymes was subtracted from that in the presence of cells or added
enzymes.

RESULTS
Morphology and Behavior of Normal and Tumor Cells Cul

tured on Matrigel. When viewed by phase contrast microscopy,
all tumor cell lines and normal cell strains cultured on plastic
were found to adhere, spread rapidly on the support, and grow
in monolayer. When seeded on matrigel, all cells adhered,
although spreading was delayed for about 3 h. As verified by
the trypan blue exclusion assay, all human and animal cells
viability approached nearly 100% during the time of culture (2
weeks).

As described previously by Kramer et al. (7), fibrosarcoma
cells (HT1080) rapidly organized into an interconnected net
work which became progressively denser (Fig. \A). As observed
by phase contrast microscopy, isolated cells had begun to invade
the gel at day 3. After 5 days of culture, the density of the
HT 1080 cells had increased (Fig. IB) and cells ultimately
covered the matrix surface with evidence of downward migra
tion, matrix distortion, and clearance. After 8 days, some
HT1080 cells reached the bottom of the plastic dish and spread
on it (Table 1).

As a comparison to the HT 1080 cells, we examined the
behavior of normal low passage human skin, breast, and em
bryonic fibroblasts. These cells rapidly adhered to the matrix
and were elongated after 6 h. Fibroblasts actively migrated to
organize into a network remaining on the matrix surface up to
24 h (Fig. 1C). In contrast to the fibrosarcoma cells, normal
human fibroblasts organized into randomly dispersed clusters
on the surface of the gel (Figs. ID and 2A). After 1 day of
culture, cells began to penetrate the matrigel (Fig. ID). After 3
days of culture, fibroblasts were located below the surface of
the gel and deeply embedded inside the matrix (Fig. 2fi; Table
1). After 1 week, fibroblasts often spread on the bottom of the
dish below the matrix (not shown).

Glomerular mesangial cells also attached, spread on the
matrix, developed into a cellular network, and finally organized
into clusters. Cells emitted small feather-like pseudopodia (Fig.
3/1) and after 1 day of culture, mesangial cells began to penetrate
the matrix. Evidence of matrix distortion upon contraction by
cellular processes was often seen. After about 12 days of culture,
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Fig. 1. Phase contrast micrographs of fibroblasts and HT1080 fibrosarcoma cells cultured on matrigel. After 24 h, HT1080 fibrosarcoma cells organized into a
network (A). After 5 days of culture, the number of tumor cells had increased and the cellular network covered all the matrix surface with downward migration (B).
After 6 h of culture, normal fibroblasts showed an elongated morphology and developed into a network (C). These normal cells organized into clusters after 24 h (D)
of culture and began to invade the matrix, x 120.

mesangial cells adhered on the bottom of the plastic dish (Table
1).

When plated on matrigel, normal human keratinocytes firmly
adhered within 60 min. After 6 h, epidermal cells had spread
and begun to migrate on the matrix substratum and, by 24 h,
cells formed aggregates. From day 2, some peripheral keratin
ocytes exhibiting an elongated morphology, radiated from clus
ters, and progressively infiltrated the matrix (Fig. 3Ã„;Table 1).
After 10 days, keratinocytes reached the plastic support and
spread on it.

Reticular sarcoma cells (M5076) remained isolated and dis
persed on the matrigel. They did not form aggregates or a
cellular network. After 1 day of culture, isolated cells invaded
the matrigel (Fig. 3C; Table 1) and reached the plastic bottom
after 5 days. No degradation of the matrix was observed at the
light microscope level.

All other tested cells [i.e., normal mouse cells (MOH22),
breast adenocarcinoma cells (MCF7, T47D, SA52, and
SW613), choriocarcinoma cells (BeWo), cervical carcinoma

cells (A431 ) or virally transformed cells (MO4)] readily attached
to the matrix, migrated at the surface of the gel, and formed
clusters [Fig. 4]. As viewed by phase contrast microscopy or by
examination of semithin sections of the cultures perpendicular
to the gel surface, none of these cells were found to invade the
matrix (Fig. 2, C and D). Even after 1week of culture, clustering
cells remained attached on the matrix (Table 1).

Since the malignant phenotype of breast adenocarcinoma
cells is under hormonal control and that this control is bypassed
after V-Ha-ras transfection, the invasive properties of MCF7
cells were then investigated after exposure to estradiol and after
transfection of cells with ras oncogene (MCF7 ras). Estradiol
treated MCF7 cells, control MCF7 gpt and MCF7 ras cells
displayed the same morphology and behavior as the parental
MCF7 cells. These malignant cells did not demonstrate any
invasiveness in this model (Table 1).

Ultrastructural Studies of Invasive and Noninvasive
Cells. Kramer et al. (7) recently suggested that tumor cell in
vasion of extracellular matrices, including BM, may proceed by
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Table 1 Invasiveness of various cell lines
The invasion of matrigel by various types of epithelial and mesenchymal cells

was estimated by examining the presence (+) or the absence (-) of cells, at least
100 i.in below the surface, at 3 days of culture. For cells able to invade matrigel.
the number of days required to reach the bottom plastic is indicated. The in vivo
invasion capacity (+) of the tested cells has been documented in detail elsewhere
as referenced in the literature. +. documented in vivo invasion; â€”,lack of invasion.

Invasion capacity

EpithelialcellsNormal
cellsKeratinocytesMalignant

cellsBreast
adenocarcinomaMCF7MCF7

+estradiolMCF7
gptMCF7

gpt +estradiolMCF7
rasSA52SW613T47DChoriocarcinomaBeWoCervical

carcinomaA431Mesenchymal

cellsNormal
cellsMesangialHuman

fibroblastsSkinBreastEmbryonicMouse

fibroblastsMOH22Transformed

cellsMouse
fibroblastsMO4Malignant

cellsFibrosarcomaHT

1080Reticular

sarcomaM
5076In

vitroDays

required
Cluster Downward for reaching

formation migration plastic Invivo+

+10+

â€”â€”+
+(23)+

â€”â€”+
+(24)-1-

- +(24)+
(19)+

+(20)+
+(20)+

+(26)+

+(27)+

12+

+ 6-+
+ 7-+
+ 7-+

â€”â€”+

+ 7+(29)+

8+(18)-

+ 5 +(28)

the formation of specialized pseudopodia which form adhesion
contacts with the matrix and provide an efficient mechanism
for the local hydrolysis of the matrix. Their ultrastructural
study demonstrated these lilipncli.il and lamellipodial projec
tions in HT 1080 fibrosarcoma cells seeded onto matrigel but
not in their noninvasive stromal fibroblasts. Therefore, we
decided to examine by transmission and scanning electron
microscopy the features of our invasive strains of normal fibro
blasts during the early phases of downward migration. We also
compared these aspects to those of noninvading MCF7 tumor
cells. After 1 day of culture, normal fibroblasts began to pene
trate into the matrix (Figs. 5, A, B and 6A) and after 3 days,
they were completely embedded in the gel (Fig. 6, B, C). The
cytoplasm displayed a well developed, rough endoplasmic retic-
ulum and numerous mitochondriae. Abundant interdigitations
were observed between neighboring cells (Fig. 6C). As described
by Kramer et al. (7) for fibrosarcoma HT 1080 cells, the normal
fibroblasts also infiltrated deeply into the gel and displayed
pseudopodia either in direct contact with the matrix or sur
rounded by zones of matrix clearance. The presence of multiple
intracytoplasmic vesicles and pericellular electron lucent areas
suggested that penetration of cells in the matrix was accom
panied by endocytosis and degradation.

When seeded on the matrix, MCF7 cells organized into
clusters remaining attached on the gel beyond 3 days of culture

(Fig. 5, C, D). Tumoral cells were connected by abundant
interdigitations (Fig. 6D). At the bottom of the aggregates, cell
membrane was closely apposed to the matrix surface. Down
ward infiltration of pseudopodia into the matrix was never
observed (Fig. 6D). Results were essentially identical when in
vivo invasive ras transfected MCF7 cells or estradiol treated
MCF7 cells were used (data not shown).

Evaluation of Matrix Invasion. Invasion was semiquantita-
tively estimated using two parameters. The first one was the
time required for the cells to reach the bottom of the culture
dish, spread on it, and recover the typical morphology of cells
cultured in monolayer on plastic. These results have been
described above for each cell type and are summarized in Table
1. Invasion was also quantified on semithin sections cut per
pendicularly to the surface of the gel after 1 and 3 days of
incubation of cells initially seeded on the gel surface (see "Ma
terials and Methods"). The proportion of cells that penetrated

at a depth of at least 100 ^m below the matrix surface was
estimated on semithin sections. Therefore, the quantification
of invasion of tumoral MCF7 cells and normal fibroblasts was
performed under conditions identical to those described by
Kramer et al. (7). They showed that only a part of HT 1080 had
invaded the gel after 3 days. During the first day neither
fibroblasts nor MCF7 cells had invaded the matrix (Fig. 2, A,
C) but after 3 days, 98% of the fibroblasts were embedded in
the gel (Fig. 2B). However, at that time none of the MCF7
cells had penetrated into the matrix (Fig. 2D).

Degradation of the Matrix. According to previous work (31),
the ability to degrade the BM barrier appears to be essential for
the passage of cells across this structure. In some assays, MCF7
cells and fibroblasts were cultured in absence of serum which
contains several proteinase inhibitors that could possibly inhibit
the proteolytic activity of the cells. The invasion capacity of the
cells was unmodified under such conditions (not shown). The
release of ['5S]methionine-labeled matrix degradation products

was monitored during incubation in the presence of invasive
MO4 cells, fibroblasts, or proteinases. Addition of plasmin to
the radioactive matrigel induced the specific release of 36,500
Â±750 (SD) cpm/ml medium/day. All other enzymes tested
(heparinase, bacterial collagenase, type IV collagenase) failed
to release significant radioactivity in the medium (data not
shown). No significant release of radiolabeled matrix molecules
in the culture was detected for up to 9 days in the medium of
fibroblasts or MO4 cells cultured in the presence or absence of
serum (data not shown). The addition of plasminogen (500 ^g/
dish) as a source of proteolytic proenzyme did not induce a
significant release of radioactive breakdown products of the
matrix (data not shown).

Altogether these results suggest that under the conditions of
this assay, cell invasion of the matrigel is not associated with
an extensive degradation of the gel. Assuming that 2000 cpm
represent the limit of reliable released radioactivity in the
medium, we calculated that invasion of the matrigel by 1.5 x
IO5 MO4 cells or fibroblasts proceeded with a matrix degrada

tion of less than 30 ^g/dish or less than 0.2% of the total matrix
proteins.

DISCUSSION

The reconstituted EHS basement membrane matrix, matri
gel, provides a three-dimensional model that has been used for
the study of tumor cell interactions with BM components, a
critical step in the process of invasion. Recently, several inves-
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Fig. 2. Light micrographs of semithin sections of normal fibroblasts (A, B) and tumoral MCF7 cells (C, D) cultured on matrige! and examined after 6 h (A, C) and
72 h (B, D). After 6 h, fibroblasts (A) and MCF7 cells (C) organized into clusters attached on the matrix. After 3 days of culture, all fibroblasts were embedded in the
matrix (B). On the contrary, tumoral MCF7 cells did not invade the gel after 3 days of culture (D), x 120. Arrows, top of gel.

tigators have compared the capacity of normal and tumor cells
to invade this matrix with the aim of developing an in vitro
invasion assay (7, 8). Human fibrosarcoma cells (HT 1080)
readily invaded the matrigel while normal fibroblasts did not
spread and furthermore exhibited minimal migration and in
vasion (7). Others observed, however, that normal fibroblasts
rapidly organized into a network and infiltrated the matrigel
(12). In this study, we compared the behavior of these two cell
types cultured on the reconstituted BM gel prepared according
to the methods of Kleinman et al. (10) and to Kramer et al. (7)
and extended these previous studies by testing a large series of
normal and malignant cells originating from various tissues
and species. We investigated cell morphology, culture organi
zation, as well as ultrastructural features associated with inva
sion. We quantitatively estimated the invasion by determining
the time required for cells to reach the bottom of the culture
dish and by calculating the proportion of cells that penetrated
the matrix through observation of semithin sections.

According to the report of Kramer et al. (7), human fibrosar

coma cells (HT 1080) developed rapidly into a network on the
surface of the matrix. Invasion into the gel required several
days and was initiated only when high cell density was reached.
In contrast, normal human fibroblasts cultured on this matrix
displayed a "drastically different behavior." Despite their ca

pacity to adhere to the substratum, the spreading of fibroblasts
required 3 days. These authors observed only occasional fibro-
blast extensions and some matrix clearances similar to those
produced by tumor cells. In the present work, we cultured
normal human fibroblasts of various origins (breast, adult, and
embryonic skin fibroblasts), all these cells adhered and spread
within 6 h. During the first day of culture, fibroblast behavior
was similar to that of tumor fibrosarcoma cells. However,
fibroblasts, as opposed to tumor cells, organized into clusters
and began infiltration into the matrix earlier (from day 2).
Similarly, other strains of cells (i.e., normal cells, glomerular
mesangial cells, and keratinocytes) formed clusters, penetrated
the matrix, and reached the bottom of the dish within 1 week
of culture. Reticular sarcoma cells did not form aggregates or
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Fig. 3. Phase contrast micrographs of glomerular mesangial cells (A), normal
keratinocytes (A), and reticular sarcoma cells (M5076) (C) cultured for 48 h on
the matrigcl (X 80). Normal mesangial cells and normal keratinocytes formed
clusters. Some cells at the periphery of the aggregates exhibited an elongated
morphology with evidence of downward migration. Reticular sarcoma cells
(M5076) remained isolated and dispersed on the matrigel and progressively
invaded the gel.

a network but the isolated cells infiltrated the matrix very
rapidly (after 24 h). When viewed by phase contrast microscopy,
during invasion, these normal and malignant invading cells
displayed an elongated morphology as observed for fibrosar
coma cells by Kramer et al. (7).

Ultrastructural studies were performed for the analysis of
fibroblasts invasion. Normal fibroblasts. like the fibrosarcoma
cells (7), showed an elongated morphology and established
complex interdigitations of cell-cell adhesion contacts. Inter
estingly, pseudopodia penetrating into the gel and pericellular
zones of matrix clearance were observed in electron micro
graphs of fibroblasts deeply embedded in the matrix. Similar
features of invading cells were also reported by Kramer et al.
(7) for tumor fibrosarcoma cells. These authors suggested that

these cell extensions represent the major mechanism of pene
tration through the BM.

All the other tested cell types (Table 1), malignant cells
(MCF7, T47D, SW613, BeWo, A431), virally transformed cells
(MO.,), and normal cells (MOH22), failed to infiltrate the
matrix. As viewed by scanning and transmission electron mi
croscopy, noninvading MCF7 cells remained closely apposed
to the matrix surface without forming pseudopodia. Because
MCF7 cells require estrogens to become invasive in vivo (24),
the effect of estradiol on this cell line was tested in our in vitro
assay; no inductive effect of estradiol was observed. Transfect-
ing MCF7 with the V-Ha-ras oncogene resulted in a high degree
of tumorigenicity in vivo independently of the presence of
estrogens (25). This transfected subline did not show any inva
sive behavior in our in vitro system. Altogether these results
indicate that no relationship could be established between the
organization of cells cultured on the matrigel (isolated, in
clusters or in a network), the invasion of the matrigel in vitro
and the invasiveness in vivo (Table 1). Our results suggest that
the capacity of a cell to invade the matrigel is not related to its
malignant phenotype but possibly to its mesenchymal origin
(Table 1).

Albini et al. (8) developed another in vitro test for estimating
the invasive potential of tumor cells. They showed that the
invasive and metastatic potential of malignant cells was corre
lated with their ability to cross a thin layer of matrigel coated
onto the filter of a Boyden chamber. This in vitro test, however,
requires well defined conditions to allow a rapid and discrimi
nating assay. It must be performed using small amounts of
matrigel at a low protein concentration (50 Mg/ml) in the
absence of serum. Penetration of invasive cells down to the
bottom chamber is estimated after 6 h of culture and requires
the presence of a chemoattractant. The reason for the discrep
ancy between the results obtained by Albini et al. and our results
is unclear but could be the consequence of important method
ological differences between the two types of assays.

Tumor invasion theoretically proceeds through a 3-step
mechanism: (a) attachment to the extracellular matrix; (b)
degradation of the matrix by proteases; and (c) cell locomotion
usually towards chemotactic factors (32). Among the cell lines
used in our work, all types of cells readily attached and spread
on the matrigel. Therefore, the lack of invasion by some of
these cells cannot be ascribed to differences in the plating
efficiency.

Tumor cells have been shown to secrete soluble proteinases
or to exhibit plasma membrane bound proteinases (33-36). The
addition of serum containing protease inhibitors that may block
the proteolytic activity secreted by tumor cells could therefore
inhibit the penetration of the matrigel. However, the absence
of serum did not allow invasion of the matrigel by MCF7 cells.
Type IV collagenase activity has also been correlated with the
invasive potential of tumor cells (31, 37, 38). In addition,
plasminogen activator has been localized in cellular extensions
(39). The matrigel also contains significant amounts of plas
minogen and plasminogen activator (40) and its main compo
nent, laminin, is known to highly stimulate the production of
type IV collagenase by malignant cells (41). Collagenase bio
synthesis by fibroblasts and malignant cells is increased when
cultured on matrigel (30). Despite this apparently adequate
microenvironment, no significant release of radiolabeled matrix
molecules or degradation products was detected in the medium
when MO4 cells and fibroblasts were cultured on [J5S]methio-
nine-labeled matrix. The addition of plasmin, but not collagen-
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RECONSTITUTED BM MATRIX AND METASTAT1C CELL PHENOTYPE

Fig. 4. Phase contrast micrographs of normal and malignant epithelial and mesenchymal cells of human and animal origin cultured on matrigel for 48 h. These
cells included human breast adenocarcinoma cells (A-D: MCF7. T47D. SA52, SW613). normal mouse MOH cells (Â£")and their virally transformed counterpart MO4

cells (F); human choriocarcinoma BeWo cells (G), and cervical carcinoma A431 cells (//). All these normal and malignant cell types formed clusters remaining
attached on the matrix without any evidence of gel invasion, x 80.

ases or heparinase, in the absence of cells induced a significant
release of matrix molecules. These results suggest that plasmin-

ogen activator is either involved or minimized during downward
migration and that cells penetrated into the matrix without

detectable degradation. The possible degradation of type IV
collagen during this process cannot, however, be ruled out in
our experimental conditions. An important aspect of our ob
servations is the possible difference between native and recon-
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RECONSTITUTED BM MATRIX AND METASTATIC CELL PHENOTYPE

Fig. 5. Scanning electron micrographs of normal fibroblasts and lumoral MCF7 cells cultured on the matrigcl. After 24 h of culture, normal fibroblasts (arrows)
invaded the matrix. A. x 500; B. x 1500. Tumoral MCF7 cells remained attached on the gel without particular interaction with the matrix. C, x 500; D, x 1500.

stituted basement membrane for the study of invasion. The
reconstituted basement membrane is unlikely to have the highly
complex and organized structure of a native basement mem
brane. Although this substrate is appropriate to study cell
adhesion or differentiation, it appears inappropriate to study
invasion. The absence of detectable proteolytic degradation of
the matrigel (less than 0.2% proteins) clearly indicates that cells
can penetrate completely in the matrigel without significant
breakdown. Such degradation can, however, be elicited by in
cubation with exogenous plasmin, which indicates the suitabil
ity of our experimental conditions. In this regard, the human
Â¿minionassay (6) or the artificial blood vessel assay (42) has a
definitive advantage.

We have previously demonstrated that laminin in matrigel
promotes cell attachment and modulates cell morphology (43).

Several authors have demonstrated the usefulness of this recon
stituted basement membrane matrix to study differentiation of
cells (44-47) and the interactions with basement membrane
components (47). This matrix, however, does not provide a
universal in vitro model to study the invasive capacities of tumor
cells.
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RECONSTITUTED BM MATRIX AND METASTATIC CELL PHENOTVPE

Fig. 6. Transmission electron microscopy of normal fibroblasts and tumoral MCF7 cells cultured on matrigel. After 24 h of fibroblast culture, the matrix invasion
had begun (A), x 9000. Arrow, matrix surface. In the low power view of fibroblasts completely embedded in the gel after 3 days, the cytoplasm displayed a well
developed rough endoplasmic reticulum and numerous mitochondriae (B). x 7300. At high magnification, pseudopodia and cell surface were seen in direct contact
with the matrix or surrounded by zones of matrix clearance (arrows) (c). x 11,000. Clusters of noninvading MCF7 cells remained anchored on the matrix without
evidence of infiltrating pseudopodia. Inside the aggregate, tumoral cells were connected by numerous interdigitations. Arrow, matrix surface (D), x 7300.
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