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In order to elucidate the factors contributory to the expression of invasiveness of oral squamous cell
carcinoma, we conducted biochemical and morphological comparisons of well differentiated squamous
carcinoma cell line OSC-19 (oral squamous cell carcinoma) and undifferentiated carcinoma cell line
KB, both cultured on 3T3 cell-embedded collagen gel (in vitro invasion model). OSC-19 cells invaded
3T3 cell-embedded collagen gel, while KB cells and OSC-19 cells on 3T3 cell-free gel matrix were less
invasive, Cultured OSC-19 cells were characterized by lower proliferating activity, lower secretion of
laminin and higher secretion of fibronectin than those of KB cells. Although the basement membrane
with deposition of laminin and type IV collagen was formed, it was discontinueus at the invasion front.
Gelatin zymography and western blotting showed matrix metalloproteinases (MMP), i.e., 72 kDa
gelatinase (MMP-2) and 92 kDa gelatinase (MMP-9). Gelatinolytic activity was assayed, and was
higher in OSC-19 cells than in KB cells or OSC-19 cells of the 3T3 cell-free model. By immuno-
histochemical analysis, MMP-2-positive cells were found scattered in both cell lines without any
preferential localization, and the positivity for MMP-9 was localized in the invasion front of OSC-19
cells, These results strongly suggest that the invasiveness of squamous cell carcinoma is well
correlated with cell-matrix adhesion by fibronectin and with focal elaboration of metalloproteinases,

especially MMP-9, which play a major role in degrading the extracellular matrix components.
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The invasive ability of carcinoma cells is one of the
most important characteristics of the malignant tumor.
The invasiveness seems to be attributed to multiple
factors such as cell growth, adhesiveness, enzyme pro-
duction and motility, some of which may be influenced
by cell communication with stromal cells, defense mech-
anisms of immunocompetent cells, vascular supply and
the other physical and anatomical conditions. In order
to understand better the complex mechanisms of tumor
cell invasion, many /n vitro invasion models have been
developed and used with particular attention to invasive
activity of malignant tumor cells into various biomairices
such as chick chorioallantoic membrane,"? collagen
gel,? reconstituted baserment membrane®? and fibro-
blast-embedded collagen gel.® Among them, the invasion
model using fibroblast-embedded coellagen gel appears to
be useful, since the epithelial-stromal interaction modu-
lates the invasive capacity of carcinoma cells,*'® and
fibroblasts affect basement membrane formation and
junctional activity of epithelial cells and epithelium-
derived carcinoma cells.!'®

In the present study, we devised an in vitro invasion
model with 3T3 cell-embedded collagen gel as substrata,
and employed it to investigate the factors related to the
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invasive ability of squamous cell carcinoma into the gel
matrix, in comparison with another type of carcinoma
cell line. We present results indicating that higher pro-
duction of fibronectin and elevation of certain enzymatic
activities, particularly of 92 kDa gelatinase (MMP-9),
are closely correlated with invasiveness of squamous
carcinoma cells.

MATERIALS AND METHODS

Cell lines Cell lines derived from oral squamous cell
carcinoma were used: KB cells!¥ were obtained from
the Japanese Cancer Research Resources Bank (JCRB).
OSC-19 cells™ 1) were kindly gifted by Dr. Yokoi. Swiss
3T3 cells derived from mouse fetal fibroblasts were
obtained from JCRB. The characteristics of the carci-
noma cells were investigated by implantation in the
subcutaneous tissue of nude mice (Balb/c/nu/nu).

Invasion model Three-dimensional type I collagen gel
matrix composed of acid-soluble bovine collagen solution
(pH 3.0, Nitta Gelatin, Tokyo), Eagle’s minirnal essen-
tial medium (MEM) and sodium bicarbonate was pre-
pared in a 35 mm plastic dish.'® The components were
mixed with 3T3 cells (3 < 10° cells) at 4°C, and the gel
matrix (2 ml) was formed by incubation at 37°C for 30
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min and cultured in MEM supplemented with 109% fetal
calf serum (FCS) overnight in a CO, incubator. Next
day, carcinoma cells (2 X 10° cells) were overlaid on the
3T3 cell-embedded collagen gel matrix. After the carci-
noma celis had adhered fo the underlying collagen gel,
the gel was floated in the medium with a spatula. The
investigation was conducted on days 4, 8, 14 and 21 in
culture. To analyze the role of 3T3 cells, 3T3-cell-free
substratum was used.

Histological investigation Both tumor masses grown in
nude mice and cell-matrix specimens of the invasion
model were fixed with 49, paraformaldehyde for light
microscopy, dehydrated with an ethanol series, and
embedded in paraffin. Paraffin sections were stained with
hematoxylin and eosin. For electron microscopy, they
were fixed with 2.5% glutaraldehyde and 2% osmium
tetroxide, dehydrated with an ethanol series, and em-
bedded in Epok &12. Ultrathin sections were stained with
uranyl acetate and lead citrate.

Immunohistochemistry Paraffin sections were immuno-
stained for laminin and type IV collagen by the strep-
tavidin-biotin-peroxidase complex method.'” Deparaffi-
nized sections were pretreated with 0.49 pepsin (Sigma,
MO, USA) in 0.01 N HCI for 20 min. Rat anti-human
laminin ( %2,000, Immunotech, Marseille, France) and
mouse anti-human type IV collagen (X 1,000, Shiseido,
Tokyo) monoclonal antibodies were used as primary
antibodies. Biotinylated rabbit anti-rat and -mouse IgG
antibodies (%200, Vector Laboratories, CA, USA) were
reacted and then streptavidin-biotin-peroxidase complex
{Jackson Immuncresearch Laboratories, PA, USA) was
applied. Visualization was done with H,O-.-added di-
aminobenzidine tetrahydrochloride.

To immunolocalize matrix  metalloproteinases
(MMPs},monoclonal antibodies against human MMP-1
(tissue collagenase), MMP-2 (72 kDa gelatinase/type IV
collagenase) or MMP-9 (92 kDa gelatinase/type IV col-
lagenase) were used. These antibodies were prepared by
using synthetic peptides corresponding to the amino acid
sequences of the COOH-terminal domains of the MMPs
{residues 332-351, VQGQNVLHGYPKDIYSSFG for
MMP-1; residues 524-539, VIPRDKPMGPLLVATF
for MMP-2; and residues 626-644, RSAEVDRMFPG-
VPLDTHD for MMP-9) according to the method of
Kodama et al'® Monospecificity of the antibodies and
their applicability for immunostaining were proven by
immunoblot analyses and immunostaining of the rheu-
matoid synovium (Okada ef al; manuscript in prepara-
tion}. The specimens were treated with monensin as
previously described,'” and fixed with 4% paraformal-
dehyde. Paraffin sections were immunostained with
streptavidin-biotin-peroxidase complex. Concentrations
of the antibodies against MMP-1, -2 and -9 were 1.7, 3.5
and 2.0 pg/ml, respectively.
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Measurement of extracellular matrix components in cul-
ture media Amounts of laminin, type IV collagen and
fibronectin secreted into the culture media by carcinoma
cells were measured by sandwich enzyme-linked im-
munosorbent assays (ELISA). The conditioned media
were collected after cultivation for 2 days in SFM-101
medium (Nissui, Tokyo) supplemented with 0.29%
lactalbumin hydrolysate and 0.1 mM ascorbic acid.2®
Anti-human laminin (3,000, Calbiochem Corp., CA,
USA), type IV collagen (X 1,000, Shiseido) or fibro-
nectin { X 3,000, Calbiochem Corp.} monoclonal anti-
bodies were adsorbed on wells of a microtiter plate.
Bovine serum albumin was adsorbed for blocking non-
specific reaction. Purified human laminin, type IV
collagen®” and fibronectin®® and the conditioned culture
media were diluted serially and incubated in the wells.
Then, anti-human laminin (%500, E-Y Laboratories,
CA, USA), fibronectin (1,000, DAKOQ, Glosrup,
Denmark) or type IV collagen ( X 500, Advance, Tokyo)
polyclonal antibodies were reacted. After application
of alkaline phosphataseconjugated anti-rabbit IgG anti-
bodies ( X 500, Cappel, PA, USA), alkaline phosphatase
substrate (Sigma) was incubated, and then the optical
density at 405 nm was measured. In our assay system for
fibronectin no cross-reaction with murine or bovine fibro-
nectin was observed.

Gelatin zymography According to the method described
by Hibbs et al,” zymography using sodium dodecyl
sulfate (SDS)-polyacrylamide gel containing 0.2% gela-
tin (8% total acrylamide) was performed. The superna-
tant of the conditioned medium was electrophoresed
under non-reducing conditions at 4°C. The gels were
washed with 2.59% Triton X-100 for an hour, incubated
in 0.05 M Tris-HCI buffer (pH 7.5) containing 0.15 M
NaCl, 0.01 M CaCl; and 0.029% NaN, for 12 h at 37°C,
and stained with Coomassie brilliant blue R250.

Assays for gelatin- and collagen-degrading activities
Gelatinolytic and collagenolytic activities in the culture
media were measured according to the methods de-
scribed by Harris and Krane®™ and Cawston and
Bar-rett,” respectively. The assays were performed at
37°C for 12 h in the presence of 1.0 mM p-aminophenyl-
mercuric acetate for gelatinolytic activity and 1.5 mM
p-aminophenylmercuric acetate for collagenolytic ac-
tivity to activate the precursors of MMPs.*® After cen-
trifugation, radioactivities in the supernatants were
measured with a scintillation counter. One unit of gela-
tinolytic and collagenolytic activities degrades 1 ug of
["*C]gelatin and ["*C]collagen per minute at 37°C, re-
spectively.

Immunoblotting Proteins in the conditioned medium
were precipitated with 339 (w/v) trichloroacetate and
dissolved in the SDS sample buffer containing 2-mer-
captoethanol. The samples were electrophoresed in SDS



polyacrylamide gel (8%), and transferred to a nitrocellu-
lose membrane. The membrane was immunostained by
the avidin-biotin-peroxidase method using anti-MMP-1,
-2 and -9 antibodies.

Statistical analysis The significance of differences was
analyzed by analysis of variance and Scheffé’s test for
variables using the statistics package of Statistical Anal-
ysis System (SAS).

RESULTS

Characteristics of OSC-19 and KB cells Doubling times
of OSC-19 and KB cells cultured on plastic dishes were
57.8 and 26.7 h, respectively,

These tumor cells were completely different in cell
shape, differentiation and infiltrating mode into the sur-
rounding tissue of nude mice. OSC-19 cells were poly-
gonal, and showed marked keratinization, forming a
cancer pearl. They proliferated with a pavement-like
arrangement and showed an invasive growth pattern
with neutrophil infiltration and fibroblastic reaction in
the peripheral zone (Fig. 1A). KB cells, on the other
hand, had ovoid cell shape with scanty cytoplasm and
there were many mitoses and prominent nucleoli.
Keratinization and intercellular bridging were not ob-
served. The KB cells grew in an expansive manner
against the surrounding murine tissue with poor stromal
reaction (Fig. 1B).

Electron microscopically, OSC-19 cells had abundant
tonofilaments that often formed electron-dense bundles
near the nuclei. They were connected to each other by
rigid desmosomes and had numerous hemidesmosomes
to which discontinuous basement membranes were

Fig. 1.
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attached. KB cells had poorly developed desmosomes

and little intercellular connecting apparatus. The cyto-
plasm was endowed with abundant free ribosomes and
a few intermediate filaments, but tonofilaments were
scarcely seen (data not shown). Thus, KB cells used in
the present experiment were considered to be epithelial
but not squamous in nature.”” We regarded KB cell line
as an undifferentiated carcinoma and OSC-19 cell line as
a well differentiated squamous cell carcinoma.
Morphological findings of OSC-19 and KB cells in an
invasion model OSC-19 cells cultured on 3T3 cell-free
substrata formed two or three cell layers and rarely
invaded the gel (Fig. 2A). OSC-19 cells cultured on 3T3
cell-embedded collagen gel formed multi-layers up to 10
layers thick, with distinet squamous differentiation, and
invaded the collagen gel matrix starting on day 8. Under-
lying 3T3 cells were transformed from ovoid to fusiform
or asteroid cells (Fig. 2B). Ultrastructurally, these
OSC-19 cells had numerous desmosomes, hemidesmo-
somal structure and distinct tonofilaments, and they ex-
tended slender cytoplasmic processes into the gel. The
number of cells invaded was increased by days 14 and 21.
Basement membrane structure was partially developed
on day 8, linear and frequently interrupted on day 14, and
continuous on day 21 (Fig. 3). OSC-19 cells cultured
without 3T3 cells did not form a basement membrane
until day 21 (Table I).

KB cells proliferated in multi-layers on the collagen
gel with or without 3T3 cells. They showed ovoid shape
with scant cytoplasm. There were many exfoliated and
necrotic cells on the superficial layer, probably because of
their rapid growth and poor coherence. 3T3 cells in the
collagen substratum .remained round and slightly elon-
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Photomicrographs of carcinoma cells grown in the subcutaneous tissue of nude mice one week after injection. OSC-19

cells show invasive growth with fibroblastic reaction and inflammatory cell infiltration (A). KB cells show expansive growth

without stromal reaction by fibroblasts {B). A, B X240.
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gated in their cytoplasmic processes. KB cells scarcely
penetrated into collagen gels (Fig. 2C). At the interface
between KB cells and the coilagen gel, no basement mem-
brane structure was observed by electron microscopy
(data not shown).

Deposition of extracellular matrix components secreted
by carcinoma cells Laminin was immunolocalized on
day 8 in a linear pattern only beneath the multi-layered
0SC-19 cells cultured with 3T3 cells, initially around the
invasion front (Fig, 4A). It was not immunostained in
KB cells (Table I), although KB cells produced it con-
stantly in the culture medium. Laminin released by
0O8C-16 cells increased with the advance of culture days
and was influenced by 3T3 cells (Fig. 5).

Type IV collagen was immunolocalized on day 8 in
culture in a linear pattern beneath the multi-layered
OSC-19 cells with 3T3 cells (Fig. 4B) and KB cells with
3T3 cells (data not shown). 3T3 cell-free cultures did not
show type IV collagen immunoreactivity in either OSC-
19 or KB cells (Table I). In conditioned media type IV
collagen was detectable only in KB cells with 3T3 cells,
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Fig. 2. Photomicrographs of OSC-19 cells on a 3T3
cell-free collagen gel matrix (A) and OSC-19 cells on
the gel matrix with 3T3 cells on day 8 in culture (B),
and KB cells on a 3T3-embedded gel matrix (C). OSC-
19 cells on 3T3 cell-embedded collagen gel matrix show
irregular or wedge-shaped invasion (B). OSC-19 cells
without 3T3 cells show a linear interface between OSC-
19 cells and the gel (A). KB cells show no definite inva-
sion (C). A X240, B X240, C X240.
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Fig. 3. Electron micrograph of OSC-19 cells on day 21 in
culture. Apparently continuous basement membrane (arrows)
is formed. X9,000.

but not in OSC-19 cells, although OSC-19 cells formed
basement membranes. These results indicate type IV col-
lagen produced by carcinoma cells was immediately de-
posited around the cells under the influence of 3T3 cells.
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Table I. Summary of Immunohistochemical and Electron Microscopic Examinations on Basement
Membrane Components and Basement Membrane Formation in an in vitro Invasion Model of Tumor
Cells
08C-19 cells KB cells
without 3T3 with 3T3 without 3T3 with 3T3
Culture days 4 g 14 8 14 4 8 14 4 8 14

Immunostaining

Laminin - — - + =+ - - - — - -

Type IV collagen - - - + + - — - - + +
Basement membrane by — - - - + - - — — - -

electron microscopy
Symbols: —, negative or absent; +, positive or present,

Fig. 4. Immunostalmng for laminin (A) and type IV collagen (B) in OSC-19 cells on day 8 in culture. Note discontinuity of
basement membrane components, laminin and type IV collagen, at the site of invasion. A, B X 140.
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Fibronectin was detected in OSC-19 cell series, but not
in KB cells, The amounis were higher in OSC-19 cells
with 3T3 cells (P<0.05) (Fig. 5). Fibronectin was not
immunostained in KB or OSC-19 cells, probably because
the concentration of aggregates was below the limit of
sensitivity of the antibody.

MMPs in conditioned culture media Gelatin zymogra-
phy of the culture media from the invasion model showed
several gelatinolytic activities with different molecular
weights (Fig. 6). The digestion patterns of the samples
from the 3T3 cell-free groups of KB and OSC-19 cells

Fig. 5. Content of laminin and fibronectin in OSC-19 cells
without 3T3 cells (A, E}, OSC-19 cells with 3T3 cells (B, F),
KB cells without 3T3 cells (C, G) and KB cells with 3T3
cells (D, H) in conditioned culture media. Mean and standard
deviation of triplicate determinations.
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were almost the same: the major activity was associated
with a band of 72 kDa. The same activity was also
detected in the samples from both cell lines with 3T3
cells. Since the 72 kDa activity was observed in the media
from either carcinoma cells or 3T3 cells alone cultured
on a plastic dish, it was considered to represent the sum
of enzymes secreted by carcinoma cells and 3T3 cells.
The gelatinolytic activity of 95 kDa was detected in the
3T3 cell-embedded group of OSC-19, but not in the 3T3
cell-free group. This activity is probably derived from
3T3 cells because the same band was detected in the
conditioned medium of 3T3 cells. Another gelatinolytic
activity band with 92 kDa was faintly observed in all the
conditioned media of the 3T3 cell-embedded groups.

Immunoblotting analyses revealed that all the samples
from OSC-19 and KB cells contain MMP-2 (72 kDa
gelatinase/type IV collagenase) and MMP-9 (92 kDa
gelatinase/type IV collagenase) (Fig. 7).

In order to quantify these enzymatic activities, gelati-
nolytic and collagenolytic activities were measured using
*C-labeled substrates. Gelatinolytic activity was signifi-
cantly (P<0.053) higher in OSC-19 cells than in KB
cells (Fig. 8). In addition, it was noted that Jevels of
gelatinolytic activity in the samples from the 3T3 celi-
embedded groups of KB and OSC-19 cells were signifi-
cantly (P<{0.05) higher than those of samples from the
3T3-free groups. No collagenolytic activity was detected
in any of the samples from both cell lines.
Immunolocalization of MMPs OSC-19 and KB cells of
the 3T3 cell-embedded groups were immunostained.
MMP-9 was positively stained in a few OSC-19 cells,
which were located in and around the wedge-shaped
invasion front (Fig. 9A). KB cells were negative for
MMP-9. MMP-2 was immunolocalized randomly in KB
cells (Fig. 9B) and in OSC-19 cells, but 3T3 cells were
not labeled. MMP-1 was never detected.
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Fig. 6. Zymograms using gelatin substrate-
acrylamide gel (89%) electrophoresis of condi-
tioned culture media of OSC-19 and KB cells
with or without 3T3 cells in collagen gels. In
order to identify the products of 3T3 cells and
0O8C-19 cells, conditioned culture media of QSC-
19 cells cultured on the 3T3-free collagen gel
(OSC-19), 3T3 cells alone in the collagen gel
(3T3) and OSC-19 cells cultured on the 3T3-
embedded collagen gel (OSC-19+3T3) were run
simultaneously, and the patiern is shown in the
center of the figure. Numerals above (4, 8 and
14) indjcate days in culture.

8 14

Fig. 7. Western blotting of conditioned media on day §
using anti-MMP-2 and anti-MMP-9 for OSC-19 and KB
cells. Lanes 1 and 5, OSC-19 without 3T3 cells; Lanes 2 and
6, OSC-19 cells with 3T3 cells; Lanes 3 and 7, KB cells
without 3T3 cells; Lanes 4 and 8, KB cells with 3T3 cells.
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Fig. 8. Gelatinolytic activity in conditioned culture media.

A, O8C-19 cells without 3T3 cells; B, OS8C-19 cells with 3T3
cells; C, KB ¢ells without 3T3 cells; D, KB cells with 3T3
cells. Mean and standard deviation of triplicate determina-
tions.
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Immunostaining for MMP-2 and MMP-9 on day 8. MMP-9 is positively stained in an OSC-19 cell at the invasion front

(A, short arrow) and cells adjacent to it (A, long arrows). MMP-2 is randomly positive in KB cells (B). A «240, B = 240.

DISCUSSION

In the present study, we employed 3T3 cells instead of
human fibroblasts in an invasion model for evaluating the
invasive capacity of tumor cells, because of their avail-
ability. The 3T3 cells appear to be a little different from
fibroblasts in nature, even though they were derived from
murine fetal fibroblasts, since we had to use 30 times as
many 3T3 cells as compared with the human fibroblasts
used in Matsumoto’s model.”” However, the present assay
model is considered to be very useful in that it could
provide us with reproducible data for analysis of factors
related to invasiveness, especially with respect to the
interaction of the carcinoma cells with stromal cells.

In the present invasion model, well differentiated squa-
mous carcinoma cells (OSC-19) cultured with 3T3 cells
definitely invaded the substrata of collagen gel, exhibit-
ing basement membrane formation, positive immuno-
reactivity with anti-laminin and anti-type IV collagen
antibodies, increased fibronectin production, increased
amounts of metalloproteinases and gelatinolytic activity.
It is surprising that OSC-19 cells formed basement
membrane and deposits of type IV collagen and laminin
simultaneously with invasion. Barsky et al*® reported
that in benign epithelial neoplasm and carcinoma in
sit the basement membrane was preserved, but it dis-
appeared in an invasive carcinoma. Similarly, in poorly
differentiated and invasive carcinoma of the colon and
rectum’ " endometrial carcinoma,” and pulmonary
squamous cell carcinoma,’ basement membranes are
discontinuous, disrupted or absent. On the contrary,
Gusterson et al.™ reported that basement membranes did
not disappear even in invasive squamous cell carcinomas,
and proposed that the presence of basement membrane

was not correlated directly with the invasion of carci-
noma. Dingenans®™ found that both small cell clusters
and singly invading cells are occasionally invested with
continuous basement membranes, and assumed that such
carcinoma cells are in a phase of temporary standstill of
the invasive process. In our model, the basement mem-
brane of OSC-19 cells seems to disappear at the invasion
front, and concurrently basement membrane components,
laminin and type IV collagen, were negative or discon-
tinuously positive. These phenomena, therefore, seem
to be common in the invasion process, particularly into
gel matrix, by carcinoma cell lines of such a differen-
tiated type.

Next, it is interesting that KB cells, which have high
proliferative activity and are undifferentiated in nature,
showed poor invasiveness, unlike OSC-19 cells. Thus,
high proliferative activity and dedifferentiation did not
appear to guarantee high invasive ability. Recently Noel
et al.*” showed that highly malignant cell lines could not
invade reconstituted basement membrane. Thus, invasive
carcinoma cell phenotype may be correlated with other
factors, including cell adhesiveness, cell motility, and
matrix-degrading activity. Recently, adhesive proteins
represented by laminin and fibronectin, and their cell
surface receptors were shown to correlate closely with
invasion and metastasis.™ In the present model, in which
fibronectin and laminin were assayed in conditioned
media, it was noted that OSC-19 cells produced fibro-
nectin and laminin and the amounts increased with de-
velopment of invasion, while non-invasive KB cells con-
stantly secreted laminin into the media during culture.
Thus, invasive capacity into the collagen gel is possibly
correlated with the adhering protein fibronectin, which
acts to promote cell attachment to the gel matrix and to
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mediate cell locomotion, as in the case of fibronectin-
mediated attachment of cell to matrix in regenerating
epidermal cells.’® However, a suppressive effect of
fibronectin on carcinoma cell invasion has been reported.
D’Ardenne and Barnard®” found that fibronectin usually
disappeared at the invasion front, and Peltonen et al*®
reported that fibronectin receptors on the cell surface
membrane diminished or disappeared in invasive carci-
noma. These reverse effects of fibronectin might be ex-
plained by the fact that an invading cell should lack its
own extracellular matrix, but some adhesive matrix is
needed for optimal migration.*®

Thirdly, invasiveness of OSC-19 cells was enhanced by
interaction with 3T3 cells and was correlated with an
increased amount of MMPs by zymography. Our im-
munoblotting analyses have demonstrated that gelatino-
Iytic activity bands of 72 kDa and 92 kDa corresponded
to MMP-2 (72 kDa gelatinase/type IV collagenase) and
MMP-9 (92 kDa gelatinase/type IV collagenase), respec-
tively. On the other hand, 95 kDa gelatinolytic activity
was also detected in the culture media of KB and OSC-19
cells with 3T3 cells, and that of 3T3 cells alone. MMP-9,
which is a distinct gene product from MMP-2, is known
to have slightly different molecular weights in the range
of 92-97 kDa, depending on cell source and animal
species.®’ Therefore, the gelatinolytic activity with 95
kDa is considered to be a product of murine 3T3 cells.

Liotta et al**® have insisted that type IV collagen-
degrading metalloproteinases play an important role in
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