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We examined the in vitro regulation of the pro-
duction of two type IV coUagenases, MMP-2 and
MMP-9, by A431 human epidermoid carcinoma
ceUs. The A431 ceUs were cultured under sparse
or confluent conditions. The addition of trans-
forming growth factor-(3 (TGF-(6) or phorbol-
ester-TPA to sparse cultures induced low levels of
MMP-9 secretion, whereas in confluent cultures
only TGF-13 produced this effect. Neither treat-
ment altered the level ofconstitutive secretion of
MMP-2. Treatmentofsparse, activelygrowingcul-
tures but not confluent stationary cultures with
both TGF-f3 and TPA produced synergistic induc-
tion ofMMP-9 but did not affect MMP-2. A431 cells
weregrown as discrete large monolayer colonies.
Radiolabeling with [3H]leucine or [3H]thymidine
folowedby autoradiography revealedthataUlthe
A431 ceUs in the colonies were metabolicaly ac-
tive and only those on the periphery were divid-
ing. Only these dividingA431 ceUs stainedpositive
by anti-MMP-9 antibodies. Our results demon-
strate that the synergistic induction ofMMP-9 se-
cretion in A431 ceUs occurs subsequent to stimu-
lation by external signals in only noncontact-
inhibited dividing tumor cells. These regulatory
mechanisms may accountfor the in vivofinding
that many proteinases are localized at the inva-
sion front of a neoplasm where tumor ceUs are
dividing and accessible to various environmental
signals. (AmJ Pathol 1994, 144:1058-1067)

Metastasis consists of a series of interrelated steps
whose outcome is dependent on both the intrinsic
properties of tumor cells and the responses of the
host.1 To reach blood vessels or lymphatics, tumor
cells must penetrate host stroma that includes base-

ment membrane (BM) extracellular matrix (ECM). This
interaction involves tumor attachment, matrix disso-
lution, motility induction, and penetration.2'3 The deg-
radation of ECM components surrounding malignant
tumors is mostly mediated by metalloproteinases
(MMPs), serine proteases, and cathepsins.4
The MMPs consist of a family of structurally similar

enzymes with distinct substrate specificities.5
MMP-1, or interstitial collagenase, degrades collagen
types to 111.6 MMP-3, or stromelysin, has broad pro-
teolytic activity toward nonhelical domains of colla-
gen types to IV and noncollagenous ECM compo-
nents such as proteoglycans, fibronectin, and
laminin.7 MMP-2 and MMP-9 (72- and 92-kd type IV
collagenases/gelatinases, respectively) can attack
BM collagen types IV and V at a single specific site
within the triple helical region.869 These two MMPs
also possess potent proteolytic activity against gela-
tins.10,11

In most cell systems, the MMPs are secreted in
latent forms and activated via a complex proteolytic
cascade involving other MMPs,12'13 urokinase-type
plasminogen activator, 14 other proteinases, 15 and au-
toactivation.16 The activities of the MMP family are
specifically regulated by tissue inhibitors of metallo-
proteinase (TIMPs).17 18 A direct correlation between
the in vitro expression of MMP-2 and MMP-9 and
metastatic potential in vivo has been reported for tu-
mor cells19-23 and oncogene-transfected cells.24-29
Moreover, under in vitro and in vivo conditions tumor
invasion (and metastasis) can be inhibited by
TIMPS 30-32

Our understanding of the biological functions of
MMPs and TIMPs has been significantly advanced by
recent in vivo studies. Specifically, in situ hybridiza-
tion and immunolocalization techniques produced
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evidence that the expression of MMP-2 and MMP-9 in
vivo is enhanced in cancers of the skin,33 colon,34'35
breast,35 and prostate36 during progression from the
benign to the malignant state. Histological studies of
tumor sections revealed that these collagenases ap-
peared either in the tumor cells34'36-40 or in normal
stromal cells such as fibroblasts40-43 or infiltrating
macrophages.40'41 Regardless of the tumor type,
both MMP-2 and MMP-9 have been found to localize
at the invasion front where tumor cells are actively
proliferating and are adjacent to host tissues. Similar
localization to the leading edge of the tumor has been
reported for other MMPs,44'45 urokinase-type plas-
minogen activator,46 and cathepsin B.47 This re-
stricted localization of MMPs contrasts sharply with
the distribution of TIMPs throughout the same tu-
mor.42'48'49 Why collagenase expression is associ-
ated with the invasion edge of a tumor is unclear.

Because the regulatory mechanisms for MMPs and
TIMPs in tumor cells are still unclear, we studied the
regulation of MMP-2 and MMP-9 in human epider-
moid carcinoma A431 cells treated in vitro with trans-
forming growth factor-,8 (TGF-f3) and the tumor pro-
moter 1 2-O-tetradecanoylphorbol 13-acetate (TPA).
The data demonstrate that the production of MMP-9
but not MMP-2 stimulation by exogenous signals of
cells capable of dividing suggest that distinct regu-
latory mechanisms control the expression of these
two MMPs.

Materials and Methods
Cell Culture

The A431 human squamous carcinoma cell line50
was maintained as a monolayer culture in Eagle's
minimal essential medium (MEM) supplemented with
10% fetal bovine serum (FBS), sodium pyruvate, non-
essential amino acids, L-glutamine, 2x vitamin solu-
tion, and penicillin-streptomycin (Flow Laboratories,
Rockville, MD). The cultures were incubated at 37 C
in a humidified atmosphere of 5% CO2-95% air. The
cell line was tested and found free of mycoplasma
and pathogenic mouse viruses (assayed by M.A. Bio-
products, Walkersville, MD).

Cell Treatment and Medium Collection

A431 cells were maintained as monolayer cultures in
6- or 48-well cell culture clusters (Costar Co., Cam-
bridge, MA). After the monolayer cultures reached
30% or full confluence (dense culture), the cells were
washed with Hanks' balanced salt solution and
treated with porcine TGF-,1 (1 ng/ml) (R&D Systems,

Minneapolis, MN) or TPA (25 ng/ml) (Sigma Chemical
Co., St. Louis, MO) or TGF-f31 and TPA for 24 hours
in serum-free Dulbecco's modified Eagle medium
(DMEM-F12) (GIBCO-BRL, Grand Island, NY). The
control group consisted of cells incubated in serum-
free medium alone. After the incubation period, the
conditioned medium was harvested and spun at 3000
g at 4 C for 30 minutes to remove cell debris. Protein
content (in medium from various treatments) was es-
timated according to a standard protein assay pro-
cedure recommended by the manufacturer (Bio-Rad
Laboratories, Hercules, CA), where bovine serum al-
bumin (BSA) was used to plot the standard concen-
tration curve. The medium was normalized before
analysis by gelatin zymography or Western blotting.

Gelatin Zymography

Aliquots of conditioned medium harvested from A431
cells with or without treatment were subjected to sub-
strate gel electrophoresis.52 The samples were nor-
malized by protein content and applied without re-
duction to a 7.5% polyacrylamide slab gel
impregnated with 1 mg/ml gelatin (Sigma). After elec-
trophoresis, the gel was washed at room temperature
for 30 minutes in washing buffer (50 mM Tris-CI, pH
7.5,15 mM CaCI2, 1 pM ZnCI2, 2.5% Triton X-1 00) and
incubated overnight at 37 C with shaking in the same
buffer except using 1% Triton X-100. The gel was
stained with a solution of 0.1% Coomassie brilliant
blue R-250. Clear zones against the blue background
indicated the presence of gelatinolytic activity.

Western Blotting

Proteins in conditioned medium collected from A431
cells in either sparse or dense cultures were precipi-
tated by 3.3% trichloracetic acid (TCA) at 4 C over-
night and pelleted by centrifuging at 19,500 x g at 4
C in MTX-150 high speed refrigerated microcentri-
fuge (Tomy Tech USA, Inc., Palo Alto, CA). TCA-
containing supernatants were removed as com-
pletely as possible and protein pellets were
resuspended in TNC solution (50 mM Tris-CI, pH 7.5,
0.15 M NaCI, 10 mM CaCI2, 0.02% NaN3). The pro-
tein concentration in samples was measured by a
standard protein assay (Bio-Rad) as described
above. The same amount of protein from each
sample was applied to 7.5% polyacrylamide slab
gel. Proteins were fractionated by sodium dodecyl
sulfate-polyacrylamide gel electrophoreses (SDS-
PAGE) under reducing conditions and electrotrans-
ferred onto a nitrocellulose filter according to proce-
dures described by Burnette.53 The blot was then
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blocked with 22% (weight/volume) fat-free dry milk
solution and treated with anti (human 92-kd type IV
collagenase)-rabbit serum, kindly provided by Dr. W.
Stetler-Stevenson, NIH, Bethesda, MD. After exten-
sive washing with TTBS buffer (50 mM Tris-CI, pH
7.5, 0.5 M NaCI, 0.05% Tween 20), the bound anti-
collagenase antibodies were complexed with goat
anti-rabbit IgG alkaline phosphatase conjugate (Bio-
Rad). The collagenase band was visualized by using
165 pg/mI of 5-bromo-4-chloro-3-indolylphosphate
and 333 pg/ml of nitro blue tetrazolium (Bio-Rad) in
0.1 M Tris-CI, pH 9.5, 0.1 M NaCI, 5 mM MgCI2.53

Cell Labeling and Autoradiography

To allow cells to grow into discrete monolayer colo-
nies, A431 cells were seeded into 8-well glass cham-
ber slides (Nunc, Inc., Naperville, IL) at a density of
50 cells/well. After 7 to 10 days of culture (the me-
dium was replaced every 3 days), the colonies were
treated with TGF-,3 (1 ng/ml) plus TPA (25 ng/ml) for
24 hours. At that time, we added 0.5 pCi/ml [3H]-
leucine (specific activity, 131 Ci/mmol) in 80%
leucine-free DMEM, 10% DMEM-F12, 10% FBS (ICN
Biomedicals, Inc., Irvine, CA) for 8 hours or 0.5
pCi/mI [3H]thymidine (specific activity, 2 Ci/mmol)
(ICN Biomedicals, Inc.) to the culture medium for 24
hours. Radiolabeling of the cells was determined by
liquid scintillation counting.

Autoradiography of the labeled A431 colonies was
conducted after several extensive washings with cold
PBS. The cells were then fixed with 95% ethanol plus
5% acetic acid for 30 minutes at room temperature.
After fixation, the cells were washed again and air-
dried and coated with NTB-2 autoradiography emul-
sion (IBI Kodak, New Haven, CT) that had been pre-
warmed to 45 C, diluted 1:1 (volume/volume) with
warm distilled water, and maintained at 45 C through-
out the entire coating process. The slides were al-
lowed to dry at room temperature, placed in black
boxes, and kept in the dark at 4 C for 2 to 5 days. The
slides were then developed in Kodak D-19 developer
for 2 minutes and fixed in Kodak rapid fixer for 4 min-
utes. The slides were air-dried, mounted with Per-
mount, and examined with a bright field microscope.
Duplicate slides were counterstained with aqueous
hematoxylin before drying.

Immunogold Staining

A431 cells were maintained as either sparse cultures
or monolayer colonies in 8-well glass chamber slides
as described above. The cells were incubated in me-

dium (control) or medium containing 1 ng/ml TGF-,B
and 25 ng/ml TPA for 24 hours. Monensin is known to
block the release of MMPs from cells.54 We therefore
added 1 pM monensin (Sigma Chemical Co.) to the
culture medium during the last 4-hour incubation pe-
riod. The cells were then washed with PBS and fixed
with 2% paraformaldehyde for 10 minutes and rinsed
with PBS. Cell membranes were permeabilized with
0.1% Triton X-100 and cells were blocked with 5%
BSA containing 1% normal horse serum and 1 % nor-
mal goat serum (Vector Laboratories, Inc., Burl-
ingame, CA) and then given an application of anti-
human 92-kd type IV collagenase rabbit serum. After
an overnight incubation at 4 C with the primary an-
tibody, the cells were washed with 1 x PBS, briefly
blocked with 5% BSA, and treated with gold-labeled
goat anti-rabbit IgG (Amersham Co., Arlington
Heights, IL). The cells were then washed and post-
fixed with 2% glutaraldehyde, followed by color de-
velopment using silver intense kit (Amersham Co.). In
this assay, a positive reaction is visualized as brown/
black staining.

Results

Induction of MMP-9 by TGF-13 and TPA

Because TGF-,B and TPA have been shown to modu-
late the expression of MMP-2 and MMP-9 in normal
fibroblasts55 or keratinocytes,56 we used an epider-
moid carcinoma line in our experiments. We plated
different numbers of A431 human epidermoid carci-
noma cells into 6-well plates to produce sparse (30%
confluence) and dense (full confluence) cultures.
These cultures were then incubated for 24 hours in
serum-depleted medium containing TGF-f, TPA, or
both. The conditioned medium was normalized and
subjected to gelatin zymographic analysis (Figure 1).

Both sparse and confluent cultures of A431 cells
constitutively secreted the latent form of MMP-2 and
trace amounts of MMP-9 gelatinolytic activity. Treat-
ment with either 1 ng/ml TGF-43 or 25 ng/ml TPA in-
duced low levels of MMP-9 production in sparse cul-
tures (Figure 1) but further increases in concentration
of TGF-f or TPA had no additional effect (data not
shown). In confluent cultures, TGF-,B but not the mi-
togen, TPA, induced low levels of MMP-9 production.
When sparse cultures of A431 cells were incubated
with both TGF-,B (1 ng/mI) and TPA (25 ng/ml), we
observed a synergistic induction of MMP-9 produc-
tion. This synergism was not found in A431 cells after
they reached full confluence (dense cultures). The
secretion of MMP-2 was not significantly affected by
either the treatment or the state of confluence (Figure
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Figure 1. k'ffect of cell density onl inlduictiotI cj'
MMP-9 bv TGF-f and TPA. A431 cells were
plated in 6-well cl/ister plates anid maintained
in either ..parse ctultutre (30%' continence) or
dense citlt/tre (fiill conjlhence) Cells were
treated without (conitrol) or w'ith TGF-)3 ( I ngl
ml) or TPA (25 ng/mnl) or both for 24 hou(rs in
serum-free DMEVI-F12. After inicibationi, the
conditionied nmediltum was collected, normalizecl.
and analvzced by1 gelatini zniography ( see Mate-
rials and Mllethods). Arrows inidicate the posi-
tions of' latent fornis of MA/IP-2 ( 72 kd) anid
MMP-9 (92 kd).

1). Similar results were obtained when the same num-

ber of cells were plated into either small (30 mm) or

large (100 mm) dishes to yield sparse or confluent
cultures. Collectively, these data suggest that in A431
cells MMP-9 and MMP-2 are differentially regulated.

Culture Density and Induction of MMP-9

To the best of our knowledge, the synergistic induc-
tion of MMP-9 by TGF-f3 and TPA has not been pre-

viously reported. Furthermore, its abolishment in con-
fluent cultures was of great interest. A decrease in
gelatinolytic activity as shown by zymography could
have resulted from either a genuine suppression of
protein biosynthesis or an inhibition by TIMP-1, be-
cause latent MMP-9 can form a complex with TIMP-
1,57 which is also secreted by A431 cells (data not
shown). To examine this question, a Western blotting
analysis was conducted using a polyclonal anti-
MMP-9 antibody (Figure 2). A431 cells grown to
sparse or full confluence were treated with TGF-f3 plus
TPA for 24 hours and the conditioned medium was

precipitated by 3.3% TCA. MMP-9 was expressed in
treated cells under sparse culture conditions (lane 1)
but not in treated dense cultures (lane 2), suggesting
that in dense cultures induction of MMP-9 biosynthe-
sis did not occur.

To rule out the possibility that A431 cells at con-

fluence excrete soluble factors that antagonize the
stimulatory function of TGF-,3 and/or TPA, A431 cells
in sparse cultures were exposed to TGF-f3, TPA, or

both suspended in fresh medium (panel A) or medium
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Figure 2. Western blot analysis of density-dependent induictioni oJ
WA/P-9 by TGF-,( and TPA. A431 cells uwere plated in 6-uell cluister

plates and maintained in sparse (lane 1) or dense (lane 2) cilttitre.
Cells itucler both cuilture coniditions wvere treated tulith TGF-, (1 ng/
,nl) pl/is TPA (25 nig/ml) in senrm-free DMIEM-F12fir 24 hors. The
proteins in conditionied ,nediitm uere precipitated by . 3% TCA and
capplied to polyacrylamide gels (SDS-PAGE) untider reducing conidi-
tionis. Aftie electrophoresis. the proteins were electrotrain.sferred to ni-
trocellil/ose filter and probed with anti-MllMP-9 antibody. Molecu/ar
iteight markers (Bio-Rad) itsed (data not shoutn) were phosphorylase
B, 106 kd.l BSA, 80 kd;. oialbitniin, 50 kd; carboniic abhydrase, 32
kd; and soybean tr)psin inhibiitor. 28 kd. This is a representative ex-

peniment (of three.

conditioned by dense A431 cell cultures for 24 hours
(panel B). As shown in Figure 3, the dense culture-
conditioned medium had little inhibitory effect on

MMP-9 expression induced by TGF-f3 and TPA.
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Figure 3. Effect ofdenise culture-coniditioned me-
dium on induction ofMMP-9 by TGF-3 and TPA.
A431 cells were plated in 6-well cluster plate and
maintainied in sparse culture when treated with-
out (control) or with TGF-4 (1 ng/ml) or TPA
(25 ng/ml) or both, either in fresh DMEM-F12
(A) or medium conditioned by dense culture for
24 hours (B). After a 24-hour incubation, the su-
pernatants uere harvested and analyzed by gela-
tin zymography.

Growth Arrest and Induction of MMP-9

The observation that the synergistic activity of TGF-
f3/TPA was abolished in confluent cultures suggested
that the synergistic induction was associated with cell
division. To test this hypothesis, we had to prove that
the A431 cells cultured to confluence were not meta-
bolically inert and that MMP-9 biosynthesis was only
inducible in actively proliferating cells. A431 cells
were therefore plated at a very low density in 8-well
chamber slides so that they could grow into discrete
monolayer colonies in which only the cells at the pe-

riphery were free of contact inhibition and thus ex-

pected to divide. In the study shown in Figure 4, the
colonies were exposed to medium containing TGF-f3
and TPA in the presence or absence of monensin (1
pM), an ionophore that blocks MMP secretion and
thus allows its accumulation within cells.54 One group

of colonies was incubated in the presence of 0.5
pCi/ml of [3H]leucine (Figure 4, A and D) to assess the
status of protein synthesis or [3H]thymidine (Figure 4,
B and E) to assess cell division. Distribution of 3H was
visualized by autoradiography. Figure 4 shows that
only the cells at the periphery of the colony actively
incorporated [3H]thymidine into their nuclei (Figure 4,
B and E), whereas all the cells in the colony were

uniformly labeled with [3H]leucine (Figure 4, A and D).
These results demonstrate unequivocally that al-
though the entire colony remained metabolically ac-

tive, only the cells at the periphery were incorporating
[3H]thymidine. To determine whether only these di-
viding cells could be induced to produce MMP-9, a

parallel group of treated colonies was examined for
MMP-9 expression using immunolocalization tech-
niques. As shown in Figure 4, C and F, only cells at the

perimeter of the colony were positively stained, dem-
onstrating that cell division is necessary for the in-
duction of MMP-9 by TGF-j3 and TPA.

In the last set of experiments, we determined the
presence of collagenase in sparse cultures by
immunohistochemistry using antibodies against
MMP-9. A431 cells were cultured under sparse con-

ditions for 20 hours in medium alone (Figure 5A) or in
medium containing TGF-3 and TPA (Figure 5B). Mon-
ensin (1 p) was added to both cultures for an addi-
tional 4 hours and the sparse cultures were pro-
cessed for immunostaining. A431 cells in medium
alone did not show positive staining with the anti-
MMP-9 antibody (Figure 5A). In A431 cells treated
with TGF-/3 and TPA, the cytoplasm was densely
stained positive for MMP-9 (Figure 5B). The dense
perinuclear staining pattern (Figures 4F and 5B) is
characteristic of monensin treatment and indicates
the efficacy of the reagent.

Discussion

These results demonstrate that the induction of high
levels of MMP-9 in human epidermoid carcinoma
A431 cells is associated with cell proliferation and is
dependent on exogenous stimulation. Treatment of
A431 cells with TGF-1 and TPA synergistically in-
duced MMP-9 but not MMP-2 secretion. This sug-

gested that the regulation of MMP-2 and MMP-9 pro-
duction is independent. The synergistic induction of
MMP-9 production by TGF-1 and TPA was dependent
on cell proliferation. In contact-inhibited growth-
arrested cultures of A431, the synergistic induction of
MMP-9 did not occur.
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Figure 4. Peripheral localization ofMMP-9 in dividing cells. A431 cells were plated in 8-well chamber slides and allowed to grow into discrete
monolayer colonies as described in Materials and Methods. The colonies were then treated with TGF-4 (1 ng/ml) plus TPA (25 ng/ml) for 24 hours
and in the presence of 1 j monensin during the last 4 hours. The cells in colonies were labeled with 0.5 yCilml PHileucine for 8 hours (A,D) or
with 0.5 yCi/ml f3Hlthymidine for 24 hours (B,E) and autoradiographed (see Materials and Methods). Alternatively, the colonies were immunos-
tained with anti-MMP-9 antibody (C,F). B and E show labeled nuclei. C and F show cytoplksmic staining of cells at the periphery of the colony.
A,B, x 59; C to E, x233; F, X455.
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Figure 5. Immunostaining for MMP-9 in
sparse cultures of A431 cells. A431 cells were
plated in 8-well chamber slides and main-
tained in sparse culture. To induce MMP-9.
cells were exposed to a combined treatment of
TGF-I (1 ng/ml) and TPA (25 ng/ml) for 24
hours with the presence of 1 p monensin for the
last 4 hours (B). As a negative control, cells
were treated with monensin alonze without ad-
dition of TGF-/ and TPA (A). Cells in A and B
were both stained for 92-kd type IV collagenase
using anti-MMP-9 antibody. Cells in A were
counterstained with hematoxylin to shou' nu-
clei. Cells in B were not coonterstained. Cells in
A show no positive cytoplasmic staining,
whereas cells in B shoue dense perinuclear cyto-
plasmic staininig. Magnification X 544.

Mitogenic agents such as TPA have been shown to
stimulate the expression of MMPs in normal fibro-
blasts.56 Unlike our findings, however, TPA was quite
effective in stimulating type IV collagenase secretion
in both sparse and confluent fibroblast cultures.58 The
discrepancy between the results with normal fibro-
blasts and A431 carcinoma cells at confluence may
be due to the fact that TPA caused transient changes
in normal fibroblasts that resembled those from cel-
lular transformation by oncogenic viruses, thus over-

riding the effects of contact inhibition.58 In A431 cells,
TPA did not induce any apparent morphological
changes nor did it stimulate cell proliferation. Actually,
prolonged treatment with TPA inhibited A431 tumor
cell growth (data not shown). Because TPA mediates
most of its regulatory function via protein kinase C
(PKC),59 it is possible that TPA did not activate PKC
in confluent cultures; that was the case for 10T1/2
mouse fibroblasts. TPA failed to induce translocation
of cytosolic PKC to plasma membrane in confluent

cultures.60 Direct assays of PKC activity in sparse ver-

sus confluent cultures could test this possibility.
Endothelial BM and its underlying interstitial stroma

serves as a physical scaffolding for tissues and is
important in the maintenance of normal tissue archi-
tecture.61 Therefore, disturbance of the ECMs integ-
rity may contribute to the transition of a benign tumor
or in situ carcinoma to a malignant neoplasm.61 At the
invasion front of a malignant tumor, tumor cells are in
immediate contact with host tissue ECM and thus with
high concentrations of cytokines and growth factors.
These biologically active substances, which are usu-

ally released and activated on degradation of matrix
components,6263 can stimulate tumor cells to prolif-
erate.61 As suggested by our study, only cells ca-

pable of division (noncontact-inhibited cells) can pro-

duce collagenases in response to exogenous stimuli.
This mechanism may be applied to the regulation of
autocrine growth factors64 and their cell surface re-

ceptors.65

E
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Tumor cells also produce several paracrine factors
that influence the proliferation and functioning of stro-
mal cells such as fibroblasts and macrophages.66
The synthesis of these paracrine modulators could
well be affected by the proliferative state of the cells.
For example, epithelial cells from the adult rabbit cor-
nea can secrete both stimulators and inhibitors that
modulate proliferation and collagenase production of
fibroblasts from the same source. Stimulators were
found in low density epithelial cell cultures, whereas
high density epithelial cultures secreted inhibitory
molecules.67 In general when cells enter quiescence,
they exhibit major alterations in cell surface receptors,
expression of intracellular regulating molecules such
as tran-scription factors, cytochemical enzymes, and
cellular ultrastructures.64'68 Our finding that prolifer-
ating A431 cells respond differently from contact-
inhibited growth-arrested A431 cells to external
stimulation agrees with these observations. These
data may explain why tumor cells at the invading front
of a neoplasm often exhibit high levels of collagenase
activity.43,44 First, cells at the leading edge of a neo-
plasm are more likely to divide than those cells in the
center of the lesion. Second, the gradient of host cy-
tokines is likely to be higher at the tumor/host edge
than at the center of the tumor. The required combi-
nation of external stimuli may vary with different tumor
cells and different organ environments. Obviously,
our proposed mode for the production of MMP-9 is in
sharp contrast with the production of MMP-2. MMP-2
in our system, as in many others, is constitutively ex-
pressed and its production is by and large refractory
to external stimuli.55 Nevertheless, it is certain that
expression of MMP-9 and MMP-2 is subject to distinct
regulatory modes, which suggests that these two
MMPs have different roles in both normal and patho-
logical invasion.

In summary, we show that the induction of MMP-9
in A431 cells requires stimulation with exogenous sig-
nals and sparse culture conditions. These in vitro data
may explain the in vivo findings that collagenase pro-
duction by colon carcinoma cells depends on the or-
gan environment69 and the widespread observation
that collagenase expression is localized to the inva-
sion front of most tumors.3345
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