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Inhibition of breast cancer cell extracellular matrix degradative activity
by chemically modified tetracyclines

YING GU!, HSI-MING LEE?, LORNE M. GOLUB?, TIMO SORSA?, YRJO T. KONTTINEN*
& SANFORD R. SIMON'®

' Department of Biochemistry, 2Department of Oral Biology and Pathology, School of Dental Medicine, State University of
New York at Stony Brook, Stony Brook, NY 11794-8702, U S A, 3Department of Oral and Maxillofacial Diseases and
Institute of Dentistry, Helsinki University Central Hospital (HUCH) and University of Helsinki, *Department of Medicine/
nvdrtes medicin, Helsinki University Central Hospital (HUCH) and ORTON Orthopaedic Hospital of the Invalid
Foundation, Helsinki Finland and COXA Hospital for Joint Replacement, Tampere, Finland, and > Department of
Pathology, State University of New York at Stomy Brook, Stony Brook, New York 11794, U S A

Abstract

BACKGROUND. Inhibition of tumour cell proliferation, invasion and metastasis by chemically modified tetracyclines has
been ascribed to inhibition of matrix metalloproteinase (MMP) activity.

METHODS. Exposure of the human breast carcinoma cell line MDA-MB-231 or its MMP-9-overproducing transfected
clone (E-10) to 6-demethyl, 6-deoxy, 4-de [dimethylamino]-tetracycline (CMT-3), a chemically modified non-
antimicrobial tetracycline followed by analysis using gelatinase activity assay, zymography, degradation of radiolabelled
extracellular matrix (ECM), Western blotting, TNF-o ELISA and cell viability assays.

RESULTS. CMT-3 treatment results in diminution in extracellular MMP-9 protein levels as well as inhibition of gelatinase
activity. This prevents cell-mediated ECM degradation without inducing general cytostasis or cytotoxicity. Culturing E-10
cells in 10 or 20 uM CMT-3 diminished secreted MMP-9 levels by 45% or 60%, respectively, but did not affect levels of
most other secreted proteins, including tissue inhibitor of Metalloproteinases (TIMP-1). ECM degradation by E-10 cells or
their conditioned medium was inhibited by ~ 20%—-30% in the presence of 20 uM CMT-3, reflecting inhibition of MMP-9
activity in addition to diminution of released MMP-9 levels. TNF-o levels were also diminished in E-10 conditioned
medium in the presence of CMT-3, but cell viability, measured by MTS reduction and cytosolic LDH retention, was
unaffected.

CONCLUSIONS. It is proposed that the reduction in ECM-degradative activity reflects diminished levels of expression as
well as inhibition of enzymatic activity of MMPs released by cells in the presence of CMT-3. These multiple effects of
CMT-3 may offer promise for use in suppressing tumour invasion, and if used in conjunction with other chemotherapy
agents, may lead to more successful treatment of cancer.

Key words: Chemically modified tetracycline, ECM degradation, matrix metalloproteinase, MDA-MB-231, tumour
metastasis

Introduction

A major source of the morbidity and mortality of
breast cancer is the highly invasive and metastatic
potential of these tumours. In order for tumour cells
to metastasize, they must pass through the extra-
cellular matrix (ECM) of the interstitial stroma as

well as the basement membrane underlying the
vascular endothelium. Mechanisms of invasion and
metastasis by various types of breast tumours involve
proteolytic activity derived from the tumour and the
surrounding stroma, either separately or jointly
(1,2). Considerable interest has recently been
directed to characterization of the roles of the class
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Abbreviations

DMEM Dulbecco’s modified eagle

medium

MEM minimum essential medium

ECM extracellular matrix

MMP(s) matrix metalloproteinase(s)

TIMP tissue inhibitor of matrix
metalloproteinase

SFM serum free medium

TC tetracycline

CMT chemically modified tetracycline

FBS foetal bovine serum

PBS phosphate-buffered saline

PMSF phenylmethanesulfonyl fluoride

APMA p-aminophenylmercuric acetate

mAb monoclonal antibody

MTS 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium,
inner salt

LDH lactate dehydrogenase

HRP horse radish peroxide

TMB tetramethylbenzidine

NADH nicotinamide adenine
dinucleotide-hydrogen

VEGF vascular endothelial growth

factor.

of proteinases known as matrix metalloproteinases
(MMPs) in invasion and metastasis of breast
tumours (1). The MMPs share several common
features, including dependence on zinc for catalytic
activity, secretion as zymogens, activation by protei-
nases, oxidants or organomercurials, digestion of
components of ECM, and inhibition by tissue
inhibitors of MMPs (TIMPs). MMP expression
can be regulated, for example, by growth factors and
cytokines such as interleukins-1 and -4, transforming
growth factors-o and -f, and tumour necrosis factor-
o (3-7). In view of their ability to degrade
components of the basement membrane as well as
interstitial stroma, the extracellular and membrane-
bound MMPs have been implicated in tumour cell
invasion and metastasis. On the other hand, recent
studies using MMP-8 knock-out wversus wild-type
mice have shown that certain MMPs, i.e. MMP-8,
can unexpectedly protect against the spread of
experimental cancer and inflammation by processing
of anti-inflammatory mediators that can contribute
to the host’s protective anti-tumour anti-inflamma-
tory systems (8). In this regard it is now becoming
apparent that a complete inhibition of MMPs in
general may not be desired (8,9), but instead only

Key messages

® CMT-3 diminishes extracellular MMP-9
protein levels and activity.

® CMT-3 diminished invasion of breast
carcinoma-derived E-10 cells into
extracellular matrix.

® As CMT-3 does not lead to diarrhoea or
microbial resistance, it might find future use
as an adjunct therapy in the treatment of
breast cancer.

the reduction of pathologically excessive MMPs
without interfering with their defensive action would
be optimal for therapeutic purposes (8,10). Various
genetically distinct but structurally related MMPs
have been detected in human cancer tissues as well
as in serum and urine of cancer patients (11,12).
This evidence has prompted the development of
MMP inhibitors to be used in anti-invasive or anti-
metastatic therapy for management of cancers as
well as for a variety of inflammatory diseases (10).

The discovery of the MMP-inhibitory activity of
tetracyclines (T'Cs) has led to the creation of a family
of chemically modified tetracyclines (CMTs) in
which MMP-inhibitory activity has been augmented
but antibiotic activity has been eliminated (10).
Even TCs which retained antimicrobial activity were
found to inhibit melanoma cell collagenase activity
as well as cell invasion and metastasis (11). TCs
have also been shown to inhibit the 72-kD gelatinase
activity from purified human lung cancer cells (12).
More recently, newly designed CMTs such as 6-
demethyl-6-deoxy-4-de(dimethylamino)tetracycline
(CMT-3) were found to be more potent inhibitors of
MMP activity, cell proliferation, invasion, tumour
growth, and metastasis than any of the antimicro-
bially active TCs (13,14). In a number of prostate
tumour cell lines, CMT-3 induced arrest of cell
cycle progression, loss of mitochondrial membrane
potential, and apoptosis in addition to diminution in
levels of MMPs and TIMPs (14).

In an effort to dissect the apparent multiplicity of
effects of CMT-3 on tumour cells, we have utilized
the human breast carcinoma cell line MDA-MB-231
as well as an MMP-9-overexpressing stably trans-
fected clone of this line (the E-10 subclone devel-
oped by Ramos-DeSimone et al. (15)), to study the
effect of CMT-3 on breast tumour-mediated ECM
degradation and invasion. We quantitated the
degradative activity of these cells as a measure
of their invasive potential by employing a complete
interstitial ECM that had been biosynthesized
by cultured stromal cells in the presence of
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radiolabelled precursors. The labels become incor-
porated into the matrix components: 37% to fibrillar
collagens, 11% to elastin, and 52% to trypsin-
sensitive proteoglycans and adhesion glycoproteins
(16). Degradative activity is measured by solubiliza-
tion of the radiolabelled ECM. We have demon-
strated previously that MMPs participate in the
ECM degradation process mediated by tumour cells
(17). Here we describe studies used to evaluate the
dose-dependent inhibition of tumour cell gelatino-
lytic and invasive activity by CMT-3 as well as
discuss the possible mechanisms of the CMT-3
inhibition.

Material and methods
Chemicals

Cell culture reagents were purchased from Hyclone,
Inc. (Logan, UT). Phenylmethanesulfonyl fluoride
(PMSF), and p-aminophenylmercuric acetate
(APMA) were from Sigma (St. Louis, MO).
Radiolabels were from ICN biomedical Inc. (Costa
Mesa, CA). All monoclonal antibodies (mAbs)
against individual MMPs were purchased from
Oncogene Research Products (Cambridge, MA).
SDS-PAGE gels and gelatine zymogram gels
were from Novel Experimental Technology (San
Diego, CA). Secondary antibodies for Western
blotting were purchased from Kirkegaard & Perry
Laboratories, Inc. (Gaithersburg, MD). ECL
Western blotting detection reagents were from
Amersham Life Science Inc. (Cleveland, OH).
CMTs were kindly provided by Collagenex
Pharmaceuticals, Inc. (Newtown, PA).

Cell Culture

The breast carcinoma-derived line MDA-MB-231
was obtained from the American Type Culture
Commission. The E-10 stable transfected subclone
of MDA-MB-231 was kindly provided by Dr. James
Quigley (Scripps Institute, La Jolla, CA). Cells were
cultured in 75-cm® T-flasks in Dulbecco’s modified
eagle medium (DMEM) supplemented with 10%
heat-inactivated FBS-containing 100 unit/mL peni-
cillin and 100 pug/mL streptomycin. Cells were
grown to 80%-90% confluence at which time the
10% FBS-containing medium was replaced with
serum-free medium (SFM) to prevent serum-inhibi-
tion and/or activation of MMP activity. Conditioned
medium was collected after 48 hours and centri-
fuged to remove cell debris. Unless otherwise
indicated, this conditioned medium was collected

from cells grown on plastic. In some experiments,
cells were maintained for 48 hours in SFM contain-
ing CMT-3. For experiments studying the total
protein synthesis in E-10 cells, cells were grown
to 80%—-90% confluence at which time the 10%
FBS-containing medium was replaced with SFM
containing [>°S]-methionine/cysteine (TransLabel).
Conditioned medium was collected after 48 hours
and examined by SDS-PAGE fluorography. All
experiments were performed in triplicate at least
twice and analyzed by gelatine zymography, Western
blotting or gelatinase assay.

Preparation of wells coated with radiolabelled ECM

R22 rat heart smooth muscle cells were cultured
in minimum essential medium (MEM) supplemen-
ted with FBS, tryptose phosphate broth, and
cefotaxime. The R22 cells were plated onto multi-
well tissue culture plates at an initial density of
2.5 x 10* cells/cm? and were maintained at 37°C in
5% CO,. At confluence, the medium was supple-
mented with [°H]-proline which was incorporated
into a complete interstitial ECM elaborated by the
cells (17). Every four days 50 ug/ml. ascorbic acid
was added to ensure maximal yield of a collagen-
rich, insoluble ECM. After culturing for at least one
week in radiolabelled medium, cells were lysed by
addition of 25 mM NH,OH without disrupting the
ECM. The wells were washed three times with
sterile H,O and once in PBS containing 0.02%
NaNj;. Excess PBS was then removed and plates
were stored at 4°C until use. Before use, the ECM
was rehydrated by rinsing three times with sterile
buffer.

Degradation of radiolabelled ECM

Cells at a density of 2.8 x 10°/mL or conditioned
medium were applied to R22 ECM-coated wells of
microplates and incubated for 2 days at 37°C in 5%
CO,. Different reagents were added to separate
wells. After two-day incubation, supernatants were
collected and the remaining undegraded ECM in
each well was solubilized by overnight incubation
with 2 M NaOH. The radioactivity in the super-
natants and in the NaOH was determined in a
Liljeholmens Stearinfabrik, Kema och Stockholms
Bryggerier (LKB) liquid scintillation counter.
Experiments were performed in triplicate wells.

Gelatine zymography

SDS-PAGE gels containing copolymerized gelatine
at a final concentration of 1 mg/mL were prepared.



After electrophoresis, the gels were washed in 2.5%
Triton X-100 and incubated at 37°C overnight in
calcium assay buffer (40 mM Tris, 200 mM NacCl,
10 mM CacCl,, pH 7.5). After incubation, the gels
were stained with Coomassie Brilliant Blue R-250.
Clear zones of lysis against a blue background
indicated gelatinolytic activity.

Immunoblotting

Samples were separated by 8% SDS-PAGE and
transferred to nitrocellulose membranes. The mem-
branes were incubated with primary antibodies over-
night and subsequently with alkaline phosphatase
(AP)-conjugated secondary antibodies for 2 hours.
After washing, the immunoblots were incubated with
chemiluminescent substrate and exposed to X-ray
film. The band densities were scanned by an LKB
Ultroscan XL laser densitometer.

Gelatinase assay

Gelatinolytic activity of the conditioned medium was
assayed using heat denatured [°H]-labelled collagen
(13). Samples of E-10 conditioned medium were
incubated with [°H]-gelatine substrate at 37°C
overnight, followed by treatment with 45% trichlor-
oacetic acid (TCA) at 4°C for 30 minutes and
centrifugation to precipitate the undigested sub-
strate. The radioactivity in the supernatants was
determined in an LKB liquid scintillation counter.

TNF-o ELISA assay

TNF-o ELISA kits were purchased from Endogen,
Inc. (Rockford, IL). 50 ul. of the reconstituted
standards or samples were plated onto wells of
plates coated with anti-human TNF-a capture anti-
body followed by an incubation with 50 ulL of a
biotinylated detection antibody reagent at room
temperature for two hours. At the end of incubation,
the plate was washed three times and 100 ul of
streptavidin-horse radish peroxide (HRP) solution
was added to each well and incubated for 30 min-
utes at room temperature. Following another three
washes, 100 ul of tetramethylbenzidine (TMB)
substrate solution was added to each well and the
coloured product was allowed to develop at room
temperature in the dark. After 30 minutes, 100 uL.
of stop solution was added and the absorbance of the
samples was measured at 450 nm by an ELISA
reader (Packard SpectraCount™ , Palo Alto, CA).
Experiments were performed in triplicate.
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Cell viability assays

Cell viability was assayed by reduction of the
tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium, inner salt (MTS) to formazan (Promega,
Madison, WI). E-10 cells were plated onto ECM-
coated wells in the presence of concentrations of
CMT-3 ranging from 5 M to 100 uM and cultured
for 48 hours. At that time, 20 u. of a MTS/
phenazine methosulfate solution per 0.1 mL medium
was added to each well, and after 2 hours of
incubation, the levels of solubilized formazan were
quantitated by measurement of absorbance at
490 nm. To confirm that loss of MTS reductase
activity was due to cytotoxicity of CMT-3, release of
the cytosolic enzyme lactate dehydrogenase (LDH)
into the supernatant medium was assayed (Sigma, St.
Louis, MO). Sodium pyruvate containing 1 mg/
mL nicotinamide adenine dinucleotide-hydrogen
(NADH) was added to 0.1 mL medium at 37°C for
0.5 hour; 1.0 mL 2,4-dinitrophenylhydrazine reagent
was then added at room temperature for 20 minutes.
10 mL 0.4N NaOH was finally added and the level of
LDH which had been liberated into the supernatant
was determined by measurement of the decrement in
absorbance at 490 nm as pyruvate was converted to
lactate. Experiments were performed in triplicate
wells.

Results

Effect of CMT-3 on ECM degradation by E-10 cells and
conditioned medium

When E-10 conditioned medium was incubated
without any CMT-3 added for two days on
[PH]-proline labelled ECM, ~10% of the total
matrix-associated proline counts were solubilized,
consistent with previously observed degradative
activity of tumour cell line CM preparations (17).
This matrix-dependent solubilization was inhibited
by CMT-3, e.g. by 25% when 10 uM CMT-3 was
present, and by 30% in the presence of 20 M
CMT-3 (Figure 1A). These results were confirmed
by gelatine zymography (Figure 1B). E-10 cells
maintained for two days in SFM on same ECM
degraded the ECM to an even greater extent. About
35 2% of the proline-labeled ECM was solubilized
by cells in the absence of CMT-3. This cell-
mediated degradation was decreased by 15% in the
presence of 10 uM CMT-3 and by 20% when cells
were cultured in SFM in the presence of 20 uM
CMT-3 (data not shown). E-10 is a subclone
isolated from a transfection of the MDA-MB 231
breast cancer cell line with multiple copies of the
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Figure 1. Effect of CMT-3 on E-10 conditioned medium as assessed by gelatinase activity assay (upper panel) and zymography (lower
panel). E-10 conditioned medium was plated on a [?H]-proline labelled ECM plate. Different concentrations of CMT-3 were added to
selected wells at the start of the 2-day incubation. Supernatants were removed and assayed for radioactivity. The residual radioactivity in
each well was then solubilized with NaOH and measured. Each value represents triplicates (mean + standard deviation). In the lower panel

E-10 conditioned medium was instead analyzed by zymography.

MMP-9 gene (15). When its parental cell line,
MDA-MB 231 cells, were maintained for two days
in SFM on ECM, MDA-MB 231 cells only
degraded about 6% of the ECM whereas E-10 cells
degraded 34 +2% of the ECM (Figure 2).

40
35
30 -
25

% ECM degraded

51 —F
0 . _ I
Blank MDA-MB 231 cells

E-10 cells

Figure 2. ECM degradative activity mediated by MDA-MB231
versus E-10 cells. MDA-MB 231 or E-10 cells at a density of
2.8 x10° cells/cm? were plated on a [°H]-proline labelled ECM
plate. Supernatants were removed after 2-day incubation and
assayed for radioactivity. The residual radioactivity in each well
was then solubilized with NaOH and determined.

Effect of CMT-3 on gelatinase activity

The inhibitory effect of CMT-3 on the total
gelatinolytic activity in the conditioned medium
from E-10 cells was evaluated by an assay of
degradation of gelatine into acid soluble products.
E-10 conditioned medium was incubated with
1 mM APMA at 37°C for one hour first to convert
latent MMPs to their active forms before the gelatine
substrate was added, along with different concentra-
tions of CMT-3, and the samples incubated over-
night. The total gelatinolytic activity in E-10
conditioned medium alone with any APMA con-
verted 3+1% and with APMA 554+2% of the
gelatine to TCA-soluble products. In the presence
of 10 yM CMT-3, 46+ 1% of the gelatine was
cleaved to TCA-soluble products, and in the
presence of 20 uM CMT, only 25+1% of the
gelatine was degraded. This demonstrated that
CMT-3 exhibited the ability to inhibit the gelatinase
activity released into the surrounding medium by
this breast tumour cell line. Noteworthy, the
inhibition of the gelatinase activity by 10 uM and
20 uM CMT=-3 was significant but not complete.



Effect of CMT-3 on extracellular MMP-9 levels

The extracellular levels of MMP-9 in the condi-
tioned medium collected from cells maintained in
the presence of 10 uM and 20 M concentrations of
CMT-3 were initially analyzed by Western blotting
and quantitated by laser densitometry. When E-10
cells were cultured in the presence of 10 yM CMT-
3, the levels of MMP-9 in the conditioned medium
were reduced by ~45%. When cells were cultured in
the presence of 20 uM CMT-3 for 48 hours, levels
of MMP-9 in E-10 conditioned medium were
reduced by ~60% (Figure 3). After separation of
the proteins in the concentrated conditioned med-
ium by SDS-PAGE, the gels were soaked in
renaturation buffer in the absence of any CMTs
for zymogram development. Diminished MMP-9
levels were observed in the conditioned medium
collected from cells cultured in the presence of
CMT-3 (Figure 1B). When non-transfected MDA-
MB-231 cells were cultured in the absence or
presence of CMT-3, the levels of MMP-9 visualized
by gelatine zymography were uniformly lower than
those present in the conditioned medium collected
from the transfected E-10 cells, but a similar dose-
dependent diminution in MMP-9 levels could be
seen in the presence of CMT-3 (data not shown).
Gelatine zymographies also revealed that in E-10
subclone (Figure 1B) or the MDA-MB-231 cell
(data not shown) conditioned medium not only the
latent MMP-9, but also a lower molecular weight
band migrating in the vicinity of known activated
forms of the MMP-9 could be detected. An assay of
gelatinolytic activity of E-10 conditioned medium
which had not been treated with APMA to convert
latent MMPs into their active forms confirmed that
proteolysis by endogenous active MMP-9 was
markedly increased when the cells had been main-
tained on the R-22 ECM instead of plastic
(Figure 4). When conditioned medium collected

OuM [0pM

T -

Figure 3. Effect of CMT-3 on extracellular MMP-9 levels in E-10
cells (Western blot analysis). Cells were cultured in serum-free
medium in the absence or presence of CMT-3 for 48 hours.
Conditioned medium was collected and centrifuged to remove cell
debris. 2 uL aliquots were analyzed by Western blotting, using an
anti-MMP-9 mAb. The location of a 92 kDa standard is indicated
by the arrow.
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Figure 4. Effect of CMT-3 on extracellular MMP-9 in E-10 cells
analyzed by gelatinase activity assay. Cells were plated on ECM-
coated wells and incubated for 48 hours before supernatants were
collected and analyzed by gelatine activity assay without and with
APMA.

from E-10 cells cultured on plastic was incubated
with [?H]-gelatine substrate, only 3% of gelatine was
digested, but when the conditioned medium was
collected from cells cultured on the R22 ECM, the
extent of digestion was 28%. The increase in
gelatinolytic activity of MMP-9 in the conditioned
medium from E-10 cells cultured on ECM was
closely correlated with the generation of lower
molecular weight, putatively active species observed
on gelatine zymograms. It may be that the more
extensive ECM degradation mediated by E-10 cells
compared to their cell-free conditioned medium as
described above could also reflect the production of
this active species. It should be noted that whereas
interaction of E-10 cells with ECM enhanced
endogenous activation of MMP-9, CMT-3
appeared to reduce the levels of both the latent
pro-MMP-9 and lower molecular weight activated
MMP-9 in a dose-response fashion (Figure 1B).

Effect of CMT-3 on TIMP-1 production

Production of MMPs by tumour cells is often
accompanied by production of the endogenous
MMP inhibitors, tissue inhibitors of metalloprotei-
nases (TIMPs). TIMP-1 can inhibit the catalytic
activity of MMP-9 as well as other MMPs through
interactions with its amino-terminal domain, while it
also specifically inhibits the conversion of pro-MMP-
9 to its active form through interactions with its
carboxy-terminal domain. Levels of TIMP-1 in the
concentrated conditioned medium from E-10 cells
cultured in the presence of CMT-3 were measured by
densitometry of Western blots, using TIMP-1 specific
mAbs and using the same procedure as that described
above for studies on levels of MMP-9 (Figure 5).
CMT-3 was found to have little to no effect on levels
of TIMP-1 in E-10 conditioned medium.
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Figure 5. Effect of CMT-3 on extracellular TIMP-1 levels in E-
10 cells. Cells were cultured in serum-free medium containing
different concentrations of CMT-3 for 48 hours. Conditioned
medium was collected and centrifuged to remove cell debris.
Samples were analyzed by Western blotting, using an anti-TIMP-
1 mAb. The location of a TIMP-1 standard is indicated by the
arrow.

Effect of CMT-3 on TNF-a. production

MMP expression has been shown to be responsive to
cytokines. Of particular interest, TNF-o has been
reported to trigger an increase in MMP-9 levels (18).
Thus, the effect of CMT-3 on extracellular TNF-«
levels was investigated to search for the possible
mechanisms of CMT-3 inhibition of MMP-9 levels.
E-10 cells were found to release 78.32 pg/mL of
TNF-00 to the surrounding environment. In the
presence of 10 uM CMT-3 the TNF-u levels were
reduced to 39.65 pg/mL, a diminution of 49%. In
the presence of 20 uM CMT-3 the levels were
reduced to 24.23 pg/mL, a diminution of 69%.

Effect of CMT-3 on total protein synthesis

To investigate if CMT-3 has a general effect on
protein synthesis, E-10 cells were cultured in
[>°S]-methionine/cysteine (TransLabel)-containing
SFM in the presence of 10 uM and 20 uM CMT-
3. Conditioned medium was collected and examined
by SDS-PAGE fluorography (Figure 6). The inten-
sities of the multiple bands on the fluorogram were
not significantly different in the conditioned medium
from CMT-treated and control cells. This close
similarity in patterns and levels of secreted proteins
refutes the possibility that CMT-3 inhibits total
protein synthesis in E-10 cells; instead, it affected
levels of a limited number of secreted proteins
selectively.

Effect of CMT-3 on cell viabiliry

While the levels of the majority of the proteins
released by E-10 cells did not appear to be
diminished after incubation in the presence of
CMT-3, we chose to evaluate the effect of this
agent on viability of the cells at the end of a 48 hour
incubation under conditions which might model a

E-10 CM
-
CMT-3
0 M 10 uM 20 pM

Figure 6. Effect of CMT-3 on total secreted protein levels in E-10
CM. E-10 Cells were cultured in >*>S TransLabel-containing SFM
overnight. CM was collected and electrophoresed on SDS-PAGE.
The gel was dried and exposed to X-ray film.

stromal environment, especially in the light of the
previous report on the response of prostate tumour
cell lines to CMT-3 indicating that this agent
induces cytotoxicity as well as markers of apoptotic
cell death (14). Figure 7 illustrates the effects of
doses of CMT-3 up to 100 uM on viability of the
E-10 cell line. There was no diminution in cell
density or significant loss of viability of the E-10 cells
after the same duration of exposure to doses as high
as 50 uM, and only modest reduction in cell density
or loss of viability at 100 uM as assessed by MTS
(Figure 7A) and LDH (Figure 7B) assays. Clearly,
the concentration of CMT-3, 10 and 20 uM, used in
the current study had no effect on cell viability
(Figure 7).

Discussion

Cancer invasion can be viewed as a tissue destructive
process that involves proteolytic degradation
of ECM. A major step in the sequence of
events that constitute tumour invasion and subse-
quent metastatic spread is the interaction of the
tumour cell with the ECM (19,20). After tumour
cells attach to the ECM, a variety of proteinases,
in particular basement membrane degrading MMP-
9, are expressed, activated, and released to the
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Figure 7. Cytotoxicity of CMT-3 to E-10 cells on R22 ECM. E-10 cells were plated onto ECM-coated wells in the presence of different
concentrations of CMT-3 as described in Methods section. At the end of a 48-hour incubation, cell viability was analyzed by MTS (A) or

LDH (B) assay. Further details are described in the Methods section.

surrounding environment so that migration of the
cells through the proteolytically digested ECM is
facilitated. Since most of the MMPs are secreted
enzymes, matrix degradation was detected when
conditioned medium alone collected from E-10 cells
cultured on plastic was added to ECM. However,
much higher ECM degradative activity was detected
when viable E-10 cells were present on the matrix.
E-10 is a subclone isolated from a transfection of the
MDA-MB 231 breast cancer cell line with multiple
copies of the MMP-9 gene (15). MDA-MB 231 cells
alone only degraded about 6% of the ECM.
Therefore, our results suggested that MMP-9 played
an important role in ECM degradation mediated by

E-10 cells. This increase in ECM degradative
activity is due, at least in part, to increased activation
of MMP-9 when the cells are in contact with the
matrix. It has become widely recognized that
enhancement of tumour cell invasiveness is only
one of many examples of modification of the cellular
phenotype which may result from interactions with
ECM. Cell adhesion molecules play an important
role in modulation of cell functions by the ECM
through their capacity to act as transducers from
the exterior to the interior of the cell. Interactions of
cells with matrix proteins mediated through surface
receptors, such as the family of integrins, have been
demonstrated (21,22). Enhancement of MMP
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activity as well as expression by cooperatively
interacting integrin-mediated cell-ECM interactions
has also been reported (23,24). Such multiple
cell-matrix interactions may be critical for mediating
the enhanced activation of MMP-9 which we
observed in the conditioned medium from E-10
cells cultured on ECM but not from cells cultured
on plastic.

MMPs appear to play an important role in E-10-
mediated ECM degradation, as evidenced in part by
the capacity of CMT-3 (a potent tetracycline-based
MMP inhibitor (10,17)) to inhibit matrix solubiliza-
tion by E-10 cells and their conditioned media. The
diminution in ECM-degrading activity of E-10 cells
cultured in the presence of CMT-3 may be ascribed
to reduced extracellular levels as well as inhibited
enzyme activity of MMP-9 released by the breast
carcinoma-derived cell line, but, in contrast to
the behaviour of prostate cell lines reported by
Lokeshwar et al. (14), is not due to cytostasis or
cytotoxicity.

The four rings of the tetracyclines, and especially
the carbonyl and hydroxyl groups at C-11 and C-12,
have been shown to constitute the minimum
structural requirements for retention of MMP-
inhibitory activity of this family of drugs (10).
CMTs probably inhibit gelatinolytic activity through
binding to, or chelation of, Zn™ metal ions which
are necessary for catalytic activity at the active site,
as well as secondary Ca** and Zn™" which are
necessary for maintenance of the native three-
dimensional structure of the MMDPs. Noteworthy,
the therapeutically attainable (10) CMT-3 concen-
trations (10 uM and 20 uM) significantly reduced
but did not completely inhibit the gelatinase activity.
However, the mechanism through which CMT-3
reduces extracellular levels of MMP-9 remains
unclear. We have ruled out the possibility that
CMT-3 causes a general inhibition of protein
synthesis. The diminution of MMP-9 levels in the
presence of CMT-3 is not a reflection of a more
general effect of this agent on total protein levels. It
has a selective effect on MMP-9 levels, without
altering TIMP-1 levels, so that CMT-3 reduces the
MMP-TIMP ratio and shifts the proteinase-antipro-
teinase balance in a less invasive direction. Brandt’s
laboratory has suggested that in the presence of
doxycycline, the pro-forms of some MMPs may
undergo an abnormal series of processing events
which results in premature denaturation followed by
degradation and inactivation of the gelatinase enzyme
(25). However, in our findings, no significant
immunoreactive species smaller in molecular weight
than the latent and active forms of MMP-9 were
detected on Western blots of conditioned medium

from E-10 cells or their parental MDA-MB-231 line
cultured in the presence of CMT-3.

Previous reports have suggested that CMTs can
inhibit MMP mRNA transcription (26). Modulation
of expression of MMPs can be also achieved through
modulation of intracellular regulatory pathways
which control expression of cytokines and growth
factors. Previous studies have shown that interleu-
kin-1 (IL-1), tumour necrosis factor-a« (TNF-o),
interferon-y ( IFN-y), and transforming growth
factor-f (TGF-f) may all regulate synthesis of
MMPs in the local environment (3-7). Among all
these cytokines, TNF-o has been reported to trigger
an increase in MMP-9 levels (27). Our results
indicate that levels of soluble TNF-«, as well as
MMP-9, released by E-10 cells were diminished in
the presence of CMT-3. Soluble TNF-« is shed from
its transmembrane protein precursor through proteo-
Iytic cleavage mediated by TNF-o converting enzyme
(TACE). Thus, it may be speculated that since
CMT-3 is a broad spectrum and pleiotropic MMP-
inhibitor (10,28-33), it may inhibit TACE activity,
although the effect observed could also be due to
inhibition of TNF-o synthesis. This diminution may
contribute to the reduction in MMP-9 levels as a
consequence of a weakened autocrine activation
signal. However, membrane-bound TNF-« is also
capable of binding to TNF-« receptors and initiating
a signal transduction pathway through cell-cell
interactions, so the diminution in levels of the
MMP and the inflammatory cytokine may be
correlative rather than causal. However, this is a very
preliminary speculation and needs to be further
investigated. At this time, a number of possible steps
in transcription, translation, or secretion ranging from
diminished synthesis of mRNA or protein to
increased destruction of either macromolecule are
still possible targets for the pleiotropic action of
CMT-3. However, it seems that the effects on MMP-
9 expression we found here are not likely to involve a
single specific transcriptional regulatory mechanism,
since the promoter for the transfected MMP-9 genes
in the E-10 cells is of viral origin, rather than the
natural promoter. Moreover, the diminution in
MMP-9 released by non-transfected MDA-MB-231
cells cultured in the presence of CMT-3 indicates that
the results with the E-10 cells cannot be ascribed to an
idiosyncratic effect of CMT-3 on the transfected line.
In recent investigations we have undertaken on other
breast carcinoma-derived cell lines, which are not
transfected to overproduce any MMPs, we have
observed similar diminutions in levels of MMP-9
and vascular endothelial growth factor (VEGF) which
were released into the supernatant medium of cells
cultured in the presence of CMT-3, again in the



absence of cytotoxicity. As a result of its multiple
activities, CMT-3 may offer promise for suppression
of the invasive/metastatic phenotype of tumours, and
when used in conjunction with other chemotherapy
agents, may be incorporated into more successful
cancer treatment.

Moreover, recent studies have shown that minimal
or normal, but not pathologically excessive, levels of
MMPs exert physiological protective or defensive
host functions such as processing of growth factors,
chemokines, cytokines and endogenous proteinase
inhibitors (i.e. serpins) (8,9,33). Therefore, instead
of excessively potent MMP-inhibitors (33) the less
efficient MMP-inhibitors, such as CMT-3 (10), can
be one of the future type of drugs that only reduces
the pathologically-excessive MMPs without abolish-
ing the protective host responses (8,10,33). These
multiple effects of CMT-3 may offer promise for use
in suppressing tumour invasion, and if used in
conjunction with other chemotherapy agents, may
lead to more successful treatment of cancer.
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