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SUMMARY: Consumption of green tea has been associated with prevention of cancer development, metastasis, and
angiogenesis. Given the crucial role of the matrix metallo-proteinase-2 (MMP-2) on the degradation of the extracellular matrix
instrumental to invasion, we examined the effect of the main flavanol present, (-)epigallocatechin-3-gallate (EGCG), on
membrane-type 1 MMP (MT1-MMP), the receptor/activator of MMP-2. In-solution fluorimetric assay with activated MT1-MMP
and gelatin-zymography with MT1-MMP catalytic domain alone and pro-MMP-2 activation by the same domain revealed
dose-dependent inhibition of MT1-MMP at EGCG concentrations slightly lower than that reported to inhibit MMP-2 and MMP-9.
Cytofluorimetry and immunolocalization revealed that EGCG does not impair MT1-MMP/TIMP-2/MMP-2 presence on the cell
membrane. In the membrane extract of HT-1080 human fibrosarcoma cells, 10 �M EGCG caused a strong increase in MT1-MMP
level and accumulation of pro-MMP-2 while leaving activated MMP-2 unchanged. EGCG thus exerts inhibition of MT1-MMP,
which restrains activation of MMP-2; this may confer the antiangiogenic and antimetastatic activity associated with green tea.
(Lab Invest 2002, 82:1685–1693).

A number of epidemiological observations have led
to the association of green tea consumption with

health benefits, including decreased risk of cardiovas-
cular diseases and cancer development and metasta-
sis (Yang and Wang, 1993). Experimental studies
showing the beneficial properties of green tea and its
components are increasingly reported in the scientific
literature; these include inhibition of mutagenesis
(Wang et al, 1989), tumorigenesis (Yang and Wang,
1993), tumor growth (Wang et al, 1992), invasion
(Garbisa et al, 2001; Sazuka et al, 1995), metastasis
(Taniguchi et al, 1992), and angiogenesis (Cao and
Cao, 1999).
These effects have largely been attributed to the

most prevalent polyphenol contained in green tea, the
catechin (-)epigallocatechin-3-gallate (EGCG). EGCG
has been shown to directly inhibit matrix metallo-
proteinase-2 (MMP-2) and MMP-9 gelatinases
(Demeule et al, 2000; Garbisa et al, 1999; Maeda-
Yamamoto et al, 1999), the two matrix metallo-
proteinases that are most frequently overexpressed in
cancer and angiogenesis and that are instrumental in
cutting through basement membrane barriers (Liotta

et al, 1980). This inhibition is paralleled by inhibition of
reconstituted basement membrane invasion (Garbisa
et al, 1999), which occurs in vitro at concentrations
equivalent to those in the plasma of moderate green
tea drinkers (Yang and Wang, 1993).
Although the molecular mechanisms responsible for

the direct inhibition of the gelatinases instrumental to
cancer invasion and angiogenesis are still to be eluci-
dated, a number of enzymatic activities have been
recently added to the list of those sensitive to catechin
inhibition. These include the metallo-elastase secreted
by macrophages (MMP-12) (Demeule et al, 2000),
thrombin (Deana et al, unpublished data; Sartor et al,
2000b), and neutrophil serine-elastase (Sartor et al,
2002b). The latter, which is inhibited the most by
EGCG (IC50 0.3 �M), may be instrumental in the
invasion process because it can both directly contrib-
ute to basement membrane collagen degradation and
also act as pro-MMP activator (Sternlicht and Werb,
1999).
Activation of gelatinases is in fact one of the crucial

steps of the enzymatic cascade leading to extracellu-
lar matrix degradation and can be achieved by differ-
ent proteases that cut off the N-terminal pro-peptide
(Mazzieri et al, 1997; Sato et al, 1994). One of these is
the membrane-type 1 matrix metallo-proteinase MT1-
MMP (Sato et al, 1994), which possesses a plasma
membrane-spanning domain and short cytoplasmic
tail at the C-terminal end. It can act as a receptor for
tissue inhibitor of metallo-proteinases TIMP-2 or
TIMP-3, which in turn bind secreted pro-MMP-2 and
pro-MMP-13; the pro-MMPs are then activated at the
cell surface, perhaps by the same complexed MT1-
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MMP or else monomeric MT1-MMP lacking bound
inhibitors (Sternlicht and Werb, 1999). The receptor-
activator MT1-MMP has been implicated as a key
player in a proteinase cascade involving MMPs 2, 9,
and 13 (Caenazzo et al, 1998; Cowell et al, 1998),
which are thus acting at the cell-surface level by a
cell-controlled mechanism functional to matrix degra-
dation and invasion.

We have already reported that EGCG up-regulates
the expression of MT1-MMP by human fibrosarcoma
cells without enhancing gelatinase activation but with
restraint of in vitro invasion (Garbisa et al, 2001), and
other authors have shown that activation of MMP-2 is
blocked by EGCG (Demeule et al, 2000). Recently,
inhibition of MT1-MMP-driven migration has been
described in glioblastoma cells (Annabi et al, 2002).
Nevertheless, no evidence has yet been produced on
direct impairment of this pivotal membrane proteinase
by the catechin. In order to verify whether also MT1-
MMP receptorial-enzymatic activities are directly af-
fected by EGCG, we investigated the effects of this
phytofactor on the complete proteinase and the por-
tion containing the active site as well as on MT1-MMP/
TIMP-2/MMP-2 colocalization.

Results

Effect of EGCG on MT1-MMP Activity

To study the possible inhibitory effects of EGCG on
MT1-MMP, the activity of both the complete p-APMA-
activated pro-MT1-MMP and the catalytic domain
were studied in the presence of increasing concentra-
tions of the flavanol.

Gelatin-zymography revealed that incubation of
p-APMA-activated pro-MT1-MMP with pro-MMP-2-
containing serum-free culture medium failed to acti-
vate this zymogen (not shown). On the contrary, when
a synthetic coumarin-labeled substrate was used,
clear degradation was achieved and a dose-response
inhibition by EGCG revealed: MT1-MMP activity was
reduced by over 50% with 10 �M and almost com-
pletely abolished with 100 �M catechin (Fig. 1). The
inhibition was maintained with a constant slope over
the 30-minute period of the assay.

When gelatin was used as a natural substrate, the
soluble p-APMA-activated pro-MT1-MMP failed to
show any gelatinolytic activity (not shown), while the
catalytic domain of MT1-MMP (MT1-MMPcat) pro-
duced a clear band of degradation (Fig. 2, control); in
the latter case, 0.1 to 1000 �M concentration of EGCG
exerted dose-dependent inhibition of MT1-MMPcat

activity, with an IC50 of approximately 5 �M (Fig. 2).
The potential inhibition of MT1-MMP activity by

EGCG was further studied by first incubating MT1-
MMPcat with pro-MMP-2-containing medium—pre-
treated with proteinase inhibitors PMSF and NEM—
and verifying by gelatin-zymography the conversion of
the 72-kd pro-MMP-2 to the 64-kd activated form.
After 2 hours of incubation, the 72-kd form was better
preserved in the presence of inhibitors than in their
absence, and the conversion to the activated form

was clearly obtained using 8 to 40 �U of MT1-MMPcat

(Fig. 3). After 4 hours of incubation, the 64-kd form did
not undergo further modification (not shown).

When a 120 �U dose was preincubated 20 minutes
with 20 and 60 �M EGCG and then incubated 4 hours
with pro-MMP-2, triplicate experiments showed that
conversion to the activated form of MMP-2 was al-
most completely inhibited even by the lowest catechin
concentration (Fig. 4). The pro-MMP-2 gelatinolytic
activity was well preserved in the MT1-MMPcat/
EGCG-containing samples, in comparison with the

Figure 1.
Dose-dependent inhibition of MT1-MMP (p-APMA-activated pro-enzyme) ac-
tivity on synthetic substrate by EGCG. The fluorescent emission of the digested
substrate falls with increasing concentrations of catechin. Example of duplicate
experiment after background subtraction.

Figure 2.
Dose-dependent inhibition of MT1-MMPcat gelatinolytic activity by EGCG.
Gelatin zymography developed in the presence of increasing concentrations of
catechin shows a progressively faint digestion band, with an IC50 of approx-
imately 5 �M. Example of triplicate experiment.
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control containing EGCG but not MT1-MMPcat, where
the activity was severely restrained (22 and 10% of
control for the two concentrations). Also, the MT1-
MMPcat band (20 kd), visible at the bottom of the gel
(Fig. 4), showed partially reduced gelatinolytic activity
(69 and 80% of control) when the protease was
incubated in presence of EGCG.

Effect of EGCG on Cellular MMP Activities

MMP-2-expressing cells (HT-1080) were also exposed
to EGCG for 24 hours in gelatinase-free hi-FCS-
supplemented medium: The cell membrane extract
was analyzed by Western blotting for expression of

MT1-MMP and modulation of the MMP-2 zymogen/
activated form ratio.

As shown in the example in Figure 5A, the control
human recombinant MT1-MMP was recognized by
monoclonal Ab as a double band of 66 and 60 kd,
corresponding Mr. In comparison with the control
sample (without EGCG), the membrane extract of cells
incubated with 10 �M, but not 20 �M, flavanol showed
a strong positive band of 60 kd. A band with lower Mr

remains to be identified in the membrane extract, but
its expression was not modulated by the phytofactor.

While with 10 �M EGCG, an increased presence of
pro-MMP-2 at the membrane level was also regis-
tered—which paralleled the up-regulation of MT1-
MMP—the amount of the MMP-2-activated form re-
mained unmodified (Fig. 5B).

Effect of EGCG on MT1-MMP/TIMP-2/MMP-2 Trimer

To determine whether EGCG affects the MT1-MMP/
TIMP-2/MMP-2 complex, we first studied by cytofluo-
rimetry the presence of these antigens on HT-1080
invasive cells (Mazzieri et al, 1997) treated with differ-
ent concentrations of EGCG. When the cells were first
exposed to the catechin, then rinsed and treated with
the first antibody, no variations were registered on the
positivity for either TIMP-2 and MMP-2 compared with
the control (Fig. 6, A and C). When the sequence of
treatments was reversed, a moderate but significant (p
� 0.001) decrease was observed in the number of
cells positive for either TIMP-2 or MMP-2 (Fig. 6, B
and D). Isotype controls were negative (not shown).

The potential displacement of TIMP-2 and/or
MMP-2 from the cell membrane was further verified by
immunocytological analysis on larger invasive cells,
TRAMP-C2 (Ghosh et al, 1999). Confocal immunomi-
croscopy showed no detectable effect of EGCG (10
�M) on the localization of the three antigens—MT1-
MMP, TIMP-2, MMP-2—compared with control (Fig.
7). They remained colocalized, mostly concentrated in
just a few protruding cellular cones or peripheral
caveolae, sometimes spottily distributed on the entire
membrane, as seen in the dividing cell in Figure 7.

Discussion

The lack of increased activation of pro-MMP-2 in the
presence of overexpression of the membrane-type 1
matrix metallo-proteinase (MT1-MMP), which acts as
activator of MMP-2, and the fact that MT1-MMP
belongs to a class of proteinases of which members
are inhibited by EGCG (Demeule et al, 2000; Garbisa
et al, 1999; Maeda-Yamamoto et al, 1999), led us to
hypothesize a potential direct interaction of EGCG
with MT1-MMP (Garbisa et al, 2001). More recently,
this hypothesis was substantiated by indirect evi-
dence that EGCG inhibits (a) pro-MMP-2 activation,
(b) MT1-MMP processing to inactive form, and (c)
MT1-MMP-driven migration in glioblastoma cells (An-
nabi et al, 2002). In this study, we demonstrate that
micromolar concentrations of EGCG directly inhibit in
a dose-dependent manner the enzymatic activity of

Figure 3.
MT1-MMPcat-induced activation of pro-MMP-2 (gelatin zymography). Medium
conditioned by SK-N-BE neuroblastoma cells was used as the source of
pro-MMP-2. Medium alone (control) incubated (1) with and (2) without PMSF
and NEM; as in lane 1, in the presence of 8 �U (3) and 40 �U (4) MT1-MMPcat;
as in lane 2, in the presence of 8 �U (5) and 40 �U (6) MT1-MMPcat. When
MT1-MMPcat is added, the MMP-2 zymogen (72 kd) is processed to the
activated form (64 kd) in a dose-dependent manner. Example of duplicate
experiment.

Figure 4.
MT1-MMPcat preincubated with EGCG fails to activate pro-MMP-2 (gelatin
zymography). (1) Pro-MMP-2 control; (2) pro-MMP-2 plus MT1-MMPcat;
pro-MMP-2 plus MT1-MMPcat preincubated with 20 �M (3) and 60 �M (4)
EGCG; pro-MMP-2 incubated with 20 �M (5) and 60 �M (6) EGCG. The gelatin
zymography shows that pro-MMP-2 activation (generation of the 64-kd
gelatinolytic band) by 120 �U MT1-MMPcat in solution (4 hours) is inhibited
when the latter has been preincubated 20 minutes with 20 and 60 �M EGCG
(lanes 3 and 4). Example of triplicate experiment.
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MT1-MMP without impairing the capacity of binding
its ligand TIMP-2 and the third component of the
membrane matrix-degradative complex, MMP-2.

The recombinant activated form of MT-1-MMP was
ineffective in either activating in solution the zymogen
form of MMP-2 or degrading gelatin in zymography,
probably because of its transmembrane-protein na-
ture to which correct stereo structure and function are
linked. On the contrary, it has been reported that
secreted MT1-MMP and an MT1-MMP deletion mu-
tant lacking the transmembrane domain can cleave a
number of extracellular substrates, including pro-
MMP-2 and gelatin (Pei and Weiss, 1996). Four differ-
ent assays developed in the presence of increasing
EGCG concentrations were then used in our ap-
proach: (a) use of soluble p-APMA-activated MT1-
MMP on a synthetic fluorogenic substrate for matrix
metallo-proteinases (Knight et al, 1992), (b) use of the
MT1-MMP catalytic domain alone (MT1-MMPcat) on
gelatin, (c) use of MT1-MMPcat on pro-MMP-2 in
solution, (d) Western blot analysis of MT1-MMP and
MMP-2 on cell lysates. Directly (a and b) or indirectly
(c and d), all four assays revealed inhibition of MT1-
MMP activity by EGCG.

The degree of inhibition measured in biochemical
assays (IC50 � 5 �M) is slightly higher than those
recently reported for other metallo-proteinases (De-
meule et al, 2000; Garbisa et al, 1999)—the gelati-
nases MMP-2 (10 �M) and MMP-9 (30 �M)—but lower
than those for the macrophage metallo-elastase
MMP-12 (1 �M) (Demeule et al, 2000) and the leuko-
cyte serine-elastase (0.3 �M) (Sartor et al, 2002b).
Thus, the inhibition exerted by the flavanol on this
pivotal receptor-activator, MT1-MMP, takes place at
EGCG concentrations close to those physiologically
reachable in the blood of moderate green tea drinkers
(Yang et al, 2001).

In solution, MT1-MMPcat produced the conversion
of the MMP-2 zymogen into its activated form. The
activation was almost completely inhibited even at 20
�M EGCG (Fig. 4). This result was obtained with
experiments carried out under conditions designed to

maximize the preservation of enzymatic activities, ie,
in the presence of serine- and thiol-proteinase inhibi-
tors and at a lower temperature (33° C) than that used
in a recent report (Toth et al, 2002) but using a 60-fold
concentration of MT1-MMPcat for a shorter incubation
period (4 versus 22 hours). With these precautions, the
presence/activity of the 72- and 64-kd forms of
MMP-2 was well preserved and the activity of the
truncated form of MT1-MMP clearly resulted in the
cleavage of the MMP-2 pro-peptide, but this proteo-
lytic activation was inhibited by EGCG. Although inhi-
bition of other MT1-MMP-activated MMP-2-activating
metalloproteinases present in the conditioned me-
dium cannot be excluded, the demonstrated direct
inhibition of MT1-MMP must also play a role in this
case.

Control samples containing pro-MMP-2 and EGCG
revealed that the moderate decrease of the gelatino-
lytic activity in MT1-MMPcat-containing samples is not
comparable with the strong decrease registered in
controls without MT1-MMPcat (Fig. 4). This suggests
that, after preincubation with MT1-MMPcat, less
EGCG is available for binding to pro-MMP-2; the lack
of the MMP-2-activated form in the presence of MT1-
MMPcat/EGCG is thus barely attributable to direct
inhibition by EGCG. Interestingly, the same experi-
ments reveal that, in comparison with the control
without EGCG, the gelatinolytic activity of MT1-
MMPcat in EGCG-treated samples (69–80% of con-
trol) is much less reduced compared with that of
MMP-2 in EGCG-treated samples (22–10%); it seems
very likely that the binding EGCG-MMP-2 is more
resistant than EGCG-MT1-MMPcat to the harsh elec-
trophoretic conditions, but this needs further study.

In membrane extracts of HT-1080 cells cultured 24
hours in the presence of up to 10 �M EGCG, the
increased levels of both MT1-MMP and the zymogen
form of MMP-2, together with an unmodified amount
of the MMP-2-activated form (Fig. 5), although not a
direct proof, reinforce the hypothesis that the flavanol
may indeed exert its direct inhibition on MT1-MMP at
the membrane level of living cells. Without impairing

Figure 5.
Modulation of MT1-MMP (A) and MMP-2 (B) protein levels on cell membranes of HT-1080 incubated 24 hours in the presence of EGCG (Western blotting following
10 and 8% SDS-PAGE in A and B, respectively). (A) Human recombinant MT1-MMP control (1); membrane extract of cells cultured in the absence (2) or presence
of 10 (3) and 20 �M (4) EGCG. (B) Culture medium containing pro-MMP-2 as a control (5); membrane extract of HT-1080 cells incubated 24 hours in the absence
(6) or presence of 10 �M EGCG (7) containing both the zymogen (z) and the activated (a) form of MMP-2. Examples of duplicate experiment where loading has been
normalized for protein content.
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the potential of binding pro-MMP-2 to its membrane
receptor-activator, EGCG may thus restrain, both di-
rectly (inhibition of active MMP-2) and indirectly (inhi-
bition of MMP-2 activation), the invasive potential and
migration of cells, as described in the glioblastoma
cell model (Annabi et al, 2002).

Conversely, at 20 �M flavanol, the level of
membrane-bound MT1-MMP was comparable with
that registered in untreated cells. This may be attrib-
utable to the cytotoxicity already reported for phyto-
factor concentrations �10 �M, which causes the cul-
ture implosion in our fibrosarcoma model system

Figure 6.
Cytofluorimetric analyses of MMP-2 and TIMP-2 on HT-1080 cells in the presence or absence of EGCG. (1) without first antibody (Ab) and without EGCG (control),
(2) without first Ab and with 10 �M EGCG (control), (3) with first Ab and without EGCG, (4) with first Ab given after a 1-hour incubation with 1 �M EGCG, (5) with
first Ab given after a 1-hour incubation with 10 �M EGCG, (6) with first Ab given before a 1-hour incubation with 1 �M EGCG, (7) with first Ab given before a 1-hour
incubation with 10 �M EGCG. The first Ab was anti-MMP-2 in A and B and anti-TIMP-2 in C and D. A moderate but significant decrease in both MMP-2 and TIMP-2
positivity is registered (peaks 6 and 7 versus peak 3, p � 0.001) when EGCG treatment followed incubation with first Ab. Example of triplicate experiment.

Figure 7.
Colocalization of MT1-MMP, TIMP-2, and MMP-2 in two transformed invasive cell lines treated with (�) and without (�) 10 �M EGCG. No detectable effect of EGCG
is registered on the localization of the three antigens compared with the control. The shortest scale bar is 10 �m, the medium and longer ones are 50 �m.
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(Garbisa et al, 2001). This may also explain the down-
regulation of MT1-MMP transcript levels in a different
cell type (glioblastoma) reported by others at 25 �M

(Annabi et al, 2002). In both cases, restraint in pro-
MMP-2 activation was equally registered (cellular,
here; secreted, Annabi et al, 2002).

But other cellular events may result from inhibition
of MT1-MMP. Recent studies demonstrate that MT1-
MMP autocatalytic shedding may represent a mech-
anism to terminate MT1-MMP activity, while the non-
autocatalytic shedding generates soluble active MT1-
MMP capable of binding TIMP-2. This suggests that
the pericellular and extracellular activities of MT1-
MMP are regulated through a delicate balance of
active and inactive enzyme soluble fragments (Toth et
al, 2002) and binding to TIMP-2.

We thus extended the study through an immunocy-
tological investigation of whether the exogenous in-
hibitor EGCG affects TIMP-2/MMP-2 binding to MT1-
MMP in intact cells. We demonstrated that the
interaction of the flavanol with MT1-MMP does not
affect the persistence of the MT1-MMP/TIMP-2/
MMP-2 trimer on the cell membrane. This was de-
duced from cytofluorimetric analyses of cells treated
with EGCG—up to 10 �M—before and after contact
with specific antibodies. In the first case, the cell
positivity for TIMP-2 and MMP-2 remained unmodi-
fied, compared with the control counterpart (Fig. 6, A
and C); in the second, the positivity—mainly that of
MMP-2—was slightly but significantly (p � 0.001)
down-modulated (Fig. 6, B and D), indicating a partial
interference of EGCG with the (monoclonal) antibody/
antigen binding. This latter point may be somehow
indicative of the MMP-2 and TIMP-2 molecular re-
gion—or one of them—where EGCG binds, in this
case, the 468 to 483 and 178 to 193 epitopes,
respectively. This approach, with the use of a series of
monoclonal antibodies for different epitopes, may add
information about the EGCG/target molecule interac-
tion, useful for both understanding the EGCG reactiv-
ity and designing potentially more powerful molecules
(Sartor et al, 2002a).

The confocal immunolocalization of the antigens on
human (HT-1080) and murine (TRAMP-C2) invasive
tumor cells confirms that, in the presence of EGCG,
the components of the trimer remain colocalized,
mostly concentrated in just a few protruding cellular
cones or peripheral caveolae, as already reported
(Puyraimond et al, 2001). Thus, the phytofactor does
not disassemble the MT1-MMP/TIMP-2/MMP-2 ag-
gregate nor modify its membrane microdomains,
where matrix proteolysis is restricted by default to a
limited microenvironment at the cell surface. Recent
evidence suggests that, under certain conditions, the
presence of synthetic inhibitors stabilizes MT1-MMP
on the cell surface, while the absence or reduced
levels of inhibitors facilitate autocatalysis and shed-
ding of MT1-MMP (Bernardo et al, 2002; Toth et al,
2000).

This phytofactor has thus the potential to “hinder
the molecular shears” instrumental to tumor invasion
(Garbisa et al, 1999) through multiple actions: It di-

rectly inhibits the proteolytic activity of MT1-MMP,
potentially restraining the activation of matrix pro-
teases MMP-2, MMP-9, and MMP-13; it directly inhib-
its the proteolytic activity of MMP-2 and MMP-9 on
matrix components (Demeule et al, 2000; Garbisa et
al, 1999); and it leaves engaged the receptor (MT1-
MMP) with a “double blunted” MMP-2 (nonactivated
and/or inhibited).

This scenario may explain in part the lower IC50 (0.1
�M) registered for EGCG in in vitro cell invasion
assays, where all the mentioned events can take
place, in comparison with the IC50 individually mea-
sured for MMP-2, MMP-9, and MT1-MMP by zymog-
raphy (10, 30, and 5 �M, respectively) (Garbisa, 2001).

Considering the growing number of new functions
for the matrix metallo-proteinases in cancer progres-
sion (Egeblad and Werb, 2002), the effect of the
catechin on the membrane-controlled proteases may
represent also a key molecular event up-stream of
some other cellular outcomes following EGCG treat-
ment, such as cell cycle arrest (Ahmad et al, 2000) and
apoptosis (Chung et al, 2001). The interaction with the
catechin may indeed affect the cytoplasmic
C-terminus of MT1-MMP, which in turn could play a
crucial role in some signal transduction pathways. The
possibility of modulating this and other cascade
events controlled by MT1-MMP by an orally available
natural product is thus very promising for treating
proliferative and invasive pathologies and deserves
further investigation.

Materials and Methods

Cells

HT-1080 human fibrosarcoma cells (Mazzieri, 1997)
were routinely grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Flow Laboratories, United Kingdom)
supplemented with 10% heat-inactivated fetal calf se-
rum (hi-FCS) (Biochrom, Berlin, Germany); TRAMP-C2
mouse prostate carcinoma cells were grown in dihydro-
testosterone- and other supplement-containing DMEM,
as described (Ghosh et al, 1999). In some experiments,
gelatinase-free hi-FCS (see below) was used instead of
hi-FCS. Both media were supplemented with 100 U/ml
penicillin and 100 �g/ml streptomycin (Labtek Eurobio,
Corsio, Italy), and the cells were incubated in 5% CO2 in
air at 37° C. All experiments were initiated with cells in
the log phase of growth with at least 25% confluence
and were designed to be completed before 80% con-
fluence. A 1 mM stock solution of (-)epigallocatechin-3-
gallate (EGCG) was freshly prepared in culture medium
and added to cultures at the reported concentration. At
the end of the incubation (24 hours), the cells were
harvested and the membrane proteins extracted as
described below.

Antibodies

The following antibodies were used for Western blot-
ting, immunofluorescence, and cytofluorimetry—pri-
mary antibodies (all containing 0.1% sodium azide): (1)
mouse anti-MMP-2 (epitope: amino acids 468–483 of
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human, numbered from pro-peptide) from Oncogene,
(2) mouse anti-MT1-MMP (epitope: amino acids 319–
333 in the hemopexin-like domain of human, num-
bered from the signal peptide) from Oncogene, (3)
mouse anti-MT1-MMP (oligo-peptide 160–173 on hu-
man) from Chemicon, (4) mouse anti-TIMP-2 (epitope:
amino acids 178—193 of human) from Oncogene, and
(5) chicken anti-human TIMP-2 (complete); secondary
antibodies: goat anti-mouse IgG peroxidase conju-
gated (Chemicon) for Western blotting, goat anti-
mouse IgG fraction FITC conjugated (Sigma, St. Louis,
Missouri), sheep anti-rabbit IgG Cy3 conjugated (Sig-
ma), rabbit anti-chicken IgG TRITC conjugated (Sig-
ma) for immunolocalization; goat anti-mouse IgG-1(�)
R-PE conjugated (Caltag Laboratories, Burlingame,
California) for cytofluorimetry. As the isotype control,
mouse IgG1 (Becton Dickinson, San José, California)
were used at 1 �l/5 � 105 cells.

FCS Treatment

EGCG-containing culture medium was supplemented
with gelatinase-free hi-FCS. The latter was used to
detect gelatinases exclusively contributed by the cells
in the presence of serum and was prepared by adding
20% v/v of gelatin-sepharose (Amersham Pharmacia,
Biotech, United Kingdom) to hi-FCS. After gentle
mixing at 4° C for 2 hours and centrifugation at 100 �g
for 5 minutes, the supernatant and pellet were ana-
lyzed by gelatin zymography to verify removal of all
gelatinases from the serum.

MT1-MMP Activity on Synthetic Substrate

Soluble complete pro-MT1-MMP from Escherichia
coli was purchased from Oncogene and assayed as
described (Knight et al, 1992) using the fluorogenic
substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2

(BACHEM AG, Switzerland). The pro-MT1-MMP was
activated following the method described by Stetler-
Stevenson et al (1989): Aliquots of zymogen were
incubated at 4° C with 1 mM final concentration of
p-APMA (Sigma) for 15 hours. The substrate was
added, the mixture incubated at 37° C, and fluorimet-
ric analysis carried out in Perkin-Elmer MPF4 spectro-
photofluorimeter (�ex 328 nm, �em 393 nm). The emis-
sion of appropriate controls was subtracted.

Cell Membrane Extraction

After rinsing with PBS, the cells were harvested with 2
mM EDTA, centrifuged 5 minutes at 500 �g, and
rinsed twice with PBS. The pellet was resuspended in
200 �l of 0.1% digitonin (Sigma), 0.5 M NaCl, 20 mM

Hepes, pH 7 (DIG buffer 1), and incubated 10 minutes
at 4° C. Following a 5-minute centrifugation at 1200
�g, the pellet was rinsed three times with DIG buffer 1,
resuspended in 1% digitonin, 0.15 M NaCl, 20 mM

Hepes, pH 7 (DIG buffer 2), and incubated 2 hours at
4° C with gentle motion. The sample was then centri-
fuged 5 minutes at 1200 �g to collect the cell mem-
brane protein-containing supernatant.

Zymographic Analysis

EGCG effects on MT1-MMP gelatinolytic activity were
studied using the human recombinant catalytic do-
main of MT1-MMP (MT1-MMPcat), comprising the
Tyr89-Gly265 residues (MT1-MMPcat), from Escherichia
coli, purchased from Calbiochem. Aliquots of MT1-
MMP (40 �U) were assayed by gelatin zymography
developed in the presence of increasing amounts of
EGCG (0.01–1000 �M). Without heating, samples un-
derwent electrophoresis in 0.1% gelatin containing
13% polyacrylamide gels in the presence of SDS
under nonreducing conditions, as described in Gar-
bisa et al (2001). After electrophoresis, the gels were
washed twice for 15 minutes with 2.5% Triton X-100
and incubated overnight at 37° C in 50 mM Tris-HCl,
200 mM NaCl, 10 mM CaCl2, pH 7.4 (buffer 1) contain-
ing EGCG. The gels were then stained 30 minutes with
30% methanol/10% acetic acid containing 0.5% Coo-
massie Brilliant Blue R-250 and destained in the same
solution without dye; clear bands represent areas of
gelatinolysis on the blue background. Digestion bands
were quantitated by an image analyzer system with
GelDoc 2000 and Quantity One software (BioRad,
Hercules, California).

To study the activity of MT1-MMPcat on pro-
MMP-2, pro-MMP-2-containing culture medium, con-
ditioned by SK-N-BE human neuroblastoma cells (Ne-
gro et al, 1997), was preincubated 30 minutes at 4° C
with 1 mM PMSF and 5 mM NEM; 8 to 40 �U
MT1-MMPcat in buffer 1 were added, and the mixture
was incubated for 2 and 4 hours and analyzed for
gelatinolytic activities using 8% polyacrylamide gels.

To study the effect of EGCG on pro-MMP-2 activa-
tion by MT1-MMPcat, 120 �U of the latter were pre-
mixed with EGCG (20 and 60 �M) for 20 minutes at
4° C in buffer 1; the mixture was then added to
pro-MMP-2-containing medium pretreated with PMSF
and NEM (as above). Samples of medium alone,
without EGCG, and without MT1-MMPcat were used
as controls. The samples were incubated 4 hours at
33° C and directly examined by 8% polyacrylamide
gelatin zymography.

Western Blotting

The protein content of lysed cell samples was directly
evaluated by Bradford (Pierce) and the volume ad-
justed to equal concentration. As control proteins,
human recombinant MT1-MMP and pro-MMP-2-
containing culture medium (as above) were used.
Following SDS-PAGE under reducing conditions,
samples were electroblotted to a Hybond-C Extra
nitrocellulose membrane (Amersham). The membrane
was prehybridized at room temperature (RT) for 2
hours in PBS with 0.1% Tween-20 (PBS-T) containing
1% nonfat dried milk (Sigma) (sol.1) and hybridized at
RT for 1 hour in PBS-T containing 3% BSA and the
first antibody [anti-MT1-MMP (antibody 3) and anti-
MMP-2 (antibody 1), as detailed in the “Antibodies”
paragraph above]. The membrane was then incubated
at RT for 45 minutes in sol.1 containing the second
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antibody 1:2000 (as detailed in the “Antibodies” para-
graph above). Each step was followed by extensive
washing in PBS-T. Antigen detection was achieved by
incubating the membrane for 1 minute at RT with
0.125 ml/cm2 of ECL detection solution and exposing
to Hyperfilm MP (both from Amersham Pharmacia) for
10 seconds up to 5 minutes.

Confocal Immunofluorescence Microscopy

Cells were seeded on glass coverslips and, after 17
hours of incubation at 37° C in 5% CO2, fixed with 4%
paraformaldehyde for 30 minutes. The cells were
subsequently treated as follows: After washing with
PBS and blocking with 0.3% BSA in PBS, they were
incubated with a mix of two first antibodies (anti-MT1-
MMP, antibody 2 in the “Antibody” paragraph above;
anti-TIMP-2, antibody 5; anti-MMP-2, antibody 1)
overnight at 4° C, washed four times with PBS, incu-
bated with the appropriate secondary antibodies for 1
hour at RT, and washed four times with PBS. Cover-
slips were then mounted on microscope slides over a
drop of fluorescent mounting medium (Dako). Staining
was visualized using a Bio-Rad confocal microscope.

Cytofluorimetry

Cells in log phase of growth were harvested using only
EDTA (2 mM in PBS without Ca2� and Mg2�) for 3
minutes at 37° C, pelleted, and rinsed twice in PBS with
Ca2� and Mg2�. The cells were resuspended (106/200
�l) in PBS and incubated 1 hour at RT with 1 and 10 �M

EGCG; after rinsing with PBS, they were incubated with
mouse first antibody (anti-MMP-2, antibody 1; anti-
TIMP-2, antibody 4) under gentle motion. Alternatively,
the incubation with the first antibody preceded treatment
with EGCG, following the same time schedule. The cells
were then rinsed, the second antibody added (anti-
mouse IgG1 PE), and the suspension incubated as
above for 30 minutes. After rinsing, the frequency of
positive cells was determined by overlaying the flow
cytometry histograms of the samples. Cells were scored
using a FACalibur analyzer (Becton-Dickinson), and the
data were processed using the Macintosh CELLQuest
software program (Becton-Dickinson). To evaluate
whether the shift of the positive cell peak was statistically
significant, the Kolmogorov–Smirnov test for histogram
analysis was used following the user’s guide to the
above program.
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