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The tissue inhibitors of metalloproteinases (TIMPSs)
are specific inhibitors of MMP enzymatic activity.
However, TIMP-2 can promote the activation of pro-
MMP-2 by MT1-MMP. This process is mediated by the
formation of a complex between MT1-MMP, TIMP-2,
and pro-MMP-2. Binding of TIMP-2 to active MT1-
MMP also inhibits the autocatalytic turnover of MT1-
MMP on the cell surface. Thus, under certain condi-
tions, TIMP-2 is a positive regulator of MMP activity.
TIMP-4, a close homologue of TIMP-2 also binds to
pro-MMP-2 and can potentially participate in pro-
MMP-2 activation. We coexpressed MT1-MMP with
TIMP-4 and investigated its ability to support pro-
MMP-2 activation. TIMP-4, unlike TIMP-2, does not
promote pro-MMP-2 activation by MT1-MMP. How-
ever, TIMP-4 binds to MT1-MMP inhibiting its autocat-
alytic processing. When coexpressed with TIMP-2,
TIMP-4 competitively reduced pro-MMP-2 activation
by MT1-MMP. A balance between TIMP-2 and TIMP-4
may be a critical factor in determining the degrada-
tive potential of cells in normal and pathological
conditions. © 2001 Academic Press
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The activation of the zymogenic form of MMP-2 (pro-
MMP-2) has been shown to be accomplished by the
membrane-tethered MT1-MMP (MMP-14) (1, 2), which
hydrolyses the Asn*-Leu® peptide bond in the prodo-
main of pro-MMP-2 (3). To facilitate the association of
the prodomain of pro-MMP-2 with the active site of
MT1-MMP, pro-MMP-2 must be positioned in close
association with MT1-MMP. To achieve this, TIMP-2
acts as a molecular link between pro-MMP-2 and MT1-
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MMP (1). It has been shown that the NH,-terminal
region of TIMP-2 binds to the active site of an active
MT1-MMP on the cell surface generating a pro-MMP-2
“receptor” (4). In turn, the COOH-terminal region of
TIMP-2 binds to the COOH-terminal domain of pro-
MMP-2, also known as the hemopexin-like domain
(HLD) (1, 4-8). This trimeric MT1-MMP/TIMP-2/pro-
MMP-2 complex permits the association of pro-MMP-2
to the cell surface, which eventually facilitates its ac-
tivation by a neighboring TMP-2-free MT1-MMP. Un-
der these conditions, TIMP-2 acts as a positive regula-
tor of pro-MMP-2 activation (9). We have recently
shown that in addition to its ability to form the pro-
MMP-2 receptor, TIMP-2 can also regulate the nature
of MT1-MMP forms present in the cells by its ability to
inhibit MT1-MMP activity (6). This effect is due to the
TIMP-2 inhibition of the autocatalytic turnover of
MT1-MMP on the cell surface, which may represent a
natural mechanism of clearance of active MT1-MMP
from the cell surface once the enzyme has fulfilled its
pericellular proteolytic function. As a consequence of
the inhibition of autocatalytic degradation, de novo
synthesis and membrane incorporation of new MT1-
MMP molecules, TIMP-2 binding to active MT1-MMP
results in accumulation of active MT1-MMP on the cell
surface (6). These dual effects of TIMP-2 (ternary com-
plex formation and inhibition of MT1-MMP autocata-
lytic turnover) contribute to the overall effects of MT1-
MMP on the cell surface: activation of pro-MMP-2 and
direct pericellular proteolysis (10, 11).

TIMP-2 belongs to a family of four TIMP inhibitors,
which presently includes TIMP-1, TIMP-2, TIMP-3,
and TIMP-4 (12). Studies on TIMP-MMP interactions
have shown that TIMP-4, like TIMP-2 is also capable of
forming a complex with pro-MMP-2, which is mediated
by binding of the inhibitor to the HLD of the enzyme
(13). Thus, functionally, TIMP-4 is similar to TIMP-2.
In addition, sequence analyses revealed a 70% identity
between TIMP-2 and TIMP-4 (12, 14). Based on these
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observations, we asked whether TIMP-4, like TIMP-2,
could also promote pro-MMP-2 activation by MT1-
MMP. To answer this question, we expressed human
TIMP-4 in a vaccinia expression system (15, 16) and
tested its ability to promote pro-MMP-2 activation and
inhibition of MT1-MMP autocatalysis in mammalian
cells expressing MT1-MMP. Our studies demonstrate
that unlike TIMP-2, TIMP-4 cannot promote MT1-
MMP dependent pro-MMP-2 activation but can inhibit
MT1-MMP autocatalytic degradation. Furthermore, if
co-expressed with TIMP-2, TIMP-4 reduces the rate of
pro-MMP-2 activation induced by TIMP-2.

MATERIALS AND METHODS

Cells. Nonmalignant monkey kidney epithelial BS-C-1 (CCL-26)
cells were obtained from the American Type Culture Collection
(ATCC, Rockville, MD) and cultured in Dulbecco’'s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and antibiotics. Immortalized homozygous Timp2 (—/—) mutant
mouse fibroblasts were isolated from Timp2 deficient mice and im-
mortalized by retroviral infection as described (7, 17, 18) and main-
tained in DMEM supplemented with 10% FBS and antibiotics. All
tissue culture reagents were purchased from Gibco BRL (Grand
Island, NY).

Vaccinia virus and construction of expression vectors. The gener-
ation of the vaccinia expression vector pTF7EMCV-1 (pTF7) contain-
ing the T7 RNA promoter and the production of vTF7-3, a recombi-
nant vaccinia virus expressing bacteriophage T7 RNA polymerase,
have been described by Fuerst et al. (16). The generation of the
pTF7-T2 vector expressing human TIMP-2 (15) and pTF7-MT1 ex-
pressing human MT1-MMP (6) has been described. The human full-
length TIMP-4 cDNA (14), a generous gift from Dr. Y. E. Shi (Albert
Einstein College of Medicine, New Hyde Park, NY 11042), was am-
plified by the polymerase chain reaction (PCR) using the following
oligonucleotide primers: 5'-CATTCCATGGCACCTGGGAGCCCT-3'
and 5'-CTTGGATCCCTAGGGCTGAACGATGTCAAC-3' containing
the Ncol and BamHI restriction sites, respectively. The amplified
TIMP-4 fragment was isolated and cloned into pTF7 vector (16) to
generate the pTF7-T4 plasmid. The DNA sequence of the TIMP-4
PCR fragment was verified by sequencing of both strands directly
from the pTF7-T4 vector using an ABI377A DNA sequencer.

Expression of recombinant proteins by infection-transfection.
Monkey kidney BS-C-1 or Timp2 (—/—) mutant cells in 6-well plates
were infected with 30 plaque-forming units (pfu)/cell of the vTF-3
virus in DMEM containing 2.5% FBS (15). Thirty minutes postinfec-
tion, the media were aspirated and the infected cells were cotrans-
fected with a mixture of either pTF7-MT1 and pTF7-T4 plasmids (04
ng/ml each) or pTF7-MT1 and pTF7-T2 plasmids (04 pg/ml each) to
coexpress MT1-MMP with each inhibitor using Effectene (Qiagen,
Valencia, CA), as described by the manufacturer. In some experi-
ments, MT1-MMP was coexpressed with both TIMP-4 and TIMP-2
by transfecting a mixture of the three plasmids (04 ng/ml each). As
controls, the infected cells were transfected with pTF7-MT1, pTF7-
T4, pTF7-T2 or the empty pFT7EMCV-1 expression vectors alone.
An additional control included cells infected with vTF-3 virus but
nontransfected. Four h post-transfection, the media were aspirated
and replaced with 1 ml/well of OPTI-MEM (Gibco BRL).

Activation of pro-MMP-2. Eighteen hours following the infection/
transfection procedure, the cells received 3 nM/well of purified re-
combinant pro-MMP-2, purified to homogeneity as previously de-
scribed (15), followed by a 4-h incubation at 37°C. The media were
collected and clarified by a brief centrifugation (13,000g, 15 min, 4°C)
and the cells were solubilized in 100 pl/well of cold lysis buffer (25
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mM Tris—HCI [pH 7.5], 1% IGEPAL CA-630, 100 mM NacCl, 10 ng/ml
aprotinin, 1 pg/ml leupeptin, 2 mM benzamidine, and 1 mM PMSF)
and centrifuged (13,000g) for 15 min at 4°C. Samples of the lysates
(10 ul) were mixed with 4X Laemmli sample buffer (19) without
reducing agents and without heating and subjected to gelatin zymog-
raphy, as previously described (20).

Immunoprecipitation of TIMP-2 and TIMP-4. BS-C-1 cells
Infected-transfected to express TIMP-2 or TIMP-4 with or without
MT1-MMP, in 6-well plates, were metabolically labeled for 4 h at
37°C with 100 uCi/ml of *S-methionine in 1 ml/well of DMEM
without methionine supplemented with 1% dialyzed FBS. The media
were collected, clarified by a brief centrifugation and an aliquot
incubated (16 h, 4°C) with either 5 ug of anti-TIMP-2 CA-101 mono-
clonal antibody or a rabbit polyclonal antibody to TIMP-4 (21) fol-
lowed by the addition of 30 ul of Protein G-Sepharose beads for an
additional 3-h incubation at 4°C. After recovering the beads by a
brief centrifugation, the beads were washed (5 times) with cold 50
mM Tris—HCI pH 7.5 containing 150 mM NacCl, 0.1% NP-40, and
10% glycerol and resuspended in 15 ul Laemmli sample buffer with
B-mercaptoethanol followed by boiling (5 min). The immunoprecipi-
tates were resolved by 15% SDS—polyacrylamide gel electrophoresis
(SDS-PAGE). Detection of radiolabeled proteins was performed by
autoradiography.

Immunoblot analysis of MT1-MMP forms. Infected BS-C-1 cells
in 6-well plates, as described above, were lysed in cold lysis buffer.
The lysates were mixed with 4X Laemmli sample buffer with
B-mercaptoethanol and then resolved by 10% SDS-PAGE followed
by transfer to a nitrocellulose membrane as described (20). Detection
of MT1-MMP and TIMP-4 were carried out using a polyclonal anti-
body to human MT1-MMP (pAb 437) (22) and a polyclonal antibody
to human TIMP-4 (21), respectively. Detection of the antigen-
antibody complex was performed using the SuperSignal Enhanced
Chemiluminescence (ECL) system (Pierce, Rockford, IL), according
to the manufacturer’s instructions.

RESULTS AND DISCUSSION

Our previous studies demonstrated that co-
expression of human MT1-MMP with TIMP-2 in a vac-
cinia expression system resulted in enhanced activa-
tion of pro-MMP-2 (6). Activation of pro-MMP-2 by
MT1-MMP was TIMP-2-dependent since no activation
was observed in cells devoid of TIMP-2 (Timp2 mutant
cells) (7). Furthermore, TIMP-2 presence induced the
accumulation of the 57-kDa form of MT1-MMP, which
represents the active enzyme starting at Y***. Concom-
itantly with the accumulation of the 57-kDa form there
was a reduction of the 44—-40-kDa autocatalytic prod-
uct of MT1-MMP in the cell lysates (7). To examine the
effects of TIMP-4 on pro-MMP-2 activation, the full-
length human TIMP-4 cDNA was cloned into the
pTF7EMCV-1 vaccinia expression vector (16) and ex-
pressed in BS-C-1 cells with or without MT1-MMP
using the infection-transfection procedure. For com-
parison, the cells were infected-transfected to co-
express TIMP-2 and MT1-MMP. Analysis of TIMP-4
and TIMP-2 expression was monitored by immunopre-
cipitation of the inhibitors from the media of *S-
labeled cells. As shown in Fig. 1, both TIMP-2 (Fig. 1,
lane 2) and TIMP-4 (Fig. 1, lane 4) were detected in the
media when expressed without MT1-MMP. In con-
trast, co-expression of the inhibitors with MT1-MMP
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FIG. 1. Expression of TIMP-2 and TIMP-4 with and without

MT1-MMP. BS-C-1 cells were infected—transfected to express
TIMP-2 (lanes 2 and 3) or TIMP-4 (lanes 4 and 5) alone (lanes 2 and
4) or with MT1-MMP (lanes 3 and 5) as described under Materials
and Methods. As control, cells were infected and then transfected
with the empty vector. The next day, the media were collected and
immunoprecipitated with antibodies to either TIMP-2 (lanes 2 and 3)
or TIMP-4 (lanes 4 and 5) and Protein G-Sepharose beads. The
medium of control-transfected cells (lane 1) was immunoprecipitated
with both antibodies. The immunoprecipitates were resolved by re-
ducing 15% SDS-PAGE followed by autoradiography. **C-labeled
molecular weight standards were used as reference.

resulted in a significant reduction of TIMP-2 (Fig. 1,
lane 3) and TIMP-4 (Fig. 1, lane 5) from the media. We
have previously shown that co-expression of TIMP-2
with MT1-MMP results in the targeting of the inhibitor
to the cell surface. This differential distribution is due
to the binding of TIMP-2 to active MT1-MMP resulting
in a specific downregulation of TIMP-2 protein from
the media. Thus, the lack of detection of TIMP-4 in the
supernatant of cells coexpressing MT1-MMP and
TIMP-4 suggests that TIMP-4, like TIMP-2, associates
with active MT1-MMP. Indeed, when coexpressed with
MT1-MMP, TIMP-4 is found mostly in the cell lysate
(shown in Fig. 3B, lane 3).

We next examined the ability of TIMP-4 to promote
pro-MMP-2 activation by MT1-MMP. To this end, the
BS-C-1 and the Timp2 (—/-) mutant cells were
infected-transfected to express MT1-MMP with or
without TIMP-2 or TIMP-4. Then, the cells received
exogenous pro-MMP-2. Activation was monitored by
gelatin zymography of cell lysates. As shown in Fig. 2,
BS-C-1 (Fig. 2A) or Timp2 (—/—) mutant (Fig. 2B) cells
coexpressing MT1-MMP and TIMP-2 (BS-C-1, Fig. 2A,
lane 3; Timp2 (—/-), Fig. 2B, lane 4) converted pro-
MMP-2 (refer as P) into the active MMP-2 (refer as A)
form of 62-kDa. In contrast, coexpression of MT1-MMP
with TIMP-4 in either BS-C-1 (Fig. 2A, lane 4) or
Timp2 (—/-) mutant (Fig. 2B, lane 5) cells failed to
promote pro-MMP-2 activation. BS-C-1 cells infected-
transfected to express MT1-MMP alone (Fig. 2A, lane
2) exhibited a modest degree of active MMP-2 when
compared to the activation observed when MT1-MMP
was co-expressed with TIMP-2 (Fig. 2A, lane 3). This
basal activation is due to the presence of some residual
endogenous TIMP-2, which is present in the BS-C-1
cells, as reported previously (7). Indeed, in the Timp2
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(—=/-) mutant cells, which are devoid of TIMP-2, no
evidence of active MMP-2 was observed in cells ex-
pressing MT1-MMP alone (Fig. 2B, lane 3) consistent
with the absolute requirement of TIMP-2 for the MT1-
MMP-dependent activation of pro-MMP-2. As ex-
pected, no activation was observed in either cell type
infected with the vTF7-3 virus and transfected with
the empty vector (BS-C-1, Fig. 2A, lane 1; Timp2 (—/-),
Fig. 2B, lane 2). These studies establish the inability of
TIMP-4 to promote pro-MMP-2 activation by MT1-
MMP and demonstrate that this effect can only be
mediated by TIMP-2 in spite of the ability of both
inhibitors to form a non-covalent complex with pro-
MMP-2 through its hemopexin-like domain (13, 15).
The localization of TIMP-4 in the cell lysate when
co-expressed with MT1-MMP suggested that TIMP-4
could bind to active MT1-MMP. Therefore, we wished
to examine whether coexpression of TIMP-2 and
TIMP-4 with MT1-MMP would affect the ability of
TIMP-2 to enhance pro-MMP-2 activation. As shown in
Fig. 2A, BS-C-1 cells coexpressing MT1-MMP, TIMP-2,
and TIMP-4 (Fig. 2A, lane 5) exhibited a significant
reduction in active MMP-2 when compared to the cells
expressing MT1-MMP with TIMP-2 (Fig. 2A, lane 3).
This result suggests that TIMP-4 competes for the
binding of TIMP-2 to MT1-MMP and therefore pre-
vents its ability to support pro-MMP-2 activation.

1 2 3 4 -

FIG. 2. Effectof TIMP-4 on pro-MMP-2 activation by MT1-MMP.
(A) BS-C-1 cells were infected with 30 pfu/cell of vTF7-3 and then
transfected with 0.4 upg/well each of plasmid DNA (lane 1,
pTF7EMCV-1 empty vector; lane 2, pTF7-MT1; lane 3, pTF7-MT1 +
pTF7-T2; lane 4, pTF7-MT1+ pTF7-T4; and lane 5, pTF7-MT1+
pTF7-T4 + pTF7-T2). Some cells were only infected with 30 pfu/cell
of VTF7-3 (lane 1). At 18 h post-infection/transfection, the cells were
incubated with 3 nM of purified recombinant pro-MMP-2 for an
additional 4 h at 37°C followed by solubilization of the cells with lysis
buffer. The lysates were then subjected to gelatin zymography. (B)
Timp2 (—/—) mutant cells were infected—transfected to express MT1-
MMP alone (lane 3) or with either TIMP-2 (lane 4) or TIMP-4 (lane
5) as described in A. As control, some mutant cells were infected with
VTF7-3 virus only or subsequently transfected with empty vector
(lane 2). Activation of pro-MMP-2 was carried out as described in A.
P, I, and A refer to pro-MMP-2 (72 kDa), intermediate form (64 kDa),
and active MMP-2 (62 kDa).
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Early studies showed a restricted pattern of expression
of TIMP-4 in human and mouse tissues with prepon-
derant expression in heart tissue (14, 23). However,
recent studies indicate a broader tissue expression of
TIMP-4 in normal tissues (24—26) and enhanced ex-
pression in pathological conditions (27-31). In various
instances, the expression of TIMP-4 has been shown to
overlap with that of TIMP-2 (27-29, 31). TIMP-4 has
also been shown to inhibit tumor growth and metasta-
sis of a human breast cancer cell line (32). However, its
expression in human cancer tissues has not been ex-
amined in detail. Although the precise role of each
TIMP in normal and pathological conditions remains to
be further evaluated, the ability of TIMP-4 to inhibit
the effect of TIMP-2 on pro-MMP-2 activation suggests
that a balance of these inhibitors may alter the net
activity of MMP-2 with TIMP-2, under certain condi-
tions, promoting MMP-2- and MT1-MMP-dependent
proteolysis and TIMP-4 acting as a general MMP in-
hibitor.

Presently, no information exists in regards to the
molecular interactions of TIMP-4 with MT1-MMP.
The crystal structures of TIMP-2 and TIMP-1 show
that TIMP-2 has an insertion at Asp®*-Arg* that
extends the beta-sheets to interact with the catalytic
domain of MT1-MMP. In addition, Tyr*® on TIMP-2
has hydrophobic interactions with the catalytic do-
main of MT1-MMP, fitting into a hydrophobic pocket
above the active site groove near the S2/S3 site (5).
These features, which are absent in TIMP-1, may
partly explain the preferred binding of TIMP-2 to
MT1-MMP (3, 5, 6). Energy-minimized computer
modeling of the TIMP-4 structure based on the x-ray
crystal structure of TIMP-2 (5) shows that TIMP-4
(12, 14), as opposed to TIMP-1, possesses a similar
insertion at Val®-Met* that could potentially en-
hance interactions with the catalytic domain of
MT1-MMP (Drs. Mobashery and Kotra, Dept. of
Chemistry, Wayne State University, Personal com-
munication) and inhibit MT1-MMP activity. We have
previously shown that TIMP-2 induces accumulation
of the 57-kDa active form of MT1-MMP (6). This
effect is a direct consequence of the inhibitory action
of TIMP-2 on MT1-MMP activity, which inhibits the
autocatalytic turnover of active MT1-MMP into the
inactive forms of 44—40 kDa. The 44-kDa form pos-
sesses an N-terminus starting at G*** and its forma-
tion involves the deletion of the entire catalytic do-
main of MT1-MMP (6). Accumulation of active MT1-
MMP and reduction of the 44-kDa form are also
observed with synthetic MMP inhibitors consistent
with the autocatalytic nature of this process (6).
Thus, both TIMP-2 and synthetic MMP inhibitors
regulate the nature of the MT1-MMP forms present
in the cells. Here, we examined the lysates of BS-C-1
cells expressing MT1-MMP alone or with TIMP-4 for
the profile of MT1-MMP forms by immunoblot anal-
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FI1G. 3. Profile of MT1-MMP forms in the presence of TIMP-4. (A)
BS-C-1 cells were infected—transfected to express MT1-MMP alone
(lane 2) or with TIMP-4 (lane 3) as described in the legend to Fig. 2A.
As control, some cells were infected—transfected with empty vector
(lane 1). The cells lysates were resolved by reducing 10% SDS-PAGE
followed by immunoblot analysis with anti-MT1-MMP antibodies
and detection by ECL. (B) The same blot was reprobed with anti-
TIMP-4 antibodies and developed by ECL.

ysis. As shown in Fig. 3, in the absence of TIMP-4,
MT1-MMP is detected in its 60-, 57-, and 44-40-kDa
forms (Fig. 3, lane 2) as previously reported (6). The
60-kDa protein represents pro-MT1-MMP starting at
S* (6). The 62-, 55-, and 37-35 kDa bands are non-
specific, as they are detected in infected cells trans-
fected with empty vector (Fig. 3, lane 1). In the
presence of TIMP-4 (Fig. 3, lane 3), there is a signif-
icant increase in the 57-kDa species of MT1-MMP
and a reduction in the 44-40-kDa forms. Figure 3B
shows the presence of TIMP-4 in the same lysates as
detected with a specific anti-TIMP-4 antibody (lane
3) (21). Similar results were obtained with the Timp2
(=/-) mutant cells (data not shown). From these
results we conclude that, like TIMP-2, TIMP-4 inhib-
its the autocatalytic turnover of MT1-MMP and thus,
TIMP-4 is likely to form a complex with the active
form of MT1-MMP. This is further supported by the
lack of detection of TIMP-4 in the supernatant of
cells co-expressing MT1-MMP with the inhibitor as
discussed above. Although not directly proven here,
these results suggest that the lack of pro-MMP-2
activation in the presence of TIMP-4 is due to the
inability of this inhibitor to generate a ternary com-
plex with MT1-MMP and pro-MMP-2. Thus, while
TIMP-4 binds to active MT1-MMP, the TIMP-4/MT1-
MMP complex cannot act as a receptor for pro-
MMP-2 and therefore activation does not ensue. The
structural constrains that impede the formation of
the ternary complex awaits elucidation of the crystal
structure of the TIMP-4/MT1-MMP complex. In con-
clusion, the results of this study demonstrate a dif-
ferential role for members of the TIMP family in the
inhibition of MT1-MMP activity and in MT1-MMP-
dependent pro-MMP-2 activation.
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