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The tissue inhibitors of metalloproteinases (TIMPs)
re specific inhibitors of MMP enzymatic activity.
owever, TIMP-2 can promote the activation of pro-
MP-2 by MT1-MMP. This process is mediated by the

ormation of a complex between MT1-MMP, TIMP-2,
nd pro-MMP-2. Binding of TIMP-2 to active MT1-
MP also inhibits the autocatalytic turnover of MT1-
MP on the cell surface. Thus, under certain condi-

ions, TIMP-2 is a positive regulator of MMP activity.
IMP-4, a close homologue of TIMP-2 also binds to
ro-MMP-2 and can potentially participate in pro-
MP-2 activation. We coexpressed MT1-MMP with
IMP-4 and investigated its ability to support pro-
MP-2 activation. TIMP-4, unlike TIMP-2, does not

romote pro-MMP-2 activation by MT1-MMP. How-
ver, TIMP-4 binds to MT1-MMP inhibiting its autocat-
lytic processing. When coexpressed with TIMP-2,
IMP-4 competitively reduced pro-MMP-2 activation
y MT1-MMP. A balance between TIMP-2 and TIMP-4
ay be a critical factor in determining the degrada-

ive potential of cells in normal and pathological
onditions. © 2001 Academic Press

Key Words: matrix metalloproteinases; TIMP; pro-
eases; membrane proteins; cell surface.

The activation of the zymogenic form of MMP-2 (pro-
MP-2) has been shown to be accomplished by the
embrane-tethered MT1-MMP (MMP-14) (1, 2), which
ydrolyses the Asn37-Leu38 peptide bond in the prodo-
ain of pro-MMP-2 (3). To facilitate the association of

he prodomain of pro-MMP-2 with the active site of
T1-MMP, pro-MMP-2 must be positioned in close

ssociation with MT1-MMP. To achieve this, TIMP-2
cts as a molecular link between pro-MMP-2 and MT1-
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I 48201. Fax: 313-577-8180. E-mail: rfridman@med.wayne.edu.
126006-291X/01 $35.00
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ll rights of reproduction in any form reserved.
MP (1). It has been shown that the NH2-terminal
egion of TIMP-2 binds to the active site of an active
T1-MMP on the cell surface generating a pro-MMP-2

receptor” (4). In turn, the COOH-terminal region of
IMP-2 binds to the COOH-terminal domain of pro-
MP-2, also known as the hemopexin-like domain

HLD) (1, 4–8). This trimeric MT1-MMP/TIMP-2/pro-
MP-2 complex permits the association of pro-MMP-2

o the cell surface, which eventually facilitates its ac-
ivation by a neighboring TMP-2-free MT1-MMP. Un-
er these conditions, TIMP-2 acts as a positive regula-
or of pro-MMP-2 activation (9). We have recently
hown that in addition to its ability to form the pro-
MP-2 receptor, TIMP-2 can also regulate the nature

f MT1-MMP forms present in the cells by its ability to
nhibit MT1-MMP activity (6). This effect is due to the
IMP-2 inhibition of the autocatalytic turnover of
T1-MMP on the cell surface, which may represent a

atural mechanism of clearance of active MT1-MMP
rom the cell surface once the enzyme has fulfilled its
ericellular proteolytic function. As a consequence of
he inhibition of autocatalytic degradation, de novo
ynthesis and membrane incorporation of new MT1-
MP molecules, TIMP-2 binding to active MT1-MMP

esults in accumulation of active MT1-MMP on the cell
urface (6). These dual effects of TIMP-2 (ternary com-
lex formation and inhibition of MT1-MMP autocata-
ytic turnover) contribute to the overall effects of MT1-

MP on the cell surface: activation of pro-MMP-2 and
irect pericellular proteolysis (10, 11).
TIMP-2 belongs to a family of four TIMP inhibitors,
hich presently includes TIMP-1, TIMP-2, TIMP-3,
nd TIMP-4 (12). Studies on TIMP-MMP interactions
ave shown that TIMP-4, like TIMP-2 is also capable of
orming a complex with pro-MMP-2, which is mediated
y binding of the inhibitor to the HLD of the enzyme
13). Thus, functionally, TIMP-4 is similar to TIMP-2.
n addition, sequence analyses revealed a 70% identity
etween TIMP-2 and TIMP-4 (12, 14). Based on these
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bservations, we asked whether TIMP-4, like TIMP-2,
ould also promote pro-MMP-2 activation by MT1-
MP. To answer this question, we expressed human
IMP-4 in a vaccinia expression system (15, 16) and
ested its ability to promote pro-MMP-2 activation and
nhibition of MT1-MMP autocatalysis in mammalian
ells expressing MT1-MMP. Our studies demonstrate
hat unlike TIMP-2, TIMP-4 cannot promote MT1-
MP dependent pro-MMP-2 activation but can inhibit
T1-MMP autocatalytic degradation. Furthermore, if

o-expressed with TIMP-2, TIMP-4 reduces the rate of
ro-MMP-2 activation induced by TIMP-2.

ATERIALS AND METHODS

Cells. Nonmalignant monkey kidney epithelial BS-C-1 (CCL-26)
ells were obtained from the American Type Culture Collection
ATCC, Rockville, MD) and cultured in Dulbecco’s modified Eagle
edium (DMEM) supplemented with 10% fetal bovine serum (FBS)

nd antibiotics. Immortalized homozygous Timp2 (2/2) mutant
ouse fibroblasts were isolated from Timp2 deficient mice and im-
ortalized by retroviral infection as described (7, 17, 18) and main-

ained in DMEM supplemented with 10% FBS and antibiotics. All
issue culture reagents were purchased from Gibco BRL (Grand
sland, NY).

Vaccinia virus and construction of expression vectors. The gener-
tion of the vaccinia expression vector pTF7EMCV-1 (pTF7) contain-
ng the T7 RNA promoter and the production of vTF7-3, a recombi-
ant vaccinia virus expressing bacteriophage T7 RNA polymerase,
ave been described by Fuerst et al. (16). The generation of the
TF7-T2 vector expressing human TIMP-2 (15) and pTF7-MT1 ex-
ressing human MT1-MMP (6) has been described. The human full-
ength TIMP-4 cDNA (14), a generous gift from Dr. Y. E. Shi (Albert
instein College of Medicine, New Hyde Park, NY 11042), was am-
lified by the polymerase chain reaction (PCR) using the following
ligonucleotide primers: 59-CATTCCATGGCACCTGGGAGCCCT-39
nd 59-CTTGGATCCCTAGGGCTGAACGATGTCAAC-39 containing
he NcoI and BamHI restriction sites, respectively. The amplified
IMP-4 fragment was isolated and cloned into pTF7 vector (16) to
enerate the pTF7-T4 plasmid. The DNA sequence of the TIMP-4
CR fragment was verified by sequencing of both strands directly

rom the pTF7-T4 vector using an ABI377A DNA sequencer.

Expression of recombinant proteins by infection–transfection.
onkey kidney BS-C-1 or Timp2 (2/2) mutant cells in 6-well plates
ere infected with 30 plaque-forming units (pfu)/cell of the vTF-3
irus in DMEM containing 2.5% FBS (15). Thirty minutes postinfec-
ion, the media were aspirated and the infected cells were cotrans-
ected with a mixture of either pTF7-MT1 and pTF7-T4 plasmids (04
g/ml each) or pTF7-MT1 and pTF7-T2 plasmids (04 mg/ml each) to
oexpress MT1-MMP with each inhibitor using Effectene (Qiagen,
alencia, CA), as described by the manufacturer. In some experi-
ents, MT1-MMP was coexpressed with both TIMP-4 and TIMP-2

y transfecting a mixture of the three plasmids (04 mg/ml each). As
ontrols, the infected cells were transfected with pTF7-MT1, pTF7-
4, pTF7-T2 or the empty pFT7EMCV-1 expression vectors alone.
n additional control included cells infected with vTF-3 virus but
ontransfected. Four h post-transfection, the media were aspirated
nd replaced with 1 ml/well of OPTI-MEM (Gibco BRL).

Activation of pro-MMP-2. Eighteen hours following the infection/
ransfection procedure, the cells received 3 nM/well of purified re-
ombinant pro-MMP-2, purified to homogeneity as previously de-
cribed (15), followed by a 4-h incubation at 37°C. The media were
ollected and clarified by a brief centrifugation (13,000g, 15 min, 4°C)
nd the cells were solubilized in 100 ml/well of cold lysis buffer (25
127
protinin, 1 mg/ml leupeptin, 2 mM benzamidine, and 1 mM PMSF)
nd centrifuged (13,000g) for 15 min at 4°C. Samples of the lysates
10 ml) were mixed with 4X Laemmli sample buffer (19) without
educing agents and without heating and subjected to gelatin zymog-
aphy, as previously described (20).

Immunoprecipitation of TIMP-2 and TIMP-4. BS-C-1 cells
nfected-transfected to express TIMP-2 or TIMP-4 with or without
T1-MMP, in 6-well plates, were metabolically labeled for 4 h at

7°C with 100 mCi/ml of 35S-methionine in 1 ml/well of DMEM
ithout methionine supplemented with 1% dialyzed FBS. The media
ere collected, clarified by a brief centrifugation and an aliquot

ncubated (16 h, 4°C) with either 5 mg of anti-TIMP-2 CA-101 mono-
lonal antibody or a rabbit polyclonal antibody to TIMP-4 (21) fol-
owed by the addition of 30 ml of Protein G-Sepharose beads for an
dditional 3-h incubation at 4°C. After recovering the beads by a
rief centrifugation, the beads were washed (5 times) with cold 50
M Tris–HCl pH 7.5 containing 150 mM NaCl, 0.1% NP-40, and

0% glycerol and resuspended in 15 ml Laemmli sample buffer with
-mercaptoethanol followed by boiling (5 min). The immunoprecipi-
ates were resolved by 15% SDS–polyacrylamide gel electrophoresis
SDS–PAGE). Detection of radiolabeled proteins was performed by
utoradiography.

Immunoblot analysis of MT1-MMP forms. Infected BS-C-1 cells
n 6-well plates, as described above, were lysed in cold lysis buffer.
he lysates were mixed with 43 Laemmli sample buffer with
-mercaptoethanol and then resolved by 10% SDS–PAGE followed
y transfer to a nitrocellulose membrane as described (20). Detection
f MT1-MMP and TIMP-4 were carried out using a polyclonal anti-
ody to human MT1-MMP (pAb 437) (22) and a polyclonal antibody
o human TIMP-4 (21), respectively. Detection of the antigen-
ntibody complex was performed using the SuperSignal Enhanced
hemiluminescence (ECL) system (Pierce, Rockford, IL), according

o the manufacturer’s instructions.

ESULTS AND DISCUSSION

Our previous studies demonstrated that co-
xpression of human MT1-MMP with TIMP-2 in a vac-
inia expression system resulted in enhanced activa-
ion of pro-MMP-2 (6). Activation of pro-MMP-2 by
T1-MMP was TIMP-2-dependent since no activation
as observed in cells devoid of TIMP-2 (Timp2 mutant

ells) (7). Furthermore, TIMP-2 presence induced the
ccumulation of the 57-kDa form of MT1-MMP, which
epresents the active enzyme starting at Y112. Concom-
tantly with the accumulation of the 57-kDa form there
as a reduction of the 44–40-kDa autocatalytic prod-
ct of MT1-MMP in the cell lysates (7). To examine the
ffects of TIMP-4 on pro-MMP-2 activation, the full-
ength human TIMP-4 cDNA was cloned into the
TF7EMCV-1 vaccinia expression vector (16) and ex-
ressed in BS-C-1 cells with or without MT1-MMP
sing the infection-transfection procedure. For com-
arison, the cells were infected-transfected to co-
xpress TIMP-2 and MT1-MMP. Analysis of TIMP-4
nd TIMP-2 expression was monitored by immunopre-
ipitation of the inhibitors from the media of 35S-
abeled cells. As shown in Fig. 1, both TIMP-2 (Fig. 1,
ane 2) and TIMP-4 (Fig. 1, lane 4) were detected in the

edia when expressed without MT1-MMP. In con-
rast, co-expression of the inhibitors with MT1-MMP
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esulted in a significant reduction of TIMP-2 (Fig. 1,
ane 3) and TIMP-4 (Fig. 1, lane 5) from the media. We
ave previously shown that co-expression of TIMP-2
ith MT1-MMP results in the targeting of the inhibitor

o the cell surface. This differential distribution is due
o the binding of TIMP-2 to active MT1-MMP resulting
n a specific downregulation of TIMP-2 protein from
he media. Thus, the lack of detection of TIMP-4 in the
upernatant of cells coexpressing MT1-MMP and
IMP-4 suggests that TIMP-4, like TIMP-2, associates
ith active MT1-MMP. Indeed, when coexpressed with
T1-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

ro-MMP-2 activation by MT1-MMP. To this end, the
S-C-1 and the Timp2 (2/2) mutant cells were

nfected-transfected to express MT1-MMP with or
ithout TIMP-2 or TIMP-4. Then, the cells received
xogenous pro-MMP-2. Activation was monitored by
elatin zymography of cell lysates. As shown in Fig. 2,
S-C-1 (Fig. 2A) or Timp2 (2/2) mutant (Fig. 2B) cells

oexpressing MT1-MMP and TIMP-2 (BS-C-1, Fig. 2A,
ane 3; Timp2 (2/2), Fig. 2B, lane 4) converted pro-

MP-2 (refer as P) into the active MMP-2 (refer as A)
orm of 62-kDa. In contrast, coexpression of MT1-MMP
ith TIMP-4 in either BS-C-1 (Fig. 2A, lane 4) or
imp2 (2/2) mutant (Fig. 2B, lane 5) cells failed to
romote pro-MMP-2 activation. BS-C-1 cells infected-
ransfected to express MT1-MMP alone (Fig. 2A, lane
) exhibited a modest degree of active MMP-2 when
ompared to the activation observed when MT1-MMP
as co-expressed with TIMP-2 (Fig. 2A, lane 3). This
asal activation is due to the presence of some residual
ndogenous TIMP-2, which is present in the BS-C-1
ells, as reported previously (7). Indeed, in the Timp2

FIG. 1. Expression of TIMP-2 and TIMP-4 with and without
T1-MMP. BS-C-1 cells were infected–transfected to express
IMP-2 (lanes 2 and 3) or TIMP-4 (lanes 4 and 5) alone (lanes 2 and
) or with MT1-MMP (lanes 3 and 5) as described under Materials
nd Methods. As control, cells were infected and then transfected
ith the empty vector. The next day, the media were collected and

mmunoprecipitated with antibodies to either TIMP-2 (lanes 2 and 3)
r TIMP-4 (lanes 4 and 5) and Protein G-Sepharose beads. The
edium of control-transfected cells (lane 1) was immunoprecipitated
ith both antibodies. The immunoprecipitates were resolved by re-
ucing 15% SDS–PAGE followed by autoradiography. 14C-labeled
olecular weight standards were used as reference.
128
vidence of active MMP-2 was observed in cells ex-
ressing MT1-MMP alone (Fig. 2B, lane 3) consistent
ith the absolute requirement of TIMP-2 for the MT1-
MP-dependent activation of pro-MMP-2. As ex-

ected, no activation was observed in either cell type
nfected with the vTF7-3 virus and transfected with
he empty vector (BS-C-1, Fig. 2A, lane 1; Timp2 (2/2),
ig. 2B, lane 2). These studies establish the inability of
IMP-4 to promote pro-MMP-2 activation by MT1-
MP and demonstrate that this effect can only be
ediated by TIMP-2 in spite of the ability of both

nhibitors to form a non-covalent complex with pro-
MP-2 through its hemopexin-like domain (13, 15).
he localization of TIMP-4 in the cell lysate when
o-expressed with MT1-MMP suggested that TIMP-4
ould bind to active MT1-MMP. Therefore, we wished
o examine whether coexpression of TIMP-2 and
IMP-4 with MT1-MMP would affect the ability of
IMP-2 to enhance pro-MMP-2 activation. As shown in
ig. 2A, BS-C-1 cells coexpressing MT1-MMP, TIMP-2,
nd TIMP-4 (Fig. 2A, lane 5) exhibited a significant
eduction in active MMP-2 when compared to the cells
xpressing MT1-MMP with TIMP-2 (Fig. 2A, lane 3).
his result suggests that TIMP-4 competes for the
inding of TIMP-2 to MT1-MMP and therefore pre-
ents its ability to support pro-MMP-2 activation.

FIG. 2. Effect of 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
ransfected with 0.4 mg/well each of plasmid DNA (lane 1,
TF7EMCV-1 empty vector; lane 2, pTF7-MT1; lane 3, pTF7-MT1 1
TF7-T2; lane 4, pTF7-MT11 pTF7-T4; and lane 5, pTF7-MT11
TF7-T4 1 pTF7-T2). Some cells were only infected with 30 pfu/cell
f vTF7-3 (lane 1). At 18 h post-infection/transfection, the cells were
ncubated with 3 nM of purified recombinant pro-MMP-2 for an
dditional 4 h at 37°C followed by solubilization of the cells with lysis
uffer. The lysates were then subjected to gelatin zymography. (B)
imp2 (2/2) mutant cells were infected–transfected to express MT1-
MP alone (lane 3) or with either TIMP-2 (lane 4) or TIMP-4 (lane

) as described in A. As control, some mutant cells were infected with
TF7-3 virus only or subsequently transfected with empty vector
lane 2). Activation of pro-MMP-2 was carried out as described in A.
, I, and A refer to pro-MMP-2 (72 kDa), intermediate form (64 kDa),
nd active MMP-2 (62 kDa).
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arly studies showed a restricted pattern of expression
f TIMP-4 in human and mouse tissues with prepon-
erant expression in heart tissue (14, 23). However,
ecent studies indicate a broader tissue expression of
IMP-4 in normal tissues (24–26) and enhanced ex-
ression in pathological conditions (27–31). In various
nstances, the expression of TIMP-4 has been shown to
verlap with that of TIMP-2 (27–29, 31). TIMP-4 has
lso been shown to inhibit tumor growth and metasta-
is of a human breast cancer cell line (32). However, its
xpression in human cancer tissues has not been ex-
mined in detail. Although the precise role of each
IMP in normal and pathological conditions remains to
e further evaluated, the ability of TIMP-4 to inhibit
he effect of TIMP-2 on pro-MMP-2 activation suggests
hat a balance of these inhibitors may alter the net
ctivity of MMP-2 with TIMP-2, under certain condi-
ions, promoting MMP-2- and MT1-MMP-dependent
roteolysis and TIMP-4 acting as a general MMP in-
ibitor.
Presently, no information exists in regards to the
olecular interactions of TIMP-4 with MT1-MMP.
he crystal structures of TIMP-2 and TIMP-1 show
hat TIMP-2 has an insertion at Asp30-Arg42 that
xtends the beta-sheets to interact with the catalytic
omain of MT1-MMP. In addition, Tyr36 on TIMP-2
as hydrophobic interactions with the catalytic do-
ain of MT1-MMP, fitting into a hydrophobic pocket

bove the active site groove near the S2/S3 site (5).
hese features, which are absent in TIMP-1, may
artly explain the preferred binding of TIMP-2 to
T1-MMP (3, 5, 6). Energy-minimized computer
odeling of the TIMP-4 structure based on the x-ray

rystal structure of TIMP-2 (5) shows that TIMP-4
12, 14), as opposed to TIMP-1, possesses a similar
nsertion at Val29-Met41 that could potentially en-
ance interactions with the catalytic domain of
T1-MMP (Drs. Mobashery and Kotra, Dept. of
hemistry, Wayne State University, Personal com-
unication) and inhibit MT1-MMP activity. We have

reviously shown that TIMP-2 induces accumulation
f the 57-kDa active form of MT1-MMP (6). This
ffect is a direct consequence of the inhibitory action
f TIMP-2 on MT1-MMP activity, which inhibits the
utocatalytic turnover of active MT1-MMP into the
nactive forms of 44 – 40 kDa. The 44-kDa form pos-
esses an N-terminus starting at G285 and its forma-
ion involves the deletion of the entire catalytic do-
ain of MT1-MMP (6). Accumulation of active MT1-
MP and reduction of the 44-kDa form are also

bserved with synthetic MMP inhibitors consistent
ith the autocatalytic nature of this process (6).
hus, both TIMP-2 and synthetic MMP inhibitors
egulate the nature of the MT1-MMP forms present
n the cells. Here, we examined the lysates of BS-C-1
ells expressing MT1-MMP alone or with TIMP-4 for
he profile of MT1-MMP forms by immunoblot anal-
129
sis. As shown in Fig. 3, in the absence of TIMP-4,
T1-MMP is detected in its 60-, 57-, and 44 – 40-kDa

orms (Fig. 3, lane 2) as previously reported (6). The
0-kDa protein represents pro-MT1-MMP starting at
24 (6). The 62-, 55-, and 37–35 kDa bands are non-
pecific, as they are detected in infected cells trans-
ected with empty vector (Fig. 3, lane 1). In the
resence of TIMP-4 (Fig. 3, lane 3), there is a signif-
cant increase in the 57-kDa species of MT1-MMP
nd a reduction in the 44-40-kDa forms. Figure 3B
hows the presence of TIMP-4 in the same lysates as
etected with a specific anti-TIMP-4 antibody (lane
) (21). Similar results were obtained with the Timp2
2/2) mutant cells (data not shown). From these
esults we conclude that, like TIMP-2, TIMP-4 inhib-
ts the autocatalytic turnover of MT1-MMP and thus,
IMP-4 is likely to form a complex with the active

orm of MT1-MMP. This is further supported by the
ack of detection of TIMP-4 in the supernatant of
ells co-expressing MT1-MMP with the inhibitor as
iscussed above. Although not directly proven here,
hese results suggest that the lack of pro-MMP-2
ctivation in the presence of TIMP-4 is due to the
nability of this inhibitor to generate a ternary com-
lex with MT1-MMP and pro-MMP-2. Thus, while
IMP-4 binds to active MT1-MMP, the TIMP-4/MT1-
MP complex cannot act as a receptor for pro-
MP-2 and therefore activation does not ensue. The

tructural constrains that impede the formation of
he ternary complex awaits elucidation of the crystal
tructure of the TIMP-4/MT1-MMP complex. In con-
lusion, the results of this study demonstrate a dif-
erential role for members of the TIMP family in the
nhibition of MT1-MMP activity and in MT1-MMP-
ependent pro-MMP-2 activation.

FIG. 3. Profile of MT1-MMP forms in the presence of TIMP-4. (A)
S-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.
s control, some cells were infected–transfected with empty vector

lane 1). The cells lysates were resolved by reducing 10% SDS–PAGE
ollowed by immunoblot analysis with anti-MT1-MMP antibodies
nd detection by ECL. (B) The same blot was reprobed with anti-
IMP-4 antibodies and developed by ECL.
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