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I. BACKGROUND AND SIGNIFICANCE 

Matrix metalloproteinases (MMPs) and their inhibitors tissue inhibitor of metalloproteinases 
(TIMPs) play a critical role in ECM homeostasis. Controlled remodeling of the ECM is an essential 
aspect during normal development, and deregulated remodeling has been indicated to have a role 
in the etiology of diseases such as arthritis, periodontal disease, and cancer metastasis (1-5). TIMPs 
are secreted multifunctional proteins that have anti-MMP activity as well as erythroid-potentiating 
and cell growth promoting activities. The stimulating effect on cell growth was initially recognized 
when TIMP-1 and TIMP-2 were identified having erythroid-potentiating activities (6-7). It is now 
clear through several recent reports that TIMP-1 and TIMP-2 are mitogenic for non-erythroid cells, 
including normal keratinocytes (8), fibroblasts (9), lung adenocarcinoma cells (10), and melanoma 
cells (10). The involvement of TIMPs in the activation of pro-MMP has also been demonstrated 
(11). In addition, the recent evidence indicates that TIMP family may be involved in steroidogenesis 
of rat testis and ovary indicating the potential role of TIMP in the reproduction (12). Four 
mammalian TIMPs have been identified so far: TIMP-1 (13), TIMP-2 (14), TIMP-3 (15-18), and 
the recently cloned TTMP-4 (19-23). The proteins are classified based on structural similarity to each 
other, as well as their ability to inhibit metalloproteinases. 

The overproduction and unrestrained activity of MMPs have been linked to malignant 
conversion of tumor cells (24-27). The down-regulation of MMPs may occur at the levels of 
transcriptional regulation of the genes; activation of secreted proenzymes; and through interaction 
with specific inhibitor proteins, such as TIMPs. Their most widely recognized action is as inhibitors 
of matrix MMPs. Thus, the net MMP activity in the ECM is the result of the balance between 
activated enzyme levels and TIMP levels. Augmented MMP activity is associated with the 
metastatic phenotype of carcinomas, especially breast cancer (28-30). Decreased production of 
TIMP could also result in greater effective enzyme activity and invasive potentials (31-33). These 
results suggest that the inhibitory activity of TIMPs might be important in inhibiting tumor 
malignant progression leading to invasion and metastasis, and therefore lead one to expect that an 
increase in the amount of TIMPs relative to MMPs could function to block tumor cell invasion and 
metastasis. In fact, tumor cell invasion and metastasis can be inhibited by up-regulation of TIMP 
expression or by an exogenous supply of TIMPs (34-36). Alternatively, down-regulation of TIMP-1 
and TIMP-2 have been reported to contribute significantly to the tumorigenic and invasive potentials 
of the cells (31-33). 

In addition to inhibiting tumor cell invasion and metastasis, several previous studies have 
also demonstrated that TIMPs, either expressed endogenously or added exogenously, inhibit 
primary tumor growth of several different cells including c-Ha-ras transfected rat embryo 
fibroblasts (35), human gastric cancer cell KKLS (36), and murine B16 melanoma cells (37). 
Interestingly, both invasiveness and tumorigenic potential of murine 3T3 cells are conferred when 
TIMP production is impaired by an antisense approach (31-32). We had recently cloned and 
characterized a human TIMP-4 (19-23). We have produced and purified rTIMP4p from 
baculovirus infected cells (21). rTIMP4p was shown to inhibit MMP activity and tumor cell 
invasion across reconstituted basement membrane (21) .Transfection of TIMP-4 into human breast 
cancer cells inhibited the invasion potential of the cells in the in vitro invasion assay (23). When 



injected orthotopically into nude mice, TIMP-4 transfectants were significantly inhibited in their 
tumor growth and axillary lymph node and lung metastasis as compared with controls (23). These 
results suggest the therapeutic potential of TIMP-4 in treating cancer malignant progression. These 
results suggest an important role of TIMP-4 in inhibiting primary tumor growth and progression 
leading to invasion and metastasis. 

II. WORK ACCOMPLISHED 
Specific Aim 2: To study the relevance of the TIMP-4 transfection to the invasion and 
metastasis of breast cancer cells in nude mice (see attached reprint 1 for Figs. 1-5 and Tables 
1 and 2): 

Transfection and selection of TIMP-4 positive clones. In order to select a suitable breast 
cancer cell line for TIMP-4 gene transfection, a panel of breast cancer cell lines was screened for 
analysis of TIMP-4 expression. As we previously demonstrated (19), Northern blot analysis failed 
to detect the TIMP-4 transcript in most breast cancer cell lines except MDA-MD-231 cells. The 
inability to pick up the TIMP-4 mRNA in most breast cancer cell lines by Northern blot may 
suggest that 1) the TIMP-4 gene may be only expressed very weakly in breast epithelial cells but 
is mainly expressed in stromal cells; or 2) the expression of the TIMP-4 gene may be down- 
regulated in breast cancers during the breast cancer malignant progression. 

We selected MDA-MB-435 cell line as recipient for TIMP-4 gene transfection because: 
1) it lacks detectable TIMP-4 transcript; and 2) it is relatively highly tumorigenic and metastatic 
in nude mice. The full-length TIMP-4 cDNA was inserted into pCI-neo mammalian expression 
vector. The resulting vector was transfected into MDA-MB-435 cells. The same cells were also 
transfected with the vector containing no insert as a control. MDA-MB-435 subclones transfected 
with TIMP-4 cDNA were designated TIMP4-435, and MDA-MB-435 subclones transfected with 
pCI-neo were designated neo-435. Clones were initially screened by in situ hybridization on slides 
with a specific TIMP-4 antisense probe (data not shown), and the positive clones were subjected 
to Northern blot analysis. Fifteen TIMP4-MDA-435 clones were picked up by in situ 
hybridization. Fig 1. shows the Northern blot analysis of TIMP-4 expression in selected clones. 
All four selected TIMP4-435 clones expressed TIMP-4 mRNA transcripts. In contrast, none of 
the parental cells or neo-435-15 clone produced any detectable TIMP-4 transcripts. No changes 
in morphology were observed in these clones. 

Expression of MMP inhibitory activity. The anti-MMP activity of TIMP-4 transfected 
clones was characterized. Conditioned media (CM) from clones of TIMP4-435-12, TIMP4-435- 
20, neo-435-15 , and parental MDA-MB-435 cells were collected, concentrated, and analyzed for 
metalloproteinase inhibitory activity by soluble gelatin degradation assay (Fig. 2). About 64% and 
54% inhibition of MMP2 gelationlytic activity were observed in CMs from TIMP4-435-20 and 
TIMP4-435-12 clones, respectively. Whereas, CM from parental MDA-MB-435 cells only 
possessed 10% inhibition of MMP2 activity. A slight increase of MMP2 activity was observed 
in CM from neo-435-15 cells. In addition, we have previously shown that the CMs from TIMP-4- 
producing clones contained a prominent MMP inhibitory activity at 22 kDa in a non-reducing 
SDS gel containing gelatin; in contrast, no such activity was observed in the CM from neo-435 
cells (19). These data indicate: 1) the TIMP-4 positive clones secret a functional TIMP-4- 



mediated anti-MMP activity; 2) almost no endogenous TIMP activities were detectable in neo-435 
clones in the same conditions for detection of recombinant TIMP-4 activity. 

In vitro growth of TIMP4-435 cells. To determine whether TIMP-4 expression affects the 
growth of MDA-MB-435 cells, the growth rates of TIMP4-435-12 and TIMP4-435-20 cells were 
compared to that of parental MDA-MB-435 cells and neo-435-15 cells in the monolayer culture. 
No significant differences in growth rate were observed among TIMP-4 positive and TIMP-4 
negative cells (data not shown). TIMP4-435-20 cells showed slightly faster growth kinetics 
compared to TIMP-4 negative cells. At day 7, accumulating cell population was increased 
approximately 10% in TIMP4-435-20 cells compared to the parental MDA-MB-435 cells and 
neo-435-15 cells (data not shown). However, the differences were not significant. 

Invasion potential of TIMP4-MDA-435 cells. We used an in vitro reconstituted basement 
membrane invasion assay to determine if TIMP-4 expression affects breast cancer cell invasion. 
Both parental MDA-MB-435 cells and neo-435-12 and neo-435-15 cells were moderately 
invasive. At the end of 24-h incubation, about 10% of MDA-MB-435 cells, 9.3% of neo-435-15 
cells, and 6.9% of neo-435-12 cells had crossed the Matrigel barrier. A significant reduction in 
invasive potential was noted in two TIMP-4 expressing clones with percentages of invasion for 
TIMP4-435-12 and TIMP4-435-20 being 2.3% and 1.8%, respectively. To facilitate the 
comparison of the relative invasiveness between controls and TIMP-4 transfected clones in this 
study, all values were normalized to the percent invasion of parental MDA-MB-435 cells which 
was taken as 100% (Fig. 3A). In order to rule out the possibility that the different invasion 
potentials between TIMP-4 positive and TIMP-4 negative clones are due to the endogenous 
differences of individual clones, we treated parental MDA-MB-435 cells with either the pooled 
CM from two TIMP4-435 clones or the CM from neo-435 clones. As shown in Fig. 3B, when 
the cells were incubated with the medium containing 50% of the pooled CM from TIMP4-435 
clones, cell invasion was inhibited 49%. A significant 88% inhibition of invasion was observed 
when the cells were treated with 100% of the pooled CM from TIMP4-435 clones. In contrast, 
the pooled CM from neo-435 clones has no significant effect on cell invasion at the same 
condition. 

Effect of TIMP-4 transfection on tumorigenicity. To study the effect of TIMP-4 
expression on tumorigenicity, we have picked three TIMP-4 positive clones: TIMP4-435-20, 
TIMP4-435-12, and TIMP4-435-4; and three TIMP-4 negative cells: parental MDA-MB-435, neo- 
435-15, and neo-435-12. Three independent experiments were done to confirm reproducibility, 
and the data from these experiments are summarized in Table 1. After a lag phase of 7-10 days, 
mice given implants of both TIMP-4 positive and TIMP-4 negative cells developed tumors. 
There was no difference in tumor incidence among the groups. Starting at about 25 days after 
inoculation, great level of tumor necrosis was observed in tumors derived from MDA-MB-435, 
neo-435-15, and neo-435-12 cells. The same breast cancer cells transfected with TIMP-4, 
however, were significantly inhibited in their tumor growth; and either no or low level of tumor 
necrosis was observed. The size of TIMP4-435-20 tumors was only 17% of that in parental 
MDA-MB-435 tumors, 37% of that in neo-435-15 tumors, and 23% ofthat in neo-435-12 tumors. 
The tumor growth of TIMP4-435-12 cells was also significantly reduced, with 32% and 42% 
inhibition of tumor size observed as compared to MDA-MB-435 and neo-435-15 tumors, 
respectively. Fig. 4 shows a representative experiment from parental MDA-MB-435, TIMP4-435- 
12, and TIMP4-435-20 tumors (experiment 1 in Table 1). After a lag phase of 15 days, tumors 



from parental MDA-MB-435 cells increased in volume at an exponential rate. In contrast, the 
growths of TIMP4-435-20 and TIMP4-435-12 cells were dramatically inhibited. 

One of the TIMP-4 positive clones, TIMP4-435-4, exerted the similar tumor growth in 
nude mice compared with TIMP-4 negative neo-435-12 clone (experiment 3 in Table 1). The loss 
of inhibitory effect correlates with the loss of TIMP-4 expression in this clone in the in vivo 
environment. Fig. 5 shows a Northern blot analysis for TIMP-4 transcripts from tumors developed 
in animals injected with TIMP4-435 clones, parental MDA-MB-435 cells, and neo-435 clone. The 
TIMP-4 transcript was found in TIMP4-435-20 and TIMP4-435-12 clones, whereas it was absent 
in parental MDA-MB-435 cells, TIMP4-435-4 cells, and neo-435-15 cells. The lack of TIMP-4 
transcript in the TIMP4-435-4 cells indicates the loss of TIMP-4 expression in this clone in the 
in vivo condition. 

Regional and metastatic tumor dissemination. To study tumor dissemination, H & E 
stained paraffin sections of axillary lymph nodes and lungs were examined for morphologic 
evidence of tumor cells by light microscopy. TIMP-4 positive TIMP4-435-20 and TIMP4-435-12 
clones showed an average lower proportion of lymph node positivity of 27% and 32% as 
compared to the average of 72% from TIMP-4 negative MDA-MB-435, neo-435-15, and neo- 
435-12 cells (Table 1). TIMP-4 positive clones also yielded significantly less lung micro- 
metastasis than TIMP-4 negative clones with a combined 16% of lung positivity for TIMP4-435- 
20 and TIMP4-435-12 tumors as compared with a combined 40% for MDA-MB-435, neo-435-15, 
and neo-435-12 tumors. 

Microvessel counts (MVCs) of primary tumors. The TIMP-4 negative tumors grew more 
rapidly and showed a higher rate of lymph node and lung metastasis than TIMP-4 positive 
tumors, despite a similar growth rate in vitro as compared to TIMP-4 positive cells. We 
performed MVC analysis in an attempt to investigate the discrepancy between these in vivo and 
in vitro results. Recent studies suggest that MVCs of paraffin sections of human breast cancers 
can be utilized as a measure of tumor angiogenesis, and that these MVC measurements are 
independent markers of the prognosis (38-39). The MVC method involves counting the number 
of immunohistochemical stained microvessel profiles per unit area in the region of tumor 
containing the most active angiogenesis and thus reflects vessel formation in "angiogenic hot 
spots." We compared MVC values, measured by both the highest individual MVC (peak MVC) 
and the average MVC of 4 fields with the highest vessel densities (average peak MVC), in TIMP- 
4 negative MDA-MB-435 and neo-435-15 tumors, and TIMP-4 positive TIMP4-435-20 and 
TIMP4-435-12 tumors. We found that the combined values of TIMP4-435-20 and TIMP4-435-12 
tumors had only 49-54% peak and average peak MVCs of those for MDA-MB-435 and neo-435- 
15 tumors (Table 2). Thus, using MVC as the criterion, TIMP-4 inhibited the tumor angiogenesis. 

Specific Aim 3: recombinant TIMP-4 protein (see attached reprint 2 for Figs. 1-4 and Table 1). 

Expression and purification of rTIMP4p. rTIMP4p was produced in Sf9 insect cells using 
the baculovirus expression system. A pVL94-based transfection vector PA2-GP/TIMP4 was 
constructed to generate the recombinant virus which was subsequently used to infect Sf9 cells. 
The optimal yield of rTIMP4p was obtained from the conditioned medium of the infected cells 
at 70 h post infection. The best purification of rTIMP4p was achieved by a 4-step 
chromatography including a strong cation chromatography, a weak cation chromatography, a 



hydrophobic interaction chromatography, and a size exclusion column. The rTIMP4p eluted from 
a size exclusion column was stored in the buffer containing 50 raM sodium acetate and 100 mM 
NaCl, pH 5.8. When analyzed by SDS-PAGE, this preparation showed a single band at molecular 
weight of 23 kDa (Fig. 1 A), which is consistent with the predicted molecular weight based on 
the calculation from the protein sequence (19-20). The purified 23 kDa protein was confirmed 
as TIMP-4 by Western blot using a specific anti-TIMP-4 antibody (Fig. IB). The consistency of 
calculated molecular weight and the actual molecular weight of purified rTIMP4p suggests that 
there was no post-translational glycosylation for rTIMP4p. This is in agreement with the absence 
of glycosylation site for TIMP-4 (20). The specific activity of the recovery of rTIMP4p is 
summarized in Table 1. The yield of purified rTIMP4p was approximately 1.7 mg/2 x 107 cells. 

Characterization of anti-MMP activities of rTIMP4p. The inhibitory activity of rTIMP4p 
on MMPs was analyzed by a soluble gelatin degradation assay. As shown in Fig. 2, when MMP-2 
and MMP-9 were incubated with purified rTIMP4p at the mole ratio of 1 to 2, the gelatinlytic 
activities were inhibited 88% for MMP-2 and 66% for MMP-9, respectively. A similar pattern 
with higher magnitude of inhibition was also observed for TIMP-2, suggesting that TIMP-4 may 
be more specific for MMP-2 in a similar manner to TIMP-2. 

Kinetic analysis of the inhibition of MMPs by rTIMP4p was performed in a continuous 
fluorometric assay with a quenched fluorescent peptide substrate. The inhibition kinetics of 
rTIMP4p were analyzed against human MMP-1, MMP-2, MMP-3, MMP-7, and MMP-9. The 
MMPs were incubated with different concentrations of rTIMP4p. As shown in Fig. 3, the 
inhibitor concentrations that reached to 50% inhibition of MMP activities (IC50) were determined 
to be 19, 3, 45, 8, and 83 nM for MMP-1, MMP-2, MMP-3, MMP-7, and MMP-9, respectively. 
Therefore, TIMP-4 is a potent inhibitor of all five tested MMPs and it has preference for MMP-2 
and MMP-7. 

Inhibition of invasion potential of human breast cancer cells. We have demonstrated that 
transfection of TIMP-4 cDNA into human breast cancer cells inhibited tumor cell invasion cross 
reconstituted basement membrane (Matrigel) (23). The effect of purified rTIMP4p on the invasion 
of MDA-MB-435 human breast cancer cells was investigated. MDA-MB-435 cells were 
moderately invasive. At the end of 24-h incubation, about 10% of MDA-MB-435 cells had 
crossed the Matrigel barrier. A significant reduction in invasive potential was noted when 
rTIMP4p was added at two different concentrations. The percentages of invaded cells were 1.5% 
for the cells treated with 10 nM of rTIMP4p and 0.6% for the cells treated with 100 nM of 
rTIMP4p, respectively. To facilitate the comparison of the relative invasiveness between controls 
and rTIMP4p-treated cells in this study, all values were normalized to the percent invasion of 
control MDA-MB-435 cells which were taken as 100% (Fig. 4). 

In order to rule out the possibility that the different invasion potentials between the 
control cells and rTIMP4p-treated cells are due to the potential inhibitory effect of TIMP-4 on 
cell growth, we conducted growth rate experiments to determine whether addition of rTIMP4p 
affects the growth of MDA-MB-435 cells. When the cells were treated with 20 nM, 50 nM, and 
100 nM of rTIMP4p in the DME medium containing 5% FCS (changing the fresh medium and 
rTIMP4p every two days) for seven days, no significant differences in growth rate were observed 
between the control and rTIMP4p-treated cells (data not shown). These results are consistent with 
the results on the similar growth rates of the control MDA-MB-435 cells and TIMP-4 transfected 
cells (23). 



III. CONCLUSIONS 

1. TIMP-4 transfected MDA-MB-435 human breast cancer cells released a functional anti- 
MMP activity. 

2. Overexpression of TIMP-4 inhibited the invasion potentials of MDA-MB-435 cells in the 
in vitro invasion assay. 

3. Expression of TIMP-4 did not affect the growth of MDA-MB-435 cells. 
4. TIMP-4 expression significantly inhibited the primary tumor growth and lymph 

node and lung micro-metastasis of the cells in the orthotopic nude mice model. 
5. Microvessel counts (angiogenesis) were significantly decreased in the primary tumors from 

TIMP-4 transfected cells as compared to TIMP-4 negative tumors, suggesting that TIMP-4 
may inhibit the tumor angiogenesis. 

6. We produced and purified rTIMP4p from baculovirus infected cells. The purified 
protein migrated as a single 23 kD band in SDS-PAGE. 

7. We developed a specific anti-TIMP-4 peptide antibody. The affinity purified antibody 
immunochemically stained a 23 kD rTIMP4p band on Western blot. 

8. The anti-MMP (matrix metalloproteinase) activity of rTIMP4p was confirmed by 
both reverse zymography and soluble substrate degradation assay. In addition, enzymatic 
kinetic studies were performed and revealed IC50 (concentration at 50% inhibition) of 3 
nM, 47 nM, and 8 nM for MMP-2, MMP-9, and MMP-7, respectively. 

9. Purified rTIMP4p demonstrated a strong inhibitory effect on the invasion of human breast 
cancer cells across reconstituted basement membranes. 

Augmented MMP activities are associated with the metastatic phenotype of carcinomas, 
especially breast cancer (24-27). The clinical importance of MMPs during the tumor progression, 
emphasizes the need to effectively block MMPs and the subsequent tumor cell invasion. The 
inhibitory effect of TIMPs on MMP activity leads one to expect that an increase in the amount of 
TTMPs relative to MMPs could function to block tumor cell invasion and metastasis. Indeed, tumor 
cell invasion and metastasis can be inhibited by up-regulation of TIMP expression or by an 
exogenous supply of TIMPs (34-37). Alternatively, down-regulation of TIMP-1 and TIMP-2 have 
also been reported to contribute significantly to the tumorigenic and invasive potentials of the cells 
(32-33). These results suggest that an inhibitory activity of TIMPs play an important role in 
inhibiting tumor cell malignant progression leading to invasion and metastasis. 

In the current studies, we have transfected TIMP-4 cDNA into human breast cancer cells. 
Overexpression of TIMP-4 resulted in decreased invasion potential in a Matrigel invasion assay 
and decreased growth and lymph node and lung metastasis in the mammary fat pads of nude 
mice. The decreased growth rate of TIMP-4 transfected tumors may be due, in part, to inhibition 
of tumor angiogenesis induced by TIMP-4. We also demonstrated an inhibitory effect of the 
purified rTIMP4p on the invasion of human breast cancer cells, which is consistent with the 
studies on the inhibition of cell invasion on the TIMP-4 transfected cells compared with the 
TIMP-4 negative control cells. 

In the experimental Matrigel invasion assay, approximately 95% inhibition of invasion 
potential was achieved when the breast cancer cells were treated with 100 nM of rTIMP4p. 



Similar inhibitory effects with much less magnitude were also reported for TIMP-1 (40) and 
TIMP-2 (41) on different tumor cells. The almost complete suppression of invasion potential of 
breast cancer cells by rTIMP4p suggests that the major matrix degradation proteinases required 
for the invasion of breast cancer cells in the Matrigel invasion assay are MMPs and their 
enzymatic activities can be effectively inhibited by TIMP-4. The inhibition of breast cancer cell 
invasion by both an exogenous supply of rTIMP4p and the endogenous expressed TIMP-4 suggest 
that the TIMP-4-mediated anti-invasion activity could be physiologically or pathologically 
relevant in the tumor micro-environment. Because it will be possible to design vectors that could 
be specifically targeted to tumors, the potential application of TIMP-4 as a cytostatic agent for 
the gene therapy treatment of cancer warrants further investigation. 
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Inhibition of tumor growth and metastasis of human breast cancer cells 
transfected with tissue inhibitor of metalloproteinase 4 
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We recently identified, cloned, and characterized a novel 
human tissue inhibitor of metalloproteinases-4, TIMP-4 
(Greene et al., 1996). To determine if TIMP-4 can 
modulate the in vivo growth of human breast cancers, we 
transfected a full-length TIMP-4 cDNA into MDA-MB- 
435 human breast cancer cells and studied the orthotopic 
growth of TIMP-4-transfected (TIMP4-435) versus 
control (neo-435) clones in the mammary fat pad of 
athymic nude mice. TIMP4-435 clones expressed TIMP- 
4 mRNA and produced anti-metalloproteinase (MMP) 
activity, while neo-435 clones did not express TIMP-4 
mRNA or produce detectable anti-MMP activity. Over- 
expression of TIMP-4 inhibited the invasion potential of 
the cells in the in vitro invasion assay. When injected 
orthotopically into nude mice, TIMP-4 transfectants 
were significantly inhibited in tumor growth by 4-10- 
fold in primary tumor volumes; and in an axillary lymph 
node and lung metastasis as compared with controls. 
These results suggest the therapeutic potential of TIMP- 
4 in treating cancer malignant progression 

Keywords: TIMP; MMP; mammary carcinoma; nude 
mice; angiogenesis 

Introduction 

The overproduction and unrestrained activity of 
MMPs have been linked to malignant conversion of 
tumor cells (Heppner et al, 1996; Himelstein et al, 
1994; Bernhard et al, 1994; Pyke et al, 1993; Naylor et 
al, 1994; Polette et al, 1993; Urbanski et al, 1992; 
Tryggvason et al, 1993; Basset et al, 1990, 1994; 
Hoyhtya et al, 1994; Poulsom et al, 1993). The down- 
regulation of MMPs may occur at the levels of 
transcriptional regulation of the genes; activation of 
secreted proenzymes; and through interaction with 
specific inhibitor proteins, such as TIMPs. TIMPs are 
secreted as multi-functional proteins that play pivotal 
roles in the regulation of extracellular matrix (ECM) 
metabolism. Their most widely recognized action is as 
inhibitors of matrix MMPs. Thus, the net MMP 
activity in the ECM is the result of the balance 
between activated enzyme levels and TIMP levels. 
Augmented MMP activity is associated with the 
metastatic phenotype of carcinomas, especially breast 
cancer (Tryggvason et al, 1993; Basset et al, 1990, 
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1994; Hoyhtya et al, 1994; Poulsom et al, 1993). 
Decreased production of TIMP could also result in 
greater effective enzyme activity and invasive potentials 
(Khokha et al, 1989; Denhardt et al, 1992; Mohanam 
et al, 1995). These results suggest that the inhibitory 
activity of TIMPs might be important in inhibiting 
tumor malignant progression leading to invasion and 
metastasis, and therefore lead one to expect that an 
increase in the amount of TIMPs relative to MMPs 
could function to block tumor cell invasion and 
metastasis. In fact, tumor cell invasion and metastasis 
can be inhibited by up-regulation of TIMP expression 
or by an exogenous supply of TIMPs (Tsuchiya et al, 
1993; Imren et al, 1996; Watanabe et al, 1996; 
Khokha et al, 1994; Khokha and Zimmer et al, 
1992; DeClerck et al, 1992). Alternatively, down- 
regulation of TIMP-1 and TIMP-2 have been reported 
to contribute significantly to the tumorigenic and 
invasive potentials of the cells (Khokha et al, 1989; 
Denhardt et al, 1992; Mohanam et al, 1995). 

In addition to inhibiting tumor cell invasion and 
metastasis, several previous studies have also demon- 
strated that TIMPs, either expressed endogenously or 
added exogenously, inhibit primary tumor growth of 
several different cells including c-Ha-ras transfected rat 
embryo fibroblasts (Imren et al, 1996), human gastric 
cancer cell KKLS (Watanabe et al, 1996), and murine 
B16 melanoma cells (Khokha et al, 1994). Interest- 
ingly, both invasiveness and tumorigenic potential of 
murine 3T3 cells are conferred when TIMP production 
is impaired by an antisense approach (Khokha et al, 
1989; Denhardt et al, 1992). We have recently 
identified and cloned a novel human tissue inhibitor 
of metalloproteinases, TIMP-4 (Greene et al, 1996). In 
this study, we have investigated the effect of TIMP-4 
on the tumorigenic, invasive, and metastatic behaviors 
of human breast cancer cells. We demonstrated here 
for the first time that the in vitro invasive and in vivo 
tumorigenic and metastatic potentials of human breast 
cancer cells can also be inhibited by overexpression of 
a single TIMP. 

Results 

Transfection and selection ofTIMP-4 positive clones 

In order to select a suitable breast cancer cell line for 
TIMP-4 gene transfection, a panel of breast cancer cell 
lines was screened for analysis of TIMP-4 expression. 
As we previously demonstrated (Greene et al., 1996), 
Northern blot analysis failed to detect the TIMP-4 
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transcript in most breast cancer cell lines except MDA- 
MD-231 cells. The inability to pick up the TIMP-4 
mRNA in most breast cancer cell lines by Northern 
blot may suggest that: (1) the TIMP-4 gene may be 
only expressed very weakly in breast epithelial cells but 
is mainly expressed in stromal cells; or (2) the 
expression of the TIMP-4 gene may be down- 
regulated in breast cancers during the breast cancer 
malignant progression. 

We selected MDA-MB-435 cell line as recipient for 
TIMP-4 gene transfection because: (1) it lacks 
detectable TIMP-4 transcript; and (2) it is relatively 
highly tumorigenic and metastatic in nude mice. The 
full-length TIMP-4 cDNA was inserted into pCI-neo 
mammalian expression vector. The resulting vector was 
transfected into MDA-MB-435 cells. The same cells 
were also transfected with the vector containing no 
insert as a control. MDA-MB-435 subclones trans- 
fected with TIMP-4 cDNA were designated TIMP4- 
435, and MDA-MB-435 subclones transfected with 
pCI-neo were designated neo-435. Clones were initially 
screened by in situ hybridization on slides with a 
specific TIMP-4 antisense probe (data not shown), and 
the positive clones were subjected to Northern blot 
analysis. Fifteen TIMP4-435 clones were picked up by 
in situ hybridization. Figure 1 shows the Northern blot 
analysis of TIMP-4 expression in selected clones. All 
four selected TIMP4-435 clones expressed TIMP-4 
mRNA transcripts. In contrast, none of the parental 
cells or neo-435-15 clone produced any detectable 
TIMP-4 transcripts. No changes in morphology were 
observed in these clones. 

Expression of MMP inhibitory activity 

The anti-MMP activity of TIMP-4 transfected clones 
was characterized. Conditioned media (CM) from 
clones of TIMP4-435-12, TIMP4-435-20, neo-435-15 , 
and   parental   MDA-MB-435   cells   were   collected, 
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Figure 1 Northern blot analysis of TIMP-4 transfection of 
MDA-MB-435 human breast cancer cells. MDA-MB-435 cells 
were transfected with either pCITIMP4 plasmid containing full- 
length TIMP-4 cDNA or control pCI-neo plasmid, and the 
TIMP-4 positive clones were selected as described in Materials 
and methods. Total RNAs were isolated from parental MDA- 
MB-435 cells, one control pCI-neo transfected clone (clone 15), 
and four TIMP-4 transfected clones (clones 19, 20, 12, 4), and 
then subjected to Northern blot analysis with random primer- 
labeled full-length TIMP-4 probe. The integrity of the RNAs and 
loading control were ascertained by direct visualization of the 
18 S rRNA bands in stained gel (data not shown) 

concentrated, and analysed for metalloproteinase 
inhibitory activity by soluble gelatin degradation assay 
(Figure 2). About 64% and 54% inhibition of MMP2 
gelationlytic activity were observed in CMs from 
TIMP4-435-20 and TIMP4-435-12 clones, respectively. 
Whereas, CM from parental MDA-MB-435 cells only 
possessed 10% inhibition of MMP2 activity. A slight 
increase of MMP2 activity was observed in CM from 
neo-435-15 cells. In addition, we have previously 
shown that the CMs from TIMP-4-producing clones 
contained a prominent MMP inhibitory activity at 
22 kDa in a non-reducing SDS gel containing gelatin; 
in contrast, no such activity was observed in the CM 
from neo-435 cells (Greene et al., 1996). These data 
indicate: (1) the TIMP-4 positive clones secret a 
functional TIMP-4-mediated anti-MMP activity; (2) 
almost no endogenous TIMP activities were detectable 
in neo-435 clones in the same conditions for detection 
of recombinant TIMP-4 activity. 

In vitro growth of TIMP4-435 cells 

To determine whether TIMP-4 expression affects the 
growth of MDA-MB-435 cells, the growth rates of 
TIMP4-435-12 and TIMP4-435-20 cells were compared 
to that of parental MDA-MB-435 cells and neo-435-15 
cells in the monolayer culture. No significant differ- 
ences in growth rate were observed among TIMP-4 
positive and TIMP-4 negative cells (data not shown). 
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Figure 2 Inhibition of MMP activity by TIMP-4 transformed 
cells. CMs were prepared from parental MDA-MB-435 cells, 
clones of neo-MDA-15, TIMP4-435-20, and TIMP4-435-I2, 
concentrated, normalized, and analysed by soluble degradation 
assay against MMP2 as described in Materials and methods. 
Recombinant TIMP-2, at the molar ratio of two to one relative to 
MMP2, was used as a positive control. The enzymatic activity of 
MMP2 in the absence of inhibitor or CMs was taken as 100% 
activity and regarded as control. All the other values were 
expressed as a percentage of the control. The numbers represent 
the means + s.e.s. of three tests 
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TIMP4-435-20 cells showed slightly faster growth 
kinetics compared to TIMP-4 negative cells. At day 
7, accumulating cell population was increased approxi- 
mately 10% in TIMP4-435-20 cells compared to the 
parental MDA-MB-435 cells and neo-435-15 cells (data 
not shown). However, the differences were not 
significant. 

Invasion potential of TIMP4-435 cells 

We used an in vitro reconstituted basement membrane 
invasion  assay  to  determine  if TIMP-4  expression 
affects   breast   cancer   cell   invasion.   Both   parental 
MDA-MB-435 cells and neo-435-12 and neo-435-15 
cells were moderately invasive. At the end of 24 h 
incubation, about 10% of MDA-MB-435 cells, 9.3% 
of neo-435-15 cells and 6.9% of neo-435-12 cells had 
crossed the Matrigel barrier. A significant reduction in 
invasive potential was noted in two TIMP-4 expres- 
sing clones with percentages of invasion for TIMP4- 
435-12  and  TIMP4-435-20  being  2.3%   and   1.8%, 
respectively.   To   facilitate   the   comparison   of   the 
relative  invasiveness  between  controls  and  TIMP-4 
transfected   clones   in   this   study,   all   values   were 
normalized   to   the   percent   invasion   of   parental 
MDA-MB-435   cells   which   was   taken   as    100% 
(Figure 3a). In order to rule out the possibility that 
the   different   invasion   potentials   between   TIMP-4 
positive and TIMP-4 negative clones are due to the 
endogenous differences of individual clones, we treated 
parental MDA-MB-435 cells with either the pooled 
CM from two TIMP4-435 clones or the CM from 
neo-435 clones. As shown in Figure 3b, when the cells 
were incubated with the medium containing 50% of 
the pooled CM from TIMP4-435 clones, cell invasion, 
was inhibited 49%. A significant 88% inhibition of 
invasion was observed when the cells were treated 
with   100%   of  the   pooled   CM   from   TIMP4-435 
clones.  In contrast,  the pooled  CM  from  neo-435 
clones has no significant effect on cell invasion at the 
same condition. 

Effect of TIMP-4 transfection on tumorigenicity 

To   study   the   effect   of   TIMP-4   expression   on 
tumorigenicity, we have picked three TIMP-4 positive 
clones:  TIMP4-435-20,  TIMP4-435-12  and  TIMP4- 
435-4;   and   three   TIMP-4   negative   cells:   parental 
MDA-MB-435,   neo-435-15,   and   neo-435-12.   Three 
independent   experiments    were    done    to    confirm 
reproducibility and the data from these experiments 
are summarized in Table 1. After a lag phase of 7-10 
days, mice given implants of both TIMP-4 positive 
and TIMP-4 negative cells developed tumors. There 
was   no  difference   in   tumor  incidence   among  the 
groups. Starting at about 25 days after inoculation, 
great level of tumor necrosis was observed in tumors 
derived from MDA-MB-435, neo-435-15, and neo-435- 
12 cells. The same breast cancer cells transfected with 
TIMP-4, however, were significantly inhibited in their 
tumor growth; and either no or low level of tumor 
necrosis  was  observed.  The  size  of TIMP4-435-20 
tumors was only 17% of that in parental MDA-MB- 
435 tumors, 37% of that in neo-435-15 tumors, and 
23% of that in neo-435-12 tumors. The tumor growth 
of TIMP4-435-12 cells was also significantly reduced, 
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Figure 3 Inhibition of cell invasion by TIMP-4. (a) Compar- 
ison of invasion potentials of TIMP-4 positive and TIMP-4 
negative cells. The invasion of MDA-MB-435 cells was used as 
control and was taken as 100%. The invasion potentials of all 
the other clones were expressed as a percentage of the control, 
(b) Inhibition of the invasion of MDA-MB-435 cells by CMs 
from TIMP-4 transfected clones. CM(TIMP4-) represents the 
equally pooled CMs from neo-435-12 and neo-435-20 cells. 
CM(TIMP4 + ) represents the equally pooled CMs from 
TIMP4-435-12 and TIMP4-435-20 cells. Control: cells were 
incubated in the regular DMEM-5% serum; CM (TIMP4-) 
50%: cells were incubated in the medium containing 50% of 
CM(TIMP4-) plus 5% serum and 50% of regular DMEM-5% 
serum- CM (TIMP4-) 100%: cells were incubated in the 
medium containing 100% of CM(TIMP4-) plus 5% serum; 
CM(TIMP4 + ) 50%, cells were incubated in the medium 
containing 50% of CM(TIMP4 + ) plus 5% serum and 50% 
of the regular DMEM-5% serum; CM(TIMP4 + ) 100%: cells 
were incubated in the medium containing 100% of 
CM(TIMP4 + ) plus 5% serum. All values were normalized to 
the percent invasion of control cells which was taken as 100%. 
The numbers in both (a) and (b) represent the means ±s.e.s. of 
three cultures 
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node status, and lung metastases of MDA-MB 
2770 

Table 1 Effects of TIMP-4 expression on tumor sizes, lymph -435 cells 

Tumor vol (mm3) Tumor incident Lymph nodes Lung metastases 

Experiment Treatment group of primary size tumorjtotal (%) Pos/total (%) Pos/tolal (%) 

1 TIMP4-435-20 »260 + 84 14/16 (88) 3/14 (21) 0/7 (0) 

TIMP4-435-12 »495 + 99 15/16 (94) 4/15 (27) 2/8 (25) 

MDA-MB-435 1566 + 303 15/16(94) 10/15(67) 3/8 (38) 

2 TIMP4-435-12 **860 + 365 10/12 (83) 4/10 (40) 2/5 (40) 

TIMP4-435-20 »770 + 230 12/12 (100) 4/12 (33) 1/6 (17) 

neo-435-15 2060+135 12/12 (100) 9/12 (75) 3/6 (50) 

3 TIMP4-435-20 »580 + 223 11/12(91) 3/11 (27) 0/6 (0) 

TIMP4-435-4 2200 + 819 12/12 (100) 6/12 (50) 2/6 (33) 

neo-435-12 2550 + 404 11/12(91) 8/11 (73) 2/6 (33) 

Four hundred thousand of the cells were injected at day one into the mammary fat pads, and tumor volumes and lymph node and lung 
micrometastasis were determined as described in Materials and methods. Volumes are expressed as means+ s.e.s (number of tumors assayed). 
Experiment 1, total 16 injections for eight mice in each group, and the mice were sacrificed 32 days after injection. Statistical comparisons for 
TIMP-4 positive clones relative to TIMP-4 negative clones in the same experiment: »indicates P<0.001 for the mean tumor sizes; »»indicates 
/><0.01 for the mean tumor sizes. Lymph node positivity of pooled TIMP4-435-20 tumors (experiments 1-3) vs pooled TIMP-4 negative MDA- 
435 (experiment 1), neo-435-15 (experiment 2), and neo-435-12 (experiment) tumors gave /><0.029; P<0.032 for pooled TIMP4-435-12 
(experiments 1 & 2) vs combined TIMP-4 negative tumors. For lung metastasis, comparisons of pooled values of TIMP4-435-20 (experiments 
1-3) and TIMP4-435-12 (experiments 1 & 2) vs MDA-MB-435, neo-435-15, and neo-435-12 gave P<0.038. Statistical comparison for primary 
tumors was analysed by Students t test. A chi-squared test was used for statistical analysis of lymh node and lung metastasis 

with 32% and 42% inhibition of tumor size observed 
as compared to MDA-MB-435 and neo-435-15 
tumors, respectively. Fig. 4 shows a representative 
experiment from parental MDA-MB-435, TIMP4-435- 
12, and TIMP4-435-20 tumors (experiment 1 in Table 
1). After a lag phase of 15 days, tumors from parental 
MDA-MB-435 cells increased in volume at an 
exponential rate. In contrast, the growths of TIMP4- 
435-20 and TIMP4-435-12 cells were dramatically 
inhibited. 

One of the TIMP-4 positive clones, TIMP4-435-4, 
exerted the similar tumor growth in nude mice 
compared with TIMP-4 negative neo-435-12 clone 
(experiment 3 in Table 1). The loss of inhibitory 
effect correlates with the loss of TIMP-4 expression in 
this clone in the in vivo environment. Figure 5 shows a 
Northern blot analysis for TIMP-4 transcripts from 
tumors developed in animals injected with TIMP4-435 
clones, parental MDA-MB-435 cells, and neo-435 
clone. The TIMP-4 transcript was found in TIMP4- 
435-20 and TIMP4-435-12 clones, whereas it was 
absent in parental MDA-MB-435 cells, TIMP4-435-4 
cells, and neo-435-15 cells. The lack of TIMP-4 
transcript in the TIMP4-435-4 cells indicates the loss 
of TIMP-4 expression in this clone in the in vivo 
condition. 

Regional and metastatic tumor dissemination 

To study tumor dissemination, H&E stained paraffin 
sections of axillary lymph nodes and lungs were 
examined for morphologic evidence of tumor cells by 
light microscopy. TIMP-4 positive TIMP4-435-20 and 
TIMP4-435-12 clones showed an average lower 
proportion of lymph node positivity of 27% and 
32% as compared to the average of 72% from 
TIMP-4 negative MDA-MB-435, neo-435-15, and 
neo-435-12 cells (Table 1). TIMP-4 positive clones 
also yielded significantly less lung micro-metastasis 
than TIMP-4 negative clones with a combined 16% of 
lung positivity for TIMP4-435-20 and TIMP4-435-12 
tumors as compared with a combined 40% for MDA- 
MB-435, neo-435-15, and neo-435-12 tumors. 
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Figure 4 In vivo tumor growth of TIMP4-435-20, TIMP4-435-12, 
and parental MDA-MB-435 cells in the mammary fat pads of 
nude mice. Each point represents the mean + s.e. of tumors. 
Comparison of TIMP4-435-20 and TIMP4-435-12 tumors vs 
parental MDA-MB-435 tumors was significant (P<0.001). The 
tumor volume data from the last measurement were also 
presented in the experiment 1 of Table 1 

Microvessel counts (MVCs) of primary tumors 

The TIMP-4 negative tumors grew more rapidly and 
showed a higher rate of lymph node and lung 
metastasis than TIMP-4 positive tumors, despite a 
similar growth rate in vitro as compared to TIMP-4 
positive cells. We performed MVC analysis in an 
attempt to investigate the discrepancy between these in 
vivo and in vitro results. Recent studies suggest that 
MVCs of paraffin sections of human breast cancers can 
be utilized as a measure of tumor angiogenesis, and 
that   these    MVC   measurements   are   independent 
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Figure 5 Analysis of TIMP-4 expression in tumor xenografts. 
RNAs were isolated from pooled tumor xenografts from parental 
MDA-MB-435 tumors, neo-435-15 tumors, TIMP4-435-20, 
TIMP4-435-12, and TIMP4-435-4 tumors, normalized, and 
analysed by Northern blot. The integrity and the loading control 
of the RNAs were ascertained by direct visualization of the 18 S 
rRNA bands in stained gel (data not shown) 

markers of the prognosis (Weidner and Semple et al, 
1991; Weidner and Folkman et al, 1992). The MVC 
method involves counting the number of immunohis- 
tochemical stained microvessel profiles per unit area in 
the region of tumor containing the most active 
angiogenesis and thus reflects vessel formation in 
'angiogenic hot spots'. We compared MVC values, 
measured by both the highest individual MVC (peak 
MVC) and the average MVC of four fields with the 
highest vessel densities (average peak MVC), in TIMP- 
4 negative MDA-MB-435 and neo-435-15 tumors, and 
TIMP-4 positive TIMP4-435-20 and TIMP4-435-12 
tumors. We found that the combined values of 
TIMP4-435-20 and TIMP4-435-12 tumors had only 
49-54% peak and average peak MVCs of those for 
MDA-MB-435 and neo-435-15 tumors (Table 2). Thus, 
using MVC as the criterion, TIMP-4 inhibited the 
tumor angiogenesis.     ''' 

Discussion 

We have overexpressed TIMP-4 in the highly 
malignant MDA-MB-435 human breast cancer cells, 
and examined the subsequent phenotypical changes on 
in vitro growth rates, invasive potentials, in vivo 
tumorigenicity, and metastasis. We showed that 
transfection of TIMP-4 cDNA into MDA-MB-435 
cells results in a decreased rate of orthotopic tumor 
growth in nude mice. Tumors derived from TIMP4-435 
clones also had significantly lower rates of regional 
lymph nodes and lung metastasis. The invasive 
potential of MDA-MB-435 cells cross Matrigel was 
significantly inhibited by overexpression of TIMP-4. 

Transfection of the MDA-MB-435 cells with a 
TIMP-4 cDNA leads to increased expression of the 
TIMP-4 transcript and anti-MMP activity when 
compared to parental cell line and control cells. The 
reduced in vitro invasiveness of T1MP4-435 clones 
compared to control cells suggests that the production 
of TIMP-4 altered the invasive potential of breast 
cancer cells in this experimental model system. These 
results are consistent with the previous reports on the 
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Table 2 Microvessel counts (MVCs) for primary tumors 
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Clone Peak MVC Average peak MVC 

MDA-MB-435 
neo-435-15 
TIMP4-435-20 
TIMP4-435-12 

7.1+0.8 (15) 
6.5 + 0.7 (12) 
3.1+0.4(37) 
3.6 + 0.3 (25) 

5.9 + 0.6 (15) 
5.4 + 0.7 (12) 
2.9 + 0.4 (37) 
3.3 + 0.2(25) 

Tumor sections were stained and examined for MVC as described in 
Materials and methods. Peak MVC is the number of microvessels 
per field in the region of most active angiogenesis. Average peak 
MVC is the mean MVC of the 4-fields with the highest microvessel 
counts. Values listed are means+ s.e.s. The number of tumors 
analysed are shown in parenthesis. Comparisons of pooled TIMP-4 
positive tumors (20+ 12) vs pooled TIMP-4 negative MDA-MB-435 
and neo-435-15 tumors gave P<0.01 for both peak MVC and 
average peak MVC 

inhibition of the invasion by TIMP-1 (Matsuzawa et 
al., 1996) and TIMP-2 (Albini et al., 1991). While our 
results support a role for MMPs and their inhibitors in 
breast cancer cell invasion, we are aware that the 
Matrigel in vitro invasion assay may not be an accurate 
predictor of breast cancer cell invasion as it occurs in 
vivo. Although up-regulation of TIMP-4 in the 
Matrigel invasion assay clearly inhibited the in vitro 
invasion of MDA-MB-435 cells, the invasion process 
was not completely abrogated. One possible explana- 
tion for continued invasion in the presence of high 
levels of TIMP-4 is that more than one kind of TIMP 
is required to completely block the MMP activity 
responsible for cell invasion. Alternatively, the invasion 
of MDA-MB-435 cells in the Matrigel invasion assay 
could be mediated by some matrix degrading 
proteinase other than MMP. 

Interaction between stromal and epithelial compo- 
nents in a paracrine fashion dictates the development 
of normal mammary gland (Lund et al, 1996; Adam et 
al, 1994). In addition, the stromal component from 
tumor-surrounding micro-environments may also play 
a crucial role not only in changing the biological 
behavior of tumor cells but also in determining the 
malignant pattern of tumor cells (Paget, 1989; 
Berrettoni et al, 1986; Hlatky et al, 1994; Shi and 
Liu, 1995). Controlled remodeling of the mammary 
ECM is an essential aspect in the process of normal 
development, and deregulated remodeling has been 
indicated to have a role in the etiology of breast cancer 
metastasis (Basset and Wolf et al, 1994; Spyratos et 
al, 1989; Barsky et al, 1983). Although TIMPs were 
initially suggested to be important agents to suppress 
or prevent tumor progression leading to invasion and 
metastasis, recent observations have demonstrated an 
inhibitory effect of TIMPs on tumor growth (Tsuchiya 
et al, 1993; Imren et al, 1996; Watanabe et al, 1996; 
Khokha et al, 1994). Within the same content, the 
tumorigenicity of MDA-MB-435 cells was inhibited by 
TIMP-4. This TIMP-4-mediated in vivo tumor growth 
inhibition is somewhat conflicting to the in vitro similar 
growth rates of TIMP4-positive clones compared to 
TIMP4-negative clones. The slower in vivo growth of 
TIMP4-435 tumors may be explained, in part, by 
TIMP-4-mcdialcd inhibition of angiogenesis. In an 
effort to support this hypothesis, we have measured the 
microvessel densities in the highly angiogenic regions of 
both TIMP-4 positive TIMP4-435-20 and TIMP4-435- 
12 tumors and TIMP-4 negative MDA-MB-435 and 
neo-435-15   tumors.   Sections   of   TIMP-4   positive 
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tumors had approximately 50% microvessel densities 
as compared with TIMP-4 negative tumors (P<0.01) 
Angiogenic regulatory factors have been found to 
modulate the growth of human breas"t cancers in 
several orthotopic xenograft models. We have recently 
demonstrated that transfection of MDA-MB-435 cells 
with an angiogenic factor Scatter Factor (SF) increased 
tumor growth and angiogenesis (Lamszus et al, 1997). 
MCF-7 cells, which normally require estrogen supple- 
mentation for sustained in vivo tumor growth in nude 
mice, exhibited progressive estrogen-independent tumor 
growth when pro-angiogenic fibroblast growth factors 
(FGF-1 and FGF-4) were transfected into and over- 
expressed in the cells (McLeskey et al., 1993; Kern et 
al., 1994; Haran et al., 1994). Our data indicate that 
despite the lack of growth inhibition of TIMP-4 on 
breast cancer cells, TIMP-4 significantly inhibits tumor 
growth and metastasis presumably due to its anti- 
angiogenic activity. In fact, both TIMP-1 (Johnson et 
al., 1994) and TIMP-2 (Ohba et al., 1995; Murphy et 
al., 1993) have been demonstrated to have an anti- 
angiogenic activity, and such inhibition of angiogenesis 
is mediated by inhibition of both endothelial cell 
proliferation (Murphy et al., 1993) and migration 
(Johnson et al, 1994). 

Although our results are consistent with the previous 
studies that an excessive TIMP expression could 
function to block the tumor growth and progression, 
and therefore lead one to expect that the expression of 
TIMPs should be down-regulated during the breast 
cancer malignant progression. However, both in situ 
hybridization and immunohistochemical staining have 
demonstrated TIMP-2 expression in the stroma 
surrounding breast carcinomas but not in benign 
breast tissues (Hoyhtya et al, 1994; Poulsom et al., 
1993; Visscher et al, 1994). In particular, it was 
demonstrated that the clinical outcome of breast cancer 
is more closely related to the presence of TIMP-2 in 
the peri-tumoral stroma than to the corresponding 
MMPs (Poulsom et al, 1993). The increased expression 
of TIMP-2 is usually reciprocally related to the 
increased expression of MMP-2 or MMP-9 (Hoyhtya 
et al, 1994; Poulsom et al, 1993; Visscher et al, 1994), 
suggesting that when the excess of MMP are produced 
during the degradation of extracellular matrix, the 
levels of local TIMPs expression are usually elevated. 
Although the elevated levels of TIMP-1 and TIMP-2 in 
the stroma adjunct to the invasive breast carcinomas 
may indicate one of the biological mechanisms to try 
to balance the local tissue degradation, it may 
represent one of the subsequent acute host responses 
to the remodeling stimuli but not as a causative factor. 
Alternatively, the high level expression of TIMP in the 
breast cancer may favor the proposed bi-functional 
molecule of both anti-proteinase activity and growth 
factor activity (Stetler-Stevenson et al, 1992). 

In conclusion, transfection with TIMP-4 cDNA into 
human breast cancer cells induces: (1) decreased 
invasion potential in a Matrigel invasion assay; and 
(2) decreased growth and lymph node and lung 
metastasis in the mammary fat pads of nude mice. 
The decreased growth rate of TIMP-4 transfected 
tumors may be due, in part, to inhibition of tumor 
angiogenesis induced by TIMP-4. Because it will be 
possible to design vectors that could be specifically 
targeted to tumors, the potential application of TIMP- 

4 as a cytostatic agent for the gene therapy treatment 
of cancer warrants further investigation. 

Materials and methods 

Tissue culture 

MDA-MB-435 human breast cancer cells were obtained 
from the American Type Culture Collection (ATCC), 
Rockville, MD. Cells were cultured in Dulbecco's 
Modified Eagle's Medium (DMEM) supplemented with 
5% (v/v) fetal calf serum, penicillin (100 U/ml), and 
streptomycin (100 ^g/ml). Cells were subcultured weekly. 

Expression of TIMP-4 in human breast cancer cells 

Human TIMP-4 full-length sequence was subcloned into 
the pCI-neo mammalian Expression Vector (Promega) 
downstream of the human cytomegalovirus promoter to 
generate the pCITIMP4 expression vector. Forty micro- 
grams of pCITIMP4 or the control pCI-neo plasmid were 
transfected into MDA-MB-435 human breast cancer cells 
by calcium phosphate-mediated method as we previously 
described (Greene et al, 1996). Thirty G418-resistant 
individual clones were selected in the selection medium 
containing 800 ^g/ml of G-418, subcloned and character- 
ized by in situ hybridization and Northern blot analysis. 

Northern blot analysis 

Detection of TIMP-4 mRNA expression was analysed by 
Northern blot as we described previously (Greene et al, 
1996). 

Preparation of conditioned media (CM) 

All the clones were maintained in subconfluent monolayers 
with 5% fetal calf serum. The medium was discarded and 
the monolayers washed twice with phosphate-buffered 
saline (PBS). The monolayers were cultured in the absence 
of serum, in DMEM supplemented with transferrin (1 mg/ 
L), fibronectin (1 mg/L), and trace elements (Biofluides, 
Rockville, MD). After 24 h, the serum-free medium was 
discarded, and the cells were replenished with the fresh 
serum-free medium. The CMs were collected 30 h later. 
Media were then centrifuged at 1200 g and supernatants 
were saved and concentrated approximately five-fold using 
an Amicon hollow fiber concentrator with a 10 000 
molecular weight cut off at 4°C. The protein concentra- 
tions of CMs were determined and normalized. 

Gelatin degradation assay 

Inhibition of enzymatic activity by CMs from TIMP-4 
transfected clones was assayed by measuring degradation 
of [3H]gelatin in a manner conceptually similar to our 
previous report (Shi et al, 1993) with some minor 
modifications. Briefly, tritiated type I collagen was diluted 
with non-radioactive type I collagen and then denatured at 
55°C for 10 min. Recombinant MMP2 was activated by 
incubation with 1 mM APMA for 20 min at 37°C. The 
activated enzyme was pre-incubated with CMs from either 
TIMP-4 negative clones or TIMP-4 transfected clones for 
30 min. The final concentration of MMP2 was 0.4 ngjm\. 
These enzyme/CM mixtures were then incubated with the 
gelatin solution for 2 h at 37°C. The reaction was stopped 
by addition of EDTA at a final concentration of 18 mM. 
Proteins were precipitated on ice with 1 % of trichloroacetic 
acid and 0.014% of tannic acid. The radioactive soluble 
peptide fragments were detected in a liquid scintillation 
counter. 
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In vitro assay for cell growth 

Exponentially growing cultures of MDA-MB-435 clones 
were detached with trypsin, and the trypsin was neutralized 
with DMEM-5% serum. Cells were counted, diluted, and 
seeded in triplicate at 3000 cells per well (24-well plate) in 
1 ml DMEM-5% serum. Cell growth was measured by 
counting cell numbers. 

In vitro invasion assay 

Ten-/zm polycarbonate membranes were coated with 4 mg/ 
ml growth factor-reduced Matrigel in medium as described 
previously (Sheng et ah, 1994) with some modifications. 

t The cells were seeded at a density of 50 000 cells/ml/well in 
1 DMEM containing 5% serum. For testing the effect of CM 

on cell invasion, cells were incubated with either 50:50 
.  , medium (50% CM plus 5% serum and 50% DMEM-5% 

> serum) or a 100% CM plus 5% serum. After incubation in 
a humidified incubator with 5% C02 at 37°C for 24 h, the 
medium as well as the cells were removed from the bottom 
chambers and concentrated on 3 pm polycarbonate 
membranes using Minifold 1 apparatus (Schleicher and 
Schuell). A LeukoSata Staining kit from Fisher was used to 
fix and stain the cells which were counted using a Zeiss 
microscope. 

Tumor growth in athymic nude mice 

Nude mouse tumorigenic assay was performed as we 
previously described (Shi and Lippman et al., 1993). 
Briefly, parental MDA-MB-435 cells, TIMP4-435 clones, 
and neo-435 clones were grown to 80-90% of confluence 
in 150 cm2 dishes and were harvested by incubation with 
5 mM EDTA in PBS. The EDTA was neutralized with 
medium containing serum. The cells were washed twice 
with serum-free medium, counted, and re-suspended in 
serum-free DMEM at a concentration of 2.7 x 106 cells/ml. 
Approximately 0.4 xlO6 cells (0.15 ml) were injected into 
5-6 week old female athymic nude mice (Frederick Cancer 
Research and Development Center, Frederick, MD). Each 
animal received two injections, one on each side, in the 
mammary fat pads between the first and second nipples. 

The animals were ear tagged. Primary tumor growth was 
assessed by measuring the volume of each tumor at weekly 
intervals. Tumor size wa? determined at intervals by three- 

dimensional measurements (mm) using a caliper. Only 
measurable tumors were used to calculate the mean tumor 
volume for each tumor cell clone at each time point. Animals 
were sacrificed between 32-40 days after injection, when the 
largest tumors reached about 15 mm in diameter. 

Assessment of regional lymph node and lung metastasis 

The axillary lymph nodes and lungs of sacrificed animals 
were excised, fixed in formalin, embedded in paraffin, and 
stained with hematoxylin and eosin (H&E) for microscopic 
examination for morphologic evidence of tumor metastasis. 
Sections were reviewed and scored by two pathologists (AF 
and MW). 

Microvessel counts (MVCs) of primary tumors 

Analysis of MVCs in the regions of the most angiogenic 
area (angiogenic 'hot spots') was performed as previously 
described (Weidner and Semple et al, 1991; Weidner and 
Folkman et al, 1992) with some modifications (Lamszus et 
al., 1997). Briefly, paraffin sections were stained with an 
anti-laminin antibody (Gibco, Gaithersberg, MD) (Wolff et 
al., 1993). Vessel profiles were determined by counting four 
different areas of tumor containing the highest microvessel 
density. Two values were analysed for each tumor: (a) the 
peak MVC (single largest number of microvessels per 
400 x field); and (b) the average peak MVC (mean MVC of 
the 4400 x fields with the largest numbers of microvessels). 
MVCs were analysed in blinded fashion. 

Statistical analysis 

Values were expressed as means + standard errors (s.e.s.). 
Comparisons were made using the two-tailed Student's t- 
test. Where appropriate, the chi-squared test was used to 
compare proportions. 

Acknowledgements 
Supported in part by grant CA68064-01 from National 
Institutes of Health, grants DAMD17-94-J-4149 and 
DAMD17-96-1-6261 from US Department of Army and 
Helen and Irving Schneider's Family Foundation. Gene 
Bank Accession No. U76456. 

2773 

References 

Adam L, Crepin M, Lelong JC, Spanakis E and Israel L. 
(1994). Int. J. Cancer, 59, 262-268. 

Albini A, Melchiori A, Santi L, Liotta LA, Brown PD and 
Stetler-Stevenson WG. (1991). /. Natl. Cancer Inst., 83, 
775-779. 

Barsky SH, Siegal GP, Jannotta F and Liotta LA. (1983). 
Lab. Invest., 49, 140-147. 

Bassett P, Bellocq JP, Wolf C, Stoll I, Hutin P, Limacher JM, 
Podhajcer OL, Chenard MP, Rio MC and Chambon P. 
(1990). Nature, 348, 699-704. 

Basset P, Wolf C, Rouyer N, Bellocq JP, Rio MC and 
Chambon P. (1994). Cancer, 74, 1045-1049. 

Bernhard EJ, Gruber SB and Muschel RJ. (1994). Proc. Natl. 
Acad. Sei. USA, 91, 4293-4297. 

Berrettoni BA and Carter JR. (1986). Surg. Am., 68, 308- 
312. 

DeClerck YA, Perez N, Shimada H, Boone TC, Langley KE 
and Taylor SM. (1992). Cancer Res., 52, 701 - 708. 

Dcnhardt DT, Khokha R, Yagcl S, Overall CM and Parhar 
RS. (1992). Matrix Suppl, 1, 281-285. 

Greene J, Wang M, Raymond LA, Liu YE, Rosen C and Shi 
YE. (1996). J. Biol. Chem., Ill, 30375-30380. 

Haran EF, Maretzek AF, Goldberg I, Horowitz A and 
Degani H. (1994). Cancer Res., 54, 5511-5514. 

Heppner KJ, Matrisian LM, Jensen RA and Rodgers WH. 
(1996). Am. J. Pathol., 149, 273-282. 

Himelstein BP, Canete-Soler R, Bernhard EJ, Dilks DW and 
Muschel RJ. (1994). Invasion. Metastasis, 14, 246-258. 

Hlatky L, Tsionou C, Hahnfeldt P and Coleman CN. (1994). 
Cancer Res., 54, 6083-6086. 

Hoyhtya M, Fridman R, Komarek D, Porter-Jordan K, 
Stetler-Stevenson WG, Liotta LA and Liang CM. (1994). 
Int. J. Cancer, 56, 500-505. 

Imren S, Kohn DB, Shimada H, Blavier L and DeClerck YA. 
(1996). Cancer Res., 56, 2891-2895. 

Johnson MD, Kim HR, Chesler L, Tsao WG, Bouck N and 
Polverini PJ. (1994) J. Cell Physiol., 160, 194-202. 

Kern FG, McLeskey SW, Zhang L, Kurebayashi J, Liu Y, 
Ding IY, Kharbanda S, Chen D, Miller D and Cullen K. 
(1994). Breast Cancer Res. Treat., 31, 153- 165. 

Khokha R. (1994). J. Natl. Cancer Inst., 86, 299   304. 
Khokha R, Waterhouse P, Yagel S, Lala PK, Overall CM, 

Norton G and Denhardt DT. (1989). Science, 243, 947- 
950. 



£& TIMP-4 inhibits breast cancer growth 
M Wang et a/ 

2774 
Khokha R, Zimmer MJ, Wilson SM and Chambers AF. 

(1992). Clin. Exp. Metastasis, 10, 365-370. 
Lamszus K, Jin L, Fuchs A, Shi YE, Chowdhury S, Yao Y, 

Polverini PJ, Goldberg ID and Rosen EM. (1997). Lab. 
Invest., in press. 

Lund LR, Romer J, Thomasset N, Solberg H, Pyke C, Bissell 
MJ, Dano K and Werb Z. (1996). Development, 122,181 — 
193. 

Matsuzawa K, Fukuyama K, Hubbard SL, Dirks PB and 
Rutka JT. (1996). Neuropathol. Exp. Neurol., 55, 88-96. 

McLeskey SW, Kurebayashi J, Honing SF, Zweibel JA, 
Lippman ME, Dickson RB and Kern FG. (1993). Cancer 
Res., 53, 2168-2177. 

Mohanam S, Wang SW, Rayford A, Yamamoto M, Sawaya 
R,   Nakajima   M,   Liotta   LA,   Nicolson   GL,   Stetler- 
Stevenson, WG and Rao JS. (1995). Clin. Exp. Metas- 
tasis, 13, 57-62. 

Murphy AN,  Unsworth  EJ and  Stetler-Stevenson WG. 
(1993). J. Cell Physiol., 157, 351-358. 

Naylor MS, Stamp GW, Davies BD and Balkwill FR. (1994). 
Int. J. Cancer, 58, 50-56. 

Ohba Y, Goto Y, Kimura Y, Suzuki F, Hisa T, Takahashi K 
and Takigawa M. (1995). Biochim. Biophys. Acta., 1245, 
1-8. 

Paget S. (1989). Lancet, 1, 571-573. 
Polette M, Clavel C, Birembaut P and DeClerck YA. (1993). 

Pathol. Res. Pract., 189, 1052-1057. 
Poulsom R, Hanby AM, Pignatelli M, Jeffery RE, Longcroft 

JM, Rogers L and Stamp GW. (1993). J. Clin. Pathol., 46, 
429-436. 

Pyke C, Ralfkiaer E, Tryggvason K and Dano K. (1993). Am. 
J. Pathol, 142, 359-365. 

Sheng S, Pemberton PA and Sager R. (1994). /. Biol. Chem., 
269,30988-30993. 

Shi YE, Lippman ME, Torri J, Yieh L, Sobel ME, Yamada 
Y, Dickson RB and Thompson EW.  (1993). J. Exp. 
Clinical Metastasis, 11(3), 251-261. 

Shi YE and Liu Y.  (1995).  In:  Epithelial Mesenchymal 
Interactions in Cancer, Goldberg ID andRosen EM. (eds), 
p215-234. 

Shi YE, Torri J, Yieh L, Wellstein A, Lippman ME and 
Dickson RB. (1993). Cancer Res., 53, 1409-1415. 

Spyratos   F,   Maudelonde   T,   Brouillet   JP,   Brunet   M, 
Defrenne A, Andrieu C, Hacene K, Desplaces A, Rouesse 
Jand Rochefort H. (1989). Lancet, 11, 1115-1118. 

Stetler-Stevenson WG, Bersch N and Golde DW. (1992). 
FEBSLett., 296, 231-234. 

Tryggvason K, Hoyhtya M and Pyke C. (1993). Breast 
Cancer Res. Treat., 24, 209-218. 

Tsuchiya Y, Sato H, Endo Y, Okada Y, Mai M, Sasaki T and 
Seiki M. (1993). Cancer Res., 53, 1397-1402. 

Urbanski SJ, Edwards DR, Maitland A, Leco KJ, Watson A 
and Kossakowska AE. (1992). Br. J. Cancer, 66, 1188- 
1194. 

Visscher DW, Hoyhtya M, Ottosen SK, Liang CM, Sarkar 
FH, Crissman JD and Fridman R. (1994). Int. J. Cancer, 
59,339-344. 

Watanabe M, Takahashi Y, Ohta T, Mai M, Sasaki T and 
Seiki M. (1996). Cancer, 77, 1676-1680. 

Weidner N, Folkman J, Pozza F, Bevilaqua P, Allred EN, 
Moore DH, Meli S and Gasparini G. (1992). JNCI, 84, 
1875-1887. 

Weidner N, Semple JP, Welch WR, Folkman J. (1991). New 
Engl.J. Med., 324, 1-8. 

Wolff JEK, Guerin C, Laterra J, Bressler J, Indurati RR, 
Brem H and Goldstein GW. (1993). Brain Res., 604,79-85. 



• TH£ JOURNAL OF BIOLOGICAL CHEMISTRY 
© 1997 by The American Society for Biochemistry and Molecular Biology, Inc. 

Vol. 272, No. 33, Issue of August 15, pp. 20479-20483, 1997 
Printed in U.SA. 

Preparation and Characterization of Recombinant Tissue 
Inhibitor of Metalloproteinase 4 (TIMP-4)* 

(Received for publication, January 30, 1997, and in revised form, May 27, 1997) 

Yiliang E. Liu*, Mingsheng Wang$, John Greene§, Jeffery Su§, Stephen Ullrich§, Hui LiH, 
Shijie Shengil, Preston Alexander**, Qingxiang Amy SangH, and Y. Eric Shit $$§§ 

'From the Departments of tPediatrics and $%Pathology, Long Island Jewish Medical Center, Long Island Campus for the 
Albert Einstein College of Medicine, New Hyde Park, New York 11040, §Human Genome Sciences, Inc., Rockville, 
Maryland 20850-3338, the department of Chemistry and Institute of Molecular Biophysics, Florida State University, 
Tallahassee, Florida 32306-3006, the ^Division of Cancer Genetics, Dana-Farber Cancer Institute, Harvard Medical 
School, Boston, Massachusetts 02115, and **Triple Point Biologies, Forest Grove, Oregon 97116 

TIMP-4, a novel human tissue inhibitor of metallopro- 
teinase, was identified and cloned (Greene, J., Wang, M., 
Raymond, L. A., Liu, Y. E., Rosen, C, and Shi, Y. E. (1996) 
J. Biol. Chem. 271, 30375-30380). In this report, the pro- 
duction and characterization of recombinant TIMP-4 
(rTTMP4p) are described. rTIMP4p, expressed in bacu- 
lovirus-infected insect cells, was purified to homogene- 
ity by a combination of cation exchange, hydrophobic, 
and size-exclusion chromatographies. The purified pro- 
tein migrated as a single 23-kDa band in SDS-polyacryl- 
amide gel electrophoresis and in Western blot using a 
specific anti-TIMP-4 antibody. Inhibition of matrix met- 
alloproteinase (MMP) activities by rTIMP4p was demon- 
strated in five MMPs. Enzymatic kinetic studies re- 
vealed IC50 values (concentration at 50% inhibition) of 
19,3,45,8, and 83 nM for MMP-1, MMP-2, MMP-3, MMP-7, 
and MMP-9, respectively. Purified rTIMP4p demon- 
strated a strong inhibitory effect on the invasion of hu- 
man breast cancer cells across reconstituted basement 
membranes. Thus, TIMP-4 is a new enzymatic inhibitor 
in MMP-mediated extracellular matrix degradation and 
may have therapeutic potential in treating cancer ma- 
lignant progression. 

MMPs1 and their inhibitors TIMPs play a critical role in 
ECM homeostasis. Controlled remodeling of the ECM is an 
essential aspect of normal development, and deregulated re- 
modeling has been indicated to have a role in the etiology of 
diseases such as arthritis, periodontal disease, and cancer me- 
tastasis (1-5). Four mammalian TIMPs have been identified so 
far: TIMP-1 (6), TIMP-2 (7), TIMP-3 (8-11), and the recently 
cloned TIMP-4 (12, 41). The proteins are classified based on 
structural similarity to each other, as well as their ability to 
inhibit metalloproteinases. 
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TIMPs are secreted multifunctional proteins that have anti- 
MMP activity as well as erythroid-potentiating and cell 
growth-promoting activities. The stimulating effect on cell 
growth was initially recognized when TIMP-1 and TIMP-2 
were identified as having erythroid-potentiating activities (14, 
15). It is now clear through several recent reports that TIMP-1 
and TIMP-2 are mitogenic for non-erythroid cells, including 
normal keratinocytes (16), fibroblasts (17), lung adenocarci- 
noma cells (18), and melanoma cells (18). The involvement of 
TIMPs in the activation of pro-MMP has also been demon- 
strated (19). In addition, the recent evidence indicates that the 
TIMP family may be involved in steroidogenesis of rat testis 
and ovary indicating the potential role of TIMP in the 
reproduction (20). 

The most widely appreciated biological function of the TIMPs 
is their role in the inhibition of cell invasions in vitro (21-24) 
and tumorigenesis (25-29) and metastasis in vivo (25-31). 
Since the net MMP activity is the result of the balance between 
activated enzyme levels and TIMP levels, an increase in the 
amount of TIMPs relative to MMPs could function to block 
tumor cell invasion and metastasis. The tumor-suppressing 
activity of TIMP on primary tumor growth may be in part due 
to its anti-angiogenic activity. In fact, both TIMP-1 (32) and 
TIMP-2 (33, 34) have been demonstrated to have an anti- 
angiogenic activity, and such inhibition of angiogenesis is me- 
diated by inhibition of both endothelial cell proliferation (34) 
and migration (32). The underlying molecular mechanism for 
the tumor suppressing activities of TIMPs, nevertheless, is 
thought to depend on their anti-MMP activities. 

We had recently cloned and characterized a human TIMP-4 
(12). Transfection of TIMP-4 into human breast cancer cells 
inhibited the invasion potential of the cells in the in vitro 
invasion assay (13). When injected orthotopically into nude 
mice, TIMP-4 transfectants were significantly inhibited in 
their tumor growth and axillary lymph node and lung metas- 
tasis as compared with controls (13). These results suggest the 
therapeutic potential of TIMP-4 in treating cancer malignant 
progression. These results suggest an important role of TIMP-4 
in inhibiting primary tumor growth and progression leading to 
invasion and metastasis. In the present study, we have pro- 
duced and purified rTIMP4p from baculovirus infected cells. 
rTIMP4p was shown to inhibit MMP activity and tumor cell 
invasion across reconstituted basement membrane. 

MATERIALS AND METHODS 
Reagents—Restriction enzymes were obtained from Boehringer 

Mannhem. Chromatography supplies were purchased from PerSeptive. 
All the other reagents are listed as indicated below. 

Preparation ofrTIMP4p from Baculovirus—The coding sequence of 
TIMP-4 is amplified using a standard polymerase chain reaction ap- 
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proach with the primers corresponding to the 5' and 3' sequences of the 
cDNA (5' primer: GCT AGT GGA TCC CTG CAG CTG CGC CCC GGC 
G; 3' primer: CGG CTT CTA GAA GGG CTG AAC GAT GTC AAC). The 
amplified fragment was gel-purified and digested with BamHI and 
Xbal. To construct the recombinant baculovirus expression vector, the 
purified TIMP-4 polymerase chain reaction fragment was ligated into 
pA2-GP vector, which was derived from pVL94 (35). The resulting 
pA2-GP/TIMP4 vector was transfected into HB101 cells, and positive 
clones were identified using polymerase chain reaction screening and 
restriction enzyme analysis. The DNA sequence was confirmed by au- 
tomatic DNA sequencing of both strands. A recombinant virus was 
produced ancPpurified. Sf9 insect cells were infected with recombinant 
baculovirus in EXCEL401 serum-free medium (JRH Scientific) supple- 
mented with 1% pencillin/streptomycin (Life Technologies, Inc.) and 1% 
fetal bovine serum (Life Technologies, Inc.). A 5-L Bioreactor was har- 
vested 70 h post-infection, and cell viability was estimated to be 80%. 
The bioreactor supernatant was clarified using a continuous flow cen- 
trifuge (18,000 x g). The harvesting and subsequent chromatography 
steps were carried out at 4-8 °C. 

Purification of rTIMP4p—As we previously described (13, 36), an 
MMP-2-mediated gelatin degradation assay was used to monitor the 
anti-MMP activity of rTIMP4p during the purification. The clarified 
supernatant was directly loaded onto a strong cation-exchange column 
(POROS HS50 from PerSeptive Biosystems; column dimensions, 3 X 10 
cm) at a linear flow rate of 800 cm/h. The column was previously 
equilibrated with 50 mM sodium acetate, 100 mM NaCl, pH 5.8, for 10 
column volumes. The bound proteins were eluted using the step elution 
of 200 mM NaCl, 400 mM NaCl, 600 mM NaCl, 1 M NaCl, and 2 M NaCl 
(in the same equilibration buffer as before). The 600 mM eluted fractions 
were found containing anti-MMP-2 activity. The active fractions were 
pooled and diluted with 50 mM sodium acetate, pH 5.8, to a conductivity 
of six millisiemens. 

A weak cation-exchange column (POROS CM20 from PerSeptive 
Biosystems; column dimensions, 2x7 cm) was equilibrated with 10 
column volumes of 50 mM Tris-HCl, 100 mM NaCl, pH 7.5. The pooled 
active fractions from the strong cation-exchange column were loaded 
onto the column at a linear flow rate of 840 cm/h. The bound proteins 
were first washed with the equilibration buffer and then eluted by a 
gradient elution using the equilibration buffer and the elution buffer 
containing 50 mM Tris-HCl and 1 M NaCl, pH 7.5. The gradient elution 
was conducted from 0.1 M to 1 M NaCl within a 10-bed volume. The 
active fractions were pooled, and NaCl was added to raise the conduc- 
tivity to 200 millisiemens. 

A moderate hydrophobic interaction chromatography column (PO- 
ROS PE50 from PerSeptive Biosystems; column dimensions, 2 X 10 cm) 
was equilibrated with 10 column volumes of buffer containing 50 mM 
sodium acetate and 4 M NaCl, pH 5.8. The pooled fractions from the 
weak cation-exchange column were loaded onto the column at the flow 
rate of 100 ml/45 min. The bound proteins were eluted using 50 mM 
sodium acetate and 100 mM NaCl, pH 5.8. The eluted active fractions 
from the column were pooled together. 

The pooled fractions from the hydrophobic column were loaded onto 
a size-exclusion column (Superdex S-200 from Pharmacia Biotech Inc.; 
column dimensions, 2.5 X 90 cm) with a flow rate of 20 ml/30 min. The 
was previously equilibrated using 50 mM sodium acetate and 100 mM 
NaCl, pH 5.8. The sizing fractions were analyzed by SDS-PAGE and 
Coomassie Blue staining, and the relevant fractions corresponding to a 
size of 23 kDa were pooled and tested for purity and anti-MMP activity. 

Preparation of Anti-TIMP-4 Antibody—A. peptide sequence corre- 
sponding to amino acids 207-225 of human TIMP-4 (12) was synthe- 
sized by an ABI 431A peptide synthesizer. Peptide synthesis reagents 
were from Advanced Chemtech, Louisville, KY. The purified peptide 
was conjugated to keyhole limpet hemocyanin (Sigma) via l-ethyl-3-(3- 
dimethylaminopropyDcarbodiimide (Pierce). New Zealand rabbits were 
immunized with the carrier-hapten conjugate in Freund's complete 
adjuvant (Pierce) followed by Freund's incomplete adjuvant at the rec- 
ommended intervals. Animals were anesthetized and exsanguinated, 
and antibodies were separated from serum by ion exchange. For final 
purification, a TIMP-4 peptide affinity column was made by conjugating 
20 mg of TIMP-4 peptide to 5 ml of AminoLink resin (Pierce Chemical 
Co.) using sodium cyanoborohydride (Sigma). 

Western Blot—Samples were boiled in SDS//3-mercaptoethanol sam- 
ple buffer and electrophoresed in 12% acrylamide-PAGE gels. Gels were 
blotted onto polyvinylidene difluoride membrane in 25 mM Tris, 192 mM 
glycine buffer, pH 8.3, containing 20% (v/v) methanol. Blots were 
blocked in 5% bovine serum albumin (Sigma) for 1 h. Primary antibod- 
ies were diluted 1:2000 in TTBS (30 mM Tris, pH 7.4, 150 mM NaCl, 
0.1% Tween 20). After incubation with the primary antibodies over- 
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FIG. 1.   Purity   and   immnunoreactivity   of   the   purified 

rTEVTP4p. A, SDS-polyacrylamide gel electrophoresis of purified 
rTIMP4p; lane i, molecular mass markers; lane 2, rTIMP4p (50 ng). 
The homogeneity of the purified rTIMP4p was revealed by silver stain- 
ing. B, immunoblot with a specific anti-TIMP-4 antibody. Experimental 
conditions are described under "Materials and Methods." Lane 1, 30 ng 
of purified rTIMP4p; lane 2, 30 ng of recombinant TIMP-2. No immu- 
noreactivity toward TIMP-2 was observed. 

night at 4 °C, the blots were washed 4 X 10 min in TTBS, then incu- 
bated for 1 h in goat anti-rabbit IgG-horseradish peroxidase (Sigma) 
diluted 1:6000 in TTBS. The blots were then washed 4 X 10 min in 
TTBS, and the bands were visualized by chemiluminescence. 

Gelatin Degradation Assay—Inhibition of enzymatic activity by 
rTIMP4p was assayed by measuring degradation of [3H]gelatin as we 
previously described (13). 

Kinetic Studies—Active human neutrophil gelatinase B/92-kDa type 
IV collagenase (MMP-9) was purified as described (37). Human fibro- 
blast collagenase (MMP-1), gelatinase A/72-kDa type IV collagenase 
(MMP-2), and stromelysin (MMP-3) were obtained from Dr. L. Jack 
Windsor of the University of Alabama at Birmingham (38). MMP-1 was 
autoactivated and converted to active catalytic domain (cdMMP-1) dur- 
ing the storage. Pro-MMP-2 (0.2 /XM) was partially activated by three- 
times-repeated freeze and thaw cycles. Recombinant human active 
matrilysin (MMP-7) was kindly provided by Dr. H. E. Van Wart (37, 38). 
The substrate used for determining the TIMP-4 inhibition parameters 
was a quenched fluorescent substrate, Mca-Pro-Leu-Gly-Leu-Dpa-Ala- 
Arg-NH2) (39), which was purchased from Bachem. The final substrate 
concentration in the assays was 1 /xM. The final enzyme concentrations 
in the assays were 5, 5, 4.9, 6.7, and 1.4 nM for MMP-1, MMP-2, MMP-3, 
MMP-7, and MMP-9, respectively. The enzymes were incubated with 
various concentrations of TIMP-4 at 25 °C for 30 min before adding the 
substrate to start the kinetic assay. The assays were carried out at 
25 °C using a Perkin Elmer LS-5 fluorescence spectrometer (40). 

In Vitro Invasion Assay—Inhibition of breast cancer cell invasions by 
purified rTIMP4p was evaluated in the Matrigel invasion assay with 
reconstituted basement membrane as we previously described (13). 

RESULTS 

Expression and Purification ofrTIMP4p—rTIMP4p was pro- 
duced in Sf9 insect cells using the baculovirus expression sys- 
tem. A pVL94-based transfection vector PA2-GP7TIMP4 was 
constructed to generate the recombinant virus which was sub- 
sequently used to infect Sf9 cells. The optimal yield of rTIMP4p 
was obtained from the conditioned medium of the infected cells 
at 70 h post-infection. The best purification of rTIMP4p was 
achieved by a 4-step chromatography including a strong cation 
chromatography, a weak cation chromatography, a hydropho- 
bic interaction chromatography, and a size-exclusion column. 
The rTIMP4p eluted from a size exclusion column was stored in 
the buffer containing 50 mM sodium acetate and 100 mM NaCl, 
pH 5.8. When analyzed by SDS-PAGE, this preparation 
showed a single band at molecular mass of 23 kDa (Fig. LA), 
which is consistent with the predicted molecular mass based on 
the calculation from the protein sequence (12, 41). The purified 
23-kDa protein was confirmed as TIMP-4 by Western blot 
using a specific anti-TIMP-4 antibody (Fig. LB). The consist- 
ency of calculated molecular mass and the actual molecular 
mass of purified rTIMP4p suggests that there was no post- 
translational glycosylation for rTIMP4p. This is in agreement 
with the absence of the glycosylation site for TIMP-4 (41). In 
addition, rTIMP4p gave a negative result in the glycosylation 
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TABLE I 
Purification ofrTIMP4p 

Conditioned media (5 liters) from the recombinant baculoviras-in- 
fected Sf9 cells were collected and subjected to different chromatogra- 
phies as described under "Materials and Methods." The activity of 
rTIMP4p was determined in the gelatin degradation assay. Protein 
present in the different steps of purification was estimated by Bio-Rad 
protein assay using bovine serum albumin as a standard. 

_    .„    ..       t Total Total Specific        Percent 
Purification step protein      activity"      activity6       recovery 

Jl mg units units/mg % 
Media 305.0 19,678 64 100 
HS-cation exchange 152.4 17,513 115 89 
CM-cation exchange 69.1 14,759 214 75 
PE-hydrophobic interaction 12.1 6,297 521 32 
S-200 size exclusion 1.7 ■ 4,920 2,894 25 

" One unit activity of rTIMP4p is denned as 60% inhibition of the 
enzymatic activity of recombinant MMP-2 (0.3 /ig/ml) in the soluble 
gelatin degradation assay containing 20 yxl of pooled active fraction. 

* Specific activity was calculated by dividing total activity by total 
protein. 

test using modified periodic acid-Schiff method (42) (data not 
shown). The specific activity of the recovery of rTIMP4p is 
summarized in Table I. The yield of purified rTIMP4p was 
approximately 1.7 mg/2 X 107 cells. 

Characterization of Anti-MMP Activities of rTIMP4p-The 
inhibitory activity of rTIMP4p on MMPs was analyzed by a 
soluble gelatin degradation assay. As shown in Fig. 2, when 
MMP-2 and MMP-9 were incubated with purified rTIMP4p at 
the mole ratio of 1 to 2, the gelatinolytic activities were inhib- 
ited 88% for MMP-2 and 66% for MMP-9, respectively. A sim- 
ilar pattern with higher magnitude of inhibition was also ob- 
served for TIMP-2, suggesting that TIMP-4 may be more 
specific for MMP-2 in a manner similar to TIMP-2. 

Kinetic analysis of the inhibition of MMPs by rTIMP4p was 
performed in a continuous fluorometric assay with a quenched 
fluorescent peptide substrate. The inhibition kinetics of 
rTIMP4p were analyzed against human MMP-1, MMP-2, 
MMP-3, MMP-7, and MMP-9. The MMPs were incubated with 
different concentrations of rTIMP4p. As shown in Fig. 3, the 
inhibitor concentrations that reached to 50% inhibition of MMP 
activities (IC50) were determined to be 19, 3, 45, 8, and 83 nM 
for MMP-1, MMP-2, MMP-3, MMP-7, and MMP-9, respec- 
tively. Therefore, TIMP-4 is a potent inhibitor of all five tested 
MMPs, and it has preference for MMP-2 and MMP-7. 

Inhibition of Invasion Potential of Human Breast Cancer 
Cells-Previously, we demonstrated that transfection of 
TIMP-4 cDNA into human breast cancer cells inhibited tumor 
cell invasion cross-reconstituted basement membrane (Matri- 
gel) (13). The effect of purified rTIMP4p on the invasion of 
MDA-MB-435 human breast cancer cells was investigated. 
MDA-MB-435 cells were moderately invasive. At the end of a 
24-h incubation, about 10% of MDA-MB-435 cells had crossed 
the Matrigel barrier. A significant reduction in invasive poten- 
tial was noted when rTIMP4p was added at two different 
concentrations. The percentages of invaded cells were 1.5% for 
the cells treated with 10 nM rTIMP4p and 0.6% for the cells 
treated with 100 nM rTIMP4p, respectively. To facilitate the 
comparison of the relative invasiveness between controls and 
rTIMP4p-treated cells in this study, all values were normalized 
to the percent invasion of control MDA-MB-435 cells which 
were taken as 100% (Fig. 4). 

To rule out the possibility that the different invasion poten- 
tials between the control cells and rTIMP4p-treated cells are 
due to the potential inhibitory effect of TIMP-4 on cell growth, 
we conducted growth rate experiments to determine whether 
ad U'ion of rTIMP4p affects the growth of MDA-MB-435 cells. 
When the cells were treat d with   0, 50, and 100 rTIMP4p in 
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FIG. 2. Inhibition of MMP-2 and MMP-9 by rTIMP4p in a solu- 
ble gelatin degradation assay. MMP-2 (100 ng) and MMP-9 (120 ng) 
were incubated either with TIMP-4 or TIMP-2 at the mole ratio of 1 to 
2 (MMP versus TIMP). The TIMP-mediated inhibition of enzymatic 
activity was expressed as percentage of the corresponding MMP activ- 
ities without added inhibitors. The basal level enzymatic activity with- 
out the inhibitor was taken as 100%. The number represents the 
mean ± S.E. of three tests. 

the Dulbecco's modified Eagle's medium containing 5% fetal 
calf serum (changing the fresh medium and rTIMP4p every 2 
days) for 7 days, no significant differences in growth rate were 
observed between the control and rTIMP4p-treated cells (data 
not shown). These results are consistent with our previous 
report on the similar growth rates of the control MDA-MB-435 
cells and TIMP-4-transfected cells (13). 

DISCUSSION 

Active recombinant TIMP-4 protein is required for charac- 
terization of its biochemical activity against MMPs and biolog- 
ical functions in inhibiting tumor growth and metastasis. Pro- 
teins of eukaryotic cells expressed in Escherichia coli are often 
generated as inactive, insoluble aggregates known as inclusion 
bodies and therefore require in vitro complicated refolding. In 
the present study, we expressed, purified, and characterized 
recombinant TIMP-4 protein prepared from baculovirus- 
infected insect Sf9 cells. The identity of rTIMP4p was con- 
firmed by several criteria. First, as expected, the purified pro- 
tein had a molecular mass of 23 kDa in SDS-PAGE, which is in 
close agreement with the calculated molecular mass of the 
22.5-kDa protein, based on the mature protein of 195 amino 
acids after removal of the signal sequence (12). Second, the 
purified protein possessed a metalloproteinase inhibitory activ- 
ity against MMP-1, MMP-2, MMP-3, MMP-7, and MMP-9. 
Third, the purified protein can be recognized immunochemi- 
cally by an affinity-purified specific anti-TIMP-4 polyclonal 
antibody. Fourth, the purified protein inhibited tumor cell in- 
vasion in the Matrigel invasion assay, and a similar effect was 
also reported for other TIMPs (21, 22). 

We demonstrated here that human recombinant TIMP-4 can 
effectively inhibit human MMP-1, MMP-2, MMP-3, MMP-7, 
and MMP-9, with the IC50 values of 19, 3, 45, 8, and 83 nM, 
respectively. This relatively higher potency of TIMP-4 against 
MMP-2 than other MMP suggests that TIMP-4, like TIMP-2, is 
more specific for MMP-2. In fact, the predicted structure of the 
TIMP-4 shares 37% sequence identity with TIMP-1 and 51% 
identity with TIMP-2 (12). In addition, we also demonstrated a 
high affinity interaction between TIMP-4 and the C domain of 
MMP-2  and  showed that TIMP-4 bound both  full-length 
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FIG. 3. IC50 determination of 
TIMP-4 for MMP-1, MMP-2, MMP-3, 
MMP-7, and MMP-7. Fixed concentra- 
tions of MMPs were incubated with differ- 
ent concentrations of rTIMP4p as de- 
scribed under "Materials and Methods." 
The concentrations of rTIMP4p varied for 
each individual MMP, ranging from the 
lowest 0.4 nM for MMP-2 to the highest 
445 nM for MMP-9. The addition of in- 
creasing amounts of rTIMP4p to a con- 
stant amount of MMPs resulted in a de- 
crease in the rate of the substrate 
hydrolysis. 
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FIG. 4. Inhibition of cell invasion by rTIMP4p. The bottom wells 
of the invasion chamber were filled with Dulbecco's modified Eagle's 
medium containing 10% serum. MDA-MB-435 cells were seeded at a 
density of 50,000 cells/ml/well with or without rTIMP4p at the indicated 
final concentrations, and cell invasions were analyzed 24 h later as 
described previously (13). The invasion potential of the cells incubated 
without rTIMP4p was expressed as 100%. The number represents the 
mean ± S.E. of three cultures. 

MMP-2 and the C domain of MMP-2 in a manner similar to 
TIMP-2 (43). Binding of MMP-2 to TIMP-4 was of high affinity 
with an apparent Kd of 1.7 X 10~7 M but sightly weaker than 
that to TIMP-2 (apparent Kd of 6.6 X 10"8 M) (43). These Kd 

differences are in agreement with the relatively more potent 
inhibitory effect of TIMP-2 on MMP-2 than that of TIMP-4 (Fig. 
2). The overall sequence identity between TIMP-4 and other 
TIMPs suggests that TIMP-4 may inhibit MMPs through a 
similar mechanism by forming a strong noncovalent complex 
with a 1:1 stoichiometry (44). Although the inhibitory activity 
of TIMP is distributed throughout the molecule, the N-terminal 
regions of the TIMP family are highly conserved and thus may 
contribute to the inhibitory activities, and the C-terminal re- 
gions are divergent and may enhance the selectivity to the 
target enzymes (41, 45). A more detailed structural comparison 
indicated that TIMP-4 shares a relatively high identity with 
TIMP-2 particularly in the loops of 4 and 5 within the C- 
terminal domain (41). Thus, it is possible that TIMP-4 and 
TIMP-2 may share similar mechanistic and functional proper- 
ties based on the sequence identity, similar enzymatic kinetics, 
and the high affinity binding to MMP-2 (43). 

Augmented MMP activities are associated with the meta- 
static phenotype of carcinomas, especially breast cancer (46- 
49). The down-regulation of MMPs may occur at the levels of 
transcriptional regulation of the genes, activation of secreted 
proenzymes, and through interaction with TIMPs. The clinical 
importance of MMPs during the tumor progression emphasizes 
the need to effectively block MMPs and the subsequent tumor 
cell invasion. The inhibitory effect of TIMPs on MMP activity 
leads one to expect that an increase in the amount of TIMPs 
relative to MMPs could function to block tumor cell invasion 
and metastasis. Indeed, tumor cell invasion and metastasis can 
be inhibited by up-regulation of TIMP expression or by an 
exogenous supply of TIMPs (23, 24, 28-31). Alternatively, 
down-regulation of TIMP-1 and TIMP-2 have also been reported 
to contribute significantly to the tumorigenic and invasive poten- 
tials of the cells (25-27). These results suggest that an inhibitory 
activity of TIMPs play an important role in inhibiting tumor 
cell malignant progression leading to invasion and metastasis. 
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1, 

In this study, we demonstrated an inhibitory effect of the 
purified rTIMP4p on the invasion of human breast cancer cells, 
which is consistent with our previous studies on the inhibition 
of cell invasion on the TIMP-4-transfected cells compared with 
the TIMP-4 negative control cells (13). In the experimental 
Matrigel invasion assay, approximately 95% inhibition of inva- 
sion potential was achieved when the breast cancer cells were 
treated with 100 nM rTIMP4p. Similar inhibitory effects with 
much less magnitude were also reported for TIMP-1 (21) and 
TIMP-2 (25) on different tumor cells. The almost complete 
suppression of invasion potential of breast cancer cells by 
rTIMP4p suggests that the major matrix degradation protein- 
ases required for the invasion of breast cancer cells in the 
Matrigel invasion assay are MMPs, and their enzymatic activ- 
ities can be inhibited effectively by TIMP-4. The inhibition of 
breast cancer cell invasion by both an exogenous supply of 
rTIMP4p and the endogenous expressed TIMP-4 suggest 
that the TIMP-4-mediated anti-invasion activity could be phys- 
iologically or pathologically relevant in the tumor 
microenvironment. 

Using in situ hybridization analysis, we have demonstrated 
a stromal expression of TIMP-4 mRNA in the fibroblasts sur- 
rounding the breast carcinomas.2 The expression of TIMP-4 in 
the stroma adjunct to the breast carcinomas may indicate one 
of the host responses to try to balance the local tissue degra- 
dation due to the tumor cell invasion. Therefore, availability of 
the excess TIMP-4 relative to MMP (either by exogenous sup- 
ply or endogenous expression) would create a microenviron- 
ment in the tumoral-stromal interface where the MMP-medi- 
ated ECM degradation and the subsequent tumor cell invasion 
can be inhibited by TIMP-4. While we are aware that the 
Matrigel in vitro invasion assay may not be an accurate pre- 
dictor of breast cancer cell invasion as it occurs in vivo, we have 
recently demonstrated the TIMP-4-mediated anti-tumor and 
anti-metastasis activities of TIMP-4 transfected breast cancer 
cells in the animal model (13). These results support a role for 
MMPs and the inhibitor TIMP-4 in breast cancer cell invasion. 
Therefore, the potential therapeutic value of TIMP-4 for con- 
trolling cancer progression warrants further investigation. 
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The binding properties of the newly described tissue 
inhibitor of metalloproteinases-4 (TIMP-4) to progelati- 
nase A and to the COOH-terminal hemopexin-like do- 
main (C domain) of the enzyme were examined. We pres- 
ent evidence for the first time of a specific, high affinity 
interaction between TIMP-4 and the C domain of human 
gelatinase A and show that TIMP-4 binds both progela- 
tinase A and the C domain in a similar manner to that of 
TIMP-2. Saturable binding of recombinant C domain to 
TIMP-4 and to TIMP-2 but not to TIMP-1 was demon- 
strated using a microwell protein binding assay. The 
recombinant collagen binding domain of gelatinase A, 
comprised of the three fibronectin type II-like repeats, 
did not bind to TIMP-4, indicating that binding is medi- 
ated selectively by the C domain. Binding to TIMP-4 was 
of high affinity with an apparent Kd of 1.7 x 10 7 M but 
slightly weaker than that to TIMP-2 (apparent Kd of 
0.66 x 10~7 M). Affinity chromatography confirmed the 
TIMP-4-C domain interaction and also showed that the 
complex could not be disrupted by 1 M NaCl or 10% 
dimethyl sulfoxide, thereby further demonstrating the 
tight binding. To verify the biological significance of 
this interaction, binding of full-length progelatinase A 
to TIMP-4 was investigated. TIMP-4 and TIMP-2 but not 
TIMP-1 bound specifically to purified TIMP-2-free hu- 
man recombinant full-length progelatinase A and to full- 
length rat proenzyme from the conditioned culture me- 
dium of ROS 17/2.8 cells. Preincubation of the C domain 
with TIMP-2 was found to reduce subsequent binding to 
TIMP-4 in a concentration-dependent manner. Compe- 
tition between TIMP-2 and TIMP-4 for a common or 
overlapping binding sites on the gelatinase A C domain 
may occur; alternatively TIMP-2 may prevent the bind- 
ing of TIMP-4 by steric hindrance or induction of a 
conformational change in the C domain. We propose 
that the binding of progelatinase A to TIMP-4 repre- 
sents a third TIMP-progelatinase interaction in addi- 
tion to that of progelatinase A with TIMP-2 and proge- 
latinase B with TIMP-1 described previously. This new 
phenomenon may be of important physiological signif- 

icance in modulating the cell surface activation of 
progelatinase A. 
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Gelatinase A (72-kDa gelatinase, MMP-2, EC 3.4.24.24) be- 
longs to the family of matrix metalloproteinases (MMPs),1 a 
group of zinc-dependent enzymes, which together can degrade 
all components of the extracellular matrix (1, 2). Gelatinase A 
cleaves several connective tissue matrix proteins including de- 
natured collagens (gelatins), native type IV, V, VII, X, and XI 
collagens, aggrecan, elastin, and fibronectin (3-8). The MMPs 
share common structural features (3, 9), and gelatinase A is 
typical of the family in that it is secreted as a proenzyme that 
is activated by proteolytic processing to remove an 80-amino 
acid propeptide (10, 11). The remainder of the NH2-terminal 
domain (N domain) of gelatinase A contains a catalytic zinc- 
binding site that is common to all MMPs and also a fibronectin 
type II-like module triple repeat (12, 13) found only in the 
gelatinases that forms a collagen binding domain (CBD) (14- 
16). The hemopexin/vitronectin-like COOH-terminal domain 
(C domain) present in all MMPs except matrilysin does not 
appear to be required for catalysis by gelatinase A (17, 18), 
although it may have a role in binding substrates such as 
fibronectin and other extracellular matrix components such as 
heparin (19) and fetuin.2 

Matrix metalloproteinase activity in the extracellular matrix 
is regulated by a family of specific inhibitors known as TIMPs 
(tissue inhibitor of metalloproteinases). Until recently, three 
members of this family had been characterized: TIMP-1 (20, 
21), TIMP-2 (22, 23), and TIMP-3 (24, 25). The N domains of 
these proteins share structural similarities (26-28) and inhibit 
the activity of the MMPs by forming a 1:1 molar stoichiometric 
complex with the active enzyme, which is essentially irrevers- 
ible (20, 29, 30). A new fourth member of the TIMP family 
(TIMP-4) has very recently been identified (31, 32); the pre- 
dicted sequence of this protein shares a 37% homology with 
TIMP-1 but a 51% identity with TIMP-2 and TIMP-3 (31). 
Gelatinase A is unique among the MMPs in that the latent 
enzyme binds TIMP-2 to form a tightly bound 1:1 molar stoi- 
chiometric complex (22, 33-35), whereas only the active forms 

1 The abbreviations used are: MMP, matrix metalloproteinase; N 
domain, NH2-termmal domain; CBD, collagen-binding domain; C do- 
main, COOH-terminal domain; TIMP, tissue inhibitor of metallopro- 
teinases; MT, membrane type; rC domain, recombinant C domain; 
rCBD, recombinant collagen-binding domain; PBS, phosphate-buffered 
saline; PAGE, polyacrylamide gel electrophoresis. 

2B.Jarvis, A. King, J. Ochien, and C. M. Overall, manuscript in 
preparation. 
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of the other MMPs can bind this inhibitor. Binding of TIMP-2 
to progelatinase A occurs via the C domains of the enzyme (17, 
18, 34, 36) and inhibitor (37, 38); and with the other MMPs, an 
additional binding site for the N domain of TIMP-2 is also 
present in the catalytic domain of active gelatinase A (18, 22, 
33, 34). A further binding site for the N domain of TIMP-2 is 
also found on the C domain of gelatinase A (39), although the 
biological significance of this interaction is not yet clear. The 
binding of TIMP-2 to the C domain of progelatinase A is in- 
volved in the.activation mechanism of the enzyme. Unlike the 
other MMPs, progelatinase A fails to activate after treatment 
with proteinases such as plasmin, plasma kallikrein, neutro- 
phil elastase, or cathepsin G (5, 8). Instead, a cell membrane- 
mediated activation process takes place (36, 40-42) in which 
the activator has been identified as a membrane type (MT) 
MMP (43, 44). Activated MT-MMP can act as a cell surface 
receptor for TIMP-2, which in turn acts as a receptor for pro- 
gelatinase A, the latter binding via its C domain (43). 

The interaction of progelatinase A with TIMP-2 appears to 
be specific in so far as a similar interaction does not take place 
between the latent enzyme and TIMP-1 as it does for gelatinase 
B (13, 45). However, the binding properties of TIMP-3 and 
TIMP-4 to progelatinase A have not yet been ascertained. We 
have therefore investigated the binding of gelatinase A to the 
newly identified TIMP-4 protein and identified the site of in- 
teraction utilizing recombinant domains of the human enzyme. 
These investigations have demonstrated specific binding of 
TIMP-4 to both full-length progelatinase A and to the C do- 
main, which is closely similar to that of the TIMP-2-progela- 
tinase A interaction. 

EXPERIMENTAL PROCEDURES 

Expression and Purification of Recombinant Gelatinase A C Domain 
and CBD—Expression and purification of recombinant C domain (rC 
domain) and recombinant CBD (rCBD) was carried out essentially as 
described previously (14, 19). Briefly, the recombinant protein encoding 
the C domain and linker (Gly417-Cys631, exons 9-13) and the CBD 
(ValI91-Gln364, exons 5-7) of human gelatinase A were both expressed 
with a short NH2-terminal fusion tag that included an initiation me- 
thionine and a (His)6 tag, using the expression vector pGYMX (14). 
Inclusion bodies from LE392 Escherichia coli expressing the recombi- 
nant proteins were solubilized in 6 M guanidine HC1, and recombinant 
protein was refolded in 0.1 M Na2B407, pH 10, followed by dialysis into 
either 20 mM or 100 mM Na2HPCy7H20, NaH2P04> pH 8.0, 0.5 M NaCl. 
rC domain and rCBD were purified using Zn2+-charged chelating 
Sepharose 6B (Pharmacia Biotech Inc.) affinity chromatography essen- 
tially as described previously (14, 19). rCBD eluted from the Zn2"- 
chelate column was additionally applied to gelatin Sepharose 4B (Phar- 
macia) to select functionally folded CBD from the Zn2+-chelating 
Sepharose elute (14). Protein yields were determined by the BCA assay 
(Pierce) and by spectroscopy after extinction coefficient determination 
(see below). 

Expression and Purification of Recombinant TIMP-4—Expression 
and purification of recombinant TIMP-4 protein was carried out accord- 
ing to Liu et al.3 Briefly, the DNA sequence encoding TIMP-4 was 
ligated into the pA2-GP vector derived from pVL94 (46), and the vector 
was transfected into HB101 cells to produce recombinant baculovirus, 
which was then used to infect Sf9 insect cells. TIMP-4 was purified from 
the clarified cell supernatant by cation exchange, hydrophobic, and size 
exclusion chromatography columns. A soluble gelatin degradation as- 
say (47) was used to assay for anti-MMP activity of the recombinant 
TIMP-4 during purification. 200 Lig of purified TIMP-4 was obtained for 
analysis. 

SDS-PAGE—Heat denatured protein samples were separated under 
reducing (65 mM dithiothreitol) or nonreducing conditions by SDS- 
PAGE according to Laemmli (48) using 15% polyacrylamide gels. Pro- 
tein bands were stained with Coomassie Brilliant Blue R-250. Samples 
analyzed by enzymography were electrophoresed nonreduced on 10% 
polyacrylamide gels copolymerized with 40 /xg/ml gelatin (49). 

3 Y. E. Liu, M. Wang, J. Greene, J. Su, S. Ullrich, H. Li, S. Sheng, P. 
Alexander, Q. A. Sang, and Y. E. Shi, submitted for publication. 

Mass Spectrometry and Amino Acid Analysis—The mass of the rC 
domain was measured by electrospray mass spectrometry using a 
PESCIEX API 300 after sample injection on a C18 high pressure liquid 
chromatography column at 50 /xl/min. 10 /xl of rC domain in phosphate- 
buffered saline (PBS) (0.14 M NaCl, 2.7 mM KC1,4.3 mM Na2HPCy7H20, 
1.5 mM KH2P04, pH 7.4) was subjected to amino acid analysis (amino 
acid analyzer from Applied Biosystems) using norleucine as an internal 
standard. The extinction coefficient was then determined from meas- 
urement of the pmol content of the protein sample. 

Microwell Protein Binding Assay—Binding of the rC domain to 
TIMP-4, TIMP-2, and TIMP-1 was determined using an enzyme-linked 
immunosorbent type assay (14) with bovine serum albumin as a nega- 
tive control. Purified recombinant TIMP-2 and purified natural TIMP-1 
were kindly supplied by Dr. Y. DeClerck (Children's Hospital, Los 
Angeles, CA) and Dr. I. Clark (Addenbrooke's Hospital, Cambridge, 
UK), respectively. Each protein at 0.5 /xg/well in 15 mM Na2C03, 35 mM 
NaHC03, 0.02% (w/v) NaN3, pH 9.6, was coated on 96-well microtiter 
plates for 18 h at 4 °C. Wells were blocked with 2.5% (w/v) bovine serum 
albumin, 0.1% (w/v) NaN3 in PBS for 1 h at 21 °C. Serially diluted rC 
domain (7.1 x 10"10 M to 1.15 x 10~6 M) was added in 100 /xl of PBS for 
1 h at 21 °C followed by washing with PBS, 0.05% (v/v) Tween 20 to 
remove unbound protein. Bound rC domain was quantitated using 
affinity purified anti-peptide aHis6 antibody (19) followed by incubation 
with goat anti-rabbit alkaline phosphatase conjugated secondary anti- 
body (H & L chains, Bio-Rad Laboratories) and p-nitrophenyl phos- 
phate disodium (Sigma) as substrate. Absorbance measurements 
(405 nm) were made in a microplate reader (Thermomax, Molecular 
Devices). Specificity was confirmed by comparing binding of the rC 
domain with that of the rCBD because both proteins contain the same 
fusion tag and were expressed in the same E. coli strain. 

Human recombinant full-length gelatinase A uncomplexed with 
TIMP-2 and predominantly in the latent form (MT = 72,000) (kindly 
supplied by Dr. R. Fridman, Department of Pathology, Wayne State 
University, Detroit, MI) was applied at approximately 2 \x.g in 100 /xl of 
PBS to microwell plates coated with TIMP-4, TIMP-2, or TIMP-1 with 
gelatin as a positive control and myoglobin as a negative control (0.5 
/xg/well). Gelatin was prepared from purified acid-soluble rat tail ten- 
don type I collagen by heat denaturation at 56 °C for 30 min. Rat 
progelatinase A complexed with TIMP-2 in 100 /xl of conditioned culture 
medium from ROS 17/2.8 cells (see below) was also applied to identi- 
cally coated plates. Microwell plates were incubated at 21 °C for 2 h 
followed by collection of unbound material for enzymogram analysis. 
Any remaining unbound and nonspecifically bound enzyme was re- 
moved by washing plates with PBS, 0.05% (v/v) Tween 20. Bound 
gelatinase A was solubilized in 50 /xl of 2 M urea, 2% (w/v) SDS, 0.125 
M Tris-HCl, pH 6.8, and analyzed by gelatin enzymography. Unbound 
enzyme was also prepared and analyzed using the same buffer. 

Affinity Chromatography—Binding and elution properties of the rC 
domain to TIMP-4 were also determined by affinity chromatography. A 
Zn2+-charged chelating Sepharose 6B minicolumn (Vt = 75 /xl) was 
equilibrated in PBS, and 50 /xg of rC domain was applied. Saturation of 
the binding sites on the affinity matrix occurred resulting in a small 
amount of excess protein being recovered in the unbound material. 20 
tig of purified TIMP-4 was applied, and elution was attempted with 1 M 
NaCl in 20 mM Na2HPO4-7H20, NaH2P04, pH 7.4, 0.02% (w/v) NaN3 

followed by 10% (v/v) dimethyl sulfoxide in PBS and finally with 50 mM 
EDTA, pH 8.0. Chromatography fractions were analyzed by 
SDS-PAGE. 

Cell Culture—ROS 17/2.8 cells were cultured in 75-cm2 flasks (Bee- 
ton Dickinson Labware) in a-minimum essential medium (Life Tech- 
nologies, Inc.) supplemented with 10% (v/v) newborn calf serum (Life 
Technologies, Inc.). Confluent cells were washed twice in PBS, pH 7.4, 
and then cultured in serum-free medium with and without 20 /xg/ml 
concanavalin A (Sigma). Conditioned culture medium was collected 
after an 18-h incubation to obtain active (41) and latent secreted gela- 
tinase A complexed with TIMP-2. 

RESULTS 

Purification of Gelatinase A rC Domain—In agreement with 
our previous studies (19), purified rC domain electrophoresed 
as a single band on 15% SDS-PAGE gels with an apparent MT 

of 26,500 under reducing condtions (Fig. LB). Western blot 
analysis using two anti-peptide antibodies (19) verified the 
identity of the purified protein (not shown). The presence of an 
intact disulfide bond (Cys440 and Cys631) was indicated by a 
downshift in apparent Mr of 0.8 under nonreducing conditions 
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FIG. 1. Binding of rC domain to TIMP-4. A, TIMP-4 and bovine 
serum albumin (negative control) were coated on microtiter plates at 
0 5 /xg/well, and serially diluted rC domain (1.57 x 10 8 M to 1.15 X 
1CT5 M) was added in PBS, pH 7.4, followed by quantitation of bound rC 
domain as described under "Experimental Procedures." B, a Zn +- 
charged chelating Sepharose 6B minicolumn (Vt = 75 /J) was over- 
loaded with 50 /ig of rC domain (lane B, before chromatography) and 
then washed (lane W) with PBS. TIMP-4 (20 ixg) was applied in PBS 
(lane U, unbound material), followed by sequential elution with 1 M 
NaCl ü u NaCl), 10% (v/v) dimethyl sulfoxide (DMSO), and 50 mM 
EDTA pH 8.0 (EDTA fractions 1-3), as shown. Aliquots from each 
fraction were electrophoresed on 15% SDS-PAGE gels and stained with 
Coomassie Brilliant Blue R-250. Mr> molecular mass markers in kDa as 
indicated; front, dye front. 

(not shown). The absence of intermolecular disulfide-linked 
multimeric forms of the protein was shown by SDS-PAGE and 
Western blotting under nonreducing conditions. Electrospray 
mass spectrometry measured the precise mass of the protein to 
be 25,924 (within 1 Da of the predicted Mr of 25,924.9 for the 
NH2-terminal methionine processed form), thereby confirming 
the fidelity of correct expression. The molar extinction coeffi- 
cient determined from amino acid analysis of the purified pro- 
tein was 5.10 x 104 M-1 cm"1. 

TIMP-4 Binding Properties of the rC Domain—Saturable 
binding of the rC domain to TIMP-4 in PBS was found with an 
apparent Kd of 1.7 X 10"7 M using the microwell protein bind- 
ing assay; bovine serum albumin was used as a negative con- 
trol (Fig. 1A). To confirm the TIMP-4-rC domain interaction, 
the binding of rC domain to TIMP-4 was investigated further 
by affinity chromatography. Fig. LB shows that TIMP-4 was 
not detected in either the unbound fraction or in fractions 
eluted with 1 M NaCl or 10% dimethyl sulfoxide after applica- 
tion to a Zn2+-chelating Sepharose minicolumn saturated with 
rC domain. TIMP-4 was recovered from the column by elution 
with 50 mM EDTA, pH 8.0, together with the bound rC domain 
(Fig. LB). 

Binding Specificity ofrC Domain to TIMP-4—The binding of 
rC domain to TIMP-4 was compared with that to TIMP-1 and 
TIMP-2 using the microwell protein binding assay. Saturable 
binding to both TIMP-4 and TIMP-2 was observed (Fig. 2A) 
with the apparent Kd for the interaction with TIMP-2 being 
0.66 x  10"7 M (c.f. 1.7 x  10"7 M for TIMP-4). These data 
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FIG. 2. Specificity of binding of the rC domain to TIMP-4. A, 
TIMP-4 TIMP-2 and TIMP-1 were coated on microtiter plates at 0.5 
/ig/well,'and serially diluted rC domain (7.1 X 10"10 M to 2.83 X 10 6 M) 
was added in PBS, pH 7.4, followed by quantitation of bound rC domain 
as described under "Experimental Procedures." B, TIMP-4 was coated 
on microtiter plates at 0.5 /tg/well, and serially diluted rC domain 
(2 74 x 10~9 M to 2.83 x 10~6 M) or gelatinase A rCBD (4.90 x 10 M 
to 4.99 X 10"6 M) was added in PBS, pH 7.4, followed by quantitation of 
bound protein as above. 

indicate that both TIMP-4 and TIMP-2 bind the rC domain 
with similar high affinities but that the interaction with 
TIMP-2 was slightly stronger. No significant binding to 
TIMP-1 occurred (Fig. 2A), demonstrating that interaction of 
the rC domain with TIMP-4 and TIMP-2 was specific. More- 
over, because the rCBD from gelatinase A did not bind TIMP-4 
(Fig. 2B), this demonstrated that binding to TIMP-4 is medi- 
ated selectively by the C domain of gelatinase A. 

TIMP-4 and TIMP-2 Bind at Shared or Overlapping Sites on 
the rC Domain—To investigate whether TIMP-4 and TIMP-2 
bind at a common site on the gelatinase A C domain, 10 pmol 
of rC domain was incubated for 1 h at 21 °C in the presence of 
TIMP-2 (100, 40, 20, 10, 4, and 0 pmol). The reaction mix was 
then applied to microwell plates coated with TIMP-4 (0.5 fig, 
20 pmoywell) for 1 h. Binding to TIMP-4 was reduced in a 
concentration-dependent manner by preincubation of the rC 
domain with increasing amounts of TIMP-2, and maximal in- 
hibition was reached at a 2:1 molar ratio of TIMP-2 to rC 
domain (Fig. 3). 

Binding of Full-length Progelatinase A to TIMP-4—Recom- 
binant full-length progelatinase A uncomplexed with TIMP-2 
was observed to bind TIMP-4 using the microwell protein bind- 
ing assay (Fig. 4A), thereby confirming the biological relevance 
of the interaction found with the isolated rC domain. Binding to 
TIMP-2 and gelatin was also demonstrated (positive controls) 
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FIG. 3. TIMP-4 and TIMP-2 compete for binding to the rC do- 
main. rC domain (1.00 x 10"7 M, 10 pmol) in PBS, pH 7.4, was 
incubated for 1 h at 21 °C with TIMP-2 (100, 40, 20, 10, 4, and 0 pmol) 
followed by application to microwell plates coated with TIMP-4 (0.5 /xg, 
20 pmol/well). Bound rC domain was quantitated as described under 
"Experimental Procedures." 

FIG. 4. Binding of full-length progelatinase A to TIMP-4. A, 
recombinant full-length gelatinase A (lane B, before application) (2 
/xg/well in 100 jxl of PBS) was applied to microwell plates coated with 
gelatin, TIMP-2, TIMP-4, TIMP-1, or myoglobin (Mb) (0.5 ng/well) for 
2 h as shown. After washes with PBS, 0.05% (v/v) Tween 20 to remove 
unbound and nonspecifically bound enzyme, bound gelatinase A was 
solubilized in 50 /xl of 2 M urea, 2% (w/v) SDS, 0.125 M Tris-HCl, pH 6.8, 
and quantitated by gelatin enzymography, applying 10 /xl of sample/ 
lane. Following electrophoresis, gels were incubated for 1 h at 37 °C in 
50 mil Tris-HCl, pH 7.4, 0.2 M NaCl, 5 mM CaCl2. B, serum-free 
conditioned culture medium from confluent ROS 17/2.8 cells (lane B, 
before application) was applied at 100 /xl/well to microwell plates coated 
with gelatin, TIMP-2, TIMP-4, TIMP-1, or myoglobin (Mb) (0.5 /xg/well) 
as shown. Unbound enzyme was removed and bound enzyme analyzed 
as for A except that digestion times were 3.3 h for B and 18 h for all 
other samples shown. ProGL, progelatinase A, GL, active gelatinase A. 

but not to TIMP-1 and myoglobin (negative controls) (Fig. 4A). 
Of note, the small amount of active enzyme present (Mr = 
59,000) was bound by gelatin but not by TIMP-4 or TIMP-2, 
indicating that the interaction observed for the proenzyme was 
not through the catalytic site. Proenzyme from concanavalin A 
treated and untreated ROS 17/2.8 cells also showed binding to 
TIMP-4, TIMP-2, and gelatin but no binding to TIMP-1 or 
myoglobin (Fig. 4B). However, the quantity of recombinant 
progelatinase A activity binding to microwell plates was much 
greater than the enzyme activity bound from ROS 17/2.8 cell 
conditioned medium. Although not quantitative, this was indi- 
cated by the marked difference in enzymogram digestion times 
required to obtain visible lysis bands of bound enzyme: 18 h for 
conditioned medium and 1 h for recombinant enzyme. Indeed, 

the majority of progelatinase A from conditioned culture me- 
dium did not bind to the microwells as shown by enzymogram 
analysis of the enzyme before application (digestion time of 
3.3 h) (Fig. 45). This indicates that most progelatinase A pro- 
duced by ROS 17/2.8 cells is unavailable for binding to TIMPs, 
probably due to prior formation of a complex with TIMP-2. 

DISCUSSION 

All members of the TIMP family are characterized by their 
ability to inhibit MMP activity by forming essentially irrevers- 
ible 1:1 molar stoichiometric complexes with the active en- 
zymes (20, 30). However, the association of TIMPs with the 
proforms of the MMPs is more specific, and so far only two such 
interactions have been described: that of TIMP-2 with the 
proform of gelatinase A (22, 33-35) and that of TIMP-1 with the 
proform of gelatinase B (13, 45). In this report, we present 
evidence for the first time of a third TIMP-progelatinase inter- 
action, that is, of the newly cloned TIMP-4 with progelatinase 
A. 

Binding of TIMP-2 to progelatinase A has been shown to 
occur via the C domain of the enzyme (17, 18, 34, 36); indeed, 
the C domain alone can bind TIMP-2 (18, 34, 36, 37, 39). 
Similarly, we have shown that both progelatinase A and the rC 
domain alone can bind TIMP-4, indicating that the binding site 
in the full-length proenzyme resides mainly or entirely within 
the C domain. The lack of binding of the rCBD to TIMP-4 
demonstrates that this domain is unlikely to be involved in 
complex formation. However, the contribution of N domain 
binding sites elsewhere in the catalytic domain cannot be pre- 
cluded, because for TIMP-2, the existence of such a site or sites 
on the proenzyme has been shown (50). Our data suggest that 
the binding mechanism of TIMP-4 to the C domain of gelatin- 
ase A may be closely similar to that of TIMP-2. First, the Kd 

equilibrium values for the binding of rC domain to immobilized 
TIMP-2 and TIMP-4 on microwell plates were comparable, 
although binding to TIMP-2 was slightly stronger. Secondly, 
the elution profile of TIMP-4 following application to rC do- 
main immobilized on an affinity column was identical to that of 
TIMP-2 under the same experimental conditions (39). In addi- 
tion, preincubation of the rC domain with TIMP-2 (which 
would be expected to result in the formation of an rC domain- 
TIMP-2 complex) prevented subsequent binding to TIMP-4. 
This demonstrates that both inhibitors cannot bind simulta- 
neously, suggesting the presence of a common or overlapping 
binding sites on the rC domain. Latent gelatinase A from ROS 
17/2.8 cell conditioned culture medium is present mainly as an 
enzyme-TIMP-2 complex (22, 33). The reduced binding of this 
enzyme to exogenous TIMP-4 and TIMP-2 therefore further 
indicates competition for a common or overlapping binding 
sites. However, the existence of separate sites in which binding 
of TIMP-2 blocks TIMP-4 binding, either by steric hinderance 
or by inducing a conformational change in the rC domain, 
cannot be precluded by our data. 

The apparent dissociation constant for binding of the rC 
domain to TIMP-2 (0.66 X 10~7 M) is somewhat higher than 
that previously reported for the full-length enzyme or for the 
binding of the C domain to cells via TIMP-2 (34, 43). This may 
be because additional interactions of TIMP-2 with other sites 
on the N domain outside of the active site and the CBD occur to 
increase the affinity of binding (50). Alternatively, in our ex- 
periments, TIMP-2 and TIMP-4 are bound to microwell plates, 
possibly via sites that are involved in binding to the rC domain, 
resulting in a weaker interaction. The location of the rC domain 
binding site on the TIMP-4 molecule requires further investi- 
gation; in the case of TIMP-2, a highly charged sequence 
QEFLDIEDP located at the COOH terminus of the inhibitor is 
proposed to occur as an exposed "tail" and to mediate binding to 
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progelatinase A (37). The homologous sequence in TIMP-4 
(KEFVDIVQP) (31) shares four conserved residues (bold type) 
and an additional two conservative substitutions (underlined), 
none of which are found in TIMP-1 or TIMP-3, suggesting that 
this sequence may be important in forming the binding site. 
The remaining nonconserved residues reduce the net negative 
charge of the peptide from -4 in TIMP-2 to -1 in TIMP-4, 
which may cause the binding of TIMP-4 to be weaker than that 
of TIMP-2. The location of binding sites for TIMP-2 and TIMP-4 
on the rC domain are currently under investigation in our 
laboratory and appear to involve several positively charged 
clusters unique to gelatinase A on hemopexin-like modules III 
and IV. 

The findings of this study raise the important question of the 
physiological role of TIMP-4 binding to progelatinase A. 
TIMP-4 appears to mimic TIMP-2 in this capacity, thereby 
implying functional redundancy between the two inhibitors. 
However, the expression of TIMP-4 has been shown to be 
highly tissue-specific (31, 32) in contrast to TIMP-2, which is 
widely and constitutively expressed. This implies that TIMP-4 
has a unique role that is distinct to that of TIMP-2. Binding of 
the C domain of progelatinase to TIMP-2 is required to mediate 
activation of the enzyme; this is believed to occur through the 
formation of a trimolecular complex of MT1-MMP, TIMP-2, and 
proenzyme on the cell membrane (43). We speculate that bind- 
ing of progelatinase A to TIMP-4 could be involved in the 
formation of an alternative trimolecular complex, perhaps pref- 
erentially with one of the other MT-MMPs, giving rise to an 
alternative activation pathway which is functional only in tis- 
sues which express TIMP-4. Formation of the MT-MMP-TIMP- 
2-progelatinase A trimolecular complex appears to be sequen- 
tial, such that preformed TIMP-2-progelatinase A complex will 
not bind (43) and is therefore resistant to activation (36, 42, 
43). Hence, an alternative possibility is that complex formation 
between progelatinase A and TIMP-4 prevents the enzyme 
from association with membrane bound TIMP-2 and therefore 
blocks activation. Interestingly, the highest level of TIMP-4 
expression is in the heart (31), in which cancer metastasis 
rarely occurs, a process that is believed to involve the expres- 
sion and activation of gelatinase A. Perhaps this is because the 
presence of excess TIMP-4 prevents gelatinase A activation via 
complex formation with the proenzyme. 

In summary, we have demonstrated specific, high affinity 
binding of the newly described inhibitor TIMP-4 to progela- 
tinase A. Binding appears to occur mainly via the C domain of 
the enzyme and to resemble that of TIMP-2. Future work will 
address the sites of interaction of TIMP-4 on the C-domain of 
gelatinase A and the physiological significance of this 
phenomenon. 
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