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The tissue inhibitors of metalloproteinases (TIMPs)
constitute a family of proteins, of which three members
have so far been described. Using the expressed se-
quence tag sequencing approach, we have identified a
novel TIMP-related cDNA fragment and subsequently
cloned a fourth human TIMP (TIMP-4) from a human
heart cDNA library. The open reading frame encodes a
224-amino acid precursor including a 29-residue secre-
tion signal. The predicted structure of the new protein
shares 37% sequence identity with TIMP-1 and 51% iden-
tity with TIMP-2 and -3. The protein has a predicted
isoelectric point of 7.34. The open reading frame-di-
rected expression of TIMP-4 protein in MDA-MB-435 hu-
man breast cancer cells showed metalloproteinase in-
hibitory activity on reverse zymography. By Northern
analysis, only the adult heart showed abundant TIMP-4
transcripts with a 1.4-kilobase predominant transcript
band; very low levels of the transcripts were detected in
the kidney, placenta, colon, and testes, and no tran-
scripts were detected in the liver, brain, lung, thymus,
and spleen. This unique expression pattern suggests
that TIMP-4 may function in a tissue-specific fashion in
extracellular matrix homeostasis.

Matrix metalloproteinases (MMPs)1 play a critical role in
ECM homeostasis. Controlled remodeling of the 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 diseases such as arthritis, periodontal disease, and
cancer metastasis (1–5). The overproduction and unrestrained
activity of MMPs has been linked to malignant conversion of
tumor cells (4–12). The down-regulation of MMPs may occur at
the levels of transcriptional regulation of the genes and activa-
tion of secreted proenzymes and through interaction with spe-
cific inhibitor proteins such as TIMPs. TIMPs are secreted
multifunctional proteins that play pivotal roles in the regula-
tion of 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 TIMPs levels. Augmented MMP activity is associ-

ated with the metastatic phenotype of carcinomas, especially
breast cancer (7–9, 13–16); the decreased production of TIMP
could also result in greater effective enzyme activity and inva-
sive potentials (17–19). These results suggest 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 (17,
40–44).
Three mammalian TIMPs have been characterized at the

sequence level: TIMP-1 (20), TIMP-2 (21), and TIMP-3 (22–25,
36). The proteins are classified based on structural similarity to
each other as well as their ability to inhibit matrix metallopro-
teinases. There have been other reports of inhibitors of metal-
loproteases (IMPs) with characteristics different from these
known TIMPs. In some cases these activities result from alter-
nate forms of the known TIMPs. For instance, a report de-
scribes one IMP present in the conditioned media of human
bladder carcinoma to be a partially glycosylated form of
TIMP-1 and another to be a partially processed and degraded
form of TIMP-2 (25). There are additional reports that describe
sources and characteristics of IMP activity, but the gene prod-
ucts associated with these activities have not been delineated
(26).
Individual TIMP family members may have specific physio-

logical roles. This notion is supported by several lines of evi-
dence. First, although TIMPs are essentially interchangeable
in their capabilities as inhibitors of MMPs, they are distin-
guished by the formation of specific complexes with different
pro-MMPs (27–29). Secreted MMP-2zTIMP-2 and MMP-
9zTIMP-1 complexes may represent an additional function for
TIMPs in controlling activation of specific latent MMPs. Unlike
TIMP-1 and -2, TIMP-3 has a unique association with the ECM
(30). Second, the expression of TIMP genes is quite different.
The TIMP-1 gene is highly inducible at the transcriptional
level in response to many cytokines and hormones (31–34).
Likewise, TIMP-3 expression is not only induced in response to
mitogenic stimulation but also is subject to cell cycle regulation
(22), suggesting that TIMP-3 expression may represent an
invaluable tool for the analysis of cell cycle progression, termi-
nal differentiation, and replicative senescence. In contrast,
TIMP-2 expression, like that of MMP-2 with which it interacts,
is largely constitutive (21, 37).
Since the introduction of the expressed sequence tag (EST)

sequencing approach, many novel human genes have been
discovered and isolated (38). With the rapidly growing reper-
toire of human ESTs, we took advantage of automated EST
sequence analysis to identify novel TIMP-related genes. We
describe here the full-length sequence of a novel member of the
TIMP family, and we examined the expression of this new
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member, TIMP-4, in a variety of tissues. We have also demon-
strated an MMP inhibitory activity of the expressed TIMP-4
protein.

MATERIALS AND METHODS

Reagents—Restriction enzymes, T7 polymerase, a random primer
DNA-labeling kit, and digoxigenin-labeled nucleotides were obtained
from Boehringer Mannhem. [32P]dATP was purchased from Amersham
Corp.
Molecular Cloning of TIMP-4 Full-length cDNA Sequence—We have

used EST analysis to search for a new TIMP. A data base containing
approximately 500,000 human partial cDNA sequences (expressed se-
quence tags) has been established in a collaborative effort between the
Institute for Genomic Research and Human Genome Science, Inc.,
using high throughput automated DNA sequence analysis of randomly
selected human cDNA clones (38). Sequences of TIMP-related genes
were searched for using the blastn and tblastn algorithms (39). An EST
from a human brain library, which demonstrated homology to TIMPs,
was completely sequenced and found to be a partial clone lacking the
sequence at the 59-end. The coding region and 39-untranslated region of
this clone were excised from the Bluescript vector by digestion with the
restriction endonucleases EcoRI and XhoI and used to generate a ra-
diolabeled probe. This probe was used to screen a Northern blot of total
RNAs from several human tissues. The highest level of expression of
the putative novel TIMP was noted in RNA from adult heart. We next
generated a cDNA library from human heart. Poly(A) mRNA from heart
tissue was obtained using Oligotex beads. Five micrograms of this
mRNA were used to construct a directional cDNA library in the Strat-
agene Unizap vector using the Stratagene cDNA library kit. One mil-
lion clones of the primary library were amplified, and an aliquot was
excised to yield Bluescript SK plasmid clones. These clones were
screened with the probe generated by EcoRI and XhoI digestion of the
positive clone from a human brain library as described above. Positive
clones were rescreened, both by hybridization and polymerase chain
reaction analysis, using a Bluescript reverse primer and an antisense
primer (59-GACTGTCCACTTGGCACTTCT-39) specific for the putative
TIMP-related gene in the 39-untranslated region. The full-length cDNA
was completely sequenced using ABI 373a automated fluorescent se-
quencer protocols.
Northern Analysis—Total RNA was extracted from tissues according

to the method of Chomczynski and Sacchi (45). The RNA from human
breast cancer cells was prepared using the RNAzol B RNA isolation kit
(Tel-Test, Inc.) based on the manufacturer’s instructions. Equal ali-
quots of RNA were electrophoresed in a 1.2% agarose gel containing
formaldehyde and transferred to a nylon membrane (Boehringer Mann-
heim). The membrane was prehybridized with ExpressHyb hybridiza-
tion solution (Clontech, Inc.) at 68 °C for 30 min. The hybridization was
carried out in the same solution with a 32P-labeled TIMP-4 probe (1.5 3
106 cpm/ml) for 1 h at 68 °C. The membrane was then rinsed in 2 3 SSC
(1 3 SSC constains 0.15 M NaCl and 0.015 M sodium citrate, pH 7.0)
containing 0.05% SDS three times for 30 min at room temperature,
followed by two washes with 0.1 3 SSC containing 0.1% SDS for 40 min
at 50 °C. The full-length TIMP-4 cDNAwas isolated from the Bluescript
vector, following EcoRI and XhoI digestion, and used as a template for
preparation of a random-labeled cDNA probe. The riboprobe is a 390-
base segment extending from nucleotides 800–1,189 (the end of the
39-end of the cDNA). This riboprobe, which covers 85% of the 39-un-
translated region, was generated by PstI digestion of the Bluscript
vector, followed by RNA synthesis with T7 polymerase.
Expression of TIMP-4 in Human Breast Cancer Cells—The human

TIMP-4 full-length sequence was subcloned into the pCI-neo mamma-
lian expression vector (Promega) downstream of the human cytomega-
lovirus promoter to generate the pCITIMP4 expression vector. Forty
micrograms of pCITIMP4 or the control pCI-neo plasmids were trans-
fected into MDA-MB-435 human breast cancer cells by the calcium
phosphate-mediated method as described previously (46). Thirty G418-
resistant individual clones were selected in the selection medium con-
taining 800 mg/ml G418, subcloned, and characterized by in situ hy-
bridization and Northern blot analysis. TIMP-4-producing clones were
grown in serum-free defined medium. The conditioned media were
collected at 40 h after culturing cells in serum-free Dulbecco’s modified
Eagle’s medium, concentrated approximately 10-fold using an Amicon
hollow fiber concentrator with a Mr 10,000 cutoff. The inhibitory activ-
ity was subsequently analyzed on reverse zymography SDS-polyacryl-
amide gel electrophoresis.
Electrophoretic Analysis by Reverse Zymography—Samples of condi-

tioned media from TIMP-4 -producing clones and control clones were

adjusted to the same protein concentration and electrophoresed on a
0.1% SDS, 12% polyacrylamide protease substrate gel (47). The gel was
incubated in collagenase buffer (50 mM Tris, pH 7.4, 0.2 M NaCl, 5 mM

CaCl2, 1% Triton X-100, and 0.7 mg/ml of recombinant MMP2) at 37 °C
overnight to allow digestion of gelatin in the gel. The MMP inhibitory
activities of samples were visualized by Commassie Blue R-250 (Sigma)
staining and destaining as described previously (48).

RESULTS

Molecular Cloning of TIMP4 cDNA—We have searched a
data base of human genes identified by the EST method. The
automated screening revealed an EST from a human brain
library with a 45% sequence homology to the TIMP-2 protein.
The clone was completely sequenced. A putative stop codon was
located; however, a start codon (ATG) could not be located at
the 59-end. The length of the open reading frame was also
shorter than expected for a 22–28-kDa protein in the TIMP
family. Therefore, it was concluded that this cDNA clone did
not encode the entire putative TIMP protein, and that a seg-
ment at the 59-end containing the start codon was missing. To
obtain the full-length sequence of the putative new TIMP gene,
the identified cDNA clone was prepared as a probe and was
used to investigate the expression of this new putative TIMP
gene in a variety of human tissues by Northern blot analysis.
Because the highest expression of this new putative TIMP gene
was identified in human heart, we next generated a cDNA
phage library from a human adult heart and screened 1 million
clones for an additional 59-sequence. As a result, a number of
clones were identified, and the longest of these was sequenced
and found to contain the full-length cDNA sequence of the
putative new TIMP gene.
The nucleotide sequence determined from this clone and the

predicted corresponding amino acid sequence are shown in Fig.
1. The full-length cDNA sequence contains 1,189 bp with a
672-bp open reading frame: 59 bp in the 59-untranslated region
and 458 bp of a 39-untranslated sequence. The open reading
frame extends from the initiation A60TG codon to TAG732
stop. The open reading frame encodes a protein of 224 amino
acids. A hydrophobic leader sequence at the amino terminus
conforms to a consensus signal peptide with a predicted cleav-
age site following an alanine residue located at position 29 in
the precursor (Fig. 1). Removal of the signal sequence results in
a mature protein of 195 amino acids, having a calculated mo-
lecular mass of 22 kDa, which is in close agreement with the
molecular mass range of the TIMP family. The deduced amino
acid sequence predicts a protein with an isoelectric point of
7.34. Comparison of the predicted amino acid sequence with
the sequences of human TIMP-related proteins is shown in Fig.
2. After optimal alignment, the putative protein shows 37%
sequence identity and 57% similarity to TIMP-1 and 51% iden-
tity and 70% similarity to TIMP-2 and -3. These calculations do
not take into account the significance of any gaps in the align-
ments. The predicted protein structure of the putative new
protein shares several essential features that are characteristic
of the TIMP family, including 12 completely conserved cysteine
residues in the corresponding positions that form intrachain
disulfide bonds that fold the protein into a two domain struc-
ture (49). The presence of a consensus sequence, VIRAK, which
has been proposed to serve a hallmark of the TIMP family (36,
50), was also observed in the most conserved first 22 amino
acids located at the amino-terminal region.
The extensive similarity of the predicted amino acid se-

quence with TIMPs suggests that the putative new protein is a
novel member of the human TIMP family and should be des-
ignated human TIMP-4.
Tissue Expression—Tissue-specific transcription of TIMP-4

was examined by Northern blotting on 20 mg of total RNAs
from various human adult tissues (Fig. 3). As expected, the
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Northern blot showed maximal TIMP-4 transcript levels in the
heart. Using a full-length cDNA hybridization probe, tran-
scripts of 4.1, 2.1, 1.4, 1.2, and 0.97 kb were detected in heart,
with the 1.4-kb band representing at least 90% of the hybrid-
ization signal. Similar bands, with much lesser accumulations
in their relative intensity, were also obtained in the kidney,
pancreas, colon, and testes. By contrast, none of them was
present in other specimens analyzed, such as the liver, brain,
lung, small intestine, thymus, and spleen. The 1.4-kb TIMP-4
transcript was also detected in RNA isolated from the human
breast cancer cell line MDA-MB-231 (Fig. 4). To rule out the
possibility of cross-hybridization with TIMP-1–TIMP-3, an ad-
ditional filter with RNA from MDA-MB-231 cells was also
hybridized with a 389-bp riboprobe, which represents a specific
nucleotide sequence of the 39-untranslated TIMP-4. As shown
in Fig. 4B, the riboprobe recognized the same bands in the RNA
from MDA-MB-231 cells as the complete DNA probe, thus
suggesting that the 1.4-kb transcript corresponds to TIMP-4.
Expression of MMP Inhibitory Activity—Active recombinant

TIMP-4 protein is required for characterization of its biochem-
ical activity against MMPs and biological functions to inhibit
tumor growth and metastasis. As an initial attempt to evaluate
the biological significance of TIMP-4 to inhibit cancer growth
and metastasis, we have transfected the TIMP-4 full-length
cDNA into the highly tumorigenic MDA-MB-435 human breast
cancer cells. Three positive clones have been selected and ex-

pressed high levels of the TIMP-4 transcript (Fig. 5A). Condi-
tioned media from two TIMP-4-positive clone and one control
clone were collected, concentrated, and analyzed for metallo-
proteinase inhibitory activity by reverse zymography. Fig. 5B
shows that the conditioned media from TIMP-4-producing
clones contained a prominent MMP inhibitory activity at the
22-kDa band in a nonreducing gelatin-containing SDS gel. In
contrast, no such activity was observed in the conditioned
medium form control MDA-MB-435 cells, suggesting that no
endogenous TIMP activities were detectable in the same con-
ditions for detection of recombinant TIMP-4 activity.

DISCUSSION

The work described here introduces a new member of the
TIMP family, to which we confer the title TIMP-4 because of its
high sequence homology to the TIMP family, 12 conserved
cysteine residues, and the expressed MMP inhibitory activity.
The classic approach to identifying novel proteins begins

with the discovery of an interesting biological activity. This
protein is then purified and biochemically characterized, and
subsequently, the gene is cloned. Since the introduction of the
EST sequencing approach and the availability of tens of thou-
sands of ESTs, researchers can now shift their attention to high
throughput cDNA cloning in conjunction with structural simi-
larity analysis as an accelerated method of protein discovery.
In this regard, the nucleic acid sequences of randomly picked

FIG. 1. TIMP-4 cDNA sequence. The
full-length cDNA was sequenced using
the ABI 373a automated fluorescent se-
quencer method. The deduced amino acid
sequence is shown under the DNA se-
quence. p, the translation termination
codon (TAG). The putative mature pro-
tein cleavage site is underlined at position
29 for alanine. Numbers refer to nucleic
acid positions. The sequence has been de-
posited in GenBank with the accession
number U76456.
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cDNAs from established EST data bases are searched and
analyzed by the BLAST program for sequence similarity to the
protein of interest. Where similarities are detected, it is possi-
ble to make functional inferences concerning the encoded pro-
tein based on what is known about the function of the matched
sequences. Using this approach, we identified an EST with
high sequence homology to TIMP-2 and, subsequently, the
novel TIMP-4 gene was cloned using this EST as a probe.
The predicted protein structure of TIMP-4 shows several

interesting features. First, as expected, essential features of
other TIMPs are conserved, including the location of 12 Cys
residues, as well as their relative spacing and the presence of a
29-amino acid leader sequence, which presumably is cleaved to
produce the mature protein (13). Second, the mature protein
has an expected size of 22 kDa, which is similar to the sizes of
TIMP proteins. Expressed rTIMP-4 protein migrates as a 24-
kDa protein by reverse zymography SDS-polyacrylamide gel

electrophoresis at nonreducing conditions, which is consistent
with that obtained for other TIMPs (25). Third, the deduced
amino acid sequence of TIMP-4 predicts a protein with an
isoelectric point of 7.34, the most neutral human TIMP protein
at the physiological condition (pH 7.4) comparing with values of
8.00, 6.45, and 9.04 for human TIMP-1, TIMP-2, and TIMP-3,
respectively (24). Fourth, as expected, TIMP-4 has a highly
conserved amino-terminal domain similar to other TIMPs. The
amino-terminal 126 amino acid residues of mature TIMP-1 (51)
and the amino-terminal 127 residues of mature TIMP-2 (52, 35)
have been shown to be adequate for the inhibition of MMPs,
suggesting that this part of the proteins is functionally critical
for inhibition of MMPs. In this region, the first 22 amino acids
of the mature proteins is the most conserved among the TIMPs;
16 of the first 22 amino acids (73%) are identical among human
TIMP-1–TIMP-3. However, the first 22 amino acids of mature

FIG. 2. Comparison of the predicted amino acid sequence of human TIMP-4 with human TIMP-1–TIMP-3. The available amino acid
sequence of TIMP-1 (accession number P01033), TIMP-2 (accession number P16035), and TIMP-3 (accession number P35625) were obtained from
the SwissProt data base and aligned with the TIMP-4 deduced sequence using the clustal method of the MegAlign program from the DNASTAR
software package. Conserved bases are boxed; the 29-amino acid putative signal sequence is shown between two triangles (Ç), and the 12 conserved
cysteine residues are labeled with arrows.

FIG. 3. Expression of the TIMP-4 gene in a variety of normal
adult human tissues. Twenty micrograms of total RNA were analyzed
in Northern blotting. A strong hybridizing band of 1.4 kilobases was
recognized in the lane corresponding to RNA from adult heart. Addi-
tional bands with much lower intensities corresponding to mRNA spe-
cies of about 4.1, 2.1, 1.2, and 0.97 kb were also detected. The integrity
of the RNA samples was ascertained by direct visualization of the
ribosomal RNAs in the stained gel.

FIG. 4. Northern analysis of TIMP-4 expression in human
breast cancer cells. RNAs were isolated and subjected to Northern
analysis by hybridization with either a full-length cDNA probe (A) or a
390-base riboprobe, which represents a specific nucleotide sequence of
the 39-untranslated TIMP-4 (C). The integrity of the RNA was ascer-
tained by hybridization with a housekeeping gene, 36B4 (B). Each lane
contained 20 mg of total RNA. Northern analysis failed to detect the
TIMP-4 transcript in most breast cancer cell lines, except MDA-MB-231
cells, which showed a strong 1.4-kb TIMP-4 transcript; a very weak
hybridization signal was also detected in MDA-MB-436 cells.
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TIMP-4 show a decreased sequence identity with other TIMPs:
63% identical to TIMP-1 and TIMP-2 and 59% identical to
TIMP-3. The consensus sequence CXCXPXHPQXAFCNXDX-
VIRAK (single amino acid code; X, any amino acid) has been
proposed to serve a diagnostic hallmark of the TIMPs being
present in TIMP-1–TIMP-3 (36). Because TIMP-4 has a less
conserved sequence in this region, with only 12 of 22 amino
acids identical in all four TIMPs, we suggest the use of consen-
sus sequence VIRAK (positions 47–51; Fig. 2) as a diagnostic
hallmark of the TIMP family. We have shown that TIMP-4 is
more homologous to TIMP-2 and TIMP-3 than to TIMP-1.
Tissue expression of TIMP-4 appears limited. Although large

amounts of transcript were detected in the heart, much lower
levels of expression were detected in the kidney, pancreas,
colon, and testes; no TIMP-4 transcripts were detected in other
tissues, such as liver, brain, lung, thymus, small intestine, and
spleen. TIMP-4 may function in a tissue-specific fashion as part
of an acute response to tissue remodeling. It is interesting to
note that the highest level of TIMP-4 expression is seen in the
heart, in which human cancer metastasis rarely occurs. The
possibility that the high expression of TIMP-4 in the heart may
contribute the inability of malignant cells to invade needs
further consideration.
We have expressed TIMP-4 in MDA-MB-435 human breast

cancer cells in an effort to investigate the biological significance
of this new TIMP in tumor growth and metastasis. Since
TIMPs block the activities of MMPs, the net inhibitory activity
of TIMPs might be important in preventing malignant progres-

sion from the benign to the metastatic phenotype. In fact,
tumor cell invasion and metastasis can be blocked by up-regu-
lation of TIMP expression or an exogenous supply of TIMPs
(17, 40–44). Alternatively, down-regulation of TIMP-1 and -2
has been reported to contribute significantly to the invasive
potential of human glioblastoma (19). We have analyzed the
MMP inhibitory activities of the expressed rTIMP-4 from the
conditioned media of transfected clones. As expected, rTIMP-4
proteins expressed from human breast cancer cells possess an
inhibitory activity against MMP and are secreted extracellu-
larly, thus confirming that the novel protein is a new member
of the TIMP family.
In summary, we have cloned and sequenced a novel human

TIMP gene designated TIMP-4, the expression of which is
tissue-specific. We have also presented evidence indicating the
MMP inhibitory activity of the expressed TIMP-4 protein.
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