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TIMP-1 Regulates Cell Proliferation by Interacting
With the Ninth Zinc Finger Domain of PLZF
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Abstract The tissue inhibitors of metalloproteinases (TIMPs) are multifunctional proteins that specifically inhibit
matrixmetalloproteinases (MMPs) and regulate extracellularmatrix (ECM) turnover and tissue remodeling. This is directed
by forming tightly bound inhibitory complexes with MMPs. Recent years have revealed important differences of various
biological activities betweenTIMP families butmolecularmechanisms are not clear. To define themolecularmechanisms
of TIMP-1-dependent biological processes,weusedTIMP-1 as bait in a yeast two-hybrid screen, alongwith ahumanovary
cDNA library. Further characterization revealed the ninth zinc finger domain as an interacting domain of the
promyelocytic leukemia zinc finger protein (PLZF). Interaction of PLZF with TIMP-1 in mammalian cells was also
confirmed by co-immunoprecipitation and with in vitro binding assays. We investigated whether TIMP-1-mediated anti-
apoptotic activity could promote the growth of ovarian cancer in an experimental model system. TIMP-1 treatment was
found to be more effective at increasing ovarian cancer growth when compared with PLZF in parallel experiments.
Subsequently, the efficacy of a combined treatment with TIMP-1 and PLZF was investigated. In the presence of both of
these proteins, TIMP-1 significantly reduced apoptosis induced by PLZF in cervical carcinoma cells. These combined
results indicate that TIMP-1 functions as an anti-activator of the transcriptional repressive activity of PLZF. J. Cell.
Biochem. 101: 57–67, 2007. � 2007 Wiley-Liss, Inc.
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INTRODUCTION

The tissue inhibitors of metalloproteinases
(TIMPs) play a pivotal role in the cellular
homeostasis of the extracellular matrix

(ECM) by regulating the activities of matrix
metalloproteinases (MMPs) including cell
proliferation, differentiation, apoptosis, tumor
angiogenesis, tumorigenesis, and metastasis
[Juliano and Haskill, 1993; Whitelock et al.,
1996; Amour et al., 2000; Visse and Nagase,
2003]. TIMPs form a family of at least four
members, TIMP-1, -2, -3, and -4. They are
expressedbyavariety of cell types,most tissues,
and body fluids [Lambert et al., 2004]. However,
recent studies have indicated that the biological
role of TIMPs is to interact with cell surface
proteins and modulate intracellular down-
stream signaling pathways independent of its
MMP-inhibitory activity [Fernandez et al.,
2003; Qi et al., 2003]. During the past 10 years,
another study has shown evidence that TIMPs
acts as a regulator of apoptosis. Anti-apoptotic
activity of TIMP-1 and pro-apoptotic activity of
TIMP-3 have been well reported, whereas both
pro-apoptotic and anti-apoptotic activities of
TIMP-2 and TIMP-4 were reported [Alexander
et al., 1996; Baker et al., 1998; Guedez et al.,
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1998a;Guedez et al., 1998b; Barasch et al., 1999;
Li et al., 1999; Jiang et al., 2001; Tummalapalli
et al., 2001; Bond et al., 2002; Yoshiji et al., 2002;
Ahonen et al., 2003; Liu et al., 2005]. Based on
this, TIMPs could appear as a new type of
inhibitors in cancer therapy. TIMP-3 promotes
extrinsic apoptosis in a number of cancer cells
by inhibiting the shedding of tumor necrosis
factor-a receptors [Bond etal., 2002]. In contrast,
TIMP-1 inhibits intrinsic apoptosis and angio-
genesis in various cell types, and may also be
capable of regulating tumor growth, positively
acting as a growth or cell survival pathway
factor for cancer cells [Alexander et al., 1996;
Guedez et al., 1998a; Guedez et al., 1998b; Li
et al., 1999; Yoshiji et al., 2002; Liu et al., 2003].

To begin characterizing the regulating
mechanism of the TIMP-1 biological phenom-
ena, we used a yeast two-hybrid system to
screen a human ovary cDNA library for novel
TIMP-1 interacting partners. We identified
human promyelocytic leukemia zinc finger
(PLZF), well known as a transcriptional re-
pressor protein, to be a TIMP-1-interacting
partner. Deletion mapping studies revealed
the ninth zinc finger domain as a PLZF inter-
acting domain. We also investigated whether
TIMP-1-mediated anti-apoptotic activity could
promote the growth of ovarian cancer in an
experimentalmodel system.TIMP-1 treatment,
due to its ability to interfere with PLZF activity,
was found to be more effective at increasing
ovarian cancer growth when compared with
PLZF in parallel experiments. The combined
treatments of TIMP-1 and PLZF were investi-
gated in order to display the efficacy of this
study. In the presence of both proteins, TIMP-1
significantly reduced the apoptosis induced by
PLZF in cervical carcinoma cells.

MATERIALS AND METHODS

Yeast Two-Hybrid Analysis

For bait construction with human TIMP-1,
cDNA encoding full-length human TIMP-1 was
sub-cloned into the EcoRI and XhoI restriction
sites of the pGilda. The resulting plasmid
pGilda-TIMP-1was introduced into yeast strain
EGY48 [MATa, his3, trp1, ura3-52, leu2::
pLeu2-LexAop6/pSH18-34 (LexAop-lacZ re-
porter)] by a modified lithium acetate method
[Ito et al., 1983]. The cDNAs encoding B42
fusion proteins were introduced into the com-
petent yeast cells that already contained

pGilda-TIMP-1 and the tryptophanprototrophy
(plasmid marker) transformants were selected
for on a synthetic medium (Ura�, His�, Trp�)
containing 2% glucose. We tested their interac-
tionswith pGilda-TIMP-1 on amedium contain-
ing 5-bromo-4-chloro-3-indolyl-b-D-galactoside
as described [Rho et al., 1996]. Then, b-galacto-
sidase activity was measured by adding 140 ml
of 4mg/mlO-nitrophenylb-D-galactopyranoside
(ONPG) [Rho et al., 1996, 2004]. The b-galacto-
sidase activity was calculated using the form-
ula units¼ [1,000� (A420�1.75�A550)]/(time�
volume�A600).

Subcloning of Deletion Mutants of PLZF

Three deletionmutants of PLZFwere isolated
by PCR using the following primers (PLZF-
(BTB)-F1, 50-CGGGAATTCATGGATCTGACA-
AAAATG-30; PLZF(BTB)-R1, 50-ATTCTCGA-
GTCACTTCAGGCACTGTTC-30; PLZF-(RD2)-
F2, 50-ATTGAATTCACCAAGGCTGCAGTGG-
AC-30; PLZF(RD2)-R2, 50-ATTCTCGAGTTAG-
CCAGCCTCAGCTGG-30). PLZF(ZF)-F3, 50-
CGGGAATTCAGCTACATCTGCAGTGAG-30 ;
PLZF(ZF)-R3, 50-ATTCTCGAGTCACACATA-
GCACAGGTA-30). PCR products were cloned
into the EcoRI and XhoI restriction sites of
the pGilda and sequenced. Each constructed
plasmid was introduced into yeast EGY48 ex-
pressing either TIMP-1 or PLZFhybrid protein.

Co-Immunoprecipitation Assays

cDNA encoding human TIMP-1 was isolated
by PCR using a specific template and was then
cloned into pEGFPC1 (Clontech) or pcDNA4/
HisMax (Invitrogen) anddigestedwithBglII and
EcoRI (pEGFPC1-TIMP-1) or EcoRI and XhoI
(pcDNA4/HisMax-TIMP-1). The human PLZF
cDNA was then ligated into pcDNA4/HisMax
(Invitrogen) using EcoRI and XhoI (pcDNA4/
HisMax-PLZF) or BglII and EcoRI (pEGFPC1-
PLZF). For co-immunoprecipitation, 293 cells
were co-transfected with cDNA constructs of
pEGFPC1-TIMP-1 and pcDNA4/HisMax-PLZF
or pEGFPC1-PLZF and pcDNA4/HisMax-
TIMP-1 using FuGENE6 (Roche Applied
Science, Basel, Switzerland). As a negative
control, pEGFPC1-TIMP-1, PLZF, and an empty
vector pcDNA4/HisMax were also co-trans-
fected. Two days after transfection, cells were
harvested by trypsinization and centrifugation.
Cell pellets were washed in PBS, re-suspended
in cell lysis solution (50 mM Tris, pH 7.2,
150 mM NaCl, 1% Triton X-100, 1 mg/ml
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leupeptin, 1 mg/ml pepstatin, 2 mg/ml aprotinin,
200 mg/ml PMSF). Lysates were incubated with
anti-His, anti-PLZF (Santa cruz), anti-TIMP-1
(Sigma) antibody, and then precipitated with
protein A-agarose. The precipitated proteins
were resolved by SDS–PAGE, and immuno-
blotted with anti-GFP (Santa cruz), anti-
PLZF, anti-TIMP-1 antibody. An ECL system
(Amersham) was used for detection.

MTT Assays

Relative rate of cell proliferationwere quanti-
fied by MTT assays. Briefly, HeLa cervical
cancer cells were grown in DMEM medium
containing 10% FBS. Cells were seeded at
a density of 3.5� 103 cells per well in
96-well plates. Three days after transfection,
fresh medium containing 10% FBS, and 20 ml
of3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyl-2H-
tetrazolium bromide (MTT) solution (Sigma,
5 mg/ml) was added to each well. Each well was
then incubated for an additional 4 h at 378C.
The amounts of MTT-formazan generated were
determined as absorbance using a microculture
plate reader at 540 nm. Each sample was
assayed in triplicate and experiments were
repeated three times.

Apoptosis Assays

HeLa cervical cancer cells were plated onto
4-chamber slides and then transfected with
TIMP-1, PLZF, and TIMP-1 plus PLZF cDNAs
for 24 h using Effectene as described above.
Cells were incubated with fluorescein isothio-
cyanate (FITC)-labeled Annexin V and PI for
15 min according to the supplier’s protocol
(Boehringer Mannheim, Mannhein, Germany)
and then analyzed on a FACS Vantage (Becton
Dickinson, San Jose). For evaluation of nuclear
morphology, cells were fixed in methanol and
stained with 2 mg/ml of DAPI (Boehringer
Mannheim) at 378C for 15 min, washed twice
with PBS, and examined with the fluorescence
microscope.

Cell Cycle Analysis

HeLa cells co-transfected with TIMP-1 and
PLZF expression vectors were fixed with ice-
cold 70% ethanol, centrifuged for 5 min at
1,000g, and re-suspended in PBS containing
5 mM EDTA and RNase A (50 mg/ml). After
incubation for 30 min at 378C, the cells were
stained with propidium iodide (50 mg/ml) and
analyzed by flow cytometry with a FACS.

Caspase-3 Activity Assays

Caspase-3 enzymatic activities in cell lysates
were determined using actyl-DEVD-7-amino-4-
trifluoromethyl coumarin as substrate, accord-
ing to the manufacturer’s protocol (BDPhar-
mingen, San Diego). Activity was measured
using a Spectramax 340 microplate reader
(Molecular Devices, Sunnyvale) in fluorescence
mode using excitation at 400 nm and emission
at 505 nm. Enzyme activities were calculated
from fluorescence readings using the formula
provided by the manufacturer.

Small Interfering RNA (siRNA) Construction

The siRNA oligonucleotide sequence target-
ing TIMP-1 (AAGATGTATAAAGGGTTCCAA)
corresponded to nucleotides 261–281 in the
human sequence. siRNA was synthesized by
using an siRNA construction kit (Ambion)
and was then transfected by oligofectamine
(Invitrogen) according to the manufacturer’s
protocol. Total RNA was isolated using a
TRIZOL Reagent (Life Technologies) and
reverse transcription (RT) PCR was then per-
formed.

Promoter-Reporter Gene Assays

Constructs, that is, IL-3R-Luc and pCy-
clinA2-Luc, for promoter-reporter assay were
kindly provided by Dr. Inpyo Choi (Korea
Research Institute of Bioscience and Biotech-
nology, Taejon, Republic of Korea) [Han et al.,
2003]. HeLa cells plated on 60-mm dishes were
transfected with the indicated plasmids
using Effectene (Qiagen, Hilden, Germany).
After lysis, the cell extracts were incubated
with luciferase substrate for 30 min at room
temperature. Then, a 5 ml aliquot of each sample
was transferred to a luminometer plate, and
luciferase activity was measured using Luci-
ferase Assay Systems (Promega, Madison, WI).

Electrophoretic Mobility Shift Assays

Nuclear extracts were prepared from cul-
tured HeLa cells. Electrophoretic mobility
shift assay (EMSA) was done with a double-
stranded, 32P-radiolabeled oligonucleotide that
contained the binding site for human PLZF
promoter (50-TCGAGGTATTCAGTACAGTAC-
CAT-30). Supershift analysis was done using
antibodies against normal IgG, TIMP-2, or
TIMP-1. The DNA-protein complexes were
resolved on a non-denaturing polyacrylamide
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gel, and were vacuumed dried and autoradio-
graphed.

Data and Statistical Analysis

All data values are presented as the
mean�SD or means�SEM. Statistical com-
parisons were carried out using the Student’s
t-test. P< 0.05 were considered relevant.

RESULTS

Identification of PLZF as a TIMP-1 Binding
Protein and Mapping of the Interaction Region

To identify which proteins bind directly to
TIMP-1, we screened a human ovary cDNA
library, using full-length TIMP-1 cDNA fused
to the pGilda DNA-binding domain as bait.
Approximately 3.1� 106 independent trans-
formantswerepooled and re-spreadon selection
media (Ura�, His�, Trp�, Leu�) containing 2%
galactose to induce the expression of cDNA. If a

B42-tagged protein interacts with TIMP-1
under these conditions, it will activate the
transcription of LEU2 gene, which allows the
host cells to grow on a syntheticmedium lacking
leucine. Of the 13 colonies that were grown on
the selection media, a total of five colonies
showed galactose dependency. The plasmids
were then isolated from the selected yeast cells
and introduced into E. coli KC8 to isolate the
plasmids carrying pJG4-5-cDNA inserts. The
plasmids were then isolated by the plasmid
marker trp in the E. coli host, and the purified
plasmids were sequenced. A homology search
in GenBank using BLAST revealed that all
five plasmids encoded human protein PLZF
(GenBank accession number: NM_006006).

To identify the PLZF binding region of TIMP-
1, cDNA constructs containing three PLZF
deletion mutants were designed as shown in
Figure 1A. In the two-hybrid system, full-length
human TIMP-1 cDNA accompanied with either

Fig. 1. Interaction analysis between human TIMP-1 and PLZF.
A: Schematic representation of cDNA constructs for each PLZF
deletion mutant (upper panel in the left). Testing the interaction of
TIMP-1andPLZFin theyeast two-hybridsystem.Positive interactions
were revealed by cell growth for 3 days at 308C onmedium lacking
leucine (lower panel in the left), as well as by the formation of blue
colonies onmediumcontainingX-gal. Then, b-galactosidase activity
was measured by adding O-nitrophenyl b-D-galactopyranoside
(ONPG) (right). B: Co-immunoprecipitation of PLZF with anti-GFP
and anti-TIMP-1. Lanes 1: Lysate from pEGFPC1-TIMP-1 and
pcDNA4/HisMax (vector only) co-transfectant; 2: Lysate from

pEGFPC1-TIMP-1 and pcDNA4/HisMax-PLZF co-transfectant. Con-
versely, proteins immunoprecifitated with anti-PLZF antibody were
analyzed by Western analysis with anti-TIMP-1 antibody. IP means
immunoprecipitationandWBmeans immunoblottingwith indicated
antibodies. C: Co-localization of TIMP-1 and PLZF in the nucleus.
HeLa cells were co-transfected with expression plasmids encoding
FLAG-TIMP-1 and GFP-PLZF. The cells were then stained with
antibodies to FLAGandTexas Red-conjugated secondary antibodies
(red fluorescence). The GFP-PLZF fusion protein was visualized by
GFP fluorescence (green). Co-localization of the two types of
fluorescence is indicated in the merged image.
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a plasmid containing full-length human PLZF
cDNA (Full, Fig. 1A) or plasmids containing
three truncation mutant forms (BTB, RD2, and
ZF, Fig. 1A) of cDNAs were co-transformed into
EGY48 yeast cells. Cells containing only the
full-length PLZF cDNA construct and ZF-PLZF
grew on the Ura, His, Trp, and Leu deficient
plates, whereas yeast cells transformed with
both deletion mutant colonies (BTB and RD2)
failed to grow (Fig. 1A). To confirm this result,
we determined the binding activities of these
constructs bymeasuring the relative expression
levels ofb-galactosidase.As shown inFigure1A,
b-galactosidase assay results confirmed that
neither of these mutants (BTB and RD2) bound
TIMP-1.
For co-immunoprecipitation, cDNA con-

structs of TIMP-1 (pEGFPC1-TIMP-1) and
PLZF (pcDNA4/HisMax-PLZF), or pEGFPC1-
TIMP-1 and pcDNA4/HisMax (vector only)
were co-transfected into 293 cells. Subse-
quently, immunoprecipitation was performed
using anti-GFP antibodywith lysates from both
transfected cells. After immunoprecipitation,
the precipitated proteins were immunoblotted
by either using anti-TIMP-1 or anti-PLZF
antibody. As shown in Figure 1B, pcDNA4/
HisMax-PLZF was co-immunoprecipitated
with pEGFPC1-TIMP-1 (lane 2 in upper panel),
whereas no interaction was observed between
pcDNA4/HisMax (vector only) and pEGFPC1-
TIMP-1 (lane 1 in upper panel). Immunoblott-
ing using anti-TIMP-1 antibody, confirmed that
an equal amount of TIMP-1 was precipitated in
both samples (middle panel). Whole cell lysates
from both samples contained equivalent pro-
teins when immunoblotted using anti-b-actin
antibody (lower panel). Additionally, we also
demonstrated the binding specificity of proteins
immunoprecipitated with anti-PLZF antibody
and analyzed them through Western analysis
employing anti-TIMP-1 antibody.
To determine the sub-cellular localization

interactions of PLZF with TIMP-1, HeLa cells
were co-transfected with green fluorescent
protein GFP-tagged PLZF and FLAG-tagged
TIMP-1. Immunofluorescence analysis, along
with the antibodies to FLAG and confocal
microscopy, indicated that FLAG-TIMP-1 and
GFP-PLZFfluorescencewere co-localized in the
nuclear granules (Fig. 1C). These findings
confirmed that TIMP-1 and PLZF were both
present in the same intracellular compartment,
that is, in the nucleus, and thus provided

evidence that they were capable of interacting
with each other. Furthermore, the data also
suggests that the PLZF-TIMP-1 interaction
may take place in the nucleus.

Effect of TIMP-1 on Inhibition of
PLZF-Induced Apoptosis

To investigate the effects of TIMP-1 in human
cancer cells, TIMP-1, PLZF, and TIMP-1 plus
PLZF were induced in HeLa cervical cancer
cells. Transient overexpression of PLZF
caused a change in cell morphology (data not
shown) and inhibited cell growth (Fig. 2A). To
confirm that this reduction in cell number
represents apoptosis, fragmented DNA was
examined by DAPI staining in HeLa cells
overexpressing control vector (Mock), TIMP-1,
PLZF, and TIMP-1 plus PLZF. Full-length
PLZF-overexpressing cells showed fragmented
nuclei, which is characteristic of apoptosis,
while transfectants containing Mock or TIMP-
1 did not show any signs of DNA fragmentation.
Cells with a combination of full-length PLZF
and TIMP-1 demonstrated a significantly
reduced number of cells containing fragmented
DNA (Fig. 2B). Apoptosis was also examined
byFACSanalysis after double stainingAnnexin
V-FITC and propidium iodide (PI). PLZF-
overexpressing cells showed strikingly similar
characteristics of apoptotic cells, notably a low
forward scatter (FCS) and high side scatter
(SSC) profile (Fig. 2C). In the TIMP-1 culture,
92.03% of the cells were viable, while 3.41%
were in early apoptosis and the remaining
4.56% were in the late or final stages of
apoptosis (P< 0.01) (left panel). Initial analysis
of HeLa cells induced with PLZF or PLZF plus
TIMP-1 during 12 and 24 h showed no signifi-
cant modifications in relation to the TIMP-1
culture (data not shown). However, in HeLa
cells treated with PLZF or PLZF plus TIMP-1
during 72 h, 47.58% (middle panel) and 74.68%
(right panel) of the cells were viable, while
36.28% and 15.38% were in early apoptosis,
respectively. These combined results suggest
thatTIMP-1expression efficiently blocksPLZF-
mediated apoptosis. Next, to define the mecha-
nism in determining the functional relationship
between TIMP-1 and PLZF-mediated apopto-
sis, we measured the caspase-3 activity of those
transfectants. Although TIMP-1 is involved in
cell proliferation, no significant changes in
caspase-3 activity were observed in the trans-
fectants of TIMP-1 cDNAalone,when compared
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to mock. However, a significant upregulation of
caspase-3 activity was observed in cells trans-
fected with PLZF cDNA alone versus Mock
transfected cells. Strikingly, TIMP-1 plus PLZF
overexpressed cells restored caspase-3 activity
almost similarly to Mock and TIMP-1 trans-
fected cells (Fig. 3D). Since apoptosis is most
frequently mediated by activated caspases,
which leads to PARP binding fragmented
DNA, we have attempted to detect caspase
activation by Western blot analysis in cancer
cells undergoing apoptosis after transfection
with TIMP-1, PLZF, or TIMP-1 plus PLZF.

As shown in Figure 2E, apoptosis-specific
proteolytic cleavage of PARP, to the 85-kDa
fragment, were not found on Western analysis
in Mock or TIMP-1 overexpressing cells,
whereas it was readily detected in the PLZF
overexpressed cells. Apoptosis was observed
inPLZF plus TIMP-1 overexpressed cells, but
due to TIMP-1’s cell proliferation ability,
apoptosis was not as dramatic as in the case of
PLZF overexpressed cells alone. These results
suggest that TIMP-1 significantly reduced
the apoptosis induced by PLZF in cervical
carcinoma cells.

Fig. 2. TIMP-1 restores cell proliferation from PLZF-mediated
apoptosis. MTT assay (A), DAPI staining (B), FACS analysis (C),
caspase-3 activity assay (D), and immunoblot analysis of PARP
(E) were performed on HeLa cervical cancer cells transfected
with TIMP-1 and/or PLZF. The results are representative of three
separate experiments. A: The relative rate of cell proliferation
wasquantifiedbyMTTassays. TheamountofMTT-formazanwas
determined as absorbance at 540 nm. Absorbance of each
sample was converted as the relative rate of proliferation. Data
are shown as mean� SEM. B: Cells were stained with DAPI to
visualize DNA fragmentations for apoptosis assay. Arrows
indicate observed DNA fragmentations. Size bar, 20 mm. C: Cell

viability by TIMP-1. Transfected HeLa cells the indicated
expression vectors were incubated with FITC-labeled Annexin
V and propidium iodide for 15 min and then analyzed by FACS.
D: Caspase-3 activity was measured using a Spectramax 340
microplate reader (Molecular Devices) in fluorescence mode
using an excitation at 400 nm and an emission at 505 nm
according to a manufacturer’s protocol (BDPharmingen).
Enzyme activity was calculated and indicated as fluorescence
according to the formula provided by themanufacturer. Data are
shownasmean� SEM.E:Westernblot showingchanges in PARP
protein expression in whole-cell lysates of TIMP-1, PLZF, and
TIMP-1 plus PLZF.

Fig. 3. TIMP-1 rescues a transcriptional activity from PLZF-
mediated repression. A: Dose-dependent transcriptional activity
of PLZF (left) and TIMP-1 (right) on the pIL-3-Luc activity.
B: Preventing effect of transcriptional activity of PLZF by TIMP-1
on the pIL-3-Luc activity.C: Effect as a transcriptional activator of
TIMP-1on the cyclinA2-Luc activity. The indicated amounts (mg)
of each plasmid were transiently transfected in HeLa cells. At

48 h after transfection, the cells were assayed for luciferase
activity. Data represent mean� SD from at least three indepen-
dent experiments. *P< 0.05; **P<0.01 compared with control
alone. D: Nuclear extracts were obtained from cultured HeLa
cells and analyzed by EMSA. The anti-IgG, anti-NFkB, and anti-
TIMP-1 antibody were used to supershift the DNA–protein
complex.
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TIMP-1 Rescues a Transcriptional Activity
From PLZF-Mediated Repression

To verify the functional relation between
the interaction of TIMP-1 and PLZF with
respect to transcriptional activity, we per-
formed a luciferase assay with a reporter
construct (pIL-3-Luc) containing four copies of
the PLZF binding site. We have previously
shown that PLZF specifically represses this
reporter gene about 2.5-fold. Transcription
repression was dose-dependent, which relates
to the amount of plasmid but not to TIMP-1
(Fig. 3A). When HeLa cell-expressing PLZF
plus TIMP-1 were transiently transfected,
transcriptional activity was rescued from
PLZF-mediated repression (Fig. 3B). Cyclin A2
expression is essential for cell cycle progression
in both normal and cancer cells. TIMP-1 plus
PLZF overexpressed cells restored the promoter
activity of human cyclin A2, which embraces
PLZF-response factors, but this restorationwas
completely blockedwith the treatment of siRNA
on TIMP-1 (Fig. 3C). In order to demonstrate
the effects of TIMP-1’s rescue activity when
combined with PLZF, siRNA was employed.
Transfection of siRNA restored the PLZF
activity interfered by TIMP-1. Herein, TIMP-1
siRNA, which interferes with the production of
TIMP-1 mRNA, was used to demonstrate the
inhibition of TIMP-1 activity (data not shown).

To identify the components of the PLZF
complex, supershift assays were performed
with antibodies against different IgG andNFkB
proteins (Fig. 3D). In order to verify the
specificity of PLZF binding with TIMP-1, IgG,
a protein abandoned by the nucleus, and NFkB,
a transcriptional factor, were used as controls.
The supershift assays indicate that antibodies
against only TIMP-1 protein created clear
supershift bands and caused a reduction in
PLZF DNA binding. Since TIMP-1 is specific to
PLZF, the other antibodies did not produce
any supershift bands. This data indicate that
TIMP-1 is a key regulator of PLZF-mediated
transcriptional repression through its effects on
reducing PLZF’s binding affinity for DNA. In
conclusion, these combined results indicate that
TIMP-1 functions as an anti-activator of the
transcriptional repressive activity of PLZF.

DISCUSSION

TIMP-1 is an encoded member of the TIMP
family which regulates the activities of the

MMPs and also enhances cell proliferation by
interacting with a partner concerned with cell
signaling. In this present study, we found that
PLZF, a component of the transcription factor,
to be a novel TIMP-1 binding protein. Here, we
have shown that TIMP-1 also effectively inhi-
bits apoptosis induced by exogenous PLZF in
human cancer cells. The interaction between
TIMP-1 andPLZF could be thefirst example of a
regulation mechanism of PLZF by TIMP-1,
whichmay ultimately provide a role in prevent-
ing cell death.

PLZF is a sequence-specific DNA-binding
protein containing nine C-terminal C2H2 zinc
finger motifs and an N-terminal BTB (broad
complex, tramtrack, bric-a-brac)/POZ (Pox
virus and zinc finger) [Bardwell and Treisman,
1994; Li et al., 1997; Sitterlin et al., 1997;
Parrado et al., 2004]. PLZF functions as a
transcriptional regulator of cell cycle pro-
gression by binding to the promoters of target
genes, such as, cyclin A and the interleukin-3
receptor subunit [Ball et al., 1999; Yeyati et al.,
1999; Melnick et al., 2000; Kang et al., 2003].
It also interacts with nuclear co-repressor
proteins, such as N-CoR, SMRT, and mSin3A,
which in turn interacts with histone deace-
tylases (HDAC1) [Hong et al., 1997; David et al.,
1998;Grignani et al., 1998;Guidez et al., 1998c].
PLZF is expressed during early embryogenesis
in the axial skeleton, liver, and heart, as a
regulator of Hox gene expression, and as such,
participates as a growth-inhibitory and pro-
apoptotic factor in limb budding [Barna et al.,
2000].

The regularity of TIMP-1 being located in the
nucleus of cells changed in line with that of the
proliferating cell nuclear antigen (PCNA).
These results convey that the immunoreactive
TIMP-1-like protein is localized in the nuclei of
human gingival fibroblasts cells and that its
content changes according to the cell cycle [Li
et al., 1995]. Nuclear TIMP-1’s ability of being
derived from fetal calf serum (FCS), which was
added to the culturemedium, brought about the
question as to whether TIMP-1 was derived
from FCS or not. Since TIMP-1 is known to be a
growth factor in serum and to act on a wide
range of cells [Hayakawa et al., 1992], it is a
possibility that bovine TIMP-1 could enter the
cells after internalization with its receptor. As
reported previously, TIMP-1 protein was also
localized in the nuclei of human fetal lung
fibroblasts, human MCF-7 breast carcinoma
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cells, and human diploid fibroblast cell line
WI-38 cells growing non-simultaneously [Zhao
et al., 1998; Ritter et al., 1999]. These observa-
tions indicate that the collection of TIMP-1 in
the nucleus seems to be widespread, at least
among fibroblastic cell types.
In this study, we have found through the use

of HeLa cells, PLZF-mediated transcription
repression is in fact inhibited by TIMP-1. This
result is possible only if TIMP-1 and PLZF are
co-localized in the same intracellular region.
Identification of TIMP-1 and PLZF co-localiza-
tion in the nucleus was carried out through
confocal microscopy of the HeLa cell, and
through EMSA, where it was determined that
TIMP-1 resided in the nucleus, allowing it to
interact with PLZF. There have been previous
research reports of TIMP-1’s ability to reside in
the nucleus of various cell types as well. The
exact mechanism is yet unclear, but further
studies are being conducted in order to deter-
mine the pathway of TIMP-1’s ability to enter
the nucleus. What was found is the fact that
TIMP-1 is capable of restoring cell proliferation,
which was repressed by PLZF-mediated tran-
scription, through their interactions in the
nucleus.
TIMPs are complex molecules with both pro-

and anti-tumor effects. Thus, these diverse
expressions could be due to the multifunctional
properties of TIMPs. TIMP-1-inhibited cell
death of human breast epithelial cell lines is
regulated by Bcl-2 through the constitutive
activation of FAK [Li et al., 1999]. A recent
study found that TIMP-1 inhibits cell death in
breast carcinoma cell T-47D cells via a pathway
involving the sequential activations of c-Src,
PI3 kinase, and Akt [Lee et al., 2003]. In
addition, TIMP-1 is able to exert multiple
biological functions including MMP inhibition,
tumorigenesis, apoptosis, angiogenesis regula-
tion, and complex formationwith signal-related
proteins and is also capable of preventing a
variety of cellular activities.
As an initial step to define the regulating

mechanism of TIMP-1 biological systems, we
used a yeast two-hybrid system to screen a
human ovary cDNA library for a novel TIMP-1
interacting species. The screening identified
human PLZF, a well-known transcriptional
regulator, to be a species with the ability to
interact with TIMP-1. In the present study, we
investigated whether TIMP-1-mediating anti-
apoptotic activity can promote the growth of

ovarian cancer in an experimental system.
TIMP-1 treatment was found to be more
effective at increasing ovarian cancer growth
than PLZF in our parallel experiments. Subse-
quently, the efficacy of a combined treatment
with TIMP-1 and PLZF was investigated, and
TIMP-1 was found to significantly reduce
apoptosis induced by PLZF in cervical carci-
noma cells. Here, we have shown that the
functional relation between the interaction of
TIMP-1 and PLZF with respect to transcrip-
tional activity. We performed luciferase assays
with a reporter construct (pIL-3-Luc) contain-
ing four copies of the PLZF binding site. We
have previously shown that PLZF specifically
represses this reporter gene about 2.5-fold. The
transcription repression of PLZF was found to
be dependent on the amount of the plasmid.
These results suggest that TIMP-1 transcrip-
tionally activates the transcriptional repressive
activity of PLZF. Taken together, these results
indicate that TIMP-1-PLZF complex formation
induces tumorigenesis in cells by competing
with MMP, a signaling molecule known to be
critical for cell survival.

ACKNOWLEDGMENTS

We are grateful to Dr. S. A. Martinis (Depart-
ment of Biochemistry, University of Illinois at
Urbana-Champaign, USA) and Richard Yoo
(University of Washington) for critical reading
of the manuscript. This research project was
supported by Science Research Center (Mole-
cular Therapy Research Center) grant from the
Korea Science and Engineering Foundation.

REFERENCES

Ahonen M, Poukkula M, Baker AH, Kashiwagi M, Nagase
H, Eriksson JE, Kahari VM. 2003. Tissue inhibitor of
metalloproteinases-3 induces apoptosis in melanoma
cells by stabilization of death receptors. Oncogene 22:
2121–2134.

Alexander CM, Howard EW, Bissell MJ, Werb Z. 1996.
Rescue of mammary epithelial cell apoptosis and entactin
degradation by a tissue inhibitor of metalloproteinases-1
transgene. J Cell Biol 135:1669–1677.

Amour A, Knight CG, Webster A, Slocombe PM, Stephens
PE, Knauper V, Docherty AJ, Murphy G. 2000. The
in vitro activity of ADAM-10 is inhibited by TIMP-1 and
TIMP-3. FEBS Lett 473:275–279.

Baker AH, Zaltsman AB, George SJ, Newby AC. 1998.
Divergent effects of tissue inhibitor of metalloproteinase-
1, �2, or �3 overexpression on rat vascular smooth
muscle cell invasion, proliferation, and death in vitro.
TIMP-3 promotes apoptosis. J Clin Invest 101:1478–
1487.

TIMP-1 as a Transcriptional Anti-Activator 65



Ball HJ, Melnick A, Shaknovich R, Kohanski RA, Licht JD.
1999. The promyelocytic leukemia zinc finger (PLZF)
protein binds DNA in a high molecular weight complex
associated with cdc2 kinase. Nucleic Acids Res 27:4106–
4113.

Barasch J, Yang J, Qiao J, Tempst P, Erdjument-Bromage
H, Leung W, Oliver JA. 1999. Tissue inhibitor of
metalloproteinase-2 stimulates mesenchymal growth
and regulates epithelial branching during morphogen-
esis of the rat metanephros. J Clin Invest 103:1299–
1307.

Bardwell VJ, Treisman R. 1994. The POZ domain: A
conserved protein-protein interaction motif. Genes Dev
8:1664–1677.

Barna M, Hawe N, Niswander L, Pandolfi PP. 2000. Plzf
regulates limb and axial skeletal patterning. Nat Genet
25:166–172.

Bond M, Murphy G, Bennett MR, Newby AC, Baker AH.
2002. Tissue inhibitor of metalloproteinase-3 induces a
Fas-associated death domain-dependent type II apoptotic
pathway. J Biol Chem 277:13787–13795.

David G, Alland L, Hong SH, Wong CW, DePinho RA,
Dejean A. 1998. Histone deacetylase associated with
mSin3A mediates repression by the acute promyelocytic
leukemia-associated PLZF protein. Oncogene 16:2549–
2556.

Fernandez CA, Butterfield C, Jackson G, Moses MA. 2003.
Structural and functional uncoupling of the enzymatic
and angiogenic inhibitory activities of tissue inhibitor of
metalloproteinase-2 (TIMP-2): Loop 6 is a novel angio-
genesis inhibitor. J Biol Chem 278:40989–40995.

Grignani F, Matteis SD, Nervi C, Tomassoni NL, Gelmetti
V, Cioce M, Fanelli M, Ruthardt M, Ferrara FF, Zamir I,
Seiser C, Lazar MA, Minucci S, Pelicci PG. 1998. Fusion
proteins of the retinoic acid receptor-alpha recruit
histone deacetylase in promyelocytic leukaemia. Nature
391:815–818.

Guedez L, Stetler-Stevenson WG, Wolff L, Wang J,
Fukushima P, Mansoor A, Stetler-Stevenson M. 1998a.
In vitro suppression of programmed cell death of B cells
by tissue inhibitor of metalloproteinases-1. J Clin Invest
102:2002–2010.

Guedez L, Courtemanch L, Stetler-Stevenson M. 1998b.
Tissue inhibitor of metalloproteinase (TIMP)-1 induces
differentiation and an antiapoptotic phenotype in germ-
inal center B cells. Blood 92:1342–1349.

Guidez F, Ivins S, Zhu J, SoderstromM, Waxman S, Zelent
A. 1998c. Reduced retinoic acid-sensitivities of nuclear
receptor corepressor binding to PML- and PLZF-RAR-
alpha underlie molecular pathogenesis and treatment of
acute promyelocytic leukemia. Blood 91:2634–2642.

Han SH, Jeon JH, Ju HR, Jung U, Kim KY, Yoo HS, Lee
YH, Song KS, Hwang HM, Na Y-S, Yang Y, Lee KN, Choi
I. 2003. VDUP1 upregulated by TGF-b1 and 1,25-
dihydorxyvitamin D3 inhibits tumor cell growth by
blocking cell-cycle progression. Oncogene 22:4035–
4046.

Hayakawa T, Yamashita K, Tanzawa K, Uchijima E, Iwata
K. 1992. Growth-promoting activity of tissue inhibitor of
metalloproteinases-1 (TIMP-1) for a wide range of cells. A
possible new growth factor in serum. FEBS Lett 298:29–
32.

Hong SH, David G, Wong CW, Dejean A, Privalsky ML.
1997. SMRT corepressor interacts with PLZF and with

the PML-retinoic acid receptor alpha (RARalpha) and
PLZF-RARalpha oncoproteins associated with acute
promyelocytic leukemia. Proc Natl Acad Sci USA 94:
9028–9033.

Ito H, Fukada Y, Murata K, Kimura A. 1983. Transforma-
tion of intact yeast cells treated with alkali cations.
J Bacteriol 153:163–168.

Jiang Y, Wang M, Celiker MY, Liu YE, Sang QX,
Goldberg ID, Shi YE. 2001. Stimulation of mammary
tumorigenesis by systemic tissue inhibitor of matrix
metalloproteinase 4 gene delivery. Cancer Res 61:2365–
2370.

Juliano RL, Haskill S. 1993. Singal transduction from the
extracellular matrix. J Cell Biol 120:577–585.

Kang SI, Chang WJ, Cho SG, Kim IY. 2003. Modification of
promyelocytic leukemia zinc finger protein (PLZF) by
SUMO-1 conjugation regulates its transcriptional
repressor activity. J Biol Chem 278:51479–51483.

Lambert E, Dasse E, Haye B, Petitfrere E. 2004. TIMPs as
multifacial proteins. Crit Rev Oncol Hematol 49:187–
198.

Lee SJ, Yoo HJ, Bae YS, Kim HJ, Lee ST. 2003. TIMP-1
inhibits apoptosis in breast carcinoma cells via a pathway
involving pertussis toxin-sensitive G protein and c-Src.
Biochem Biophys Res Commun 312:1196–1201.

Li H, Nishio K, Yamashita K, Hayakawa T, Hoshino T.
1995. Cell cycle-dependent localization of tissue inhibitor
of metalloproteinases-1 immunoreactivity in cultured
human gingival fibroblasts. Nagoya J Med Sci 58:133–
142.

Li JY, English MA, Ball HJ, Yeyati PL, Waxman S, Licht
JD. 1997. Sequence-specific DNA binding and transcrip-
tional regulation by the promyelocytic leukemia zinc
finger protein. J Biol Chem 272:22447–22455.

Li G, Fridman R, Kim HR. 1999. Tissue inhibitor of
metalloproteinase-1 inhibits apoptosis of human breast
epithelial cells. Cancer Res 59:6267–6275.

Liu XW, Bernardo MM, Fridman R, Kim HR. 2003. Tissue
inhibitor of metalloproteinase-1 protects human breast
epithelial cells against intrinsic apoptotic cell death via
the focal adhesion kinase/phosphatidylinositol 3-kinase
and MAPK signaling pathway. J Biol Chem 278:40364–
40372.

Liu XW, Taube ME, Jung KK, Dong Z, Lee YJ, Roshy S,
Sloane BF, Fridman R, Kim HR. 2005. Tissue inhibitor of
metalloproteinase-1 protects human breast epithelial
cells from extrinsic cell death: A potential oncogenic
activity of tissue inhibitor of metalloproteinase-1. Cancer
Res 65:898–906.

Melnick A, Ahmad KF, Arai S, Polinger A, Ball H, Borden
KL, Carlile GW, Prive GG, Licht JD. 2000. In-depth
mutational analysis of the promyelocytic leukemia zinc
finger BTB/POZ domain reveals motifs and residues
required for biological and transcriptional functions. Mol
Cell Biol 20:6550–6567.

Parrado A, Robledo M, MoyaQuiles MR, Marin LA,
Chomienne C, Padua RA, AlvarezLopez MR. 2004. The
promyelocytic leukemia zinc finger protein down-regu-
lates apoptosis and expression of the proapoptotic BID
protein in lymphocytes. Proc Natl Acad Sci USA
101:1898–1903.

Qi JH, EbrahemQ,Moore N,Murphy G, Claesson-Welsh L,
Bond M, Baker A, Anand-Apte B. 2003. A novel function
for tissue inhibitor of metalloproteinases-3 (TIMP3):

66 Rho et al.



Inhibition of angiogenesis by blockage of VEGF binding
to VEGF receptor-2. Nat Med 9:407–415.

Rho SB, Lee KH, Kim JW, Shiba K, Jo YJ, Kim S. 1996.
Interaction between human tRNA synthetases involves
repeated sequence elements. Proc Natl Acad Sci USA 93:
10128–10133.

Rho SB, Chun T, Lee SH, Park K, Lee JH. 2004. The
interaction between E-tropomodulin and thymosin b-10
rescues tumor cells from thymosin b-10 mediated
apoptosis by restoring actin architecture. FEBS Lett
557:57–63.

Ritter LM, Garfield SH, Thorgeirsson UP. 1999. Tissue
inhibitor of metalloproteinases-1 (TIMP-1) binds to the
cell surface and translocates to the nucleus of human
MCF-7 breast carcinoma cells. Biochem Biophys Res
Commun 257:494–499.

Sitterlin D, Tiollais P, Transy C. 1997. The RAR alpha-
PLZF chimera associated with Acute Promyelocytic
Leukemia has retained a sequence-specific DNA-binding
domain. Oncogene 14:1067–1074.

Tummalapalli CM, Heath BJ, Tyagi SC. 2001. Tissue
inhibitor of metalloproteinase-4 instigates apoptosis in
transformed cardiac fibroblasts. J Cell Biochem 80:512–
521.

Visse R, Nagase H. 2003. Matrix metalloproteinases
and tissue inhibitors of metalloproteinases: Structure,
function, and bichemiatry. Circ Res 92:827–839.

Whitelock JM, Murdoch AD, Iozzo RV, Underwood
PA. 1996. The degradation of human endothelial
cell-derived perlecan and release of bound basic
fibroblast growth factor by stromelysin, collagenase,
plasmin, and heparanases. J Biol Chem 271:10079–
10086.

Yeyati PL, Shaknovich R, Boterashvili S, Li J, Ball HJ,
Waxman S, NasonBurchenal K, Dmitrovsky E, Zelent A,
Licht JD. 1999. Leukemia translocation protein PLZF
inhibits cell growth and expression of cyclin A. Oncogene
18:25–934.

Yoshiji H, Kuriyama S, Yoshii J, Ikenaka Y, Noguchi R,
Nakatani T, Tsujinoue H, Yanase K, Namisaki T, Imazu
H, Fukui H. 2002. Tissue inhibitor of metalloproteinases-
1 attenuates spontaneous liver fibrosis resolution in the
transgenic mouse. Hepatology 36:850–860.

Zhao WQ, Li H, Yamashita K, Guo XK, Hoshino T, Yoshida
S, Shinya T, Hayakawa T. 1998. Cell cycle-associated
accumulation of tissue inhibitor of metalloproteinases-1
(TIMP-1) in the nuclei of human gingival fibroblasts.
J Cell Sci 111:1147–1153.

TIMP-1 as a Transcriptional Anti-Activator 67


