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Expression of membrane type-1 matrix metallopro-
einase (MT1-MMP) is closely correlated with tumor
nvasiveness. We investigated the effect of hyperther-

ia on the production of MT1-MMP in human fibro-
arcoma HT-1080 cells. Heat shock at 42°C suppressed
he production and gene expression of MT1-MMP in
T-1080 cells. Heat shock-induced suppression of
T1-MMP production resulted in the inhibition of

rogelatinase A (proMMP-2) activation and the in-
reased release of tissue inhibitor of metalloprotein-
ses 2 from cell surface. In addition, in vitro tumor
nvasion assay in a Matrigel model indicated that heat
hock inhibited the invasive activity of HT-1080 cells.
hese results suggest that heat shock preferentially
uppresses the production of MT1-MMP and thereby
nhibits proMMP-2 activation, events which subse-
uently inhibit tumor invasion. Therefore, heat shock
hows an anti-invasive effect along with the known
echanism of inhibiting tumor growth. © 1999 Academic

ress

The metastatic progression of malignant tumor re-
uires the proteolytic degradation of extracellular ma-

Abbreviations: ECM, extracellular matrix; MMP, matrix metallo-
roteinase; MT-MMP, membrane type-MMP; TIMP-2, tissue inhib-
tor of metalloproteinases 2; MEM, minimum essential medium;
DS-PAGE, SDS-polyacrylamide gel electrophoresis; ECL, enhanced
hemiluminescence; RT-PCR, reverse transcriptase-polymerase
hain reaction; GADPH, glyceraldehyde-3-phosphate dehydroge-
ase.

1 To whom correspondence should be addressed at Department of
iochemistry, School of Pharmacy, Tokyo University of Pharmacy
nd Life Science, 1432-1 Horinouchi, Hachioji, Tokyo 192-0392,
apan. Fax: 81-426-76-5734. E-mail: satotak@ps.toyaku.ac.jp.
189
rix (ECM) components such as type IV collagen, lami-
in and proteoglycans. Matrix metalloproteinases
MMPs) play important roles in ECM degradation, and
he expression of membrane type-1 matrix metallopro-
einase (MT1-MMP) and MMP-2/gelatinase A (72-kDa
ype IV collagenase) has been closely correlated with
umor invasiveness both in vivo and in vitro (1–4). It is
lso reported that MT1-MMP expression is more pre-
ominant in human invasive breast carcinomas than
T2- and MT3-MMP (5). We demonstrated that MT1-
MP production is augmented in human squamous

arcinoma A431 cells co-cultured with normal human
broblasts and the predominant invasion of the tumor
ells was observed in the co-culture (6). Furthermore,
ecent studies demonstrated that MT1-MMP digests
CM components such as types I and III collagen,
elatin, fibronectin, laminin and aggrecan (7, 8). It is
herefore suggested that MT1-MMP is a key enzyme
or tumor invasion and metastasis by activating
roMMP-2 and degrading ECM in vivo, but there is no
herapeutical evidence for the suppression of MT1-
MP production and a consequent decrease in tumor

nvasion and metastasis.
Exposing malignant cells to hyperthermia is one

herapeutic strategy that can prevent tumor progres-
ion because heat shock inhibits tumor growth (9, 10).
hese lines of evidence allow us to speculate that hy-
erthermia could influence tumor invasion and metas-
asis. We herein investigated the effect of heat shock on
umor invasiveness by focussing on MT1-MMP produc-
ion in human fibrosarcoma HT-1080 cells, and dem-
nstrated that heat shock suppressed the production of
T1-MMP and the activation of proMMP-2, which

aused the inhibition of tumor invasion in vitro.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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ATERIALS AND METHODS

Cell culture and heat shock treatment. Human fibrosarcoma HT-
080 cells (Health Science Research Resources Bank, Osaka, Japan)
ere cultured in Eagle’s minimum essential medium (MEM) (Life
echnologies, Inc., Grand Island, NY) supplemented with 10% (v/v)

etal bovine serum (BioWhittaker, Walkersville, MD) and nonessen-
ial amino acids (Life Technologies, Inc.). After reaching confluence,
he cells were treated at 42°C for up to 3 h in serum-free MEM
upplemented with 0.2% (w/v) lactalbumin hydrolysate, and then
ncubated at 37°C for a further 24 h after replacement of the same
resh culture medium.

Western blotting for MT1-MMP and TIMP-2. After heat shock
reatment, the culture medium was harvested and plasma mem-
ranes were prepared as described previously (11). The harvested
ulture medium (1 ml) and an aliquot (100 mg) of the plasma mem-
ranes were subjected to SDS-polyacrylamide gel electrophoresis
SDS-PAGE) with 10 and 12.5% (w/v) acrylamide gel to detect MT1-

MP and TIMP-2, respectively. The proteins separated in the gel
ere electrotransferred onto a nitrocellulose membrane and reacted
ith monoclonal antibody against MT1-MMP (2) and sheep anti-

human TIMP-2) antibody (a generous gift from Dr. H. Nagase,
niversity of Kansas Medical Center) followed by alkaline
hosphatase-conjugated rabbit anti-(mouse IgG) IgG and horserad-
sh peroxidase-conjugated goat anti-(sheep IgG) IgG, respectively.
mmunoreactive MT1-MMP and TIMP-2 were visualized with
-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium
12), and enhanced chemiluminescence (ECL)-Western blotting de-
ection reagents (Amersham Life Science, Tokyo, Japan), respec-
ively. The relative amounts of MT1-MMP and TIMP-2 were quan-
ified by densitometric scanning.

Gelatin zymography. The harvested culture medium (10 ml) was
ubjected to SDS-PAGE with 10% (w/v) acrylamide gel containing
elatin (0.6 mg/ml) (Difco Laboratories, Detroit, MI). The gel was
ashed with washing buffer (50 mM Tris-HCl (pH 7.5)/0.15 M
aCl/10 mM CaCl2/1 mM ZnCl2/0.1% (v/v) Triton X-100) to remove
DS and then incubated at 37°C in incubation buffer (50 mM Tris-
Cl (pH 7.5)/0.15 M NaCl/10 mM CaCl2/1 mM ZnCl2). Thereafter the

el was stained with Coomassie brilliant blue R-250, and gelatino-
ytic activity was detected as unstained bands on a blue background
s described (13).

Human TIMP-2 cDNA cloning. Cytoplasmic RNA in HT-1080
ells was isolated with ISOGEN (Nippon Gene Co., Toyama, Japan).
ne microgram of the isolated RNA was subjected to the amplifica-

ion of TIMP-2 cDNA by reverse transcriptase-polymerase chain
eaction (RT-PCR) as described previously (14). The TIMP-2 primers
ere 59-GGAATTCCATGGGCGCCGC-39 (sense: 263–281 bp) and
9-TTGGAGGTCGACTTATGGGTC-39 (antisense: 925–945 bp) (15),
n which EcoR I and Sal I were designed (underlines), respectively.
CR was performed for 35 cycles at 92°C for 40 sec, at 56°C for 40 sec
nd 72°C for 1 min, and then the PCR product was subcloned into
GEM-T vector (Promega, Madison, WI). The cDNA sequence of
IMP-2 was confirmed with Sequenase version 2.0 DNA sequence kit

U.S. Biochemicals, Cleveland, OH) according to the manufacturer’s
nstructions. The TIMP-2 cDNA was obtained by restriction diges-
ion with EcoR I and Sal I and then subjected to Northern blotting.

Northern blotting for MT1-MMP and TIMP-2. Twenty micro-
rams of RNA was denatured and separated by electrophoresis on a
.0% (w/v) formaldehyde-denatured agarose gel, and then trans-
erred onto a nylon membrane (GeneScreen) (DuPont, Boston, MA).
he membrane was hybridized with cDNA probes for MT1-MMP (2),
IMP-2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

Clontech Laboratories, Inc., Palo Alto, CA) labeled with [a-32P]dCTP
111 TBq/mmol) (DuPont NEN) with a random labeling kit (Boeh-
inger Mannheim Biochemicals, Indianapolis, IN). The relative
mounts of MT1-MMP and TIMP-2 mRNA were quantified by den-
190
APDH mRNA.

Tumor invasion assay. Tumor invasion assay was performed in
atrigel Invasion Chamber (Nippon Becton Dickinson Co., Ltd.,
okyo, Japan). HT-1080 cells (4 3 104 cells) were added to the inserts

n 200 ml of 0.1% (w/v) bovine serum albumin/MEM and then incu-
ated at 37°C for 1 h to achieve cell adhesion. The cells were main-
ained at 37 or 42°C for 3 h and then further incubated for 24 h at
7°C. To determine whether the invasive activity of HT-1080 cells is
ependent on MMP activity, the cells were maintained in the pres-
nce of recombinant human TIMP-2 (a generous gift from Dr. H.
agase) at 37°C after the cell adhesion. The cells on the upper

urface of the membrane were wiped off with a cotton swab and the
ells on the lower side were fixed with 4% (w/v) formaldehyde and
hen stained with hematoxylin. The number of cells in ten randomly
hosen areas per membrane was visually counted under a light
icroscope at 200-fold magnification. We confirmed that the heat

hock treatment did not influence the functional property of Matrigel
s a barrier because the invasive activity was unchanged when the
atrigel in the chamber was treated with heat shock for 3 h prior to

eeding the cells (data not shown).

Total protein biosynthesis. Confluent HT-1080 cells in 24-
ultiwell plates were treated with heat shock at 42°C for 3 h in 0.2%

w/v) lactalbumin hydrolysate/MEM and then incubated in the same
resh medium containing [3H]amino acid mixture (37 kBq/well) (Am-
rsham Life Science) for a further 2 h at 37°C. Proteins in the
arvested culture media were precipitated with trichloroacetic acid
t a final concentration of 3.3% (w/v) and then washed three times
ith 3.3% (w/v) trichloroacetic acid. The cells were also washed three

imes with Ca21- and Mg21-free phosphate buffered saline and then
xed with cold 10% (w/v) trichloroacetic acid for 30 min. The fixed
ells were washed once with ethanol:ether (3:1, v/v). The precipitated
roteins from the culture media and the fixed cells were dissolved in
.5 M NaOH. The amount of radioactivity in the extracellular and
ntracellular labeled proteins was measured in a liquid scintillation
ounter.

Statistical analysis. Data were analyzed by Student’s t-test; p ,
.05 was considered to be statistically significant.

ESULTS

Heat shock suppresses MT1-MMP production and
roMMP-2 activation in HT-1080 cells. We first ex-
mined the time period of heat shock to influence tu-
or invasiveness by monitoring proMMP-2 activation.
hen HT-1080 cells were treated with heat shock at

2°C for 1
2 to 5 h and then incubated for a further 24 h

t 37°C, the constitutive proMMP-2 activation was not
nfluenced within 2 h (data not shown) but apparently
uppressed for 3 h (Fig. 1A). Nevertheless, the total
rotein synthesis by monitoring [3H]amino acid incor-
oration was not altered in the heat shocked HT-1080
ells [4.20 6 0.05 (3 103 dpm/well)] compared with the
ntreated cells [4.38 6 0.07 (3 103 dpm/well)]. Fur-
hermore, the production of heat shock protein-70 was
ugmented by heat shock in HT-1080 cells (data not
hown). These results suggest that the inhibition of
roMMP-2 activation by heat shock is not due to the
ecrease in the cellular functions. Therefore we de-
ided that heat shock for 3 h was the minimal and
ufficient period to elicit the biological activity.
We next examined the effect of heat shock on the

roduction of MT1-MMP in HT-1080 cells. The consti-
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utive production and gene expression of MT1-MMP
ere decreased by 16% and 38% of the control, respec-

ively, in the heat shocked HT-1080 cells (Figs. 1B and
C, respectively). The spontaneous activation of
roMMP-2 was inhibited and the level of proMMP-2
as relatively increased by heat shock (Fig. 1A), but

he gene expression of proMMP-2 was not altered
n the heat shocked HT-1080 cells (data not shown).
he suppression of MT1-MMP gene expression and
roMMP-2 activation occurred as early as 3 h and was
asily detected for 6-10 h after heat shock (data not
hown). These results suggest that heat shock prefer-
ntially suppresses the production of MT1-MMP and
hereby the activation of proMMP-2 is inhibited in
T-1080 cells.

Heat shock increases TIMP-2 release from cell sur-
ace. Since TIMP-2 participates in the MT1-MMP-

ediated proMMP-2 activation by forming MT1-MMP/
IMP-2/proMMP-2 trimeric complex (16, 17), we

nvestigated the regulation of TIMP-2 production in
he heat shocked HT-1080 cells. As shown in Fig. 2A,
he extracellular level of TIMP-2 (left panel) was aug-
ented 2-fold in the heat shocked HT-1080 cells. In

ontrast, TIMP-2 detected in the cell membranes (right
anel) of HT-1080 cells was almost completely elimi-
ated by the heat shock, but the steady-state level of

FIG. 1. Heat shock suppresses the production and gene expres-
ion of MT1-MMP and inhibits proMMP-2 activation in HT-1080
ells. Confluent HT-1080 cells were treated with heat shock at 42°C
or 3 h and then incubated for a further 24 h at 37°C after replace-

ent with fresh serum-free MEM. The harvested culture medium
as subjected to gelatin zymography [A]. Plasma membranes (100
g) and total cytoplasmic RNA (20 mg) were subjected to Western
lotting [B] and Northern blotting [C], respectively. Relative
mounts of steady-state MT1-MMP mRNA [C, upper panel] were
uantified by densitometric scanning followed by normalizing
gainst GAPDH mRNA [C, lower panel]. The three independent
xperiments were highly reproducible and typical data are shown.
ane 1, cells without heat shock; lane 2, heat-shocked cells. 64 kDa,

ntermediate form of MMP-2 and 62 kDa, active form of MMP-2.
191
IMP-2 mRNA (3.5 kb) was not altered in the heat
hocked HT-1080 cells (Fig. 2B), indicating that the
eat shock-mediated alteration of TIMP-2 production
as not due to the transcriptional modification. These

esults therefore suggest that the heat shock-mediated
ccumulation of TIMP-2 in the extracellular space is
ue to its augmented release from the cell membranes
y decreasing the expression of MT1-MMP on cell sur-
ace as a TIMP-2 receptor (16, 17).

Heat shock inhibits in vitro invasive activity of HT-
080 cells. To investigate whether the heat shock-
ediated suppression of MT1-MMP production and

roMMP-2 activation could inhibit the tumor invasion,
he in vitro invasion assay with a Matrigel model was
erformed. As shown in Fig. 3, the invasive activity of
T-1080 cells was decreased by heat shock (48.4 6
.7%, lane 2). The invasiveness of HT-1080 cells was
lso diminished by exogenously adding recombinant
uman TIMP-2 (32.9 6 12.4%, lane 3). These results
uggest that the decreased MT1-MMP production and
roMMP-2 activation by heat shock result in the inhi-
ition of tumor invasion.

ISCUSSION

MT1-MMP plays an important role in tumor inva-
ion and metastasis by not only activating proMMP-2
ut also degrading ECM components by itself in vitro
nd in vivo (1, 7, 8). It therefore seems that suppres-
ion of MT1-MMP production would cause the inhibi-
ion of tumor invasion. On the other hand, hyperther-
ia elicits to prevent tumor progression in vivo and in

itro. Urano et al. (9) reported that whole-body hyper-
hermia decreases the growth of murine tumors in
ivo. Cellier et al. (10) also reported that heat shock
nduces the in vitro differentiation of leukemia U937

FIG. 2. Heat shock increases TIMP-2 release from the cell sur-
ace. Confluent HT-1080 cells were treated with the heat shock as
escribed in the legend to Fig. 1. The harvested culture medium and
lasma membrane (100 mg) were subjected to ECL-Western blotting
or TIMP-2 [A]. Total cytoplasmic RNA (20 mg) was subjected to
orthern blotting for TIMP-2 (upper panel) and GAPDH (lower
anel) [B]. The three independent experiments were highly repro-
ucible and typical data are shown. Lane 1, cells without heat shock;
ane 2, heat-shocked cells.
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ells. In the present study, we demonstrated that heat
hock suppressed the production and gene expression
f MT1-MMP in HT-1080 cells (Figs. 1B and 1C). The
ctivation of proMMP-2 was also inhibited without the
lteration of its gene expression in heat shocked HT-
080 cells (Fig. 1A and data not shown). These results
uggest that MT1-MMP production is transcriptionally
uppressed by heat shock and thereby proMMP-2 acti-
ation is inhibited in HT-1080 cells. So far, concanava-
in A, phorbol ester and cell-cell or cell-matrix interac-
ion has been reported to increase the MT1-MMP
roduction in tumor and normal cells (6, 18–21). This
s the first evidence that MT1-MMP production is effi-
iently and preferentially reduced by heat shock.

TIMP-2 accelerates the MT1-MMP-mediated proMMP-2
ctivation by forming the trimeric complex with MT1-
MP and proMMP-2 on cell surface (16, 17). Our re-

ults showed that TIMP-2 as well as MT1-MMP was
etected in the cell membranes accompanied with the
ugmentation of proMMP-2 activation. It was of inter-
st that the heat shock decreased the membrane-
ssociated TIMP-2 and augmented the accumulation of
xtracellular TIMP-2 (Fig. 2A) without modulating the
ene expression of TIMP-2 (Fig. 2B). These results
trongly suggest that the heat shock-induced alter-
tion of TIMP-2 distribution in HT-1080 cells closely
ontributes to the decreased production of MT1-MMP
hich functions as a TIMP-2 receptor on cell surface

17).
It is of interest whether the suppression of MT1-
MP production and proMMP-2 activation, and the

ubsequent increase in TIMP-2 release by the heat
hock would be reproduced in other types of tumor
ells. Similar results were obtained in heat shocked

FIG. 3. Heat shock inhibits in vitro tumor invasion. HT-1080
ells (4 3 104 cells) were put into an insert chamber coated with
atrigel and then incubated at 37°C for 1 h to achieve cell adhesion.
he cells were treated with heat shock at 42°C for 3 h and then

urther incubated for 24 h at 37°C. The number of invaded cells in 10
andomly chosen areas per membrane was visually counted under a
ight microscope at 200-fold magnification. The three independent
xperiments were highly reproducible and typical data are shown.
ane 1, cells without heat shock; lane 2, heat-shocked cells; lane 3,
ells treated with TIMP-2 (100 ng/ml). ***, significantly different
rom cells without heat shock (p , 0.001).
192
uman epidermoid squamous carcinoma A431 cells
nd human oral squamous carcinoma SAS cells (Sato,
., Sawaji, Y., and Ito, A., unpublished data), suggest-

ng that the suppressive action of heat shock on MT1-
MP production might be specific for tumor cells, at

east in the human fibrosarcoma and squamous carci-
oma cells tested.
Regarding the clinical trial for inhibiting tumor in-

asiveness, synthetic MMP inhibitors such as Mari-
astat and Batimastat have been investigated in vitro

nd in vivo (22). We demonstrated that heat shock
ecreased the invasive activity of HT-1080 cells by the
echanism in which MT1-MMP production is sup-

ressed and proMMP-2 activation is inhibited by heat
hock (Fig. 3). Our novel finding leads to the notion
hat heat shock can be applied as a therapeutic strat-
gy to prevent tumor invasiveness.
Vance et al. (23) reported that heat shock increases the

ene expression and production of proMMP-1/interstitial
rocollagenase and proMMP-3/prostromelysin-1 in rab-
it synovial fibroblasts. They also demonstrated that pu-
ative heat shock elements are identified in the DNA
equence of rabbit proMMPs-1 and -3 promoter regions,
hich could interact with heat shock transcriptional fac-

or and thereby proMMPs-1 and -3 gene expression may
e augmented (23). Furthermore, Hitraya et al. (24) re-
orted that heat shock augments proMMP-1 mRNA ex-
ression in human synovial fibroblasts by increasing
ranscriptional activity through the AP-1 binding site in
roMMP-1 promoter. Since there is as yet no information
n the 59 flanking regions of MT1-MMP gene, we cannot
xplain in detail the mechanism of the suppression of
T1-MMP gene expression by heat shock and need to

nvestigate it further. Nonetheless, we suggest that the
eat shock-mediated regulation of MT1-MMP may be
ifferent from that of proMMPs-1 and -3 at their own
romoter site.
In conclusion, we demonstrated that heat shock pref-

rentially suppresses MT1-MMP production, and
hereby inhibits proMMP-2 activation and increases
he extracellular level of TIMP-2 in HT-1080 cells,
hich events eventually result in the inhibition of tu-
or invasion in vitro. Therefore, we suggest that heat

hock actually has an anti-invasive effect along with
he known mechanism of inhibiting tumor growth.
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