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Decreased Expression of Tissue Inhibitor of Metalloproteinases in Metastatic
Tumor Cells Leading to Increased Levels of Collagenase Activity1
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ABSTRACT

We have examined the expression of murine tissue inhibitor of metal-
loproteinases ( I IMP) in nonmetastatic and metastatic cell lines derived
from SP1 murine mammary adenocarcinoma cells. \Ye observed de
creased levels nl I IMP mRNA and activity in metastatic cells as com
pared to their nonmetastatic equivalents in the absence of fetal bovine
scrum. Lower levels of TIMP mRNA correlated to decreased levels of
transcription of the TIMP gene. Net collagcnase activity was higher in
metastatic cells, but metastatic and nonmetastatic cells secreted similar
levels of total collagenase (mainly type IV). This suggests that decreased
TIMP gene expression results in increased net collagenase activity in
malignant cells.

INTRODUCTION

The principal cause of cancer mortality in most cases is not
the primary tumor, but mÃ©tastaseswhich are secondary tumors
formed at sites removed from the original lesion. Metastasis is
a complex multistep process in which tumor cells must pass
through support structures such as the interstitial stroma and
basement membrane. This allows cells to enter into adjacent
normal tissue surrounding the primary tumor and eventually
into the circulatory system from which they are disseminated
throughout the body. Finally, the cells must extravasate from
the circulation and find a favorable site to grow as a new tumor
(1). An integral part of tumor invasion is the proteolytic break
down of protein polymers which are the main components of
support structures and which are normally impenetrable to
cells. A major role in this process belongs to the metalloprotei-
nases, which degrade compounds such as collagens, the main
constituents of the stroma and basement membrane. It has
often been observed that the net activity of the metallopro-
teinases and other types of proteolytic enzymes secreted by
invasive cells is increased as compared to normal tissue or
noninvasive tumor cells (2-4). Increased protease activity can
be due to direct up-regulation or activation of the enzymes
themselves, or to modulation of the levels of specific inhibitors.
In the case of the metalloproteinases their specific inhibitor is
known as TIMP/ TIMP is a secreted protein with a molecular
weight of 28,000, highly resistant to both heat and proteolytic
degradation, which acts as a modulator of metalloproteinase
activity to control the normal turnover of extracellular matrix
components (5). TIMP inhibits metalloproteinase activity by
binding stoichiometrically to its substrate. Due to this one to
one interaction, relatively small changes in TIMP levels can
lead to biologically significant changes in net protease activity.
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Pathological conditions such as metastasis have been correlated
with decreased levels of TIMP expression (6, 7) and it has been
shown that TIMP can directly inhibit cell invasion both in vivo
and in vitro (8-11). In addition, NIH 3T3 cells transfected with

antisense TIMP constructs acquired tumorigenic and met
astatic properties in nude mice (12). All of these results suggest
that changes in the pattern of TIMP gene expression may
accompany appearance of the metastatic phenotype.

Expression of the murine TIMP gene is regulated by a
number of agents, including growth factors and viruses (13-
15). In the present study we have examined the serum respon
siveness of the TIMP gene in cells ranging from a tumorigenic,
nonmetastatic phenotype to a malignant metastatic one. The
nonmetastatic spontaneous murine mammary adenocarcinoma
cell line SP1 was transfected with pSV:/ieo or the T24 activated
c-H-ras gene carried in pSV:Â«^o, and metastatic derivatives

were selected for their ability to form mÃ©tastasesin syngeneic
mice (16-19). These cells were examined for TIMP mRNA
levels and TIMP activity in the presence or absence of serum.
In metastatic lines, transcription of TIMP mRNA was depend
ent on the presence of serum in the culture medium. Serum
depletion led to decreased basal levels of TIMP mRNA and to
decreased secretion of active TIMP. TIMP mRNA levels in
tumors formed from metastatic cells were lower as compared
to levels found in tumors formed from parental cells. In this
way metastatic lines under serum depletion behave like the
same cells in vivo. Metastatic cells produced levels of total
collagenase (mainly the M, 72,000 and M, 92,000 type IV
collagenases) at levels equivalent to those of the original SP1
line, but exhibited significantly higher net collagenase activity.
These results strongly suggest that reduced transcription of the
TIMP gene under conditions of serum depletion is the cause of
increased proteolytic activity of the metastatic cell lines.

MATERIALS AND METHODS

Cell Lines. The properties of the nonmetastatic SP1 mouse mammary
adenocarcinoma cell line and culture conditions have been described in
detail (16). The SP1 neo 1cell line was derived from SP1 cells transfected
with pSVi/ieo alone and is nonmetastatic (17). The SPls cell line was
derived from a primary tumor obtained by s.c. inoculation of SP1 cells
into a mouse as described (16); they behave like the parental cells. The
highly metastatic SPl/iioS and SP1T24/US-1 cell lines have been de
scribed previously (17-19). They are clones of SP1 transfected with
pSV:Â«E>oandpSV:neoT24H-ras, respectively. The SPlmet20.5L41 cell

line was obtained from a lung nodule of a mouse given injections of
SP1 and SP\neo5 at a ratio of 100:1 (19). It represents a revenant of
SPl/ieoS. This line has lost all metastatic capacity when reinjected into
mice. The SPlmet20.IOL22 cell line is a clone prepared in the same
manner as SPlmet20.5L41, but in this case metastatic properties were
retained. The SPIT24ras-lmet20.13L11 line represents a clone from a
lung nodule of a mouse given injections of SP1 and SPlT24rai-l cells
at a ratio of 100:1 (19). This cell line presents the metastatic phenotype.
The SPlneoSR cell line represents a clone of SPlneoS cells which
reverted spontaneously. Inoculation s.c. of IO6 cells did not produce

mÃ©tastasesin mice, even 7 weeks after inoculation.
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Fig. 1. Northern blot analysis of total RNA
from SP1 and SP1 derived lines grown under
normal (N) or serum depleted (0) culture con
ditions. Lanes 1, 2 and 11-16 contain 5 m>of
RNA. Lanes 3-10 and 17-20 contain 10 /Â¿gof
RNA. The blot was hybridized to the "P-
labeled Hindlll-BamHl fragment of pTIMPS.
After autoradiography, the TIMP probe was
eluted and the filler was rehybridized with a
chicken /3-actin probe.
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Mice. CBA/J mice were from The Jackson Laboratory, Bar Harbor,
ME. We used 8- to 12-week-old females for s.c. inoculation as described
elsewhere (16).

Isolation and Analysis of RNA. Preparation of total cytoplasmic
RNA was done as previously described (20), using cells grown under
normal culture conditions (7% FBS) or cells depleted in serum for 48
h (0.1 % FBS). Northern blotting was done as described by Maniatis et
al. (21).

Run-on Transcription in Isolated Nuclei. Nuclei were isolated from
SP1 and SPlT24-rasl cells grown in 7% or 0.1% FBS and run-on
transcription analysis was performed as described previously (22), ex
cept that 2 iig of insert complementary DNA was used to avoid the
presence of plasmid sequences. Multiple exposures of the filters were
taken and quantitated by densitometry (GS300 densitometer; Hoefer
Scientific Instruments). The signals observed were all sensitive to a-
amanitin.

Zymographic Analysis. Zymography was done as described by Bren
ner et al (23). Cell-free CM from cells cultured for 24 h in the absence
of serum were analyzed on a 10% SDS-polyacrylamide gel containing
1 mg/ml of either gelatin, casein, or rat tail collagen (all from Sigma,
St. Louis, MO). Tumor extracts were prepared as follows: frozen
tumors were put in ice-cold buffer (1.5 mM MgCb, 5 mM KC1, 10 HIM
Ar-2-hydroxyethylpiperazine-Af'-2-ethanesulfonic acid, pH 7.5), and in

cubated on ice for 10 min. They were then lysed in a Dounce homoge-
nizer and centrifuged at 10,000 x g for 30 min at 4Â°C.The supernatant

was used for zymographic analysis.
TIMP and Collagenase Activity. The TIMP assay was done as de

scribed by Coulombe and Skup (24). CM were the same as used in
zymographic analysis except that endogenous collagenases were inac
tivated by treatment at pH 2 and 100Â°Cfor 30 min. TIMP levels were

determined by measuring the capacity of the medium to inhibit degra
dation of rat tail 14C-acetylated collagen (1 mg/ml; 5 x IO5 cpm/mg,
obtained from B. R. G. Williams) by purified human fibroblast colla-
genase (a gift from H. G. Welgus) added to the sample. To measure
collagenase activity, the assay was the following: for a final volume of
100 ÃŸ\,we used 20 /Â¿Iof 3H-gelatin (1 mg/ml, 30 /Â¿Ci/mg),(labeled by
reaction with pyridoxal phosphate and [3H]borohydride as described
(25) and obtained from T. Marique and J. Werenne) or 3H-propiony-

lated collagen IV (NEN DuPont Canada, Streetsville, Mississauga,
Ontario), in 50 mM Tris-HCl, pH 8.0, 5 mM CaCl2. The samples were
incubated for 6 h at 37Â°C.Then 50 ÃŸ\of a trichloroacetic acid solution

containing 0.05% fannie acid were added to each sample. The high-
molecular-weight fraction was allowed to precipitate for 30 min at 4Â°C,

then was centrifuged at 2000 rpm for 15 min and 50 ÃŸ\of the super
natant were counted in scintillation fluid. All the CM were treated with
trypsin or p-aminophenylmercuric acetate (Sigma) as described (4, 26)
for full activation of latent collagenases.

In Situ Hybridization. Tumors for in situ hybridization were prepared
by s.c. inoculation of CBA/J mice (in the right flank) with SP1 or

SPlT24ros-l cell lines. Primary tumors were removed from the animals
5 weeks later, quickly frozen in liquid nitrogen, and stored at â€”80Â°C.

Preparation of the tissue samples and hybridization conditions were
done essentially as described by Daigneault et al. (27). Frozen sections
of 10 fitn were cut with a cryostat, placed on slides, and fixed with
ethanol:chloroform:acetic acid (6:3:1) for 15 min at 4Â°C.The slides

were washed in 2 x standard saline citrate [1 x SSC: 0.15 M NaCl,
0.015 M sodium citrate (Na3C6H5O7-2H2O)] at 4"C and dehydrated

with sequential 5-min treatments in 50, 70, 90, and 100% ethanol at
4Â°C,and one final treatment in 100% ethanol for 2 h at -20Â°C. The
slides were then dried for at least 2 h under vacuum. Probes were 3H-

labeled complementary RNAs synthesized using pTIMPS (22) linear
ized with Hindlll for the sense probe, and pSP64 3/10" linearized with

BamHl for the antisense probe. The latter plasmid was prepared by
subcloning the Pstl fragment of pMIF 3/10 (28) into the Pstl site of
pSP64 (29). Probes were transcribed with the SP6 RNA polymerase
for pSP64 3/10- and T7 RNA polymerase for pTIMPS (29, 30).

RESULTS

Expression of TIMP mRNA Â¡nSP1 Cell Lines. In order to
evaluate the expression of the murine TIMP gene in the SP1
cell system, we examined TIMP mRNA levels in cells grown
under serum depleted or normal culture conditions. Fig. 1
shows a comparison of four nonmetastatic and four metastatic
SP1-derived cell lines obtained by using different procedures.
The Northern blot shows that TIMP mRNA expression in
nonmetastatic cell lines is much less sensitive to serum depri
vation than in the mÃ©tastasesvariants (in Fig. 1 compare N and
D in Lanes 1-8 versus Lanes 9-16). Another important obser

vation emerged from this analysis: TIMP mRNA levels were
generally lower in metastatic cells than in nonmetastatic cells,
when grown in low serum (compare Lanes 2, 4, 6, 8, to Lanes
10, 12, 14, 16 in Fig. 1). The inverse was true under normal
serum culture conditions. This confirms the fact that TIMP
gene expression in metastatic cell lines is very sensitive to
concentrations of growth factors. The correlation of serum
dependence of TIMP mRNA expression with metastatic capa
bility was confirmed by observations with the SPlneoSR cell
line. These cells, which have lost all metastatic potential when
tested in CBA/J mice, no longer show serum sensitivity for
TIMP expression. Lanes 19 and 20 in Fig. 1 show that these
cells exhibit a typical nonmetastatic pattern of TIMP mRNA
expression. The results of these Northern blots were confirmed
for all cell lines using RNase protection (data not shown).
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Fig. 2. /n .vi/u hybridization with tumors generated by inoculating mice with SP1 (A and C) or SPlT24rai-l cells (B and O). Hybridizations were for 48 h at 42Â°C
with 'H-labeled murine TIMP complementary RNAs: (.-1)and (A): 33 ng of probe prepared from pSP64 3/IO~ (specific activity, 2 x IO7cpm/ng); (C) and (D): 5 ng
of probe prepared from pTIMPS (specific activity. 1.4 x 10*cpm//jg). Autoradiographic exposure was for 10 days. Bars, 50 urn.

Fig. 3. Transcriptional analysis of TIMP gene in isolated nuclei. Nuclei were
prepared from about 2 x IO7SP1 or SPlT24ra.s-l cells in normal (<V)or serum
depleted i/'i culture conditions. Filters carrying the indicated plasmids (2 pg
insert) were hybridized with "P-labcled run-on transcripts (2.5 x 10*cpm/filter).
Actin was used to standardize the results. Plasmid NF-L. which contains a portion
of the neurofilament gene (kindly provided by J. P. Julien), was used as a negative
control.

Expression of TIMP mRNA in Tumors. Since cells of a tumor
are exposed to a heterogeneous microenvironment where
growth factors are present at relatively low concentrations, at
least in the earlier stages of growth, it seemed logical to predict
that TIMP mRNA levels would be lower in malignant tumors.
To test this hypothesis we performed in situ hybridization on
sections of tumors obtained after s.c. inoculation of CBA/J
mice with SP1 or SPlT24ras-l cells. Typical results are shown

in Fig. 2. Hybridization to sections from the metastatic tumor
yielded a uniform signal which was not much higher than the
background (compare B and D in Fig. 2). However, sections of
a tumor grown from nonmetastatic SP1 cells gave a very strong
hybridization signal (Fig. 2A). This signal was unevenly distrib
uted across the tumor section and appeared as dark spots in
some areas of the tumor, principally near the periphery. It thus
appears that malignant cells growing in vivo are similar to those
growing in vitro with respect to TIMP expression. The latter
produce decreased levels of TIMP mRNA under low serum
conditions, and the former show a similar effect in the in vivo
microenvironment.

Transcriptional Analysis of TIMP Gene in Serum Depleted
Culture Conditions. The decreased basal level of TIMP mRNA
accumulation observed in metastatic cells could be due to
transcriptional and/or posttranscriptional regulation. In order
to investigate this question run-on transcription experiments
were performed. We observed that the SPlT24ras-l cell line

showed a decrease in TIMP transcription after 48 h of serum
deprivation which was not seen in the parental SP1 cell line
(Fig. 3). The decrease was about 2.5-fold as determined by

densitometric analysis of the autoradiograph. Transcription of
the actin gene was used to standardize the results. This result
indicates that the decreased accumulation of TIMP mRNA in
metastatic cells grown in low serum was at least partly due to
decreased transcription of the TIMP gene.
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TIMP and Collagenase Activities in Conditioned Media from
SPI and SPlT24ius-l Cell Lines. If we assume that the levels
of TIMP mRNA in the cell reflect levels of active protein
synthesis, then we should find higher levels of TIMP activity
secreted by nonmetastatic SP1 cells than by their metastatic
counterparts in serum depleted culture conditions. To test this,
we measured TIMP activity in culture media from nonmetas
tatic SP1 cells and a metastatic derivative (SPlT24ras-l). The
results shown in Table 1 indicate that the SPI cell line secreted
more active TIMP than the SPlT24ras-l cell line. This corre
lated with mRNA levels observed under the same conditions.

The endogenous collagenase activity in the same culture
media was also determined. This assay measures the net colla-

Table 1 TIMP activity from conditioned medium of SPI and SPI T24ras-1
cell lines

Source of
collagenaseClostridial

collagenase
Purified collagenase
SPI CM'' + purified colla-Degradation

of
l4C-collagen
(cpm)"2000

Â±240"

1720Â± 160
990 Â±17Collagenase

activity(%)100

86
50TIMPactivity(%)NAC

NA
42

genÃ¤se
SPlT24ras-l CM1*+ puri

fied collagenase
1610 Â±32 81

Â°Background found with buffer alone: 330 Â±20.
* Mean Â±SE from duplicate experiments.
c NA, not applicable.
d The endogenous collagenase activity was inactivated by treating the CM at

pH 2 and 100'C for 30 min. CM was then preincubated for 30 min at 37'C with
purified collagenase from human skin fibroblast prior to adding l4C-collagen.

Table 2 Collagenase activity from conditioned medium of SPI and SPlT24ras-l
cell lines

Source of
collagenaseClostridial

collagenase
SPI CM
SPlT24rai-l CMDegradation

of
3H-gelatin

(cprnf18.696
Â±5*

2,316 Â±79
18,240 Â±17Collagenase

activity
{*)100

12
98

' Background found with buffer alone: 1,710 Â±10.
' Mean Â±SE from duplicate experiments.

16 â€”

Fig. 4. Proteinases secreted by SPI (Lane /). SPlT24rai-l (Lane 2), and
present in tumor extracts from the same cells (Lanes 3 and 4) are analyzed by
gelatin SDS-substrate gel zymography. The zymogram was developed for 24 h.
Lanes I and 2 contain proteinases secreted by =10" cells in 24 h. In Lanes 3 and

4 about 25 jig of tumor extract was loaded per lane. Lane 5 contains conditioned
medium from F9 embryonal carcinoma cells. Ordinate, molecular weight in
thousands.

16 â€”

Fig. 5. Rat tail collagen SDS-substrate gel zymogram. Legend for each line
refers to Fig. 4. Ordinate, molecular weight in thousands. "*

genÃ¤seactivity not inhibited by TIMP. In this case, medium
from nonmetastatic SPI cells degraded 'H-gelatin at levels near

background. However, medium from metastatic cells degraded
the same substrate 8-fold more efficiently than medium from
nonmetastatic cells (Table 2). The same results were also found
with 'H-collagen IV as substrate (data not shown). These results

indicate an inverse correlation between the TIMP and collagen
ase activities, suggesting that metastatic cells secrete higher net
collagenase activity as a result of reduced levels of TIMP
activity in serum depleted conditions.

Zymographic Analysis of Media from Tumor Cell Lines and
Tumor Extracts. To compare the total amount of collagenase
secreted by the different cell types, we performed zymographic
analysis in SDS-gelatin gels. Both cell lines (SPI and
SPlT24ras-l) secreted similar amounts of collagenase into the
medium (Fig. 4, Lanes I and 2). The apparent molecular
weights of the proteases detected were 72,000 and 92,000,
corresponding to the type IV collagenases or gelatinases (26,
31). Similar results were found when we used rat tail collagen
instead of gelatin in gels (Fig. 5, Lanes 1 and 2). No degradation
was found in SDS gels containing casein for all the media
tested, even after a 48-h incubation (data not shown), which
indicates that the main metalloproteinases secreted by these
cells are type IV collagenases. All these results support the
conclusion that the net increase in collagenase activity observed
with metastatic cells is due to decreased TIMP expression
rather than an increased level of the enzyme.

Protein extracts of tumors derived from SPI or SPlT24ras-
1 cells did, however, present different levels of collagenases.
The tumor obtained from metastatic cells produced more of the
M, 92,000 type IV collagenase than did the nonmetastatic
tumor (Fig. 4, Lanes 3 and 4). Medium from F9 cells was used
as a positive control for the presence of the M, 72,000 type IV
collagenase (23) (Fig. 4 and Fig. 5, Lane 5).

DISCUSSION

In the present study we report on the pattern of expression
of the murine TIMP gene in the SPI cell system. These exper
iments were directed at determining the possible involvement
of TIMP in formation of mÃ©tastases.

The SPI cell system was chosen because all cell lines are
derived from one nonmetastatic parental cell line. This permits
us to distinguish cellular phenotypes involved in metastatic
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behavior independently of possible differences in general ge
netic background. The use of several metastatic variants gen
erated by different procedures eliminated the possibility that
the observed effects were simply due to mutational insertions
in the TIMP gene. The strong correlation of a characteristic
pattern of TIMP expression with the metastatic phenotype
(Fig. 1) in all clones tested indicates that lower levels of TIMP
are distinctive for metastatic cells. This conclusion is strongly
reinforced by the observation that a revertant cell line which
had lost all capacity to form mÃ©tastasespresented the typical
nonmetastatic pattern of TIMP expression (Fig. 1, Lanes 19
and 20).

Levels of TIMP mRNA were lower in metastatic cell lines
than in nonmetastatic cells lines grown under low serum con
ditions. This diminished expression was partly due to decreased
transcription (Fig. 2). This suggests that a constitutive function
in the nonmetastatic cells has been lost in metastatic cells, and
can be restored by some component of FBS (likely to be a
growth factor). It is also probable that this factor acts on some
component of the transcriptional machinery.

In situ hybridization revealed low levels of TIMP mRNA in
malignant tumors. This suggests that growth factors are in
relatively low abundance in the environment of the tumor, as
shown by Sutherland (32). When a tumor derived from SP1
cells was examined, TIMP mRNA was concentrated near the
edge of the tumor, indicating that cells in this region secreted
more TIMP. It is of interest to note that this region is also the
site where most active proteases are secreted (3).

It has been reported that TIMP mRNA levels are higher in
colorectal tumors than in the corresponding adjacent normal
mucosa (33, 34). These results are different from what we have
found. However, the studies in questions did not involve in situ
hybridization or determination of levels of TIMP and collagen-
ase activity. It would be interesting also to extend investigation
to other types of tumors, to see if it is restricted to colon cancer.

Our finding that metastatic cells secreted less TIMP than
nonmetastatic ones is in agreement with the previously reported
results of Hicks et al. (7). In that study the TIMP secreted had
a molecular weight of about 23,000, which is closer to the size
of the recently described TIMP-2 (35, 36). However, it has been
shown that TIMP-2 is differentially and independently regu
lated as compared to TIMP-1 (33). The assay that we used to
measure TIMP activity does not distinguish between TIMP
species. Our finding is that TIMP activity correlates with
mRNA levels of the M, 28,000 TIMP species. Thus in this
system it would seem that TIMP-2 does not contribute signifi
cantly to total TIMP activity.

Collagenase activity was found to be higher in metastatic
cells, as has been reported in many systems (Table 2) (2-4).
The observed difference in activity between metastatic and
nonmetastatic cells is likely to be important for the establish
ment of the metastatic phenotype.

Zymographic analysis indicated that the higher collagenase
activity found in metastatic cells is due to lower levels of TIMP
production: these cells did not produce more total collagenase
than did nonmetastatic cells, and both cell lines produced
mainly the M, 72,000 and M, 92,000 type IV collagenases. In
tumor extracts, zymographic analysis revealed an increase in
total levels of the M, 92,000 type IV collagenase. We did not
measure net collagenase and TIMP activity in these extracts,
but it is likely that TIMP activity levels would correlate with
mRNA levels as is the case in vitro. Thus, in tumors, increased
collagenase activity may derive from two sources: decreased

levels of inhibition due to decreased TIMP expression, and
increased presence of collagenase. The net collagenase activity
measured in vitro may be underevaluated due to lack of specific
signals found in vivo. Such a phenomenon has been reported in
other systems (37). It is also possible that the increased level of
M, 92,000 type IV collagenase in the malignant tumor extract
is due to the presence of non-tumor cells in the vicinity of or
having infiltrated the tumor (immunocytes for example). Such
cells may be induced to produce collagenase by some factor(s)
secreted by the malignant cells (38-40).

The differences in collagenase activity observed with tumor
cells are particularly significant in view of the fact that our
zymographic analysis indicates that the M, 72,000 and M,
92,000 forms are the major metalloproteinases secreted in this
system. It has been reported elsewhere that metastatic deriva
tives of SP1 cells secrete high levels of procathepsin L, in
contrast to the nonmetastatic cells which produce a negligible
amount of the enzyme (41). Procathepsin is activated sponta
neously in acidic conditions (pH < 5). Although such conditions
do not normally occur in vitro, it is possible that they may be
found in localized microenvironments within tumors. If this is
the case, then the activated cathepsin may contribute to the
higher amount of collagenase found in malignant tumors by
activating latent collagenases.

In conclusion, we have shown a strong correlation between
metastatic potential and decreased secretion of the TIMP gene
under serum depleted culture conditions. The decreased levels
of TIMP are at least partly due to reduced transcription and
lead to increased net collagenase activity. Measurement of
TIMP mRNA in tumors indicates that metastatic cells grown
in vivo behave like cells grown in vitro under conditions of
serum deprivation, but unlike cells in vitro they produced more
of the M, 92,000 type IV collagenase.
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