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‘Proteolytic switching’: opposite patterns of regulation
of gelatinase B and its inhibitor TIMP-1 during human
melanoma progression and consequences of gelatinase
B overexpression
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Summary Although it is generally accepted that proteolytic degradation is an important mechanism used by malignant cells in the process of
metastasis, comparatively little is known about the regulation of molecules responsible for proteolysis and how they become de-regulated
during human tumour progression. Using a genetically related pair of human melanoma cell lines, derived from the same patient at different
stages of disease, we analysed differences in the cytokine-mediated regulation of gelatinase B (MMP-9), an enzyme thought to play an
important role in cellular invasiveness, and TIMP-1, a physiological inhibitor of this enzyme. Whereas the advanced stage (i.e. metastatic)
partner of this pair (WM 239) could produce gelatinase B upon induction with interleukin (IL)-13 or tumour necrosis factor alpha (TNF-a), the
early stage (i.e. primary) partner (WM 115) could not. In sharp contrast, we found that TIMP-1 displayed an opposite pattern of induction in
these cell lines. Specifically, the early stage cell line, WM 115, demonstrated a marked increase in the production of TIMP-1 when treated with
IL-1B or TNF-a whereas the advanced cell line, WM 239, showed no such increase. Treatment with the DNA demethylating agent, 2-deoxy-
5-azacytidine, resulted in a marked up-regulation of both gelatinase B and TIMP-1 in both cell lines. It was further found that constitutive
overexpression of gelatinase B in WM 239 cells and an additional melanoma cell line (MeWo), derived from a metastatic lesion, was able to
greatly enhance lung colonization in an experimental metastasis assay while we did not observe differences in tumorigenicity. From these
results we conclude that an altered responsiveness of gelatinase B and TIMP-1 to induction by similar agents is associated with disease
progression in human melanoma and that this altered responsiveness can have consequences to the aggressive nature of the disease.

Keywords: gelatinase B; TIMP-1; cytokines; tumour progression; melanoma

Tumour progression is associated with the accumulation of genetinhibitor of MMPs, tissue inhibitor of metalloproteinase (TIMP-
changes which can result in eventual acquisition of malignant), markedly inhibits both experimental and spontaneous metas-
properties, i.e. in the emergence of tumour cell populations thdasis in a number of models (DeClerck et al, 1992). This regulatory
have acquired a sufficient number of properties to allow them toole of TIMPs suggests that it is the net proteolytic balance
metastasize. In this regard, proteolytic degradation of the extracdbetween the production of enzymes and their inhibitors that deter-
lular matrix is thought to play a crucial role in the liberation andmines the metastatic capacity of the cells (DeClerck and Imren,
seeding of cancer cells during the process of metastasis (Stetld/994).
Stevenson et al, 1996). Furthermore, the family of matrix metallo- The MMP subfamily of the gelatinases, in particular, has been a
proteinases (MMP) is likely to be responsible for much of thefocus of study since these enzymes have been shown to have the
proteolytic degradation associated with tumour cell invasion. Thigbility to degrade type IV collagen (Collier et al, 1988; Wilhelm et
is because members of this family have a wide substrate speai, 1989), a property thought to be required by all cells crossing any
ficity, including type IV or basement membrane collagen, and arbasement membrane. Gelatinase B has been demonstrated, by
often associated with normal and disease processes in whittansfection analysis, to confer metastatic competence upon non-
turnover of matrix components is essential to the procesmetastatic rat fibroblastic cells, thus implicating it as a possible key
(MacDougall and Matrisian, 1995). A role for the MMPs in metas-enzyme in the process of metastasis (Bernhard et al, 1994). The
tasis is also supported by the fact that transfection of metastatdtemonstration that gelatinase B is involved in tissue invasion of
cancer cell populations with the gene that encodes the endogencummal trophoblasts (Librach et al, 1991) and macrophages
(Watanabe et al, 1993) also lends support to its role as an enzyme
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encodes gelatinase B is positively controlled by inflammatory Conditioned media from the cell lines was collected as follows.

cytokines such as tumour necrosis factor (TMRnd interleukin ~ Melanoma cells were plated at a density of>3.00° per well of a

(IL)-1p (Sato and Seiki, 1993; Unemori et al, 1991), growth factor®-well plate (Nunc) and incubated overnight in ExCell 300 media

such as transforming growth factor (TGFSalo et al, 1991) and (JR Scientific) supplemented with 2% FBS. Cells were then

other agents such as TPA (Moll et al, 1990). Gelatinase B expresrashed with serum-free ExCell 300, incubated for 4 h and washed

sion has also been shown to be negatively controlled by the adenagain with fresh serum-free ExCell 300 with or without TéNB¥

virus E1A protein (Frisch et al, 1990) and as a consequence @if-13 (UBI, Lake Placid, NY, USA) at a concentration of

somatic fusion in melanoma cells (MacDougall et al, 1995). 5.0 ng mtt Treatment with 2-deoxy-5-azacytidine followed a
Regulation of MMPs by cytokines and other agents is only one délightly different protocol. Cells were treated with % 2-

the ways in which the net proteolytic balance of tumour cells can béeoxy-5-azacytidine for 48 h in serum containing medium prior to

tipped in favour of matrix degradation. Thus, the inhibitors of MMPsplating at a density of 3.& 10 per well of a 6-well plate and

are also thought to contribute an important role in determining theubsequent washes with serum-free medium as described above

extracellular activity of secreted MMPs. The TIMP family, which In either case, after 48 h serum-free conditioned medium was

consists of four members, TIMP-1, -2, -3 and -4, are thought to funaentrifuged to remove cellular debris, aliquoted and either used

tion by binding to the active site of matrix metalloproteinases, andmmediately, or frozen at 70°C.

hence inhibiting their function. Like the MMPs, the TIMPs also have

been found to be regulated by a number of different cytokines an@uantitation of protein in melanoma cell conditioned

growth factors. Perhaps most significantly, T@Ras been demon- medium

strated to play a pivotal role in'the r(_egulation of wound healing]_he concentration of protein secreted by melanoma cells into
(Mustoe et al, 1987), possibly by induction of cellular TIMP prOduc_serum-free media was assayed by the method described by

tion (Edwards et al, 1987). Inflammatory mediators such af3IL-1 : o -

and TNFe have also been shown to regulate the levels of TIMP? reigfog. (12; %) .Ii?oeﬂ%/r,]eSQAI ;Tsse(;?n;—frgg_cc;rﬂdlté?]neri:lg:é d

produced by various cell types (ito et al, 1990). mmunogcl)l:bent alssay (ELISV,VA) plate and mixvt\eld 1:4 V\ii/h a slolution
We have previously demonstrated that melanoma cells ma f 0.01% Coomassie brilliant blue G-250 (Merck) in 4.7% ethanol

undergo a ‘switch’ in permissivity of gelatinase B expression, tha 0 ; . . . . .
is, advanced melanoma cells are able to express gelatinase B eitﬁ‘gﬁj 8.5% phosphoric acid (Sigma). After 5-10 min of incubation

N . ) . ) . at ambient temperature, the absorbance of the samples were
constitutively or through induction with cytokines while early stage easured at 595 nm and corrected against 410 nm. Concentratior
melanoma cells do not express this molecule under any (:onditiorﬁ%l rotein was calculated by s bst'tgt'on of val eé into a least
(MacDougall et al, 1995). Using a genetically related pairofhuman? protein w u Y Substtut vaiues 1nto )
melanoma cell lines, one derived from a primary melanoma, th quares fitted standard curve of bovine serum albumin (BSA;

-1
other derived from a lymph node metastasis isolated 16 months'erce) between 0.5 and i mi-. All samples and standards

later from the same patient (Kath et al, 1991), we have addressd§re performed in quadruplicate and all sample points fell within

the hypothesis that melanoma cells may undergo a ‘proteolytitc € range of the standard curve.

switch’ during disease progression. As a consequence of this .
switch, we show that the more aggressive cells not only acquire the-Pstrate-embedded gel electrophoresis

ability to produce gelatinase B in response to cytokine treatmergubstrate-embedded gel electrophoresis, or zymography, was
but also lose the ability to produce an inhibitor of gelatinase Bperformed essentially as reported (Herron et al, 1986). Briefly,
specifically TIMP-1, after identical treatment. In contrast, the lessodium dodecyl sulphate-polyacrylamide gel electrophoresis
aggressive cells are unable to produce gelatinase B under cytokil®DS-PAGE) gels were prepared at a concentration of 10%
treatment, but maintain a robust TIMP-1 induction under similacontaining 1.0 mg mi of gelatin (Sigma). The resolving gel was
circumstances. In addition, we describe a heretofore unreportesierlaid with a stacking gel of 5% acrylamide not containing
effect of the DNA demethylating agent 2-deoxy-5-azacytidine oryelatin. A volume of conditioned media equivalent to 200 ng of
the production of gelatinase B and TIMP-1. We finally presentprotein was mixed with SDS sample buffer without reducing agent
evidence for a functional consequence of this ‘proteolytic switch'or boiling and subsequently electrophoresed at a constant curren
by demonstrating a marked increase in lung colonization bwf 20 mA per gel. Upon completion of electrophoresis the gels
melanoma cells engineered to constitutively express gelatinase Byere washed twice for 15 min in 2.5% Triton X-100 (Sigma),
rinsed briefly with water and then incubated overnight &€3i a
solution of 50 nw Tris—HCI (Sigma), pH 7.0, 5 mcalcium chlo-
MATERIALS AND METHODS ride (Sigma) and 0.02% NgNSigma). After incubation, the gels
Cell culture, collection of conditioned media and were stained in a solution of 0.1% Coomassie brilliant blue R-250
growth factors in 40% methanol and 20% acetic acid and destained in the same
solution without Coomassie brilliant blue R-250. The resulting

:\Aelgnomlzihglelclj "ln(:f’ kllgdlﬁg;\wided by pr IM Herlyn. (VF\{/'S;[\‘;’” gels showed areas of clearing where the substrate within the gel
nstitute, Philadelphia, PA, ) were routinely grown in " has been digested away.

1640 (Gibco) media supplemented with 5% fetal bovine serum
(FBS; Hyclone) in a humidified atmosphere containing 5% carbo
dioxide at a constant temperature of@G7The cell lines were

derived from the same patient in a sequential manner. WM 11
was derived from a vertical growth phase (VGP) primary lesiorMessenger RNA for gelatinase B was assayed by reverse tran-
whereas WM 239 was derived from a lymph node metastasis 1€ription-polymerase chain reaction analysis (RT-PCR) briefly as
months later (Kath et al, 1991). follows. RNA from control or treated cells was isolated by cell

rheverse transcription-polymerase chain reaction
gnalysis
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Figure 1  Growth of WM 115 and WM 239 in vivo. One million WM 115 (e) WM 115 WM 239
or WM 239 (m) cells in 50 pl were injected subdermally into the flank of 6- to [ "
8-week-old female nude mice. At the appearance of tumour growth, E a IE' - E a 0 b}
measurements and calculations were made as described in Materials and Iﬁ i 2 3 ﬁ 5 - I
= 1 = -

Methods. The data are representative and are presented as the mean =+ s.d.
of four animals for both WM 115 and WM 239

<4+ TIMP-1

lysis in 4.0m guanidine isothiocyanate and subsequent phenol
chloroform extraction as previously described (Chomczynski ang, s Gela b and Western blot analvsis of conditioned

. . . igure elatin zymography and Western blot analysis of conditione
Sacchi, 19_87)' Onﬂ_g _Of total R’\_IA was reverse transcribed 'n_ @media and lysates from melanoma cell lines for the expression of gelatinase
20 ul reaction containing 200 units of Mu-MLV reverse transcrip-B and TIMP-1. WM 115 and WM 239 cells either untreated (control) or
u g p
tase (GibCO) 1.0 meach dNTP. 50 m Tris—=HCI pH 8.3 75m treated with 5.0 ng ml-1 of IL-13, 5.0 ng mI-* TNF-a or 4.5 pM 2-deoxy-5-

. ' . ’ L . ’ azacytidine (5-aza-c). (A) Gelatin zymography of conditioned media from
potassium chloride (KCI), 10m dithiotreitol (DTT), 3.0 nm cells treated under the above conditions. The arrows indicate the migration of
magnesium chloride (Mg@land 0.1ug oligo-dT,,. The products  gelatinase A and B. Note no change in gelatinase A under all conditions.

‘ot ; (B) A Western blot analysis of concentrated conditioned media (10 pg of
of reversg transcription were then SUbJECted 035 cycleg of PCR protein) from cells treated under the above conditions. The arrow indicates
10 mw Tris—HCI pH 9.0, 50 m KCl, 1.5 mv MgCl,, 0.5 unitsTaq the migration of gelatinase B. Note the similar pattern of production as seen
polymerase (Pharmacia) and 50 pMol of each upstream and dowwith gelatin zymography. (C) Gelatinase B Western blot analysis of partially

t . Th | t 5 | f 5 mi purified lysates from cells treated under the conditions described. (D) TIMP-1

stream pr!mer. € cycle pgrame ers were. _CYC €s o MIN \western blot analysis of 10 pg of protein from WM 115 and WM 239 cells
95°C, 3 min at 58C and 5 min at 7Z, the remaining 30 cycles treated under the conditions described
being performed for 1.5 min at each temperature. Primers used
were those described by Onisto and colleagues (Onisto et al, 1994)
which have been described to be specific for gelatinase BQuickprime kit). Hybridization was carried out overnight with
Reaction products were analysed by electrophoresis through a 28gitation. After hybridization, the filter was washed twice in
agarose gel and visualized by ethidium bromide staining and U2 X SSC/0.1% SDS for 15 min at 8 and then twice in
transillumination. 0.1 X SSC/0.1% SDS at 68. The washed filter was subjected to

autoradiography at 70°C.

Northern blot analysis

Total RNA was isolated from cells as described for RT_PCR_Preparatlon of cell lysates and Western blot analysis

Twenty micrograms of total cellular RNA were electrophoresedn the preparation of lysates, monolayers of cells were washed 3
through a 1.0% agarose gel containing 6.0% formaldehyde>and 1times with cold PBS and then lysed on ice in situ in {H06f
MOPS buffer (40 mn 4-morpholinepropanesulphonic acid, 1&m  modified RIPA lysis buffer (1% Triton X-100 (BDH), 0.1% SDS
sodium acetate and 1.0mEDTA, pH 7.0). After electrophoresis, (BDH), 50 mv Tris—HCI pH 7.5, 150 m NaCl, 5.0 nm EDTA).

the separated RNAs were capillary transferred to hybond-N blotafter 15 min lysates were collected, centrifuged to remove debris
ting membrane (Amersham) overnight in %0 saline-sodium  and assayed for protein concentration by the method of Bradford
citrate (SSC). The immobilized RNAs were prehybridized aC68 (1976), as previously described. For partial purification of gelati-
in a solution of 6X SSC (1X SSC is 150 m sodium chloride  nases, 50Qg of protein was incubated with 25 of gelatin
(NaCl), 15 nu sodium citrate, pH 7.0),  Denhardt’s solution (1  immobilized on agarose beads (Sigma; 3—-6 mgindt £C for

X Denhardt’'s solution is 0.02% Ficoll (type 400), 0.02% 2-4 h after which the beads were washed once with modified
polyvinylpyrrolidone, 0.02% BSA) and 0.5% SDS and hybridizedRIPA buffer and then once with PBS. Proteins bound to the gelatin
in the same solution at 88 with a fragment of the TIMP-1 cDNA  were eluted with SDS-PAGE sample buffer and analysed by
radioactively labelled by the random priming method (Pharmaciawestern blot analysis.

British Journal of Cancer (1999) 80(3/4), 504-512 © Cancer Research Campaign 1999
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Figure 4 TIMP-1 Northern blot analysis of RNA isolated from melanoma
cell lines. WM 115 cells or WM 239 cells either untreated (control) or treated
with 5.0 ng ml-t of IL-1, 5.0 ng ml-* TNF-a or 4.5 pM 2-deoxy-5-azacytidine
(5-aza-c). GAPDH hybridization is included as a control for difference in
sample loading

Figure 3 Gelatinase B RT-PCR analysis of RNA isolated from melanoma

cell lines. WM 115 and WM 239 cells either untreated (control) or treated with

5.0 ng mi-* of IL-1f3, 5.0 ng ml-* TNF-a or 4.5 uM 2-deoxy-5-azacytidine

(5-aza-c). The lane labelled MW marker is the 123 bp ladder (Gibco) and the . . . .
lane labelled (-) control corresponds to the reaction in which RNA was left out washed twice with serum-free Ex-Cell 300 media. The DNA-lipo

of the experiment. The arrow indicates the migration of the predicted 640 bp fectin mixture was then diluted to a final volume of 2.0 ml and
PCR product which is indicative of the presence of gelatinase B mRNA added to the cell monolayers. The cells were subsequently incu-
bated at 37C, 5% carbon dioxide overnight. Following this incu-
bation the cell monolayers were washed once, re-fed with growth
Western blot analysis was carried out using standard techniquesiedium and incubated an additional 24 h prior to selection in
Briefly, conditioned medium (1Qg of protein) that had been media containing 80Qg ml-! of G418 (Gibco). After drug selec-
concentrated by ultrafiltration (Amicon microcentrifuge concentra-tion was complete, approximately 2 weeks, drug-resistant colonies
tors; 10 000 MW cut-off) or partially purified cell lysate was elec- were pooled and used for subsequent analysis.
trophoresed through a 10% SDS-polyacrylamide gel and
electro-transferred to polyvinylidene difluoride (PVDF) blotting A for t iqenicity i / .
membrane (Immobilon-P, Millipore) overnight &C4in transfer ssay fortumorigenicity in— nu/nti-mice
buffer (50 mu Tris, 380 nm glycine, 0.1% SDS, 20% methanol) at Cell lines were harvested, washed once with serum containing
a constant voltage of 15 V. The membrane was subsequentiyiedium and then twice with serum-free, calcium and magnesium-
blocked in a solution of 5% skim milk powder in PBS/0.1% Tween-free HBSS and adjusted to the appropriate concentration. Fifty
20 (PBS-T) for 1 h at ambient temperature. The membrane wasicrolitres of cell suspension (10 10 cells for WM 239 and
probed with a murine monoclonal antibody against gelatinase BYM 115); 2.0 X 10 for WM 239/WM 239.92 or MeWo/
(GE 213c, a gift of Oncologix Inc., 1:1000 dilution) or affinity- MeWo0.92) was injected subdermally into the sides of each of four
purified rabbit polyclonal anti-TIMP-1 antibody (Triple Point (WM 115 and WM 239) or five (WM 239/WM 239.92 or
Biologicals; 1:2500 dilution) for 2 h at ambient temperature andvleWo/MeWo0.92) 6- to 8-week-old female/nu mice (Cornil
washed twice for 15 min each in PBS-T. The membrane was thest al, 1989). Tumour growth was monitored using calipers to
probed with an anti-mouse or anti-rabbit horseradish peroxidaseneasure two dimensions of the tumour and then applying the
conjugated secondary antibody for 45 min (Bio-rad, 1:5000) andollowing formula to approximate tumour volume: volume
similarly washed twice for 15 min each. The membrane wagcm?®) = width? X (length/2).
subsequently processed for enhanced chemiluminescence detection

(ECL, Amersham) according to the manufacturer’s instructions. . . .
Assay for experimental metastasis formation

The same single cell suspension described for the assay of tumori-
genicity was adjusted such that 20®f cell suspension (2.8 10°
Transfection of melanoma cells either with the plasmid constructsells, WM 239; 1.0< 108, MeWo) was injected intravenously (i.v.)
PRCc/RSV or pRc/RSV-MMP-9 were performed using Lipofectininto the lateral tail vein of 6 to 8-week-old femal@/nu mice.
reagent (Gibco) according to manufacturer’s instructions. BrieflyAnimals were sacrificed at 10 weeks after injection of MeWo or
0.5-2.5X 10 cells were plated in growth media and allowed to MeWo.92 cells, or at 12 weeks after injection of WM 239 or WM
attach overnight. The following day, 5l of purified plasmid  239.92 cells. At the time of sacrifice, animals were autopsied,
DNA in 100l were mixed with an equal volume of a 1:5 dilution examined for gross pathology and the lungs were fixed in Bouins
of lipofectin reagent and incubated at room temperature fofixative (BDH Chemical). The lungs were enumerated with the aid
10 min. During this time, the monolayers of melanoma cells weref a dissecting microscope for gross cellular colonization.

Transfection and overexpression of gelatinase B cDNA

© Cancer Research Campaign 1999 British Journal of Cancer (1999) 80(3/4), 504-512
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RESULTS

Genetically related melanoma cell lines differ in their
in vivo behaviour

WM 239
WM 239.92
MeWo
MeWo.92

Figure 1 depicts the resulting growth curves of WM 115 (priman
melanoma) and WM 239 (metastasis) after subdermal injection
1.0 X 10 cells. It is evident that the WM 239 tumours grow at ar <& Gelatinase A
enhanced rate when compared to WM 115 tumours. In fact, WI

115 cells require about twice as much time (26 days) to grow to t|T=i§ure 5 Gelatin zymogram of conditioned medium derived from

same size (0.1 cihas WM 239 tumours (13 days). In addition, trgnsfected melanomg cells. WM 239 or MeWo cells were transfected with
while the WM 239 cells are able to colonize the lungaudhiu  Sereyoyiole 92inase B cortanng cONA expression vectorsas
mice after i.v. injection, WM 115 cells are unable to do so (data nthe cells transfected with expression vector containing gelatinase B cDNA
shown). Taken together, these data reflect the difference in aggres-

siveness of these cells and provide evidence that these two cell

lines exhibit characteristics in nude mice consistent with thejemonstrates that, in contrast to the induction of gelatinase B, it is

<4 Gelatinase B

clinical stage at derivation. the early stage melanoma cell line, WM 115, that is responsive

to cytokine and 2-deoxy-5-azacytidine treatment, whereas the
WM 115 and WM 239 differ in their induced expression advanced stage cell line WM 239, is refractory to similar cytokine
of gelatinase B treatment. As is evident from the Figure, WM 115 shows a strong

Figure 2 shows the results of several experiments designed paduction of TIMP-1 p_ro_tein Ieyels in response to B-TNFa
examine the production of gelatinase B in WM 115 (primaryand 2-deoxy-5-azacytidine while WM 239 is induced to produce

melanoma) and WM 239 cells (metastasis) in response t@,IL-1 TIMP-1 only with 2-deoxy-5-azacytidine treatment but is not
TNF-a and 2-deoxy-5-azacytidine. Panel A shows, by gelatinaffected by IL-B or TNF-a treatment. Thus, it appears that while

zymography, that WM 115 cells were unable to produce gelatinas\é/'\/I 11_5 cells respond to ILBLor_TNFa treatment by a robust up-
B under conditions of no treatment or with IB-br TNF< regulation of TIMP-1 production, WM 239 cells are unable to
stimulation. Treatment of these cells with 2-deoxy-5-aza(:ytidineEIICIt such a response.

revealed some stimulation of gelatinase B production. In contrast

to this, WM 239 cells were able to respond to all treatments by &ytokine- and 2-deoxy-5-azacytidine-mediated

marked induction of gelatinase B production. In addition, treatregulation of gelatinase B and TIMP-1 occurs at the

ment of WM 239 with either TNI&-or 2-deoxy-5-azacytidine also level of steady-state mMRNA

induced the production of ‘activated’ gelatinase B as demonstrated ied hat level this oh bei
by the presence of a band migrating slightly faster that the pareWe next tried to assess at what level this phenomenon was being

molecule. Of interest was the observation that the levels of th%egglate(:. As lsh.own in Fighqr(?] 3 the predjcte;i ?40 bp PCR
72 kDa gelatinase A appeared to be unaffected by treatment witlf© L(‘th or ge athaslez Bd‘fN Ich 1S predsent in the acr;es corre-
any of the agents used in these experiments. The results obtairdpnding to RNA isolated from ILEt and TNFa-treated WM

using gelatin zymography were confirmed when the same condf?—39 ce_lls_,l ISI absent Lr?/r\?Mthfllaneﬁ coTr;espl)ondlng to RNA clis_olated
tioned media, or partially purified lysates from the same cells rom similarly treate 5 cells. The lanes corresponding to

were examined by Western blotting analysis. Figure 2B Showg-deOX)gS-agacyti(;ine-treated dWM_ 11? _anthM 239 cells fST]OW
identical results to those found with zymographic analysis in thatthe pre |cte. 640 P PCR product imp Y'“Qt at treatment ofthese
the enzyme protein levels in conditioned media change witt‘fe”S with this ggent |nQuces the transcription of gelatlnasg B gene
cytokine or 2-deoxy-5-azacytidine treatment and similarly, aén_ﬁbOth cell lines. Th|_s assa):j was l:epeated Isevera}:j tlr:ngs on
shown in Figure 2C, the same pattern of protein expression frorwh ere'r:t RNA Ereparatlons and, In afl cases, glycera el_f_y N 3
partially purified cell lysates. Furthermore, there is also a quantita[-’ osphate de_ ydrogenase (GAPDH) was: aiso_ampll led n
tive difference in the effect that 2-deoxy-5-azacytidine has on thgeparate reactions to ensure the integrity of the cDNA synthesis
induction of gelatinase B in WM 115 cells when compared to WMreaction (data not shown). These experiments demonstrate that the

239 cells. Thus, it appears that in this genetically related pair Jlegulation of gelatinase B by ILB1 TNF-ot and 2-deoxy-5-azacy-

cell lines, there is a distinct difference in the ability of the cell lines!din€ in these cells is most likely at the level of mRNA transcrip-
n and that the difference in the production of this molecule

to produce gelatinase B in response to the inflammatory cytokin éo h i b he level of inducti ¢
IL-1B and TNFe, and the DNA demethylating agent 2-deoxy-5- etween these two cell lines seems to be at the level of induction o

gelatinase B mRNA.

It was further determined (Figure 4) that the induction of TIMP-
1in the early-stage cell line WM 115 was at the level of the steady-
state MRNA. Northern blot analysis of the same RNAs used for
RT-PCR analysis depicted in Figure 3 show that, while RNAs
It is known that an important inhibitor of gelatinase B, namelyderived from WM 115 cells show a strong induction for TIMP-1,
TIMP-1, is also modulated by the inflammatory cytokines f.-1 the RNAs derived from WM 239 cells show no such induction.
and TNFe (lto et al, 1990). With this in mind, we examined the Thus the TIMP-1 results are a virtual mirror image of the pattern
expression of the TIMP-1 gene in this genetically related pair ofeen for gelatinase B and suggest that these two molecules may
cell lines in response to treatment with IR;ITNF-0 and 2-  be coordinately de-regulated during the progression of human
deoxy-5-azacytidine. Figure 2D depicts Western blot analysis andhelanoma.

azacytidine, which occurs as a function of disease progression.

TIMP-1 expression shows an opposite pattern to that of
gelatinase B in WM 115 and WM 239 cells

British Journal of Cancer (1999) 80(3/4), 504-512 © Cancer Research Campaign 1999
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Figure 6 Growth of control and gelatinase B-transfected melanoma cells in
vivo. Two hundred thousand WM 239 (top panel) or MeWo (bottom panel)
cells either transfected with control (m) or gelatinase B cDNA (@) containing
plasmid suspended in 50 pl were injected subdermally into the flank of 6- to
8-week-old female nude mice. At the appearance of tumour growth,
measurements and calculations were made as described in Materials and
Methods. The data are presented as the mean * s.d. of five animals for all
groups

Constitutive expression of gelatinase B in melanoma
cells leads to an enhancement of lung colonization
in vivo
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Figure 7 Experimental metastasis assays. WM 239 (o) and WM 239.92
(o) cells (2.0 X 10°) or MeWo (O) and MeWo0.92 (m) cells (1.0 X 10°) were
injected into the tail vein of 6- to 8-week-old nu/nu mice. Mice were sacrificed
10 weeks after injection of MeWo and MeWo0.92 cells or 12 weeks after
injection of WM 239 and WM 239.92 cells. The results are expressed as the
number of nodules for each lung examined (n = 7 for WM 239 and WM
239.92; n = 5 for MeWo and MeWo0.92). The bars represent the median for
each group. * represents statistical significance (P < 0.05) based on a non-
parametric Mann—Whitney U-test

derived gelatinase B overexpressing cells, we then sought to asses
aspects of their phenotypic behaviour in vivo.

Figure 6 summarizes the results of tumor growth measurements
of WM 239 or MeWo cells transfected with either control or
gelatinase B cDNA containing vectors. For both WM 239 and
WM 239.92 cells, the time for the tumours to attain a size of 0.5
cm? (approximately 0.5 g) was roughly 6 weeks with no difference
in tumour take (100% for both cell lines), tumour doubling time or
tumour onset. The same result was true for MeWo and MeWo.92
cells. In this case, both cell lines took about 7 weeks to reach 0.5
cm? but, similarly, showed no difference in tumour take (100% for
both cell lines), tumour doubling time and no difference in tumour
onset.

When WM 239, WM 239.92, MeWo and MeWo.92 cells were
assessed for their ability to colonize the lungsugfiu mice in an
experimental metastasis assay (Figure 7), it was found that the
cells overexpressing gelatinase B had an enhanced ability to do so.
WM 239.92 cells were found to colonize the lungs in six of seven
mice injected with the median number of nodules per lung being
17 (range 0-200). The control-transfected WM 239 cells were

Given the results so far, it was evident that there was a distinfound to colonize the lungs of only five of seven mice injected

difference in the ability of each of these cells lines to producavith a median number of nodules per lung being 4 (range 0-14).
gelatinase B and TIMP-1 following induction with cytokines. It Two animals in the WM 239.92 group had to be sacrificed at 9
was also clear that, while gelatinase B was not constitutivelyveeks due to signs of morbidity. One of these animals showed
produced by either cell line, TIMP-1 was. This prompted us teextensive tumour cell infiltration into the chest wall while the

consider the effect of constitutive overexpression of gelatinase Bther showed signs of lower limb paralysis. A third animal, at the
in WM 239 cells and another melanoma cell line, MeWo, to detercompletion of the experiment (12 weeks), also had evidence of

mine the ability of these cells to colonize the lungsugfu mice

extensive tumour cell infiltration into the chest wall as well as a

in an experimental metastasis assay. We surmised that if we ‘tiphetastasis to the knee joint in a lower limb. MeWo cells over-
the proteolytic balance toward gelatinase B production oveexpressing gelatinase B also showed a similar increase in the
constitutive TIMP-1, there might be an enhanced tendency of thability to colonize the lungs ofu/nu mice when compared to
gelatinase B overexpressing cells to have an altered behaviour Wector-transfected controls. MeWo.92 cells were found to colonize
vivo. Figure 5 demonstrates that cells transfected with an exprethe lungs in five of five mice injected giving rise to a median
sion vector carrying gelatinase B cDNA overexpress this enzymgodule number of 84 (range 38-200) while control-transfected

at the protein level using gelatin zymography whereas vectorsells colonized the lungs of only four of five mice injected giving
transfected control cells remain gelatinase B-negative. Having median nodule number of 42 (range 0-55). In either case, the
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enhancement of lung colonization by these cells was statisticalliyeatment while the genetically related cell line, WM 239, derived
significant (¢ < 0.05) by a one-sided Mann—-Whitn&iytest. from a lymph node metastasis 16 months later, was able to do so in
response to the same cytokine treatment. It could be thought that
the primary cell line was, for some reason, non-responsive to TNF-
a or IL-1B and that sensitivity to the effects of these cytokines was
It is generally accepted that, while not widely expressed in norma trait that the metastatic cells had acquired with progression. This,
tissues, members of the matrix metalloproteinase family ohowever, is not the case since WM 115 cells were able to respond
enzymes are often overexpressed in a wide variety of advanced cytokine stimulation. Their response, in stark contrast to WM
cancers (Stetler-Stevenson et al, 1996). Furthermore, experimer89 cells, was to up-regulate the production of the metallo-
involving gene transfection and overexpression of either MMPgroteinase inhibitor, TIMP-1. To our knowledge this is the first
(Powell et al, 1993; Bernhard et al, 1994) or their inhibitorsdemonstration of such a ‘proteolytic switch’; a switch during
(DeClerck et al, 1992; Khokha et al, 1992) into tumour cell lines otumour progression that not only involves induction of MMP
treatment of tumour-bearing animals with natural or synthetigroduction but also a loss of MMP inhibitor induction when the
MMP inhibitors (DeClerck et al, 1991; Chirivi et al, 1994; Wang etcells were presented with the same stimulus. Treatment of these
al, 1994) suggests a role for these molecules in tumour invasiarells with the DNA demethylating agent 2-deoxy-5-azacytidine
and metastasis. Certain lines of evidence, however, suggest damonstrated the ability of both cell lines to up-regulate both
alternative role for MMPs in tumour progression, that is, at thegelatinase B and TIMP-1. This latter effect, with respect to gelati-
level of tumour growth (Khokha et al, 1989; Koop et al, 1994;nase B, has been subsequently linked to the induction of DNA
Witty et al, 1994) and quite possibly at very early stages of benighinding proteins which complex with elements in the gelatinase B
tumour development (Wilson et al, 1997). Although the precis@romoter (unpublished observations).
mechanism by which they act is at present under question, it is A similar situation to this has been observed with the growth
possible they may act through the activation and/or release dfhibitory response of melanoma cells to a wide variety of
bound growth factors or receptors (Fowlkes et al, 1995; Levi et atytokines, including IL-6 (Lu and Kerbel, 1993), Oncostatin M,
1996; Manes et al, 1997; Suzuki et al, 1997). It is clear that manyNF-a (Lu et al, 1993) and TGB-(MacDougall and Kerbel,
MMPs are overexpressed in cancers through the action of onc@993). These studies have found that while early-stage melanoma
genes and growth factors which represent positive or stimulatorgells are growth inhibited by these cytokines, advanced-stage
signals for expression (Mauviel, 1993; Himelstein et al, 1997). Asnelanoma cells become resistant to the growth inhibitory action of
such, MMPs regulated in this way represent a positive ‘mode’ othese factors. However, what sets the present study apart from
tumour progression, that is, a gain of function is required fothese previous studies is the fact that when confronted with the
expression. Constitutive production of MMPs has also been linkeskme stimulus both cell lines responded but in a different manner.
to factors that may repress expression as demonstrated by somdtiwe results presented here demonstrat@asal of responsive-
hybridization experiments (MacDougall et al, 1995). This exampleness to cytokine treatment as a function of tumour progression,
represents a negative or inhibitory ‘mode’ of tumour progressionfrom proteolytic inhibition to proteolytic stimulation, and not just
in this case loss of function is required. In either circumstance, thiess of responsiveness.
expression of an MMP seems to be the consequence of a geneticThe mechanism behind this observation is not at all understood.
‘switch’ involved in tumour progression. However, the data presented suggest that the cellular response to
The pattern of regulation of endogenous MMP inhibitors,treatment, and not necessarily the treatment itself, is what governs
TIMPs, displays a less clear pattern of ‘switching’ in tumoura given pattern of gene expression. In other words, the pattern of
progression. To date four TIMP family members have been chagene expression by a given cell in response to a stimulus may not
acterized (TIMPs 1-4). It has been widely thought that the TIMP®nly be determined by that particular stimulus but also by what
are broad-spectrum inhibitors for all MMPs. There is at least ongenes areermissive for expression under those conditions. In
notable exception, however. Recent observations have indicatesthort, theubiliry of a cell to respond to a given factor or cytokine is
that while TIMP-2 and -3 are able to functionally inhibit MT1- as important to determination of phenotype as the agent used to
MMP, TIMP-1 is not (d’Ortho et al, 1998; Will et al, 1996). The elicit such a response. In the case of WM 115 and WM 239, it is
TIMPs are widely expressed in a large number of normal andlear that they are both able to respond to the same cytokine treat-
neoplastic systems and with respect to some of the TIMP familynent; however, one cell line favours the proteolytic mode (WM
members display a strong degree of tissue specific expression. F289) by up-regulation of gelatinase B while the other cell line
example, TIMP-3 is found tightly associated with the extracellulafavours the inhibitory mode (WM 115) by up-regulation of TIMP-
matrix in many tissues, while the newest member of this familyl. This is consistent with our previous observations demonstrating
TIMP-4, is found expressed in a tissue-specific fashion in the aduthat the expression of gelatinase B in ‘early’ vs ‘advanced’
mouse (Leco et al, 1997). This information, taken togethermelanoma cells can be controlled by a strong repressor as deter-
suggests that the role of metalloproteinases and their inhibitors mined by somatic hybrid studies (MacDougall et al, 1995). This
tumour progression is most likely at the level of MMP:TIMP observation may, in part, explain the inability of ‘early’ melanoma
balance (Liotta and Stetler-Stevenson, 1991). Given their ‘posieells to be induced to express gelatinase B. Further studies aimed
tive’ role in malignancy it would be predicted that in benign at the regulation of TIMP-1 might elucidate a similar mechanism
tumours this balance is toward MMP inhibition while in advancedat play in this system.
malignant cancers this balance favours proteolysis. Much of the current literature suggests that MMP expression
The data presented here suggest that melanoma cells undergmacancers is not associated with the malignant cells but in fact
‘switch’ with respect to MMP/TIMP induction by cytokines. WM with stromal elements of a tumour. For example, The MMP
115 cells, derived from a primary melanoma, were unable tastromelysin-3 is strongly associated of invasive breast cancers, but
induce gelatinase B expression in response to @N-1L-103 its expression is never associated with the tumour cells themselves

DISCUSSION
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(Basset et al, 1990; Chenard et al, 1996). This is true for a numbgernhard Eq, Gruber SB and Muschel RJ (1994). Direct evidence linking expression
of MMPs, in a variety of cancers. On the other hand, in chemically of matrlx.metalloprotel_nase 9 (92-kDa gelatinase/ collagenase) to 'the
induced murine skin carcinogenesis. the MMP stromelvsin-1 in metastatic phenotype in transformed rat embryo d@ts: Nar Acad Sci USA
T g o _y 91: 4293-4297
fact undergoes a ‘switch’ in its localization of expression fromgadford MM (1976) A rapid and sensitive method for the quantitation of
stromal cells within ‘early’ squamous tumours, to being expressed microgram quantities of protein utilizing the principle of protein-dye binding.
by the tumour cells themselves in ‘advanced’, metastatic spindle Anralyst Biochem 72: 248-254
cell tumours (Wright et al, 1994). In the case of gelatinase B it haganete-Soler R, Litzky L, Lubensky | and Muschel RJ (1994) Localization of the
been found that a n mbér of adgress' e cancers. when examined 92 kD gelatinase mRNA in squamous cell and adenocarcinomas of the lung
u u I\ Wi X | i in S s iz ati .
ey M ’ using in situ hybridizatiorm J Pathol 144: 518-527
for expression in situ, show tumour cell-associated expression @fanete-Soler R, Gui YH, Linask KK and Muschel RJ (1995) MMP-9 (gelatinase B)
this molecule (Pyke et al, 1992; Canete-Soler et al, 1994; Soini mMRNA i; expressed during mouse neurogenesis and may be associated with
et al, 1994; Rao et al, 1996; Ueda et al, 1996). This information VascularizationBrain Res 88: 37-52

ts that lati B i ticul ight b . t (;[hambers AF and Matrisian LM (1997) Changing views of the role of matrix
suggests that gelatinase In parucular mig € an importan metalloproteinases in metastadidlar Cancer Inst 89: 1260-1270

determinant of aggressive behaviour in many cancers. Chenard MP, Osiorain L, Shering S, Rouyer N, Lutz Y, Wolf C, Basset P, Bellocq JP
The potential role for gelatinase B in metastasis of melanoma is and Duffy MJ (1996) High levels of stromelysin-3 correlate with poor

supported by the fact that when gelatinase B was constitutiveI# _ prognosis in patients with breast carcinoma. Cancer 69: 448-451

overexpressed in two melanoma cell lines, including WM 239, afy""Vi RGS, Garofalo A, Crimmin MJ, Bawden LJ, Stoppacciaro A, Brown PD and
L Giavazzi R (1994) Inhibition of the metastatic spread and growth of B16-BL6

enhancement of lung colonization Was.ot_)s_erved as was the Prés- murine melanoma by a synthetic matrix metalloproteinase inhibitof.

ence of extrapulmonary metastases. This is in agreement with other cancer 58: 460-464

studies which show that overexpression of gelatinase B results ihomczynski P and Sacchi N (1987) Single-step method of RNA isolation by acid

an enhancement of lung colonization (Bernhard et al, 1994) or that guanidinium thiocyanate-phenol-chloroform extractiémalyt Biochem 162:
156-159

down_-regulatlo_n of gelaﬁnase B express!on, through th_e action Ofé\ark WH, Elder DE, Guerry D, Braitman LE, Trock BJ, Schultz D, Synnestvedt M
gelatinase B-directed ribozyme, results in a decrease in the occur- ang Halpern AC (1989) Model predicting survival in stage | melanoma based
rence of experimental lung metastases (Hua and Muschel, 1996; on tumor progressiod.Nat Cancer Inst 81: 1983-1904
Sehgal et a|’ 1998). The exact mechanism by which MMP-9 acts fepllier IE, Wilhelm SM, Eisen AZ, Marmer BL, Grant GA, Seltzer JL, Kronberger
enhance metastasis is not well understood, however. Traditionally, e C. Bauer EA and Goldberg Gl (1988) H-ras oncogene-transformed
. . .. human bronchial epithelial cells (TBE-1) secrete a single metalloproteinase
it has been thought that MMPs, in general, enhance the ability of .;papje of degrading basement membrane collageinl Chem 263:
cells to invade surrounding tissues or to extravasate from the circu- 6579-6587
lation (Stetler-Stevenson et al, 1993). However, recent experfomil |, Man S, Fernandez B and Kerbel RS (1989) Enhanced tumorigenicity,
mental evidence suggests that MMPs may actually be operating at melanogengsis, andlmeltastases qfa human malignant melanoma after
L subdermal implantation in nude mideVatl Cancer Inst 81: 938-944
the Igvel of tl’!mour Qro""th (Chamberjs and Matrisian, 19.97)’ an%eclerck YA and Imren S (1994) Protease inhibitors: role and potential therapeutic
gelatlnase B in partlcular may be acting to promote angiogenesis se in human canceiur J Cancer 30A: 2170—2180
since expression of gelatinase B has been associated with timsClerck YA, Yean T-D, Chan D, Shimada H and Langley KE (1991) Inhibition of
process in a number of systems (Canete-Soler et al, 1995; Vu et al, tumolrI invasion of smhokc))th muscle cell layers by recombinant human
P ; ; : : metalloproteinase inhibito€ancer Res 51: 2151-2157
1998)' Itis Inte‘res_tlng‘ tp specul_ate on the p_OSSIble "? vivo role foIt_:)eCIerck YAp, Perez N, Shimada H, Boone TC, Langley KE and Taylor SM (1992)
the observed ‘switch’ in cytoklne responsiveness In melanoma Inhibition of invasion and metastasis in cells transfected with an inhibitor of
progression. It is known, somewhat paradoxically, that a brisk host metalloproteinase€ancer Res 52: 701708
inflammatory response leading to regression of the lesion is, in fact,Ortho MP, Stanton H, Butler M, Atkinson SJ, Murphy G and Hembry RM (1998)
a poor prognostic factor for the development of metastases in MT1-MMP on the cell surface causes focal degradation of gelatin #HER&S
. ) } . Ler 421: 159-164
patients with melano_ma (Gromet et al, 1978, Ron_an et al, 198Edwards DR, Murphy G, Reynolds JJ, Whitham SE, Docherty AJP, Angle P and
Clark et al, 1989). Given the role of TNFand IL-13 in such an Heath JK (1987) Transforming growth facfomodulates the expression of
inflammatory response it is quite possible that this ‘switch’ in  collagenase and metalloproteinase inhib#sfB0 J 6: 1899-1904
respons|veness to |nﬂammatory Cyt0k|nes m|ght represent a moleEOW”(eS JL, Thrailkill KM, Serra DM, Suzuki K and Nagase H (1995) Matrix

. . f . metalloproteinases as insulin-like growth factor binding protein-degrading
ular basis for the selection of aggressive variants, or the onset of proteinasesprog Growth Facior Res 6: 255-263

angiogenesis, during such a host response which, in turn, porteng ., sy, reich R, Collier IE, Genrich LT, Martin G and Goldberg G (1990)

to an unfavourable disease outcome. Adenovirus E1A represses protease gene expression and inhibits metastasis of
human tumor cellOncogene 5: 75-83
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