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ABSTRACT

The solubilization of plasma membrane receptors through proteolytic
cleavage of the ligand binding domain at the cell surface is an important
mechanism for regulating cytokine function and receptor signaling. The
inhibition of the shedding of a variety of receptors by synthetic inhibitors
of the matrix metalloproteinases (MMPs) implicates metalloproteinases in
this regulatory event. We examined the effects of two naturally occurring
tissue inhibitors of metalloproteinases, TIMP-1 and TIMP-2, and several
synthetic MMP inhibitors i MMI'ls Â»on the shedding of both tumor necro

sis factor a receptor type I (TNFa-RI; Mr 55,000) and TNFo-RII (Mr

75,000) by the Colo 205 human colon adenocarcinoma cell line. Culture of
Colo 205 cells for 48 h resulted in the shedding of both TNFa-RI and

TM Â«RU. as determined by ELISA. The shedding of TNFa receptors
was not affected by TIMP-1 or protease inhibitors aprotinin, pepstatin, or
leupeptin but was inhibited in a dose-dependent manner by the following
synthetic MMPIs: batimastat and marimastat (BB-94 and BB-2516, re

spectively, British Biotech, Inc.); CT1418 (Celltech Therapeutics);
CGS27023A (Novartis Pharmaceuticals); and RO31-9790 (Roche), with
IC50s ranging from 3.2 to 38.0 /AM.Similarly, TIMP-2 from two different
sources reproducibly inhibited the shedding of both TNFa-RI and TNFa-
RII in a dose-dependent manner (IC50 = 286 Â±33 nM for TNFa-RI
shedding and 462 Â±52 IIMfor shedding of TNFa-RII). The inhibition of
TNFa-RI shedding was confirmed in the SW626 human ovarian adeno
carcinoma cell line. The synthetic MMPIs and TIMP-2, but not TIMP-1,
also caused a dose-dependent increase in the number of TNFa receptors

retained on the surface of Colo 205 cells, as determined by flow cytometry.
Inhibition of TNFa receptor shedding with TIMP-2 occurs at molar
concentrations 10-100 times less than those required with low molecular

weight, synthetic MMPIs but at concentrations greater than those re
quired to inhibit collagen degradation. Modulation of TNFa receptor
shedding by TIMP-2 could have important implications for the pleiotropic

effects of TNFa in both normal and malignant cells and for the pharma
cological activity of synthetic MMPIs.

INTRODUCTION

MMPs2 comprise a family of zinc-dependent endopeptidases that,

in concert with endogenous TIMPs. regulate the remodelling of both
normal and neoplastic tissues (1). Aberrant MMP activity in tumor
cells and in surrounding stromal tissues is implicated in angiogenesis
and tumor progression, invasion, and metastasis (1-3). Therapeutic
interventions acting via MMP inhibition have shown promise in a
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number of in vitro and in vivo tumor models (4-7), including clinical
studies in humans (8-11).

The inhibition of the processing of many cell surface proteins by
certain synthetic MMPIs implicates one or more metalloproteinases in
this regulatory event (12). Proteolysis of membrane-associated pro
teins is important for the conversion of latent receptor ligands to
active forms, for regulation of signaling pathways via cleavage of
transmembrane receptors, and for altering adhesion molecule interac
tions with the extracellular matrix. These membrane-associated pro
teins include, but are not limited to, cytokines and growth factor
precursors such as Fas ligand and transforming growth factor a,
receptors for cytokines such as interleukin 1 and interleukin 6, adhe
sion molecules such as L-selectin and intercellular adhesion molecule
1, and enzymes such as angiotensin-converting enzyme. TNFa pro
duction, via the action of TNFa convertase, and its biological activ
ities, manifested via TNFa receptors (TNFaRs), are also significantly
affected by certain MMPIs (13-15).

TNFa is a pluripotent cytokine with an integral role in cancer
biology through localized and systemic mechanisms of action. TNFa
exerts its biological effects by binding to cell surface receptors and
triggering a complex cascade of protein-protein interactions, resulting
in outcomes as diverse as proliferation, activation of the transcription
regulator nuclear factor-KB, or apoptosis (16, 17). TNFa-binding
proteins were identified, cloned, and characterized as soluble frag
ments of the truncated extracellular domains of the transmembrane A/r
55.000 type I receptor (p55, TNFa-RI) and the M, 75.000 type II
receptor (p75, TNFa-RII; Refs. 18-21). The release of the extracel
lular domains from the intact, transmembrane TNFaRs from a number
of cell types is a proteolytic process that has been described as
receptor "shedding" (22-24), and the enzymes responsible for this
cleavage have been termed "sheddases" or "secretases" but as yet

have not been isolated or characterized (12).
The pharmacological action of synthetic MMPIs may involve ma

nipulation of TNFa activity. Elevated sTNFaR levels are found in
cancer patients (25-27). Indeed, it has long been appreciated that
malignant cells exhibit markedly different patterns of cell surface
protein shedding than normal cells (28), and that soluble TNFa
receptors in particular are useful prognostic indicators for cancer
patients (29). We were interested in recent reports that potent, syn
thetic, peptide-based hydroxamate MMPIs block shedding of both
TNFa-RI and TNFa-RII (13-15) and the ramifications this might
have for development of synthetic MMPIs as therapeutic agents for
cancer treatment. We hypothesized that if TNFa receptor shedding
involved MMP activity, either directly or indirectly, then treatment of
cells with the naturally occurring TIMPs should also inhibit the
shedding of TNFa receptors. This report describes the use of a human
colon adenocarcinoma cell line to compare and contrast the effects of
several synthetic MMPIs, TIMP-1, and TIMP-2 on TNFa receptor
shedding.
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Fig. 1. Structures of synthetic MMPIs used in this study.

MATERIALS AND METHODS

Cell Culture. Human tumor cell lines were obtained from ATCC, Rock-
ville, MD. and included Colo 205 (CCL 222, human colon adenocarcino-
ma), SW626 (HTB-78, human ovarian adenocarcinoma), and HTI080

Ihuman fibrosarcoma). Colo 205 cells were maintained in RPMI 1640
(without HEPES; Life Technologies, Inc.. Grand Island. NY) containing

10% characterized, heat-inactivated, fetal bovine serum (Life Technolo
gies. Inc.). and 2 mM L-glutamine (Life Technologies, Inc.). SW626 cells

were maintained in identical culture medium as described above, with the

addition of a final concentration of 0.25 unit/ml insulin (Sigma Chemical
Co., St. Louis, MO). HT1080 cells were maintained in BME medium
(Basal Media Eagle with Earle's salts: Life Technologies, Inc.) containing

10% characterized, fetal bovine serum, 2 mM L-glutamine, and 0.1 mM

MEM nonessential amino acids (Life Technologies. Inc.). All cell lines
were maintained at 37Â°Cwith 5% CO2 in humidified cell culture incubators

(Queue Systems. Parkersburg, WV).
Treatment Application. The synthetic MMPIs shown in Fig. 1 have been

publicly disclosed by other pharmaceutical companies. These compounds were
synthesized at Pharmacia & Upjohn, prepared as 200 mM stocks in DMSO. and
diluted in cell culture medium at twice their desired final concentration, while
maintaining a final DMSO concentration of 0.1%. TIMPs were also prepared
at twice (2X) their desired final concentration in culture medium to accom

modate the final 1:1 dilution upon addition of the cell suspension. Recombi
nant purified human TIMP-1 was produced at Pharmacia & Upjohn. Recom
binant purified human TIMP-2 was obtained from two different sources.

Source #1 from Calbiochem (San Diego. CA) was provided as a lyophilized
preparation with BSA. Source #2 was kindly provided by Rafael Fridman
(Wayne State University. Detroit, Ml). All treatments were dispensed as a
100-fiL aliquot in medium to individual wells in 96-well, flat-bottomed tissue

culture plates (Corning). Cells were harvested and resuspended in medium to
deliver a 100-/J.L aliquot of 1 X IO4 cells/well, thus diluting the 2x treatment

compound of interest to the desired final concentration and achieving a final
concentration of 0.1% DMSO. Cells were incubated 48 h under conditions
described above. The plates were then centrifuged at 1000 rpm for 5 min in a
Sorvall HB-KXX) rotor; an aliquot of the conditioned culture medium was
transferred to either an ELISA piate for immediate assay or to a new 96-well
tissue culture plate, wrapped in parafilm. and stored at â€”¿�20Â°Cfor future

analysis.
sTNFaR Assay. The concentration of both receptor types in the condi

tioned culture media was measured using human TNFa-Rl and TNFa-RII
ELISA kits (R&D Systems, Minneapolis, MN) per the manufacturer's proto

col. Briefly, this kit used a quantitative sandwich en/.yme immunoassay
technique and measured receptor concentrations colorimetrically using a mi-
croplate reader (Biotek model EL340). The amount of sTNFa-RI and sTNFa-

RII in samples was determined in pg/ml using Excel software (Microsoft
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Fig. 2. Concentrations of sTNFa-RI (A) and sTNFa-RIl (B) from Colo 205 conditioned media of cells incubated 48 h with or without IO"1*MPMA and protease inhibitors aprotinin

(0.5 fig/ml), leupeptin (0.5 /Ag/ml), and pcpstatin (0.7 /jtg/ml). Data are expressed as pg/ml sTNFaR (mean; bars, SE).

4002

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/17/4001/2467490/cr0580174001.pdf by guest on 19 M

ay 2023



TlMP-2 INHIBITION OF TNF-a RECEPTOR SHEDDING

100 -t

I
z
co

50 -

TTiâ€”

0.1

1000 -n

900 -

800 -_

^ 700 -_

g 600 -i

5 500 -i

^ 400

05 300 -E

200 -_

100 -i

o

B

10 100 0.1 10 100

BB-94 BB-94 (U.M)

Fig. 3. Dose-response and lC5l,s of BB-94 (balimastat: British BioCechnology)-treated Colo 205 cells. Concentrations of sTNFa-Rl (Al and sTNFor-RII (ÃŸ)from conditioned media
of cells incubated 48 h with or without BB-94. Data are expressed as pg/ml sTNFaR (mean Â±SE).

Corp., Redmond. WA) from the standard curve generated using SigmaPlot
(Jandel Scientific, Corte Madera, CA).

Flow Cytometry. The number of cell surface TNFa receptors was deter
mined after 48 h of drug treatment using a Fluorokine flow cytometry kit from
R&D Systems (Minneapolis, MN) according to the manufacturer's protocol.

Briefly, 5 X 10s Colo 205 cells were plated in 2 ml of culture medium in

12-well. flat-bottomed tissue culture plates (Corning), with final synthetic
MMPI concentrations of 10 and 100 /Â¿M,final TIMP-1 concentrations of 10
and 100 /Â¿g/ml,or a final TIMP-2 concentration of 10 /xg/ml. Cells were

incubated 48 h. harvested, washed twice in PBS, and resuspended in PBS. An
aliquot of cells was incubated with either biotinylated TNFa or a biotinylated
negative control reagent, followed by incubation with avidin-tluorescein. Flow

cytometry was performed using a Becton Dickinson FACScan (San Jose. CA).
and sample fluorescence data were converted to MESF using Quantum1 M26

calibration beads and software (Flow Cytometry Standards Corp.. San Juan.
Puerto Rico) as per the manufacturer's protocols. Nonspecific binding values

(negative controls) were subtracted from sample values, which were expressed
as MESF values.

TIMP Activity Assay. Recombinant human MMP-2 was purified from

insect cell culture media as described previously (30). The MMPI activity of
the TIMP preparations was confirmed by enzyme activity assays using a
modified version of methods described previously (31). The modifications
were the use of 20 mM Tris-HCI. 10 mM CaCl2. 10 /IM ZnCl, (pH 7.6)
containing 5 mM 3-[(3-cholamidopropyl)dimethylamino]-l-propanesultbnate.
All assays were performed at 25Â°C.and the MMP-2 was activated by incu
bation at 37Â°Cfor 30 min in 16 nM /Â»-aminophenylmercuric acetate (Sigma)

Table I /C5(,Ã®for shedding t>fboth TNFn receptor A/JC.Vfrom Colo 205 cell* \vhen
treated vtith synthetic MMPIs"

MMPI IC50s TNFa-RI (MM) IC,0.s TNFa-RlI (/IM)

BB-94BB-2516RO3

1-9790CT14I8CGS27023A6.1

Â±1.411.3
Â±0.94.5

Â±0.73.2
Â±0.5ND''ND4.5

Â±0.58.6
Â±1.611.6

Â±2.738.0
Â±3.38.714.75.63.84.14.45.010.81.21.80.40.30.80.50.82.215.4

Â±6.624.3
Â±2.1

" IC50s for each MMPI. except CTI418 and CGS27023A, were determined on more

than one occasion, and the results from all replicate experiments are shown in the table.
' ND, not determined

with all other conditions remaining the same. The assay consists of monitoring
the increase in fluorescence due to cleavage of an internally quenched peplide

by the enzyme. Rate constants were obtained for the uninhibited and inhibited
reactions by fitting the data to first-order equations using a nonlinear least

squares curve fit program.
MDPF-Collagen Degradation Assay. Type I bovine collagen (Vitrogen

100) was labeled using the fluorescent dye. MDPF (32). A confluent layer of
HTI080 human fibrosarcoma cells was stimulated to produce multiple MMPs
using PMA. Cells were incubated in culture wells coated with MDPF-collagen

using phenol red free medium for 48 h in the presence of PMA alone or with
PMA and an MMPI. The release of MDPF-collagen fragments into the culture

medium was measured with a tluorometer as relative fluorescent units.

RESULTS

Colo 205 Cells Constitutively Shed TNFa Receptors. Shedding
of TNFa receptors has not been reported for the Colo 205 human
colon adenocarcinoma cell line. A time course experiment sampled
conditioned media every hour for the first 8 h of incubation, then at 24
and 48 h. These results (data not shown) indicated that receptors were
shed primarily between 24 and 48 h; hence, subsequent experiments
used a 48-h incubation. To increase the amount of shed receptor and

the precision of the assay, we attempted to induce receptor shedding
using PMA, a technique that has been reported by others ( 14, 33, 34).
As shown in Fig. 2, Colo 205 cells constitutively shed both TNFa
receptor types, but treatment of cells with 10"'" M PMA did not

increase TNFaR shedding. To investigate the ability of our assay to
distinguish compounds that might cause a general inhibition of pro
tease activity from compounds that affect metalloproteinases such as
the putative TNFaR sheddase. cells were cultured with 0.5 pig/ml
aprotinin. 0.5 /ng/ml leupeptin, and 0.7 pig/ml pepstatin (inhibitors of
serine, cysteine, and acidic proteases, respectively). As shown in Fig.
2, none of these protease inhibitors significantly reduced sTNFaR
concentrations, indicating that TNFaR shedding is not the result of
general protease activity. As indicated by Fig. 2, we consistently
measured elevated levels of both receptor types from cells exposed to
0.1% DMSO alone and have thus used this constitutive level of shed
receptors at 48 h as a basis for evaluating MMPIs.
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Fig. 4. Inhibition of sTNFaR shedding hy two different sources of TIMP-2. hut not by TIMP-1, and dose-response and lCM,s of TlMP-2-treated Colo 205 cells. Concentrations of
sTNFa-RI (A) and sTNFa-Rll (H) from conditioned media of cells incubated 48 h with or without TIMPs. Data are expressed as pg/ml sTNFaR (mean: bars. SE).

Synthetic Inhibitors of MMI's Inhibit the Shedding of TNFa

Receptors from Colo 205 Cells. Literature reports document the
inhibition of TNFaR shedding with the treatment of certain MM-
PIs, most notably with the peptide-based templates (13-15). We
sought to reproduce these observations by culturing Colo 205 cells
with five potent, broad spectrum, peptide-based MMPIs (shown in
Fig. 1): batimastat and marimastat (BB-94 and BB-2516. respec
tively, British Biotechnology); CT1418 (Celltech Therapeutics);
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FÃ¬g.5. Inhibition of sTNFa-RI shedding by BB-94 and TIMP-2, but not by TIMP-l,

from SW626 cells. Concentration of sTNFÂ«-RI (RII not detected from this cell line) from
conditioned media of cells incubated 48 h with or without BB-94 and TIMPs. Data are

expressed as pg/ml sTNForR (mean; bars. SE).

and RO31-9790 (Roche). CGS27023A (Novartis) is a non-peptidic
broad spectrum MMPI of the aryl sulfonamide class. The effect on
sTNFaR levels from cell culture with batimastat is shown in Fig.
3, and ICsos for inhibition of shedding of both TNFa-RI and -RII

are summarized in Table 1. The data in Fig. 3 demonstrate a clear
dose-response relationship between BB-94 concentration and

measured sTNFaRs in culture media. The inhibitory potencies
were similar for all of the synthetic MMPIs tested, with IC5()s
ranging only about 10-fold. ICsos were also similar for both

TNFaR types.
TIMP-2, but not TIMP-1, Inhibits the Shedding of TNFa Re

ceptors. Colo 205 cells were culturedwith TIMP-1 and TIMP-2 to
determine if these naturally occurring TIMPs would have the same
inhibitory effect on receptor shedding as the synthetic MMPIs. As
shown in Fig. 4, TIMP-1, at a concentration as high as 100 /xg/ml

(3600 nM), did not affect TNFa receptor shedding, whereas two
different sources of TIMP-2 inhibited the shedding of both TNFa-RI
and TNFa-RII from Colo 205 cells, at either 8 or 10 /ig/ml, depending

upon the source. This inhibition was documented with three different
lots from the same commercially available source. We determined
IC50s with TIMP-2 of 6.0 Â±0.7 pig/ml (286 Â±33 DM)against
TNFa-RI shedding and 9.7 Â±1.1 pig/ml (462 Â±52 nM)for shedding
of TNFa-RII from Colo 205 cells in culture. TIMP-2, but not TIMP-1,
also produced a specific, dose-dependent inhibition of TNFa-RI with

a second cell line. SW626 human ovarian adenocarcinoma cells, as
shown in Fig. 5 (shedding of TNFa-RII was not detectable from this
cell line). TIMP-1 and TIMP-2 preparations were shown to be bio
logically active MMPIs in MMP-2 enzyme assays, with significant
inhibition of the activity of 25 nM MMP-2 using 7 nMTIMP-1 and
14-20 nMTIMP-2 (data not shown). A MDPF-collagen degradation
assay using HT1080 cells showed that TIMP-2 inhibits collagen
substrate proteolysis at a concentration of 1 /Â¿g/ml(48 nM) where
there was no inhibition of TNFa receptor shedding using other cell
lines (HT 1080 cells do not shed detectable TNFa receptors; data not
shown).
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Inhibition of TNFa Receptor Shedding by Synthetic MMPIs
and TIMP-2 Is Correlated with an Increase in Cell Surface TNFa

Binding Sites. We investigated whether the decrease in soluble
TNFa receptors, as measured by ELISA, corresponded with an in
crease in receptor number retained on the cell surface, representing a
true inhibition of TNFa receptor shedding dynamics. Colo 205 cells
exposed to synthetic MMPIs and TIMPs were incubated with FITC-
labeled TNFa and analyzed via flow cytometry as described in
"Materials and Methods." Fig. 6 illustrates the shift of the fluores

cence intensity curve to the right after treatment with batimastat,
indicating increased cell-associated fluorescence with increasing

MMPI concentration. Similar data were generated for all synthetic
MMPIs, TIMP-1. and TIMP-2 and converted to MESF using calibra
tion beads as described in "Materials and Methods," and the results

are summarized in Table 2. An increase in MESF values represents an
increase in the number of TNFa receptors retained on the cell surface.
The synthetic MMPIs BB-94. BB-2516. CT1418, and RO31-9790

increased the MESF values, and the increase was generally dose
dependent (CGS27023A was not tested in the flow cytometry exper
iments). TIMP-2 also modestly increased the MESF value at a single
concentration tested. TIMP-1 did not alter the MESF value at a

concentration as high as 100 /Â¿g/ml.

degradation in a cellular assay at 48 nM, or stimulation of cell
mitogenesis at 0.46 nM (36) suggest that TIMP-2 is more closely
associated with these biological phenomena. Yet TIMP-2 is 10-100

times more potent for inhibition of TNFa receptor shedding than the
low molecular weight, synthetic MMPIs.

Our data raise several questions. What enzyme is responsible for
the shedding of TNFa receptors? One possibility is that the TNFa
receptor sheddase is a known matrix metalloproteinase or a MMP that
lies upstream in an activation cascade for the sheddase. Alternatively,
the sheddase could be a related but still uncharacterized metallopro
teinase because the MMPs are but one subfamily of the structurally
related superfamily of metzincins (37). We favor this second possi
bility for several reasons: (a) it is possible to design potent inhibitors
of the MMPs that have little or no inhibitory activity on TNFa
receptor shedding (data not shown); and (h) the metalloproteinase
responsible for processing of the membrane-associated Mr 26.000

TNFa precursor to its soluble M, 17.000 cytokine form, known as
TNFa convertase, has recently been identified as ADAM-17, a mem
brane-bound member of the adamalysin/ADAM subfamily of metz

incins (37, 38). Although not a MMP, TNFa convertase is inhibited
by peptide-based, synthetic hydroxamate MMPIs (39-41 ). Indeed, all

of the synthetic MMPIs demonstrated to inhibit TNFa receptor shed
dase in our experiments also inhibit TNFa convertase, but they do so
at concentrations 2-50 times lower than those required to block

receptor shedding (data not shown). Although it has been proposed
that TNFa convertase and TNFa receptor sheddase could be a com
mon enzyme (13). TNFa convertase is not inhibited by TIMP-2 (data

not shown). It seems reasonable to propose that the TNFa receptor
sheddase could also be a member of the adamalysin subfamily of
metzincins.

What is the relationship of the antitumor activity of certain syn
thetic MMPIs to the inhibition of TNFa convertase, the modulation of
TNFa receptor populations, or both? Blood concentrations of syn
thetic MMPIs in humans reach concentrations high enough to inhibit
both TNFa receptor sheddase and TNFa convertase (8, 42). Dimin
ished receptor shedding could increase populations of TNFa receptors
at the cell surface and augment the apoptosis of tumor cells mediated
through the "death domain" of TNFa-RI (43). Direct support for this

concept can be found in the work of Williams et al. (15), who
demonstrated that the cytotoxicity of TNFa toward a human rhabdo-
sarcoma cell line was enhanced ~ 15-fold in the presence of a syn

thetic MMPI that concomitantly reduced receptor shedding. Similarly,
overexpression of TIMP-3 in a human colon carcinoma cell line
reduced TNFa-RI shedding and augmented cell death in culture after

exposure to various cytotoxic agents (35). Changes in receptor num
bers consider only one side of the equation and would be counterbal
anced by the documented ability of synthetic MMPIs to inhibit the

DISCUSSION

Our data clearly show that TIMP-2, but not TIMP-1, inhibits the
shedding of membrane-bound TNFa receptors from two human can

cer cell lines (Colo 205 and SW626). Because each TIMP has a
unique pattern of gene expression and target enzyme preference ( 1), it
is not unexpected that TIMP-1 and TIMP-2 would have differing

profiles of biological activity in our experiments. Other investigators
showed recently that TIMP-3 diminishes shedding of TNFa-RI and

concomitantly increases cell surface receptors in another human colon
carcinoma cell line transfected to overexpress TIMP-3 (35). The
relatively high concentration of TIMP-2 needed to produce inhibition

of TNFa receptor shedding (IC50s of 286 and 462 nM) suggests that
this is not its primary function. The low, equimolar concentrations of
TIMP-2 demanded for gelatinase A inhibition, inhibition of collagen

Table 2 TNFa receptar dynamics after 4H-h Coin 205 culture with MMPIs

MMPIBB-94BB-2516RO3

1-9790CT14I8TIMP-1TIMP-2Concentration10

flM100

(Â¿M10/iM100

JIMIO

/Â¿M100

Â¿Â¿MIO

(IM100

fiM10

Mg/ml100
fig/mlIO

/ig/m!%

inhibition
of Rl shedding"90957695719537560038%

inhibition
of RII shedding"78XX7797689738590480%

increase in
MESF*1002361212079420887753026

" Percentage of inhibition of Rl or RII shedding is relative lo conditioned medium from

cells cultured in 0.1 % DMSO.
Percentage increase in MESF is relative to cells cultured in the appropriate control

medium for each treatment.
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TNFor convertase essential for TNFa secretion (39, 44). Indeed,
rodents are dramatically protected against lethal doses of endotoxin
during administration of synthetic MMPIs (39, 40, 41). Although the
systemic synthesis and release of TNFa can be reduced by MMPI
administration, a quite different result might occur in cellular micro-
environments where cell-cell contact is important. The membrane-

associated Mr 26,(XX)TNFa precursor is biologically active and can
be up to 10 times more efficacious than soluble Mr 17,000 TNFa in
model cell systems (45-47). Cell-cell interactions might be relevant in

inflammatory processes, and perhaps modulation of both TNFa pro
duction and receptor shedding contribute to the joint pain in humans
seen after administration of marimastat (11, 15). Because concentra
tions of soluble TNFa receptors are elevated in cancer patients (25-

27), it would be of interest to monitor these in patients treated with
MMPIs and to relate changes in receptor concentrations to anticancer
efficacy and/or side effects.

Finally, we validated the Colo 205 human colon adenocarcinoma
cell line as a useful experimental model to study the shedding of
TNFa receptors. Importantly, the synthetic MMPIs reproducibly
caused a decrease in soluble receptor levels concordant with a in
crease in the amount of cell surface TNFaRs as measured by flow
cytometry. Colo 205 cells are particularly good for studying this
phenomenon because they are of human origin, they constitutively
shed substantial amounts of both TNFa receptor types (many cell
lines shed only one receptor type), and they do not secrete measurable
amounts of the TNFa ligand (data not shown). TNFaR shedding can
be monitored in this cell line without using traditional stimulators of
shedding such as PMA (14, 33, 34), which may alter other cellular
functions. TNFa receptor shedding was only inhibited by metallopro-

teinase inhibitors, indicating that shedding of this receptor in Colo 205
cells is not the result of general protease activity. The Colo 205 cell
line could be useful for identifying the specific metalloproteinase
responsible for the shedding of TNFa receptors.

ACKNOWLEDGMENTS

We are grateful to Lisa Adams and Karl Kappenman at Pharmacia &
Upjohn for assistance with the flow cytometry experiments.

REFERENCES

1. Coussens. L. M.. and Werb. Z. Matrix metalloproteinases and the development of
cancer. Chem. Biol.. 3: 895-904. 1996.

2. MacDougall, J. R.. and Matrisian. L. M. Contributions of tumor and straniai matrix
melalloproteinases to tumor progression, invasion, and metastasis. Cancer Metastasis
Rev., 14: 351-362. 1995.

3. Stetler-Stevenson. W. G.. Hewitt, R.. and Corcoran, M. Matrix metalloproteinases
and tumor invasion: from correlation and causality to the clinic. Semin. Cancer Biol..
7: 147-154. 1996.

4. Brown. P. D., and Giavazzi, R. Matrix melalloproteinase inhibition: a review of
anti-tumour activity. Ann. Oncol.. 6: 967-974. 1995

5. Beckett. R. P., Davidson, A. H.. Drummond. A. H., Huxley. P.. and Whittaker. M.
Recent advances in matrix melalloproteinase inhibitor research. Drug Discovery
Today, /: 16-26, 1996.

6. Wang. X.. Fu. X.. Brown. P. D., Crimmin, M. J., and Hoffman, R. M. Matrix
metalloproteinase inhibitor BB-94 (batimastat) inhibits human colon tumor growth
and spread in a patient-like orthotopic model in nude mice. Cancer Res., 54:
4726-4728, 1994.

7. Watson, S. A.. Morris, T. M., Parsons. S. L.. Steele, R. J. C.. and Brown. P. D.
Therapeutic effect of the matrix metalloproteinase inhibitor, batimastat, in a human
colorcctal cancer ascites model. Br. J. Cancer. 74: 1354-1358. 1996.

8. Wojtowicz-Praga. S., Low, J., Marshall. J.. Ness. E., Dickson. R., Barter. J., Sale, M.,
McCann, P.. Moore. J.. Cole. A., and Hawkins. M. J. Phase I trial of a novel matrix
melalloproteinase inhibitor batimastat (BB-94) in patients with advanced cancer.
Invest. New Drugs, 14: 193-202, 1996.

9. Wojtowicz-Praga. S. N.. Dickson. R. B.. and Hawkins, M. J. Matrix metalloproteinase
inhibitors. Invest. New Drugs. IS: 61-75. 1997.

10. Denis, L. J., and Verweij, J. Matrix metalloproteinase inhibitors: present achieve
ments and future prospects. Invest. New Drugs. /5: 175-185. 1997.

11. Rasmussen. H. S., and McCann, P. P. Matrix metalloproteinase inhibition as a novel
anticancer strategy: a review with special focus on batimastat and marimastat.
Pharmacol. Ther., 75: 69-75, 1997.

12.

13.

14.

15.

16.

17.

18.

19.

20.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hooper, N. M.. Karran, E. H., and Turner. A. J. Membrane protein secretases.
Biochem. J.. 321: 265-279, 1997.
Crowe. P. D.. Walter. B. N.. Mohler. K. M., Otten-Evans. C.. Black, R. A., and Ware.
C. F. A metalloprotease inhibitor blocks shedding of the 80-kD TNF receptor and
TNF processing in T lymphocytes. J. Exp. Med., 181: 1205-1210, 1995.
Mullberg. J.. Durie. F. H.. Otten-Evans. C.. Alderson. M. R., Rose-John. S., Cosman,

D., Black. R. A., and Mohler, K. M. A metalloprotease inhibitor blocks shedding of
the IL-6 receptor and the p60 TNF receptor. J. Immunol.. 155: 5198-5205. 1995.
Williams. L. M., Gibbons. D. L.. Gearing, A., Maini, R. N., Feldmann, M., and
Brennan. F. M. Paradoxical effects of a synthetic metalloproteinase inhibitor that
blocks both p55 and p75 receptor shedding and TNFa processing in RA synovial
membrane cell cultures. J. Clin. Invest., 12: 2833-2841, 1996.
Darnay, B. G., and Aggarwal, B. B. Early events in TNF signaling: a story of
associations and dissociations. J. Leukocyte Biol., 61: 559-566. 1997.
Yuan. J. Transducing signals of life and death. Curr. Opin. Cell Biol.. 9: 247-251.
1997.
Loetscher. H.. Pan, Y-C. E., Lahm, H-W., Gentz. R., Brockhaus, M.. Tabuchi. H., and

Lesslauer, W. Molecular cloning and expression of the human 55 kD tumor necrosis
factor receptor. Cell, 61: 351-359, 1990.
Schall, T. J., Lewis. M.. Koller. K. J.. Lee, A.. Rice. G. C., Wong. G. H. W.,
Gatanaga. T.. Granger. G. A.. Lentz. R., Raab. H., Kohr. W. J.. and Goeddel. D. V.
Molecular cloning and expression of a receptor for human tumor necrosis factor. Cell.
61: 361-370, 1990.

Heller, R. A.. Song, K.. Onasch. M. A.. Fischer. W. H.. Chang. D.. and Ringold.
G. M. Complementary DNA cloning of a receptor for tumor necrosis factor and
demonstration of a shed form of the receptor. Proc. Nati. Acad. Sci. USA. 87:
6151-6155. 1990.

Kohno, T.. Brewer, M. T.. Baker. S. L., Schwartz. P. E., King. M. W.. Hale, K. K..
Squires, C. H.. Thompson. R. C.. and Vannice. J. L. A second tumor necrosis factor
receptor gene product can shed a naturally occurring tumor necrosis factor inhibitor.
Proc. Nati. Acad. Sci. USA. 87: 8331-8335. 1990.
Porteu, F., and Nathan. C. Shedding of tumor necrosis factor receptors by activated
human neutrophils. J. Exp. Med.. 172: 599-607. 1990.
Philippe. C.. Roux-Lombard, P., Fouqueray, B.. Perez. J., Dayer, J-M.. and Baud, L.

Membrane expression and shedding of tumor necrosis factor receptors during acti
vation of human blood monocytes: regulation by desferrioxamine Immunology. 80:
300-305, 1993.

Leeuwenberg. J. F. M.. Jeunhomme. T. M. A. A., and Buurman. W. A. Slow release
of soluble TNF receptors by monocytes in vitro. J. Immunol.. 752: 4036-4043. 1994.
Manine!. N.. Charles, T.. Vaillant. P.. Vignaud. J-M., Lambert. J., and Martinet. Y.
Characterization of a tumor necrosis factor-I inhibitor activity in cancer patients.
Am. J. Respir. Cell Mol. Biol.. 6: 510-515. 1992.
Grass, H-J., Duyster, J., and Herrmann. F. Structural and biological features of the

TNF receptor and TNF ligand superfamilies: interactive signals in the pathobiology
of Hodgkin's disease. Ann. Oncol.. 7 (Suppl. 4): S19-S26, 1996.

Grosen. E. A.. Granger, G. A.. Gatanaga. M.. Ininns. E. K., Hwang. C.. DiSaia, P..
Bernian. M.. Manetta, A., Emma. D.. and Gatanaga. T. Measurement of the soluble
membrane receptors for tumor necrosis factor and lymphotoxin in the sera of patients
with gynecologic malignancy. Gynecol. Oncol.. 50: 68-77, 1993.
Black, P. H. Shedding from normal and cancer-cell surfaces. N. Engl. J. Med., 303:
1415-1416, 1980.

Langkopf. F.. and Atzpodien. J. Soluble tumour necrosis factor receptors as prog
nostic factors in cancer patients. Lancet, 344: 57-58, 1994.
Bergmann. U.. Tuuttila. A.. Stetler-Stevenson. W. G., and Tryggvason, K. Autolytic
activation of recombinant human 72 kilodalton type IV collagenase. Biochemistry.
34: 2819-2825. 1995.

Stack. M. S., and Gray. R. D. Comparison of vertebrate eollagenase and gclalina.se
using a new fluorogenic substrate peptide. J. Biol. Chem.. 264: 4277-4281. 1989.
Weisner. R., and Troll, W. A new assay for proteases using fluorescent labelling of
proteins. Anal. Biochem.. 121: 290-294. 1982.
Galve-de Rochemonteix. B.. Nicod. L. P.. and Dayer, J-M. Tumor necrosis factor

soluble receptor 75: the principal receptor form released by human alveolar macro
phages and monocytes in the presence of interferon K. Am. J. Respir. Cell Mol. Biol..
14: 279-287. 1996.
Gallca-Robache. S.. Morand. V.. Millet. S., Bruneau. J-M.. Bhatnagar. N., Chouaib.
S., and Roman-Roman. S. A metalloproteinase inhibitor blocks the shedding of

soluble cytokine receptors and processing of transmembrane cytokine precursors in
human monocytic cells. Cytokine. 9: 340-346, 1997.
Smith. M. R.. Kung. H.. Durum, S. K., Colbum, N. H., and Sun, Y. T1MP-3 induces
cell death by stabilizing TNF-a receptors on the surface of human colon carcinoma
cells. Cytokine, 9: 770-780, 1997.
Hayakawa. T.. Yamashila. K.. Ohuchi, E., and Shinagawa. A. Cell growth-promoting
activity of tissue inhibitor of metalloproleinases-2 (TlMP-2). J. Cell Sci., 107:
2373-2379. 1994.
Stocker, W., Grams, F., Baumann, U., Reinemer, P.. Gomis-Ruth, F-X.. McKay.
D. B.. and Bode, W. The metzincins-topological and sequential relations between the

astacins. adamalysins. scrralysins. and matrixins (collagenases) define a superfamily
of zinc-peptidases. Protein Sci., 4: 823-840. 1995.
Maskos. K.. Fernandez-Catalan. C.. Huber, R., Bourenkov, G. P.. Bartunik. H..
Ellestad. G. A.. Pranitha. R.. Wolfson. M. F.. Rauch, C. T.. Castner, B. J., Davis, R.,
Clarke, H. R. G., Petersen. M., Fitzner. J. N.. Cerretti, D. P.. March. C. J.. Paxton,
R. J., Black, R. A., and Bode. W. Crystal structure of the catalytic domain of human
tumor necrosis factor-I-converting enzyme. Proc. Nail. Acad. Sci. USA, 95: 3408-

3412, 1998.
Gearing. A. J. H.. Becken. P.. Christodoulou. M.. Churchill. M.. Clements, J.,
Davidson. A. H., Drummond. A. H.. Galloway. W. A.. Gilbert. R.. Gordon. J. L.,

4006

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/17/4001/2467490/cr0580174001.pdf by guest on 19 M

ay 2023



TIMP-2 INHIBITION OF TNF-a RECEPTOR SHEDDING

Leber, T. M., Mangan, M., Miller. K.. Nayee, P., Owen, K.. Palei. S., Thomas. W.. 43. Nagata, S. Apoplosis by death factor. Cell, 88: 355-365, 1997.
Wells, G., Wood, L. M., and Woolley, K. Processing of tumour necrosis factor-I 44. Moss. M. L., Jin, S-L. C. Milla. M. E.. Bickett. D. M., Burkhan, W.. Carter. H. L.,
precursor by melalloproteinases. Nature (Lond.), 370: 555-557. 1994. Chen. W-J.. Clay, W. C., Didsbury. J. R.. Hassler. D.. Hoffman. C. R., Kost, T. A.,

40. Monier, K. M.. Sleath, P. R.. Fitzner. J. N.. Cerretti, D. P.. Alderson. M.. Kerwar. Lambert. M. H.. Leesnitzer, M. A.. McCauley. P.. McGeehan. G.. Mitchell. J.. Moyer.
S. S., Torrance, D. S.. Otten-Evans. C., Greenstreet. T., Weerawarna, K., Kronheim. M., Pahel. G., Rocque. W., Overlon. L. K.. Schoenen. F., Seaton, T., Su, J-L., Warner.
S. Râ€žPetersen, M.. Gerhart, M., Kozlosky, C. J., March, C. J., and Black, R. A. J.. Willard. D., and Bcchercr. J. D. Cloning of a disintegrin mctalloproleinase that
Protection against a lethal dose of endotoxin by an inhibitor of tumour necrosis factor processes precursor tumour-necrosis factor-I. Nature (Lond.). 3X5: 733-736. 1997.
processing. Nature (Lond.), 370: 218-220. 1994. 45. Kriegler. M., Perez, C.. DeFay. K.. Albert. I., and Lu, S. D. A novel form of

41. McGeehan. G. M.. Becherer, J. D., Bast. R. C., Jr., Boyer. C. M.. Champion, B.. TNF/cachectin is a cell surface cytotoxic transmembrane protein: ramifications for the
Connolly. K. M.. Conway. J. G., Furdon, P., Karp, S., Kidao, S.. McElroy. A. B.. complex physiology of TNF. Cell, S3: 45-53. 1988.
Nichols, J., Pryzwansky, K. M., Schoenen, F., Sekut, L.. Truesdale, A., Verghese. M., 46. Perez, C., Albert. I.. DeFay. K.. Zachariades. N.. Gooding. L.. and Kriegler. M. A
Warner. J.. and Ways. J. P. Regulation of tumour necrosis factor-1 processing by a nonsecretable cell surface mutant of tumor necrosis factor (TNF) kills by cell-to-cell
metalloproteinase inhibitor. Nature (Lond.), 370: 558-561. 1994. contact. Cell, 63: 251-258, 1990.

42. Millar. A. W.. Brown. P. D.. Moore. J.. Galloway. W. A.. Cornish. A. G.. Lenehan. 47. Grell, M.. Douni, E., Wajant. H.. Lohden. M., Clauss, M.. Maxeiner. B..
T. J.. and Lynch. K. P. Results of single and repeat dose studies of the oral matrix Georgopoulos, S.. Lesslauer. W.. Kollias. G.. Pfizenmaier, K.. and Scheurich.
metalloproteinase inhibitor marimastat in healthy male volunteers. Br. J. Clin. Phar- P. The transmembrane form of tumor necrosis factor is the prime activating lipand
macol.. 45: 21-26, 1998. of the 80 kDa tumor necrosis factor receptor. Cell. 83: 793-802. 1995.

4007

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/17/4001/2467490/cr0580174001.pdf by guest on 19 M

ay 2023




