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A snake venom-like protease isolated by a differential display screen between normal and osteoarthritis (OA)-affected cartilage
(designated as cSVP) has a cDNA sequence identical to TNFeonvertase enzyme (TACE). TACE shows the presence of an
unknown prodomain, a cysteine switch, a catalytic domain, a zinc binding region, a disintegrin region, an EGF-like domain, a
transmembrane domain, and a unique cytoplasmic region. A TACE construct harboring the signak- prodomain + catalytic
region (TACE-SPCADETCYy), expressed in baculovirus could cleave preferentially-{12-fold) the TNF-specific peptide over the
matrix metalloproteases peptide in vitro. This recombinant protein also cleaved the natural substrate GST-ProTNFe to TNF-«
(17 kDa) in vitro. The mRNA for TACE, which is broadly distributed and differentially expressed in a variety of human tissues,

is up-regulated in arthritis-affected cartilage, but not normal cartilage. OA-affected cartilage also expressed TNl mRNA that
was not detected in normal cartilage. The OA-affected cartilage (in explant assays) spontaneously released TdEnd IL-8 in ex
vivo conditions. Addition of TNF-aR fused to 1IgG Fc fragment (TNF-aR:Fc) in the presence or absence of soluble IL-1R (with
which it acted additively) significantly attenuated the spontaneous/autocrine release of articular IL-8 in this assay. These exper-
iments demonstrate a functional paracrine/autocrine role of TNFe in OA-affected cartilage that may depend, in part, on up-
regulated levels of chondrocyte-derived TACE. The Journal of Immunology,1998, 160: 4570—4579.

broad spectrum of injurious effects, which makes it an effective in reducing clinical score, paw swelling, and histologic

important target for therapeutic intervention. TNFis severity of the disease. Extension of these studies in patients with
involved in the pathophysiology of arthritis, AIDS, cancer, auto- rheumatoid arthritis in phase Il and Il clinical trials has yielded
immune diseases (immune complex diseases), lung fibrosis, mulery encouraging results. These early clinical results indicate that
tiple sclerosis, skin delayed-type hypersensitivity reactions, ancheutralizing the effects of TNle- may have profound effects on
bacterial and parasitic infections (1-6). clinical symptoms and signs (10, 11).

The gene for human TNEk-encodes a prohormone that is in-  The matrix metalloproteases (MMPshave long been impli-
serted into the cell membrane as a polypeptide with a moleculacated in cartilage degradation in both rheumatoid arthritis (RA)
mass of 26 kDa (5). This membrane-bound form of TiRs and osteoarthritis (OA), although their precise role in disease pro-
bioactive as assayed by cell cytotoxicity and has been implicatedression remains to be determined (12). The two main families of
in the paracrine activities of TNE-in various tissues (6). In re- MMPs believed to be responsible for cartilage degradation are col-
sponse to LPS and other stimuli, the 26-kDa form of proT&iE-  lagenases and proteoglycanases (12).
proteolytically cleaved (by a metalloprotease referred to as ®NF-  The synthesis of TNF is known to be regulated at transcrip-
convertase) into a soluble 17-kDa polypeptide (6). TéBinds its  tional, translational, and posttranslational levels (6). Three inde-
cognate receptors (p55 and p75) as a bioactive trimer and triggependent groups have demonstrated that broad-spectrum inhibitors
complex intracellular signaling pathways (6, 7). of MMPs can specifically inhibit the release of membrane pro-

Studies in animal models of arthritis indicate that TNRiay be ~ TNF-« (but not IL-18 or IL-6) from various cell surfaces, includ-

a pivotal cytokine involved in these disease processes. Injection dhg RA synovial cell cultures (13-17). This inhibitor of proTNF-
processing could protect mice against a lethal dose of endotoxin
administered to them (14). The “TNé&-convertase” activity was
*Department Ioff Rheumatology and Medicre,%‘fﬁg’a”rtment of C?rthor)efliic S;ur- isolated using these inhibitors as ligands by affinity purification,
e ospta for ot Disences, e Jor, Nkl ntite of BomOSEU which resued i idetification of an 80-kDa protein with the ca-
Center, New York University Medical Center, New York, NY 10016. pacity to cleave the GIn-Ala} -Val-Arg sequence of proTNF-
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16); b) the functional expression of a truncated recombinant TACEbranes were hybridized witf?P-labeled probes overnight at 65°C. After
showing TNFe convertase activity; c) the up-regulation of both hybridization, the membranes were washed at high stringency twice for 10

; ~ _ ; min at 65°C. The blots were exposed to Kodak x-ray films (Kodak, Roch-
TACE land Fl)rOTNFa mRI:A .|n OA _anld RA-affected, bUt. notin ester, NY) at-70°C. All methods were conducted according to Sambrook,
normal cartilage; and d) the intraarticular TNFexpressed in OA- ¢ 51" (23).

affected cartilage is sufficient to modulate the autocrine cartilage-
der_lve(_j II'_-8 prodqctlon. We conclude from these data that TNF- Colony hybridization
which is induced in arthritis-affected cartilage, may be influenced
by the up-regulated TNE-convertase to promote cartilage cata- White colonies, including one positive control each for collagenase and
bolic activities stromelysin, were taken on grids on 150-mm plategl@0 colonies per

’ plate) and incubated overnight at 37°C. Colonies were transferred onto
. nitrocellulose membrane. The filters were then fixed with a UV Crosslinker
Materials and Methods (Stratagene, La Jolla, CA). Treatment of membranes, prehybridization, hy-
Procurement of human cartilage bridization, and washing conditions used were according to published pro-

tocols (22). Membranes were exposed to an autoradiographic film at

Cartilage slices were taken from the knees of patients with the diagnosis o£ 70°C. The collagenaséstromelysini clones were excluded from the
advanced OA or RA who were undergoing knee replacement surgery, angrids before sequencing the inserts of some of the other clones.
from nonarthritic knees. The OA/RA patients were free of nonsteroidal
anti-inflammatory drugs for at least 2 wk before surgery. Nonarthritic knee . .
cartilage was obtained within 12 h from accident victims who were un-Cloning of full-length cSVP (TACE) by &nd 3 rapid
dergoing knee amputation. Some of the samples were provided by thamplification of cDNA ends (RACE)

National Disease Research Interchange (Philadelphia, PA). The 3 and B extensions of cSVP were cloned using thH&A&CE and

OA cartilage organ culture 5'RACE methods according to manufacturer’s instructions (Life Technol-
ogies). Briefly, total RNA was extracted from a pool of three OA-affected
Organ culture was conducted as previously described (18). Briefly, kneeartilage samples. ForRACE, 1ug of this pooled RNA was synthesized
articular cartilage, from patients with OA or RA undergoing knee replace-into first strand cDNA using SuperScript Reverse Transcriptase and adap-
ment surgery, was obtained and cut into 3-mm discs; four to six discgor primer 3-GGC CAC GCG TCG ACT AGT ACT TTT TTT TTT TTT
(~100 mg) were placed in organ culture in 2 ml of medium for 24 to 72 h, TTT T (Life Technologies). This first strand cDNA was used to amplify the
with or without modulators. The medium was analyzed for nitrite (18), 3’ end of cSVP; a sense gene-specific primer called primer MMP'A (5
PGE; by RIA (Sigma Kit, Sigma, St. Louis, MO), and IL-8 and TNFby ~ TAG TGG TTT GAC GAG CC) and an abridged universal amplification

ELISA (R&D Systems, Minneapolis, MN). primer, AUAP (3-GGC CAC GCG TCG ACT AGT AC; Life Technol-
ion f icul i ogies), were used for 30 cycles in a Perkin-Elmer thermal cycler (94°C for
RNA extraction from articular cartilage 1 min, 55°C for 1 min, and 72°C for 2 min). The PCR products were

Total RNA from OA/RA-affected cartilage and normal cartilage was ex- purified using Promega PCR Purification Kit and quantitated. Ten nano-

tracted by guanidium thiocyanate-phenol/chloroform extraction methogdr@ms of PCR product was taken and reamplified, using a gene-specific
(19), with minor modifications. The cartilage was milled into fine powder S€nse-nested primer called MMP.B-{8AG GAA GCT GAC CTG GTT)

and extracted wit 4 M guanidium thiocyanate, 25 mM sodium citrate and AUAP for 20 cycles at the same PCR conditions mentioned earlier.
0.5% sodium dodecyl sarcosine, and 0.1 M 2-ME. The aqueous phase wa-R products were electrophoresed on 1% agarose gel, and 1.6- to 2.0-kb
layered onto cesium trifluoroacetate gradient for ultracentrifugation®@nds were excised, purified by PCR Cleaning Kit (Promega), ligated into

(24,000 rpm/24 h) and the RNA was extracted. The RNA obtained withPGEM-T (Promega), and transformed into XL-1 Blue MRfémpetent
this method is pure enough for RT-PCR analysis. Escherichia colicells (Stratagene). DNA was prepared from isolated white

colonies and digested wifPst restriction enzyme (unique site identified in

PCR amplification of OA/RA-affected and normal cartilage RNA cSVP Clone 8). The products were run on 1% agarose gel, blotted on
o nitrocellulose, and probed witf?P-labeled cSVP Clone 8S@l-SpH,

Reverse transcription from fig of total RNA from OA, RA, and normal  —900 bp) fragment. Four positive clones were picked and DNA were se-
cartilage was conducted according to manufacturer's recommendation gfuenced on an ABI 373 sequencer (Perkin-Elmer).
42°C far 1 h with Superscript Il and oligo(dT) primers (Life Technologies, ~ For 5 RACE, the first strand was synthesized using a gene-specific
Gaithersburg, MD). The first strand cDNA was used for PCR with the primer, MMP.C primer (5GCG CGA AGC TTA CTC TTC TCC TTC
following degenerate primers: A) forward primers as a mixture of two ATC CAC), and SuperScript reverse transcriptase (Life Technologies).
cysteine switch domain primers, (i) classical MMP’s cysteine switch de-The first strand was dC-tailed at thé énd and amplified using MMP.C
generate 5CCN (A/C)GN TG(C/T) GGN GTN CCN, where N A, G, (shown above) and anchor primer{SUA CUA CUA CUA GGC CAC
Cor, T, and (ii) snake venom protease cysteine switch degen€r@€8  GCG TCG ACT AGT ACG GGI IGG GIl GGG IIG (Life Technologies),
AA(AIG) ATG TG(C/T) GGN GTN, where N= A, G, C, or T; and B)  ysing the above mentioned conditions. The PCR products were run on 1%
reverse primer, a degenerate zinc binding domaif{@A)TG NCC (G/  agarose gel, and bands of 1.0 to 1.6 kb were excised and ligated in
A)A(GIA) (CIT)TC (G/A)TG NG(C/T). An amount equal to 100 pmol of K,GEM-T and transformed in XL-1 Blue MRFWhite colonies were se-
each primer was used (forward, a 50-pmol mixture of two cysteine switchected, and DNA was prepared and digested Witil restriction enzyme
domain degenerate primers and 100 pmol of zinc binding domain primers)another unique site identified in cSVP Clone 8) and blotted as mentioned
Three PCR reactions for each RNA species (OA/RA'aﬁected and normalhbove. Four positive clones were selected, and DNA was prepared and
were conducted in a Perkin-Elmer/Cetus DNA Thermal Cycler (Pefkin'sequenced as above.
Elmer/Cetus, Norwalk, CT) for 40 cycles of denaturation (94°C, 1 min),
annealing (40°C/45°C/50°C, 1 min), and extension (72°C, 2 min). The .
PCR products were excised from low melting agarose gel and purifiedNorthern blot analysis

using Promega PCR Cleaning Kit and ligated in pGEM-T vector (Promega,l.he filters for the human multiple Northern (MTN) blot were purchased
Madison, WI). The collagenaséstromelysin clones were excluded by from Clontech (Palo Alto, CA). These blots containeg.g of poly(A)*
colony hybridization as described below. DNA isolated from the rest of theRNA per lane. Equal Ioading c;f the RNA was confirmed by probing rep-

colonies were analyzed. Computer analysis of DNA and protein SeqUeNCEs o rovive filters withg-actin cDNA probe. The presence of a single

was performed using the GCG software package of the University of Wis-, - i) i )
consin (Madison, W), Genetics Computer Group (20). 2.0-kb band (forp-actin) in all lanes was confirmed, except heart and

skeletal muscle, which have two isoforms @factin: 2.0 kb and 1.8 kb.
Southern hybridization These filters were probed with TACE catalytic region (spanning the cys-

teine switch and zinc binding region) as recommended by the manufac-
The amplified RT-PCR fragments (on the filter) were probed with strome-turer. Northern blot analysis was performed using the same probe but with
lysin (341-bp to 1477-bp fragment) (21) and collagenase (396-bp to 883-bglifferent established cell lines, such as THP-1 (American Type Culture
fragment) (22). Clone A (cSVP) (which represents 768 bp to 1433 bp of theCollection, Rockville, MD (ATCC) 202-TIB), human chondrosarcoma
sequence deposited to GenBank (accession number U92649)) and tlATCC 94-HTB), Jurkat (ATCC 152), HEK 293 (ATCC 1573), and
500-bp fragment(s) were also used as probes. All fragments were labeléd20A4 (human immortalized chondrocyte, a kind gift from Dr. Mary
using[ *?P]dATP (Amersham Life Sciences, Arlington Heights, IL) and Goldring (24). Total RNA was isolated using the TRI REAGENT kit (Mo-
Random Primers DNA labeling system (Life Technologies). The mem-lecular Research Center, Cincinnati, OH).
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Construction and expression of recombinant truncated TACE in Sequence analysis

baculovirus The sequence search for the cDNAs was performed with the BLAST pro-

The TACE cDNA containing the signal region, the prodomain, and thegram, and the modeling was conducted by using the ICM program as
catalytic domain (TACE-SPSDETCy), which represents amino acids recently described (26, 27).

1-474, was constructed using specific PCR primers and'tRAEE No.

1-pGEMT clone as template. The following PCR primers were used: SensBeSUHS

primer Met 1, 3-CGG GAT CCA CC ATG AGG CAG TCT CTC CTA  Differential display and analysis of MMPs and TACE in

TTC 3 (to create 8BanHl site 5 to ATG); and antisense primer S474; 5 grthritis-affected cartilage

GCT CTA GAT TAG CTG CGT TCT TGA AAA CAC TC 3 (to create

stop+ Xbd site at serine 474). A typical PCR reaction contained 25 pmols To identify new members of the metalloprotease family produced
of each primer, 100 ng of template DNA, 5 mM of each dN2RJ of Vent by human OA- or RA-affected cartilage, two degenerate oligonu-
DNA polymerase (NEB, Beverly, MA), and water to a final volume of 50 gleqtides were made. One was from the conserved zinc binding

I. PCR was performed at 94°C for 1 min, 60°C for 1 min, and 72°C for : - .
gmin, for 20 Iiycles. The amplified DNA was digested wihHI and region and the other was from the conserved cysteine switch do-

Xbal and subcloned into pFast Bac-1 transfer vector (Life Technologies) tonain from two families of proteases, the matrixins and the snake
generate pFast Bac/TACE-SBRDETCy. All other recombinant tech- venom protease, as describedMiaterials and MethodsThe de-
niques to generate the recombinant virus and the recombinant protein weggenerate oligos were used to amplify the first strand cDNA by
conducted as described (25). The recombinant protein was generated B1_pcR from RNA obtained directly (without releasing the cells)
serum-free insect cell culture medium: (Express Five SFM) by |nfect|ngf | f i - hi h

the host BTI-TN-5B1-4 (high five) insect cells. Infected cells were har- I'OM normai, OA' and RA-a gcted cartilage. Using t 1S method,
vested 72 h post infection, and the recombinant enzyme recovered from thye have identified short half-life{(4 h) mRNAs that are induced
medium was used in the assays. in OA-affected cartilage in vivo. These include mRNA for COX-2
(18) and IL-18 (28).

The annealing temperatures used (for OA, RA, and normal car-
tilage RNA) for the RT-PCR (in 3 separate experiments), using
equal amount of RNA, were 40°C, 45°C, and 50°C. The PCR
The TNFa-specific peptide substrate (7-methoxy coumarin-dyb) Acetyl fragments amplified at three different temperatures for each tissue
(MCA)-PLAQ AV-(3-[2,4-dinitrophany)]-2,3-diamino-propianyl-RSSSR-  (j e OA, RA, and normal cartilage) were pooled and analyzed on

NH,) and MMP-specific peptide MCA-PLGL-DPA-A R-NHvere diluted R S
to a final concentration of 1AM in a buffer containing 50 mM Tricine pH agarose gels as shown in Figure The data showed amplification

7.5, 100 mM NaCl, 10 mM CaGland 1 mM ZnC}). The enzyme reaction Of PCR fragments ranging from 200 bp to 1.2 kb. The PCR prod-
contains 15Qul of a recombinant baculovirus supernatant plus the diluted ucts were analyzed for the presence of MMP-1 and MMP-3 by
peptide in 30Qul final volume. This was incubatedifa h onorbital shaker  Southern blot analysis as shown in Figur@BndC. As expected,
at 27°C. Reactions were quenched by adding:BEDTA (500 mM), and  \j\ip-1 and MMP-3 fragments (matrixins) could be detected in
plates were read at 320 nM excitation. . . . .
the 300- to 400-bp region, which, upon cloning and sequencing,
showed sequence characteristics similar to MMP-1 and -3, respec-

Enzyme assay for recombinant TACE-Q®ETCy with tively (data not shown). These experiments demonstrated that
proTNF« as a substrate MMPs could be isolated using this technique under conditions

i . . - used in this study.
Assay of baculovirus-expressed recombinant protein was performed with . e N
[®H]GST-proTNF« as a substrate prepared by in vitro translation using a The signal on the Southern blot hybridization was arbitrarily

rabbit reticulocyte system (Promega). The acrylamide gel assays were eormalized during the screening process by randomly selecting
sentially conducted as described by Gearing, et al. (13). GST-prafNF- and cutting out a band(s) (e.g., “500-bp band(s)” marked by open
was first cloned in pET-3b expression vector (Promega). The reaction conyyrowy in Fig. A) that appeared at equal intensity in normal, OA-

tained GST-proTNFe-pET3b (0.5ug/ul) 2 wl; RNAsin 1 ul, amino acid . L
mix (-cys) reaction buffer 2., T7 RNA polymerase ul, [*H]leucine (5 affected, and RA-affected cartilage RT-PCR samples after staining

ucilul) 12.5 pl, TNT rabbit reticulolysate 2%, and water to a final vol- ~ With ethidium bromide (Fig. A). This “500-bp band” has been
ume of 50ul. The reaction mixture was incubated at 30°C for 90 min identified as fibronectin, based on its cDNA sequence homology
followed by addition of 80Qul of buffer containing 50 mM Tricine, 150  (data not shown). This fibronectin cDNA was excised from the RA

mM NaCl, 0.1%N-octyl glucoside, and 1 m\g-mercaptoethanol. The 1506 b rified, radiolabeled, and used as a probe in the Southern
substrate was purified and concentrated using Micro Con 50 (Amicon)

diluted to 1 ml, and stored at 20°C in 1g0-aliquots. Twenty microliters blot hybridization. The filters previously used for probing MMP-1
of baculovirus-expressed TACE-SBDETCy was mixed with 5ul of and -3 were again utilized (Fig.0l). The fibronectin signal was
[*H]proTNF-« substrate in a4 buffer mixture containing 50 mM Tricine,  found to be at similar intensity in all 3 lanes. The data therefore
pH 8, 150 mM NaCl, 0.25% Tween-20 (6.2d), 10 mM CaCl, 15%  show both identical loading of PCR (on gels) and equivalent am-

glycerol, and 2.75ul of a mixture of protease inhibitors. The reaction was ... _.. 3 - . . )
incubated at 37°C for 30 to 90 min. After incubation, the reaction Waspllflcatlon of mMRNA (by RT-PCR) of the fibronectin band in nor

quenched by adding an equal volume of feducing SDS sample buffer. Mal, OA-affected, and RA-affected cartilage.

Samples were run on 14% acrylamide gels and stained with The normal, OA-affected, and RA-affected cartilage RT-PCR
Coomassie blue. bands were grouped into four regions (A, 200- to 400-bp region; B,
500-bp region; C, 500- to 800-bp region; and D, above 800-bp
. region) and cloned in pGEM-T vector. Colonies were grown on
RT-PCR analysis of TACE and TNF- grids and screened as described/iaterials and MethodsAmong
RT-PCR analysis of TACE and TN&-was conducted according to the these, one clone (from region C of OA-affected cartilage) desig-

manufacturer’s instructions (Life Technologies). The primers used for : ;
TACE were (sense)’5CGG GAT CCA TGT TAA AAG TGG ATA ATG nated as clone A (668 bp) showed the presence of a partial zinc

AAG and (antisense)’SGCG CGA AGC TTA CTC TTC TCC TTC ATC binding region (HELGH) at the end of thé ﬁagio_n of the inse_rt.

CAC, which generated an900-bp fragment. The primers for proTNE-  On subsequent screening, another clone was isolated, which was
mRNA amplification were (sense)-&GA ATT CAT ATG AGC ACT  designated as Clone 8 (which also represented sequences of Clone
GAA AGC and (antisense)'8CGG CGC CTC GAG TCA CAG GGC  a) Clone 8 had a complete functional zinc binding region (HEL

AAT GAT, which generated ar-700-bp fragment. The primers to amplify . I . L
the B-actin were (sense) 83TG GGG CGC CCC AGG CAC CA and GHN) and a cysteine switch-like motif (PKVCGY) similar to that

(antisense) 5CTC CTT AAT GTC ACG CAC GAT TTC, which gener- S€€N in snake venom proteases from Jararhagin (PKMCGV,
ated an~500-bp fragment. GenBank Accession No. 68251) (29). The distance between the

Enzyme assay for recombinant TACE-QBETCy with the
TNF-a-specific and MMP-specific peptides
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FIGURE 1. A, RT-PCR analysis of RNA obtained from OA/RA-affected and normal cartilage. Two micrograms of RNA (pooled from at least three
individuals) was used for RT-PCR using various degenerative cysteine switch-like zinc binding region oligonucleotides as deddatsais and
Methods An equal amount (100 ng) of cDNA from a pool of samples that were amplified at 40°C, 45°C, and 50°C was run on 1% agarose gels containing
0.05 ng/ml of ethidium bromide. This protocol was partly adopted from Freije et al. &&ndC, Southern blot analysis of RT-PCR amplified fragments
using MMP-1 8) and MMP-3 C). The cDNAs (100 ng total) shown iA were run in duplicate gels, blotted onto the membrane, and then probed with
radiolabeled probe for MMP-1 and MMP-3, respectively, as describ&thierials and MethodsThe positive control irB represents a restriction-digested
fragment (cysteine switch/zinc binding region) of MMPEL. Southern blot of RT-PCR-amplified fragments using 500-bp fragment(s). The 500-bp region
band seen as an open arrowAivas cut from the gel, eluted, purified, and labeled wiiP[dATP using the same mixture of degenerative oligonucleotides
used to amplify the original mMRNA from cartilage. Both the blots showB endC were stripped of their previous signals and reprobed with the labeled
500-bp cDNA fragment(s). One of two similar blots is show#h Southern blot of RT-PCR-amplified fragments using (Clone A) cSVP. Clone A, which
represents part of the catalytic region of cSVP, was labeled WiB{dATP. The blots3 and C were stripped of their previous signals and reprobed with
Clone A. The data show one of two representative blots.

PKVCGY and HELGHN was~690 bp, further excluding it from belong to the EC:3.4.24.42 M12B snake venom protease family
the matrixins family of MMPs. To confirm the presence of this (32) (Fig. 2A). This partial cDNA sequence showeed9% ho-
“PCR-amplified” cDNA in the arthritis-affected cartilage, the orig- mology to the recently described TNE-convertase (15, 16).
inal blots (shown in Fig. 1B and C) that had been probed with These experiments indicated that Clone 8 may be a fragment of the
MMP-1, MMP-3, and fibronectin cDNA were stripped again of TNF-a convertase, which seems to be up-regulated in arthritis-
their previously used probes and reprobed with Clone A (F). 1  affected cartilage.

Similar to MMP-1 and -3, this unknown cDNA (in the RT-PCR ) )
mixture), which hybridizes to Clone A, was also found to be en-Full-Length cDNA cloning of TACE and sequence analysis
hanced in the arthritis-affected cartilage, but the positive signairhe full-length cDNA was cloned from an OA-affected cartilage
was seen at-700-bp region, distinct from the bands observed with mRNA using both 5and 3 RACE protocols as described Ma-

the collagenase- and stromelysin-probed fragments. terials and MethodsThere was>99% homology in amino acid
sequence between cSVP and TACE, thus indicating that cSVP
from OA-affected cartilage was TACE (15, 16). The sequence
The sequence analysis of Clone 8 was performed by examining thanalysis for the full-length TACE was further performed with the
characteristic sequence patterns of the PROSITE database. Thew method for sensitive protein fold recognition (27). Character-
partial cDNA sequence of Clone 8 showed oni0% to 50% istic sequence patterns of the PROSITE database were searched.
similarity and 20% to 30% identity to snake venom proteases. Th&he 3-D ribbon structure based on the amino acid sequence and
3-D ribbon structure of Clone 8 was compared with that of thedomain structure for TACE is shown in Figure B,andC. The
catalytic region of atrolysin and adamalysin (30, 31) as the x-rayfull-length TACE showed the presence of a signal peptide (aa 1 to
crystallography structures of these proteins are solved (pdb codd:7), a potential prodomain (aa 18 to 216), a cysteine switch-like
liag). The peptidase domain of Clone 8 aligns with only 27%region (aa 181 to 188), a catalytic region (aa 217 to 474), a zinc
amino acid sequence identity with the liag sequences. One of thkinding region (aa 405 to 417), a disintegrin cysteine-rich domain
striking features of this alignment (between Clone 8 and atrolysinfaa 480 to 559), an EGF-like region (aa 571 to 602). a transmem-
adamalysin) was that all three histidines important for the catalytidorane domain (aa 672 to 694), and a cytoplasmic tail (aa 694
function of atrolysin/adamalysin were conserved in Clone 8 (32)to 824).

Furthermore, the key hydrophobic side chains supporting 3-D The prodomain does not show any significant homology to any
folds are also conserved in these three proteins in the catalytiknown protein. The endopeptidase region, as described above, was
region. Although the overall sequence identity was not very highsimilar to that seen with the snake venom proteases of family
the alignment score (20.4 for liag) was found to be several sigmaM12B (33). The disintegrin/cysteine-rich region of TACE (29)
above the noise level (26). Therefore we concluded (based on thghows homology to the TNER/nerve growth factor receptor fam-
similarity of the PROSITE signature) that there was a structurally, which also has a similar cysteine-rich signature (34, 35).
and functional similarity between the Clone 8 peptidase region andNF-aR has been reported to form dimers in crystal structures
that present in adamalysin (EC:3.4.24.46)/atrolysin (C/D), whichwithout the ligand, and, therefore, the potential of TACE to form

Sequence analysis of Clone 8
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FIGURE 2. Comparison of the catalytic metallopeptidase region of atrolysin (C/D)/adamalysin with Cloag 8he 3-dimensional structure of

atrolysin was used as a template. Only the residues conserved between atrolysin, adamalysin, and Clone 8 are shown by balls-and-sticksv@&tiree conser
catalytic histidines are shown in green. Zinc ion is shown in magenta. The ribbon is colored from N to C terminus. Topologic structure and dounein struct

of TACE (b andc). The putative signal peptide sequence is followed by an unknown prodomain (green sphere). The catalytic/metallopeptidase domain is
modeled on the basis of known structure of adamalysin Il and atrolysin E. The ribbon is colored blue to red from N to C terminus. Zinc ion is shown in
magenta. The disintegrin/TN&R cysteine-rich domain is modeled on the basis of the known structure of thexR\dtmer (pdb entry 1ncf). Immediately

after the transmembrane helix there is a potential tyrosine phosphorylation site. The cytoplasmic domain, which shows no resemblance to any known
protein, is represented by a gray spherehows the bar diagram of TACE (cSVP)

a dimer cannot be ruled out (35). The TACE also has an EGF-likd KKLDKQYESL). Substrates of tyrosine protein kinases are gen-
domain, a transmembrane domain, and a cytoplasmic region. Therally characterized by a lysine or an arginine, seven residues to
cytoplasmic region, like the prodomain, does not show any signifthe N-terminal side of phosphorylated tyrosine. Two lysine resi-
icant homology to any known protein in the public database. Thedues at positions 5 and 6 and an aspartic acid residue at position 3
cytoplasmic region has a putative tyrosine phosphorylation siteéo N-terminal of the tyrosine (Y) are found in TACE, which is a
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FIGURE 3. Northern blot analysis of TACE from different human tissudsThe RNA blots were purchased from ClonTech. Two micrograms of
poly(A)" RNA were blotted onto a nylon membrane. Equal loading of the RNA was confirmed by probing the blo-adgtim (conducted as part of

the quality control data sheet by ClonTe&)The Northern blot from total RNA isolated from different cell lines. Thirty micrograms of total RNA obtained

from C20A4 (a human immortalized chondrocyte cell line), THP-1, HEK 293 (human chondrosoma), and Jurkat T cell was loaded onto the gels. The filters
were probed with the cDNA representing the catalytic domain of TACE.

classical motif for tyrosine phosphorylation (36). Furthermore, theExpression of TACE in baculovirus insect cell culture system

grolirr:e riclh cytgp(ljasmi_c r?g;(xlpc’f;—?gg haz ?Dt AliéijltFEVSVX IC’OtentialThe TACE-SP@DETCy containing a prodomain (with a putative
re-nomology S domains. Q an . signal sequence) and the catalytic region containing a cysteine
switch-like motif and zinc binding domain were cloned in a bac-

Northern blot analysis of TACE
W ined the distributi f TACE mRNA (using th talvii ulovirus expression system. This protein was truncated just before
€ examined the distribution o m (using the catalytic ihe start of disintegrin domain. The recombinant virus made in Sf9

E:)ertﬁfe;rnAtfl:cl)Et ?glgrﬁgéﬁ?gs '2 S\’/:L:'rcélésotf';ﬁe?gﬂzgv?/g?;;r:;rc'a ells were further amplified in BTI-TN-5B1-4 cells using the se-
y ) rum-free medium. The recombinant protein was Western blotted

a 5.0-kb mRNA that was differentially distributed in various tis- ,_. . . . : .

- ; - (Fig. 4) using the polyclonal Abs raised against the catalytic region
sues. The salient features of the blot were the high expression |f1f TACE d iiE. coli- dat t sh . bbits. Th
testis, placenta, lung, and kidney and low expression in ovaryO (expressed i coli; data not shown) in rabbits. The

colon, liver, and brain (Fig. ). Northern blot analysis of 3p.g Western blot show§ aﬁ55-kD§ band th"’,‘t corresponds to. the un-
of total RNA obtained from the various cell lines, including two processed recombinant protein containing the prodomain and the

chondrocyte-derived cell lines as described in Figueshowed ~ catalytic region. This blot also shows an32-kDa band that

the presence of a dominant5.0-kb TACE-1 mRNA and a minor seemed to be the processed form of TACE. The processing of
~4.0-kb TACE-2 mRNA. Thirty micrograms of total RNA TACE seems to occur at the furin-like cleavage site (RVKRR) at

(pooled from five to ten samples of cartilage) obtained from OA- residue 211 in the prodomain region. Furin and related enzymes of
or RA-affected cartilage and normal cartilage independently wa$ubtilin-like serine proteases such as PC1/PC3, PC2, PC4, PC5,
also examined by Northern blot analysis. A positive detectabld®C7, and PACE 4 have been described to utilize the consensus
signal could not be seen in the cartilage-derived mRNA, althougfR-X-K/R-R site for processing of diverse proteins, especially
TACE mRNA could be seen in the adjacent lane with equivalentoroenzymes such as factor IX (37), pro-Von Willebrand factor
amounts of THP-1 mRNA (data not shown). This is not surprising,(38), proalbumin (39), complement pro-C3 (39), and proT&F-
since we have observed that the poly{Ajontent of human car- (40). These results show a) that baculovirus insect cells (Sf9 cells)
tilage RNA is approximately 0.1% of the total RNA (data not contain enzymes that have furin-like activity, and b) that the bac-
shown). However, TACE mRNA in cartilage could be detected byulovirus insect cell cultures can process and secrete the truncated
RT-PCR as described below. form of the recombinant TACE. Since TACE contain a cysteine
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FIGURE 5. Determination of the specificity of TACE-SRADETCy us-
ing the native proTNFe on the substrate3H]GST-proTNF« (~46 kDa)
was prepared in vitro using rabbit reticulocyte lysate. The substiate (
2) was incubated with the recombinant TACE for 30 mlizng 3), 60 min
(lane 4), 90 min (ane 5), and analyzed by SDS-PAGEane lrepresents

FIGURE 4. Western blot analysis of recombinant baculovirus-ex- the m.w. markersLane 6represents the standard purified 17-kDa TalF-
pressed TACE-SPADETCy. The prodomain and catalytic region of The 24-kDa band represents free GST.

TACE were expressed in baculovirus as describedaterials and Meth-
ods The protein was generated in a serum-free medium and analyzed by
SDS-gel electrophoresis and Western blotting using a polyclonal Ab gen-

erated in rabbits using the. coli-expressed catalytic site of the TACE. Regulation of TACE and TNE-in arthritis-affected cartilage
shows the native form of the TACE-SROETCy; B shows the truncated/ . -
processed form of TACE-SRDETCy. Our recent observations indicate that mRNA for COX-2 and -1

are up-regulated in OA-affected cartilage but not in normal carti-

lage (19, 28). In view of the up-regulation of TACE mRNA in our

initial screen in arthritis-affected cartilage, as seen in Figure 1, total
switch-like motif PKVCGY characteristic of snake venom-like RNA was directly isolated from OA- and RA-affected cartilage
proteases and a zinc binding domain characteristic of metzincinginmediately after surgery. Normal cartilage was used as control
(41), it is tempting to propose that the TACE could be activated byfor RT-PCR analysis using specific primers for TACE. Figure 6
cysteine switch mechanism as it was determined for enzymes ashowed up-regulation of TACE mRNA in five arthritis-affected
matrixins family such as collagenase 1 and stromelysin 1 (42). cartilage samples tested. There was no detectable signal observed
in the two normal cartilage samples tested, ever 35 cycles. It
should be noted that a faint positive TACE signal (after staining

Specificity of recombinant TACE

The baculovirus expressed TACE (clone TACE-QBETCy)

that harbors the prodomain, and the catalytic site was tested for its
specificity in a fluorogenic assay, using an MCA-labeled peptide

containing the amino acid sequence around the native site, witl

proTNF« (MCA-PLAQA | V-DPA-RSSSR-NH) and that of

THP-1+LPS
+ Control
RT-Control

MMPs. (MCA-PLG| L-DPA-AR-NH,) as the substrate. Table | E - OA RA Normal
shows thekm andVmaxof the enzyme in the presence of the two 1z E 2 3l 21011 2]

substrates. The ratio V Ala-Val/V Gly-Leu was 11.94 indicating
~12-fold preferential cleavage of the TNF-peptide over the TACE
MMP peptide by the truncated recombinant enzyme.

To further ascertain the specificity of the recombinant enzyme,
we tested its ability to cleave the native proThFin vitro. *H-
labeled GST-proTNFe substrate was prepared by in vitro trans-
lation using rabbit reticulocyte system. The substrate was incu:
bated with the recombinant enzyme for 30 to 90 min, and the

cleavage product (17 kDa TN&)» was examined by SDS-PAGE
analysis as shown in Figure 5. These experiments demonstrate thB actin
the recombinant enzyme cleaved the native proT\ie- TNF-a.
FIGURE 6. Expression of TACE, TNFe, andp-actin mRNA in normal

and OA/RA-affected cartilage. Normal or OA/RA-affected cartilage from

different individuals was taken and extracted for total RNA, immediately
Table I. Specificity of recombinant TAGE upon receiving the samples without releasing the cells, as described in
Materials and MethodsEqual amounts (100 ng) of total RNA were sub-
jected to RT-PCR analysis (30-35 cycles) using specific TACE and &NF-
primers, as described Materials and Methodswvhich generated-900-bp

TACE Hydrolysis of

MCA-Gly-Leu MCA-Ala-Val and~700-bp fragments, respectively. The same RNA preparation (100 ng)

MMP peptide TNF-a peptide was also subjected to RT-PCR analysis @hctin, which generated a
Vimax 118+ 05 14.21+ 2.2 475t-.bp lira:g(rjnenz Otrle r;utnddred_t?]aﬂggrams of to:jal RNA f{_om THdP-l cetl!s
Km (uM) 44+ 06 19.0+ 4.8 unstimulated and stimulated wi were used as positive and negative

controls. In this experiment, RT-PCR analysis of RNA from OA patient
® The recombinant TACE was incubated with the MCA-labeled peptide contain-No. 3 was conducted without the reverse transcriptase enzyme (RT:Con-

ing the amino acid sequence around the native cleavage site within pro TNF (Ala-Val [T : P "
and MMP (Gly-Leu) in a fluorogenic assay as describeMaterials and Methods }rol), thus indicating the lack of potential DNA contaminatior. Control

The Km and Vmaxof the enzyme was determined as describedviaterials and designates amplification from standard TACE, ThFandB-actin cDNA.
Methods The data represent one of the two similar experiments. STD designates m.w. standards.
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8 neous release of nitric oxide and P$&roduction by more than
o 50%, as previously reported (28). Thus, chondrocyte-derived
567 [ a TNF-a, like IL-18 (28), acts in a paracrine/autocrine fashion to
5 modulate cartilage function.
£
S 44 b
% | Discussion
E 2] ¢ We have identified a snake venom-like protease (TACE) from hu-
en oy . . .
= % man arthritis-affected cartilage that has unique structural properties
0 suggestive of a hybrid between matrixins and adamalysins, similar
Control +IL-1R +TNFR:Fc +IL-1 R+TNFR:Fc to other related proteases, such as ADAM-10, -12, and -15 recently

observed in chondrocytes (44). The prodomain of TACE shows the

FIGURE 7. Down-regulation of endogenous TNF< IL-18 in OA- . . )
affected cartilage leads to a decreased release of IL-8 in ex vivo conditionsc.IoseSt resemblance (homology) to phospholipase C pleckstrin do

The OA-affected cartilage was set up in organ culture as describid-in mam, which \.Nas.reported _to .be important for m.embrane associa-

terials and MethodsAn amount equal to 1@.g/ml of human soluble re-  tion of proteins involved in intracellular signaling and the cy-

combinant type | IL-1R and TNBR:Fc (human TNFaR (p80) linked to ~ toskeleton interaction (45). The cysteine switch-like region
the Fc portion of human IgG1) were added to the OA organ culture. Thgesembles that of snake venom protease Jararhagin (29) and the
specific activity of IL-1R and TNFeR:Fc was 3.9< 10* U/mg and 1.2x functional zinc-binding motif (HELGHNFGAEHDPD), which is

10° U/mg, respectively. The cultures were harvested after 48 h, and thelistinct from that seen in the matrixins (41).

IL-8 levels were examined by_I_ELISA. “Control” designates spontaneous \oss et al. (15) have shown that the TACE construct harboring

release of IL-8 in ex vivo ct_)ndltlons. Dat‘a are expressed as ng/ml of IL'Ssignal regiont+ prodomain+ catalytic region+ disintegrin region

released by 1(_)0 mg of cartilage (wet We'gm)s_D (n = 3). Thep values expressed in baculovirus is functional. Our studies show that a

are as follows: between control aagdp < 0.12; between control anio} TACE construct (TACE-SPGDETCy) harboring a signal se-

p < 0.015; between control ang p < 0.0015. . T : o _
guence+ prodomain+ catalytic site (devoid of disintegrin do-
main) and expressed in baculovirus is sufficient for enzyme activ-

the gel with ethidium bromide) in normal cartilage could be ob-ity and specificity for the TNFe peptide over the MMP peptide.

tained after 40 cycles of PCR amplification (data not shown) or byFurthermore, the truncated recombinant TACE could also cleave
probing the RT-PCR-amplified products witF%-labeled TACE the natural proTNFx substrate to 17-kDa TNE- Therefore, the
probe by Southern blot analysis, as shown in Figure 1. This may b&-terminal region of TACE, unlike the matrixins (where the he-
due to the constitutive expression of TACE, as reported by BlackMopexin/vitronectin repeats are implicated in triple helix recogni-
et al. (16) and this paper (Fig. 3,andB). tion) (46), has a disintegrin-like domain that does not seem to have
We therefore also examined the expression of TRRNA in any significant role in the activity or specificity of the enzyme in

OA-affected and normal cartilage using the same RNA preparal Vitro assays. Furthermore, human ThFeonvertase could not

tions used for amplifying TACE (Fig. 6). RNA from all the ar- cleave mouse proTNE-in vitro (47). Thus, it seems that human

thritis-affected patient material showed the presence of &NF- TACE is specific for human proTNE- Furthermore, Lunn et al.
mRNA expression that was not detectable in the two normal car{48) have shown that ADAM-10 isolated from bovine spleen also

tilage samples tested. These experiments indicate that there is &3S TNFe convertase activity. This is not surprising, since several
up-regulation of both TACE and TN&-mRNA in arthritis-af-  isolated MMPs have also been demonstrated to cleave prad NF-

fected cartilage. in vitro (13, 49). It should be noted that T cells derived from
We have recently observed that OA-affected cartilage explantsTACE '~ (homozygous mouse) showett80% decrease in
when incubated in ex vivo conditions in F-12 medium (in the ab- TNF-a release and subsequent enhancement of cell surface pro-
sence of any exogenous supplements including FBS), spontandNF-a accumulation, indicating that TACE is the key enzyme in
ously released nitric oxide, PGEand IL-18 in quantities sufficient  ProTNF- processing in cell-based assays (16). It is quite possible
to cause cartilage damage, and these mediators can be down-rdfat cysteine-rich region may be involved in dimer formation,
ulated by sIL-1R but not by TNER:Fc (19, 28). Therefore, we based on its sequence homology with TNR/NGF-R (35) and/or
also examined the spontaneous release of &\fFom cartilage ~ may act as an integrin. The disintegrin-like domain-containing pro-
explants obtained from twelve different patients utilizing the sameteases derived from snake venom are responsible for inhibiting
experimental system. We could detect TNF412.4+ 11.0 pg/ml  platelet aggregation by interacting with,,8; on platelets (50),
per 100 mg OA cartilage, at 72 m = 12) in the serum-free and recent studies have also shown that a binding site in the dis-
medium when assayed by ELISA. integrin domain of guinea pig fertilin (PH-30) is required for
We also assayed the spontaneous release of IL-8, which isperm-egg fusion (51, 52). These observations further emphasize
known to be stimulated by TNE-in chondrocytes (43), and found the importance of disintegrin domain in cell-cell interactions (51).
it to be present in significant quantities-$—6 ng/ml) together One difference between the soluble snake venom-like proteases
with nitric oxide and PGE(19, 28). Interestingly, although TN&-  and their mammalian homologues is the presence of a cytoplasmic
was detected in low concentrations by ELISA in ex vivo condi- region and the transmembrane region (29, 52). The mammalian
tions, treatment of explants with TN&R:Fc significantly inhib-  homologues are membrane bound and may show entirely different
ited the spontaneous secretion of IL-8 by OA-affected cartilaggfunction. This may include the inside-out/outside-in signaling of
(Fig. 7). sIL-1R only marginally inhibited the spontaneous releasethe molecules, in view of a potential tyrosine phosphorylation site
of IL-8. However, sIL-1R acted additively with TNER:Fc to  and Src-homology 3 binding motifs in the cytoplasmic region
markedly inhibit IL-8 release. These experiments indicate that thef TACE.
OA-affected cartilage spontaneously produces low levels of Our experiments also suggest that at least two forms of TACE
TNF-a that are sufficient to promote IL-8 production. In these (1 and 2) may exist based on the molecular weights of the two
experiments, TNReR:Fc + IL-1R could also inhibit the sponta- mRNAs. The significance of the shorter form is not clear. This is
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the first observation that indicates that TACE mRNA is up-regu-
lated in a pathophysiologic condition where TNFplays a sig-
nificant role (4). Although the role of TNE&-in RA is well-doc-
umented, it has not been implicated in the pathophysiology of OA,
in view of the comparatively low levels seen in the synovial fluids
of OA patients (53). ILB and TNF« have been shown to inde-
pendently induce IL-8 in human chondrocytes (43). Our studies
demonstrate that IL-8 produced by chondrocytes of OA cartilage,,
explants can be inhibited by TN&R:Fc. Furthermore, soluble IL-

1R, together with TNFxR:Fc, demonstrates an additive inhibitory
effect on the IL-8 production that also highlights the importance of

TNF-a in the pathophysiology of OA, not previously appreciated. 15.

These experiments demonstrate that the endogenousaTNB-

duced by OA-affected cartilage is functionally active and is present
in quantities sufficient to act in an autocrine or paracrine fashion to
modulate other inflammatory/chemotactic mediators, such as IL-8.

Although OA has been described as a “noninflammatory diseases.

(54) we have recently shown superinduction of inflammatory me-
diators, such as nitric oxide (18), PGE9), IL-8, IL-6, IL-1 (28),
and MCP-1 (unpublished data) in OA-affected cartilage in ex vivo

conditions. The present studies highlight the role of another proini”-

flammatory cytokine, TNFe, and its regulator, TACE, along with
other inflammatory mediators described above in the pathophysi
ology of OA.
In summary, using a differential display screen between normal
and arthritis-affected cartilage, we have cloned the cDNA for a
snake venom-like protease that ha89% amino acid sequence
homology to the recently described human ThEenvertase (15,
16). We provide evidence that functional TN¥Hs secreted in an
active form by OA-affected cartilage, consistent with an up-regu-

lated TNFe convertase mRNA. These data thus identify two in- 21.

ducible molecules, TNk and its regulator, TNFe convertase,
that are produced by OA-affected cartilage and that could serve as
future targets for pharmacologic intervention.
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