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The stromelysin-2 (SL-2) gene is transcriptionally
active in normal human keratinocytes and encodes a
secreted, catalyticallycompetent but latent matrix
metalloproteinase. Phorbolester induction resulted in the
emergence of SL-2 (butnot SL- 1transcripts), whereas
the opposite was true for human mucosal fibroblasts.
Expression of keratinocyte SL-2 was also induced by
thetwokeratinocytegrowthfactors,transforming
growth factor-a and epidermal growth factor, by the
proinflammatorycytokine,tumor
necrosis factor-a,
but, somewhat surprisingly, not by interleukin-18. The
latent SL-2 proenzyme was isolated from 12-0-tetradecanoylphorbol- 13-acetate-induced keratinocytesby
immunoaffinity chromatography using a cross-reactive antibody raised against humanSL-1. This procedure led to the recovery of a single M, 54,000 molecular species at a level of ~ 0 . pg/ml
2
of culture medium.
Amino-terminal sequencing identified the protein as
SL-2 and verified the predicted signal
sequence cleavage site. Conformational activation of latent SL-2 precursor by SDS gave rise to a full-length, uncleaved (Mr
54,000) active form and at the same time exposed a
cryptic thiol group. By contrast, organomercurial activation resultedin autolytic truncationof the molecule
with loss of M, =10,000 propeptide. SL-2 shared with
(human fibroblast) SL-1 theability tocleave casein, to
“superactivate” fibroblast typeprocollagenase, and to
form apparently binary, SDS-resistant
complexes with
tissue inhibitor of metalloproteinases- 1.

Epithelial invasion of mesenchymal domains plays an important role in embryonic development and in the growth and
metastasis of carcinomas. The attendant remodeling of the
stromal architecture is orchestrated by epithelial cells either
by inductive influences on stromal cells (2-6) or by endogenous expression of matrix-degrading proteinases (7-13).
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Stromal remodeling is accomplished, at least in part, by a
complement of matrix metalloproteinases (MMP)’ capable of
degrading most, if not all, stromal structural proteins
(for
recent reviews, see Refs. 14-16). Growth factor- or phorbolester-induced skin and mucosal keratinocytes express at least
three matrix metalloproteinases: fibroblast type collagenase
(MMP-1) ( l ) , M , 72,000 gelatinase (MMP-2), and (iii) M ,
92,000 gelatinase (MMP-9) (8, 11-13, 17). Keratinocytes apparently do not express the stromelysin-1 gene (SL-1, MMP3), whichis abundantly expressed by fibroblasts, macrophages, and endothelial cells and encodes perhaps the most
broad spectrum proteinase of the MMPfamily (18-20). Since
previous studies have shown thattranscripts of a highly
homologous (78%) SL-2 gene may be found in some human
carcinomas (21-23) andthatthis
gene apparently is not
expressed by cultured human skin and synovial fibroblasts
(18), we considered the possibility that SL-2 is expressed by
epithelial cells in lieu of the SL-1gene.
MATERIALSANDMETHODS

Cell Culture

Humaninfant foreskin keratinocytes were obtained by trypsin
treatment of infant foreskins and maintained in culture using serumfree low Ca2+ medium supplemented with bovine pituitary extract
(KGM, Clonetics, San Diego, CA) as previously described (24). The
cells were used between the second and fifth passage. Human gingival
fibroblasts were established from explants of adult human gingiva
and serially propagated in Dulbecco’s modified Eagle’s mediumcontaining 10% fetal bovine serum. For induction of MMP expression,
the cells were washed repeatedly in phosphate-buffered saline and
then replenished with keratinocyte growth medium or serum-free
Dulbecco’s modified Eagle’s medium (fibroblasts only) and supplemented with 1.6 X
M TPA (12-0-tetradecanoylphorbol-13-acetate) or with the following growth factors and cytokines: r-human
interleukin-lp, lo-’ M, (a gift from Pfizer, Groton, CT); r-human
TGF-a, IO-’ M (Upstate Biotechnology, Lake Placid, NY); natural
murine EGF, lo-’ M (Collaborative Research, Bedford, MA); r-murine
interleukin-6, lo-’ M (25); r-human platelet-derived growth factors,
M (Bachem, Torrance, CA); and r-h-TNF-a, lo-’ M (Genzyme,
Boston).

M M P Transcript Analysis
Strategy for Generation of SL-I- and SL-2-specific cDNA ProbesA 298-bp SL-1 probe (nucleotides 1460-1758) was generated by AccIPvuII digestion of human SL-1 cDNA prepared from plasmid pSLm8/

The abbreviations used are: MMP, matrix metalloproteinase;
APMA, 4-aminophenylmercuric acetate; EGF, epidermal growth factor; mAb, monoclonal antibody; PAGE, polyacrylamide gel electrophoresis; r, recombinant; SL, stromelysin; TGF, transforminggrowth
factor; TIMP, tissue inhibitor of metalloproteinases; TNF, tumor
necrosis factor; TPA, 12-0-tetradecanoylphorbol-13-acetate;
bp, base
pair.
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PGEMEX-1 (constructed from a cDNA clone donated by Dr. Gregory
Goldberg, Washington University, St. Louis, MO) (26). Since our
preliminary results indicated that keratinocytes expressed SL-2, a
SL-2 probe was constructed by reverse transcription polymerase
chain reaction of human keratinocyte RNA. Total RNA (2 pg) obtained by hot phenol extraction (27) from keratinocytes induced for
16 h with 1.6 X 10" M TPA was reverse transcribed using oligo(dT)
primers. A 175-bp segment was amplified by use of an upstream
identical
primer (5'-CGATCGAATTCATGAGCCTTGCAGAT-3')
to positions 1568-1583 and a downstream primer (5"CGATCGAATTCAAGGAACAGGCCCAA-3') complementary to positions
1729-1743 of the human SL-2 cDNA. Both primershave a "CGATC"
clamp and an EcoRI site (underlined) to aid the subsequent cloning
steps. Amplification was carried out in a DNA Thermal Cycler 480
(Perkin-Elmer Cetus Instruments) for 30 cycles (one cycle = 94 "C
for 1 min, 55 "C for 3 min, and 72 "C for 3 min). The SL-1 andSL-2
probes were radiolabeled by a random primer DNA labeling kit
(Boehringer Mannheim) using [CX-~'P]~CTP
(3000 Ci/mmol, Amersham Corp.).
Northern Analysis-Total cytoplasmic RNA wasisolated (27) from
TPA- or growth factor/cytokine-induced (or uninduced control) human foreskin keratinocyte and gingival fibroblast cultures. Aliquots
of 10 pg of total RNA were heat-denatured in 50% formamide, 2.2 M
formaldehyde and electrophoresed in agarose gel (1.2% agarose, 2.2
M glutaraldehyde) in 20 mM sodium phosphate buffer, pH 7.0. The
RNA was blotted on nylon membranes by capillary transfer in 20 X
SSC (1 X SSC = 0.15 M NaCI, 0.015 M sodium citrate buffer, pH 7.0)
for 16 h and baked for 2 h at 68 "C. The immobilized RNA was
prehybridized in 45% v/v formamide, 5 X Denhardt's solution, 4 X
SSC, 0.1% SDS, 0.1 M sodium phosphate buffer, pH 6.5, and 100 pg
of sheared denatured herring sperm DNA at 42 "C for 2 h. Hybridization was carried out in fresh prehybridization solution containing
an additional 10% dextran sulfateand 1.5 X lo6 cpm/ml of 32P-labeled
cDNA for 18 h at 42 "C. The filter was washed twice in 2 X SSC,
0.5% SDS at room temperature for 1 h each time and once at 68 "C
for 30 rnin. The filters were exposed to Kodak X-Omat AR film at
-70 "C for 18 h using Du Pont Cronex Lightning Plus intensifying
screens. To ascertain loading of equal amounts of RNA, the blot was
reprobed with a 700-bp rat cyclophilin cDNA fragment from plasmid
plB159 (a gift of Dr. Jim Douglass, Oregon Health Science Center,
Portland, OR) (28), which cross-hybridizes with the human transcript.
Identification of Keratinocyte SL-2 Transcripts by Partial Sequenc@-To unequivocally identify the putative keratinocyte SL-2 transcript, a 165-bp reverse transcription polymerase chain reaction segment was isolated and sequenced. First strand was generated from 2
pg of total RNA isolated from TPA-induced keratinocytes by reverse
transcription using oligo(dT) as a primer. A 165-bp fragment flanked
by EcoRIcleavage sites was amplified using an upstream primer
sequence identical to position 1438-1452 (5"CGATCGAATTCCTGGTTACATTGCTA-3') and a downstream primer sequence
complementary to position 1589-1603 (5"CGATCGAATTCTTCTTCATGACACAT-3') of the human SL-2 cDNA. Following EcoRI
digestion, the fragment was subcloned into M13 mp18 and sequenced
(29).
Isolation and Characterization of Human Keratinocyte SL-2"Culture medium from TPA-induced human foreskin keratinocytes was
passed over a 1 X 5-cm column prepared by coupling 12 mg of mAbsL.
,IID4 to CNBr-activated Sepharose 4B. The column was washed with
start buffer (50 mM Tris-HC1, pH 7.5, 0.2 M NaCI, 5 mM CaC12)and
bound material eluted with 6 M urea in the same buffer and dialyzed
to remove urea. Human fibroblast SL-1 was isolated on the same
column. Human fibroblast type collagenase was isolated either by
conventional heparin-Sepharose, Zn2+-chelateand molecular sieve
chromatography or by immunoaffinity chromatography using mAbFIB.
CLVI-3(30). For amino-terminal sequence analyses, 3-4 pg of human
keratinocyte SL-2 was resolved by SDS-PAGE gel using a 10% gel
and was transferred to Immobilon-P paper (Millipore, Bedford, MA)
as described (31). The protein band was visualized by staining with
0.1% Ponceau S in 1%acetic acid. Bands were excised and sequenced
on a PortonPI2050E peptide microsequencer. The sequence analyses
were kindly performed by Dr. John Baker, University of Alabama at
Birmingham. @-caseincleavage rates were determined by incubation
of 1.25 mg/ml p-['251]casein(labeled according to Bolton and Hunter
(32) and used at a specific activity of 5 X lo6 cpm/mg) with 10 pg/ml
SL-1 and SL-2 at 30 "C. Activation of the SL precursors was with 1
mM APMA in assay buffer (50 mM Tris-HC1, pH 7.5, 0.2 M NaCI, 5
mM CaC12)for 16 h at 35 "C.Aliquots were removed periodically and

analyzed by SDS-PAGE. Uncleaved casein was quantified by determining the residual radioactivity in the M, 21,000 P-[1251]casein
band
using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). pcasein zymograms weredeveloped as described (33, 34) following
resolution of SDS-activated purified enzyme samples by SDS-PAGE
in a 10% polyacrylamide gel copolymerized with 1 mg/ml casein. The
gels were washed repeatedly in 2.5% Triton, 50 mM Tris-HC1, pH
7.5, 5 mM CaC12, 1 p~ ZnClz and incubated for 16 h at 37 "C in the
same buffer in the absence of Triton X-100 and stained with Coomassie Blue.
Formation of SL-2-TIMP-1 Complexes-Natural human TIMP-1
was purified from culture media conditioned by human lung fibroblast
strain HFL-1 (American Type Culture Collection, Rockville, MD)
using heparin-Sepharose and C4 reversed phase high performance
liquid chromatography. Keratinocyte proSL-2 (31 pg/ml) was activated by exposure for 16 h at 35 "C to 1 mM APMA and then mixed
with TIMP-1 (36 pglml) for 30 min and prepared for electrophoresis
under nondenaturing conditions as described (35). Nitrocellulose
transfers were subsequently stained with mAb 111-12, a broad spectrum MMP antibody originally raised against human fibroblast collagenase, which also recognizes humanSL-1and
SL-2, and with
polyclonal rabbit antibody to human TIMP-1.
Superactiuation of Fibroblast Type Collagenaseby SL-I andSL-2Serial dilutions of human fibroblast type collagenase were mixedwith
a fixed concentration of natural human SL-1 or SL-2 (1.0 pg/well) in
a total volume of 100 pl. The enzyme mixture was then activated by
addition of 1 mM (finalconcentration) APMA and the resultant
collagenase activity measured by incubation for 16 h at 35 "C with 30
pg of reconstituted rat tail tendon type I collagen fibril gels (33).
Labeling of Cryptic Cys Residue in Prostromelysins with Fluorescent
Maleirnide-Companion samples of human keratinocyte proSL-2 and
human fibroblast proSL-1 were incubated for 1 h a t 22 "C with
20 p~ N-(7-(di-methylamino)-4-methyl-3-coumarinyl)ma~eimide
(DACM) in 50 mM Tris-HC1, pH 7.5, 0.2 M NaCI, 5 mM CaC12either
in the presence or absence of 1%SDS as described (9). Thereaction
was stopped by addition of 5% 2-mercaptoethanol in electrophoretic
sample buffer and the samples developed by SDS-PAGE and photographed under long-wave UV illumination.
Miscellaneous-Kinetic parameters for binding of mAb~L.~11D4
to
natural human SL-1 and SL-2 were determined by surface plasmon
resonance technology using Pharmacia Biosensor BIAcore equipment
(36, 37). The analyses were kindly provided by Dr. Russ Granzow
(PharmaciaLKB Biotechnology Inc.). Western blot staining was
performed as described (30) using horseradish peroxidase conjugated
rabbit anti-mouse or goat anti-rabbit second antibodies. Murine
monoclonal antibodies to SL-1were produced as described (30) using
as antigen human gingival fibroblast proSL-1 purified by immunoaffinity chromatography by Dr. Hideaki Nagase (University of Kansas,
Kansas City, MO).
RESULTS

To examine the expression of SL genes, cDNA probes were
designed that are capable of discriminating between the two
homologous mRNAs. Analysis of the human SL-1/SL-2 nucleotide sequences revealed that thegreatest divergence exists
in the 3' region downstream from the open reading frame
(Fig. hi).The SL-1probe was generated by AccI-PuuII digestion of human SL-1 cDNA. The 298-bp SL-1 probe covered
nucleotides 1460-1758. To generate the SL-2 probe, total
human keratinocyte RNA was first reverse transcribed using
oligo(dT) primers. A 175-bp segment (40% identity wih SL1) covering positions 1568-1743 was then polymerase chain
reaction-amplified as described under the "Materialsand
Methods" section. Northern hybridization with SL-1/SL-2
specific probes showed that TPA-induced keratinocytes expressed exclusively the SL-2 gene,while fibroblasts exclusively expressed the SL-1gene (Fig. 1B). Toverify the identity
of the putative SL-2 transcripts, the nucleotide sequence of
an (unrelated) 165-bp reverse transcribedand polymerase
chain reaction-amplified segment of the keratinocyte transcript was determined. This sequence, whichshowed60%
homology to human SL-1 and identity with SL-2, unequivocally identified the stromelysin transcript of induced keratin-
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FIG.1. Expression of SL-1 and SL-2genes by human foreskin keratinocytesand mucosal fibroblasts. A, construction of human
SL-1- and SL-2-specific cDNA Probes. The SL-1 probe was a 298-bp AccI-PuuII fragment (nucleotides 1460-1758) of human SL-1 cDNA.
Construction of the SL-2 probe was based on the initial observation that keratinocytes do express the SL-2 gene. The probe was constructed
by reverse transcription of total keratinocyte RNA using oligo(dT) primers followed by amplification of a 175-bp segment by use of an
upstream primer (5'-CGATCGAATTCATGAGCCTTGCAGAT-3')identical to positions 1568-1583 and a downstream primer (5'C G A T C G A A T T C A A G G A A C A m A A - 3 ' ) complementary to positions 1729-1743of the human SL-2 cDNA. Both primers have a
CGATC clamp and an EcoRI site (underlined) to aid the subsequent cloning steps. The black boxes indicate the location of the open reading
frame. B, Northern analysis of SL-1 and SL-2 transcripts in TPA-induced (1.6 X
M, 16 h) and uninduced human foreskin keratinocytes
and mucosal fibroblasts. Each lane contained 10 pg of RNA. Hybridization was with the SL-l/SL-2probes shown in A. To control for loading
of equal amounts of RNA, the blots were reprobed for an invariant mRNA (cyclophilin) using a 700-bp rat cyclophilin cDNA fragment. C,
Northern analysis was performed using 10 pgof total RNA from passage 2-4 human foreskin keratinocytes treated for 4 h with growth
factors/cytokines as indicated or with TPA. PDGF, platelet-derived growth factors; IL, interleukin.
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FIG.2. Sequencing of

reverse
transcription-polymerase chain reaction SL-2fragment derived from
normal humankeratinocyte mRNA.
First strand was generated by reverse
transcription of 2 pg of total RNA from
TPA-induced normal human keratinocytes ( N H K ) using oligo(dT) primer. A
165-bp fragment generated by amplification of a segment corresponding to
positions 1438-1603 was isolated following EcoRI digestion, subcloned into M13
mp18, and sequenced. The resulting sequence ( N H K ) is aligned with published
sequences of human SL-1 and SL-2
cDNA.
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ocytes as SL-2 (Fig. 2). The observation that the SL-2 gene
was inducible by TPA suggested that theputative AP-1 binding sequence previously identified in the human SL-2 promoter (18) was transcriptionally active in human foreskin
keratinocytes. Since several growth factor and cytokine responses depend on the AP-1 siteand since keratinocyte
functions such as cell migration and expression of interstitial
collagenase are regulated by TGF-a, EGF, and TNF-a (12,
38), we speculated that expression of the SL-2 gene by keratinocytes might also be responsive to growth factors and
cytokines. As shown in Fig. lC, EGF, TGF-a, and TNF-a
induced expression of SL-2, whereas interleukin-l/3, plateletderived growth factors, and interleukin-6 did not.
To isolate the SL-2protein, we took advantage of the high
degree of homology at theprotein level (78%)between human
SL-1 and SL-2. Screening of a complement of mAbs raised
against human fibroblast SL-1 revealed that mAbs~J1D4
reacted with a cytoplasmic protein present in TPA-induced,
but not in
uninduced, keratinocytes (data notshown). Passage
of conditioned culture medium (2.5 liters) from TPA-induced
keratinocytes over a mAbs~.~I1D4
immunoaffinity column led
to retention of -0.5 mg of
a single M, 54,000 protein band,
which was subsequently eluted with 6 M urea (Fig.3A).
Sequencing of a stretch of 17 residues from the amino terminus, which differs at 7 positions from the sequence of SL-1,
unequivocally established the isolated protein as SL-2 (Fig.
3B). The amino-terminal Ala-Tyr sequence confirmed the
predicted Ser-Ala signal sequence cleavage site. Analysis. of
the binding constant (&), and the association (kmoc.)and
dissociation (kdisSoe.)rate constants, for formation of mAbsL.
111D4.SL-1 and mAbs~.J1D4.SL-2 complexes showed that
binding of SL-2 was approximately 10-fold weaker than that
of SL-1 (Fig. 3C) but apparently still strongenough to permit
isolation of the SL-2protein.
To determine whether the natural SL-2 protein encodes a
catalytically competent MMP, a series of experiments were
performed. (i) Exposure to SDS under nondenaturing condi-

B

tions results in conformational activation of MMP without
autolytic excision of the propeptide (34). After removal of
excess SDS (by TritonX-loo),the catalytic activity can
subsequently be visualized in SDS-PAGE using gels copolymerized with a suitable substrate. Using this procedure, we
confirmed that keratinocyte SL-2 cleaved 0-casein (Fig. 4)
and, asa consequence, that this MMP
is activated by exposure
to SDS. Unlike human fibroblast SL-1, which exists in both
unglycosylated and glycosylated forms, human keratinocyte
SL-2 migrated as a single molecular species between the two
(glycosylated/unglycosylated) SL-1 bands. (ii) APMA-activated SL-2 cleaved @-caseinin solution a t 30 “Cat a rate of
52 h” or approximately 3-fold slower than human fibroblast
SL-1, whereas no measurable activity could be detected with
the unactivated zymogen form (Fig. 4). (iii) The activated
form of SL-2 also shared with other MMP (35, 39-41) the
ability to form SDS-stable complexes with the protein inhibitors TIMP-1(Fig. 4) and TIMP-2 (data
not shown). Addition
of APMA-activated SL-2 to the M , 28,500 human TIMP-1
resulted in formation of a M , 70,000 SDS-resistant, apparently binary, TIMP-1-containing complex. (iv) We have recently proposed a model for the structureof the latent MMP
precursors that accounts for the many seemingly disparate
means of activation of the enzymes in vitro (42-44). Activation by organomercurials, a characteristic property sharedby
all MMP because of the unique chemistry of the highly
conserved latent precursor constructs, shifts the equilibrium
between a latent “switch closed” and anactive “switch open”
form of the precursor toward the open form, presumably by
reaction with an unpaired thiolgroup in the propeptide, which
in the latentenzyme forms a coordination bond to theactive
site Zn2+(Fig. 5). The interaction of the organomercurial with
the Cys residue “locks” the enzyme in a switch open form and
subsequently leads to two or more autolytic cleavages to
generate the mature, active, truncated molecule. Truncation
of the purified zymogen moleculeduring activationis in itself
strong evidence of intrinsic catalytic activity. Incubation of
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FIG.3. Isolation of human keratinocyte proSL-2 protein. A , 2.5 liters of culture medium from TPA-induced human foreskin
keratinocytes was passed over a mAb~L.~IID4-Sepharose
4B immunoaffinity column. After washing with start buffer (50 mM Tris-HC1, pH
7.5, 0.2 M NaCl, 5 mM CaC12),proSL-2 was eluted with 6 M urea. Lane 1, 10-fold concentrated start sample; lane 2, 6 M urea peak fraction.
Both lanes were stained with Coomassie Blue. €3, amino-terminal sequence of human keratinocyte proSL-2. Keratinocyte proSL-2 (=3 pg)
was resolved in a 10% SDS-PAGE gel, transferred to Immobilon-P paper, and sequenced. The sequence obtained (HFK SL)is aligned with
known human SL-1 andSL-2 sequences predicted from the corresponding cDNAs. C, the equilibrium constant, KA,and theassociation and
for binding of mAbs~.~I1D4 natural
to
human proSL-1 and proSL-2 were measured by surface
dissociation rate constants, k-., and h-.,
plasmon resonance technology using Pharmacia Biosensor BIAcore equipment.
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FIG. 4. Catalytic activities of human keratinocyte SL-2. Left, upper panel, rates of cleavage of 8-[1251]casein (1.25 mg/ml;5 X lo6
cpm/mg) with 10 pg/ml APMA-activated SL-1 and SL-2 at 30 "C. Rates were calculated from the disappearance of the M,21,000 /3-[1251]
casein band as determined by analysis of electrophoretograms using a PhosphorImager (Molecular Dynamics). Left, middle panel, 8-casein
zymogram of purified human keratinocyte SL-2 and human gingival fibroblast SL-1. The proteins (3.0 pg of SL-1,1.2 pg of SL-2) were mixed
with electrophoretic sample buffer containing 1%SDS and electrophoresed in a 10% SDS-PAGE gel copolymerized with 1 mg/ml casein
under nondenaturing conditions. The gel was washed repeatedly in 2.5% Triton X-100, 50 mM Tris-HC1, pH 7.5, 5 mMCaC12, 1 p M ZnClZ
and incubated for 16 h at 37 "C in the same buffer in the absence of Triton X-100, stained with Coomassie Blue.Left, lower panel, companion
samples were transferred to nitrocellulose and stained with mAb111-12 (5 pg/ml). Right panel, formation of SL-2-TIMP-1 complex.
Keratinocyte proSL-2 (31 pg/ml) was activated by exposure for 16 h at 35 "C to 1mM APMA and thenincubated with natural human TIMP1 (36 pg/ml) for 30 min and prepared for electrophoresis under nondenaturing conditions (35). Lanes 1 and 2 were stained with mAb 111-12.
Lanes 3 and 4 were stained with polyclonal rabbit antibody to human TIMP-1 (7 pg/ml). FIB-CL, fibroblast-type collagenase.

broblast type collagenase (MMP-1) and PMN type collagenase (MMP-8). The latter is expressed exclusively by PMNleukocytes, whereas a wide range of cell types including fibroblasts, keratinocytes, endothelial cells, macrophages, and osteoblasts express fibroblast type collagenase (MMP-1). The
two collagenase genes appear to be subject to highly different
transcriptional regulation mechanisms (16), whereas the two
SL genes respond to thesame stimulating agents, i.e. phorbol
esters, TGF-a, EGF, and TNF-a (18,47,48).Since the AP-1
binding site is a necessary but not sufficient element for
phorbolester and growth factor induction of MMP expression
(49-52), Sirum and Brinckerhoff (18) speculated that the
apparent silence of the SL-2 promoter (compared with SL-1)
in human skin and synovial fibroblasts might be accounted
for bybase substitutions in the AP-1 site at positions five and
nine (SL-1, ATGAGTCAA; SL-2, ATGAATCAT). Our findings, however, show that theSL-2 promoter is transcriptionally active in foreskin keratinocytes and responsive to many
of the same signals that induce SL-1 expression in fibroblasts
(phorbolesters, TNF-a, EGF, TGF-a).
Our findings raise the question whether expression of SLDISCUSSION
2is limited to cells of ectodermal lineage. Two lines of
Our findings represent the first evidence that theSL-2 gene evidence, however, suggest that that is not the case. Breathis transcriptionally active in normal human cells and that it nach et al. (23) observed that several transformed rat embryo
encodes a fully functional, secreted matrix metalloproteinase. fibroblast cell lines express the homologous rat SL-2 gene and
The observation that human foreskin keratinocytes and gin- can be induced by TPA in the presence of some fetal bovine
gival fibroblasts, a t least in culture, respond to phorbolester sera. Moreover, Matrisian and coworkers' recently found hustimulation by cell type-specific expression of the two SL- man SL-2 transcripts (and protein) in human endometrial
genes (in that keratinocytes express exclusively the SL-2 gene, stromal cells but not in glandular epithelial cells during the
fibroblasts exclusively the SL-1gene) is of considerable inter- menstrual cycle. The observation that endometrial stromal
est. This patternis reminiscent of, and yet distinct from, that
of another set of homologous metalloproteinases, namely fiL. M. Matrisian, personal communication.

SL-2 with APMA resulted in complete autolytic conversion
to a M , 44,000 form (Fig. 4). Wespeculated that thedisruption
of the putative Cys-Zn" bond, which is partially responsible
for maintaining the precursor structure, might be monitored
during conformational activation by use of thiol reagents.
Indeed, exposure of latent and SDS-activated SL-2 to the
fluorescent DACM (9) revealed that proSL-2 precursor, like
proSL-1, contains a cryptic thiol group that is unmasked
during SDS activation of the enzyme (Fig. 5). (v) One of the
most interesting catalytic activities of SL-1 is its ability to
superactivate fibroblast type collagenase in a manner that
generates 7-12-fold higher specific activity than activation
either by organomercurials or by limited proteolysis by plasmin or trypsin (45, 46). SL-2 was at least as potent as SL-1
in superactivating procollagenase over a wide concentration
range (Fig. 6). Based on the displacement of the collagenase
dose-response curve by SL-2 (and SL-1) we concluded that
SL-2 yields up to a 10-fold increase in the specific activity of
collagenase.
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capable of expressing fibroblast type collagenase, M, 72,000
and 92,000 gelatinases. This complement of enzymes confers
to keratinocytes the ability to remodel stromal interphasesby
an endogenous pathway and extends the destructive capabilities of these cells beyond inductive influences on stromalcell
MMP expression (3-5, 53). The selective induction in keratinocytes
of SL-2 (but notSL-1) provides compelling evidence
SDS
- +
that the repertoire of keratinocyte growth factor responses,
however, differs from that of stromal cells. It is by no means
the only example. Interleukin-lp, which is perhaps the most
potent inducer of MMP expression in fibroblasts, is remarkably ineffective on keratinocytes and fails to induce either
SL-2 or fibroblast type collagenase (13).3Moreover, TGF-01
down-regulates MMP expression in stromal cells (54,55) but
up-regulates both the M, 72,000 and 92,000 gelatinases in
keratinocytes (11).
The emerging evidence that keratinocytes express several
matrix metalloproteinases in response to growth factors and
cytokines raises the question of what keratinocyte functions
are
critically dependent on MMP expression. The keratinoMr54KCoomassie B.
cyte growth factors TGF-(r and EGFare essential for epithelial migration and colonial expansion in vitroand markedly
SL-2
SL- 1
accelerate epidermal healing in vivo (38, 56, 57). Since the
FIG. 5. Labeling of cryptic Cys residue in prostromelysins
with fluorescent maleimide. Human keratinocyte proSL-2 and common receptor for these two growth factors is expressed
human fibroblast proSL-1 were incubated for 1 h a t 22 "C with 20 abundantly onbasal keratinocytes in vivo (58,59), it is temptp M DACM in 50 mM Tris-HC1, pH 7.5,0.2 M NaCl, 5 mM CaClz ing to speculate that expression of MMP may be an important
either in the presence (+) or absence (-) of 1% SDS. The reaction tool (i) for epithelial migration on stromal surfaces, (ii) for
was stopped by 5% 2-mercaptoethanol. The samples (2.5 pgllane) programmed epithelial invasive growth during morphogenesis
were resolved by SDS-PAGE and photographed under UV illumina- (gland and organ development), and (iii) for inappropriate
tion (upperpanek).Companion samples were stained with Coomassie
Blue and photographed by transillumination (lower panels). Drawing invasion of stromal domains duringcarcinoma growth.

+
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shows proposed reaction mechanism.
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