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Abstract

Wound repair involves cell migration and tissue remodeling,
and these ordered and regulated processes are facilitated
by matrix-degrading proteases. We reported that interstitial
collagenase is invariantly expressed by basal keratinocytes
at the migrating front of healing epidermis (Saarialho-Kere,
U. K,, E. S. Chang, H. G. Welgus, and W. C. Parks. 1992.
J. Clin. Invest. 90:1952-1957). Because of the limited sub-
strate specificity of collagenase, principally for interstitial
fibrillar collagens, other enzymes must also be produced in
the wound environment to effectively restructure tissues
with a complex matrix composition. Stromelysins-1 and -2
are closely related, yet distinct metalloproteinases, and both
can degrade many noncollagenous connective tissue macro-
molecules. Using in situ hybridization and immunohisto-
chemistry, we found that both stromelysins are produced by
distinct populations of keratinocytes in a variety of chronic
ulcers. Stromelysin-1 mRNA and protein were detected in
basal keratinocytes adjacent to but distal from the wound
edge in what probably represents the sites of proliferating
epidermis. In contrast, stromelysin-2 mRNA was seen only
in basal keratinocytes at the migrating front, in the same
epidermal cell population that expresses collagenase. Strom-
elysin-1-producing keratinocytes resided on the basement
membrane, whereas stromelysin-2—-producing keratino-
cytes were in contact with the dermal matrix. Furthermore,
stromelysin-1 expression was prominent in dermal fibro-
blasts, whereas no signal for stromelysin-2 was seen in any
dermal cell. These findings demonstrate that stromelysins-
1 and -2 are produced by different populations of basal
keratinocytes in response to wounding and suggest that
these two matrix metalloproteinases serve distinct roles in
tissue repair. (J. Clin. Invest. 1994. 94:79-88.) Key words:
stromelysin + metalloproteinases ¢ keratinocytes « wound
healing « ulcers

introduction

The matrix metalloproteinase family, which includes two colla-
genases, two forms of gelatinases, three stromelysins, matri-
lysin, and a metalloelastase, consists of structurally related zinc-
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dependent enzymes. Acting together at physiological pH, these
proteinases can degrade all the components of extracellular ma-
trix. Besides participating in normal connective tissue homeo-
stasis and developmental remodeling, the proteolytic activity of
matrix metalloproteinases contributes significantly to the tissue
damage that occurs in chronic inflammatory diseases, such as
rheumatoid arthritis and osteoarthritis (1, 2), as well as in tumor
invasion (3). Metalloproteinases are produced by multiple cell
types, and typically, enzyme expression is tightly regulated and
limited to periods of active remodeling. The cell type-specific
expression of metalloproteinases is regulated by various factors,
including cell-matrix interactions, growth factors and cyto-
kines, lipid mediators, tumor promoters, and inflammatory
agents such as bacterial lipopolysaccharide (3).

Stromelysins-1 and -2 are closely related yet distinct mem-
bers of the metalloproteinase gene family. Stromelysin-1 was
initially characterized in rabbit synovial fibroblasts (4) and is
typically expressed by interstitial resident cells. In contrast,
stromelysin-2 was identified in a human adenocarcinoma cDNA
library (5) suggesting that these related proteins can be pro-
duced by separate cell types. Indeed, as shown recently by one
of us, stromelysin-2 is selectively induced in neonatal foreskin
keratinocytes but is not expressed by fibroblasts, which, how-
ever, do produce stromelysin-1 (6). Stromelysins-1 and -2 are
82% homologous at the amino acid level (7). Indeed, both
stromelysins have a very similar and broad substrate specificity,
being able to degrade proteoglycans, types IV and IX collagens,
laminin, fibronectin, and the globular domains of procollagens
I and III (8). Their expression, however, is regulated by distinct
pathways. Stromelysin-1 production is readily stimulated by a
variety of growth factors and cytokines, including interleukin-
1 and PDGF, whereas stromelysin-2 expression is largely unaf-
fected by these agents (9). Human fibroblasts produce high
levels of stromelysin-1, but only negligible amounts of strom-
elysin-2 (9). Thus, in disease situations and in the normal re-
sponse to injury, these proteins may be expressed by different
cell populations and serve distinct functions.

Wound healing involves an orderly series of events which
requires extracellular matrix degradation, cell migration, matrix
resynthesis, and tissue remodeling. We have shown that intersti-
tial collagenase is consistently expressed at high levels by ac-
tively migrating keratinocytes during the re-epithelialization of
various types of ulcers (10, 11). This spatially distinct and
invariant localization indicates that this enzyme has an essential
role in wound repair, possibly by affecting the removal of dam-
aged tissue or facilitating the migration of keratinocytes over
dermal connective tissue and through the wound bed. However,
interstitial collagenase has a very restricted substrate specificity,
namely, types I and III collagen, whereas the composition of
the papillary dermis and the provisional wound matrix, both
of which the migrating keratinocyte encounters, is complex.
Therefore, other enzymes must also be involved during the
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healing of wounds and ulcerations to effectively remodel the
multiple extracellular matrix molecules which are present. Since
stromelysins-1 and -2 have a broad substrate specificity, includ-
ing interstitial and basement membrane proteins, and since they
can activate procollagenase (8, 12, 13), we decided to study
their expression in chronic ulcers. Here we demonstrate that
stromelysins-1 and -2 are actively expressed by keratinocytes
during wound healing but by spatially distinct populations of
cells. Furthermore, dermal fibroblasts in the wound bed also
express stromelysin-1, whereas production of stromelysin-2 is
confined to the epidermis.

Methods

Tissues. Formalin-fixed, paraffin-embedded specimens were obtained
from the Department of Pathology at Jewish Hospital, Washington Uni-
versity Medical Center. 16 ulcers of various etiologies and 10 ulcerated
pyogenic granulomas from different parts of the body were studied.
Five specimens were stasis ulcers, five were decubitus ulcers, one was
pyoderma gangrenosum, and one specimen exhibited marked fibrosis.
Five ulcers were nonspecific, characterized only by inflammation and
granulation tissue. Five samples of normal skin from different parts of
the body were also examined.

In situ hybridization. In situ hybridization was performed on 5-um
sections as described in detail by Prosser et al. (14). All samples were
treated with proteinase K and were washed in 0.1 M triethanolamine
buffer containing 0.25% acetic anhydride. Sections were covered with
25-50 ul of hybridization buffer containing 2.5 X 10* cpm/pl of *S-
labeled antisense or sense RNA probe. Sections were incubated at 55°C
for 18 h in a humidified chamber. After hybridization, slides were
washed under stringent conditions, including treatment with RNase A
to remove unhybridized probe, and were processed for autoradiography
as described (14). After 10-21 d of autoradiographic exposure, the
photographic emulsion was developed, and slides were stained with
hematoxylin-eosin. The sections chosen for presentation in this report
were exposed for 13 d.

RNA probes. The production and specificity of the antisense human
interstitial collagenase RNA probe has been described (10, 15). A full
length human stromelysin-1 cDNA (16) was provided by Dr. Markku
Kurkinen (Wayne State University, Detroit, MI) and we subcloned
a 217 bp EcoRI-Xhol fragment coding an unique portion of the 3’
untranslated region (UTR) into a Bluescript KSII+ plasmid (Stratagene,
La Jolla, CA). A 175-bp fragment, corresponding to positions 1568 to
1743, which code for unique sequences of the 3’ UTR of the human
stromelysin-2 cDNA, was generated by polymerase chain reaction and
was designed with a T7 RNA polymerase recognition element at the 5’
end and an SP6 RNA polymerase recognition element at the 3’ end
(6). As a control for nonspecific hybridization, sections in each experi-
ment were hybridized with *°S-labeled sense RNA transcribed from a
bovine tropoelastin cDNA. The validity of this probe as a negative
control has been confirmed by Northern (14) and by in situ hybridization
assays (10, 11, 17). In vitro transcribed RNA was labeled to high
specific activity with [**S]UTP (> 1,200 Ci/mmole) as described (11).

Assessment of probe specificity. Expression of stromelysin-1 mRNA
was stimulated in CRL-1885 and CRL-1900 human fibroblast cell lines
(American Tissue Culture Center, Bethesda, MD) by exposure to 15
ng/ml of phorbol myristate acetate and 20 U/ml of interleukin-1 for 72
h in serum-free lactalbumin-containing medium as described (18). As
a source of stromelysin-2 mRNA, U937 cells, a human monocytic line,
were stimulated with 1.6 X 107 M PMA and 2.5 pg/ml of bacterial
endotoxin (Sigma Chemical Co., St. Louis, MO) for 48 h (19). RNA
isolation and Northern hybridization were done as described (20), and
the stringency conditions were similar to those for the in situ hybridiza-
tion assay. Gel-purified cDNA fragments were labeled with a-[*?P]-
dCTP by random priming.

Keratinocyte culture. Human keratinocytes were obtained from re-
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duction mammoplasties and were cultured as described (21). Cells were
plated onto P100 dishes coated with 0.75 mg/ml type I collagen
(Vitrogen 100; Celtrix Laboratories, Palo Alto, CA), and after reaching
confluence, were washed, refed, and harvested 72 h later for RNA
isolation.

Antibodies. Polyclonal antiserum was generated by immunizing rab-
bits with purified human stromelysin-1 isolated from activated fibro-
blasts (18). The specificity of this antibody has been demonstrated by
immunoblotting and immunoprecipitation (22). To minimize potential
background, the stromelysin-1 antibody was purified by affinity chroma-
tography. Stromelysin-1 was coupled to Affi-Gel 100 (Bio Rad Labora-
tories, Richmond, CA), antiserum adsorbed to the column, and specific
antibody eluted with 0.2 M glycine, pH 2.3, as described (23). Direct
ELISA confirmed that essentially all immunoreactivity was recovered,
and the collected fractions were dialyzed and concentrated in 0.1 M Tris,
pH 7.5, at 2% of their original volume. Antihuman a1(IV) collagen
monoclonal antibody was supplied by Dr. John A. McDonald (Mayo
Clinic, Scottsdale, AZ). This antibody was raised against the NH,-
terminal domain of the molecule, is specific as determined by ELISA
and immunoblotting (Dr. Edmond C. Crouch, personal communica-
tion), and we have used it in our previous studies (11). Tissue macro-
phages were identified using a monoclonal antibody (KP-1; Dako Corp.,
Carpinteria, CA) which reacts with CD-68, a specific macrophage
marker (24).

ELISA. Interstitial collagenase content of conditioned media samples
was quantified by indirect competition ELISA, as we described pre-
viously (25). Stromelysin-1 protein levels were quantified by ELISA
using a rabbit anti—buman polyclonal antiserum (18) and conditions
identical to those for the collagenase assay. The stromelysin-1 ELISA
exhibited a sensitivity of ~ 20 ng/ml and measured total enzyme pres-
ent, whether free or bound to susceptible substrates or TIMP. Impor-
tantly, this ELISA was completely specific for stromelysin-1, even
though the antibody was generated against the intact native protein.
When 1 ug/ml of stromelysin-2 was included in this ELISA, no competi-
tion for the stromelysin-1 antibody was detected. Furthermore, intersti-
tial collagenase, matrilysin, and 92-kD gelatinase were also not recog-
nized. The complete specificity of this assay for stromelysin-1 and lack
of cross reactivity for stromelysin-2 may be due to the large dilution
(1:7,500) of antibody.

Immunohistochemistry. Inmunostaining was performed on sections
serial to those used for in situ hybridization. Type IV collagen was
detected by the peroxidase—antiperoxidase technique with diaminoben-
zidine (DAB) as a chromogenic substrate (11). Double immunostaining
for stromelysin-1 and CD-68 was performed using reagents from Vector
Laboratories, Inc. (Burlingame, CA). Endogenous peroxidase was
blocked by incubation with 0.3% H,0O, for 30 min at room temperature
and 10 mg/ml trypsin was applied to the slides for 30 min. The affinity
purified stromelysin-1 antibody was diluted 1:500 and incubated on
sections at 4°C overnight. Stromelysin-1 was detected by the avidin-
biotin peroxidase technique (Vectastain ABC Kit; Vector Labs, Inc.,
Burlingame, CA) with DAB as a chromogenic substrate. Next, the CD-
68 macrophage antibody was diluted 1:300 and incubated on sections
at 37°C for 1 h; macrophages were identified by the avidin—alkaline
phosphatase technique (Vectastain ABC-AP Kit) using Fast Red as a
chromogenic substrate. With this protocol, stromelysin-1—producing
cells stained brown, and CD-68 positive macrophages were bright red.
Sections were counterstained with Harris hematoxylin. Controls were
performed with the appropriate rabbit preimmune serum or preimmune
mouse ascites fluid.

Results

Probe specificity. Because of the significant sequence homology
between the translated sequences of the stromelysin-1 and
stromelysin-2 mRNAs (7), we needed to use highly specific
probes for our in situ hybridization assays. Since the 3’ UTRs
of these related metalloproteinase transcripts are quite distinct
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Figure 1. Demonstration of specificity of the stromelysin-1 and strom-
elysin-2 probes by northern hybridization. (A) Expression of stromelys-
in-1 mRNA was stimulated in the human fibroblast cell lines CRL-1885
(lanes 1) and CRL-1900 (lanes 2) by exposure to both phorbol ester
and interleukin-1 as described in Methods. These cells do not express
stromelysin-2. Total RNA (10 g per lane) was resolved through agaro-
se-formaldehyde gels and transferred to nitrocellulose. Blots were hy-
bridized with 3’P-labeled cDNAs of fragments complementary to the 3’
UTRs of stromelysin-1 (Szr-1) or stromelysin-2 (Str-2) mRNAs. The
autoradiogram shows that the stromelysin-1 probe detected the appro-
priate 1.9-kb mRNA and that the stromelysin-2 probe did not cross-
hybridize with stromelysin-1 mRNA. Autoradiography was for 18 h.
(B) Expression of stromelysin-2 mRNA was stimulated in U937 cells
by exposure to both phorbol ester and lipopolysaccharide (P/L) as
described in Methods. Northern blots (10 ug per lane) were hybridized
with the same probes as A. No hybridization signal was detected in
control U937 cells (C), and only signal for stromelysin-2 mRNA was
detected in the stimulated cells. Primary human keratinocytes plated on
native type I collagen expressed both stromelysin mRNAs. Arrows in
both panels mark the migration of the 28 and 18 s rRNA subunits.
Autoradiography was for 3 d.

(7), we used probes complementary to these sequences as de-
scribed in Methods. Computer analysis showed no extended
similarity between these two 3’ UTRs and an overall homology
of only 56.1%. To verify further the specificity of these probes,
we used Northern hybridization with RNA samples known to
contain stromelysin-1 and stromelysin-2 mRNA. As expected,
stromelysin-1 cDNA hybridized only to a 1.9-kb mRNA with
RNA isolated from phorbol ester-stimulated fibroblasts, but no
signal was detected on fibroblast RNA blots hybridized with
the stromelysin-2 probe (Fig. 1 A). Even after an extended
autoradiographic exposure of 7 d, no signal for stromelysin-2
mRNA was seen in the fibroblast samples. In contrast, stromely-
sin-2 mRNA was detected in RNA isolated from activated U937
cells, but no signal for stromelysin-1 mRNA was seen in this

Table I. Expression of Metalloproteinases in Chronic Ulcers*

sample (Fig. 1 B). Neither mRNA was detected in RNA from
control U937 cells. These results confirm the specificity of these
probes for the appropriate mRNA. Furthermore, as demon-
strated by Southern analysis, the stromelysin-1 probe does not
cross-hybridize with full-length collagenase cDNA (10).

Expression of stromelysin-1 in chronic ulcers. The presence
of stromelysin-1 mRNA was studied by in situ hybridization in
16 chronic ulcers of various etiologies including venous stasis,
pyoderma gangrenosum, and decubitus (see Methods), and also
in seven ulcerated pyogenic granulomas. Signal for stromelysin-
1 mRNA was detected in keratinocytes in 17 of these 23 lesions
(Table I). In addition, stromelysin-1 mRNA was seen in 18/
23 specimens within cells of the dermal granulation tissue. Two
of the stromelysin-1-negative lesions were pyogenic granulo-
mas, and two of the four negative ulcers were characterized by
fibrosis; all of the stromelysin-1-negative samples exhibited
comparatively little inflammation. When seen in the epidermis,
stromelysin-1 mRNA was expressed by basal keratinocytes
(Fig. 2, A-C, medium arrows) in the vicinity of the ulceration,
but the positive cells preceded the migrating front of keratino-
cytes, which is demarcated by large arrows. This was a consis-
tent finding in all specimens exhibiting stromelysin-1 produc-
tion by keratinocytes (also see Fig. 3). As shown by Northern
hybridization (Fig. 1 B), isolated human keratinocytes retain
the ability to express stromelysin-1 in culture.

Expression of stromelysin-1 in dermal fibroblasts. Strong
signal for stromelysin-1 mRNA was also seen in many dermal
cells in most samples (Fig. 2, A and C, arrowheads; Fig. 4;
and Table I), and under higher magnification these positive
cells had a fibroblastic morphology (Fig. 2, A, inset 2, arrow-
heads). To identify the dermal cells expressing stromelysin-1
mRNA, we used a double immunostaining assay. Stromelysin-
1-producing cells were localized by reactivity with an affinity-
purified antibody using DAB as a chromogen, which forms a
brown precipitate. Since macrophages can produce stromelysin-
1 in vitro, these cells were identified by staining for CD-68, a
macrophage-specific marker, using Fast Red as a reporter. In
agreement with the in situ hybridization findings, basal keratino-
cytes contained stromelysin-1 protein (Fig. 2 D), whereas red-
stained dermal macrophages were uniformly negative (Fig. 2,
D and E, small arrows). In the dermis, many spindle-shaped
fibroblast-like cells had strong immunoreactivity for stromely-
sin-1 (Fig. 2 E, arrowheads). No staining was seen in sections
processed with nonimmune serum or without primary antibody
(data not shown). Thus, based on morphology and the pattern
of immunostaining, we conclude that fibroblasts are the princi-

Collagenase Stromelysin-1 Stromelysin-2

Ulcerative Ulcerative Ulcerative

pyogenic pyogenic pyogenic

Ulcers* granuloma Ulcers* granuloma Ulcers* granuloma

Keratinocytes

Migrating 16/16 10/10 0/16 077 4/11 313
Proliferating 0/16 0/10 12/16 57 0/11 0/3
Dermis 16/16 7710 14/16 417 0/11 0/3

* The number of samples with a positive signal for the various metalloproteinase mRNAs is listed relative to the total number of different samples
hybridized with a given probe. *Includes venous stasis, decubitus, pyoderma gangrenosum, and nonspecific ulcers.
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Figure 2. Expression of stromelysin-1 by basal keratinocytes and dermal fibroblasts in chronic ulcers. (A—C) Sections of a nonspecific ulcer were
processed for in situ hybridization with an **S-labeled antisense RNA probe for stromelysin-1 mRNA. The migrating front of the epidermis is
indicated by large arrows and is seen adjacent to an ulceration (U) in the upper left corner. With dark-field illumination (C), signal for stromelysin-
1 mRNA was seen in the epidermis (medium arrows) away from the migrating front of epithelium, and signal became progressively weaker in
basal cells located even further away from the wound site. Under higher magnification (B), the epidermal signal was confined to basal keratinocytes.
The location of stromelysin-1-positive epidermal cells was quite distinct from the sites of collagenase expression by keratinocytes, which was
always seen in cells bordering the wound edge (inset 1). Signal for stromelysin-1 was also seen in many cells in the dermis (arrowheads mark a
few positive cells), which under higher magnification had a morphology consistent with that of fibroblasts (bracketed area in A is enlarged in inset
2). (D) Sections were sequentially immunostained for stromelysin-1 using an affinity-purified antibody and DAB as a chromogen, which forms a
brown precipitate, then for CD-68, a macrophage-specific marker, using Fast Red as a reporter. Shown is a view of the intact epidermis adjacent
to the area of re-epithelialization. In agreement with the in situ hybridization findings (B), stromelysin-1 protein was detected in basal keratinocytes
(medium arrows). Macrophages (small arrows) had no immunoreactivity for stromelysin-1 protein. (E) In the dermis underlying an ulceration,

immunoreactivity for stromelysin-1 (arrowheads) is distinct from that for macrophages (small arrows).

pal cell producing stromelysin-1 in the dermal granulation tis-
sue.

Distinct localization of stromelysin-1 and collagenase ex-
pression. As we reported previously, collagenase is produced
by keratinocytes at the leading edge of the wound. This area is
bordered by the large arrows in Fig. 2, A and C, and as seen in
a serial section, basal keratinocytes at the wound edge are posi-
tive for collagenase mRNA (Fig. 2 C, inset 1; also see Fig. 3 and
4). In contrast, as discussed above, expression of stromelysin-1
by keratinocytes was confined to basal cells that were adjacent
to but behind the migrating population of keratinocytes (Fig. 2
C, medium arrows). To directly compare the spatial expression
of these metalloproteinases, we hybridized serial sections of the
same samples for collagenase and stromelysin-1 mRNAs (Fig.
3). In the sample shown, an ulcer (U) is located in the upper
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right hand corner, and normal-appearing, intact epidermis is
seen to the left of the wound. Higher magnification dark-field
illuminated views of the areas adjacent to and removed from
the ulcer are shown in the middle panels on the right and left,
respectively. In these micrographs, the white dotted line marks
the epidermal—dermal border (Fig. 3). As was seen in Fig. 2,
stromelysin-1 mRNA was expressed by basal keratinocytes
away from the wound edge and was not detected in epidermal
cells proximal to the ulcer. In contrast, collagenase mRNA was
seen in basal keratinocytes at the wound edge but not in the
more distal epidermal cells. Prominent expression of both
stromelysin-1 and collagenase mRNAs was observed in dermal
cells both near and removed from the ulcer bed (Fig. 3). No
specific signal was seen in sections hybridized with *°S-labeled
sense probe (Fig. 3). As we reported previously (11), migrating



CLNE R PES

Figure 3. Swomelysin-1 and collagenase
are expressed in distinct areas of the heal-
ing epidermis. In the top panel, an ulcer-
ation (U) with acute inflammation is seen
in the upper right hand corner. Serial sec-
tions were hybridized with 3*S-labeled
antisense probes for stromelysin-1 (Str-
1) or collagenase (C’ase) mRNAs or
were immunostained for type IV collagen
(T-IV). The solid horizontal lines indi-
cate views that are shown below under
dark-field illumination at higher magni-
fication. In these dark-field panels, the
white-dashed line demarcates the epider-
mal—dermal junction. In the right-hand
panel, no signal for stromelysin-1 mRNA
was detected in the epidermis near to the
ulceration, but a few weakly positive cells
(long arrows) were seen in the dermal
granulation tissue. However, as seen in
the left panel, stromelysin-1 mRNA was
expressed both by basal keratinocytes
(short arrows) away from the ulcer and
by dermal cells (long arrows). A serial
section was hybridized for collagenase
mRNA, which was predictably expressed
by basal keratinocytes (short arrows,
right panel) near to the ulcer. No colla-
genase mRNA was detected in epidermal
cells away from the ulcer (left panel),
although many dermal cells throughout
the section expressed the enzyme (long
arrows). Sections hybridized with *S-1a-
beled sense RNA (Sense) had no signal
above background. In this photomicro-
graph, the arrow marks the migrating
front of the healing epidermis. Immuno-
staining for type IV collagen shows an
intact basement membrane (arrows) at
the site of stromelysin-1 keratinocyte ex-
pression.
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keratinocytes which express collagenase mRNA are in direct
contact with the dermal matrix and are not seen on an intact
basement membrane. In contrast, stromelysin-1-positive kera-
tinocytes resided on an intact basement membrane, as indicated
by staining for type IV collagen (Fig. 3).

Stromelysin-2 and collagenase are expressed by the same
population of basal keratinocytes. Our Northern hybridization
findings demonstrated that cultured primary keratinocytes ex-
press stromelysin-2 mRNA at levels that were roughly equiva-
lent to those for stromelysin-1 mRNA (Fig. 1 B). We cannot
conclude from these results if both stromelysins are expressed
by the same cells or if distinct subpopulations express each
enzyme separately. To address these possibilities, we localized
the expression of stromelysin-2 in vivo. 11 chronic ulcers and
three ulcerated pyogenic granulomas were examined for strom-
elysin-2 mRNA expression. All pyogenic granulomas and 4/11
ulcers had signal for stromelysin-2 mRNA (Table I), and in
all samples, stromelysin-2 mRNA was detected only in basal
epidermal cells. No signal for stromelysin-2 mRNA was found
in dermal cells. Furthermore, as revealed by in situ hybridization
of serial sections, stromelysin-2 mRNA was detected in the
same population of cells that expressed interstitial collagenase,
that is, signal was seen in migrating keratinocytes at the leading
edge of the ulcer margin (Fig. 4). In the sections shown (Fig.
4), the tapering migrating front of epidermal cells (E) ends at
the ulcer edge located just to the left of the field-of-view. In
contrast, no signal for stromelysin-1 mRNA was seen in epider-
mal cells at the migrating epithelial front, but many stromelysin-
1-positive cells were seen in the underlying dermis (Fig. 4)
consistent with the findings discussed above (see Fig. 2 and 3).
In further similarity to collagenase, stromelysin-2 was promi-
nently expressed by basal keratinocytes which largely were not
in contact with an intact basement membrane (Fig. 5).

Five samples of normal skin from different parts of the
body were examined by in situ hybridization for expression of
stromelysin-1 and stromelysin-2 mRNAs. No specific signal for
either transcript was detected in these control samples (data not
shown). Thus, these negative results emphasize the concept that
metalloproteinases are generally not constitutively expressed in
vivo but rather are induced in response to injury, inflammation,
and tumor growth.

Discussion

Wound healing is a complex biological response leading to
epidermal regeneration and dermal repair. The degradation of
multiple structural molecules must necessarily accompany
wound healing to facilitate basement membrane dissolution,
turnover of damaged dermal components, and breakdown of the
provisional matrix. We have recently reported that interstitial
collagenase is prominently and invariantly expressed in healing
associated with ulcerative -pyogenic granulomas (10), various
other chronic ulcers, and acute wounds (11). However, only a
few matrix molecules are cleaved by collagenase, and in the
setting of a healing wound, these are probably restricted to
native types I and III collagen. Therefore, other metalloprotei-
nases capable of degrading fibronectin, laminin, type IV colla-
gen, and glycosaminoglycans would be required for effective
wound repair and tissue remodeling. The in situ hybridization
findings we report here suggest that stromelysins-1 and -2 are
the major metalloproteinases responsible for performing these
catalytic functions. QOur earlier in situ studies (11) showed that

Figure 5. Stromelysin-2 mRNA is expressed by basal keratinocytes
which are not in contact with a basement membrane. Serial sections of
a stasis ulcer were hybridized with 3°S-labeled antisense RNA for strom-
elysin-2 mRNA (Str-2) or stained with a monoclonal antibody to type
1V collagen (T-IV). (Str-2) Low-power dark-field photomicrograph re-
vealed strong autoradiographic signal for stromelysin-2 mRNA (small
arrows) in migrating keratinocytes at the edge of the ulcer (U). The
large arrow approximates the extent of the basement membrane. Autora-
diographic exposure was for 10 d. (T-/V) A parallel section was immu-
nostained for type IV collagen to demonstrate that the epidermal base-
ment membrane ceases (arrow) about where stromelysin-2 expression
begins. Strong immunostaining is also evident in the basement mem-
brane of multiple blood vessels. X100.

other matrix - metalloproteinases with broad catalytic activity,
such as the 92- and 72-kD gelatinases and matrilysin, are not
actively synthesized by either resident or inflammatory cells of
chronic wounds. Nonetheless, these other proteinases, espe-
cially 92-kD gelatinase, may be secreted by certain inflamma-
tory cells which migrate to wound sites, notably neutrophils
(26) and eosinophils (23, 27).

The expression of stromelysin-1 by keratinocytes in situ is
a novel finding, since this enzyme has been thought to be pri-
marily a product of cells of mesodermal origin, such as fibro-
blasts (6, 18, 28), endothelial cells (29), and macrophages (22,
30). The localization of stromelysin-1 expression in chronic
ulcers contrasts significantly from the sites of interstitial colla-
genase production. One major difference we found is that strom-
elysin-1 is more frequently and prominently expressed by der-
mal cells than by keratinocytes. On the other hand, collagenase
is invariantly and strongly expressed by basal keratinocytes,
and although it is often detected in the dermis (Table I), dermal
collagenase expression is typically scant and present in only a
few cells (10, 11) (Fig. 4). Two clear examples of these con-
trasting sites of expression are seen in Figs. 3 and 4. Since
stromelysin-1 is secreted in vitro by several cell types, we identi-
fied the stromelysin-1—producing cells in the dermis of chronic
ulcers. Double immunostaining with antisera to stromelysin-1
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Figure 6. Spatial distribution of metalloproteinase expression in the
healing epidermis. At least two populations of basal keratinocytes ac-
tively participate in re-epithelialization of skin after injury. At the wound
edge, keratinocytes migrate over the dermis and under the provisional
matrix, and these cells originate from an adjacent proliferating popula-
tion that is in contact with an intact basement membrane (BM). Further
removed from the wound site is normal, intact skin. The a2/41 integrin
is constitutively expressed on keratinocytes (32). Our previous findings
and the results we present here show that different metalloproteinases
are expressed by these populations and that this pattern of expression
is related to distinct cell:matrix contacts (see Discussion).

and CD-68, a specific macrophage marker, effectively excluded
the macrophage as a major source of this metalloproteinase.
From their morphology and localization, we conclude that fi-
broblasts represent the major source of stromelysin-1 production
in the dermis.

Another significant difference between stromelysin-1 and
collagenase expression is that distinct keratinocyte populations
produce these two metalloproteinases. In essence, collagenase
production is restricted to keratinocytes at the migrating front
of the healing epidermis, whereas stromelysin-1 is expressed
by basal cells distal to the wound edge (Fig. 6). Although not
established in our studies, the stromelysin-1—positive keratino-
cytes most likely represent epidermal cells which proliferate
and become the migrating cells in response to injury. Prolifera-
tion and migration of keratinocytes during re-epithelialization
involve distinct populations of cells, and these processes have
distinct features. For example, cell migration starts immediately
after injury whereas cell proliferation begins ~ 24 h later, sup-
plying additional cells for migration and for epidermal differen-
tiation (31). As is discussed below, our results suggest that
these keratinocyte populations have separate roles in tissue re-
modeling associated with healing. R

We also found that stromelysin-2 has an unique pattern of
expression in wound healing. This novel observation indicates
that stromelysin-2 is an important product of human keratino-
cytes in vivo and provides among the first evidence that this
enzyme is involved in normal tissue responses. In chronic
wounds, stromelysin-2 was expressed by basal keratinocytes at
the migrating front of the epidermis, the same population of
cells that produce interstitial collagenase (Figs. 4, 5, and 6). In
contrast to collagenase, however, signal for stromelysin-2
mRNA was never observed in dermal cells either adjacent or
distal to the ulcer. These results are consistent with our Northern
hybridization data (Fig. 1 A) and with cell culture findings
of others (6, 7, 9) showing no or only minor expression of
stromelysin-2 by stimulated fibroblasts.

The distinct spatial distribution of metalloproteinase expres-
sion by keratinocytes in ulcer samples indicates that production
of these enzymes is regulated by different factors. We recently
reported that collagenase is expressed by migrating basal kera-
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tinocytes at the margin of chronic and acute wounds and that
these cells selectively express a561 integrin and are in contact
with the dermal matrix rather than the basement membrane (10,
11). Collagenase production is shut off once re-epithelialization
is complete and the basement membrane is re-established (11).
Based upon these observations, we proposed that altered
cell:matrix interactions, specifically keratinocyte contact with
a dermal matrix component, induces collagenase expression,
whereas cells residing on a basement membrane are constrained
from synthesizing this enzyme. Indeed, we demonstrated that
collagenase production is induced by isolated keratinocytes
grown on a type I collagen substratum, whereas enzyme produc-
tion is not stimulated by cells cultured on Matrigel, used as a
source of basement membrane proteins (11). It is possible that
the 241 integrin receptor, which recognizes type I collagen and
is constitutively expressed on keratinocytes (32, 33), mediates
induction of collagenase gene expression. Since keratinocytes
are not normally in contact with type I collagen, basal produc-
tion of @21 may keep keratinocytes primed and ready to re-
spond to wounding.

In most samples (Table I), keratinocytes expressed
stromelysin-1 mRNA, and these cells lagged just behind the
epidermal front corresponding to the collagenase-producing
keratinocytes (Figs. 2, 3, and 6). Furthermore, stromelysin-
1-producing keratinocytes were in contact with an underly-
ing basement membrane (Fig. 3). Since both resting kera-
tinocytes in normal skin, which do not produce stromelysin-
1, and stromelysin-1-positive keratinocytes in chronic ulcers
reside on a basement membrane, the primary stimulus for
stromelysin-1 expression in wound healing is probably not
cellular interaction with a matrix molecule but rather expo-
sure to a soluble factor. Although the identity of this inducing
factor is not known, cytokines such as tumor necrosis factor-
a (34), interleukin-1 (35), epidermal growth factor (36, 37),
and platelet-derived growth factor (38) stimulate stromelys-
in-1 expression in cultured fibroblasts and may also be active
on keratinocytes. Alternatively, TGF-81 may be involved.
Interestingly, this cytokine downregulates metalloproteinase
expression in interstitial cells, such as fibroblasts and chon-
drocytes (39), but augments enzyme production by keratino-
cytes (6 and our unpublished observations).

Since stromelysin-2 and interstitial collagenase were ex-
pressed by the same cells (Figs. 4 and 6), contact of actively
migrating keratinocytes with the dermal matrix may influ-
ence production of both these enzymes. Indeed, our North-
ern hybridization findings demonstrate that stromelysin-2
was expressed in keratinocytes cultured on a type I collagen
substratum (Fig. 1 B). Furthermore, stromelysin-2—positive
keratinocytes did not reside on an intact basement mem-
brane (Fig. 5) indicating that altered cell-matrix contacts
may be an important determinant in regulating expression
of this metalloproteinase. Similar to what we found for col-
lagenase (11), the border between immunoreactive base-
ment membrane and stromelysin-2—positive basal keratino-
cytes was not precise; however, the signal for stromelysin-
2 mRNA decreased progressively within a few cells overly-
ing the newly formed basement membrane. This observation
is consistent with our idea that cell-matrix interactions
maintain the phenotype of basal keratinocytes in intact skin
and indicates that stromelysin-2 expression ceases once the
cell establishes contact with the basement membrane. What-
ever does control stromelysin-2 production in keratinocytes,



it is likely to be different from what regulates stromelysin-
1 expression, especially in light of the distinct localization
of these enzymes in the wound environment. Although both
enzymes share a high degree of amino acid sequence homol-
ogy and similar proteolytic properties, the promoter regions
of these two genes are quite disparate (7). Thus, whereas
stromelysin-1 is synthesized by many cell types and is by
stimulated a variety of cytokines, stromelysin-2 production
is seemingly more limited and may be confined to epithelial
cells (6).

The distinct localization of collagenase and stromelysin-1
and -2 expression suggest that these enzymes are responsible
for different functions in wound healing. In the dermis, colla-
genase and stromelysin-1 probably affect tissue repair at multi-
ple stages, including remodeling during the formation and re-
moval of granulation tissue and during the resolution of scar
tissue. In the epidermis, however, collagenase may be used to
promote keratinocyte migration as well as to remodel dermal
connective tissue. Stromelysin-2 may also facilitate keratinocyte
migration by degrading noncollagenous matrix molecules or by
removing damaged basement membrane. It is also tempting to
speculate that stromelysin-2 is involved in the activation of co-
secreted procollagenase (12, 13, 40). Since it is produced by
proliferating cells, stromelysin-1 is probably not involved in re-
epithelialization per se but rather is needed for restructuring the
newly formed basement membrane.

In conclusion, our studies indicate that the programmed ex-
pression of several distinct matrix metalloproteinases is an im-
portant feature of cutaneous wound healing and also offer the
possibility that their over-expression is relevant to the pathogen-
esis of chronic ulcers. While our work has thus far been limited
to the skin, one must speculate upon whether ulcerative condi-
tions of other organ systems, for example, gastrointestinal ul-
cers, involve the similar expression of metalloproteinases by
the injured epithelium.
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