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Human adult keratinocytes migrating on a nonviable der-
mal substrate in cultures without fibroblasts induce thin-
ning and degradation of the collagen substrate beneath the
migrating cpithelium. Further, unconcentrated condi-
tioned medium from the cultures exhibit collagenolytic
activity against both type I and type IV collagen which is
inhibited by EDTA but not by phenylmethylsulfonyl fluo-
ride or N-ethylmaleimide. Since the migrating epithelium

ollagenases are metalloproteinases capable of de-
grading collagen, a major class of connective tissue
molecules. Collagens show a relative resistance to
degradation by other types of proteinases. Colla-
genase enzymes were first detected in the epithelial
cells of tadpoles [1]. In human skin, however, the majority of
the collagenase enzyme which degrades interstitial collagens (types
I, 11, and 1) is localized to the papillary dermis and is synthesized
by dermal fibroblasts [2—4]. Nevertheless, in 1979, Eisen [2,3]
also detected small amounts of human skin collagenase in normal
human epidermis and much greater amounts in the epidermis of
wounded skin and in the epidermis of patients with epidermolysis
bullosa dystrophica. In these patients, the epidermal-derived col-
lagenase exceeded that found in the papillary dermis [3].

In accordance with the human skin studics of Eisen [2,3], Grillo
and Gross [5] and Donoff and coworkers [6,7] detected interstitial
collagenases in cultures of epithelial cells obtained from the lead-
g cdge of epithelium covering the granulation tissue bed of
wounded rodent skin. These studies and those of Eisen [2,3] show
that epidermal cells from both human and rabbit skin are capable
of producing a collagenase that degrades interstitial collagens un-
der certain conditions.
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and dermal substrate do not contain fibroblasts, this study
shows that migratory keratinocytes in contact with inter-
stitial collagen are capable of producing collagenases against
type I and type IV collagen. Moreover, migratory kerat-
inocytes appear to be similar to highly metastatic cells in
their ability to degrade basement membrane collagen.
J Invest Dermatol 86:418—423, 1986

In contrast to the interstitial collagens, the major collagen found
in basement membranes, type 1V collagen, is not degraded by
human skin collagenase derived from dermal fibroblasts [4,8,9]
or other similar collagenases that degrade interstitial collagens
[10,11]. Type IV collagen has unique biochemical properties that
distinguish it from other collagens such as a high carbohydrate
content and nonhelical domains within the molecule [12,13].

In contrast to human skin collagenase, collagenase derived from
highly metastatic cell lines such as a murine melanoma [14,15]
specifically degrades only type 1V collagen while leaving inter-
stitial collagens intact. This type IV collagen-specific enzyme is
found also in inflammatory cells, but is not produced by a variety
of normal cell lines including mouse and human fibroblasts [14,15].

Except for the 2 papers by Eisen [2,3], to our knowledge, there
have been no published studies of human keratinocyte-derived
collagenases. We have been using the human keratinocyte culture
technique of Freeman et al [16] and Milo et al [17] to study
differentiation, reconstitution of the cutancous basement mem-
brane, and as an in vitro model of wound healing [18-21]. In this
culture system, human keratinocytes migrate across nonviable
pig dermis. The dermal substrate is kept at an air—fluid interface
which allows the keratinocytes to proliferate while preventing
fibroblast growth [16,17,19,21]. The keratinocytes arc in intimate
contact with interstitial collagens and are in a highly migratory
state similar to that during wound healing. The migrating ke-
ratinocytes reconstitute part of the basement membrane zone (the
bullous pemphigoid antigen) [18] but do not exhibit type IV
collagen or a continuous ultrastructural lamina densa at the
cell=substrate interface [20]. One notable feature of these cultures
is that the substrate beneath the cultured cells appears thin and
degraded. The purpose of this study was to examine the possi-
bility that these human keratinocyte cultures were producing sol-
uble enzymes capable of degrading collagen. Collagenase activity
might explain the observed thinning of the substrate and the lack
of type 1V collagen in the reconstituted basement membrane zone
of the cell-substrate junction [20].

Copyright © 1986 by The Society for Investigative Dermatology, Inc.
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MATERIALS AND METHODS

Cultures The keratinocyte culture technique of Freeman and
coworkers [16] was used with slight modifications [18]. The
cultures were continued for 40-55 days and maintained in Eagles’
minimal essential medium with 20 mm HEPES butter supple-
mented with 0.1 mMm nonessential amino acids, 1 mm sodium
pyruvate, 2 mm glutamine, 100 pg/ml streptomycin, 100 U/]'llll
pcnicillin. and 10% fetal calit scrum. Adult 1}()rmn] human skin
obtained from surgical specimens was used in all cultures. The
skin was cut into thin sheets with a Castroviejo keratome set at
a depth of 0.3 mm. The sheets were cut into 0.5-1.0 mm X
().5—1.0 mm square picces with a scalpel and placed on a 4.0 X
4.0 cm picce of killed, irradiated, inverted pigskin (Genetic Lab-
oratories, Minncapolis, Minnesota) at an air—fluid interface which
inhibits fibroblast growth and allows the epidermal cells to mi-

rate away from the explants across the substrate and eventually
cover it [16-21]. The medium and bacteriologic Petri dishes were
changed twice a week by using a sterile forceps to lift the grids
with the cultures out of the old dishes and place them into new
dishes with fresh medium. In 6 cultures, the original explants
were manually removed between days 15 and 25 after the epi-
dermal outgrowth was grossly apparent and at least 3 mm in
diameter as previously described [16,17].

Control cultures included medium (5 60-mm Petri dishes), me-

dium plus nonviable pigskin (5 60-mm Petri dishes), and primary
(2 60-mm Petri dishes) ‘Tnd sccondary Culturgs (3 60-mm Petri
dishes) of human skin fibroblasts obtained from adult human
breast skin planted in parallel with the keratinocytes cultures as
prcviously described [22]. :
Collagenase Assays Conditioned medium was col]cc'tcd dur-
ing routinc medium changes and cither tcsth immediately or
frozen at —70°C and tested within 2 weceks tor collagenolytic
activity. Collagenasc assays were pcrtqrmcd as described by Liotta
and coworkers [14,15] using ['"'C]proline-labeled pro-type IV col-
lagen biosynthetically derived and isolated by acid extraction [23]
from the Engelbreth-Holm-Swarm tumor or MC-labeled type [
collagen derived from guinea pig and labeled chemically l}y re-
ductive alkylation [24]. The labeled collagens had a specific ac-
tivity of approximately 10° cpm/mg. The conditioned medium
from ecach culture was tested in triplicate. A positive control using
0.1% bacterial collagenase (Worthington) was performed in par-
allel in cach experiment. Conditioned medium was obtained be-
tween days 6.and 55 of culture. A total ot 32 outgrowth-producing
keratinocyte cultures, 4 non-outgrowth-producing keratinocyte
cultures, 5 fibroblast cultures, 5 medium alone controls, and 5
medium plus pigskin substrate controls were tested.

Enzyme solution (conditioned mcdi;} or 0.1% bilctcrial colla-
genasc) (400 ul) was placed in tubes with 400 ul of 0.05 M Tris-
HCI, 0.2 m NaCl, 10 mm CaCl, pH 7.6 (collagenase buffer) in
triplicate and activated by il}cubatiou with‘]()t) ml of 0.01% trypsin
(an optimal concentration for both bacterial col_lagcnnsc and con-
ditioned medium-derived collagenase) at 37°C for 5 min at which
time 100 ul of 0.05% soybean trypsin inhibitor was added and
the samples cooled to 4°C for 10 min. Approximately 2000 cpm/50
ul of ["'C[pm]inc—lnbcled collagen were added to cach tube and
incubated in a 30°C water bath for 5=7 h. The samples were then
cooled to 4°C for 20 min. Twenty microliters of 0.5% bovine
serum albumin and 70 ul of a 10% trichloroacetatic acid (TCA),
0.5% tannic acid, and 2 mm L-proline in water solution were
added to cach sample and incubated for 90 min at 4°C at which
time the samples were spun at 2000 rpm for 10 min. Six hundred
microliters of supernate were then counted in a Beckman 7800
liquid scintillation counter.

In certain experiments designed to visualize type IV collagen
digestion products, the collagenase assays were performed for 8
h at 25°C and the digestion mixture electrophoresed on a 5%
sodium dodecyl sulfate-polyacrylamide slab gel under a 3% stack-
ing gel and run at 30 mA per side as described by Laemmli [25].
In these experiments, the conditioned media alone or in the pres-
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ence of EDTA, N-cthylmaleimide (NEM), and phenylmethyl-
sulfonyl fluoride (PMSF), or PMSF was incubated in the assay.

After the electrophoresis, the labeled gels were fixed in 50%
trichloroacetic acid, and dried. Fluorography was then performed
by exposing the dried gels to Kodak X-omat film [26]. The diges-
tion products were then compared with type IV collagen substrate
alone.

Assay for Endogenous Collagenase in the Substrate The
porcine substrate (Genetic Laboratories) is obtained from the skin
of domestic swine that has been washed with soap and water,
thinly sliced to 35/1000th of an inch with a keratotome, equili-
brated in phosphate-buftfered saline, y-irradiated with 3.5 mrad,
and frozen and thawed from liquid nitrogen to 37°C for at least
5 cycles. However, to evaluate the possibility that the nonviable
pigskin substrate could be a source of collagenase in the cultures,
the pigskin substrate was analyzed for endogenous collagenase
according to a modified method described by Ryan and Woessner
[27]. Four 4 X 4 cm squares of frozen substrate were pulverized
into a fine powder and 10-mg aliquots placed into glass test tubes
on ice. The samples were washed twice in and equilibrated in 3
ml of ice-cold 0.15 M NaCl, 0.05 M calcium acetate, pH 7.5.
Penicillin (200 U/ml) and 250 ug of streptomycin were added to
cach tube. In addition to experimental samples and blanks con-
taining 0.005 M EDTA, positive controls were established by
adding 100 units (1 X) and 200 units (2 X ) of bacterial collagenase
(Advance Biofactures, Form I, Lynbrook, New York) to du-
plicate samples. Trypsin (600 ul of 0.01%) was added to all the
tubes, and the samples were incubated at 37°C for 5 min. Soybean
trypsin inhibitor (750 ul of 0.05%) was then added and the tubes
cooled on ice for 30 min. The tubes were then incubated for 24
h in a water bath of 37°C with gentle agitation. At the end of the
incubation, the samples were placed on ice for 30 min, centrifuged
at 100,000 ¢ for 1 h, and the supernatant recovered, lyophilized,
hydrolyzed in 6 N HCI after N, flushing and evacuation, and
analyzed for proline and hydroxyproline content by a high-pres-
sure liquid chromatography method of amino acid analysis [28].

RESULTS

Culture Morphology  On gross inspection of the cultures, the
leading edge of the cpidermal outgrowth could be readily dis-
cerned as progressively enlarging clear zones developing around
cach explant (Fig 1). Of the 80 explant cultures initiated, 72 produced
a visible outgrowth of at lcast 2 mm diameter after 15 days of
culture. In 3 of the 6 cultures in which the original explants were
removed between days 15 and 25, the outgrowths continued to
expand indistinguishably from cultures with explants in place. In
3 cultures, removal of the explants delayed the outgrowth mi-
gration from at least 2 explants when compared with unperturbed
cultures. In cultures 25-30 days old, the 4 X 4 cm pigskin sub-
strate was 60—100% covered by the epithelial cell outgrowth.

Microscopic examination of the cultures showed that the der-
mal collagen was thin and degraded beneath the migratory cul-
tured cpithelium (Fig 2). This degradation was heralded by a
lightening of its tinctorial properties when stained with hema-
toxylin and cosin along with a generalized thinning and frag-
mentation of the tissue (Fig 2). These changes in substrate thick-
ness and staining properties occurred only beneath the cultured
cells and were not seen in areas of the substrate that were not yet
covered by the migratory epithelium (Fig 2) or in identical pieces
of substrate placed alone in culture in parallel with the experi-
mental cultures.

Collagenolytic Activity Conditioned medium from the cul-
tures (both outgrowth- and non-outgrowth-producing), uncon-
ditioned medium alone, and unconditioned medium with pigskin
substrate alone were examined for collagenolytic activity against
collagen types 1 and IV. The epidermal outgrowth-producing
cultures assayed (32 of 80) all had significant collagenolytic ac-
tivity against collagen types Land 1V in the range of approximately
40-60% of the bacterial collagenase control (Figs 3 and 4, Table
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Figure 1. A photograph of the cultures showing 4 skin explants (E) on
nonviable inverted pigskin (S) supported on a stainless steel platform in
a Petri dish. As the epidermal cells migrate out from the explant and cross
the substrate, clear zones develop around the explants. These clear zones

correspond with the outgrowth cells. Arrows = leading edge of outgrowth
cells.

Figure 2. Photomicrographs (A) and (B), were taken at exactly the same
magnification (X 400; courtesy of Dr. Robert A. Briggaman). Both are
vertical sections of a 25-day-old culture stained with H&E but represent
different areas of the same culture. A, An uncovered area of the dermal
substrate. B, An arca of the substrate covered with the epidermal cell
outgrowth. Uncovered dermal substrate (A) is much thicker than sub-
strate covered by epidermal cells (B).
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Figure 3. The capability of unconcentrated conditioned medium from
epidermal cell cultures to degraded ["C|proline-labeled type I collagen at
various days in culture compared with unconditioned medium and bac-
terial collagenase.

I). In accordance with the previous studices of Eisen [2,3], it should
be noted that while there is definite type 1 collagenase activity
in the epidermal cell conditioned medium, the activity (in the
order of 1 ug of collagen solubilized per 5 h) is low compared
with that usually found in fibroblast cultures. Unconditioned
medium alone and unconditioned medium with pigskin substrate
had collagenolytic activity less than 12% of the bacterial colla
genase control (Fig 5). Medium from human skin fibroblast cul-
tures had significant collagenolytic activity against type I collagen
(35-45% of the bacterial collagenase control) but very little ac-
tivity against type IV collagen (less than 10% of bacterial colla-
genase control) as previously reported [14,15] (Table I).
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Figure 4. The capability of unconcentrated conditioned medium from
epidermal cell cultures to degrade [*Clproline-labeled type 1V collagen

at various days in culture compared with unconditioned medium and
bacterial collagenase.
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Table I. Collagenase Assays

Type IV Type 1

Activity Activity
Migrating keratinoeytes (32 cultures) 58.5 + 8.3 62.9 + 7.9
Medium alone (5 dishes) 1.0 + 1.3 6.0 + 1.4
Human skin fibroblasts (5 cultures) 52+ 0.4 34.7 + 3.1

The collagenasc assays expressed in ng of substrate degraded and done in triplicate
ed l;«:rv and the means expressed as a percentage of the bacterial collagenase

are pool : A ;
F controls that are included in cach assay (sce Materials and Methods).

positivc

Four cultures (16 explants) with no visible outgrowths were
tested and 3 had negligible collagcno]ytic activity against b().tll
collagen types quliV;llcl'lt to media controls (5-8% of bactc.rml
collagenase) and 1 had slightly qlcvatcd collagenase activity against
typc]V collagen (17% of ba.ctcrml collagcnas? cont.rol) but activity
against type | collngcp g‘qu}V:l]cnt to tl'li.lt of mcdu}m antrols.

The collagenase activity in the COlldltlQnCd medium from out-
growth-producing cultures could be inhibited by incubating the
medium in 0.010 m EDTA prior to the collagenase assay. The
incubation of ["'C]proline labeled type IV collagen with condi-
rionced medium from the keratinocyte cultures gcncrath type IV
collagen degradation products of 140 and 120 kD. This dgjg.m—
dation of the type IV collagen was not inhibited by the addition
of 2 serine protcase inhibitors (0.010 M NEM or 0.002 m PMSF)

(Fig 6).
Substrate-Derived Collagenase Assay The raw data of the
modified Ryan and Woessner [27] assay for endogenous colla-
genasc in the pigskin substrate are presented in Table II. Exog-
enous bacterial collagenase added to the pigskin substrate released
proline and hyroxyproline in a dosc-dependent manner (tubes
1—4). In contrast, minimal release occurred in th(." cxpc.nmcnm]
rubes without exogenous collagenase (tubes 5-8) in which only
0.4—0.2% of the total substr;}tc weight was rc]cn.scd. The pro-
line/hydroxyprolinc ratios of the samples to which exogenous
collagenase was added are near 1.5 or less (tubcs 1-4), suggesting
that the 1.5-5.5% of released substrate contains largely collagen.
In contrast, in the samples without collagenase added the ratios
are extremely high, which would suggest that the minimal amount
of total substrate that was released (0.415-0.236%) contains non-

collagenous material.
DISCUSSION

In this study, we have shown that migrating keratinocytes produce
a collagenase or collagenases that degrade both interstitial and
basement membrane collagens. In addition to confirming the car-
lier work of Eisen [2,3], we have shown that migrating kerati-
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Figure 5. The capability of unconcentrated condition medium from 32-
day-old epidermal cell cultures to degrade ["*Clproline-labeled type v
collagen compared to media alone and media plus pigskin (both negative
controls) kept for the same length of time and handled identically to the

cultures.
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Figure 6. A fluorogram of a 5% sodium dodecyl sulfate-polyacrylamide
gel of [M"Clproline-labeled type 1V collagen that has been incubated with
unconditioned medium (lane 1) or with condition medium from epidermal
cell cultures (lanes 2 and 3) in the presence of cither PMSF (lane 2) or
NEM lane 3.

nocytes in culture also produce a type IV collagenase. This is the
first report of normal human keratinocytes producing a colla-
genase that degrades basement membrane collagen, an enzyme
associated with malignant cells and their metastatic properties
[14,15].

One important issue that must be addressed in making such a
claim is the possibility that fibroblasts contaminating the cultures
could be responsible for the collagenase production. However,
several observations argue against this possibility. First, the air—fluid
interface does not support fibroblast growth and viability in these
cultures while allowing the keratinocytes to proliferate and mi-
grate across the dermal substrate [16-19]. Electron microscopic
studies and leucine amino-peptidase staining of the cultures have
shown that the outgrowth consists of stratified keratinocytes and
does not contain fibroblasts [18,19,21]. Pure suspensions or cul-
tures of skin fibroblasts placed on the dermal substrate and kept
at an air—fluid interface quickly die and cannot be maintained [16].
Fibroblasts that could potentially “fall off the substrate and sub-
sequently grow on the submerged floor of the Petri dish are
inhibited by using bacteriologic plastic Petri dishes (rather than
those made from tissue culture plastic) and by changing Petri
dishes with cach change of medium (twice weekly).

However, it is still possible that fibroblasts within the 0.5 X
0.5 mm explants could continue to live and metabolize but not
divide. This situation would be somewhat analogous to the ke-
ratinocyte cultures of Rheinwald and Green [29] in which viable
metabolizing but not dividing 3T3 fibroblasts are cocultured with
human keratinocytes. Johnson-Wint and Gross [30,31] have shown
that keratinocyte—fibroblast interactions promote the collagenase-
producing capabilities of the fibroblasts. It could be argued that
the collagenolytic activity in the medium of the cultures in this
study is produced by nwmbolizing, nondividing fibroblasts con-
fined to the explants and that their collagenase production is en-
hanced by the presence of keratinocytes. Against this possibility.
however, is the fact that the conditioned medium has activity
against type 1V collagen. Earlier studies have shown that fibro-
blast cultures do not produce type 1V collagenases [8,15]. Second,
the fact that the morphologic degradation of the substrate occurs
only beneath the epidermal outgrowth suggests that there is a
high collagenase concentration at the interface between the mi-
grating cultured cells and substrate. Third, the fact thata 4 X 4
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Table II.  Substrate-Derived Collagenase Assay

Proline and
Hydroxyproline

Released (nmol)

% Total
Collagenase — Collagen Released Substrate
Tube Added Pr OH-P P/OH-P Ratio (mg) Released
| 1 X 225 140 1.609 0.1526 1.52
P 1x 214 144 1.486 0.1571 1.57
3 2% 422 362 1.164 0.3959 3.96
4 2X 574 505 1.136 0.5520 5.50
5 0 182 38 4.798 0.0415 0.415
5 0 176 36 4.899 0.0393 0.393
7 0 156 30 5.195 0.0328 0.328
8 0 122 2 5.651 0.0236 0.236

cm piece of substrate can be completely covered with epidermal
cells generated from 4 0.5 % 0.5 mm explants (1 square mm of
explant on 1600 square mm of substrate = 1600-fold increase)
makes it unlikely that the fibroblasts confined to the explants
could contribute greatly to the overall collagenase production in
the cultures. Moreover, experiments in which the explant was
removed between days 10 and 20 when the outgrowth was already
established continued to exhibit collagenase activity. This would
support the notion that fibroblasts within the explant are not
contributing significantly to the collagenase levels in the cultures.

Although the substrate on which the keratinocytes migrate is
rendered sterile and nonviable by y-irradiation and multiple freeze-
thaw cycles which are known to destroy collagenase activity [2],
the possibility of a substrate-derived endogenous collagenase con-
tributing to that found in the medium was excluded by assaying
for collagenolytic activity present in the pigskin substrate. Bac-
terial collagenase added to the substrate shows positive release in
a dose-dependent manner; however, these values are falsely low.
This is because the dialysis step (even using 1500 kD cut-off
tubing) may allow for the loss of very small collagen fragments
known to be generated with bacterial collagenase. The percent
release for the pigskin substrates without added collagenase is less
than 0.5% of the total collagen present, indicating nominal en-
dogenous collagenolytic activity. Further, these values are not
falsely low because in the experimental situations bacterial col-
lagenase was not present. Any collagenase detected would be
endogenous mammalian collagenase which would release large
three-quarter/one-quarter collagen fragments that would not be
lost by dialysis.

Using rabbit keratinocytes, Johnson-Wint and Gross [30,31]
found no interstitial collagenase production when the cells were
cultured alone. However, the keratinocytes were cultured on tis-
sue culture plastic rather than collagen substrate. It is known that
fibroblasts respond to collagen and altered cell shape by producing
enhanced amounts of collagenase [32]. The difference in the spe-
cies of the keratinocytes and the fact that our cultures were made
on a dermal collagen substrate may explain the different results
obtained by us and Johnson-Wint and Gross [31]. These inves-
tigators did not examine type IV collagenase production.

Perhaps equally important is the question of why migrating ke-
ratinocytes produce collagenases. Collagenolytic activity against
interstitial collagen could be useful during wound healing in order
to rid the wound site from debris as the keratinocytes migrate
horizontally to cover the wound. It is more surprising that ke-
ratinocytes produce a collagenase against basement membrane
collagen analogous to invasive metastatic cells. Like metastatic
cells, these keratinocytes are highly migratory and are no longer
in contact with their natural milieu, namely, molecules of the
basement membrane zone. Rather, they arc in contact with a
variety of new connective tissue molecules (clastin, fibronectin,
and collagens I and 11I) and experience the effect of being bathed
in scrum rather than plasma. Cultured cells attempt to reconstitute
their matrix molecules for attachment to tissuc culture plastic [33].

Keratinocytes preferentially attach to type IV collagen [34] and
can synthesize a lamina densa. It is possible that for continued
migration, keratinocytes must detach from newly formed “at-
tachment”” molecules, such as type IV collagen. Perhaps for con-
tinued cell locomotion (such as occurs during wound healing),
keratinocytes synthesize type IV collagen, attach to it, and then
release themselves from the matrix by the production of colla-
genases. The cell would move by a series of matrix synthesis,
attachment, and release. In anin vivo wound healing animal model,
Clark and colleagues [35] have observed that complete formation
of type IV collagen in reconstituted basement membrane does
not occur until the keratinocytes are in a nonmigratory state and
the wound covered.

Although the studies reported here show that migratory adult
human keratinocytes produce collagenases, it is unclear whether
the signal for this process is a dermal matrix with a molecular
composition quite different from basement membrane or whether
induction of cell migration by soluble factors such as epibolin
[36] could induce the cells to produce collagenase.

The authors are grateful to Ms. Sue Tyler and Ms. Donna Foushee for their
technical assistance and to Dr. Howard Welgus for his excellent suggestions.
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