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We have previously shown that during wound healing 
migrating keratinocytes, which are in contact with the 
dermal matrix, express interstitial collagenase, whereas 
basal epidermal cells, which reside on an intact base­
ment membrane, do not. Duplicating this in vivo pat­
tern, collagenase production was induced in primary 
human keratinocytes grown on native type I collagen, 
but only background levels of enzyme were detected 
in cells cultured on denatured type I collagen or on 
Matrigel™. Using genistein, herbimycin A, and sodium 
orthovanadate, we show that tyrosine kinase activity 
was required for collagen-mediated induction of kerati­
nocyte collagenase. Similarly, collagenase steady-state 
mRNA levels and the activity of a transfected human 
collagenase-promoter CAT construct were inhibited by 
genistein and enhanced by orthovanadate. Staurospo­
rine and H-7 also blocked collagenase production, indi­
cating that protein kinase C activity was also required 
for collagen-mediated induction of keratinocyte colla­
genase. All inhibitory effects were dose-dependent, and 
no compound significantly affected total protein synthe­
sis. Furthermore, both tyrosine kinase and protein 
kinase C inhibitors blocked phorbol ester-mediated in­
duction of collagenase, but only protein kinase C 
antagonists abrogated phorbol ester-mediated induc­
tion of c-fos mRNA. These data suggest that similar sig­
nal transduction pathways are used by various agonists 
to mediate the stimulation of interstitial collagenase 
production. 

Wound healing involves an orderly progression of events that 
lead to re-epithelialization of the epidermis and the formation 
and resolution of granulation and scar tissues in the underlying 
interstitium. During each stage of this process, matrix is re­
moved or remodeled to facilitate tissue repair (1). The break­
down of pre-existing extracellular matrix components occurs by 
the activity of various matrix-degrading enzymes which are 
released by resident and inflammatory cells (1 , 2). To determine 
the function of matrix remodeling during wound healing, we 
have studied the pattern of expression and the regulation of 
matrix metalloproteinases in a human wound repair model. 

Metalloproteinases constitute a family of matrix-degrading 
enzymes with the combined capacity to degrade nearly all com­
ponents of the extracellular matrix (3, 4). Members include 
interstitial and neutrophil collagenases, the recently described 
collagenase-3 (5), 72-kDa and 92-kDa gelatinases, stromel­
ysins-1, -2, and -3 , matrilysin, metalloelastase, and a putative 
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cell surface metalloproteinase that may be involved in proen­
zyme activation (6). Metalloenzymes are activated after secre­
tion, and their enzymatic activity can be regulated by soluble 
inhibitors, such as the tissue inhibitors of metalloproteinases 
(TIMP-1, -2, and -3)1 (3, 4, 7). Interstitial collagenase catalyzes 
the initial step in the degradation of fibrillar type I and III 
collagens (8), which together comprise the most abundant com­
ponents of the dermal extracellular matrix. Because collag­
enases are the only known mammalian proteinases that can 
cleave fibrillar collagen in their triple helical domains, their 
activity is essential for effective interstitial matrix remodeling. 
Typical of most metalloproteinases, expression of interstitial 
collagenase is under strict regulatory control, and the enzyme 
is produced only by cells actively involved in remodeling during 
development, tissue involution, and disease (3, 4). 

During epithelial repair, keratinocytes at the wound border 
detach from the underlying basement membrane and migrate 
over the dermal interstitium of the wound bed. During this 
period, migrating keratinocytes dissociate their cell:cell and 
cell:matrix contacts and begin producing matrix degrading en­
zymes, principally interstitial collagenase (9-12). We have 
shown by in situ hybridization that collagenase is prominently 
expressed by keratinocytes at the migrating epithelial front 
and that these cells are not in contact with an intact basement 
membrane (12, 13). This spatially precise pattern of expression 
suggests that cell:matrix interactions are an important deter­
minant in regulating interstitial collagenase production. In­
deed, we have shown that collagenase expression is induced in 
primary keratinocytes grown on native type I collagen but not 
in cells cultured on basement membrane proteins (12). 

Our in vivo findings suggest that the invariant and promi­
nent expression of collagenase in migrating basal keratinocytes 
is needed for efficient re-epithelialization and that type I col­
lagen is the key inducer of keratinocyte collagenase synthesis. 
To understand the intermediate signaling steps that regulate 
collagenase production, we have begun to define the signal 
transduction pathways involved in collagen-mediated induc­
tion ofkeratinocyte collagenase. We report here that the colla­
gen-mediated increase in collagenase protein and mRNA is 
dependent upon tyrosine kinase and protein kinase C activi­
ties. Because we also found that TPA-mediated induction of 
c-fos is dependent on protein kinase C activity but not on tyro­
sine kinase activity, the collagen-mediated signaling pathway 
appears distinct from that induced by exposure to TPA. 

EXPERIMENTAL PROCEDURES 

Materials-Genistein, sodium orthovanadate, 8-bromo-cAMP, per­
tussis toxin, and 12-O-tetradecanoylphorbol-13-acetate (TPA) were 

1 The abbreviations used are: TIMP, tissue inhibitor of metallopro­
teinases; TPA, 12-O-tetradecanoylphorbol-13-acetate; PGE2, prosta­
glandin E2; EGF, epidermal growth factor; Me2SO, dimethyl su.Jfoxide; 
kb, kilobase(s); ELISA, enzyme-linked immunosorbent assay; CAT, 
chloramphenicol acetyltransferase. 
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from Sigma. Tyrphostin-1, tyrphostin-23, staurosporine, cardiotoxin, 
KT5823, and herbimycin A were from Calbiochem, and H-7 and H-89 
were from Biomol (Plymouth Meeting, PA). 

Cell Culture-Keratinocytes were isolated from healthy, full thick­
ness skin obtained from reduction mammoplasty or abdominoplasty 
and were cultured in Dulbecco's modified Eagle's medium supple­
mented with 5% fetal calf serum, 1 % HEPES, and penicillin/ 
streptomycin (14). Under these conditions, keratinocytes differentiate 
and stratify similar to cells in vivo, but the cells are not amenable to 
passage. Thus, essentially each experiment was done with cells derived 
from a different individual. The primary cell suspension was plated on 
tissue culture dishes coated with either native rat tail type I collagen, 
prepared by differential salt precipitation (15), or bovine native type I 
collagen (Vitrogen; Collagen Corp., Palo Alto, CA), heat-denatured type 
I collagen (gelatin), or Matrigel™ (Becton Dickinson) as described (12). 
Gelatin was prepared by heating Vitrogen at 80 °C for 10 min. The cells 
were grown to visual confluence, which required about 3 to 5 days, and 
were then treated with various agents at different concentrations (see 
figure legends) for 48 h. The effector compounds were dissolved in dry 
Me2SO, and control cultures received an equal concentration of Me2SO 
(0.2%). The medium and cell layer were collected for measurement of 
collagenase secretion and steady-state mRNA levels. In some experi­
ments, keratinocytes were treated with 30 ng/ml epidermal growth 
factor (EGF; Sigma) for 48 h or with 5 x 10-9 M TPA for 24 or 48 h. Adult 
human fibroblasts were isolated by explant culture of healthy skin (16). 

Quantitative Immunoassays-The concentration of interstitial colla­
genase in keratinocyte-conditioned, serum-containing medium was 
determined using a competitive binding ELISA (17). This assay has 
nanogram sensitivity, is specific for human interstitial collagenase, and 
measures total enzyme present whether free or bound to inhibitor or 
substrate or whether in an inactive or active form. Other than dilution, 
samples were assayed without modification. Standard curves using pu­
rified human collagenase were included in each assay. Results were 
normalized to total cellular protein content determined by the bicincho­
ninic acid microassay using bovine serum albumin as a standard 
(Pierce). Prostaglandin E2 (PGE2) concentration in keratinocyte condi­
tioned medium was determined by radioimmunoassay using [3H]PGE2 

as described (18). 
Total Protein Synthesis-Confluent keratinocytes were treated with 

40 µM genistein, LO µM herbimycin A, 0.5 µM staurosporine, or vehicle 
for 24 h in standard culture medium. Cultures were then incubated for 
1 h in leucine-free medium to deplete the intracellular pool of leucine 
and were then pulsed for 3 h in leucine-free medium containing 1 
µCi/ml L-[3H]leucine (42 Ci/mmol). The medium and cell layer were 
collected, and macromolecules were precipitated with trichloroacetic 
acid and processed for scintillation spectrophotometry as described (19). 

mRNA Analysis-Total RNA was isolated and Northern hybridiza­
tion was performed as described (20). Probes were prepared by labeling 
a 2-kb human collagenase cDNA (21), a 313-base pair Accl-EcoRI frag­
ment of the 5' end of human TIMP cDNA(22), or a 3.56-kb human c-fos 
cDNA (23) with a-[32P]dCTP by random priming. 

Transfection and Assessment of Promoter Activity-An expression 
construct, pCLCAT, was obtained from Dr. Steven Frisch and contains 
the chloramphenicol acetyltransferase (CAT) gene downstream of a 
2.2-kb fragment (-2280 to +34) of the human collagenase promoter. To 
correct for transfection efficiency, cells were co-transfected with a plas­
mid containing the luciferase gene driven by the thymidine kinase 
promoter (provided by Dr. Richard Pierce). Expression vectors were 
purified by repeated CsCI density centrifugation. Primary keratino­
cytes were plated on collagen-coated tissue culture dishes (28.3 cm2) 

and were transfected at 50-70% confluency using lipofectamine 
(Life Technologies, Inc.). Cells were washed with 2 ml of serum-free 
Dulbecco's modified Eagle's medium and were incubated in 1 ml of 
serum-free Dulbecco's modified Eagle's medium containing 2 µg of col­
lagenase-promoter plasmid DNA, 0.1 µg of luciferase-expression plas­
mid, and 10 µI of lipofectamine. After 16 h, the medium was replaced 
with standard culture medium, and the cells were incubated for an 
additional 24 h and then harvested. CAT activity was assayed in lysed 
cells using [14C]chloramphenicol and acetyl-CoA, and radiolabeled prod­
ucts were detected by thin layer chromatography as described (24) and 
quantified using a BetaScope 603 (Betagen, Mountain View, CA). Lu­
ciferase activity was assayed in the same cell lysates as described (25). 

RESULTS 

Contact with Native Type I Collagen Induces Collagenase 
Production in Human Keratinocytes-During wound healing, 
collagenase is expressed by basal keratinocytes in contact with 
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Fm. 1. Native type I collagen induces collagenase production 
in keratinocytes. Primary human keratinocytes were plated on dishes 
precoated with Matrigel™, bovine type I gelatin, or rat tail or bovine 
(Vitrogen) native type I collagen. When the cells reached visual conflu­
ency, the medium was changed, and some cells plated on Vitrogen were 
treated with 30 ng/ml EGF ( +EGF). Conditioned medium was collected 
48 h later, and the accumulation of collagenase in the medium was 
determined by ELISA and normalized to total protein. 

the dermal matrix (12, 13). Reflecting this regulation by the 
extracellular matrix, collagenase production was stimulated 
about 6-fold in primary keratinocytes grown on native type I 
collagen, whereas only background levels of enzyme were re­
leased from cells cultured on basement membrane proteins 
(Matrigel™) or on heat-denatured type I collagen (gelatin) (Fig. 
1). EGF, which potently stimulates basal collagenase expres­
sion in fibroblasts (26, 27), augmented the collagen-mediated 
stimulation of collagenase production in keratinocytes by about 
2.5-fold above that in cells on collagen alone (Fig. 1). Although 
the magnitude of the matrix-induced collagenase response var­
ied from about 3- to 10-fold among cells isolated from different 
individuals (cumulative data not shown), the inductive effect of 
native type I collagen and the lack of stimulation by Matrigel™ 
or gelatin were consistently seen in numerous experiments 
(>15). 

Collagen-mediated Induction of Keratinocyte Collagenase 
Is Dependent upon Tyrosine Kinase and Protein Kinase C 
Activities-Cell:matrix receptors likely mediate the matrix­
dependent regulation of keratinocyte collagenase expression. 
Because many matrix receptors, including integrins, either 
possess intrinsic tyrosine kinase activity or interact with non­
receptor tyrosine kinases (28, 29), we assessed if inhibitors of 
tyrosine kinase activity influence the collagen-stimulated pro­
duction of collagenase. Genistein, which inhibits tyrosine ki­
nase activity by competing for ATP binding (30, 31), effectively 
blocked collagen-mediated induction of collagenase in a dose­
dependent manner (Fig. 2). As expected, genistein also inhib­
ited EGF-mediated induction ofkeratinocyte collagenase (data 
not shown). A second tyrosine kinase inhibitor, herbimycin A, 
which inactivates tyrosine kinases by reacting with free thiol 
groups (32), also blocked the collagen-mediated induction of 
collagenase in a dose-dependent manner (Fig. 2). A third tyro­
sine kinase inhibitor, tyrphostin-23 (25 to 100 µM), which inac­
tivates the tyrosine kinase activity of a subset of receptors, 
including the EGF receptor (33), did not block the collagen­
mediated induction of collagenase, even at doses as high as 100 
µM (data not shown). Because each of the inhibitors tested 
blocks tyrosine kinase activity by a different mechanism, the 
inability oftyrphostin-23 to block the collagen response may be 
due to its narrow substrate specificity. 

An involvement of tyrosine kinases during signal transduc­
tion can also be assessed by inhibiting tyrosine dephosphoryl­
ation, thereby allowing the accumulation of phosphorylated 
regulatory proteins. Consistent with the data using tyrosine 
kinase inhibitors, the phosphatase inhibitor sodium orthovana-
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FtG. 2. Tyrosine kinase activity is involved in the collagen­
me diated induction of keratinocyte collagenase. Primary kerati­
nocytes were grown to confluence on collagen-coated dishes and were 
treated with the indicated concentrations of genistein, herbimycin A, or 
orthovanadate. Controls received 0.2% Me2SO. After 48 h, medium 
samples were collected, and collagenase accumul ation was determined 
by ELISA a nd normalized to total protein . The data presented are the 
mean± S.D. of values from 3 separate plates per compound of cell from 
a single donor. The differences in scales for they-axes in the geni tein 
and herbimycin A panels indicate the difference in stimulation of col­
lagenase production among primary keratinocytes derived from epa­
rate individuals. 

date markedly augmented (>10-fold) the collagen-mediated in­
crease in coll agenase accumulation (Fig. 2). Together, these 
observations indicate that tyrosine kinase activity is involved 
in the regulation of collagen-initiated signal transduction. 

To determine if tyrosine kinases affect collagenase gene tran­
scription, primary keratinocytes were tran iently tran fected 
with a CAT expression con truct containing 2.2 kb of the hu­
man coll agenase promoter and were then exposed to genistein 
or orthovanadate. Numerous and diverse models have shown 
that collagenase expression is controlled at the level of tran­
scription (34-38) and that this CAT construct accurately re­
flects endogenous tran criptional activity of the collagenase 
gene (38-43). In close agreement with the effects on collagenase 
protein production at similar doses (Fig. 2), incubation with 80 
µM geni stein caused about a 4.5-fold decrease in CAT activity, 
while expo ure to 10 nM orthovanadate mediated about a 2.25-
fold increa e in CAT activity over control level (Fig. 3). 

We also as essed if other signaling pathways are involved in 
the coll agen-mediated stimulation of keratinocyte collagenase. 
Simi lar to tyrosine kinase inhibition , the protein kinase C in­
hibitors staurosporine and H-7 blocked the collagen-mediated 
induction of keratinocyte collagena e (Fig. 4). The cau e of the 
apparent stimulation of collagena e at low dose of protein 
kinase C antagonists is unclear, but similar effects on collagen­
ase expression have been seen in other studies (44, 45). 

Because tyrosine kinase and protein kinase C activities are 
necessary for numerous cellular events, we measured total pro­
tein synthesis to asse s the overan metabolism of the e cells. 
Genistein and herbimycin A, at concentrations which signifi­
cantly inhibited collagenase production, did not markedly af­
fect the total incorporation of [3H]leucine in trichloroacetic 
acid-precipitable material relative to that detected in keratino­
cytes plated on collagen (Table I). 

Collagen-mediated Induction of Keratinocyte Collagenase 
Is Not Dependent on Prostaglandins or cAMP-dependent Pro­
tein Kinase, cGMP-dependent Protein Kinase, or G-protein 
Activities-In fibroblasts and alveolar macrophages, matrix­
dependent stimulation of interstitial collagenase is dependent 
on increased PGE2 synthesis (46-49 ). To determine if a simi lar 
requirement is needed for the collagen-mediated induction of 
keratinocyte collagenase, we exposed cells to indomethacin (3 
ng/ml, replenished daily for 3 days), an inhibitor of prostag­
landin synthesis. Although all three tyrosine kinase inhibitors 
blocked PGE2 accumulation and the phosphatase inhibitor or-

Co llagen +Genistein +o-vanadate 
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% Acerylarion 16 3.5 36 
F1G. 3. Genistein decre ases and orthovanadate stimulates the 

activity of a collagenase-promoter expression construct. Kerati­
nocytes were grown to about 70% confluence and were co-transfected 
with a human collagenase promote1·-CAT construct and a luciferase 
expre sion plasmid. Duplicate cultures were then treated with vehicle 
(0.2% Me2 0 ) (Collagen ), 80 µ ~1 geni tein , or 10 ru1 sodium orthovana­
date (o-uanadate ). Relatively low, yet effective doses of genistein and 
odium orthovanadate were u ed to minimize any cytotoxic effect on 

the tran fection assay. After 24 h, soluble proteins were isolated, and 
CAT activity wa quantified as the percent of radioactivity in the acety­
lated bands normalized to luciferase activity. 
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F1G. 4. Prote in kinase C agonists block the collagen-mediated 
induction of keratinocyte collagenase. Keratinocytes were grown 
to confluence on collagen-coated di he and were treated with the in­
dicated concentrations of H-7 or staurosporine for 48 h. Collagena e 
accumulation in the medium was determined by ELISA and normalized 
to total protein. The data presented are the mean ± S.D. of values from 
3 eparate plates. 

T ABLE I 
Total protein ynthesis 

Keratinocytes were plated on collagen and treated with genistein, 
herbimycin A, staurosporine, or vehicle for 24 h before addition of 
[3H]leucine as described under "Experimental Procedures." Radioactiv­
ity incorporated into trichloroacetic acid-precipitable material was de­
termined in the culture medium and the isolated cells. The data pre­
sented are the means ± S.D. of triplicate determination from three 
separate plates per treatment. 

Treatment 

Collagen alone 
40 µM genistein 
1.0 µM herbimycin A 
0.5 µ .M staurosporine 

Protein synthesis 

Cell layer Medium 

cpm / 106 cells 

22,466 ± 3,230 1,107 ± 312 
27,052 ± 1,810 574 ± 51 
32,422 ± 2,572 1,314 ± 175 
19,388 ± 1,408 1,440 ± 134 

thovanadate augmented PGE2 accumulation (data not shown), 
collagenase production was not affected in cells treated with 
indomethacin (Table II). The e findings indicate that increased 
collagenase expression by keratinocytes in response to contact 
with native type I collagen is not dependent on PGE2 but rather 
is under cell-specific controls. 
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TABLE II 
Involvement of different signal transducing pathways required for collagen-mediated induction of keratinocyte collagenase 

Presented here is a summary of various experiments in which primary human keratinocytes were plated on native type collagen and exposed 
to different antagonists or agonists of various signaling pathways. Collagenase production was assessed by ELISA of conditioned medium. 
Compounds that mediated no effect (NE) had levels of collagenase protein that were at least 90% of those in the control (collagen-alone) cultures. 

Signaling pathway Antagonist Effect• Agonist Effect• 

Tyrosine kinase Genistein (5Jb t Orthovanadate' (2) 
Herbimycin A (2) t 
Tyrphostin-23 (2) NE 

Protein kinase C Staurosporine (5) t TPA(<15) 
H-7 (3) t 

Protein kinase A H-89 (2) NE 8-bromo-cAMP (2) NE 
Cardiotoxin (1) NE 

Protein kinase G KT5823 (2) NE 

G Protein Pertussis toxin (2) NE 

Prostaglandin synthesis Indomethacin (2) NE 

• The various compounds either inhibited ( J ), stimulated ( t ), or had no effect (NE) on collagen-mediated induction of collagenase by primary 
keratinocytes. 

b The number in parentheses indicates the number of dose-response experiments done for each compound with a different strain of primary 
human keratinocytes. 

' Orthovanadate is a tyrosine phosphatase inhibitor and not a tyrosine agonist per se. 

Inhibitors and agonists of other intracellular signaling 
enzymes, namely cAMP-dependent protein kinase, cGMP­
dependent protein kinase, and G-proteins, were also tested to 
determine if they participate in collagen-stimulated production 
of collagenase. The cAMP-dependent protein kinase inhibitors 
H-89 (50 to 200 nM) and cardiotoxin (0.5 to 50 µg/ml), the 
cAMP-dependent protein kinase agonist 8-bromo-cAMP (0.01 
to 1 µg/ml), the cGMP-dependent protein kinase inhibitor 
KT5823 (0.125 to 0.5 mM), and the G-protein antagonist per­
tussis toxin (10 to 100 ng/ml) did not affect collagen-mediated 
stimulation of keratinocyte collagenase production (Table II). 
In summary, our results indicate that tyrosine kinases and 
protein kinase Care the primary signal transduction activities 
involved in collagen-mediated stimulation of keratinocyte 
collagenase. 

TPA-stimulated Production of Keratinocyte Collagenase Is 
Dependent on Tyrosine Kinase Activity-To determine the order 
of tyrosine kinase and protein kinase C activation during 
collagen-stimulated synthesis of collagenase, we treated kera­
tinocytes with TPA, which acts independently of cell surface 
receptors (50). TPA is a potent stimulator of collagenase, other 
metalloproteinases, and TIMP-1 in a variety of cells (39, 41, 43, 
51-53), and, as expected, it markedly enhanced collagenase 
production in keratinocytes (Fig. 5). Since the TPA-mediated 
increase in enzyme synthesis was independent of the plating 
substratum (Fig. 5), the specificity of native type I collagen­
mediated signal transduction must occur at a stage prior to 
protein kinase C activation. Treatment of cells with the inactive 
phorbol analog 4-o:-phorbol had no effect on the collagen-stimu­
lated induction of collagenase (data not shown), indicating that 
the TPA effect was protein kinase C-dependent. Similar to that 
seen in keratinocytes plated on collagen alone (Fig. 2), TPA­
mediated induction of collagenase was markedly inhibited by 
genistein and herbimycin A but was increased about 2-fold by 
orthovanadate (Fig. 6). These findings indicate that tyrosine 
kinase activity is involved in the intracellular signaling at some 
stage following protein kinase C activation. However, these 
data do not discount the possibility that a distinct tyrosine 
kinase acts prior to protein kinase C activation. TPA-mediated 
stimulation of collagenase expression was also inhibited by the 
protein kinase C antagonists H-7 and staurosporine (Fig. 6). 

Genistein and Staurosporine Block the TPA-mediated Induc­
tion of Collagenase mRNA-To assess the mechanism of inhi-
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Fm. 5. TPA induces collagenase production independently of 
the matrix substratum. Primary keratinocytes were grown on dishes 
precoated with Matrigel™, gelatin, or native type I collagen. At conflu­
ence, half of the dishes were treated with 5 x 10-9 M TPA (PMA on 
figure). After 48 h, collagenase accumulation in the medium was deter­
mined by ELISA and normalized to total protein. 

bition, we determine if genistein and staurosporine reduced the 
steady-state levels of collagenase mRNA proportionately to the 
decreases detected in secreted protein. By 8 h, TPA had stimu­
lated collagenase protein and mRNA levels above those de­
tected in keratinocytes plated on type I collagen alone, and both 
parameters were similarly reduced by co-exposure to genistein 
(Fig. 7A). In contrast, genistein did not significantly affect the 
TPA-mediated induction of TIMP-1 mRNA in keratinocytes 
(Fig. 7A), thereby providing further evidence of the selective 
regulation of collagenase gene expression by tyrosine kinase 
activation in keratinocytes. Similarly, staurosporine signifi­
cantly inhibited TPA-stimulated collagenase mRNA levels (Fig. 
7B). These data demonstrate that staurosporine and genistein 
inhibit collagenase production at a point prior to transcription. 

We also assessed if the TPA-mediated induction of collagen­
ase was dependent on tyrosine kinase activity in other cell 
types. Adult human dermal fibroblasts grown on tissue culture 
plastic produced little collagenase, but, in agreement with find­
ings by others (51, 54, 55), TPA markedly stimulated the ex­
pression of collagenase protein and mRNA and TIMP-1 mRNA 
in these cells (Fig. 8). As we detected in keratinocytes, genistein 
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F1G. 6. Tyrosine kinase and protein kinase C antagonis ts in­
hibit and orthovanadate increases TPA-mediated stimulation of 
keratinocyte collagenase. Primary keratinocytes were grown to con­
fluence on collagen-coated dishes and were t reated with the indicated 
concentration of the variou compounds for 48 h. Collagenase accumu­
lation in the mediu m was determined by ELI A and normalized to tota l 
protein. The data presented a1·e the mean ± S.D. of valu s from 3 
separate plates per compound of cells from a ingle donor. The differ­
ences in the level of collagenase among the vehicle-treated controls 
refl ects the di par ity in the magni tude of collagenase production among 
primary keratinocyte derived from eparate ind iv idua l 

markedly inhibi ted the induction of collagena e expre ion in 
fibroblasts and did not ignificantly a ffect TIMP-1 mR A levels 
(Fig. 8). The e data uggest that collagena e induction i de­
pendent on tyrosine kina e activity in variou cell types. 

Inhibition of TPA-mediated Collagenase Transcriptional Ac­
tivation by Genistein Is Not Due to Decreased c- fo Induction­
The coll agenase promoter contains a single AP-1 site which is 
required but not suffici ent for TPA induction of collagenase 
(41). The AP-1 t ranscript ion complex is a c-Fos/c-Jun het­
erodimer, a lthough homodimers and other combinations of re­
lated component have been de cribed (56, 57). A shown in 
other cell type , coll agena e induction i c-fo -dependent (57, 
58). To as ess the effects of geni stein a nd staurosporine on the 
expre sion of thi s early response gene , c-fos mR A levels in 
keratinocytes were determined after TPA treatment with or 
without geni stein or staurosporine. Steady- tate level of c-fos 
mR A peaked between 1 a nd 2 h post-TPA and decreased rap­
idly thereafter (Fig. 9). Although staurosporine completely 
blocked the TPA-mediated induction of c-fos mRNA, geni stein 
had li t tle to no effect on the expre sion of this trans-acting 
factor (Fig. 9). 

DISCUSSIO 

Our previous resul ts showed that in terstitial collagena e is 
invariably expre sed by migrating ba al keratinocytes during 
cutaneou wound repair (12, 13). U ing immunohi tochemica l 
and in situ hybridization a ays, we found that these collagen­
ase-producing cell s are not in contact with an intact basement 
membrane bu t rather are mi grating over the derma l and/or 
provi ional wound matrix. As propo ed by Woodley et al. (2) and 
by us (12), this alteration in cell :matrix interactions suggest 
that some component of the interstiti a l matrix provide a de­
terminant for the induction of interstitial collagenase. Indeed, 
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F1G. 7. Geniste in and staurosporine block TPA-mediated 
stimulation of keratinocyte collagenase protein and mRNA. Ke­
ratinocytes were grown on collagen-coated dishe . At confl uence, the 
medium was replaced, and the cells were pretrea ted fo1· 30 min with 
0.2% Me2S0 (Collagen ), 40 µM genistein , or 0.5 µM stauro porine. Half 
of the culture were then stimulated with 5 x 10-9 M TPA (PMA on 
figure). A , conditioned medium and tota l R A from cell treated with 
geni tein were ha1·vested a t O and h. Collagena e protein levels were 
determined by ELISA (right panel), and collagenase ( C'ase ) and TIMP-1 
mR A level were asses ed by orthern blot analysis (10 µg/l ane) with 
~2P-labeled hu man cD A (left panel). Equiva lent loading among lane 
is demonstrated by ethidium bromide ta in ing (EthBr) of the 28 S rR A 
subunit. Autoradiographic expo ure was 4 h for collagena e mR A 
and 24 h for TIMP-1 mR A. B, tota l R Awa isolated from primary 
keratinocytes after an 8-h expo ure to vehicle, TPA, or TPA plus 0.5 µM 
staurosporine ( taur ). Collagena e (C'ase ) mR A levels were a sessed 
by orthern hybridization (10 µg/lane). Equiva lent loading among 
lane i demonstrated by ethidium bromide ta ining (E thBr ) of the 2 
S rR A subuni t. Autoradiographic exposure was 4 h. 

we found that contact with native type I collagen , the most 
abundant component of dermal matrix, induces keratinocyte 
coll agena e expression in primary cell cul tures, whereas com­
pon nts of the basement membrane (4) a nd other protein of 
the interstitial matrix do not.2 Our work extend the ob erva­
t ions of Peter en et al. (59) who demonstrated that keratino­
cytes recognize and migrate on type I coll agen sub t ratum, and 
that thi interaction results in enha nced collagenase produc­
tion. Coll ectively, these tudi e demon t rate a key role for type 
I coll agen in initiati ng kerati nocyte collagenase yn thesis in 
the epitheli al re pon e to wounding. We report here that tyro­
sine kinase and protein kina e C activities are required for 
collagen-mediated induction of inter titial collagena e by kera­
tinocytes and that the di tal portion of t he signaling pathway is 
common with the TPA-mediated re ponse (Fig. 10). 

During wound repair, basal keratinocyte move from the 
ba ement membra ne onto dermal and provisional matri x pro­
teins, of which type I collagen is a n abunda nt component. In­
terestingly, basal keratinocyte constitutively expre s coll agen 
binding integri ns, such a a l /31 and a 2/31 (60- 62). The inter­
action of kerati nocyte with the dermal matrix, and in particu­
lar type I coll agen, may provide a n early and cri tical signal to 
ini tiate the epithelial re ponse to wounding. Binding of inte­
grins with their matrix ligands activate int rin ic or non­
receptor tyro ine kinase (29, 63, 64), and a similar mechani m 
may occur in keratinocyte in contact with type I collagen (Fig. 

2 B. D. udbeck, A. P. Pentland, H. G. Welgu , and W. C. Parks, 
unpublished observation . 
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Fie. 8. Genistein blocks TPA-induced fibroblast collagenase protein and mRNA accumulation. Adult human skin fibrobl asts were 
grown to conOuence on ti ssue culture pla tic and were then pretreated for 30 min with 0.2% Me2S0 or 40 µM genistein. Half of the culture were 
stimula ted with 5 x 10-9 M TPA (PMA on figure). Conditioned medium and tota l RNA were harve ted at O and 8 h, collagenase protein levels were 
determined by ELI A (right panel), and collagenase (C'ase) and TIMP-1 mRNA levels were a se ed by orthern blot analysi (10 µg/l ane) (left 
panel). Equivalent loading among lanes is demonstrated by ethidium bromide sta ining (EthBr ) of the 28 S rRNA subunit. Autoradiographic 
expo ure wa 48 h for collagena e mR A and 24 h for TIMP-1 mR A. 
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Fie . 9. TPA induction of c-fos is blocked by staurosporine but 
is not affected by genistein. Keratinocytes were grown to con Ouence 
on gelatin-coated dishes and were pretreated for 30 min with 0.2% 
Me280, 40 µM genistein (Gen, upper graph ), or 0.5 µM staurosporine 
(Staur, lower graph ). Half of the cu ltures were stimulated with 5 x 10-9 

M TPA (PMA on figure). At the indicated time , total R A was i olated, 
and 20 µg/l ane was resolved by agaro e electrophoresis and probed with 
a 32P-labeled human c-fos cD A. Graphs how the inten ity of the 
ignal for c-fos mR A as quantified by den itometry. 

10). Indeed, we con istently found that coll agen-mediated in­
duction of collagena e in keratinocytes is effectively blocked by 
tyrosine kinase antagonists and a ugmented by the phospha­
tase inhibitor orthovanadate (Fig. 2). Since the epidermi i not 
normally in contact with type I coll agen, it i tempting to pecu­
late that the basal production of collagen-binding integrins, 
beside being involved in cell:cell and basement membrane 
interactions in the intact skin , keep keratinocytes primed and 
ready to re pond to injury. Additional experiments are needed, 
however, to demonstrate that integrins are involved in the con­
trol of collagena e production by keratinocytes. 

As stated, our results indicate that both tyrosine kinase and 
protein kina e C activities are involved in coll agen-initiated 
signal tran duction ; however, this pathway likely bifurcates 
before the activation of coll agenase transcription (Fig. 10). Al­
though genistein and stauro porine both inhibited the coll a­
gen- and TPA-mediated induction of keratinocyte collagenase 
(Figs. 2, 4, and 6), they had different effects on the TPA-induced 
expression of c-fos R A (Fig. 9). Increased protein kinase C 

activity leads to the activation of pecific transcription factors 
uch a c-fos (65), and, predictably, taurosporine blocked the 

increase in c-fos expre sion following TPA treatment. In con­
trast, genistein, at concentrations that inhibited collagena e 
production , fai led to block the TPA-mediated induction of c-fos 
R A. Thus, the induction of c-fos is not tyrosine kinase-depend­
ent, although its abili ty to act as a tran cription factor may be. 
Since the t ran cription-inducing activity of c-Fos and c-Jun is 
dependent upon their phosphorylation state (66-68), geni stein 
may block coll agenase production by affecting the processing of 
AP-1 subuni ts . Alternatively, genistein may affect the expres­
sion or activity of other stimulatory trans-acting factor which 
bind to elements in the collagenase gene promoter, such as 
PEA-3 or TTCA (41). 

Our findin g also suggest that the regulation of collagenase 
by keratinocytes is cell- type pecific. PGE2 is a potent inflam­
matory medi ator that exerts its biological effect through cou­
pling to G-proteins and adenylate cyclase. In a number of cell 
types, such as fibroblasts and macrophages, increased pro tag­
Jandin synthesis and cAMP-dependent protein kinase activity 
correlates with increa ed coll agenase production (46-48, 69-
71). Even though PGE2 synthesis was predictably increa ed 
with TPA (data not shown), our results indicate that the type I 
coll agen-mediated induction of keratinocyte collagena e i not 
influenced by blocking prostaglandin ynthesis or cAMP­
dependent protein kinase activity or by the addition of a non­
hydrolyzable cAMP analog. 

Becau e inter titial coll agena e is prominently and invari­
antly expressed by keratinocytes during wound healing, we 
sugge t that it serve a critical role in re-epithelialization 
rather than in dermal remodeling. Types I and III coll agen are 
the major tructural components of the dermal matrix and may 
serve as a substratum for keratinocyte migration. Collagenase 
catalyzes the rate-limiting step in collagen degradation by 
making a single ite-specific cleavage in the triple-helical re­
gion of thi s abundant matrix molecule. At physiological tem­
perature, these fragments are thermally unstable and dena­
ture into their constitutive polypeptide chains, forming gelatin 
peptides. Since the a2J31 integrin receptor for type I collagen 
bind native coll agen with a higher a ffini ty than it does for 
gelatin (72), we speculate that the production of interstitial 
coll agenase by migrating keratinocytes aids in dissociating the 
cell from the dermal matrix and, hence, promotes efficient 
locomotion over the dermal and provisional matrices. 

In conclu ion , our data indicate that the induction of inter­
stitial coll agena e by native type I collagen and TPA requires 
both tyrosine kinase and protein kinase C activities, suggesting 
that the same or part of the ame signal transduction pathway 
is used by mul tiple agonists to up-regulate the expression of 
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FIG. 10. Model of the signal pathways involved in the collagen-mediated induction of collagenase in keratinocytes during re­
epithelialization. After wounding, basal keratinocytes dislodge from the basement membrane and migrate over the dermal and provisional 
matrices. Although not demonstrated in this report, cell surface receptors (a/3), such as the a2/3l integrin, may interact with dermal type I collagen 
and activate an intrinsic or non-receptor tyrosine kinase (TK). These initial events likely start an intracellular signaling pathway that involves 
the activation of phospholipase C (PLC), the generation of diacylglycerol (DAG) and inositol trisphosphate, and activation of protein kinase C 
(PKC). Since genistein did not block TPA-mediated induction of c-fos mRNA (Fig. 9) but did inhibit TPA-mediated induction of collagenase (Figs. 
6 and 7B ), the pathway likely bifurcates leading to activation of collagenase transcription. Secretion and extracellular activation of procollagenase 
cleave type I collagen, thereby lowering the affinity for attachment and promoting cell migration. 

collagenase. Because TPAinduces collagenase independently of 
the matrix substratum, the specificity of the collagen-induced 
response most likely lies in an early part the tyrosine kinase­
mediated portion of the signaling pathway. Understanding the 
details of these signal transduction events will be necessary to 
selectively modify the biological expression of this important 
matrix metalloproteinase. 
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