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Abstract
Healing of superficial skin wounds depends on the proliferation and migration of keratinocytes at
the wound margin. When human epidermal keratinocytes were incubated on polymerized type I
collagen, they rapidly attached and spread. The cells underwent a proliferative response and, over
the subsequent 6-day period, covered the collagen surface with a monolayer of cells. When
keratinocytes were plated on collagen that had been fragmented by exposure to matrix
metalloproteinase-1 (MMP-1, collagenase-1), the cells attached as readily as to intact collagen but
spread more slowly and less completely. Growth was reduced by approximately 50%. Instead of
covering the collagen surface, the keratinocytes remained localized to the site of attachment.
Keratinocytes on fragmented collagen expressed a more differentiated phenotype as indicated by a
higher level of surface E-cadherin. Based on these findings, we suggest that damage to the
underlying collagenous matrix may impede efficient keratinocyte function and retard wound
closure.
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Introduction
The dermal matrix is a three-dimensional structure in which type I collagen is the major
component [22]. Rigidity of the matrix and the mechanical stress imparted on cells
imbedded in the matrix is critical to fibroblast function [8]. In past studies, we demonstrated
that when interstitial fibroblasts were imbedded in a three-dimensional lattice of
polymerized type I collagen that had been subjected to proteolytic fragmentation with matrix
metalloproteinase-1 (MMP-1; collagenase-1), mechanical tension on the imbedded cells was
reduced [25]; under these conditions, collagen synthesis declined by greater than 80%.
Fibroblasts are not unique in their response to fragmented collagen. In a recent study, it was
shown that endothelial cells grew as a monolayer of cells on the surface of intact
polymerized type I collagen but formed tubes when supported in the matrix following
proteolytic cleavage [28]. Our conclusion from these studies is that alterations in the
structure of the connective tissue resulting from proteolytic cleavage have the capacity to
influence the behavior of multiple cell types in the dermis.

The present study continues our effort to understand how damage to the dermal matrix
influences cell function. Here, we show that when epidermal keratinocytes are plated on the
surface of polymerized type I collagen in a three-dimensional matrix, they proliferate,
migrate over the collagen surface, and eventually cover the surface with a monolayer of
cells. In contrast, when keratinocytes are plated on collagen that has been subjected to
proteolytic fragmentation, there is a reduction in growth (approximately 50%) and a
retardation in coverage of the collagen surface (approximately 80% reduction on Day 3 and
50% by Day 6).

Materials and methods
MMP-1 and other reagents

Human MMP-1 (collagenase-1) was obtained from Calbiochem (San Diego, CA). The
enzyme was purified from human rheumatoid synovial fibroblasts as the naturally occurring
proenzyme form. The MMP-1 preparation appeared as a doublet at 52 and 57 kDa in β-
casein zymography, and was reactive with a rabbit polyclonal anti-MMP-1 antibody
(AB806; Chemicon International, Temicula, CA) by western blotting. A mouse monoclonal
antibody with neutralizing activity for MMP-1 (Ab-5; IM66) was obtained from Oncogene
Research Products (San Diego, CA). Native pro-MMP-8 was obtained from stimulated
human neutrophils, while MMP-2 (72-kDa gelatinase A) and MMP-9 (92-kDa gelatinase B)
were obtained as recombinant proteins (active forms) produced in mammalian cells
(Calbiochem). Clostridium histolyticum collagenase (Worthington Type I) and porcine
pancreatic elastase (2× crystallized) were obtained from Worthington Biochemicals
(Lakewood, NJ) and bovine pancreatic trypsin was obtained from Sigma Chemical
Company (St. Louis, MO). Human recombinant tissue inhibitor of metalloproteinase-1
(TIMP-1) was obtained from Calbiochem, and soybean trypsin inhibitor (SBTI) was
obtained from Sigma Chemical Co.

Mouse monoclonal antibodies to vinculin and E-cadherin were obtained from Chemicon and
BD Biosciences (San Jose, CA), respectively. When used in immunofluorescence studies,
the primary antibodies were visualized with a rabbit anti-mouse IgG antibody bound to
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Alexa Fluor 488 (Invitrogen, Carlsbad, CA) and further amplified with Alexa Fluor 488 goat
anti-rabbit IgG. In some experiments, Alexa Fluor 546 phalloidin (Invitrogen) was used.
[Note: Alexa Fluor 488 is spectrally similar to fluorescein, while Alexa Fluor 546 is
spectrally similar to tetramethylrhodamine].

Human skin organ culture fluid
Human basal cell carcinoma tissue was used as a source of human skin organ culture fluid
[24]. Pooled preparations of organ culture fluid were assessed for total and active MMP-1 by
β-casein zymography and collagen fragmentation. Total and active MMP-2 and MMP-9
were determined by gelatin zymography and gelatin fragmentation. Consistent with past
observations [24], the organ culture fluids contained a substantial amount of active MMP-1
but virtually no MMP-8 or MMP-13. Active forms of the two major gelatinolytic enzymes
(e.g., MMP-2 and MMP-9) were also present in the conditioned media.

Preparation and degradation of polymerized collagen lattices
Three-dimensional lattices of reconstituted, polymerized type I collagen were prepared as
described previously [25]. Rat tail collagen (3.7–4.7 mg/ml in 1 N HCl) (BD Biosciences)
was diluted to 2 mg/ml in culture medium consisting of serum-free, Ca2+-supplemented
keratinocyte basal medium (KBM). The collagen solution was made isotonic by addition of
an appropriate amount of 10× concentrated Hanks’ balanced salt solution, and brought to pH
7.2. The collagen was added to wells of a 24-well plate (0.5 ml/well) and incubated for 2 h
at 37°C, during which time a stiff lattice of polymerized collagen formed. In certain
experiments, lattices with reduced amounts of collagen were prepared. When this was done,
concentrations of other reagents were modified to maintain pH and isotonicity.

Degradation of the polymerized collagen was achieved by exposing the collagen lattice to
human skin organ culture fluid or to human fibroblast-derived MMP-1. Activation of the
proenzyme was accomplished by exposure of the latent enzyme to 1 μg of crystalline trypsin
for 5 min at 37°C followed by 10 μg of SBTI. Intact collagen lattices exposed to buffer
alone served as control. After enzyme treatment, the supernatant fluids from control or
treated collagen lattices were removed. Collagen fragmentation was assessed by measuring
the peptides (specifically, the ¾- and ¼-sized fragments) released into the supernatant fluid
(resolved by SDS-PAGE and staining with Coomassie brilliant blue). In certain experiments,
other enzymes were examined for ability to degrade polymerized type I collagen.

For quantitation purposes, lattices were treated with a sufficient amount of culture fluid (100
μl/lattice) or a sufficient amount of MMP-1 (75 ng/lattice) to obtain complete digestion of
the lattice. A standard curve was then generated by SDS-PAGE resolution of increasing
amounts of the digested material. By comparing the amount of ¾- and ¼- sized fragments
recovered in the culture fluid during partial digestion with the standard curve, it was possible
to precisely estimate the amount of degradation occurring under a given set of conditions.
Using this approach, it was determined that between 30% and 45% of the initial collagen
was converted into fragments under the conditions depicted in Figs. 1, 2, 3, and 4. Scanning
electron microscopy (below) was used to assess the remaining collagen structure in control-
and enzyme-treated lattices. After treatment, the lattices (still grossly intact) were rinsed
carefully with Ca2+- supplemented KBM and were ready to use.

Preparation and degradation of collagen films on polystyrene culture dishes
Monomeric collagen (1-50 μg/well) was dried onto the surface of 24-well polystyrene
culture dishes from dilute acid. The film of dried collagen was then either exposed to
MMP-1 (7.5 ng/well for 18 h) or left as control. Additional wells were coated with collagen
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that had been denatured by heating to 60°C for 5 min (i.e., gelatin) prior to use. The wells
were rinsed carefully with Ca2+-supplemented KBM and used.

Scanning electron microscopy
Intact and partially degraded collagen lattices were fixed by mixing with an equal volume of
4% Sorenson’s buffered glutaraldehyde. Post fixation in 1% osmium tetroxide buffered in s-
collidine was followed by en bloc staining with uranyl acetate. Dehydration was in a graded
series of ethanol, followed by critical point drying from absolute ethanol through liquid
carbon dioxide. Specimens were then mounted on stubs and conductive-coated with gold in
a dc sputter coater. Following this, specimens were examined using an ISI Super IIIA
scanning electron microscope.

Human epidermal keratinocytes
Human epidermal keratinocytes were isolated from neonatal foreskin and maintained in
Keratinocyte growth medium (KGM) (Lonza) as reported previously [23]. KGM consists of
the same basal medium as KBM, but is supplemented with a mixture of growth factors,
including EGF, insulin, and bovine pituitary extract. For some experiments, the HaCat line
of immortalized human epidermal keratinocytes was used [5]. The immortalized
keratinocytes were handled exactly as low-passage keratinocytes. For experiments, the
keratinocytes were harvested from culture by exposure to trypsin/EDTA, washed, and
resuspended in either KGM or Dulbecco’s modified minimal essential medium with 10%
fetal bovine serum (DMEM-FBS). Cells were added to lattices of intact or fragmented
collagen (5 × 104 cells/well). Using these cultures, three sets of assays were carried out.

Attachment and spreading—Cells were added at time zero. At various times over the
following 4-h period, nonattached cells were removed and counted. Counting was done with
an automated particle counter after verifying that the cells were in single cell suspension.
The dishes were then flooded with 10% buffered formalin and the percentage of remaining
cells that were spread was determined microscopically. For this, photographs were taken
under phase-contrast microscopy and magnified 254×. Cell length and width were
determined. Cells were determined to be spread when the ratio of the two dimensions was
greater than 1.5:1.

Proliferation—Cells were added at time zero. After incubation for 3 days, cells were
harvested by exposure to trypsin/EDTA and counted. Counting was done with an automated
particle counter after verifying that the cells were in single cell suspension.

Coverage of the collagen surface—Cells were added at time zero. Daily over the
following 6 days, the cultures were examined by phase-contrast microscopy and the
percentage of the surface covered with cells was estimated. Five high-power fields were
examined in duplicate wells for each data point and the average was determined from this.
To confirm the reliability of visual estimation, representative areas were photographed and
the percentage of the surface area covered with cells determined from the photographs. The
two methods for determining surface coverage gave similar results. To compare surface
coverage on intact versus fragmented collagen, we used the same formula as used with
proliferation. At time zero, surface coverage was 10-15%.

Data from experiments with multiple groups were analyzed using one-way analysis of
variance (ANOVA) followed by the Bonferroni post-test for selected pairs (GraphPad Prism
4.0 for Windows, GraphPad Software, San Diego, CA). For experiments in which there
were only two groups, the Student t-test was used to assess statistical significance of the
differences. Data were considered significant at P < 0.05.
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Cytotoxicity and apoptosis assays
Cytotoxicity and apoptosis analysis was done by staining the cells with Annexin V-FITC
and propidium iodide and analyzing stained cells via flow cytometry [1]. Briefly, cells were
added to the surface of intact and fragmented collagen as described above. After 48 h, cells
were harvested, washed twice with ice cold PBS, and then resuspended in 1× binding buffer
(BD Pharmingen, San Diego, CA) at a concentration of 1 × 106 cells/ml. Two hundred
microliters of the above cell suspension was transferred to 96-well V bottom plates, and 10
μl of Annexin V-FITC (BD Pharmingen, San Diego, CA) and 5 μl of propidium iodide
(Invitrogen Molecular Probes, Carlsbad, CA) were added to the wells. After incubation for
15 min in the dark, samples were then analyzed by flow cytometry (LSR II, BD Biosciences,
San Diego, CA). Data acquisition and analysis were done using BD FACSDiva software.

Confocal immunofluorescence microscopy
Lattices of intact and fragmented collagen were prepared in the normal manner using Lab
Tek II chamber slides in place of the 24-well culture dishes. Keratinocytes were added to the
chamber slides and incubated overnight. The next day, cultures were washed and then fixed
with 4% formaldehyde for 20 min. After fixation, cells were washed 2× with wash buffer
[0.05% Tween-20 in Dulbecco’s phosphate buffered saline (DPBS)], followed by
permeabilization with 0.1% Triton X-100 for 10 min. Cells were again washed and then
exposed to a blocking solution consisting of 1% bovine serum albumin in DPBS for 30 min.
Next, cells were treated with a monoclonal antibody to E-cadherin or vinculin in blocking
solution for 1 h. After three subsequent washing steps with DPBS (5 min each), cells were
treated with Alexa Fluor 488-conjugated secondary antibody (Invitrogen, Carlsbad, CA) in
blocking solution and incubated for 45 min. Following three additional washing steps, the
cells were rinsed once with wash buffer, and coverslips mounted with Prolong Gold Anti-
fade Medium containing DAPI (Invitrogen). Cells were examined with a Zeiss LSM 510
confocal microscope using a 63× (C-Apochr) NA = 1.2 water immersion objective lens.
Laser excitation wavelengths included 364, 488, and 543 nm scanned in sequence by the
line method.

Preparation of cell lysates and immunoblot analysis
Keratinocytes were plated at 3 × 105 cells/well in 6-well tissue culture dishes containing
intact or fragmented collagen and allowed to attach overnight. The next day, cultures were
washed and then lysed in 1× cell lysis buffer consisting of 20 mM Tris–HCl (pH 7.4), 2 mM
sodium vanadate, 1.0 mM sodium fluoride, 100 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 25 μg/ml each of aprotinin, leupeptin and pepstatin, and 2 mM EDTA and
EGTA. Lysis was performed by adding 200 μl of lysis buffer to each well and incubating the
plate on ice for 5 min. After incubation, cells were scraped and samples were sonicated.
Then, the extracts were cleared by microcentrifugation at 14,000g for 15 min. Supernatants
were collected and protein concentrations estimated using the BioRad DC protein assay kit
(BioRad, Hercules, CA).

Western blotting for E-cadherin was carried out as described previously [3]. Briefly,
samples were separated in SDS-PAGE under denaturing and reducing conditions and
transferred to nitrocellulose membranes. After blocking with a 5% nonfat milk solution in
Tris-buffered saline with 0.1% Tween (TTBS) at 4°C overnight, membranes were incubated
for 1 h at room temperature with the desired antibody, diluted 1:1,000 in 5% nonfat milk/
0.1% TTBS. Thereafter, the membranes were washed with TTBS and bound antibody
detected using the Phototope-HRP western blot detection kit (Cell Signaling Technology,
Inc., Danvers, MA). A Kodak 1000 X-OMAT processor was used to capture the positive
images of the western blots; these positive images were scanned and digitized. The digitized
images were quantitated using NIH image analysis software.
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Results
Keratinocyte dysfunction on three-dimensional lattices of type I collagen fragmented by
human skin organ culture fluid or by MMP-1

In the first series of experiments, three-dimensional collagen lattices were exposed to human
skin organ culture fluid obtained as described in the “Materials and methods” section. Past
studies have shown that such a culture fluid contains a high level of active MMP-1 [24]. In
parallel, collagen lattices were exposed to varying amounts of purified human fibroblast
MMP-1. Both the purified MMP-1 and the skin organ culture fluid degraded the
polymerized collagen, producing the expected ¾- and ¼-sized cleavage products (Fig. 1,
upper panel). With concentrations of the purified enzyme above 50 ng/collagen lattice (1 mg
of collagen) and with culture fluid concentrations above 100 μl/collagen lattice, the collagen
lattices began to solubilize. However, with lower amounts, the lattices remained intact and
appeared grossly indistinguishable from lattices not exposed to enzyme. By comparison with
a standard curve obtained by converting 100% of the lattice into fragments and then
resolving increasing amounts of the fragments by SDS-PAGE (middle panel), it was
determined that 35–40% of the polymerized collagen could be converted into soluble
fragments under conditions in which the lattice remained intact. In subsequent experiments,
conditions were chosen that did not cause the polymerized matrix to solubilize but resulted
in the conversion of 35–40% of the collagen into soluble fragments.

The lower panel of Fig. 1 presents scanning electron microscopic pictures of an intact
collagen lattice and a similar lattice after exposure to skin organ culture fluid. Collagen fiber
bundles are uniformly distributed throughout the intact lattice. After digestion, many thin
and broken fiber bundles are detected. The collagen fiber bundles in the culture fluid-treated
lattice are no longer uniformly distributed throughout the lattice. In some areas, the collagen
is densely packed while in other areas there is a paucity of collagen. Similar changes were
observed in collagen lattices exposed to purified MMP-1 alone.

Figure 2 demonstrates keratinocyte attachment and spreading on intact collagen lattices and
lattices fragmented by exposure to purified MMP-1 or to human skin organ culture fluid.
Cell attachment occurred equally well to both intact and fragmented collagen. Cell
spreading, in contrast, was significantly slower and less complete on fragmented collagen.

Next, keratinocytes were plated on intact and fragmented collagen lattices and incubated for
6 days. The left-hand panel of Fig. 3 shows the percentage of the collagen surface covered
by keratinocytes on Days 3 and 6. Coverage of the collagen surface was substantially
inhibited on the substrate after fragmentation by either the purified enzyme or skin organ
culture fluid. The right-hand panel shows the number of cells recovered from intact and
fragmented collagen lattices on Day 3. The number of cells recovered from the fragmented
collagen substrates was reduced by approximately 50% relative to control. The decrease in
cell number primarily reflects reduced proliferation rather than increased cell death because,
when cells were harvested and assessed with Annexin V-FITC and propidium iodide 1 day
after plating, there were minimal differences in overall cytotoxicity (less than 5% overall)
and apoptosis (less than 3% in all cases) between cells harvested from intact versus
fragmented collagen substrates. Interestingly, when collagen lattices were exposed to higher
enzyme concentrations such that solubilization occurred and the initially attached
keratinocytes were essentially in suspension, apoptosis occurred rapidly (greater than 90%
of the cells were nonviable after 4 h).

Correlation between collagen fragmentation and keratinocyte dysfunction
Table 1 summarizes experiments in which collagen fragmentation and keratinocyte function
were assessed in parallel on collagen lattices treated with organ culture fluid and additional
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reagents. It can be seen that when the organ culture fluid was pre-incubated with SBTI (5
μg/50 μl of culture fluid), there was no reduction in collagen fragmentation. Concomitantly,
keratinocyte coverage of the collagen surface was still reduced as compared to what was
observed on intact collagen. In contrast, incubation of the organ culture fluid with TIMP-1
(150 ng/50 μl of culture fluid) suppressed collagen fragmentation and prevented the loss of
keratinocyte function (i.e., keratinocytes behaved as on intact collagen). Pretreatment with a
neutralizing antibody to MMP-1 (50 μg of antibody protein/50 μl of culture fluid) also
suppressed collagen fragmentation and prevented the change in keratinocyte function, while
a control IgG antibody had no effect. Taken together, these data strongly suggest that
MMP-1 is the enzyme responsible for collagen damage in the organ culture fluid.

Additional experiments were carried out in which a number of different enzymes were
examined for ability to alter the collagen lattice structure and, concomitantly, for effects on
keratinocyte function. These included two collagenases (human neutrophil MMP-8 and
Clostridium perfringens collagenase) as well as MMP-2 and MMP-9 (an enzyme with
gelatinolytic activity but lacking significant activity against type I collagen) and two serine
proteinases, including bovine pancreatic trypsin and hog pancreatic elastase. With each
enzyme preparation, polymerized collagen lattices were exposed to increasing amounts of
enzyme until the collagen solubilized or until concentrations as high as 400 ng/lattice with
MMP-2 and MMP-9 and 1 μg/lattice with the serine proteinases had been tested. Only the
two enzymes with collagenolytic activity fragmented intact collagen lattices, and only those
enzymes affected the ability of keratinocytes to cover the surface. With both enzymes,
concentrations that produced collagen fragmentation were the same concentrations that
inhibited keratinocyte coverage of the collagen surface (Table 1). Taken together, these data
strongly suggest that while MMP-1 may be the major enzyme responsible for collagen
damage in the organ culture fluid, other enzymes with collagenolytic activity have similar
activity.

Altered expression of keratinocyte surface adhesion molecules on fragmented collagen
E-cadherin expression was assessed in keratinocytes on intact and fragmented collagen. The
upper panel of Fig. 4 show results from confocal immunofluorescence microscopy. It can be
seen from the left-hand photograph that in keratinocytes maintained on intact collagen, E-
cadherin was diffusely expressed throughout the cell (similar to what is typically seen in
rapidly proliferating basal keratinocytes on plastic). On damaged collagen (right-hand
photograph), more of the E-cadherin was distributed around the periphery of the cell.
Staining was especially prominent at sites of cell-to-cell contact (arrows). Consistent with
these results, western blotting of whole cell extracts (lower panel of Fig. 4) demonstrated
up-regulation of E-cadherin in cells on the fragmented matrix. In addition to assessing E-
cadherin expression in whole cell extracts, we also used western blotting to assess E-
cadherin released into the culture fluid. This was done to determine if shedding might
account for the differences noted. As expected, there was no evidence of E-cadherin
shedding into the culture fluid under either condition, i.e., there was no detectable E-
cadherin in the culture fluid by western blotting (not shown). Finally, keratinocytes were
exposed to MMP-1 for 18 h in monolayer culture. At the end of the incubation period, cells
and media were assessed by western blotting for E-cadherin. No effects of MMP-1 were
noted (not shown).

Keratinocytes on intact and fragmented collagen were also stained with an antibody to
vinculin as a marker of focal adhesions (Fig. 5). Vinculin was broadly distributed throughout
the cell layer in keratinocytes on intact collagen. Staining was observed at a distance from
the nucleus, indicating that the cells were well spread. In contrast, on fragmented collagen,
vinculin staining was predominantly observed in close association with the body of the cell.
Western blotting showed no apparent change in the total amount of vinculin between the
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two conditions (lower panel). The cells were concomitantly stained with phalloidin as a
marker for actin. Phalloidin staining was closely associated with cell bodies on both intact
and damaged collagen. There were few stress fibers (typical in epithelial cells) and no
differences between the two substrates.

Keratinocyte function on plastic culture dishes coated with intact collagen or fragmented
collagen

In a final set of studies, wells of a 24-well dish were coated with a film of type I collagen
(20 μg/well). After deposition, the collagen in some wells was subjected to digestion with
MMP-1 (7.5 ng/well for 18 h) while other wells were exposed to buffer alone. Following
this, keratinocytes were added to the collagen films and the percentage of attached and
spread cells determined at various times after plating. In contrast to what was seen in three-
dimensional lattices, there was no significant difference in either attachment or spreading
between the two substrates. Coverage of the collagen surface was also assessed. As with the
other parameters, there was no difference between the two substrates (not shown).

Discussion
Superficial wounds in healthy skin are expected to heal rapidly and without incident.
Keratinocytes at the wound margin respond to contact with the exposed dermal matrix by
adhering to the collagen (primarily through the α2β1 integrin) and migrating across the
exposed surface [9,11,13]. As the cells at the leading front migrate over the wound surface,
they upregulate MMP-1 and cleave the collagen substrate beneath [16]. Keratinocytes
immediately behind the leading front proliferate to fill in the space. Intrinsic and extrinsic
factors that reduce keratinocyte proliferation and motility [4,6,10,21,30] are associated with
impaired wound healing. The present study suggests that damage to the underlying
connective tissue is another factor that contributes to epithelial dysfunction and failure to
effectively cover the wound surface. Our findings may be relevant to understanding why
superficial wounds often do not heal efficiently in aged/photoaged skin. While it is difficult
to estimate precisely the loss of intact collagen in vivo, several past studies have utilized
biochemical, immunohistochemical, and ultrastructural approaches to show convincingly
that extensive collagen damage exists in aged/photoaged skin. While biochemical estimates
range from 20% to 40% loss, immunohistochemical and ultrastructural approaches suggest
that in some areas, virtually none of the remaining collagen is intact [12,14,15,17,19]. Our
focus on the connective tissue is not meant to imply that other intrinsic and extrinsic factors
do not also play a role in poor wound healing. Rather, the studies presented here simply
point out the essential role of the connective tissue matrix as a regulator of keratinocyte
function, regardless of the physiological state of the keratinocytes in the associated
epithelium. Altered behavior of keratinocytes on fragmented collagen is not unique to these
cells. Recent studies have shown that collagen damage also has a profound effect on
fibroblast function [26,27] and endothelial cell function [28].

How pre-existing fragmentation of the underlying collagen negatively impacts keratinocyte
function is not fully understood, but we speculate that a loss of structural rigidity in the
substrate and a corresponding decrease in mechanical stress imparted on the cells may be
critical. This is based on the finding that while cell attachment occurred equally well to
intact and fragmented collagen in the three-dimensional lattices, spreading was slower on
the fragmented matrix. This was not observed when attachment and spreading were
examined on intact versus MMP-1-exposed collagen when the substrate consisted of a
collagen film coated onto the surface of a polystyrene culture dish. Our assumption is that if
the enzyme-fragmented collagen fibrils are not “anchored,” the cells will not be able to
generate the traction needed for movement over the substrate.
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Of interest to this discussion are the observations by Pilcher et al. [16]. These investigators
showed that elaboration of MMP-1 and fragmentation of the dermal matrix were critical for
keratinocyte migration across the collagen surface during wound repair. Once the substrate
was fragmented, adhesion to the fragmented collagen was reduced relative to intact
collagen. Presumably, differences in cell–substrate adhesion favored continued contact with
the intact collagen and facilitated migration over it. One might assume that if the collagen
were substantially fragmented to begin with, the same factors would come into play, and
reduction in migration would occur.

As an alternative hypothesis, the reduction in cell growth and inability to cover the collagen
surface may relate directly to keratinocyte differentiation on the fragmented collagen.
Previous studies have demonstrated that cell shape change (from well-spread to spherical)
triggers terminal differentiation in human epidermal keratinocytes [29]. By preventing cell
spreading, the damaged matrix may cause the cells to prematurely initiate events that lead to
differentiation. Increased E-cadherin expression in keratinocytes on the damaged collagen is
consistent with this. Of interest in this regard, past studies have shown that epithelial cell
differentiation leads to β-catenin sequestration at the cell surface along with E-cadherin. As
a result, there is less intranuclear β-catenin and a decrease in Wnt signaling [2,7]. Since Wnt
signaling is an important growth-regulating pathway in epithelial cells, it is likely that
keratinocyte growth would be inhibited under these conditions.

A final issue concerns the enzymes that are responsible for the collagen damage leading to
keratinocyte dysfunction. While our focus was primarily on MMP-1, this enzyme does not
appear to be unique in its ability to damage collagen in such a manner that keratinocyte
behavior is negatively impacted. One might suggest, in fact, that while MMP-1 appears to be
the responsible enzyme in aged or photoaged skin, MMP-8 could be more important in
situations where there is excessive inflammation. Excessive inflammation is well known to
retard wound healing. Likewise, bacterial collagenolytic enzymes could play a role in
situations where there is infection [18,20].

In summary, the studies described here demonstrate that when keratinocytes are maintained
on a three-dimensional collagen lattice, cell function is significantly affected by the
condition of the collagen in the lattice. When the collagen is fragmented by exposure to
collagenolytic enzymes, the keratinocytes fail to cover the surface of the collagen and
instead grow as dense colonies of isolated (differentiated) cells. We suggest that impaired
re-epithelialization, seen in a variety of conditions in which connective tissue damage also
occurs, may reflect a similar mechanism.
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Fig. 1.
Collagen degradation upon exposure to skin organ culture fluid or fibroblast MMP-1. Upper
panels: SDS-PAGE analysis of the collagen fragmentation pattern obtained following
exposure of intact collagen lattices to control buffer alone, to two concentrations of skin
organ culture fluid, or to activated MMP-1. The collagen lattices exposed to buffer alone
(control lanes) show a faint doublet corresponding to the α1 and α2 chains of intact type I
collagen. The bands are faint because most of the intact collagen remains polymerized in the
lattice. The collagen lattices exposed to skin culture fluid show bands corresponding to the
¾- and ¼-sized fragments of type I collagen. Additional fragments are observed. The
collagen lattice exposed to purified MMP-1 shows the ¾- and ¼-sized fragments. Middle
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panel: standard curve obtained by inducing complete hydrolysis of the collagen lattice with
75 ng of MMP-1 and resolving graded amounts of hydrolysate by SDS-PAGE. The ¾- and
¼-sized fragments were digitized and digital images quantified. Lower panels: scanning
electron microscopic images of lattices exposed to buffer alone (intact) and to organ culture
fluid (fragmented). Similar results were obtained with 10 different preparations of skin
organ culture fluid
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Fig. 2.
Attachment and spreading of human epidermal keratinocytes on intact and fragmented
collagen lattices. Left panel: attachment. A similar rate of attachment is observed on intact
and fragmented collagen. Right panel: spreading. This is significantly reduced on
fragmented collagen. Values are means and standard deviations based on triplicate samples
in a single experiment. Statistical significance was determined using the Student t-test,
comparing each treatment group to its control. ‘*’ indicates statistical difference from
control at P < 0.05 level. The experiment was repeated five times with similar results. Inset:
appearance of keratinocytes after 2 h on intact and fragmented collagen lattices
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Fig. 3.
Keratinocyte coverage of the surface of intact and fragmented collagen lattices. Left panel:
percentage of the collagen surface covered with cells on Days 3 and 6. Values shown are
means and standard errors based on seven different experiments. Right panel: proliferation.
Cells were harvested and counted on Day 3. Values shown are means and standard errors
based on four separate experiments. Statistical significance was determined using the
Student t-test. ‘*’ indicates statistical difference from control at P < 0.05 level. Inset:
appearance of keratinocytes after 3 days on intact and fragmented collagen
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Fig. 4.
E-cadherin expression in keratinocytes on intact and fragmented collagen. Upper panels:
confocal immunofluorescence microscopy of human epidermal keratinocytes after 48 h on a
three-dimensional polymer of intact collagen or fragmented collagen. E-cadherin expression
is more diffuse in the cells on the intact collagen substrate. E-cadherin is localized to the cell
surface to a greater extent on damaged collagen. Expression is especially prominent at sites
of cell-to-cell contact (arrows). Lower panel: western blot for E-cadherin. Increased E-
cadherin was detected in cells on damaged collagen. Values shown in the bar graph
represent digitized bands in western blots from two separate experiments and represent
means and ranges. Confocal microscopic analysis was done with three separate preparations
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Fig. 5.
Vinculin and actin expression in keratinocytes on intact and fragmented collagen. Upper
panels: confocal immunofluorescence microscopy of human epidermal keratinocytes after
48 h on a three-dimensional polymer of intact collagen or fragmented collagen. Vinculin
expression (green fluorescence) is widespread and distant from cell bodies in keratinocytes
on intact collagen (evidence that the cells are well spread and in contact with the substrate
over a wide area). On fragmented collagen, distribution is predominantly observed in the
immediate vicinity of the cell bodies. Actin expression (red fluorescence) is observed in the
vicinity of the cell bodies on both substrates. Lower panel: western blot for vinculin. A
similar level of vinculin is observed on both substrates. Values shown in the bar graph
represent digitized vinculin bands in western blots from two separate experiments and
represent means and ranges. Confocal microscopic analysis was done with three separate
preparations
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Table 1

Collagen fragmentation and keratinocyte function

Treatment Collagen fragmentation (percent fragmented) Percent of the collagen surface covered

EXP 1 (n = 5)

 Control <5 93 ± 7

 Skin culture fluid (alone) 35 33 ± 10*

 +SBTI 40 30 ± 8*

 +TIMP-1 <5 88 ± 10

 +anti-MMP-1 10 85 ± 9

 +control IgG 40 30 ± 14*

EXP 2 (n = 3-5)

 Control <5 90 ± 4

 MMP-8 45 42 ± 8*

 Clostridium perfringens collagenase ** 27 ± 12*

 MMP-9 <5 90 ± 5

 MMP-2 <5 94 ± 7

 Trypsin <5 88 ± 7

 Elastase <5 94 ± 10

In each experiment, collagen lattices were handled exactly as described in the “Materials and methods” section. At the end of the treatment phase,
collagen fragmentation was assessed by SDS-PAGE and indicated by the presence of ¾- and ¼-sized fragments in the culture fluid. The percentage
of the collagen digested in each condition was estimated based on quantification of SDS-PAGE-resolved ¾- and ¼-sized fragments and
comparison with a standard curve. Keratinocytes were plated on the collagen lattices and the percentage of the surface covered on Day 6 assessed.
Values are means and standard deviations except in the antibody experiment, in which the values represent means and ranges. Statistical
significance was determined by ANOVA followed by the Bonferroni post-test for selected pairs

*
Indicates statistical difference from the control group at the P < 0.05 level

**
Since the ¾- and ¼-sized fragments do not build up in the presence of the bacterial collagenase, fragmentation was assumed based on the loss of

intact collagen and altered cellular function on the enzyme-exposed collagen
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