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Abstract

To examine the role of metalloproteinases in tissue remodeling
associated with wound healing, we used in situ hybridization to
localize the expression of collagenase and tissue inhibitor of
metalloproteinases (TIMP) in samples of pyogenic granuloma.
Strong hybridization for collagenase mRNAwas detected in
basal keratinocytes near the advancing edge of all ulcerative
lesions, but no collagenase mRNAwas seen in samples without
ulceration. Distinct from the sites of collagenase expression,
TIMP mRNAwas detected in stromal cells and in cells
surrounding proliferating vessels. No collagenase mRNAwas
found in the epidermis of healthy skin, although occasional
stromal cells contained collagenase or TIMP mRNAs, and
TIMP mRNAwas detected in hair follicles and sebaceous
glands. Our results suggest that basal keratinocytes adjacent to
wounded epidermis are critically involved in matrix remodel-
ing, much more so than adjacent or underlying dermal fibro-
blasts. Furthermore, as several reports have suggested, TIMP
may play a role in angiogenesis. Finally, in contrast to findings
from other models which indicate that collagenase and TIMP
proteins are secreted by the same cells, our data also demon-
strate that these proteins can be produced in vivo independently
of each other. (J. Clin. Invest. 1992. 90:1952-1957.) Key
words: tissue inhibitor of metalloproteinases - interstitial colla-
genase * wound healing - keratinocytes - pyogenic granuloma

Introduction

The family of matrix metalloproteinases has been implicated
in the remodeling of extracellular matrix associated with
wound healing, inflammation, and angiogenesis (1, 2). To-
gether, these enzymes have the capacity to degrade most matrix
components, and one member of this family, interstitial colla-
genase, has the unique property of being able to cleave the
triple helix of native collagen types I, II, III, VII, and X (3, 4).
Collagenase is produced in vitro by a variety of cell types in-
cluding fibroblasts, endothelial cells, keratinocytes, macro-
phages, and chondrocytes (5), but, with notable exceptions
(see below), the in vivo expression of collagenase and its associ-
ation with pathological conditions is poorly understood. The
activity of collagenase is regulated, in part, by tissue inhibitor of
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metalloproteinases (TIMP).' This glycoprotein inhibits colla-
genolytic activity by binding tightly and noncovalently to the
active enzyme (6). TIMP is as well expressed in vitro by numer-
ous cell types, including fibroblasts, chondrocytes, endothelial,
and vascular smooth muscle cells (5).

Although collagenase and TIMP are often produced by the
same cell types, it is not clear whether both proteins are usually
synthesized by the same individual cells. In the few in vivo
studies done, the two proteins do seem to be coexpressed by the
same cells. For example, in synovial lining cells from patients
with inflammatory arthropathies (7, 8) and in tissue adjacent
to scars undergoing active remodeling (9), collagenase and
TIMP are expressed in the same areas and probably within the
same cells. However, in colonic anastomoses (10) and in re-
sorbing tissues ( 11), TIMP and collagenase are occasionally
found in separate areas suggesting distinct roles for the two
proteins in a normal repair process. In addition, while many in
vitro studies have found coordinate stimulation of collagenase
and TIMP in response to cytokines and growth factors ( 12-
14), disparate regulation has been observed for glucocorticoids

( 15), retinoic acid ( 15), transforming growth factor ,B ( 13),
and interferon-y ( 16), suggesting that the two proteins are not
always produced concomitantly.

Pyogenic granulomas are common, benign vascular
growths characterized by a proliferation of endothelial cells
and neovascularization ( 17). They occur mostly on the extrem-
ities and face and often have superficial ulceration. Although
minor trauma and infections have been implicated in their
etiology, the causative factor leading to the development of
pyogenic granuloma is unknown. Occasionally, after surgical
removal or trauma, local satellites appear around the primary
lesion, but these often regress spontaneously ( 18 ).

In many respects, particularly the ulcerative and angiogenic
characteristics, pyogenic granuloma is a model of wound heal-
ing. Since the production of collagenase and TIMP are in-
creased in human dermis after wounding by suction blister
formation ( 19), we examined 16 samples of pyogenic granu-
loma for expression of mRNAscoding for these proteins. Us-
ing in situ hybridization with 35S-labeled RNAprobes, we re-
port that interstitial collagenase expression is induced in basal
keratinocytes near the advancing edges of the ulcer while TIMP
mRNAwas detected in fibroblast-like cells within the center of
lesion surrounding newly formed blood vessels. Thus, intersti-
tial collagenase and TIMP are expressed in pyogenic granu-
loma by different cells and at different sites within the lesion.
This strongly suggests that in skin diseases characterized by
ulceration, keratinocytes may play a significant and even pre-
dominant role in collagen remodeling.

1. Abbreviation used in this paper: TIMP, tissue inhibitor of metallo-
proteinases.
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Methods

Tissues. 16 formalin-fixed, paraffin-embedded histological specimens
of pyogenic granuloma were obtained from the Department of Pathol-
ogy, Washington University School of Medicine, St. Louis, MO. In
addition, five samples of normal skin from different parts of the body
were examined.

Tissue preparation and in situ hybridization. In situ hybridization
was done essentially as described (20). To minimize any accumulated
RNase contamination, 5-10 sections were cut and discarded from
each archival block. Sections for hybridization were cut at 5 JAm on

Superfrost Plus slides (Fisher Scientific Co., Pittsburgh, PA), deparaf-
finized in xylene, dehydrated through graded ethanols, and rehydrated
in PBS. All sections were treated with 1 gg/ml nuclease-free proteinase
K (Sigma Chemical Co., St. Louis, MO) to loosen the constraints of
intracellular cross-links caused by aldehyde fixation and then washed
in freshly prepared 0.1 M triethanolamine buffer containing 0.25%
acetic anhydride to reduce potential nonspecific binding sites. Sections
were covered with 25-50 ul of hybridization buffer containing 50%
deionized formamide, 2X standard saline-citrate buffer (SSC: 1X is
150 mMNaCl, 15 mMsodium citrate, pH 7.0), 20 mMTris-HCI, pH
8.0, 1X Denhardt's solution, 1 mMEDTA, 10% dextran sulfate, 100
mMDTT, 0.5 mg/ml yeast tRNA, and 2.5 X I04 cpm/,l of 35S-labeled
RNAprobe. To retain the hybridization solution, sections were cov-

ered with siliconized, autoclaved coverslips sealed with 1:10 mixture of
petroleum ether and rubber cement. Sections were incubated at 55°C
for 18 h in a humidified chamber.

After hybridization, slides were washed under stringent conditions
as described (20) except that 10 mMDTTwas substituted for 25 mM
fl-mercaptoethanol in the wash solutions. Nonspecific binding was re-

duced by incubating slides in 0.5 MNaCl, 10 mMTris-HCI, pH 8.0, 1
mMEDTA containing 20 ,g/ml RNase-A (Sigma) at 37°C for 30
min. Washed slides were dipped in Kodak NTB-2 emulsion prediluted
1:1 with distilled water and processed for autoradiography as described
(20). After development of the photographic emulsion, slides were

stained with hematoxylin-eosin.
Preparation of RNAProbes. A 550-bp EcoRV-SmaI fragment of

the 5' end of human collagenase cDNA(21 ) and a 313-bp AccI-EcoRI
fragment of the 5' end of human TIMP cDNA(22) were subcloned in
Bluescript KS transcription vector (Stratagene Inc., La Jolla, CA). The
constructs were linearized within the multiple cloning site (SmaI and
AccI, respectively) to allow transcription of antisense RNAs of 550
(collagenase) and 320 (TIMP) nucleotides. As a control for nonspe-

cific hybridization, sections in each experiment were hybridized with
T77-SP6, a 500-nucleotide sense RNAtranscribed from a bovine tro-
poelastin cDNA. In vitro transcribed RNA was labeled with a-

[35S]UTP (> 1,200 Ci/mmol; DuPont-New England Nuclear, Bos-
ton, MA) and purified as described (20). Blank sections without added
radioactivity were processed to estimate autoradiographic background
signal. The specificity of the collagenase and TIMP probes for the ap-
propriate sized mRNAhas been shown (23). In addition, by Southern
analysis, 32P-labeled collagenase antisense RNAprobe hybridized spe-
cifically to denatured, full-length collagenase cDNA and not to full-
length stromelysin-l cDNA (data not shown).

Results

16 lesions from different parts of the body were studied, and
histopathological assessment had determined all samples to be
pyogenic granuloma. These samples represent all cases pre-
sented at Washington University School of Medicine over a

four year period. Of the 16 samples studied, 10 had inflamma-
tory infiltration and ulceration (Table I). Of these, six were

advanced lesions and four were less advanced as judged by the
extent of stromal cellularity and neovascularization. Six sam-

ples were studied which presented with no ulceration nor prom-
inent inflammation.

Table I. Pathologic Features and Distribution of Interstitial
Collagenase and TIMP-J mRNAsof the 16 Samples
of Pyogenic Granuloma Used in These Studies

TIMP-1 mRNA
Inflammatory Collagenase

Sample Ulceration infiltration mRNA Perivascular Stroma

1-3 - - -

4-6 - - - +

7-16 + + + + +

Adjacent sections were cut from paraffin-embedded archi-
val samples of ulcerative pyogenic granulomas and were hybrid-
ized with 35S-labeled interstitial collagenase and TIMP anti-
sense RNA probes. Interstitial collagenase mRNAwas ob-
served in epidermal keratinocytes near the advancing edge of
the ulcer and at sites of reepithelialization in all 10 samples
with such lesions and with inflammation (Fig. 1). The autora-
diographic signal was greatest in epidermal cells within the area
of ulceration and bordering the intact epidermis. The signal
strength decreased progressively towards the intact epidermis.
Keratinocytes in intact epidermis were consistently negative
for collagenase mRNA.In addition, signal was mostly confined
to the basal keratinocytes, while the more differentiated epider-
mal cells were typically negative (Fig. 1, Cand D, Hand I, M
and N). In a few samples, a relatively weak signal for collage-
nase mRNAwas detected in occasional fibroblast-like cells of
the upper dermis in the vicinity of the ulceration (Fig. 1, Hand
I, L, Mand N, and Fig. 2 A). Thus, collagenase mRNAwas
only seen in areas near the site of ulceration and principally in
basal keratinocytes.

The pattern of TIMP expression was completely distinct
and removed from the localization of collagenase mRNA
(compare Fig. 2, A and C, with B and D). In all ulcerative
lesions, no TIMP mRNAwas detected in the epidermis.
Rather, TIMP mRNAwas consistently seen in two types of
fibroblast-like cells in the center of the lesions within the areas
of angiogenesis (Fig. 2, B and D). Some TIMP-positive cells
were spindle form, and the others had large, oval nuclei, fine
chromatin pattern, and ample amphophilic cytoplasm. In con-
trast to the relatively confined expression of collagenase, the
signal for TIMP mRNAwas diffuse and was seen in numerous
cells within areas ofneovascularization and inflammation. Typ-
ically, TIMP mRNAwas concentrated near the newly formed
vessels, and in several instances, strong hybridization signal
clearly surrounded and outlined proliferating blood vessels
(Fig. 2, E-H). Inflammatory cells, such as granulocytes and
lymphocytes, were consistently negative for TIMP expression
(Fig. 2, E and F).

Although both collagenase and TIMP mRNAswere de-
tected in all samples with prominent inflammation and ulcer-
ation, only signal for TIMP mRNAwas seen in samples with-
out ulceration. Distinct from the prominent and localized ex-

pression in ulcerative specimens, no collagenase mRNAwas
detected in any sample without inflammation and ulceration
(Fig. 2 I). TIMP mRNA, however, was seen in fibroblast-like
stromal cells in 3/6 nonulcerative lesions (Fig. 2 J). Expres-
sion of TIMP in these intact lesions differed from the ulcerative
forms in that mRNAwas detected only in stromal fibroblast-
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Figure 1. Localization of collagenase mRNAin ulcerative pyogenic granuloma. Sections of pyogenic granuloma with overt ulceration were hy-
bridized with an antisense 35S-labeled RNAfor interstitial collagenase mRNAor with sense RNAas described under Methods. Autoradiographic
exposure was for 10 d, and sections were stained with hematoxylin and eosin. Shown are the results from three specimens (A-E, F-J, and K-O).
In the low power, bright-field images (A, F, K), prominent ulcerations are seen (U), and regions of intact epidermis (E) are evident away from
the disrupted areas. Magnification, 80. On the right side of panels F and K, invaginations of epidermis are seen. Numerous proliferating blood
vessels (arrowheads) and regions of inflammation are also apparent in the center of all lesions. Paired dark-field photomicrographs (B, G, L)
reveal strong autoradiographic signal (large arrows) for collagenase mRNAin the epidermis surrounding the ulceration, and this signal dimin-
ishes as the epidermis becomes more intact. Under dark-field illumination, silver grains of the photographic emulsion appear white. Other com-

ponents, especially the stratum corneum of the epidermis and erythrocytes, are noticeably iridescent under dark-field illumination. The boxed
area in A, F, and K are shown under higher magnification in panels Cand D, Hand I, and Mand N. Magnification, 400. Large arrows in the
bright-field micrographs indicate basal keratinocytes that are positive for collagenase expression; small arrows (H and I, L, Mand N) indicate
stromal fibroblast-like cells with a positive albeit weaker signal for collagenase mRNA. (E, J, and 0) Signal specificity was demonstrated by
hybridization with 35-labeled sense RNAprobe. The area shown in these control sections corresponds to the region in the above, higher mag-
nification micrographs of sections probes with the antisense RNA. Magnification, 200.

1954 U. K. Saarialho-Kere, E. S. Chang, H. G. Welgus, and WC. Parks

A

I



Figure 2. Localization of
TIMP mRNAin ulcerative
and nonulcerative pyogenic
granuloma. (A-D) Parallel

sections from two ulcera-
tive specimens were hy-
bridized with antisense
probes for collagenase (A,
C) or TIMP (B, D)
mRNAs. As for the samples
in Fig. 1, collagenase
mRNAwas mostly con-
fined to basal keratinocytes
(large arrows). In the lower
section of C, signal for col-
lagenase mRNAwas seen

on both basal sides of an

invagination of the epider-
mis. In A, a few fibroblast-

j3~~ VI 01 W like cells in the stroma

Iow _ (arrows) were positive for

;t a4 -' , collagenase mRNA(small

J .* 'A. 7, ! arrows). TIMP mRNAlo-
ttSS-y,, , ,^|> * j j % *rs | wI I* I c alizedto stromal areas

J , t.^,te'* a (bordered by arrows) that*
.' v t;j _4i 2 '#rft" were spatially distinct from

^ ,'>, , a$vY\ ^ :t 6: X ;I those expressing collage-

*'2iXttsfit}^¢#*'8},*<txJ^P:*} t # 81vho nase. Magnification, 80.

~~4 '~~~~~, ~~~ .9 ,* (E-H) High power, paired

~~~~~~~~~.%*' ~~~~~~~~~~~~~~~~~~~bright- and dark-field mi-

crographs of two ulcerative
samples hybridized for
TIMP mRNA. In both
samples, the predominance

* t * , sof signal was localized to
** : . i r __ cells surrounding prolifer-

ating blood vessels (large
arrows). In E and F, nu-
merous inflammatory cells
were seen (small arrows)
that were negative for
TIMP mRNA. Magnifica-
tion, 400. (I, J) Parallel
sections from a nonulcera-
tive specimen were hybrid-
ized with antisense probes
for collagenase (I) or TIMP
(J) mRNAs. TIMP mRNA
was seen in stromal cells
within the center of the le-
sion, but no collagenase
mRNAwas detected. Mag-
nification, 100. Autoradio-
graphic exposure was 10 d
for all samples in this figure.

like cells and was not seen in perivascular cells. No TIMP expressed in skin, we screened archival samples of normal skin

mRNAwas found in the other three nonulcerative samples. from the face, arm, and leg for these transcripts. In agreement
To determine if collagenase and TIMP are constitutively with previous immunohistochemical studies (9, 24), no inter-
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stitial collagenase or TIMP mRNAwas detected in the epider-
mis of normal skin. In some samples, a small population of
scattered fibroblast-like cells in the reticular dermis were posi-
tive for collagenase and TIMP mRNA(data not shown).
TIMP expression was also seen in some hair follicles and se-
baceous glands as reported by others (25).

The specificity of hybridization was demonstrated by the
lack of any signal in sections probed with a 35S-labeled sense
RNA(Fig. 1, E, J, and 0). Only background autoradiographic
signal was seen in sections hybridized with this probe. For this
control, we used a sense RNA, T77-SP6, transcribed from a
bovine tropoelastin cDNA, and the validity of this probe as a
negative control has been confirmed by Northern and in situ
hybridization assays (20). The tropoelastin cDNAencodes an
RNAthat is - 70%G/C (26) and, thus, under identical con-
ditions, would have a greater propensity for nonspecific hybrid-
ization than the collagenase and TIMP probes, which are - 43
and 58% G/C, respectively. Hence, the lack of signal on the
negative control sections confirms the specificity of the signal
detected with the collagenase and TIMP probes. Furthermore,
sections processed for autoradiography without added probe.
had only background signal (not shown).

Discussion

Our results demonstrate that interstitial collagenase is ex-
pressed by basal keratinocytes near the advancing edge of ul-
cerative lesions in pyogenic granuloma (Table 1). Strong hy-
bridization signal for collagenase mRNAwas observed in every
sample containing invaginating, disrupted epidermis adjacent
to an ulceration. The specificity of this inductive response was
demonstrated by the lack of hybridization signal for collage-
nase mRNAin cells of intact or normal epidermis. Interest-
ingly, plasminogen activator mRNAand protein have been
found in this same region in mouse wounds (27). Plasminogen
is also released by damaged tissue, and its active form, plasmin,
has been implicated in the in vivo activation of interstitial colla-
genase (28). Thus, cells near the site of a resorbing wound may
express proteins necessary to degrade and remodel the adjacent
stroma. Although collagenase mRNAwas also detected in oc-
casional fibroblast-like cells of the dermis near to the ulcer-
ation, this expression was appreciably weaker than the hybrid-
ization signal for collagenase mRNAin the basal epidermal
cells. Thus, in this in vivo situation of wound healing, the basal
keratinocyte seems to be the primary source of collagenase pro-
duction and not dermal fibroblasts. Our results suggest that
tissue remodeling is a significant function of keratinocytes in
wound healing. The function of collagenase may be associated
with repair and proliferation of the epithelium and with remod-
eling of dermal collagen. Since collagenase mRNAwas not
seen in nonulcerative pyogenic granulomas, the enzyme proba-
bly does not have a significant role related to angiogenesis or
remodeling within the body of the lesion.

The signals that activate collagenase in keratinocytes and
fibroblasts in response to wounding may be distinct. No inter-
stitial collagenase mRNAwas found in the epidermis of nonul-
cerative pyogenic granulomas. This suggests that collagenolytic
activity maybe induced with loss of epidermal basement mem-
brane integrity thereby exposing keratinocytes to the underly-
ing dermal stroma which may, in turn, influence keratinocyte
phenotype (29). Consistent with this hypothesis, keratinocytes
recognize and migrate on a type I collagen substratum, and this

interaction results in enhanced collagenase synthesis (30).
Keratinocyte contact with stromal matrix maybe an important
signal for inducing collagenase expression in ulcerative pyo-
genic granuloma. Indeed, only basal layer cells expressed colla-
genase mRNAand not the more differentiated cells of the stra-
tum spinosum and stratum granulosum. By contrast, induc-
tion of collagenase expression in dermal fibroblasts may be
mediated by soluble factors rather than influences from the
extracellular matrix. Injury to skin augments release of inter-
leukin- 1 ( 31 ) which, in turn, may activate fibroblasts, but not
keratinocytes (30), to produce collagenase. Moreover, macro-
phages produce cytokines, such as tumor necrosis factor-a,
which might also induce secretion of interstitial collagenase by
resident fibroblasts (32).

TIMP may assist in wound healing by blocking or govern-
ing the degradation of fibrillar collagens, nonfibrillar collagens,
laminin, proteoglycans, and elastin by susceptible metallopro-
teinases, namely interstitial collagenase, stromelysin, and 92-
kD type IV collagenase (1, 33). In our studies, TIMP mRNA
was localized to dermal fibroblast-like cells present within the
core of the lesion and usually surrounding proliferating blood
vessels. Based on cell morphology, we cannot exclude that
some TIMP-expressing cells in the stroma were macrophages.
TIMP mRNAwas not detected adjacent to ulcerative areas
where its presence as a metalloproteinase inhibitor would be
expected. Enhanced TIMP production may result from their
stimulation by cytokines, such as transforming growth factor-
#, released from platelets or activated macrophages (34). Re-
gardless, pyogenic granulomas are characterized by vascular
proliferation, and we observed TIMP mRNAprimarily around
small, presumably newly formed blood vessels. Since TIMP
has been reported to repress angiogenesis (35), it maybe acting
to control neovascularization in a manner distinct from inhibit-
ing metalloproteinase activity. In support of this idea, TIMP
stimulates keratinocyte growth on skin equivalents by a mecha-
nism that is distinct from its function as a metalloproteinase
inhibitor (36). Thus, it is possible that expression of TIMP in
the areas of angiogenesis may occur in a role unrelated to the
regulation of matrix remodeling.

The suggestion that TIMP in pyogenic granuloma is not
associated with stromal degradation is further supported by its
distinct sites of expression as compared to collagenase. Intersti-
tial collagenase and TIMP are usually produced by the same
cells in vitro, and their production is often controlled by the
same regulatory modulators ( 12-14, 37). In vivo expression of
collagenase and TIMP by the same cells has also been substan-
tiated in arthritic synovial cells (7, 8) and hypertrophic scars
(9). Coexpression, however, is apparently not an ubiquitous
trait since our observations provide clear in situ evidence that
the same cells do not elaborate these proteins in pyogenic gran-
ulomas. Alternatively, TIMP production apart from collage-
nase expression may indicate that the inhibitor is involved in
governing the activity of other metalloproteinases.

In summary, our in situ hybridization studies show that
collagenase expression is induced in basal keratinocytes adja-
cent to ulcerative lesions in pyogenic granuloma suggesting
that these epithelial cells are involved in tissue remodeling as-
sociated with wound healing. Another unique aspect of this
work is the demonstration that collagenase is produced in the
epidermis and that its expression is spatially distinct from sites
of TIMP expression. Our observations also suggest a role of
TIMP apart from its function as a metalloproteinase inhibitor.
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Our future studies will be directed towards determining the
physiologic inducer of collagenase production by keratinocytes
during wound healing and evaluating whether the keratinocyte
plays a predominant role in other types of skin repair.
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