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Abstract

Mammalian extracellular matrix metalloproteinases, MMPs, are a family of enzymes capable of
degrading components of the connective tissue. The in vivo regulation of the cell lineage-specific
expression of MMPs, however, is not well known. This study used transgenic mice to identify cell-
specific elements in the upstream regulatory regions of MMP-2 and MMP-9. Transgenic mice were
generated by pronuclear microinjections into fertilised oocytes using lacZ as a reporter gene. The
reporter gene constructs containing varying lengths of the MMP-9 5'-upstream region revealed an
area that allowed for expression in osteoclasts and migrating keratinocytes, the cells that also express
MMP-9 in vivo. The sequence driving the cell specific expression included the nucleotides from -
2722 to -7745.

When the same upstream regulatory fragment of MMP-9 was used to drive the expression of the
human tissue specific inhibitor of MMPs, TIMP-1, instead of lacZ, the transgenic mice developed
normally and the animals were fertile with normal post-embryonic growth. However, cutaneous
wound healing was remarkably retarded, but not totally prevented, and the migration of keratinocytes
over the wound was slow. The mice expressed the human TIMP-1 in keratinocytes during wound
healing and in situ zymography revealed a total blockage of the gelatinolytic activity of MMP-2 and
MMP-9, the main gelatinases active in the healing wound tissues.

By using a sequence of 6500 base pairs from the 5'-upstream regulatory region of the MMP-2 gene
it was possible to drive the expression of lacZ in mesenchymal cells of the developing transgenic
mouse embryo. The expression pattern was similar to that found in previous in situ hybridization
studies, following the different stages of tissue morphogenesis and being present in the areas of
basement membrane degradation and epithelial cell invasion. Computer analyses of the sequence
revealed three regulatory upstream regions conserved between human, mouse, and rat, and possibly
responsible for the cell-and tissue specificity. New transgene constructs containing fragments of the
conserved regions will provide a more detailed profile of the in vivo MMP-2 regulation in the future.

This study defined a fragment in the upstream regulatory region of MMP-9 that is essential for
expression in osteoclasts and migrating keratinocytes. Furthermore, the keratinocyte derived MMPs,
including MMP-9, were found to play important role in epithelial cell migration in the area of the
healing wound.

Keywords: gelatinases, mesenchyme, mice; transgenic, osteoclasts, promoter regions,
regulatory sequences, TIMP-1
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1 Introduction

Matrix metalloproteinases (MMPs) form a group of enzymes that share common
structural elements such as a conserved Zn®" binding catalytic site, similar activation
mechanisms, and inhibition by tissue specific inhibitors of matrix metalloproteinases,
TIMPs. While MMPs have some substrate similarities because they degrade most of the
proteins of the connective tissue, each member of this group also has a high substrate
specificity in vivo. This specificity is related to the role of the enzyme in certain
developmental and pathological processes, such as bone tissue degradation or trophoblast
invasion. MMPs that degrade the denatured type IV collagen, MMP-2 (gelatinase-A) and
MMP-9 (gelatinase-B), have also been found to cleave several other proteins, including
some that are not extracellular matrix components. The role of MMP-2 and MMP-9 in
pathogenesis has been studied extensively and they are known to be involved in cancer
invasion, inflammation, bone degradation and wound healing. This multifunctionality
requires regulation of the synthesis of these two MMPs at several different levels both
inside and outside of the cell

In this work, transgenic mice were used as a model to study the regulatory network
governing the expression of MMP-2 and MMP-9. The upstream regulatory region was
examined to find the elements driving the expression of MMP-2 and MMP-9 during
embryonic development and in pathogenesis. In addition, regulation at the protein level
was included in these studies by utilising the overexpression of TIMP-1. The expression
of this inhibitor was driven by the upstream regulatory region of MMP-9. Expression of
the transgenes and the results of TIMP-1 overexpression were studied during embryonic
development and in adult mice.



2 Review of the literature

2.1 Regulation of gene transcription

The regulation of gene transcription occurs at the levels of chromatin and DNA-strands.
Within the DNA-sequence at least three different kinds of regulatory groups are known:
regulatory switches, such as enhancer and silencer sequences, regulatory limiting or
restricting signals, also referred to as A-elements, and locus control regions (LCR) that
activate the genetic locus prior to transcription. The elements that affect the transcription
within the same DNA-molecule, are called cis-acting elements and, correspondingly,
trans-acting factors affect gene regulation from outside of the DNA-segment. Usually,
trans-acting factors bind to cis-elements that are recognized by their sequence. To
function properly and in a tissue specific manner, genes often need numerous different
regulatory factors flanking both 5°- and 3’-ends of the coding region, and possibly also
inside the transcriptional unit. (Sippel et al. 1987, Bonifer ef al. 1990, Grewal et al. 1992)

The trans-acting factors binding to DNA can be structurally divided into several
groups, such as the TAAT-sequence recognizing a homeodomain together with a POU-
domain (Qian et al. 1989, Kissinger et al. 1990), hormone receptors with a zinc-finger
structure (Arriza et al. 1987) and a large and heterogeneous group of leucine-zipper
containing protein families (Landschulz et al. 1989). The sequence specific DNA-binding
factors are connected to the transcriptional machinery by so-called coactivators and
corepressors, complexes with two distinct roles: first, to interact or be part of the
transcriptional machinery and second, to remodel or remodify chromatin (Naér et al.
2001). Transcriptional regulation by the estrogen receptor (ER) can be presented as an
example of diversity in gene regulation (reviewed by Sanchez et al. 2002). In short,
hormone binding releases the ER from inactive complexes heat-shock proteins and
immunophilins (Ylikomi et al. 1998) and induces dimerisation. Dimerisation is necessary
for the sequence-specific binding of the ER to the regulatory regions of the target genes.
Furthermore, when ERs are DNA bound, they modulate the expression of their target
genes by interacting with coactivators. These complexes of ERs with coactivators can
modulate chromatin structure and favour the interaction between the transcriptional
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machinery and DNA (Xu ef al. 1999, Robyr et al. 2000). Interestingly, ERs can also
regulate gene expression in the absence of direct interaction with DNA by protein-protein
interactions with other transcription factors or by modulating the activity of upstream
signalling components.

The mechanism of transcriptional control can be studied in both in vitro and in vivo
systems. This kind of work has been significantly facilitated by the availability of
complete genome sequences and bioinformatics. The cis-regulatory DNA-elements,
either enhancers or silencers, can be scattered over large regions of non-coding sequence.
The effect of a single cis-regulatory element on transcription varies depending on its
location and on the other flanking regulatory sites. Detection of these elements can be
highly time-consuming and laborious, as the number of different elements is growing
constantly. Identification and characterisation of cis-elements can be performed using
conventional methods such as DNase I-hypersensitivity assays, footprinting and the
electrophoretic mobility shift assay (EMSA). Cell transfection studies using
promoter/reporter gene constructs are a common method for studying promoter regions
and sequences of crucial cis-elements. However, these methods provide only a very
restricted amount of information about the in vivo regulation. Use of bioinformatics for
comparison of promoter and other gene sequences between different species can reveal
functional homologies, a method referred to as phylogenetic footprinting (reviewed by
Miiller et al. 2002). This is a useful tool when combined with the analysis of whole
organisms as soon as conserved regions of high homology have been identified.
Numerous different programs and databases are also available nowadays for analysing
the cis-regulatory elements of the DNA sequence. Transgenic fish models, such as
zebrafish and medaka (Lin 2000, Tanaka et al. 2001), have received growing interest
recently, their advantage relying mostly on fast and relatively inexpensive technology, but
the sequence of the entire genome is not available for those species yet. The full sequence
is necessary for sequence comparison between such distant species as zebrafish and
human. Transgenic mice are a crucial and well established method providing multilevel
information when used as a model system in regulatory studies. In fact, transgenic mice
produced by microinjecting reporter gene constructs into pronuclei of fertilised oocytes
(Gordon et al. 1980) are still the method of choice for identification and characterisation
of enhancer elements driving cell lineage/tissue specific gene expression. The reporter
gene can be, for example, lacZ or luc, encoding B-galactosidase or luciferase enzymes,
respectively, and its expression is driven by the regulatory region of interest.
Transcription of the reporter genes can be detected both during embryonic development
and in adult animals after treating the tissues for the enzymatic colour formation or
luminescence (/uc). Correct gene expression is usually a summary of functions of several
different regulatory elements, and longer promoter constructs, containing also more
distant cis-regulatory elements, are often more resistant to the effects of the random
integration site in the genome.
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2.2 Matrix metalloproteinases

MMP-protein studies began in 1962, when Gross and Lapiere (1962) found a factor (now
referred to as MMP-1) necessary for the metamorphosis of the tadpole. However, it was
not until 1980 that a second collagenolytic activity (MMP-2) was identified and
subsequently purified from cancer cells and tumours (Liotta ef al. 1980, Salo et al. 1983).
Since then, 26 additional MMPs have been identified, either as enzyme proteins or based
on genome analyses (Overall & Lopez-Otin 2002). The MMPs were first found to
degrade collagens, but it is now known, that they can degrade most proteins of the
extracellular matrix (ECM). The MMPs participate in the turnover of the ECM during
embryonic development, reproduction and in the different processes of tissue resorption
and remodelling such as in pathological states like cancer and inflammation. MMPs
participate also in the inactivation or activation of cytokines and growth factors, degrade
serpins, and hydrolyse cell receptors (Woessner & Taplin 1988, Hornebeck et al. 2002).

The similarities within the family of MMPs include their production as latent
preproenzymes, a structure with common functional domains, homology in their amino
acid sequence and activity dependent on Ca®* and Zn*" in addition to neutral pH. MMPs
can be activated by chaotropic agents or by proteolytic cleavage of the propeptide, and
they are inhibited by tissue inhibitors of metalloproteinases, the TIMPs. (Nagase &
Woessner 1999)

2.2.1 MMP protein family

The structures of MMPs share some common elements that are used to further classify
the 28 homologous members of the gene family into four subgroups. The domain
structures of different subgroups are presented in Figure 1. The group of nine archetypal
secreted MMPs contain a signal peptide, an amino-terminal propteptide, a zinc-binding
catalytic domain and a hemopexin C-terminal domain. The carboxy-terminal domain is
apparently required for determining the substrate specificity, and it participates in the
formation of a complex with TIMPs. The signal peptide is required for secretion.
(Birkedal-Hansen et al. 1993, Overall 2002)

The minimal domain MMPs, matrilysins, lack the hemopexin C-terminal domain
(Uria & Lopez-Otin 2000), but otherwise do not differ in domain structure. The group of
membrane type MMPs (MT-MMPs) has a transmembrane segment or a
glycosylphosphatidylinositol (GPI) to bind them to the plasma membrane (Seiki 1999,
Kang et al. 2001).

Other small units can also give more diversity among MMPs. MMP-2 and MMP-9
have three fibronectin type II-like modules in their catalytic domain, forming a compact
collagen-binding domain (Morgunova et al. 1999). There are several MMPs that have a
basic insert in their propeptide that is cleaved by furin-like proprotein convertase
proteases, (BOX 2) (Steiner 1998). Additionally, MMP-23A and -23B are encoded by two
distinct genes, but have the same amino-acid sequence (Gururajan et al. 1998, Velasco et
al. 1999).
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Fig. 1. The structural family of human MMPs. Abbreviations: sp=signal peptide,
pro=propeptide, catal=catalytic domain, h = hinge/linker, hC = hemopexin C-terminal
domain, TM=Transmembrane sequence, CA = cysteine array, Ig = immunoglobulin-like
domain. The grey box in the catalytic domain of gelatinases indicates three fibronectin type I1
modules. The grey box in the propeptide of the convertase activatable MMPs indicates a basic
insert that is a convertase cleavage site. MMPs 14-16 and MMP-24 contain a membrane
linker, a type I transmembrane segment (TMI) and a cytoplasmic tail within their
transmembrane segment. MMPs 17 and 25 have a membrane linker fused to a
glycosylphophatidylinositol (GPI) and no TMI or cytoplasmic tail. A black box replacing the
signal peptide is a transmembrane type II segment. (Modified from Overall & Lopéz-Otin,
2002, and Birkedal-Hansen, 1995)

2.2.2 MMP-2 and MMP-9

MMP-2 and MMP-9 are two distinct homologous enzymes, initially referred to as 72 kDa
and 92 kDa type IV collagenases, respectively, due to their cleavage of basement
membrane (type IV) collagen (Salo et al. 1983, Fessler et al. 1984, Murphy et al. 1989).
Both enzymes were first cloned by Goldberg’s goup (Collier et al. 1988, Wilhelm et al.
1989). Later, the two enzymes were shown to be identical to enzymes that degrade
denatured collagen (gelatin). They had been previously identified as 70 kDa and 90 kDa
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gelatin-binding proteins (Vartio & Vaheri 1981, Vartio ef al. 1982). As a result, MMP-2
and MMP-9 have also been termed gelatinase A and B, respectively. Both of these
enzymes can degrade most basement membrane proteins as well as some other ECM
proteins. The substrate specificity of MMPs has mostly been studied in vifro, and only a
few potential in vivo substrates have been characterised. Both MMP-2 and MMP-9 can
generate an initial single cleavage of soluble type IV collagen molecules into about % and
% size fragments, after which the collagen is further degraded (Fessler et al. 1984,
Murphy et al. 1989). Several cleavage sites for MMP-2 have been identified, such as the
peptide bonds Gly-Val, Gly-Leu, Gly-Glu, Gly-Asn, and Gly-Ser in denatured collagen
(Seltzer et al. 1981, Seltzer et al. 1990). MMP-2 and MMP-9 have a number of well
known matrix substrates (Table 1), but MMPs are known to be much more diverse in
their substrate binding as reviewed by Overall (2002). As an example, such bioactive
substrates as chemokines are bound by the hemopexin C domain of MMP-2, cleaved and
therefore inactivated efficiently (McQuibban et al. 2001). This substrate-binding of
MMP-2 has revealed a more detailed role for MMPs in the regulation of the
inflammatory response.

Table 1. Extracellular matrix substrates of MMP-2 and MMP-9.

Name Substrate Reference

MMP-2 (Gelatinase A)

MMP-9 (Gelatinase B)

Collagen I, IV, V, VII, X,
Gelatins, FN, LM, aggrecan,
elastin, proGel B

Fibrillin

proColl-3

Laminin-5

SPARC (BM-40, osteonectin)
Collagen IX
Vitronectin

Collagen III

Collagen 1V, V, gelatin, elastin,
entactin, aggrecan

Collagen XI
Collagen XIV

Fibrillin
Vitronectin

(Matrisian 1992, Birkedal-
Hansen et al. 1993, Sang &
Douglas 1996)

(Ashworth et al. 1999)

(Knauper et al. 1996)

(Giannelli et al. 1997,
Koshikawa et al. 2000)
(Sasaki et al. 1997)
(Brown et al. 1996)
(Imai et al. 1995)

(Okada et al. 1992)

(Matrisian 1992, Birkedal-
Hansen et al. 1993, Sang &
Douglas 1996)
(Pourmotabbed et al. 1994)
(Sires et al. 1995)

(Ashworth et al. 1999)
(Imai et al. 1995)
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Other proteins, such as myelin basic protein, galactoside-binding proteins (CBP30, 35),
ay-antitrypsin, oj-antichymotrypsin, substance P and amyloid B peptide have also been
found to serve as substrates for MMP-9 (Desrochers et al. 1992, Gijbels et al. 1993,
Proost et al. 1993, Mehul ef al. 1994, Ochieng et al. 1994, Sires et al. 1994, Backstrom &
Tokes 1995, Backstrom et al. 1996, Ito et al. 1996).

2.3 Regulation of MMP activity

The regulation of MMP activity occurs at several different levels, including transcription,
RNA-stabilization, translation, secretion, enzymatic and nonenzymatic activation and
endogenous tissue specific inhibition (Figure 2).

,—Regulatolry signals—|
Soluble factors Cells ECM
v v cell surface
D D D Cell membrane
L
MMP-gene \Lé Signal transductlon
% —
v <— Transcription Activation
MMP mRNA o _ <—Transport
\ <—Post-transcriptional processing
mature MMP mRNA > Pre-proMMP

Stabilization Translation |<— Secretion
v
proMMP
\LeActivation
MMP<
)\

/t
Inhibition Autolysis

Fig. 2. Multilevel regulation of MMPs. Different regulatory signals interact with specific
receptors at the cell surface and trigger a cascade of events leading to the generation of
functional MMPs. MT-MMPs are localised to the cell surface and pro-MMPs are secreted
into the extracellular medium where they are activated by later processes. (Modified from
Overall & Lopéz-Otin 2002)



22

2.3.1 Transcriptional regulation of MMP-2 and MMP-9

The various MMPs have different expression profiles in vivo, which suggests different
biological roles. Currently, there is very little known about the regulation of these
enzymes in vivo, but MMP transcription has been studied quite extensively in cultured
cells transfected with promoter-reporter gene expression constructs. Such studies have
indicated that promoter regulation of the MMPs is quite similar. However, MMP-2 is an
exception, as in many cultured cells it is expressed constitutively and its regulation
appears to be subjected to a multilevel mechanism of enzyme activation (Strongin et al.
1995, Ellerbroek ef al. 2001). Regulation of MMP-9 has been shown to be complicated in
different cell lines, its expression being induced with different growth factors and
cytokines. Thus, interleukin-1f (IL-1B), transforming growth factor-a (TGF- o) and
epidermal growth factor (EGF) induce MMP-9 expression in rat mucosal keratinocytes
(Lyons et al. 1993), whereas in organ cultured human skin, tumour necrosis factor-a
(TNF-a) and transforming growth factor-pf (TGF-P) together can induce expression of
this gene (Han et al. 2001). MMP-9 expression can also be induced by ECM molecules,
cell-cell and cell-ECM adhesion molecules, and agents that alter cell shape (review in Vu
& Verb, 2000). The proximal promoters of the human MMP-2 and MMP-9 have been
quite extensively characterised in cell transfection studies, as well as by using promoter
mapping with an electrophoretic mobility shift assay (EMSA) to define regions for
DNA/protein complex formation (Figure 3).

p33 @@ Spl Spl AP MMP-2
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Fig. 3. Regulatory elements in the proximal promoters of the human MMP-2 and MMP-9
genes. The regulatory region is shown in the 5°-3" direction, with an arrow indicating the
transcription start site. The shaped boxes stand for the binding sites of the transcription
factors that have been tested for functional activity by cell transfection studies with different
lengths promoter constructs of MMP-2 and MMP-9. The relative positions of the elements
are not to scale. Abbreviations for transcription factor binding sites: the activator proteins
(AP)-1 and -2, stimulating protein (SP)-1, the polyomavirus enhancer-A binding protein
(PEA3), the cyclic AMP response-element binding protein (CREB), the TATA-box (TATA),
the retinoblastoma control element (RCE), the keratinocyte differentiation —factor responsive
element (KRE), the transforming growth factor-f inhibitory element (TIE) and the nuclear
factor of kB. (Modified from Overall & Lopéz-Otin, 2002)

In addition to the regulatory elements in the proximal promoter of MMP-2, elements
such as a functional p53-binding site have been identified in the MMP-2 gene promoter
at -1649- -1630 bp upstream from the transcription start site in the human sarcoma line
(HT1080) (Bian & Sun 1997). However, this possible p53/r2 element was not functional
in astroglioma cells (Qin et al. 1999). In the same study by Qin and co-authors (1999),
two distal silencer elements, S-1629 and S-1612, were found to negatively affect the
constitutive MMP-2 promoter activity.
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When a panel of 32 individuals was scanned for genetic variants in the area spanning
from the 2-kilobase promoter region over the 13 exons of the human MMP-2 gene, one
common C to T transition at position -1306 was found to disrupt a Sp1-type box (Price et
al. 2001). This disruption caused remarkably reduced promoter activity due to abolished
Spl binding and may be linked in future tests to such pathologies as atherogenesis and
tumorigenesis. Later, Harendza and co-authors (2003) have been able to link the -1306
site to another common polymorphism, a G to A transition at bp -1575. This
polymorphism affects the binding of the estrogen receptor-a to the site and the estrogen
receptor was shown to be necessary for enhancing activity in MCF-7 cells that are
estrogen receptor-positive. MMP-2 is a well known estrogen-responsive gene both in
vitro and in vivo. This kind of loss of function polymorphism was also associated with a
decrease in genetic fitness.

A region with a functional polymorphism has also been described 1562 base pairs
upstream from the human MMP-9 promoter. This region, named C-1562T, affects the
promoter activity, and it may alter the severity of coronary atherosclerosis (Zhang et al.
1999). Another study using multiple logistic analysis of several polymorphisms in a
group of 131 patients with stable angina, did not find any relation between the C-1562T
transition and the severity of atherosclerosis in the coronary artery or in stent restenosis
(Kim et al. 2002), whereas Cho and co-authors (2002) found a C/C homozygosity of this
allele to protect against coronary artery disease. A study revealing an A21 allele of the
MMP-9 promoter region showed that a polymorphism in the promoter region can protect
against the development and progression of diabetic nephropathy (Maeda et al. 2001).

The extensive variation in tissue expression profiles between MMPs indicates that the
transcription of these enzymes is tightly regulated by cell lineage specific enhancer
elements. For example, during embryo-and morphogenesis, MMP-2 is widely expressed
in fibroblast-like cells, but after birth its expression decreases significantly in most
organs. This is contrary to the findings in cultured fibroblasts, where the expression of
MMP-2 is constitutive. Expression of MMP-9 is normally mainly observed in vivo in
osteoclasts, macrophages, leukocytes, invading trophoblasts and migrating keratinocytes.
Thus, both these enzymes must have specific enhancers that drive cell/tissue specific
expression in vivo. However, the characterisation of such elements is very limited.

2.3.2 Post-transcriptional regulation and secretion

The mRNA of MMP-2 is processed for post-transcriptional stabilization (Overall et al.
1991), and as the AU-rich sequences in the 3 -untranslated region of MMP1 have been
observed to regulate its turnover (Vincenti 2001), it is very likely that similar kinds of
sequences also regulate the stability of other MMP transcripts.

Most MMPs are constitutively secreted after translation, but some control of the
secretion exists. For example, MMP-9 is synthesized by differentiating granulocytes in
the bone marrow and stored in the granules of circulating neutrophils until released after
neutrophil activation by inflammatory factors (Hasty et al. 1990).
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2.3.3 MMP activation

Most MMPs are produced as zymogens, inactive enzymes that need to be further
processed to become active proteases. The latency is due to an unpaired cysteine
sulphhydryl group near the C-teminal end of the propeptide domain with the length of 80
amino acids, in a conserved region of PRCG(V/N)PD. The sulphhydryl group is a ligand
for the zinc ion, and the bond between cysteine and zinc has to be cleaved and replaced
by a water molecule for the activation of MMPs (Van Wart & Birkedal-Hansen 1990,
Becker et al. 1995). The water molecule is needed for cutting peptide bonds of the target
molecules. In contrast to all other MMPs, MMP-23 lacks the conserved cysteine that is
required for its latency (Gururajan ef al. 1998).

All MMPs seem to require proteases of other groups to be present for activation to
occur. The effect of the accompanying proteases for the activation process is either direct
or indirect (Overall & Lopez-Otin 2002). The site of MMP activation is usually the
pericellular space, where the enzyme precursors can be bound with high affinity, as in the
case of MT1-MMP or MT2-MMP mediated activation of proMMP-2 (Sato et al. 1994,
Morrison et al. 2001). In addition to extracellular and pericellular mechanisms of
proMMP activation, there exists another mechanism used by MT-MMPs, MMP-11,
MMP-23 and MMP-28. These proteases are activated intracellularly by furin-like pro-
protein convertases (Pei & Weiss 1995, Seiki 1999, Kang et al. 2002). Moreover, it is
possible that furin can also function at the cell surface for activation of MT-MMPs.

In addition to the MMP-activation mechanisms studied in vivo, it is well known that
the activation of MMPs in vitro can also be achieved by various chemical agents and
proteases. Chemical agents interact directly with the cysteine switch or they change the
conformation of the propeptide. Agents that convert a sulphhydryl group to a species that
cannot serve as a ligand for the zinc atom, are, for example, sulphhydryl alkylating
agents, chaotropic agents (NaSCN), surfactants (SDS), organomercurials (Hg(II), Au(Il)),
disulphides and oxygen-derived free radicals (Sorsa et al. 1989, Stetler-Stevenson et al.
1989b, Springman et al. 1990). The activation mechanism of organomercurials (such as
APMA), as an example, is based on the conformational changes in the propeptide without
a loss of molecular weight. In contrast to chemical activation, some proteases can also
activate MMPs, and this activation results in the loss of molecular mass of the target
MMP as a consequence of the cleavage of the amino terminal fragment. For example,
trypsins (Birkedal-Hansen et al. 1976, Morodomi et al. 1992, Sorsa et al. 1997), u-PA
(Keski-Oja et al. 1992, Mazzieri et al. 1997), plasmin (Monea ef al. 2002)and mast cell
tryptase (Lohi ef al. 1992) activate MMP-2 and MMP-9.

2.3.3.1 Activation of proMMP-2

Activation of proMMP-2 requires the presence of active MT1-MMP and the binding of
TIMP-2 (Strongin et al. 1995, Butler e al. 1998, Kinoshita et al. 1998). In this process,
TIMP-2 is thought to bind first to the hemopexin domain of pro-MMP-2 after which this
complex is targeted to bind to the surface bound MT1-MMP through TIMP-2. The crystal
structure of the proMMP-2/TIMP-2 complex provides support for this (Morgunova et al.
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1999). The role of TIMP-2 in this complex is to bind to the hemopexin domain of
proMMP-2 by its C-terminal domain. This localizes the active MMP-2 more proximal to
the active MT1-MMP (Butler et al. 1998). The in vivo evidence for the importance of the
MT1-MMP in the activation process of MMP-2 is found from the results of the MT1-
MMP —null mice studies. The transgenic mice were found to have an impaired activation
of pro-MMP-2, when studied by using the gelatinolytic assay, whereas the activation of
pro-MMP-9 was not affected. (Holmbeck ef al. 1999, Zhou et al. 2000)

Moreover, it has been found in vitro by recombinant MMP-2 proteins that the
activation can be autolytic (Bergmann et al. 1995). The autocatalytic activation is made
by another active MMP-2 (Overall et al. 2000, Lehti et al. 2002). MMP-2 has a deep
pocket that can “accommodate” Tyr81, therefore a second active MMP-2 can carry out
activation in trans. As mentioned before, plasmin can also activate proMMP-2. This
occurs through the cell surface-associated uPA/plasmin system, where proMMP-2 is
surface bound (Mazzieri et al. 1997, Monea et al. 2002). If plasmin is in a soluble form,
its role turns from activation into degradation, which is somewhat comparable to the dual
role of TIMP-2 as an activator and inhibitor of MMP-2.

In addition to TIMP-2 dependent activation of MMP-2, Morrison and co-authors
(2001) have published another, TIMP-2 independent pathway, which is MT2-MMP
driven at the cell surface and inhibited by TIMP-2 and TIMP-4.

2.3.3.2 Activation of proMMP-9

The profile of the activation mechanisms for MMP-9 has been examined quite
extensively, showing that MMP-9 activation from the 92 kDa pro-form into the 82 kDa
active form can be promoted by TNF-a, which is found to be associated with down-
regulation of TIMP-1. The proteolytic activation of MMP-9 was simultaneously mediated
by a tissue-associated chymotrypsin-like proteinase, pro-MMP-9 activator (pM9A). (Han
et al. 2002)

TIMP-1 can form a complex with Pro-MMP-9 and therefore inhibits not only its
gelatinase activity but also its conversion from zymogen to an active proteinase (Wilhelm
et al. 1989, O'Connell et al. 1994). Binding of MMP-9 to its substrate can also induce its
activity as a proteinase (Bannikov et al. 2002). This process requires that the propeptide
is intact.

2.3.4 Inactivation of MMPs

2.3.4.1 Tissue inhibitors of MMPs

The family of TIMPs consists of four members, namely TIMPs 1-4 (Docherty et al. 1985,
Stetler-Stevenson et al. 1989a, Apte et al. 1995, Greene et al. 1996), which have a
homology of 41 to 52 % inside the protein family (Douglas ez al. 1997). They inhibit the
MMPs reversibly in a 1:1 stoichiometric ratio. The theoretical molecular mass of TIMP-1
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is 28.5 kDa and TIMP-2 is 21 kDa (Stricklin & Welgus 1983, Stetler-Stevenson et al.
1989a, Stetler-Stevenson et al. 1989b). However, the mass of TIMP-1 varies depending
on the glycosylation, ranging from 30 to 34 kDa (Williamson et al. 1990, Tolley et al.
1993). The 21 kDa molecule of TIMP-3 has also been found to have an N-terminal
glycosylation site (Wilde et al. 1994). The most recently found TIMP-4 is 22 kDa
(Greene et al. 1996).

TIMPs are expressed in many different tissues and cell types, and they can also be
detected in body fluids. TIMP-1 and TIMP-2 are secreted in a soluble form, whereas
TIMP-3 associates as an insoluble protein with the ECM (Stricklin & Welgus 1983, Leco
et al. 1994). It binds via its C-terminal domain to heparan sulfate proteoglycans within
the ECM and, as a consequence, the concentration of TIMP-3 rises at focal regions within
tissues and basement membranes (Langton ef al. 1998). The primary structure for TIMPs
is well characterised (review in (Bode et al. 1999).

TIMP-1 and -2 bind tightly in a 1:1 ratio to all MMPs, the only exception being TIMP-
1 binding rather weakly to MT1-MMP and MT2-MMP (Sato et al. 1996, Butler et al.
1997). In addition to the activated forms of MMPs, TIMP-1 can bind to proMMP-9, and
TIMP-2 can bind to proMMP-2 (Strongin et al. 1995). The role of TIMP-2 in this case is
activating rather than inactivating, as it binds to proMMP-2 through its C-terminal
domain (Morgunova et al. 1999) and participates in the cell surface activation process of
proMMP-2 by MT1-MMP. As soon as MMP-2 is activated, it can be also inhibited, by
the action of membrane-bound TIMP-2 (Itoh et al. 1998b). When TIMP-1 forms a
complex with proMMP-9, they can also inhibit active MMP-9 and form a more stable
and active ternary complex MMP-9/TIMP-1/MMP (stromelysin-1) (Kolkenbrock et al.
1995). Studies with the truncated N-terminal domains of TIMP-1 and -2 have shown that
their inhibitory activity is due to this end of the protein (Murphy et al. 1991, Williamson
et al. 1996). The C-terminus of MMPs is not necessary for the inhibition (Williamson et
al. 1993). The inhibitory activity of TIMP-3 is targeted to MMP-9 more than by any other
TIMPs (Sternlicht & Werb 2001).

TIMP-1 does not only function as an inhibitor of MMPs (pro-MMP-9, active MMPs)
but has also activity as a growth factor, stimulates gonadal steroidogenesis, changes cell
morphology, inhibits angiogenesis and participates in tissue remodelling (Gomez et al.
1997). TIMP-2 expression is mostly constitutive (Overall 1994), TIMP-3 promotes the
detachment of transformed cells from the ECM and accelerates oncogenic cell
transformation (Yang & Hawkes 1992). TIMP-4 presents a highly restricted expression
pattern and has been found so far only in human and murine heart and murine ovary
tissue (Greene et al. 1996, Rahkonen et al. 2002).

2.3.4.2 Other inhibitors of MMPs

In addition to TIMPs, there are also other endogenous inhibitors of the MMPs. The
plasma protein, a2-macroglobulin, has been found to be the major endogenous inhibitor
(Sottrup-Jensen & Birkedal-Hansen 1989), preferably in tissue fluids, whereas TIMPs act
more locally (Sternlicht & Werb 2001). As TIMPs are known to inhibit MMPs reversibly,
a2-macroglobulin binds MMP-molecules irreversibly and the complex is further
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endocytosed together by the plasma-membrane-bound LDL-receptor-related protein
(LRP), which is a scavenger-receptor (Zhang et al. 1998, Herz & Strickland 2001).
Several protein fragments have been found, mainly protein subdomains, that are
structurally homologous to TIMPs, such as procollagen C-terminal proteinase enhancer
protein (PCPE) (Mott et al. 2000) that can release a C-terminal fragment similar to the
inhibitory domain of TIMPs. A non-collagenous NC1 domain of type IV collagen (Netzer
et al. 1998) is an MMP inhibitor that can inhibit also angiogenesis and tumour growth
(Petitclerc et al. 2000). Another cell surface MMP inhibitor that can also regulate
angiogenesis is RECK, reversion-inducing-cysteine-rich protein with Kazai motifs (Oh et
al. 2001). TFPI2 (tissue-factor pathway-inhibitor-2) is both a serine proteinase inhibitor
and an MMP-inhibitor (Herman et al. 2001). The laminin-binding domain of agrin also
has structural similarities to TIMPs (Stetefeld ez al. 2001). It is obvious that there are
numerous potential inhibitors for MMPs, but their physiological targets are unclear, as
their activity for example against MMP2 is lower than with TIMPs (Netzer et al. 1998,
Mott et al. 2000).

In addition to the endogenous inhitors of MMPs listed above, thrombospondin 1
(TSP1) can prevent the activation process of proMMP-9 (Rodriguez-Manzaneque et al.
2001), as TSP2 has been shown to regulate the availability of active MMP-2 (Yang et al.
2001). This process is not inhibition of MMP-activity, but very likely related to LRP-
binding and endocytosis (Hornebeck et al. 2002).

2.4 Physiological roles of MMP-2 and -9 expression

The MMPs have a broad role in development and tissue formation. They participate in
tissue turnover through ECM degradation and remodeling, and their effect on the
microenvironment may lead to changes in cellular behaviour, such as angiogenesis. They
also regulate numerous biologically active molecules by directly cleaving and releasing
them from storage sites or by altering the activity of their inhibitors. The developmental
effects of MMPs can vary, depending on the site of action, salivary glands and kidney are
examples. In the salivary glands the branching mechanism differs from that in kidney.
The inhibition of MMPs leads to higher branching in vivo in the salivary gland, whereas
in the kidney the effect is controversal. (reviewed by Vu and Werb 2000)

2.4.1 Expression of MMP-2 during implantation and embryogenesis

The in situ-studies have revealed the expression of MMP-2 during murine embryo
implantation. The MMP-2 transcript was detected only in the uterine stromal mucosal
cells that were not in the decidualized area during implantation (days 5.5-7.5 p.c). In
addition, a layer of myometrial smooth muscle cells and some parts in the non-pregnant
uterine stroma were positive. The mRNA of mouse TIMP-2 was not detected in those
areas during the same gestational days. (Reponen ef al. 1995)

The continuous expression of TIMP-2 and MMP-2 (5.5-9.5 days p.c.) has been
reported by Alexander and his colleagues (1996) in the mouse embryonic implantation
site while the expression of MMP-2 declined by 6.5 days p.c. MMP-2 mRNA was
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detected by in situ hybridization in the undifferentiated decidual zones of the implanting
embryo, and TIMP-2 appeared to be constitutively expressed in the same areas.

MMP-2 mRNA was also expressed at later stages of mouse embryonic development
(10-15 p.c. and also 9 days p.p), mainly by mesenchymal cells, with the exception of the
epithelial cells of salivary glands and the central epithelial cells of hair buds. MMP-2
expression was detected especially in the head branchial arches, upper and lower
mandibular regions, kidney, lung and limb mesenchyme. (Reponen et al. 1992) The
expression at the mandibular region is explained mainly by the process of tooth
development in the presence of MMP-2 in vivo (Sahlberg et al. 1992). During rat kidney
development, MMP-2 is expressed in the undifferentiated mesenchyme of the embryonic
kidney, while the fully differentiated kidney did not produce any transcripts of either
MMP-2 or MT1-MMP. Immunohistochemical analysis of the same tissues show the
MMP-2 protein to be produced in those nephron structures where differentiation of the
epithelium occurs. (Tanney et al. 1998) Several other studies describe MMP-2 expression
during differentiation of tissues and organs, including, ductal branching morphogenesis
of murine mammary glands, embryonic avian heart valves and osteogenesis (Witty et al.
1995, Alexander et al. 1997, Filanti et al. 2000).

2.4.2 Expression of MMP-9 during implantation and embryogenesis

In contrast to the expression of MMP-2 in many different cells and tissues during
development, MMP-9 is expressed in a more restricted pattern. Although it is expressed
only in few cell lines in vivo, its expression in vitro can be induced by many different
agents in several cell lines.

In situ hybridization analyses of MMP-9 expression during mouse development
indicate the gene is strictly regulated. At the time of implantation, MMP-9 is found in
invading trophoblasts (Reponen et al. 1995, Alexander et al. 1996), but expression is not
detected in the embryo until day 12 p.c., when strong expression is found in the
mesenchymal cells of the developing limbs. Transgenic mouse studies using Ets-2 null
mice (Yamamoto et al. 1998) strongly suggest that MMP-9 plays an important role
during implantation. Ets-2 null mice die at embryonic day 8.5, which indicates serious
problems during early trophoblast invasion. MMP-9 is a known target of Ets-2 at the
transcriptional level.

Several studies have reported MMP-9 is expressed in osteoclasts (Hill et al. 1994,
Reponen et al. 1994, Wucherpfennig et al. 1994, Blavier & Delaisse 1995, Okada et al.
1995). At day 13 p.c. the cells surrounding the incisor tooth primordia express MMP-9 in
a manner resembling the expression in the limbs (Reponen et al. 1994). Strong signals are
restricted to the mesenchymal areas surrounding the developing teeth. However, these
areas are not TRAP-positive, as would be expected of osteoclasts.

Furthermore, a study by Canete-Soler and colleagues (1995) reported MMP-9
expression in other organs, including the yolk sac during implantation, the central
nervous system at day 11 p.c., and liver, bronchial epithelium of the lungs, primordial
alveoli, epithelium of the thyroid gland, cells in the thymus, bone and neural cells at day
15 p.c.
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Many studies indicate that MMP-9 is expressed during kidney development and it has
been assumed that MMP-9 is necessary for the proper kidney branching morphogenesis.
This hypothesis was supported both by in vitro studies where MMP-9 was found to be
required for renal differentiation (Lelongt et al. 1997), and by immunohistochemical,
western and laser confocal microscopy studies (Legallicier et al. 2001) that localized
MMP-9 to the apical cells of both embryonic and adult mouse renal tubules. However, no
kidney failure or defects in kidney tubular differentiation were observed in MMP-9
knock out mice (Andrews et al. 2000). This may be due to the presence of MT1-MMP,
which has affects on kidney branching morphogenesis similar to those of MMP-9.
Antisense oligonucleotides against MT1-MMP decrease branching of the ureteric bud in
embryonic kidney cultures and, as an opposite reaction, anti-sense oligos against TIMP-2
increase and rescue the branching (Kanwar ef al. 1999).

2.4.3 Expression of MMP-2 and -9 after embryogenesis

MMP-2 and MMP-9, like other MMPs and TIMPs, are found in adult tissues during
normal cellular processes requiring tissue remodelling, such as ovulation, skeletal growth
and remodelling, post partum involution and branching processes in the mammary gland
preceding lactation (Birkedal-Hansen et al. 1993, Nelson et al. 2000, Steffensen et al.
2001). The branching of the mammary gland is a good example of the processes seen also
in other ductal tissues with branching morphogenesis.

The formation of the mammary glands starts during embryogenesis by the budding of
an epithelial tube into the mammary fat pad. The morphogenic process from this point
through the steps of growth and branching of the ducts into the terminal lobular-alveolar
units at the ductal ends occurs during embryogenesis (Hennighausen & Robinson 1998).
The alveoli of the mammary gland develop during pregnancy and lactation and they
involute during weaning. This continuous ductal morphogenesis includes several MMPs
in the process of side-branching (Wiseman & Werb 2002). Transgenic mice expressing
autoactivated isoforms of stromelysin-1 (Sympson et al. 1994, Witty et al. 1995) have
morphological defects in their mammary glands. In transgenic mice expressing TIMP-1
anti-sense RNA in their mammary glands, increased ductal branching was found (Fata et
al. 1999). Interestingly, an extracellular protein directing epithelial morphogenesis,
epimorphin, increases the expression levels of MMP-2, -3 and -9, when studied in
mammary epithelial cells (Simian et al. 2001). In the same study, the expression of
MMPs was shown to be necessary for morphogenic activity, because branching of
mammary organoids was entirely blocked with MMP inhibitors, but not with serine,
cysteine or aspartate proteinase inhibitors. It is evident that MMP-remodeling of the
stroma is also needed to make space for and support the growing epithelial structures in
other corresponding processes (Vu & Werb 2000).
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2.4.3.1 Bone resorption

New bone formation results from the action of osteoblasts, and the resorption of bone is
carried out by osteoclasts. Osteoclasts are multinucleated bone cells that differentiate
from the monocyte precursors of haematopoietic origin. Osteoblasts, on the other hand,
are cells of mesenchymal origin and secrete bone collagen, osteoid, that is further
mineralized to form bone. The mature bone is under a continuous process of resorption
and ossification that ensures the maintenance of the structure and strength of living bone
tissue and its proper growth. These processes are strictly regulated by different factors,
such as growth factors and cytokines, and any imbalance between them leads very easily
to a pathological state. Bone maintains also the concentration of phosphate and calcium
ions constant in the extracellular fluids. (Baron ef al. 1985, Baron et al. 1986, Nijweide
et al. 1986, Delaisse et al. 2000)

The most abundant collagen of bone, type I collagen, is degraded by two types of
proteinases; cysteine proteinases and MMPs (Everts et al. 1992). Cathepsin K as a
member of the cysteine proteinases is able to cleave the native triple helix of collagen at
several sites causing the unwinding and availability of the triple helix to proteinases with
gelatinolytic activity, such as cathepsin K itself, MMP-2 and MMP-9 (Bromme et al.
1996, Garnero et al. 1998). Cathepsin K knock-out mice have been found to develop
osteopetrosis as a consequence of the impaired osteoclastic collagen degradation (I and
II, presumably) (Saftig et al. 1998, Gowen et al. 1999). A detailed profile of the MMPs
responsible for collagen degradation during ossification is still partly lacking, although
the in situ hybridization and immunolocalization studies have shown that MMP-9 is
found in the osteoclasts of human, mouse and rabbit (Reponen et al. 1994, Tezuka et al.
1994, Okada et al. 1995). Furthermore, MMP-9 knock-out mice exhibit abnormal
skeletal growth plate vascularization and ossification (Vu et al. 1998) which is mostly
due to improper osteoclast and endothelial cell invasion into the hypertrophic cartilage
(Engsig et al. 2000). Another function for MMP-9 during ossification is to retrieve
vascular endothelial growth factor (VEGF) from the ECM (Bergers et al. 2000). The
function of VEGF is to chemically attract osteoclasts, and its function is necessary for
growth plate invasion (Gerber ef al. 1999) and diaphysis invasion (Engsig et al. 2000).
Interestingly, the role of MMP-9 is minor at the secondary ossification center of the
epiphysis where VEGF is absent (Vu ef al. 1998). The activation of TGF- [ possibly
resembles that of VEGF, as it is activated by MMP-9, when CD44 acts as a docking
receptor in normal keratinocytes (Yu & Stamenkovic 2000). This hypothesis is supported
by studies with TGF- § knockout mice that have smaller tibial growth plates, longitudinal
growth retardation and a diminished number of hypertrophic chondrocytes (Geiser et al.
1998).

2.5 MMP-2 and MMP-9 in pathological conditions

The presence of MMP-2 and MMP-9 has been implicated in many pathological
processes, such as wound healing and tissue inflammation, including arthritis and
periodontal disease (Matrisian 1992, Sodek & Overall 1992, Birkedal-Hansen et al.
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1993), tumour invasion (Tryggvason et al. 1993, Coussens et al. 2002) and aortic
aneurysm (Newman et al. 1994, Tamarina et al. 1997). The list of diseases where these
MMPs are involved is still increasing, indicating that a loss of balance between disruption
and regeneration of the basement membrane plays a fundamental role in the induction of
pathogenesis.

2.5.1 Cutaneous wound healing

The process of wound healing is dependent upon the type of tissue wounded and the
extent of tissue damage (especially whether basement membrane is injured or not). When
a wound involves cutaneous tissue damage with a broken layer of basement membrane
major events take place at several sites immediately after tissue damage. The phases of
healing partly overlap, starting from early and late phase inflammation, continuing with
reepithelialization and granulation tissue formation and ending with matrix formation and
remodelling (Table 1) (Clark 1996)

Table 2. Wound repair as divided into phases (according to Clark. 1996)

Phase of Time after injury Description Processes during the phase
healing
I. Inflammation  Early (0-3 days) Neutrophil-rich Blood coagulation

Platelet adhesion
Neutrophil-invasion
Late (0.3-10 days)  Mononuclear-cell -rich ~ Monocyte-invasion
II. Tissue 3-18 (First within Re-epithelialization Migration of keratinocytes
formation hours) Phenotypic alteration of keratinocytes
Proliferation of keratinocytes
Basement membrane protein production
4 days Granulation tissue Cytokine production
formation Blood vessel fromation
Loose connective tissue
Fibroblast and macrophage accumulation
Neovascularization/an ~ Blood vessel formation
giogenesis
II1. Tissue 8 days - ECM-remodelling Fibrin clot deposition
remodeling Fibronectin, collagen III and I deposition
Hyaluronan replaced by proteoglycans, 2>
deposition of proteoglycans and collagen
Formation of larger collagen bundles
Cell maturation Fibroblast transition: migratory —
profibrotic (type I and I1I collagen
production) — myofibroblast (wound
contraction)
Cell apoptosis Endothelial cells
Mpyofibroblasts
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A fibrin clot forms in most skin wounds after blood vessel damage and leakage. The clot
protects the wounded tissue at the beginning and at the same time provides a primary
matrix for the cells migrating to the area of repair. The clot contains platelets in the
network of fibrin fibers, smaller amounts of fibronectin, vitronectin and thrombospondin
(Clark 1996). The first signalling molecules that initiate the wound healing process,
cytokines and growth factors, are released from these activated platelets. These signals
attract the first inflammatory cells, start the reepithelialization and contraction of
connective tissue and induce angiogenesis at the wound site. The inflammatory cells
responding to the chemotactic signal from the damaged tissue include neutrophils and
monocytes from the blood. The neutrophil invasion starts normally within minutes of
wounding and ceases after a couple of days when tissue macrophages phagocytose the
remaining neutrophils. Macrophages are necessary at the wound area especially for this
phagocytic function: they also ingest pathogenic organisms and other cell and matrix
debris. In addition, they release growth factors and cytokines therefore reinforcing the
signals from neutrophils and platelets. (Martin 1997)

At this stage epithelial movement by migrating keratinocytes is induced. Amoeboid-
like movement takes place at the epithelial front to eventually cover the wounded tissue
with a thin epithelial layer (Figure 4.). The initial signal for migration is chemotactic and
the direction is controlled by the concentration (Garrett 1998). The migratory action
occurs also at the sites of possible intact hair follicles in the wound area that supply the
surrounding tissue with epithelial stem cells (Rochat et al. 1994). In addition, the
suprabasal epithelial cells have the capacity to travel over basal cells and thus accelerate
the healing process (Garlick & Taichman 1994). Reepithelialization is facilitated by the
connective tissue contracting beneath the wound. This highly regulated process starts
when proliferating fibroblasts migrate and produce a collagen-rich matrix within the
wound clot (Eckes 1996). Furthermore, some of the fibroblasts transform into
myofibroblasts that have the ability to contract in a manner resembling smooth muscle
cells (Desmouliére & Gabbiani 1996).

When a monolayer of keratinocytes covers the wound surface, a new stratified
epidermis and basal lamina are built starting from the sides of the wound and proceeding
toward the center as indicated by the appearance of new hemidesmosomes and anchoring
fibril collagen (Gipson et al. 1988). Anchoring fibrils apparently finalize the
reepithelialization as they link the basal lamina to the connective tissue underneath
(Compton et al. 1989). This final processing of the healing tissue can take from weeks to
several years, depending on the extent of the damage.

Angiogenesis at the wound site is promoted by growth factors, such as fibroblast
growth factor-2 (FGF-2) and vascular endothelial growth factor (VEGF), and neuronal
recovery at least by nerve growth factor (NGF) and possibly indirectly by TGF-f (Martin
1997). As with all other cell migrations, the migration at a wound site also requires
tightly regulated proteolysis of the ECM during the invasion phases. Many of the MMPs
are responsible for this proteolysis
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Fig. 4. The healing of a skin wound. The wound is temporarily plugged with a fibrin clot.
Epidermal healing starts from the edges of the wound and from the cut hair follicle remnants
by the migration of keratinocytes of the leading edge. The cells crawl beyond the cut basal
lamina and over provisional matrix and healthy dermis. Cell division occurs behind the
leading edge in the proliferating keratinocytes. (Modified from Martin P. 1997)

2.5.1.1 Migrating keratinocytes in wound healing

After injury, the undamaged keratinocytes of the epithelium migrate off the basement
membrane and onto the dermal matrix once the initial signal is received. Migration of
keratinocytes is an early event in wound healing (Table 2). The keratinocytes that are at
the edge of the wound site, start migrating within 24 to 48 hours. The first migrating cells
cover the wound and do not actively proliferate. The keratinocytes at the leading edge of
the migrating epithelial tip phagocytose wound debris and some parts of the provisional
wound matrix and use the provisional matrix containing mainly fibronectin and fibrin for
support (Clark et al. 1982). The direction of the cell movement is defined by the
chemotactic signal. Migration is compared to a cycling process in which the first step is
the extension of a protrusion, followed by formation of stable attachments near the
leading edge of the protrusion, movement of the cell body forward, release of adhesions
and finally retraction at the cell rear (Lee et al. 1993, Sheetz 1994, Lauffenburger &
Horwitz 1996).

The keratinocytes travel from several cut sites of the wound bed so that eventually
small epidermal islands are found all over the wound bed, and these contribute equally to
the reepithelialization process (Martin 1997). In other words, they are said to follow the
so-called “Free edge effect” which means viable epithelial cells that have lost their
neighbours stimulateepithelial cell migration (Garrett 1998).

As a part of the cell movement, migrating keratinocytes break cell-cell and cell-matrix
contacts and temporarily form new contacts at the wound edge. Constitutively expressed
integrins such as as a2p1, which are localised basolaterally in intact epidermis, are found
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at the basal surface of the migrating tip at the wound edge. In contrast, a
hemidesmosomal integrin, a6B4, can be found on the basal surface in intact skin cells,but
after wounding, it is present all over the surface of those cells at the migratory tip
Moreover, such integrins as a5B1 and avB3 are induced basally in intact epidermis and
also on the basal surface of the keratinocytes of the wound edge. (Pilcher et al. 1997)

2.5.1.2 Involvement of MMPs and TIMPs in wound healing

Wound healing, as a process, shares similarities with embryonic development. It requires
cell migration, ECM degradation and tissue reorganization. Healing requires the presence
of MMPs as shown by studies on mice treated with an MMP inhibitor (Lund et al. 1999),
and studies on MMP-3 —null mice that failed to upregulate a multicellular contractile ring
of actin in dermal fibroblasts (Bullard et al. 1999). In both cases wound healing was
retarded.

When tested in vitro using primary human keratinocytes, MMP -9 expression is
induced, in parallel with the migratory phenotype, when type I collagen is available
(Sarret et al. 1992, McCawley et al. 1998). At the same time, the catalytic activity of
collagenase-1 is necessary for the keratinocyte migration (Pilcher ef al. 1997), when the
native fibrillar type I collagen is an elementary stimulus for collagenase-1 production.
Additionally, when studied with wounded HaCat-keratinocytes, it appeared that MMP-9
expression did not correlate with migration (Mékela et al. 1999). The synthesis and
secretion of MMP-2 also takes place in primary human keratinocytes in the presence of
either type I or type IV collagen (Petersen et al. 1990). In other studies, MMP-2
expression was induced in the keratinocytes and dermal fibroblasts only if both cell types
are present (Sarret et al. 1992, Kratz et al. 1995, Zeigler et al. 1996).

In the study by Saarialho-Kere and colleagues (1996), the expression of collagenase-1
and stromelysin-2 was detected in the migrating keratinocytes of punch wounds made
into human skin. In the same study, hyperproliferative basal keratinocytes following the
epithelial front expressed stromelysin-1. In in vivo studies of human oral mucosa, the
MMP-9 expression during wound healing was localized to the migrating epithelial sheet,
to its basal cell layer, and after seven days of healing, also to granulation tissue (Salo et
al. 1994b). Furthermore, MMP-2 was expressed in the fibroblasts of the oral mucosa. The
specific role of MMP-9 during re-epithelialization is still unclear. It has been suggested
that during wound healing MMP-9 could cleave type IV collagen, the fibrin-fibronectin
clot, denatured collagen, and be involved in processing proteins of the regenerating
basement membrane (Steffensen et al. 2001).

When cutaneous wound healing was studied in vivo in mice, several MMPs and
TIMPs were expressed. Based on RNase protection analysis (RPA), only MMP-2, MT1-
MMP, TIMP-2 and TIMP-3 were expressed in intact skin, while TIMP-1 was not
induced. One day after wounding, murine collagenase (the assumed orthologue of human
MMP-13), MMP-2, MMP-3 (stromelysin-1), MMP-9, MMP-10 (stromelysin-2), MMP-
12 (MME) MT1-MMP and TIMP-1 were expressed. TIMP-1 is expressed in stromal
tissue under the migrating edge of the epithelium, whereas the expression of MMP-9 was
initially epithelial and later restricted to the area of the migrating tip. By day 5 MMP-9
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was also found in granulation tissue. (Madlener 1998) The expression profile for murine
MMPs during cutaneous acute wound healing is presented in figure 6. The expression of
MMP-9 is found also in the migrating rat epithelial cells of acute skin wounds (Okada et
al. 1997) and corneal wounds made by excimer laser keratectomy (Ye & Azar 1998).

In the corneal wound model using MMP-9 deficient mice, the MMP-9 deficiency
accelerated wound closure and the inflammatory response (Mohan et al. 2002). The faster
wound closure may have been partially due to enhanced cell replication and/or defects in
the processing of the fibrin/fibrinogen matrix. MMP-9 —deficient mice produced a
multilayered matrix compared to the epithelial monolayer sheets in the cornea of their
normal counterparts.

Epidermis MMP-3, MMP-10 Coll.,MMP-9
-
Inflammation
Proliferation

Migration

Tissue remodeling

Fig. 5. Expression profile of MMPs and TIMPs during re-epithelialization of a cutaneous
wound. Various soluble members of the MMP family are produced by separate
subpopulations of the epidermis. Some MMPs are also secreted by mesenchymal cells. In
granulation tissue, MMP-2 and MT1-MMP transcripts are the most abundant, but later,
during tissue remodeling, MME shows a distinct expression profile. (Modified from Madlener
1998)

The healing of a chronic wound differs from that of the acute cutaneous wound.
Chronic human wounds are known to have higher collagenase/MMP -activity, such as
MMP-8 (Nwomeh ef al. 1999), and the activation profile during the time-course of the
healing is altered (reviewed by Kdhéri and Saarialho-Kere 1997). Diabetes is known to be
one common cause of poorly or non-healing wounds. Diabetic human foot ulcers have a
higher expression of MMP-2 when compared to normally healing cutaneous wounds
(Lobmann et al. 2002). On the other hand, Ashcroft with colleagues (1997) have studied
the effect of ageing in wound healing, and found the MMPs previously associated with
chronic wound healing to be up-regulated in the acute cutaneous wounds of aged people.

2.5.2 Cancer

Tumour progression requires enzymes that degrade the surrounding matrix barrier and
allow release of metastasizing cells into the blood circulation and further to other distant
organs. The MMPs can fulfil this requirement and many of them were originally cloned
from tumours or tumour cell lines (reviewed by Coussens et al. 2002). In situ
hybridisation studies and immunohistochemical staining have localised MMP-9 to the
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stromal macrophages surrounding invasive human tumour cells (Pyke et al. 1992, Pyke et
al. 1993, Tryggvason et al. 1993). Later it has been confirmed in many studies that most
of the proteolytic potential of tumours originate from the cells of the stroma (Nelson et al.
2000, Bissell & Radisky 2001). What is now known to be true in other types of tissues is
recognized also in the case of tumour tissue: MMPs not only dissolve the matrix barrier,
but also solubilize cell surface and matrix-bound factors that can further affect such
cellular processes as growth, death and migration.

The role of MMP-2 in tumour progression has been studied using MMP-2 —deficient
mice. These animals have reduced angiogenesis, experimental tumour growth and
metastasis as a consequence of host-derived response to B16-BL6 melanoma cells or
Lewis lung carcinoma cells (Itoh et al. 1998a). When MMP-9 —knock-out mice where
challenged with human papilloma virus-16-induced squamous cell carcinomas, the rate of
tumourigenesis was diminished (Coussens et al. 2002). The tumour growth and
invasiveness where restored by transplanted wild-type bone marrow cells. In parallel with
these results are the studies by Kruger with colleagues (1998) with TIMP-1
overexpressing mice that showed 75% higher resistance to experimental metastasis of
fibrosarcoma in brains.

It has been shown, that CD44 localizes the MMP-9 protein on the cell surface and this
correlates with tumour cell invasiveness, growth and angiogenesis both in vitro and in
vivo (Yu & Stamenkovic 1999). One link between MMP-9 and tumour growth and
invasion depends on TGF-f —activation, which is mediated by proteolytically active
MMP-9 and MMP-2 (Yu & Stamenkovic 2000). Soluble MMP-9 does not have this
effect. The cell surface bound activation of TGF-§ by MMP-9 can be found in normal
keratinocytes and in invasive cancer cells. Furthermore, when studied in RIP1-Tag2 —
transgenic mice, MMP-9 was found to be involved in the angiogenesis of pancreatic
tumours that developed in these animals (Bergers et al. 2000). The role of MMP-9, as
expressed in a few cells proximal to the vasculature, was to make vascular endothelial
growth factor (VEGF) available to its receptors. In the same study by Bergers and co-
authors (2000), MMP-2-null mice crossed with RIP1-Tag2 mice had smaller tumours
without an effect on tumour number. This led to speculation that the role of MMP-2
during carcinogenesis is related to tumour growth rather than invasion. It is a theory that
needs to be further considered in the light of data collected from different types of
tumours. In addition, it is known, that MMP-2 can proteolytically expose an epitope of
type IV collagen, HUIV26, on the vascular basement membrane so that it correlates also
with tumour angiogenesis (Xu et al. 2001). Interestingly, enzymatic activation of
proMMP-9 is inhibited by thrombospondin-1 (TSP-1) and it has been shown that TSP-1
suppresses the accumulation of VEGF, VEGFR2 and active MMP-9 in the tumours, when
studied with mammary tumour-prone mice crossed with transgenic mice with altered
expression of TSP-1 (Rodriguez-Manzaneque et al. 2001). These results suggest that the
use of more specific inhibitors for MMP-2 and MMP-9 may hold some promise for
cancer treatment. Against all expectations, however, the therapeutic use of the MMP-
inhibitors for cancer treatment has faced several setbacks after phase III clinical trials.
These are partly due to differences betweenthe human versus animal tests. As an
example, in the mouse models, such as RIP1-Tag2 (Hanahan 1985) treated with the
synthetic MMP-inhibitor batimastat (Bergers et al. 1999), the rate of tumour progression
decreased. The inhibitor was administered to mice at early and intermediate stages of the
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cancer, wheras human patients in clinical trials received the treatment at late stages of the
disease. The role of different MMPs and TIMPs at different stages of tumour
development in vivo has to be considered when planning new therapies based on MMP —
inhibitors (Coussens et al. 2002). The results from different cancer cell studies often
disagree with those from transgenic mouse studies, and, in addition, the effects of
different levels of TIMPs do not always correspond in the two types of studies. As
reviewed by Sternlicht and Werb (2001), it is very probable that TIMPs can either block
or promote cancer, depending on their target metalloproteinase and may have other
effects on cells that are independent of their inhibition of MMPs.

2.6 Transgenic mouse models in MMP research

Several reports in which transgenic mice were used to study MMP regulation, including
TIMPs, have been published during recent years. One of the very first studies involving
MMP was by (Carmeliet et al. 1994, Carmeliet et al. 1997). Evidence for a urokinase-
type plasminogen activator (u-PA) dependent proMMP activation was found by studying
atherosclerotic aorta in mice with a deficiency of apolipoprotein E (Apoe-/-) both with or
without a deficiency of tissue-type plasminogen activator (t-PA) or of u-PA. A deficiency
of u-PA was shown to protect transgenic mice against ECM destruction and aneurysm
formation possibly due to the reduced plasmin-dependent activation of pro-MMPs, such
as pro-MMP-9.

TIMP-1 overexpression studies have interested several researchers, partly because of
the broad group of MMPs that TIMP-1 inhibits and the possible therapeutic use of TIMP-
1. During mouse embryonic implantation, TIMP-1 overexpression did not significantly
affect the decidual processes. The placenta was functional, and the embryos where viable
(Alexander et al. 1996). In these studies, the overexpression of TIMP-1 was driven by the
B-actin promoter. Many other TIMP-1 overexpression studies with transgenic mice
involved the growth of various carcinomas and tumour invasion, often indicating the
inhibitory effect of TIMP-1 in these processes (Martin et al. 1996, Kruger et al. 1998, de
Lorenzo et al. 2003, Tkenaka et al. 2003). Additional studies by Soloway and colleagues
(1996) found the effect of TIMP-1 to be dependent on tumour type. Furthermore, the
influence of TIMP-1 on lung tumor invasion in vivo was said to be only tumor TIMP-1
genotype dependent, not host dependent. However, another study using TIMP-1
transgenic mice with intestinal tumours obtained similar results (Goss et al. 1998). The
knock-out of TIMP-1 had a very mild effect on the phenotype, providing only resistance
to Pseudomonas induced infections in the cornea of the transgenic mice (Osiewicz et al.
1999). Similarly, the TIMP-2 -/- phenotype is normal with only weakly defective MMP-2
activation (Wang et al. 2000).

A mouse mammary tumour virus long terminal repeat-promoter (MMTV-LTR) has
been used to target the overexpression of MTI-MMP to the mammary glands of
transgenic mice (Ha et al. 2001). This increased the activation of MMP-2, as MT1-MMP
is known to be an activator of pro-MMP-2. As a consequence, 82% of the mammary
glands of the female mice developed abnormalities, many of them directly related to
carcinogenesis. Previous studies using MMP-2 knock-out mice had shown that when
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non-transgenic tumour cells where implanted intradermally into the transgenic mice, the
rate of tumour angiogenesis and growth as well as metastasis were reduced (Itoh ez al.
1998a). The same mice were found to develop normally but with a 15% delay in their
growth and a delay in mammary gland development (Itoh et al. 1997, Alexander et al.
2001).

The MMP-9 —null mutations in mice were originally generated by Vu and co-authors
(1998) to study the ossification and angiogenesis in the bones. The lack of MMP-9 was
shown to cause delayed endochondral ossification and inefficient vascularization of the
hypertrophic cartilage. The implantation and osteopetrosis of the animals was normal. A
more detailed list of non-malignant phenotypes found in MMP-9-null mice was prepared
by Sternlicht and Werb (2001). Transgenic mice expressing the human papillomavirus
type 16 (HPV16) early region genes in basal keratinocytes (K14-HPV16 —mice) have
high rates of invasive squamous cell carcinoma (SCC) of the epidermis (Arbeit et al.
1994, Coussens et al. 1996). When crossed with MMP-9 -/- mice the phenotype was
milder but the carcinomas were more malignant (Coussens ef al. 2000). The original
invasive SCC phenotype was restored by supplying K14-HPV16/MMP-9 -/- mice with
wild type bone marrow cells that serve as a source of neutrophils, macrophages and mast
cells. Those cells populated and expressed MMP-9 in the stroma surrounding the SCC.
The role of MMP-9 as an angiogenic switch was shown by crossing the same MMP-9
knock-out mice with Rip1-Tag2 mice that develop islet tumours of the pancreas by 12-14
weeks of age (Bergers ef al. 2000).

As mentioned earlier with the wound healing studies, Mohan and co-authors (2002)
have used MMP-9 knock-out mice to elucidate the role of MMP-9 in corneal wound
healing. This study together with a study using a kidney disease model, anti-glomerular
basement membrane (GBM) nephritis (Lelongt et al. 2001) found the accumulation of
fibrin in the MMP-9 null mice. Because of the accumulation of fibrin in anti-GBM
nephritis mice, the renal disease was more severe with the MMP-9 -/- phenotype when
compared to the wild type. As mentioned earlier, the kidneys of the MMP-9 -/- mice are
normal (Andrews et al. 2000). Finally, the deficiency of MMP-9 is also shown in vivo to
cause defects in smooth muscle cell migration as MMP-9 together with CD44 might
function to connect the cell surface to the underlying matrix (Johnson & Galis 2004).

While several studies use either the overexpression or knock-out of the entire MMP-2
or MMP-9 gene, only a few report the use of transgenic mice as a model to study the
promoter region of those MMPs. A rabbit MMP-9 promoter region with a length of 541
bp is reported to induce the expression of the lac-Z-reporter gene in vivo as an
endogenous promoter in one mouse line and later this mouse line was used in tumour
invasion studies (Mohan et al. 1998, Kupferman et al. 2000). In tumour studies MMP-9
expression was inducible in this one transgenic mouse line in invasive forms of
carcinomas but not in the alveolar macrophages (Kupferman et al. 2000).



3 Outlines of the present study

MMP-2 and MMP-9, also known as gelatinases or type IV collagenases, are homologous
proteins that degrade gelatin, type IV collagen and several other ECM proteins. Both
enzymes have an important role in ECM turnover during embryo- and morphogenesis,
and they are also involved in pathological processes, such as cancer invasion,
inflammation, wound healing and atherosclerosis. Although these enzymes have similar
substrate specificities, their expression in vivo differs extensively. However, the
regulatory mechanisms of their cell and tissue specific gene expression are unknown. The
overall goals of this thesis project were to analyse tissue specific regulation of the
expression of the MMP-2 and MMP-9 genes, and whether such regulatory elements can
be used to modify tissue turnover when TIMP-1 is overexpressed in cells normally
expressing MMP-9. The specific goals were:

1. To define the upstream regulatory region(s) required for the tissue specific
expression of MMP-2 and MMP-9 by using reporter gene constructs in
transgenic mice.

2. To identify the upstream region of the MMP-9 gene containing regulatory
elements driving expression of the protein in the bone osteoclasts and migrating
keratinocytes.

3. To use the upstream regulatory region of the MMP-9 gene to overexpress TIMP-
1 in cells normally expressing MMP-9 and study the effects of TIMP-1
overexpression on wound healing and bone ossification in transgenic mice.



4 Materials and methods

4.1 Isolation and characterization of the mouse MMP-9 Gene (I),

sequencing of the DNA (I) (III) and primer extension assay (I)

Mouse genomic libraries cloned in the cosmid pWE15 (Stratagene, 95303) and A Fix
phage (Stratagene, 946309) were screened by using a human MMP-9 cDNA probe
(pHG1)(Huhtala et al. 1991) labelled with 32P by random priming (I). The clones were
isolated and purified utilising standard procedures and mapped using restriction
endonucleases. The nucleotide sequence was determined by the dideoxynucleotide chain
termination procedure (Sanger et al. 1977) using Sequenase or TAQuence DNA
sequencing kits (United States Biochemical Corp.) and M13 universal primers or specific
oligonucleotide primers. Both strands of the gene and its promoter were sequenced
following subcloning into pBluescript I SK +/- (Stratagene).

For the sequence of the hMMP-2 upstream region (III), M13 universal primers and
specific oligonucleotide primers were also used after subcloning into an M13-plasmid.

For the primer extension assay, total RNA from a 7-day-old mouse skull was isolated
by the acid guanidium thiocyanate phenol chloroform extraction method (Chomeczynski
& Sacchi 1987)(I). Primer extension was performed by hybridising 20 pg of total RNA
with an anti-sense nucleotide primer annealing at positions 117-144 in the cDNA
(Reponen et al. 1994). The primer was end-labelled with [y-32P] ATP using T4
polynucleotide kinase (Ausubel 1989). The reverse transcription reaction was carried out
under standard conditions and the primer-extended products were analysed on a
sequencing gel along with sequencing reactions from the mouse MMP-9 gene using the
same oligonucleotide as in the primer extension assay.
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4.2 Plasmid constructs (I, I1, III)

Promoter-lacZ reporter gene constructs (LILIIT) were prepared by using the pKK2480
vector (provided by Mikkel Rohde, University of Copenhagen, Denmark). The plasmid
contained a multiple cloning site immediately upstream of the lacZ gene. Different length
fragments of the 5’-flanking region, as well as the 5’-end of the MMP-9 gene containing
the first exon and intron were inserted for the construction of mMMP-9 promoter-lacZ
fusion genes (I). For the TIMP-1 overexpression studies the construct was made by
replacing the lacZ gene with the human TIMP-1 cDNA in the 7700ExIn-construct (II).
For the MMP-2 regulation studies (III), the length of the hMMP-2 upstream region
was 6.5 kb from the 5’-end of the gene. The figure 6 summarises the constructs that were

injected to produce transgenic mice for these studies.
MMP-9 promoter constructs
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Fig. 6. Schematic illustration of the constructs used for the studies of MMP-2 and MMP-9
regulation and overexpression of their tissue specific inhibitors. The numbers after the
constructs stand for the length of the promoter/regulatory region fragment, boxes are the
transcribed genes and the arrows with +1 mark the transcription start site. Small black boxes
indicate the first exon and first intron of the MMP-9 gene. The mMMP-9 promoter
constructs with the first exon and first intron have the ATG codon mutated to ATC so that
the ATG codon of lacZ gene is the translation start site.
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4.3 Generation and genotypic analysis of transgenic mice (I, II, IIT)

Transgenic mice were generated by pronuclear microinjection of linearized fusion gene
constructs (I, I, III) into fertilised mouse oocytes C57BL/6 x DBA/2 F1 (Hogan 1986).
Microinjected eggs (15-20) were transferred into the oviduct of a recipient,
pseudopregnant female of either the CD1 (II, IIT) or NMRI (I, III) strain, and the mice
were allowed to develop to term. Three weeks after the pups were born, their tail DNA
was isolated (Drews et al. 1994) and the transgene was detected by PCR analysis. Two
internal primers were used for the lacZ gene (Hanley & Merlie 1991) (LIII) or hTIMP-1
(IT). The primers for hTIMP-1 were TIMP1-370 (5'-CACAACCGCAGCGAGGAGTTT-
39) and TIMP1-732rev (5'-CACTGTGCAGGCTTCAGCTTC-3%). The annealing
temperature for the reactions was 60°C and the product was 362 bp long.

4.4 Wound tests (I, IT)

All experiments involving mice were approved by the Animal Use and Care Committee
at the University of Oulu before commencing the studies. The mice for the wound tests
were anesthesized prior to wounding. Incision wounds of 1 cm were made into the dorsal
skin of the lacZ-expressing mice and sutured with a pair of stitches to bring the wound
edges together (I). For pain treatment, the mice were injected twice subcutaneously with
1.5 pg of buprenorphine hydrochloride at 12 h intervals following the anesthesia (I, II).

Punch wounds (II) were also made during the anesthesia, but no stitches were used
and the area of the wound site was shaved before wounding. A punch wound of 3 mm of
diameter was made into the dorsal skin of both transgenic and control mice. The wounds
were allowed to recover for one to 14 days, after which the wound outlines were traced
on object glasses. The outlines were then scanned, and the areas calculated by using
analySIS™ software (Soft Imaging System GmbH). The wound tissue was collected with
a 6 mm punch after the animal was sacrificed by carbon dioxide inhalation. For histology,
immunohistochemistry and in situ hybridisation studies, a total amount of 20 transgenic
wound samples and 8 control wound samples of non-transgenic littermates were
analysed. In addition, 24 punch biopsies of non-wounded transgenic mouse skin and 7
control skin samples of non-transgenic mice were studied.

4.5 Histological and immunohistochemical analyses (I, I1, IIT)

Tissues taken from transgenic mice were fixed for 2 h or overnight at 4 °C in 4 %
paraformaldehyde - 0.2 % glutaraldehyde in PBS. Wound samples from lacZ-positive
mice were stained with X-gal (5-bromo-4-chloro-3indolyl-B-galactopyronoside) as
described previously (Behringer ef al. 1993). All embryos and other tissues were rinsed
several times in PBS, dehydrated and embedded in paraffin. Sections of 5-8 um were
stained either by hematoxylin and eosin (Bancroft 1990) (I, III), hematoxylin (Zymed
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laboratories Inc., San Francisco, CA) (II) or with safranin (I). Mounting was done by
Mountex (Histolab products Ab, Sweden)

Immunohistochemical staining of paraffin sections (5-10 pm) from skin wounds
expressing lacZ (I) (IT) was carried out by using either the ABComplex HRP kit (DAKO)
or the TSA kit (NEN Life Science). Deparaffinized sections were treated 5 min. with 0.4
% pepsin in 0.01 M HCI at 37 °C. After blockage of endogenous peroxidase activity the
sections were incubated with the antiserum raised against cytokeratin (rabbit pan-
cytokeratin, ZYMED) for 1.5 h at RT, or MMP-9 (rabbit polyclonal antibody kindly
provided by P. Carmeliet) (I) overnight at RT. For the anti-cytokeratin immunostaining,
biotinylated swine anti-rabbit IgG (Boehringer-Mannheim) (1:400 dilution) was applied
for 30 min at RT. Peroxidase activity was revealed by incubation with the chromogen
substrate DAB (3,3-diaminobenzidine tetrahydrochloride) or AEC (Aminoethyl
carbazole) chromogen substrate (DAKO). For the MMP-9 immunostaining, peroxidase
swine anti-rabbit IgG (DAKO) was applied and followed by tyramide signal
amplification (TSA kit, NEN Life Science). The AEC chromogen substrate was used to
detect peroxidase activity.

The anti-laminin Y2 —chain staining (I[) was performed on paraffin sections (5-10 pm)
of either wounded or non-wounded transgenic mouse skin expressing hTIMP-1.
Deparaffinized sections were boiled 4 minutes in 10 mM citrate buffer (pH 6.0) in a
microwave oven for the retrieval of the antigens. After the endogenous peroxidase
activity and nonspecific binding of the primary antibody were blocked, the sections were
incubated overnight at 4 °C with rabbit antisera raised against the laminin Y2 —chain.
Biotinylated swine anti-rabbit I[gG (DAKO A/S, Denmark) (1:300 dilution) was applied
for 30 min at RT. DAB was used as a chromogen substrate.

Immunostaining with the cell proliferation marker Ki-67 (II) was performed on 6 pm
cryosections fixed with ethanol. The sections were incubated 1 h at RT with the 1:50
diluted rat polyclonal antibody against mouse Ki-67 (DAKO) followed by the secondary
antibody, rabbit anti-rat (DAKO), with 1:500 dilution (30 min at RT).

4.6 RNA-purification and RT-PCR (II)(I1I)

The tissue samples from transgenic mice were homogenised in a Ultra-turrax —type of
homogeniser preceding the RNA-purification by Trizol (Gibco™, Invitrogen
Corporation, Carlsbad, CA) (II, III). Additionally, bone samples of adult mice were
frozen in liquid nitrogen and pulverized before Trizol was added. Prior to the RT-PCR (II)
the RNA-samples were treated with DNasel (Invitrogen) to prevent false positive signals
caused by traces of DNA remaining after the purification process. An RNase inhibitor
(Invitrogen) was used to prevent degradation of RNA. The RT-PCR for hTIMP-1 RNA
detection was performed by using QIAGEN® OneStep RT-PCR Kit according to
manufacturer’s instructions. The primers used for the PCR were TIMP1-139 (5'-
CCACAGACGGCCTTCTGCAA-39) and TIMP1-482REV 5
ACAGTGTAGGTCTTGGTGAA-3¢); the annealing temperature was 60°C
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4.7 In Situ hybridization (I) (II)

The RNA probe (I) for the mMMP-9 gene was prepared from the cDNA-fragment cut by
Smal and EcoRI as described elsewhere (Reponen ef al. 1994). The radioactively labelled
RNA probes were transcribed by a transcription kit (Promega) and the radioactive in situ
hybridisation for the mouse embryos was carried out according to Wilkinson and Green
(1990). The mouse embryos were stained with X-gal, embedded in paraffin, and
sectioned before the hybridisation. The same mMMP-9 cDNA fragment was used also for
preparing the probe for the skin sections of hTIMP-1 expressing mice (II). The
expression of the TIMP-1 transgene in mouse skin sections was detected by using the
BamHI-HindIII —restriction fragment of human TIMP-1 as a probe (Hurskainen et al.
1996). The length of the fragment was 626 bp. In situ hybridization was carried out as
described earlier (Parikka e al. 2001). The antisense or sense probe was diluted to 500
ng/ml and hybridised on the sections overnight at 58°C.

4.8 In situ zymography (II)

In situ zymography (ISZ) was performed as previously described (Pirild et al. 2001).
Briefly, 10 mm thick serial frozen sections of cutaneous wounds from the skin of control
and transgenic mice were thawed at room temperature and preincubated for 30 minutes at
37 °C with either (ISZ)-buffer (50 mM Tris-HCI, pH 7.4; 1 mM CaCl,), 500 mM CTT-
peptide in ISZ-buffer or 500 mM control peptide in ISZ-buffer. Following the
preincubation, the solutions were changed to a 1:1 mixture of 1 mg/ml Oregon Green
488-conjugated gelatin (Molecular Probes, Inc., Eugene, OR) and 1% low melting
temperature agarose (Sigma, St. Louis, MO) with or without 500 mM CTT-peptide or 500
mM control peptide. After the mixture was congealed under the coverslip (1 hour at RT)
samples were incubated 7 hours at 37 °C in a dark, humidified chamber. Gelatinolytic
activity was seen as dark areas in the otherwise fluorescing substrate layer.



5 Results

5.1 Structure of the 5' flanking region of mMMP-9, generation of
transgenic mice with the reporter gene constructs and the embryonic

expression of the transgene (I)

The structure of the murine MMP-9-gene was characterised and transcription was
designed to start from the double start site -19 and -20 bp upstream of the translation
initiation site. Several common promoter elements, including a TATA box like motif, GC
boxes possibly binding Sp1, AP-1-like binding sites, one AP-2 site and several conserved
sequences reminiscent of the polyoma virus enhancer A binding protein-3 (PEA3) were
found within the 2800 bp flanking the 5'region. In addition, several microsatellite
segments of alternating CA residues and one NF kappaB motif were also present. During
the course of this work characterization of the MMP-9 gene from mouse (Masure ef al.
1993) and rabbit (Fini et al. 1994) were published.

In order to study the regulation of the mouse MMP-9 gene, transgenic mice were
generated by microinjection of six different promoter-reporter gene constructs into
fertilised oocytes. The gene encoding -galactosidase was used as a reporter gene. Intron
1 was included in some of the constructs as it has been shown to contain enhancer
elements in other genes such as the gene for the ol chain of type I collagen (Rossi & de
Crombrugghe 1987). Three to eight mouse lines were generated with each construct to
ensure that the expression pattern obtained with each construct was reproducible. PCR
and Southern analyses were carried out to establish integration of the inserts into the
genome and histochemical analyses with X-gal revealed the cell specific expression
patterns of the transgene.

The introduction of constructs containing the minimum promoter, 645-lacZ, and a
longer one, 2700-/acZ, containing 2.7 kb of the upstream region, did not result in
expression of the lacZ gene in transgenic mice or mouse embryos in cells that normally
are found to express MMP-9. Ectopic expression was observed in some lines with both
constructs, but its pattern was neither uniform nor reproducible in four founder lines.
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Addition of the 5' end of the MMP-9 gene, including intron 1, to constructs 645-lacZ and
2700-lacZ, i.e. the 5' UTR, and first exon and intron, did not alter the expression pattern.
Consequently, it could be concluded that the first intron does not contain cis-acting
elements conferring tissue-specific expression on the endogenous MMP-9 gene.

In contrast to the shorter constructs, mouse embryos harbouring 7700-lacZ revealed
expression of the lacZ gene in bones of 14.5 - 16.5 day old embryos. For example, at E-
15.5 distinct expression could be observed in the scapule, long bones of fore and hind
limbs, ribs and the lower jaw. Additionally, expression was observed in hair follicles in
several mouse lines made with this construct. Construct 7700ExIn-/acZ, also containing
the first exon and intron, yielded an expression pattern similar to that of 7700-lacZ when
analysed in whole X-gal stained embryos, except that no expression was present in hair
follicles.

5.2 The -2722 to - 7745 upstream region of the MMP-9 gene confers

expression to osteoclasts (I)

Only transgenic mice with constructs containing 7.7 kb of the 5' flanking region of the
MMP-9 gene yielded expression of the /acZ gene in bones. In order to assess the
expression pattern at the cellular level, microscopic histochemical analysis was carried
out, partially combined with in situ hybridization to establish whether the /acZ expression
corresponded to that of the endogenous gene. Staining with X-gal showed expression of
the transgene in single cells located at the site of endochondral ossification in the
diaphysis of embryonic long bones, beneath hypertrophic chondrocytes of the epiphysis.
This result was identical to that previously shown for the endogenous gene by in situ
hybridization (Reponen et al. 1994). In that report the endogenous gene expression was
colocalized specifically to cells that were shown to be osteoclasts by histochemical
staining with tartrate resistant acid phosphatase (TRAP). In this study, in order to
demonstrate that the cells expressing 7700-lacZ were indeed osteoclasts, in situ
hybridization of X-gal stained tissues was carried out and these experiments showed the
signals to be present in cells positive for the blue colour produced by B-galactosidase.
These experiments demonstrated that expression of the 7700-/acZ construct was confined
to osteoclasts in developing bone. Transgenic mice harbouring the insert 7700ExIn-lacZ
showed exactly the same expression pattern as construct 7700-/acZ, demonstrating that
the upstream segment -2722 to -7745 includes the cis-regulatory element(s) required for
osteoclast expression.
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5.3 Localization of 7700-/acZ expression to migrating keratinocytes

)

To determine whether any of the MMP-9 promoter-/acZ gene constructs were expressed
in epithelial cells, tissues from the transgenic mice were analysed for expression of [3-
galactosidase. In general, we did not observe expression of the transgene in the epithelia
of organs such as skin, lung, or gastro-intestinal tract with any of the six constructs made
in this study.

Keratinocytes of healing incisional skin wounds were also examined for expression of
the constructs. When pieces of whole recovering wounds were stained with X-gal one to
seven days after wounding, expression of /acZ could be followed in mice harbouring
constructs containing 7.7 kb of the 5' flanking region of the MMP-9 gene. When the
surface of a wound was stained with X-gal, one could macroscopically observe cells
expressing -galactosidase at the wound edges. Histologically, a strong positive reaction
was detected in keratinocytes migrating in under the fibrin clot. Double staining of
sections with X-gal and anti-MMP-9 antibodies demonstrated that most migrating
keratinocytes expressing X-gal also costained with the MMP-9 antibody. Furthermore,
scattered cells beneath the wound contained the protein and some of them also expressed
the lacZ reporter gene. The fact that all cells and their immediate surroundings stained
with the MMP-9 antibody, but not X-gal, can be due to secretion of the MMP-9 enzyme.

Identification of B-galactosidase expressing cells as keratinocytes was carried out by
counterstaining with cytokeratin antibodies. Keratinocytes resting on the normal
basement membrane adjacent to the wound did not show any staining reaction. At day 7
the reepithelialization process was complete. The new epidermis was thicker and the
presence of fibrotic tissue was apparent, but expression of [-galactosidase by
keratinocytes had ceased. In all founder lines, cells at wound edges expressed [-
galactosidase.

5.4 Phenotype, histology and hTIMP-1 expression in the bone and
skin of the transgenic mice containing a MMP-9 promoter/hTIMP-1

construct (II)

To explore the overexpression of TIMP-1 in MMP-9 expressing cells and its influences
on wound healing, transgenic mice containing the construct 7700ExIn-hTIMP1 were
generated. The mice expressed hTIMP-1 in cells that normally express MMP-9.
Integration of the transgene was confirmed by PCR (not shown), and expression of the
transgene was verified by RT-PCR and in situ-hybridization. To examine for expression
of hTIMP-1 under the MMP-9 promoter, RNA from adult and newborn transgenic mouse
bone samples was isolated and RT-PCR was performed with hTIMP-1 primers. By this
method the expression of the transgene in the bone was demonstrated. The expression
was more prominent in newborn and young adult mice, and had diminished significantly
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at the age of two years. The transgenic mice appeared normal at birth, their postnatal
growth rate was normal, and there were no apparent defects in their long bones or skin.
However, during the aging of second generation mice, they started to present with
manifestations in their skin. By age 6-7 months, mice not living alone in their cage
developed crust in the skin of their back, neck and head, poorly healing scratches and
ragged ears. In particular, aggressive and fighting males were more prone to this
phenotype than females that were slower to develope the same problems. Mice living
alone in their cage did not develop such problems.

Histology and expression of the hTIMP-1 transgene was studied in 6 mm punch skin
biopsies from control and transgenic mice carrying the MMP-9-promoter/hTIMP-1 —
construct. Histological examination revealed that the skin of transgenic mice was clearly
different from that in control mice, with regional epithelium thickenings, several cyst-like
structures and generally damaged areas that did not properly recover. In the control mice
no such thickenings or cysts were observed. To verify expression of hTIMP-1 in
transgenic mice, in situ hybridisation analyses of skin biopsies were carried out. It was
possible to distinguish between the endogenous and transgenic TIMP-1 expression by
using a human TIMP-1 —specific probe that only detects expression of the transgene (the
sequence identity of human and mouse TIMP-1 sequences is 78.4%). The biopsies were
taken from dorsal skin. Normal, non-transgenic littermates were used as a control. A
strong signal was detected in the epithelial cells and in the cells under the tissue with an
erosive appearance.

5.5 Delayed wound healing in mice expressing hTIMP-1 in migrating

keratinocytes (II)

To explore the effects of hTIMP-1 overexpression on wound healing, the healing process
was studied by making punch wounds 3 mm in diameter into the dorsal skin of control
and transgenic mice. The wounds were allowed to recover from 1 to 14 days before they
were biopsied for analysis. After 7 days of healing there was a remarkable difference in
the healing of the wounds in transgenic mice compared to those in control mice. By 7
days post-wounding, the re-epithelialization was nearly complete in the control mice,
whereas in transgenic mice the wound area had diminished only slightly. The thickened
epithelial tips had remained almost static at the 7-day-old wound margins and had not
migrated to cover the wound bed, as in the control wounds. Even after a two week period
of healing, the keratinocytes were not covering the entire wound area. When the 7 days
old punch wounds were scanned and the area was measured, a significant retardation in
the healing process was revealed in the transgenic mice. Immunostaining of wounds with
the Ki-67 proliferation marker did not reveal increased cellular proliferation in the
wounds of transgenic mice, indicating that the thickening may be due to accumulation of
cells caused by retarded migration.

In situ hybridization studies of the biopsies with the hTIMP-1 specific probe showed
strong expression of hTIMP-1 in the wound area of the transgenic mice. The cells
positive for hTIMP-1 were positioned in the area of migrating keratinocytes. Expression
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of hTIMP-1 was detectable from the first day of wound recovery, and it could be
observed 2 weeks after the wound was made, colocalising with the endogenous
expression of MMP-9 at the migrating epithelial tip. Pan-cytokeratin antibody was used
to mark all keratinocytes at the wound area and anti-Laminin y2 chain staining was a
marker for the migrating keratinocytes and regenerating BM. Only a few anti-cytokeratin
positive cells were found in the central area of the 5-day-old transgenic wound,
colocalising with hTIMP-1 expression and anti-Laminin 2 chain staining. The Y2
antibody staining was weaker with less positive migrating epithelial cells in the
transgenic sample, and it was not continuous as in the control.

5.6 In situ gelatin zymography of the wounds of MMP-9
promoter/hTIMP-1 transgenic mice (II)

In situ gelatin zymography is a method used for localization of gelatinolytic
proteinases in the tissue (Galis et al. 1995). This method was combined with the use of
MMP-2 and -9 -specific inhibitor, the synthetic CTTHWGFTLC (CTT)-peptide
(Koivunen et al. 1999). In cutaneous wounds from control mice, intense gelatinolytic
activity was detected at the epithelial edge of the healing wound. Most of the
gelatinolytic activity was abolished when incubated with the CTT-peptide. However,
slight activity could be detected around the hair follicles, indicating that some enzyme(s)
other than MMP-2 or MMP-9 is also active in this area. In cutaneous wounds of
transgenic mice, no gelatinolytic activity could be detected, indicating that MMP-9 is the
major gelatinase active during wound healing. Incubation with a control peptide did not
affect the gelatinolytic activity of control mouse.

5.7 Localisation of mMMP-2/lacZ-transgene expression in

mesenchymal cells during embryonic development (I1I)

The MMP-2 promoter/reporter gene construct for generating transgenic mice contained a
6.5 kb fragment from the upstream region of the hMMP-2 gene. Six mouse lines were
found to carry the transgene and express the P-galactosidase during embryonic
development. All the lines had a very similar expression pattern, differing mainly with
regard to intensity of the staining. Strong lacZ expression was observed especially in
mesenchymal cells of developing limbs, but also in developing mammary glands, head
and lower mandibular area, as well as in different areas of the embryonic body.
Histological examination of the transgenic embryos at different developmental stages
confirmed that mesenchymal cells continued the expression throughout development. X-
Gal —staining in the limbs of the /acZ-positive embryos was specific for the stromal cells,
while the epithelial cells on the surface of the embryo were negative. Also the
mesenchymal cells surrounding the epithelium of the developing mammary gland
expressed lacZ.
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During tooth development, mesenchymal cells beneath the ectoderm or surrounding
the epithelium of the developing tooth were found to express lacZ. Also, the mesenchyme
of the developing lower jaw expressed lacZ widely at different time points, but by
varying intensity. At early stages of tooth development (E11,5), the expression of the
transgene in the mandibular area was weaker in some individuals or not detected except
in the mesenchyme underlying the dental lamina. Already in the bud stage (E12,5) the
stain was visible in all the lines studied. At developmental stages E13-14, the stain was
more intense and extended to the more distant areas of the upper and lower jaws. The
epithelial cells of the developing teeth were negative in all the lines studied.

5.8 Analysis of the 6.5 kb 5"-flanking sequence of mMMP2 (I1I)

The 6500 base pair upstream region of the human MMP-2 gene appeared to contain
regulatory elements necessary for driving /acZ expression in a manner similar to the
endogenous expression. Therefore, the entire region was sequenced and compared with
the corresponding sequence in mice and rats. Sequence comparison between human,
mouse and rat revealed three regions with high homology between the species.
Homologous region I spanned from position —1749 to —1118 base pairs upstream from the
transcription start site. This region is 64.4 % homologous between human, mouse and rat.
Immediately downstream from that is another, 697 bp long region referred to as
homologous region II that is about 50% homologous between mouse and human. This
region has 69% homology in the regions containing the previously reported conserved
consensus sites for p53 and AP-2 sites, or 12 (Frisch & Morisaki 1990, Somasundaram et
al. 1996, Bian & Sun 1997). These elements were found to promote transcription in cell
transfection studies. The third homologous region III, located in the proximal promoter
region, contains consensus sequences for transcription factors AP-2 and Spl. The
homology in this 204 bp region was approximately 71% between mouse, human and rat
In addition to these previously described regions located within the first 2000 basepairs
upstream of the transcription start site, we identified additional more distal sequences that
are potential binding sites for transcription factors as determined by computer analysis.
Two possible NF-xkB —binding sites, were localised at positions —1811 and —1188.
Furthermore, two AP-1 consensus binding sites were detected at -3949 and —5482, and
one CREB-motif at position 4911 in the upstream sequence.



6 Discussion

Some of the members of the large family of MMPs exhibit highly restricted temporal and
spatial expression patterns in vitro, indicating tissue-specific roles for these enzymes in
extracellular matrix turnover. The expression of MMP-2 is known to be mesenchymal
and MMP-9 found mainly in osteoclasts during development, yet not much information is
available regarding the regulatory mechanisms driving these cell lineage specific
expression patterns in vivo. Furthermore, tissue remodelling during wound healing
requires a delicate balance of synthesis and degradation of extracellular matrix molecules.
In these processes, the specific role of MMP-9 and TIMP-1 is not well characterised and
the consequences of misregulation are still poorly known.

6.1 The in vivo expression of lacZ and hTIMP-1 under the 5’
upstream fragments of the murine MMP-9 gene during embryonic

development and in adult mouse bone (I) (IT)

At the cellular level both the 7700-lacZ and 7700ExIn-lacZ constructs were shown to
yield highly specific expression in osteoclasts of developing bone, cells that normally
strongly express MMP-9 (Reponen et al. 1994). Coexpression of B-galactosidase with
that of the endogenous gene was verified by in situ hybridisation analysis of the same
tissue sections with an MMP-9 probe. The experiments with different promoter/lacZ
reporter gene constructs in transgenic mice showed that expression of the MMP-9 gene in
osteoclasts requires the region between -2722 and -7745. Constructs containing this
segment yielded strong expression in osteoclasts. It has previously been shown that
MMP-9 is expressed in invading trophoblasts of the implanting embryo (33,34), as well
as by macrophages infiltrating invasive breast and colon cancers, while the actual cancer
cells do not express the enzyme (Tryggvason et al. 1993, Nielsen et al. 1996). When
studied in these transgenic mice, it was noticed that trophoblasts of implanting embryos
of mice transgenic for constructs 7700-/acZ and 7700ExIn-/acZ express the reporter gene,
as do macrophages located around invading exogenous carcinoma cells. This suggests
that the -2795 to -7745 segment also contains element(s) necessary for induction of
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expression of the gene in both trophoblasts and macrophages. These results are especially
interesting when compared with a study by Kupferman and co-authors (2000) where
MMP-9 a promoter/lacZ-transgenic mouse line was crossbred with transgenic mice that
have a high incidence of mammary tumours. The length of the MMP-9 promoter used in
that study was 541 bp, and it was very likely too short to mimic the full scale endogenous
expression, as evidenced by the lack of expression, for example, in alveolar macrophages,
although expression during embryonic bone ossification and wound healing was reported
for this one mouse line (Mohan et al. 1998).

The effects of in vivo overexpression of TIMP-1 in cells normally expressing MMP-9
were studied by generating transgenic mice expressing human TIMP-1 under the murine
MMP-9 promoter and enhancers. The results demonstrated that transgenic mice having
the same expression patterns for human TIMP-1 and mouse MMP-9 are viable, fertile,
and exhibit normal growth and general development, including that of the bones. It was
unexpected to observe no defects at all with regard to bone development in the MMP-
9/TIMP-1 transgenic mice. During normal ossification of cartilage and remodelling and
growth of bone, osteoclasts express MMP-9 intensively (Reponen et al. 1994), but also
other proteinases such as cathepsin K (Inaoka et al. 1995) and MT1-MMP (Okada et al.
1997). Studies with MMP-9 deficient mice have revealed that MMP-9 alone is not crucial
for bone growth, as the only bone defects observed in those mice were rather minor
abnormalities in the growth of metatarsals, tibia and femur (Vu et al. 1998), but it has
been postulated that the MMP-9 function normally exerted by osteoclasts can partially be
replaced in such mice by other MMPs such as collagenase-3 (MMP-13), stromelysin-1
(MMP-3) and gelatinase A (MMP-2). However, the present results indicate that other
osteoclast MMPs may not be so important either, since overexpression of TIMP-1 that
inhibits MMP activity quite broadly does not seem to have much effect on bone
development. Therefore, it is likely that other types of proteinases, such as cathepsins
(Ohsawa et al. 1993, Inaoka et al. 1995, Rantakokko ef al. 1996) and the plasminogen
activator/plasmin system (Daci et al. 1999) can, at least partially, take over the role of
osteoclast MMPs.

6.2 The in vivo expression of lacZ and hTIMP-1 under the 5’
upstream fragments of the murine MMP-9 gene in mouse skin and

during cutaneous wound healing (I) (II)

Expression of MMP-9 has been shown to occur in the migrating keratinocytes of healing
human wounds (Salo et al. 1994b). In this study both constructs, 7700-/acZ and
7700ExIn-lacZ, were expressed in the corresponding keratinocytes of transgenic mice,
and an extensive codistribution of the MMP-9 protein and lacZ expression was shown by
double staining. Furthermore, as in the in vivo situation for the endogenous MMP-9 gene,
keratinocytes resting on a normal mature basement membrane did not express the
reporter gene in transgenic mice or contain the MMP-9 protein, as determined by
immunohistochemical staining. Following complete healing and reepithelialization of the
skin wound at day 7, expression of the reporter gene ceased, essentially as has been
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shown for the endogenous gene (Salo et al. 1994b). As verified with osteoclast specific
expression of the promoter/lacZ reporter gene constructs in transgenic mice, the MMP-9
gene expression in the migrating keratinocytes requires the region between -2722 and -
7745. Constructs containing this segment yielded strong expression in migrating
keratinocytes of a healing wound. Therefore, cis-regulatory element(s) for this expression
pattern must also be present in the same sequence. The results also demonstrated that the
first intron does not contain an enhancer, as it does in several extracellular matrix genes
(Rossi & de Crombrugghe 1987, Metsdranta et al. 1995). However, this intron may be
important for restricting ectopic expression, as the 7700-lacZ construct yielded ectopic
expression in epithelial hair follicle cells of the developing embryo, while mice
expressing construct 7700ExIn-lacZ only exhibited expression in cells normally
expressing MMP-9.

When MMP-9/TIMP-1 expressing mice where examined under normal unchallenging
circumstances, such as when kept alone in a cage, the transgenic mice did not develop
any detectable defects in their skin. In sifu hybridization did not reveal any expression of
the transgene in normally developed skin. However, upon skin damage the wound
healing of the transgenic mice was retarded. Thus, when living two or more together in a
cage, most transgenic mice gradually started to exhibit visible skin alterations in the form
of crust, poorly healing wounds and ragged ears. This was presumably provocated by
internal “fighting” of the animals, especially by more aggressive males. Histological
analysis of the skin revealed poorly healing wounds and expression of TIMP-1 in
epithelial cells. The keratinocytes that migrate over the wound during healing and that
normally express MMP-9 were affected by the TIMP-1 overexpression.

These results as combined with previous studies have demonstrated a central role for
keratinocyte-derived MMP-9 in the remodeling of extracellular matrix during wound
healing (Salo et al. 1994a, Madlener et al. 1998, Agren 1999). When applying GM6001,
a synthetic broad-spectrum inhibitor of MMPs, topically to human wounds, it has been
found to prevent epidermal regeneration (Agren et al. 2001), leading to delayed wound
healing. The epidermic cell proliferation was not affected by a broad MMP inhibitor,
GMO6001. In this study, observation of the epithelium proximal to the wounded site
revealed multiple layers of epithelial cells, while the migratory tip of the epithelium did
not move actively towards the wound bed. It appeared that the cells were cabable of
proliferating, but not moving properly. However, overexpression of TIMP-1 did not
totally prevent the migration of keratinocytes and wound healing. A reasonable
explanation is that in addition to MMP-9, inhibition of other MMPs secreted in acute
mouse wound tissue during the healing process, MMP-2, -3, -10 and -13 (Madlener
1998), also contributed to the decreased cellular migration. In human keratinocytes, the
activity of MMP-1 (corresponding to mouse MMP-13) is necessary for migration in vitro
(Pilcher et al. 1997). Furthermore, when collagenase-resistant mutant mice were studied
during a 70 d period of wound healing, they had more than a one week delay in early
wound healing due to the inability of MMP-13 to degrade collagen I (Beare et al. 2003).
The role of the recently discovered mouse MMP-1 (Balbin et al. 2001) in keratinocyte
migration is not yet known. Neither is any in vivo data available supporting the in vitro
model published by Mikeld and colleagues (1999) for the participation of MMP-2 in
keratinocyte migration. TIMP-1 is normally not found in the microenvironment of the
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migrating keratinocytes during wound healing but it is more abundant at the border
between proliferative keratinocytes and underlying granulation tissue (Madlener 1998).

A previous study by Mignatti and Rifkin (1996) suggested that two types of
proteolytic systems, MMPs and plasminogen/plasmin primarily control the extracellular
proteolysis used for keratinocyte migration during wound healing. Lund with colleagues
(1999) have found that mouse wound healing is retarded, but not prevented by a broad
MMP inhibitor, GM6001. When the same inhibitor was used on transgenic mice with a
deficiency for plasminogen, wound healing was totally blocked and keratinocyte
coverage prevented during a 100-day follow up period. Clearly these two groups of
enzymes are the crucial proteinases in wound healing.

Conflicting results were obtained from MMP-9 null mice with corneal wounds
(Mohan et al. 2002). The mice showed increased epithelial cellular proliferation in the
wounds and accelerated healing. One reason for these conflicting results may be the
wound model chosen.

The results of the in situ gelatin zymography demonstrated the presence of intense
gelatinolytic activity in migrating keratinocytes at the wound edge in wild type animals.
This confirmed the results obtained from in situ hybridization of wound tissues. The
gelatin in situ zymography in combination with the MMP-2 and MMP-9 -specific
synthetic inhibitor (CTT-peptide) on samples from mice overexpressing TIMP-1 showed
a total blockage of gelatinolytic activity. As MMP-2 has also been proposed to be
involved in keratinocyte-related proteolysis (Mékela et al. 1999), but no gelatinolytic
activity could be detected in the wounds of mice overexpressing TIMP-1, this shows that
MMP-2 did not compensate for MMP-9 activity. The gelatinolytic activity was not
compensated by any other proteinases either, but as the wounds were finally able to close,
it can be concluded again, that other MMPs also participate the non-gelatinolytic
degradation required for the migration of the keratinocytes.

6.3 The in vivo expression of mMMP-2/lacZ during embryogenesis

and analysis of the 5’-sequence of hMMP-2

The studies with MMP-9 promoter constructs supported the strategy of starting with
longer constructs to mimic the endogenous expression, therefore the length of the hAMMP-
2 5’-flanking region for the transgene construct was 6500 basepairs. The well-studied
human B-globin regulatory region has been shown to contain an enhancer as much as
30000 base pairs downstream from the last exon (Bulger & Groudine 1999), indicating
that regulatory elements can be located far away from the coding region, or even within
the gene.

The expression of the reporter gene was observed in stromal cells of loose
mesenchyme surrounding epithelial cells of early developing breast and teeth. The lacZ
expression mimicked completely the developmental expression pattern of the endogenous
mouse gene as previously described (Reponen et al. 1992, Sahlberg et al. 1999).
Therefore, the results strongly suggest that most, if not all the necessary cis-acting
elements are located in the 6500 base pair upstream fragment of the human MMP-2 gene.
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Vertebrate embryonic tooth development including the earliest stages of these
ectodermal appendages is morphologically and molecularly very similar to such
processes as hair and gland development. Most of the paracrine signal molecules
regulating tooth morphogenesis, especially the interaction between the ectoderm and
mesenchyme, belong to the conserved families of transforming growth factor  (TGF-p),
fibroblast growth factor (FGF), Hedgehog and Wnt (Thesleff 2003). As the results from
the hMMP-2/lacZ mice also evidenced, the role of MMP-2 is central in tooth
morphogenesis and one can expect that its transcriptional regulation will also be linked to
these families. The elements in the regulatory region of human MMP-2 for tooth
morphogenesis undoubtedly form a complicated cascade and their analysis will require
careful sequential in vivo analysis.

The sequence analysis of the 6500 base pair upstream region of the human MMP-2
and its comparison with corresponding regions revealed several conserved consensus
sequences for known transcription factors. Additionally, there were three upstream
regions with high homologies between human, mouse and rat sequences. Two previously
described conserved AP-2 and Sp-1 sites were located in the proximal promoter, whereas
a second AP-2 site and a p53-binding site were found further upstream (positions —1685
and —1649, respectively) in a conserved region, inside the third homologous region.
When the entire 6500 base pair region was analysed by computer, several more distal
possible binding sites were recognized, but their function in vivo will need to be tested in
future regulatory studies with new constructs. Thus, we found at least two possible NF-
kB binding segments, both situated in the areas of high homology between human,
mouse, and rat. Interestingly, the osteopontin-stimulated nuclear factor (NF)-kB has been
found to mediate induction of MTI-MMP that activates pro-MMP-2 in a murine
melanoma cell line (Philip et al. 2001). However, recently Vayalil and his colleagues
found, that when the NF-xB pathway was prevented in human prostate carcinoma DU145
cells, the expression of MMP-2 and MMP-9 was concomitantly inhibited. In addition to
the consensus sequences found in this study, it is very likely that some other, yet
unidentified sequences and trans-acting factors are involved in tissue specific regulation
of the gene. The two distal upstream regions homologous between human, mouse and rat
are good candidates for being areas containing such regulatory elements. Those regions
would be also the prime sequences to use in constructs for generating transgenic mice
with varying size upstream regions and the proximal promoter fused to a reporter gene.



7 Conclusions

Matrix metalloproteinases are a group of enzymes capable of degrading proteins of the
extracellular matrix. However, only a very limited amount of information is available
regarding the in vivo regulation of their cell lineage-specific expression. This study
focused on two members of this group, the 72 kDa and 92 kDa type IV collagenases,
MMP-2 and MMP-9, and on one of the tissue specific inhibitors of MMPs, TIMP-1. The
regulation of MMP-2 and MMP-9 was studied in transgenic mice.

Constructs containing varying lengths of the upstream region of MMP-9 promoting a
lacZ reporter gene were used to identify cell-and tissue specific regulatory elements. The
expression of the gene constructs was studied in transgenic mice generated by pronuclear
microinjections into fertilised mouse oocytes. When the transgenic mice where analysed
during embryonic development and wound healing, it was found, that the sequences
between -2722 and -7745 upstream from the transcription start site where responsible for
the expression of the reporter gene in osteoclasts and migrating keratinocytes.
Furthermore, the results of this study together with previous studies confirmed that
MMP-9 is also expressed by those cells in vivo. This study represents a first step in the
identification of the detailed mechanisms driving the cell specific expression of MMP-9.
The ongoing work will focus on narrowing down the region and finally identifying the
actual nucleotide sequences responsible for these activities.

When human TIMP-1 was expressed instead of /acZ under the 5’-flanking region of
MMP-9 in transgenic mice, the animals were found to be viable and fertile with normal
growth and general development. The expression of hTIMP-1 was induced during wound
healing in migrating keratinocytes, in a pattern similar to that of lacZ, and the healing of
cutaneous punch wounds was remarkably retarded with slow migration of keratinocytes
at the wound edges of the transgenic mice. Total blockage of gelatinolytic activity was
revealed when in situ zymography was carried out on wound tissues. When a MMP-9
specific synthetic inhibitor, CTT-peptide, was used on the control wound tissue for
studying the gelatinolytic activity, MMP-9 was found to be the major gelatinase active
during wound healing, and MMP-2 could not compensate for this activity. This study
confirmed the important role of MMP-9 and other MMPs that are derived from
keratinocytes during wound healing and inhibited by TIMP-1. Although the development
of MMP-9/TIMP-1 transgenic mice was not affected, they can be useful tools in future
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studies revealing the role of MMP-9 in challenging situations, such as with osteoclasts
during bone fracture recovery and with macrophages during growth of exogenous
tumours.

In the study using human MMP-2 promoter//acZ-mice, it was found that a 6500 base
pair fragment upstream from the 5’-flanking region of the transcription start site was
sufficient for expression equivalent to that of endogenous MMP-2. Active 3-galactosidase
was detected in the mesenchymal cells of the transgenic mice during embryogenesis
following the different stages of tissue morphogenesis especially in the areas of basement
membrane degradation and epithelial cell invasion. Analysis of the sequence that was
included in the transgene construct revealed three homologous regions between human,
mouse, and rat. Two of the regions were located distal to the transcription start site,
whereas one, shorter area was proximal and contained previously characterised cis-acting
factors. In the more distal homologous regions, two possible NF-kB —, two AP-1-binding
sites, and one CREB-motif were detected. The homologous regions will be good
candidates to include in future transgenic mouse studies with constructs of varying
lengths. The study with these MMP-2/lacZ-mice represents the first step toward defining
elements necessary for mesenchymal expression.
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