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ABSTRACT
Re-epithelialization is a pivotal process in normal skin repair. Studies from
knockout mice demonstrate that an intact plasminogen activator system is an essential
requirement for this process and thus for wound healing. In this study, transgenic mice
were generated overexpressing urokinase plasminogen activator (uPA) to assess the
effect on cutaneous wound healing. Constitutive epidermal overexpression resulted in
embryonic toxicity. However, mice generated with uPA under the inducible control of
the Cre/LoxP system or K6 promoter (K6-uPAtg) facilitated effective uPA induction.
Importantly, analysis of K6-uPAtg mice demonstrated a marked induction of functional
uPA upon cutaneous wounding. Subsequent wounding analyses, however, showed no
gross differences from wild-type wounds, suggesting that complex regulation of uPA
occurs within cutaneous wounds.

A key consequence of cutaneous wounding is the developm ent of tissue
hypoxia, a potent stimulus for increased keratinocyte m igration and hence reepithelialization. As the m echanisms responsible for this rem ain unclear, the
relationship between hypoxia, plasminogen activation and in vitro wound healing was
assessed. Exposure of kératinocytes to hypoxia resulted in upregulation of uPA and
uPAR mRNA and an increase in functional uPA. Addition of a serine protease inhibitor
or selective uPA inhibitors, significantly reduced keratinocyte motility in hypoxic
cultures and abrogated the hypoxic enhancement of in vitro wound closure. These data
indicate a central role for uPA in hypoxic keratinocyte m igration and suggest a
mechanism for enhanced re-epithelialization of wounds under low oxygen tensions.

An important inhibitor of uPA, PAI-1, is also im plicated in wound-related
cellular migration. The effect of hypoxia on keratinocyte PAI-1 expression was
therefore evaluated. Exposure to hypoxia resulted in upregulation of PAI-1 mRNA and
protein. Antibody-mediated neutralisation of VEGF partially inhibited this hypoxic
induction, suggesting that VEGF stimulates PAI-1 in hypoxic kératinocytes. The
subsequent detection of VEGF receptor mRNA in kératinocytes indicated a potential
signalling pathway for this VEGF-mediated stimulation.
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CHAPTER 1

IN T R O D U C T IO N

11

1.1

THE SKIN

As the largest organ in the human body, skin performs numerous vital functions,
the most important of which is its protective role. Indeed, as the external barrier, skin is
constantly traumatised and has therefore developed a sophisticated way of restoring and
maintaining cutaneous integrity. Although this specialised wound-activated response is
reliant on the actions of a variety of infiltrating cell types, cells permanent to the skin
also play a pivotal role, and are crucial to the process of skin repair and regeneration.

1.1.1

Skin structure and composition
The skin is composed of two distinct yet interacting cell layers, the epidermis

and the dermis, situated above a varying depth of subcutaneous fat. The structure and
composition of the skin is reasonably uniform, however variation with body site is
observed, suggesting an innate evolutionary ability to adapt to environmental forces.

1.1.1.1

The epidermis
The epidermis is a highly keratinised stratified squamous epithelial layer

predominantly populated by kératinocytes. Inter-dispersed amongst this keratinocyte
population are small numbers of antigen-presenting Langerhans cells, melanocytes,
neuronal cells and, in certain species, dendritic epidermal T cells (DETC). The
epidermis is a dynamic tissue, constantly renewed in a homeostatic balance between
cellular proliferation and cell loss, and is highly responsive to external stimuli and
mechanical damage. In healthy epidermis, kératinocytes differentiate from the basal
layer (stratum basale) through the spinous (stratum spinosum), granular (stratum
granulosum) and comified (stratum comeum) layers (figure l.I) , prior to desquamation
at the skin surface. This process of terminal differentiation takes approximately 4 weeks
(Haake et al, 2001), and is characterised by modification of both morphological and
biochemical properties.

Kératinocytes of the basal layer, or stratum basale, are attached to a carpet of
specialised matrix known as basement membrane. Association of basal kératinocytes
with the basement membrane is critical to epidermal structural integrity and involves
keratinocyte attachment to hemidesmosomes. These multiprotein complexes facilitate
linkage of the keratinocyte cytoskeleton with laminin components of the basement

12

m embrane via bullous pem phigoid antigens 1 and 2, plectin and a6(34 integrin, the latter
o f w hich is su ggested to be a route o f signalling pathw ays that determ ine cell phenotype
(Borradori and S on n en b erg, 1999). The im p ortan ce o f in teraction s b etw een basal
kératinocytes and the basem ent membrane has been dem onstrated in transgenic m odels
in w hich altered exp ression o f various h em id esm osom e com p on en ts results in several
cutaneous blistering disorders (van der N eut et al, 1996; G eorges-L ab ou esse et al, 1996;
A n d râ et al, 1997).

Stratum corneum

Stratum granulosum

Stratum sp in osu m
Stratum basale

0

0 0

Keratinocyte

M elanocyte

Langerhans
cell

B asem ent
membrane
Figure 1.1 S c hem atic representation of epidermal layers of the skin (a da p te d from Brocard et
a/, 1997)

T he stratum basale is one o f the putative location s o f keratinocyte stem ce lls
(H aake e t al, 2 0 0 1 ). A lthough not all kératinocytes in the basal layer have the potential
to d iv id e, stem ce ll m itotic d iv isio n co n stitu tes the in itial step in the transit o f
kératinocytes from the basal layer to suprabasal layers, a process that is characterised by
altered keratin exp ression . Keratins are a large group o f interm ediate filam ent proteins,
sp e c ific a lly ex p ressed in ep ith elia, that contribute sig n ific a n tly to the structure and
function o f the epithelial cytoskeleton (review ed in Steinert and R oop, 1988 and Fuchs
and W eber, 1994). M utations in keratin proteins, as ob served in patients with d iseases
such as ep id e rm o ly sis b u llosa sim p lex and ep id erm o ly tic h yp erk eratosis, results in
disruption o f intracellular scaffold in g, and subsequent p ath ologic ch an ges, such as skin
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fragility and blister formation (Coulombe et al, 1991; Ishida-Yamamoto et al, 1992).
Keratin proteins are classified as either acidic (type I) or basic (type II), and are usually
co-expressed in defined pairs. Modified keratin expression is one of the earliest markers
of terminal differentiation, with basal undifferentiated kératinocytes expressing keratins
5, 14 (Nelson and Sun, 1983) and low amounts of keratin 15 (Lloyd et al, 1995); and
suprabasal cells, of the spinous and granular layers, typically expressing keratins 1 and
10 (Fuchs and Green, 1980), and at a later stage of differentiation keratin 2e (Collin et
al, 1992). Furthermore, in pathological conditions characterised by hyperproliferation,
such as psoriasis and epidermal malignancies, as well as in cutaneous wound healing,
the normal process of terminal differentiation is disrupted and this is characterised by
altered keratin expression, predominantly of keratins 6, 16 and 17 (Weiss et al, 1984;
Mansbridge and Knapp, 1987; Stoler et al, 1988; Paladini et al, 1996).

As the cuboidal basal kératinocytes progress into the stratum spinosum, they
lose their association with the basement membrane and develop prominent cell-to-cell
attachments. Further progress into the granular layer is characterised by expression of
precursors of the com ified envelope, such as filaggrin, involucrin and loricrin, and
subsequent accumulation of dense keratohyaline granules (Rice and Green, 1979;
Lynley and Dale, 1983; Steven et al, 1990; Magnaldo et al, 1992). The final stage of
differentiation occurs after dissolution of the nuclei and organelles and results in
formation of com ified envelopes that are organised into the metabolically quiescent
stratum comeum.

1.1.1.2 The dermis
The dermis consists of a complex connective tissue matrix that makes up about
90% of the skin's thickness. Although primarily comprised of collagen (-70% ), which
imparts strength and toughness to the dermis, the matrix also contains a network of
loosely arranged elastin fibres that provide elasticity to the skin. These fibrillary
components are anchored to a semi-solid layer of glycosaminoglycan ground substance,
consisting of various polysaccharide-protein macromolecules such as heparan sulphate,
chondroitin-4-sulphate and hyaluronic acid (Stadelmann et al, 1998a). The dense matrix
of collagen and elastin provides support for many components of the dermis, including
lymph vessels, nerves, muscle cells, sweat and sebaceous glands, and hair follicles. In
addition, the dermis also provides important structural support for the cutaneous
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vasculature, comprised of two main horizontal layers with vertical connections that
terminate in a fine network of capillaries just beneath the epidermis. These blood
vessels play a critical role in the maintenance of skin integrity by supplying important
nutrients and oxygen to resident dermal and epidermal cells.

The dermis is populated by many cell types, including fibroblasts, macrophages,
mast cells, basophils and dermal dendritic cells (DDCs). Dermal tissue is dynamic and
shares an intimate relationship, at both the structural and biochemical level, with the
overlying epidermis. As the predominant cell type within the dermis, the principal
function of the dermal fibroblast is the synthesis of the collagenous and noncollagenous proteins that constitute the connective tissue matrix and ground substance.
Fibroblasts have also been shown to enjoy a direct regulatory relationship with
epidermal kératinocytes (reviewed in Werner and Smola, 2001) although this paracrine
regulation is more relevant to patho-physiological processes which require cellular
activation and proliferation, such as cutaneous wound healing and psoriasis. Other cell
types present in the dermis include macrophages, derived from circulating monocytes,
which are involved in both immune and inflammatory responses; mast cells, involved in
the release of inflammatory mediators, a process triggered by other inflammatory
stimuli such as neuropeptides and complement components (Marshall and Bienenstock,
1994) and DDCs, which may provide a similar antigen-presenting function to their
epidermal counterparts, Langerhans cells.
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1.2

CUTANEOUS WOUND HEALING

The disruption of normal cutaneous structure and function by wounding,
initiates a number of co-ordinated regulatory mechanisms and pathways that ultimately
result in restoration of cutaneous integrity. These complex wound-related responses are
reliant on cells of varying lineage acting in concert to regulate proliferation, migration,
matrix reconstruction and wound closure. The function of these cells is therefore pivotal
to successful wound repair. The wound healing response was historically defined as
consisting of three classic phases - inflammation, fibroplasia, and maturation (Howes et
al, referenced in Stadelmann et al, 1998a). In recent years, however, this scheme has
been broadened to include several overlapping and interactive phases, involving fibrin
clot formation, recruitment of inflammatory cells, wound re-epithelialization and matrix
degradation, developm ent of granulation tissue, re-vascularisation, and scar-tissue
formation.

1.2.1

Formation of the fibrin clot
Skin injuries usually result in the disruption of vasculature and extravasation of

blood constituents. Subsequent formation of a fibrin-rich clot, by blood coagulation and
platelet aggregation, initially serves to restore haem ostasis, tem porarily protects
denuded tissues, and provides a provisional matrix to facilitate cell migration during the
early wound healing process (Martin, 1997). The clot itself consists of a mass of
aggregated blood platelets embedded within a network of cross-linked fibrin fibres,
derived by thrombin cleavage of fibrinogen, as well as smaller amounts of plasma
fibronectin, vitronectin, thrombospondin and tenascin. W ound-induced fibrin clots act
as reservoirs for growth factors and cytokines released by degranulating platelets, for
example, platelet-derived growth factor (PDGF) and transforming growth factor (3
(TGF-P) both of which attract and activate fibroblasts and macrophages (table 1.1 and
figure 1.2). In the absence of haemorrhage, platelets are not required, and the wound
healing response is driven by chemoattractants and vasoactive mediators provided by
the activated complement pathway and damaged or activated native skin cells (Clark,
1996a). This early expression/release of potent soluble mediators in response to
cutaneous wounding, subsequently acts to regulate chemotaxis, migration, proliferation
and differentiation of various cell types involved in the ensuing wound response.
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1.2.2 Wound inflammation
Following cutaneous tissue damage a period of pronounced vasodilation and
increased capillary permeability is observed, accompanied by an influx of a variety of
inflammatory cell populations. Cellular infiltration is an orderly sequential process in
which initially large numbers of polymorphonuclear cells (PMNs) are attracted to the
wound site. Shortly after this initial neutrophil accumulation, monocytes, and later
lymphocytes, are recruited. The potential biochem ical mediators of inflammatory
recruitment are diverse and can include certain platelet degranulation-derived growth
factors and cytokines, complement cascade products, C3a and C5a; formyl methionyl
peptides cleaved from bacterial proteins and various products of fibrin degradation
(reviewed in Clark, 1996a). Furthermore, activated cells native to the skin, such as
kératinocytes, as well as members of the inflam m atory infiltrate, are capable of
expressing specific chemotactic factors, or chem okines, that facilitate leukocyte
recruitment.

W ound-induced expression of chemokines follows an orderly pathway that
directly correlates with the sequential recruitment of inflammatory cells. For example,
interleukin-8 (IL-8) and growth related oncogene-a (gro-a), which selectively recruit
neutrophils and possibly lymphocytes (Baggiolini et al, 1994; D evalaraja and
Richmond, 1999), are highly expressed for the initial 24 hours post wounding, a period
during which neutrophils are the predominant infiltrating cell type, yet rapidly decline
by day 4 in line with a reduction in neutrophil accumulation. M oreover, increased
expression of monocyte chemoattractant protein-1 (MCP-1) also peaks at 24 hours, yet
the decline is more gradual facilitating MCP-1 mediated recruitment of monocytes and
later lymphocytes (Engelhardt et al, 1998). The various chemokines released by woundactivated cells play an important role in inflammatory recruitment, as in addition to
providing a chemotactic gradient to guide infiltrating leukocytes to the wound area, they
are responsible for activation of tethered leukocytes prior to extravasation from blood
capillaries. Recent transgenic studies have begun to demonstrate exactly how important
these chemokine functions really are, as reduced neutrophil recruitment and severely
impaired wound closure was recently observed in knockout mice lacking the IL-8 and
gro-a receptor, CXCR2 (Devalaraja et al, 2000).
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GROWTH FACTORS IN WOUND HEALING
Growth Factor

Source

Target Cells and Effects

EGF

platelets

keratinocyte m otogen and m itogen

T G F -a

m acrophages; kératinocytes

keratinocyte m otogen and m itogen

H B -F G F

m acrophages

keratinocyte m otogen and m itogen

FGF-1

m acrophages; endothelial cells

an gio g en esis and fibroblast m itogen

FG F-2

m acrophages; endothelial cells

an gio g en esis and fibroblast m itogen

KGF

dermal fibroblasts

keratinocyte m otogen and m itogen

T G F -(3 (I /2 )

platelets; m acrophages

k eratin ocyte m otogen ; ch em otactic

1

for m a c ro p h a g e s and fib rob lasts;
fibroblast matrix synthesis
TG F-P3

m acrophages

a n tiscan in g

PDGF

platelets; m acrophages;

ch e m o ta c tic for m acrop h ages and

kératinocytes

fib rob lasts; m acrophage activation;
fib r o b la st

m ito g e n

and

m atrix

syn th esis
VFGF

kératinocytes; m acrophages

an gio g en esis

T N F -a

neutrophils

pleiotropic grow th factor expression

I L -la & -P

neutrophils

pleiotropic grow th factor expression

IGF-1

plasm a; p latelets; fibroblasts;

e n d o th e lia l

kératinocytes

m itogen

fibroblasts; kératinocytes

fibroblast activation/regulation

A ctivin

c e ll

and

fib r o b la st

Table 1.1 T h e major growth factors and cytokines involved in c u ta n e o u s tissue repair (adapted
from Martin, 1997 and Singer and Clark, 1999)

In flam m atory c e ll recruitm ent also d ep en d s on m o d ific a tio n o f adhesion
m o lecu le exp ression by m icrovascular endothelial c e lls present in capillaries lining the
w ou n d site. U pregulation o f m em bers o f the selectin fa m ily o f adhesion m o lecu les
fa c ilita te s w eak b in d in g o f sp e c ific c o n stitu tiv e ly e x p r e sse d co u n ter-lig a n d s on
neutrophils, m on ocytes and at later stages o f the w ound h ealin g p rocess, lym phocytes.
T eth ered leu k o cy tes are then activated by ch em o k in es, and stronger ad hesion s are
fa c ilita ted by interaction o f P 2 integrin s, such as ly m p h o c y te fu n ctio n -a sso cia ted
a n tig e n -1 (L F A -1) with intracellular adhesion m o le c u le -1 (IC A M -1) (Springer, 1994).
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This cell arrest allows inflammatory leukocytes to position them selves between
endothelial cells and cross the endothelial basement membrane to emerge in the wound
area, prior to migration along the chemotactic gradient. The importance of these
adhesion molecules in the wound healing response has recently been demonstrated in
studies showing reduced inflammatory cell recruitment and impaired wound healing in
P-selectin/E-selectin (Subramaniam et al, 1997), and IC A M -l/L -selectin double
knockout mice (Nagaoka et al, 2000).

The primary function of wound-induced inflamm atory cells is clearance of
bacteria and assistance in removal of devitalised tissue fragments and debris. Activated
neutrophils release oxygen free-radicals and lysosomal enzymes, such as collagenases
and elastases which help fight infection and clean the wound (reviewed in Clark,
1996a). In addition, neutrophils have been shown to be a primary source of proinflammatory cytokines, such as interleukin-la and p (IL -la and |3) and tumour
necrosis factor-a (TNF-a), that potentially act as primary signals for local keratinocyte
and fibroblast activation (Feiken et al, 1995; Hubner et al, 1996). In normal wounds,
neutrophil accumulation will cease after approximately 4 days at which point the
predominant cell type in the leukocyte population is the macrophage (Engelhardt et al,
1998).

W ound-induced infiltrating macrophages are derived from circulating blood
monocytes and promote wound repair by migrating through fibrin-rich provisional
matrix clearing apoptosed neutrophils by phagocytosis. This neutrophil apoptosis is
either spontaneous or influenced by monocyte secretory products. However, a recent
study demonstrates that macrophages are capable of inducing PMN apoptosis directly,
via cell-to-cell contact and constitutive macrophage expression of P3 integrin subunits,
CD36, and membrane bound T N F-a (M eszaros et al, 2000). Moreover, neutrophil
clearance may provide a mechanism allowing regulation of the inflammatory phase of
wound healing, as ingestion of apoptotic PMNs triggers macrophage production of anti
inflammatory mediators, such as TGF-P and platelet-activating factor (PAF) (Fadok et
al, 1998). As well as clearing neutrophil derived debris from the wound area, infiltrating
macrophages release numerous growth factors and cytokines (table 1.1 and figure 1.2)
that maintain and modify the wound repair signals initiated by degranulating platelets
and infiltrating neutrophils.
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blood vessel
macrophage

Dermis

FGF-2

PDGF
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TGF-P1
TGF-P2
TGF-P3
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fibroblast
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Figure 1.2
Schematic representation of a cutaneous wound three days after injury.
Abbreviations: TGF-p1, TGF-p2 and TGF-(33 denote transforming growth factor-p1, -^2, and P3, respectively; TGF-<x = transforming growth factor-<x; FGF = fibroblast growth factor, VEGF =
vascular endothelial growth factor; PDGF = platelet-derived growth factor; IGF = insulin-like
growth factor; KGF = keratinocyte growth factor (adapted from Singer and Clark, 1999).

1.2.3 Wound re-epithelialization
As in the dermis, cutaneous wounding is characterised by a dramatic sequence
of cellular alterations in the epidermis that result in the transformation of stationary
kératinocytes to motile cells. This transformation subsequently facilitates the migration
of kératinocytes from the wound edges to a point where denuded tissues are resurfaced
with neoepidermis, a process termed re-epithelialization. Candidate initiators and
mediators of the epidermal cell proliferation and migration required for reepithelialization include wound-induced release of cytokines and growth factors from
platelets, leukocytes, and native skin cells; as well as the loss of contact inhibition
caused by tissue damage. Early keratinocyte responses to this wound-induced activation
include secretion of growth factors and cytokines, altered or modified keratin and
integrin expression, and regulation of proteolytic enzymes, such as plasminogen
activators and matrix metalloproteinases (MMPs). Co-ordination of these diverse
responses is critical to re-epithelialization, and thus to wound healing overall.
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1.2.3.1

Keratin reorganisation
Wound re-epithelialization is associated with several keratinocyte morphological

changes that include retraction of tonofilam ents, dissolution of intercellular
desmosomes, and formation of peripheral cytoplasmic actin filaments (Falabella and
Falanga, 2001). These morphological changes ultimately aim to facilitate modification
of sessile cells to motile cells and are accompanied by, and most likely related to,
altered keratin expression. Cutaneous wounding has been demonstrated to be a stimulus
for both increased and decreased expression of keratins (Mansbridge and Knapp, 1987;
Paladini et al, 1996; W erner and Munz, 2000), although the specific responses are
generally dependent on the epidermal position and differentiation status of the
kératinocytes.

One of the most striking responses to cutaneous tissue damage is the rapid
upregulation of keratins 6, 16 and 17. Although normally undetectable in interfollicular
epidermis, all are rapidly induced post-wounding, as keratin 6 (K6) and keratin 16
(K16) are detectable in injured epidermis after 6 hours, and K17 after 12 hours (Paladini
et al, 1996). The subsequent early accum ulation of K6 and K16 in activated
kératinocytes correlates directly with a general reorganisation of keratin filaments from
a pan-cytoplasmic conformation to one in which keratin filaments are retracted into
juxtanuclear aggregates, a process that is suggested to prepare kératinocytes for a
migratory lifestyle. Moreover, forced expression of K16 has revealed that this filament
retraction is mediated by K16 alone (Paladini et al, 1996). Interestingly, despite this
potential role for K16 in preparing kératinocytes for migration, kératinocytes cultured
from mice overexpressing K16 showed a reduction in in vitro migration (Wawersik and
Coulombe, 2000). Although it is highly likely that altered keratin expression and
subsequent reorganisation of the cytoskeleton is involved in priming kératinocytes for
migration, the importance of keratins in maintaining normal epidermal integrity can
impede conventional transgenic analyses, and thus, to date the exact relationship
between keratins and wound-activated keratinocyte migration remains to be defined.

1.2.3.2 Integrin modification
Following cutaneous wounding, basal kératinocytes proximal to damaged
tissues dissolve hemidesmosomal attachments to the basement membrane and modify
expression of integrins to facilitate migration across the provisional clot matrix.
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Integrins are a family of heterodimeric cell membrane receptors, each consisting of two
transmembrane glycoprotein subunits (a and P subunit), that mediate cell-to-cell and
cell-matrix adhesions. Integrin mediated attachments have been implicated in regulation
of cell differentiation, proliferation and migration (Hynes, 1992), and these functions
are modulated significantly by extracellular matrix (ECM) derived signalling pathways
(Damsky and Werb, 1992).

In normal skin and stratified keratinocyte cultures, integrin expression is
normally restricted to the basal layer, facilitating attachment of kératinocytes to the
basement membrane and adjacent cells (Peltonen e t al, 1989; De Luca et al, 1990;
Larjava e t al, 1990; Marchisio e t al, 1991). Upon tissue disruption, and subsequent
exposure to matrix proteins, migrating kératinocytes alter their integrin expression to
include receptors specific for components of the provisional matrix; for example,
human wounding studies have demonstrated increased keratinocyte expression of the
a5 p l fibronectin receptor, the avP6 fibronectin/tenascin receptor, and the avP5
vitronectin receptor, at different stages of re-epithelialization (Cavani e t al, 1993; Clark
e t al, 1996b; Haapasalmi e t al, 1996). Moreover, in wounded epidermis, constitutively

expressed a 2pl integrin is redistributed and polarized at the frontobasal end of
migrating kératinocytes (Guo e t al, 1991). W ound-induced modification of integrin
expression seems to vary depending on type of wound (incisional, excisional or suction
blister) (Hertle e t al, 1992; Cavani e t al, 1993; Haapasalmi e t al, 1996; Clark e t al,
1996b), and source of tissue (upper arm, buttock or foreskin transplants on severe
combined immunodeficient (SCID) mice) (Cavani e t al, 1993; Juhasz e t al, 1993; Clark
e t al, 1996b), suggesting that keratinocyte integrin-related responses are specific to a

particular wound environment. Interestingly, during wound healing, altered integrin
expression is observed in both basal and suprabasal kératinocytes and clearly extends
more than ten cells back from the leading edge (Hertle e t al, 1992); an observation that
lends weight to the “leap-frog hypothesis” of re-epithelialization, established in
keratinocyte organotypic cultures, wherein suprabasal kératinocytes roll over adjacent
cells to reach the wound area (Garlick and Taichman, 1994).

There is now much evidence suggesting a direct role for integrins in
keratinocyte migration. In vitro studies have indicated that several wound-induced and
constitutive integrins (a 5 p l, avp5, avp6 , and a 2 p l) play a functional role in
keratinocyte migration on their respective matrix components (Kim e t al, 1992 and
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1994; Huang et al, 1998 and 2000). Furthermore, although analysis of excisional
wounds in |35 integrin knockout mice showed normal wound closure, P5 deficient
kératinocytes showed impaired migration in culture (Huang et al, 2000), suggesting that
a high level of biochemical redundancy exists in vivo. Interestingly, recent data has
suggested a novel mechanism for integrin regulation of keratinocyte migration
involving a direct relationship between integrin receptors and the activity of MMPs
(Pilcher et al, 1997; Thomas et al, 2001).

1.2.3.3 Protease expression
Activated kératinocytes involved in re-epithelialization of cutaneous wounds
express numerous pro teases, including MMPs and plasminogen activators (reviewed in
Mignatti et al, 1996 and Parks, 1999). The primary function of these proteases is to
regulate dissolution of matrix components facilitating migration of kératinocytes, and
other cell types, through the wound site. Although MMPs and plasminogen activators
have distinct substrate specificity, there is significant functional overlap between the
MMP and plasminogen activator systems (Lund et al, 1999), and much data suggests
that the co-ordinated action of these proteases is crucial to normal wound reepithelialization.

1.2.3.3.1

Plasminogen activators

The prim ary plasminogen activator expressed by kératinocytes during reepithelialization is urokinase plasminogen activator (uPA). Upon cutaneous wounding,
expression of uPA, and its specific receptor uPAR, is upregulated in leading edge
kératinocytes (Grondahl-Hansen et al, 1988), thus facilitating the proteolytic conversion
of ubiquitous plasminogen to the broad range protease plasmin, which in turn degrades
components of the ECM (Mignatti et al, 1996). This localised ECM degradation
subsequently facilitates keratinocyte migration across and through the provisional
matrix and is fundamental to re-epithelialization. The specific roles of uPA and uPAderived plasmin in re-epithelialization are discussed in detail in section 1.4.2.2

1.2.3.3 2 MMPs
In addition to uPA, w ound-activated leading-edge kératinocytes express
numerous MMPs, such as MMP-1 (collagenase-1), MMP-9 (gelatinase-B), and MMP10 (stromelysin-2) (Salo et al, 1994; Inoue et al, 1995; M adlener et al, 1996; Okada et
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al, 1997). MMP-3 (stromelysin-1) is also produced upon cutaneous wounding, although
expression is restricted to a distinct hyperproliferative subpopulation of kératinocytes
positioned behind the leading-edge cells (Saarialho-Kere et al, 1994). Although the
specific signals regulating wound-induced keratinocyte expression of MMP-3 and -10
have yet to be defined, expression of MMP-1 is induced, both in vitro and in vivo, by
keratinocyte contact with type I collagen (Saarialho-Kere et al, 1993; Pilcher et al,
1997). Interestingly, addition of antibodies against the a2 integrin subunit blocks
collagen-mediated induction of MMP-1 (Pilcher et al, 1997). Furthermore, blockade of
epidermal growth factor receptor (EGFR) binding and signal transduction functions
inhibits MMP-1 expression in migrating kératinocytes, leading to the hypothesis that
MMP-1 expression is initiated by collagen binding via a 2 p i, but is sustained by
autocrine or paracrine stimulation of the EGFR (Pilcher et al, 1999). Sim ilarly,
expression of MMP-9 in kératinocytes cultured on fibronectin is inhibited by addition of
antibodies against avp6, suggesting that MMP-9 expression is mediated by this integrin
(Thomas et al, 2001). Moreover, since avp6 expression is markedly induced during
cutaneous remodelling and repair (Breuss et al, 1995; Clark et al, 1996b; Haapasalmi et
al, 1996), this may constitute a specialised mechanism whereby MMP-9 is upregulated
in wound-activated kératinocytes (Thomas et al, 2001).

Many studies have identified potential roles for MMPs in keratinocyte motility
in vitro. For example, whereas MMP-1 expression is not required for keratinocyte
migration on gelatin, it is essential for migration on type I collagen (Pilcher et al, 1997).
Moreover, MMP-1 has been shown to co-localise at sites of a 2 p l integrin binding to
collagen, and this complex of protease, integrin and substrate is suggested to drive and
regulate keratinocyte m igration on collagen substrates (Dum in et al, 2 0 0 1 ).
Furthermore, epidermal growth factor (EGF)- and hepatocyte growth factor (HGF)induced migration on type I and type IV collagen is inhibited by MMP-9 neutralising
antibodies, suggesting MMPs may be critical to growth factor-induced keratinocyte
migration (McCawley et al, 1998). In vivo analyses have also indicated a role for MMPs
in keratinocyte motility, as wound closure in wild-type mice treated with the broad
spectrum MMP inhibitor, galardin was significantly impaired, and microscopic analysis
revealed this was due to reduced keratinocyte migration in galardin-treated wounds
(Lund et al, 1999). Although these in vivo data demonstrate that MMP activity is crucial
during wound-induced keratinocyte migration, the shared substrate specificity among
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MMPs results in a significant level of biochemical redundancy and hinders transgenic
or knockout analysis of their individual roles in re-epithelialization.

1.2.3.4 Cytokines and growth factors
Keratinocyte responses to cutaneous tissue damage primarily involve activation
of proliferative and/or migratory pathways. This wound-induced activation is mediated
by a cocktail of cytokines and growth factors released by various activated cell types
functioning in the wound site. Many cytokines and growth factors are involved in the
regulation of re-epithelialization (table 1.1, page 18). Members of the epidermal growth
factor family (EGFs), such as epidermal growth factor (EGF) itself, and transforming
growth factor a (TGF-a), are considered to be key regulators of epidermal proliferation
at the wound edge (Nanney and King Jr, 1996). EGFs are released in abundance upon
tissue damage, and have been shown to stimulate keratinocyte proliferation and
migration in v itro (Barrandon and Green, 1987; Ando and Jensen, 1993; Hashimoto et
al, 1994), via their shared receptor, EGFR. Furthermore, application of EGF and TGF-a

to burn wounds was shown to enhance keratinocyte re-epithelialization in animal
models (Brown e t at, 1986; Schultz e t al, 1987). Interestingly, several reports have
identified a link between EGF family molecules and keratinocyte expression of MMPs
(McCawley et al, 1998; Pilcher et al, 1999), urokinase plasminogen activator (Jensen
and Rodeck, 1993), the a 2 integrin subunit (Chen e t al, 1993) and K6 and K16 (Jiang et
al,

1993), suggesting multiple roles for these growth factors in keratinocyte re-

epithelialization.

Keratinocyte growth factor (KGF or FGF-7), a member of the fibroblast growth
factor family, has also been implicated in the regulation of wound re-epithelialization.
Upon cutaneous wounding, high levels of KGF are released by dermal fibroblasts
(Werner e t al, 1992; Marchese e t al, 1995). However, the receptor for KGF, KGFR, is
expressed predominantly on epithelial cells, suggesting a paracrine mechanism of
keratinocyte activation (reviewed in Werner and Smola, 2001). The role of KGF in
epidermal repair is likely to involve its observed mitogenic and motogenic effects on
kératinocytes both in v itro and in v iv o (reviewed in Werner, 1998), however, data from
KGF knockout mice, demonstrating that KGF is not required for normal wound healing
(Guo e t al, 1996) suggest the presence of growth factor compensatory mechanisms in
vivo . A candidate for this compensation, fibroblast growth factor 10 (FGF-10 or KGF-
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2), is expressed in the dermal compartment of the skin (Beer et al, 1997) and is an
alternative ligand for KGFR (Igarashi et al, 1998). Moreover, FGF-10 has recently been
shown to promote keratinocyte proliferation in vitro (M archese et al, 2001); and
application of FGF-10 enhances re-epithelialization and wound breaking strength in
ischemic and normal animal wounds, respectively (Xia et al, 1999; Jimenez and Rampy,
1999). Interestingly, transgenic mice expressing a dominant-negative mutant of KGFR
showed impaired wound re-epithelialization (W erner et al, 1994), suggesting that
activation of keratinocyte KGFR, by KGF or FGF-10, is a critical stimulus for normal
keratinocyte re-epithelialization.

In addition to members of the epidermal and fibroblast growth factor families,
other growth factors and cytokines can influence keratinocyte expression and thus could
mediate wound re-epithelialization. TGF-(3 is released in abundance in the wound
environment (reviewed in Roberts and Sporn, 1996) and is capable of inducing
keratinocyte expression of MMPs (Han et al, 2001), components of the plasminogen
activation system (Wikner et al, 1990; Keski-Oja and Koli, 1992) and integrin receptors
(Gailit et al, 1994). Moreover, TNF-a, a pleiotropic cytokine present in wounded tissues
(Hubner et al, 1996), also stimulates keratinocyte expression of MMPs (Han et al,
2001) and upregulates plasm inogen activating activity (Bechtel et al, 1 9 9 6 ).
Furtherm ore, novel factors may play im portant roles in re-epithelialization, as
demonstrated recently with leptin, a cytokine implicated in mediating epidermal repair
since it has been demonstrated as mitogenic for kératinocytes in vitro (Stallmeyer et al,
2001) and enhances wound re-epithelialization in leptin deficient ob/ob mice (Frank et
al, 2000).

1.2.3.5 Completion of re-epithelialization
Throughout the process of re-epithelialization, migrating kératinocytes express
basement membrane proteins in an ordered sequence from the wound margins inwards
(Clark, 1996c). Once re-epithelialization is complete and keratinocyte migration has
ceased, the gradual restoration of the basem ent m em brane facilitates the re
establishm ent of a stratified epidermis. This is accom panied by reversion of
kératinocytes to their normal phenotype, i.e. normal integrin and keratin expression
(Hertle et al, 1992; Garlick and Taichman, 1994) and resumption of the differentiation
pathway observed in normal epidermis. The exact ‘stop’ signals involved have yet to be
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defined, but are likely to include stimulation of contact inhibition-specific pathways as
kératinocytes re-establish interactions with components of the basement membrane,
such as laminin, a known inhibitor of keratinocyte migration (Woodley et al, 1988;
O'Toole et al, 1997a), and adjacent cells.

1.2.4 Wound-induced granulation tissue formation
Approximately 3 or 4 days after cutaneous tissue damage, a large number of
fibroblasts, macrophages and endothelial cells migrate into the wound area to facilitate
formation of granulation tissue (Eckes et al, 1996). As the predominant cell type present
in the infiltrating population, fibroblasts primarily function to replace the fibrin-rich clot
matrix with a collagen-rich BCM, an initial step in restoring normal dermal structure.
For the first 2-3 days post-wounding, fibroblast ECM production is limited and
consequently this period was formerly referred to as the “lag” phase. This term has
since been abandoned as it has become clear that there is a vast amount of fibroblast
proliferation, modification and migration prior to collagen synthesis.

Upon cutaneous wounding, fibroblasts, present in dermal regions adjacent to the
wound, are activated by platelet and inflammatory cell derived growth factors and
cytokines, such as PDGF and TGF-p (Heldin and W estermark, 1996; Roberts and
Spom, 1996), as well as by components of the provisional matrix (Gray et al, 1993; Xu
and Clark, 1996). Fibroblasts initially respond to these stimuli by proliferating,
modifying their integrin receptor expression and migrating into the wound space. These
fibroblast responses are highly specific and seem to be mediated by several distinct
signals. This specificity was demonstrated in a recent study in which fibroblasts,
cultured in fibrin-fibronectin gels, responded to PDGF stimulation by upregulating the
provisional-m atrix integrin subunits, a3 and a 5 , whereas fibroblasts cultured in
collagen gels responded to PDGF by upregulating collagen specific a2 subunits (Xu and
Clark, 1996). Fibroblasts stimulated by TGF-P, but not by PDGF, have also been shown
to upregulate expression of connective tissue growth factor (CTGF) (Igarashi et al,
1993). CTGF is a potent fibroblast mitogen and chem oattractant that influences
fibroblast expression of integrin subunits and FCM components in vitro (Bradham et al,
1991; Frazier et al, 1996). Moreover, in vivo injections of CTGF caused an increase in
connective tissue cells and FCM material in neonatal mouse skin (Frazier et al, 1996).
In respect of current data concerning CTGF, a hypothetical pathway has been proposed
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whereby fibroblasts, initially activated by TGF-|3, upregulate CTGF expression, which
in turn maintains fibroblast activation by both autocrine and paracrine mechanisms.
Interestingly, very recent data demonstrate that kératinocytes express CTGF mRNA in
normal human skin (Quan et al, 2002), suggesting that, during cutaneous wound repair,
keratinocyte-derived CTGF may contribute to fibroblast activation and function.

As fibroblasts migrate into the wound site, clearance of the provisional matrix is
facilitated by an active proteolytic system, involving fibroblast-derived MMPs and
plasminogen activators (Mignatti et al, 1996). Once within the wound site, fibroblasts
initially synthesize ECM components such as fibronectin and hyaluronic acid, however,
as the granulation tissue matures, fibroblasts increasingly deposit type I and type III
collagen. Interestingly, although type III collagen is found only in small amounts in
normal dermis, it is the predominant collagen synthesized in early wound healing
(Falabella and Falanga, 2001). A major stimulus for fibroblast expression of ECM
seems to come from TGF-p. In vitro, TGF-(3 stim ulates expression of matrix
components, such as fibronectin and type I collagen (Ignotz and Massague, 1986;
Roberts et al, 1986; Raghow et al, 1987) and recent data suggest TGF-p stimulation of
CTGF may be required for collagen synthesis in cultured fibroblasts (Duncan et al,
1999). M oreover, although analysis of wound repair is hindered by multifocal
inflammation and early death in TG F-pl deficient mice (Shull et al, 1992), recent
analysis of healing wounds in immunodeficient TG F-pl knockout mice, which have
essentially normal longevity, revealed both reduced collagen deposition and diminished
and irregularly shaped granulation tissue (Crowe et al, 2000). As the new ECM is
formed, a subset of fibroblasts is phenotypically altered to display features characteristic
of both fibroblasts and smooth muscle cells, such as expression of a-sm ooth muscle
actin (Desmouliere and Gabbiani, 1996). The appearance of these myofibroblasts
coincides with contraction of the wound.

1.2.5

Wound contraction and tissue remodeling
As provisional matrix components are replaced by newly formed granulation

tissue, myofibroblasts appear and wound contraction is initiated. Suggested mediators
of wound contraction have included TGF-p and PD G F stim ulation, fibroblast
interactions with the collagen matrix via integrins, and cross-links between individual
bundles of collagen (Singer and Clark, 1999). Furthermore, exposure of myofibroblasts
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to several factors, including angiotensin, prostaglandins and bradykinins leads to
muscle-like contraction (Falabella and Falanga, 2001).

Following wound contraction, the ECM is slowly remodelled, a process that
culminates in the replacement of collagen III with collagen I. Collagen replacement
during the tissue remodelling phase has been suggested to result in increased strength in
the resulting scar tissue, although the final tensile strength is only ever 70-80% of
undamaged skin (Levenson et al, 1965). This remodelling phase is reliant on the actions
of several MMPs, and subsequently on their activation by other proteases (Mignatti et
al, 1996). Exquisite control of the activity of these MMPs thus allows degradation of
components of the granulation tissue matrix and replacement with components of the
normal dermal matrix.

1.2.6 Wound angiogenesis
As indicated above, formation of wound-induced granulation tissue is facilitated
by an influx of fibroblasts, macrophages and endothelial cells. In response to a variety
of stimuli, discussed below, endothelial cells, in the form of developing capillary
sprouts, utilise MMP- and plasminogen activator-mediated proteolysis to digest and
penetrate the underlying vascular basement membrane, and subsequently to invade the
ECM (Conway et al, 2001). Modification of matrix receptor expression in response to
soluble factors and ECM interactions further enhances extension and branching of blood
vessels, facilitating re-vascularization of the wounded tissue, a process known as
angiogenesis (Tonnesen et al, 2000). These newly formed blood vessels carry oxygen
and nutrients necessary for the prolific cellular activity occurring in the wound site, and
consequently, co-ordination of endothelial cell angiogenic responses plays an important
role in wound healing overall.

1.2.6.1

Soluble factors affecting wound angiogenesis
Throughout the process of wound angiogenesis, endothelial cells proliferate and

migrate in response to soluble growth factors released by activated macrophages,
parenchymal cells and injured endothelial cells. Early studies suggested fibroblast
growth factors 1 and 2 were primarily responsible for these angiogenic responses
(Folkman and Klagsbrun, 1987), and impaired wound angiogenesis was observed after
antibody mediated blockade of FGF-2 (Broadley et al, 1989). Flowever, various in vivo
29

and in vitro models of wound repair and neovascularization have identified numerous
other soluble factors as either pro-angiogenic or anti-angiogenic, including TGF-(3,
PDGF-BB, and members of the angiopoietin family (see table 1.2), indicating that
angiogenesis is a complex process regulated by numerous factors.

ACTIVATORS AND INHIBITORS OP ANGIOGENESIS
Activators

Function

VEGF family members

Stimulate angiogenesis
and permeability

VEGFR-1, soluble
VEGFR-1 and NRP-I

Sink for VEGF,
VEGF-B and PIGF

VEGFR-2 and NRP-1

Integrate angiogenic
and survival signals

Angiopoietin-2*

Antagonist of
angiopoietin-1

Angiopoietin-1 and
Tie2 receptor

Stabilise vessels and
inhibit permeability

Thrombospondin - I
and -2

Inhibit endothelial cell
growth, migration and
adhesion

PDGF-BB and
receptors

Recruit smooth muscle
cells

Angiostatin and related
plasminogen kringles

Suppress tumour
angiogenesis

TGF-P*, endoglin and
TGF-(1 receptors

Stimulate ECM
production

Endostatin

Inhibits endothelial
survival and migration

FGF, HGF and MCP-1

Stimulate angiogenesis

Vasostatin, calreticulin

Inhibit endothelial
growth

Integrins avp3, a5(31
and av(35

Receptors for matrix
macromolecules and
proteases

Platelet factor-4

Inhibits binding of
FGF-2 and VEGF

VE-cadherin and
PECAM

Endothelial junction
molecules

Tissue-inhibitors of
MMPs and PEX

Suppress pathological
angiogenesis

Proteases and MMPs

Remodel matrix and
activate growth factors

Interferon a, (3, y; IP10, IL-4, IE-12 and IL18

Inhibit endothelial
migration; down
regulate FGF-2

PAI-i

Stabilises nascent
vessels

Prothrombin kringle-2
and antithrombin III
fragment

Suppress endothelial
growth

NOS and COX-2

Stimulate angiogenesis
and vasodilation

16 kDa-prolactin

Inhibits FGF-2 and
VEGF

AC 133

Regulates angioblast
differentiation

Osteopontin fragment

Interferes with integrin
signalling

Chemokines*

Pleiotropic role in
angiogenesis

Maspin

Protease inhibitor

Inhibitors of
differentiation-1 and -3

Determine endothelial
plasticity

VEGI

Modulates cell growth

Inhibitors

Function

T ab le 1.2 Angiogenic activators a n d inhibitors ( a da p t e d from Carmel iet a n d Jain, 2000).
Abbreviations; VEGFR, VEGF receptor; NRP-1, neuropilin-1 ; REX, proteolytic fragment of
MMP-2; NOS, nitric oxide s y n t ha se ; COX-2, cycl oo xy ge na se -2 ; VEGI, va s c ul a r endothelial
growth inhibitor. * = opposite effects in s om e contexts.
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Vascular endothelial growth factor (VEGF), which was originally known as
vascular perm eability factor (VPF) due to its ability to induce ascites fluid
accumulation, has also been identified as a key factor regulating angiogenesis in the
skin. In vitro, VEGF is mitogenic for human dermal microvascular endothelial cells
(Detmar et al, 1995) and enhances endothelial cell migration, partly through stimulation
of a v and pi integrin expression (Senger et al, 1996 and 1997). M oreover, in
combination with FGF-2 and TNF-a, VEGF stimulates formation of tubular structures
by human microvascular endothelial cells cultured in a fibrin matrix (Koolwijk et al,
1996). In vivo, VEGF mediates increased vascular perm eability and angiogenesis
(Senger et al, 1983; Connolly et al, 1989), and upregulation of VEGF, and its receptors
Flt-1 and KDR, has been demonstrated in both acute and chronic cutaneous wounds
(Brown et al, 1992; Frank et al, 1995; Lauer et al, 2000). Furthermore, recent data has
suggested that, whereas FGF-2 may drive the angiogenic response in the initial 3 days
of wound healing, VEGF is critical for angiogenic responses during the formation of
granulation tissue on days 4 through 7 (Nissen et al, 1998). Although the majority of
data regarding VEGF and its receptors has been concerned with general angiogenic
functions, the observed importance of VEGF in angiogenesis indicates a primary role
for this factor in wound-related neovascularization.

1.2.6.2 Wound angiogenesis and matrix components
Approximately 3 days after cutaneous wounding, blood vessels adjacent to the
wound site transiently deposit increased amounts of fibronectin within their vascular
walls (Clark et al, 1982a and b). In addition, fibrin and fibronectin leak from the
intravascular space into the perivascular stroma (Tonnesen et al, 2000), most likely as a
result of increased vascular permeability stimulated by VEGF. At approximately 4 days
post-wounding, capillary sprouts branch off from main blood vessels and invade the
wound site (McClain et al, 1996), presumably using the deposited fibronectin and fibrin
as a stepping stone to the provisional matrix. W ound-induced invasion of new blood
vessels actually precedes the vast influx of fibroblasts associated with granulation tissue
formation (Clark et al, 1996d), and subsequently endothelial cells at the capillary tips
m igrate through a fibrin/fibronectin-rich provisional clot m atrix. The matrix
composition seems to be fundamental to the process of angiogenesis, and several in
vitro studies have recently investigated potential relationships between the composition
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of the matrix and efficiency of blood vessel formation (reviewed in Tonnesen et al,

2000).

One particular study utilised a novel in vitro system of human microvascular
sprout angiogenesis designed to closely mimic capillary invasion of wound tissue.
Endothelial cells, cultured on microcarrier beads, were embedded in 3-dimensional
ECM and stimulated with angiogenic factors, such as VEGF and FGF-2. Preliminary
unpublished results (reviewed in Tonnesen et al, 2000) suggest that when the ECM is
composed of fibrin, angiogenic stimulation facilitates initial development of capillary
sprouts, followed later by full development of capillary networks; an observation
supported by earlier related studies (Koolwijk et al, 1996). However, when stimulated
with identical angiogenic factors in a collagen ECM , m atrix invasion involved
individual endothelial cell migration, without capillary formation. Furthermore, when
fibrin was added to the collagen ECM, capillary form ation was restored. These
observations, albeit unpublished at present, suggest that the composition of the wound
matrix may determine the efficiency of wound angiogenesis, most likely via ECM
regulation of endothelial cell integrin expression.

1.2.6.3 Wound angiogenesis and integrins
Upon angiogenic stimulation, endothelial cells, in a similar manner to woundactivated kératinocytes and fibroblasts, modify their integrin receptor expression
patterns to facilitate migration into the wound site. Expression of integrin receptors by
endothelial cells is a necessary component of angiogenesis (Brooks et al, 1994; Bloch et
al, 1997; Senger et al, 1997), and is mediated by soluble factors such as FGF-2 and
VEGF (Enenstein et al, 1992; Swerlick et al, 1993; Senger et al, 1997), as well as
components of the ECM, including fibronectin and collagen (Davis and Camarillo,
1995; Feng et al, 1999). Regulation of these endothelial cell responses is highly specific
as cells cultured on different matrix components upregulate different integrin subunits;
for example, dermal microvascular endothelial cells cultured on fibronectin showed
higher levels of a v and p3 mRNA compared with cells cultured on collagen type I.
Moreover, endothelial cells cultured on collagen type I showed higher levels of (31
mRNA, compared with cells cultured on fibronectin (Feng et al, 1999).
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Recently, in vivo models of cutaneous tissue repair have begun to suggest that
endothelial cell integrins have important roles in wound angiogenesis. Analysis of full
thickness wounds in pigs showed endothelial cell expression of av|33 and the (31
integrin subunit. Moreover, whereas (31 expression was detected throughout the newly
forming capillary network, avp3 expression was most prominent at the tips of invading
capillaries. Interestingly, in this model, blockage of avp3 interactions, by monoclonal
antibodies and cyclic peptides, transiently inhibited granulation tissue formation and
disrupted av(33 distribution on invading capillary endothelial cells (Clark et al, 1996d).
Models of human wound healing, using human skin transplants on SCID mice, have
also demonstrated differential transient upregulation of avp3, av(35 and av(36 integrins
during wound angiogenesis. Furthermore, in this model, inhibition of av(33 completely
blocked formation of new capillaries (Christofidou-Solomidou et al, 1997), suggesting
endothelial cell expression of specific integrins may be critical to wound angiogenesis.
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1.3 HYPOXIA AND CUTANEOUS WOUND HEALING
A major physiological consequence of cutaneous wounding is reduced tissue
oxygen tension, or hypoxia. Decreasing oxygen tensions were first identified in
pioneering animal and human wound studies, conducted nearly 30 years ago by
Niinikoski and Hunt (Niinikoski et al, 1971; Niinikoski et al, 1972a). In the interim,
prolonged wound-induced tissue hypoxia has been found to expose wounds to bacterial
infection, protracted inflammatory responses and tissue necrosis (Niinikoski et al,
1972b; Franklin and Poyton, 1996); and extended tissue hypoxia is now clinically
associated with impaired healing in chronic wounds such as venous and arterial ulcers,
and diabetic ulcers (reviewed in Stadelmann et al, 1998b). In contrast, transient hypoxia
is recognised as a stimulatory factor for numerous cell types, and conventional wisdom
suggests that throughout normal wound healing, cells present in the wound site will
experience hypoxia and therefore will adapt and respond to low oxygen environments
(Niinikoski et al, 1991).

The precise spatial and temporal distribution of hypoxia throughout wound
healing remains to be defined. Early studies detected reductions in oxygen tension of
-3 0 mmHg over the first 3-4 days post-wounding, however, these analyses were
generally perform ed using Silastic tubes embedded under the skin, and therefore
measured average oxygen tensions in the damaged cutaneous region (Niinikoski et al,
1972a; Chang et al, 1983). Modern techniques such as polarographic analysis are
perhaps more accurate, and have provided much useful data regarding tumour
oxygenation (Hockel et al, 1991; Brizel et al, 1996), yet no significant analysis of
wound healing has been attempted using this technology. A recent study, using 2nitroimidazole hypoxia markers, has provided intriguing new data regarding the woundinduced distribution of hypoxia (Haroon et al, 2000), however, further analysis is
required before the specific oxygen tensions encountered by cells within the wound site
can be elucidated. Despite this lack of clear in vivo data, numerous in vitro studies have
begun to identify the specific effects of altered oxygen tensions on various cell types,
and the collective data suggest that hypoxia may be a regulatory factor in several phases
of cutaneous tissue repair.
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1.3.1

Hypoxia and keratinocyte re-epithelialization
The re-epithelialization of denuded tissue by migrating kératinocytes constitutes

an essential phase of wound repair (see section 1.2.3). The exact role of hypoxia in
wound re-epithelialization is presently unknown, how ever early in vivo studies
identified a potential link between the rapid application of occlusive dressings,
subsequent enhancement of re-epithelialization (Winter et al, 1962; Alvarez et al, 1983;
Woodley and Kim, 1992), and the acutely hypoxic wound environment created by these
dressings (Varghese et al, 1986). Recently, hypoxia has been shown to be a potent
stimulus for keratinocyte migration in vitro, as kératinocytes cultured under hypoxic
conditions showed enhanced migration and in vitro w ound closure compared to
normoxic cells (O'Toole et al, 1997b; Xia et al, 2001). M oreover, these hypoxic
kératinocytes upregulated several MMPs and the TGF-P receptor type I; as well as coordinately reducing laminin-5 secretion (O'Toole et al, 1997b; Xia et al, 2 0 0 1 ),
presumably to facilitate migration. Interestingly, addition of a TGF-(3 neutralizing
polypeptide completely inhibited both the hypoxic induction of MMP-1 and -9 , and the
enhanced keratinocyte migration under hypoxic conditions (Xia et al, 2001). These
observations strongly suggest that hypoxia enhanced keratinocyte migration may be
regulated by TGF-p.

In contrast to the potentially beneficial effects of transient hypoxia, prolonged
periods of low oxygen tension are frequently associated with chronic wounds. Recently,
the relationship between hypoxic keratinocyte responses and age were investigated in a
direct comparison of normal human kératinocytes from young donors (20-39y old) and
from old donors (>60y old) (Xia et al, 2001). In contrast to young kératinocytes, aged
kératinocytes, cultured under hypoxic conditions, showed no difference in MMP-1
expression, a reduction in MMP-9 expression, negligible induction of TGF-P receptor
type I expression, and most significantly a reduced migration index. These findings
indicate that whereas wound-induced hypoxia may be a positive mediator of migration
in young kératinocytes, old kératinocytes seem to loose their tolerance for hypoxic
stress, suggesting a potential cause of the increased incidence of chronic wounds in
elderly patients (Xia et al, 2001).
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1.3.2 Hypoxia and fibroblast function
Upon cutaneous wounding, activated fibroblasts invade the provisional matrix,
mediate the formation of granulation tissue and modify the ECM to facilitate wound
contraction and closure (see sections 1.2.4 and 1.2.5). These wound-induced fibroblast
responses are regulated by many factors, including growth factors, cytokines and ECM
components. In addition, in vitro evidence suggests that hypoxia may also play a role in
modulating fibroblast function during wound repair. Early studies identified hypoxia as
a positive regulator of fibroblast proliferation and longevity (Falanga and Kirsner, 1993)
and culture under conditions of low oxygen tension upregulated dermal fibroblast
synthesis of TGF-P (Falanga et al, 1991), a known inducer of fibroblast-mediated ECM
modification (Roberts and Spom, 1996). Moreover, several studies have demonstrated
that hypoxia regulates fibroblast expression of collagens I and III in vitro (Falanga et al,
1993; Herrick et al, 1996; Yamanaka and Ishikawa, 2000). Furthermore, elevated levels
of MMP-1 mRNA can be detected in hypoxic dermal fibroblast cultures (Yamanaka and
Ishikawa, 2000), suggesting that hypoxia may mediate fibroblast migration during
granulation tissue formation.

In addition to potentially modulating fibroblast function, hypoxia may also
influence fibroblast regulation of wound responses. Human dermal fibroblasts exposed
to hypoxia increase secretion of the chemokines MCP-1 and IL-8, and conditioned
medium from hypoxic fibroblasts is chemotactic for monocytes (Galindo et al, 2001)
suggesting that fibroblast responses to low oxygen tensions may influence the
inflammatory phase of wound healing. Furthermore, VEGF mRNA expression was
upregulated in fibroblasts cultured under hypoxic conditions (Detmar et al, 1997),
indicating that hypoxic fibroblasts may also contribute to angiogenic responses in the
wound environment. Although clear in vivo data are lacking, these in vitro observations
indicate that hypoxia may play a part in regulating fibroblast function throughout
several phases of wound repair.

1.3.3 Hypoxia and wound angiogenesis
W ound-activated angiogenesis primarily involves migration of endothelial cells
into the wound site and subsequent formation of new capillary networks (see section
1.2.6). Endothelial cell angiogenic responses are mediated by an assortment of factors,
including cytokines, growth factors, cell-surface receptors and proteolytic enzymes
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(reviewed in Carmeliet and Jain, 2000). In addition, environmental alterations, such as a
reduction in oxygen tension, can induce the formation of neovasculature (Knighton et
al, 1981; Adair et al, 1990). Under hypoxic conditions in vitro, endothelial cells,
derived from various tissues, increase expression of XL-la (Shreeniwas et al, 1992), IL8 (Karakurum et al, 1994), the urokinase plasminogen activator receptor (Graham et al,
1998; Kroon et al, 2000a), and several integrin receptor subunits (Suzuma et al, 1998;
Kroon et al, 2000a); these in vitro hypoxic responses may well relate to functions in
wound angiogenesis in vivo. Hypoxic endothelial cells have also been shown to
upregulate VEGF mRNA and protein (Namiki et al, 1995; Detmar et al, 1997). This is,
however, a contentious issue, as other studies failed to detect VEGF in hypoxic
endothelial cell cultures, using Northern blot, RT-PCR and ELISA methods of analysis
(Marti and Risau, 1998; Kroon et al, 2000a). Although it is probable that hypoxic
modulation of endothelial cell expression patterns contributes to angiogenesis, the
formation of capillary-like tubes, by endothelial cells in a 3-dimensional fibrin matrix,
was not enhanced by culture under hypoxic conditions (Kroon et al, 2000a). This
observation suggests that hypoxia alone is not sufficient to stimulate angiogenesis.

Upon cutaneous wounding, a myriad of cell types become activated and migrate
into the wound space. As increased cellular metabolism depletes available oxygen, these
cells presumably secrete soluble factors that induce an angiogenic response. Clearly,
this makes perfect biological sense; cells are starved of oxygen, cells release proangiogenic factors, new capillary networks are form ed, and finally, increased
vascularization provides the cells with much needed oxygen. In support of this
hypothesis, macrophages cultured under hypoxic conditions have been shown to secrete
angiogenic factors such as FGF-2 (Kuwabara et al, 1995) and VEGF (Knighton et al,
1983; Xiong et al, 1998). Moreover, conditioned medium from hypoxic macrophages
increases endothelial cell growth in vitro (Kuwabara et al, 1995) and angiogenesis in
vi vo (Xiong et al, 1998). In addition, under conditions of low oxygen tension
kératinocytes and dermal fibroblasts upregulate VEGF mRNA (Detmar et al, 1997;
Steinbrech et al, 1999).

The exact role of hypoxia in wound angiogenesis in vivo requires clarification.
W ound-activated kératinocytes express VEGF in vivo (Brown et al, 1992), and
macrophages infiltrating the wound site have been shown to express both FGF-2 and
VEGF (Brown et al, 1992; Nissen et al, 1998; Kibe et al, 2000). However, whether this
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is due to wound-induced hypoxia, alternative effector molecules, such as growth factors
and cytokines, or co-stimulation by multiple factors, is at present unclear. Despite this
lack of clear in vivo data, recent in vitro studies have suggested that angiogenesis is
initiated and maintained by numerous distinct, yet interacting, signals. For example,
human microvascular endothelial cells, cultured in a fibrin matrix, formed capillary-like
tubular structures only when stimulated with both FGF-2 and TN F-a. When stimulated
with FGF-2 alone no capillary formation was observed (Koolwijk et al, 1996).
However, using an identical model of angiogenesis, the same authors were able to
induce capillary formation with FGF-2 alone if the cells were cultured under hypoxic
conditions (Kroon et al, 2000b).
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1.4 PLASMINOGEN ACTIVATORS AND CUTANEOUS WOUND
HEALING
Throughout cutaneous wound healing, many different proteolytic enzymes, or
proteases, are produced. These enzymes are supplied by cells permanent to the skin,
such as kératinocytes and fibroblasts, as well as cells that migrate to the skin and are
active during wound repair, such as neutrophils and macrophages. Although woundassociated proteases are related by their proteolytic activity, their functions are diverse.
One group of enzymes that are of particular interest in the study of cutaneous wound
healing are the plasminogen activators, which belong to a tightly regulated proteolytic
system known as the plasminogen activator system. Components of this system regulate
plasmin-mediated cleavage of ECM components, facilitating cell migration and tissue
remodelling (Mignatti et al, 1996). Moreover, several non-proteolytic functions that
modulate cell adhesion and migration have been attributed to plasminogen activator
system components, and these combined functions are believed to be critical in normal
cutaneous wound healing.

1.4.1

The plasminogen activator system
The plasminogen activator system has two key components, tissue plasminogen

activator (tPA) and urokinase plasminogen activator (uPA). tPA and uPA are serine
proteases, and thus belong to the same proteolytic family as leukocyte elastase and
cathepsin B. Although evolved from a common ancestral gene (Patthy, 1985), tPA and
uPA differ in the domain organisation and function of their noncatalytic regions, as well
as having distinct roles in physiological processes that require plasminogen activation.
The primary function of plasminogen activators is conversion of the ubiquitous
zymogen plasminogen, to active plasmin, a broad spectrum proteolytic enzyme. Control
of tPA and uPA functions is mediated by a tightly regulated system involving a specific
urokinase receptor, uPAR, and two plasminogen activator inhibitors, PAI-1 and PAI-2.
The structure and function of these molecules is discussed below.

1.4.1.1

tPA
tPA was first identified over 35 years ago and has since been demonstrated as a

ubiquitous molecule predominantly produced in vascular endothelium (Bell, 1996). The
gene for human tPA is located on chromosome 8 (Rajput et al, 1985), contains 14
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exons, and is -3 0 kb in length (Saksela and Rifkin, 1988). tPA is synthesised as a highly
glycosylated single-chain polypeptide (sc-tPA) containing 530 amino acid residues
(Jornvall et al, 1983; Pennica et al, 1983), and has a molecular weight of -7 0 kDa.
Limited proteolysis of the Arg275-Ile276 bond, by plasmin, kallikrein or factor Xa, can
convert sc-tPA to two-chain tPA (tc-tPA), although both tPA forms are capable of
plasminogen activation (Hoylaerts et al, 1982; Petersen et al, 1988a). tPA protein is
comprised of four domains; an amino-terminal domain, highly homologous to fibrinbinding fingers found in fibronectin (F-domain); a growth factor domain, homologous
to EGF (E-domain); two adjacent kringle regions (kl/k2-domain); and a serine protease
active site formed of residues His322, Asp371, and Ser478 (P-domain) (figure 1.3).
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Figure 1.3 Amino acid structure of tPA. Arrow indicates site of proteolytic cleavage converting
single-chain tPA to two-chain tPA (Arg275-lle276). * = amino acid residues comprising the
proteolytic site of two-chain tPA (His322, Asp371, and Ser478) (adapted from Pennica et al,
1983).

The primary function of tPA is conversion of plasminogen to plasmin, however,
tPA alone is a relatively ineffective plasminogen activator. In contrast, in the presence
of fibrin, the affinity of tPA for plasminogen is increased and subsequently tPA-
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mediated plasminogen activation is markedly enhanced (Hoylaerts et al, 1982). Early
studies demonstrated that the association of tPA with fibrin was mediated by specific
binding via the F-domain and k2 kringle region (van Zonneveld et al, 1986). Moreover,
as plasmin accumulates and fibrin is partially degraded, newly exposed residues further
enhance binding of both tPA and plasminogen, facilitating increased plasminogen
activation (reviewed in Collen and Lijnen, 1991). The affinity of tPA for fibrin and the
subsequent feedback mechanism whereby plasmin degradation of fibrin enhances
tPA:plasminogen interactions, indicate that tPA has an important role in processes that
require dissolution of fibrin clots, such as wound healing.

1.4.1.2 uPA
Urokinase was originally isolated from urine, in which it occurs at relatively
high concentrations (reviewed in Dano et al, 1985). In 1985, the full cDNA for human
uPA was cloned (Holmes et al, 1985), and demonstrated extensive homology with both
mouse (Belin et al, 1985) and porcine (Nagamine et al, 1984) cDNA sequences. The
gene for human uPA is located on chromosome 10 (Rajput et al, 1985), contains 11
exons, and has a length of 6.4 kb (Riccio et al, 1985). uPA is synthesised as a single
chain precursor (pro-uPA) and in humans consists of 411 amino acid residues and has a
molecular weight of -5 0 kDa (Gunzler et al, 1982). In contrast, mouse pro-uPA lacks
an N-glycosylation site (Asn-x-Ser/Thr) and consequently has a molecular weight of
-4 5 kDa (Belin et al, 1985). In its single chain form, uPA has minimal intrinsic
plasminogen activating activity (Ellis et al, 1987; Petersen et al, 1988b; Lijnen et al,
1990). However, cleavage of the L ysl58-llel59 bond facilitates conversion of the single
chain precursor to an active two chain enzyme with enhanced plasminogen activating
activity (reviewed in Dano et al, 1985). Although this cleavage is predominantly
mediated by plasmin, other proteases including cathepsins B and L (Kobayashi et al,
1991; Goretzki et al, 1992), human mast cell tryptase (Stack and Johnson, 1994),
human T cell-associated serine proteinase-1 (Brunner et al, 1992), and kallikrein
(Ichinose et al, 1986; List et al, 2000) are capable of activating pro-uPA. Interestingly,
pro-uPA can also be cleaved between G lul43 and Leu 144. This cleavage, possibly
mediated by MMP-3 (Ugwu et al, 1998), creates a 32 kDa single chain derivative that
can be activated by plasmin, but cannot bind uPAR (Stump et al, 1986). In contrast,
cleavage by thrombin, between A rgl56 and P hel57, produces a relatively inactive
single-chain form of pro-uPA that cannot be activated (Ichinose et al, 1986).
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A ctiv e tw o-chain uPA is com prised o f an A -ch ain and B -ch ain linked by a
single d isu lp hid e bond. The amino-terminal A -ch ain c o n s is ts o f 159 amino acid
residues and contains a growth factor-like domain (G FD , aa 4 -4 3 ) that shares hom ology
with EGF, and mediates binding to the specific urokinase receptor (uPA R ) (Appella et
al, 1987). M oreover, the A-chain also contains a structurally independent kringle
domain (aa 4 5 -1 3 4 , see figure 1.4) that was recently im p licated in the induction o f
cellular c h em o ta x is by uPA (M ukhina et al, 2 0 0 0 ). The B chain, con sisting o f 252
amino acid residues, contains a serine protease active site formed from residues His204,
A sp255 and Ser356 (Saksela and Rifkin, 1988). Further plasmin mediated proteolysis,
b etw een L y s l 3 5 and L y s l 3 6 , can process tw o -ch ain uPA to a 33 kDa m olec u le
containing an intact B chain and 24 residues o f the A-chain (Collen and Lijnen, 1991).
T his 33 k D a u P A is unable to bind u P A R , yet retains its p ro teo lytic activity.
Interestingly, a recent study has demonstrated p la sm in -m ed ia ted cle a v a g e o f uPA
b etw een L y s 4 6 and Ser47, resulting in the loss o f the G F D . The remaining G FD d eficient uPA is unable to bind uPAR, and is rapidly internalised and degraded,
possibly via association with a member o f the low -density lipoprotein receptor family
(Poliakov et al, 2001).
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Figure 1.4 Amino acid structure of uPA. Arrow indicates site of proteolytic c l eavage converting
single-chain uPA to active two-chain uPA (Lys158-lle159). * = amino acid r esidues comprising
the proteolytic site of two-chain tPA (His204, Asp255 a nd Ser 356) ( ad a pt ed from Heyneker et
al, 1983).
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uPA is expressed in a variety of cell types from which it is secreted in a single
chain form. Secreted pro-uPA can bind uPAR with high affinity, and is converted to
active

uPA

by

primarily

plasmin-mediated

limited

proteolysis.

Active

uPA

subsequently converts cell-bound plasminogen to plasmin, a process that can trigger the
proteolytic cascade (figure 1.5). Although uPA binding by uPAR increases the
efficiency of plasminogen activation (Ellis et al, 1991), recent in vitro (Longstaff et al,
1999), and in vivo studies (Bugge et al, 1996a; Carmeliet et al, 1998) have shown
unimpaired uPA-mediated plasminogen activation in uPAR deficient cells and tissues.
These observations have indicated that uPA is capable of plasminogen activation in the
absence of uPAR, possibly by associating with cell-surface or ECM components
(Carmeliet et al, 1998; Longstaff et al, 1999). An important feature of the proteolytic
cascade is the positive feedback loop created by plasmin-mediated activation of prouPA and uPA-mediated activation of plasminogen. Due to the ubiquitous nature of
plasminogen expression, small amounts of uPA can, via the proteolytic cascade, result
in high levels of plasmin, indicating an important role for uPA in processes that require
plasmin mediated proteolysis, such as wound healing.
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Schematic representation of the proteolytic cascade. Red dashed lines indicate
inhibition. Abbreviations: Pg = plasminogen; Pg-R = plasminogen receptor; TIMPs = tissue
inhibitors of metalloproteinases; a 2 -AP = a 2 -antiplasmin; a 2 -M = 0 2 -macroglobulin.
Figure 1.5
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1.4.1.3 Conversion of plasminogen to plasmin
The primary function of tPA and uPA is the selective conversion of plasminogen
to plasmin. Plasminogen is a 92 kDa glycoprotein that consists of 790 amino acid
residues and is present in plasma at high concentrations. Upon cleavage of plasminogen
between Arg560 and Val561, the two chain protease plasmin is formed with an active
site comprised of His602, Asp645 and Ser740 (reviewed in Collen and Lijnen, 1991).
Plasmin, like tPA and uPA, is a member of the serine protease family. However, unlike
these relatively selective proteases, plasmin has a broad trypsin-like substrate specificity
and can degrade several ECM components, including laminin, fibronectins and fibrin
(Mignatti et al, 1996) (figure 1.5). Moreover, plasmin can activate certain MMPs (He et
al, 1989; Mazzieri et al, 1997; Ramos-DeSimone et al, 1999), as well as several growth
factors, such as FGF-2 and TGF-p (Lyons et al, 1988; Saksela and Rifkin, 1990). The
conversion of plasminogen to plasmin is not exclusively mediated by uPA and tPA. A
number of proteases including kallikrein, factors XI and XII and the bacterial protein,
streptokinase are capable of plasminogen activation (reviewed in Dano et al, 1985),
though both uPA and tPA are kinetically more efficient.

1.4.1.4 uPAR
The receptor for human uPA was originally cloned as a 1.4 kb cDNA from an
SV40-transformed fibroblast library (Roldan et al, 1990). Subsequent studies identified
uPAR as a 55-65 kDa single-chain glycoprotein that is folded, through disulphide
bonding, into three homologous domains (domains 1-3). Domain 1, consisting of the
amino-terminal 87 residues, contains the classical uPA binding site (Behrendt et al,
1991). However, recent evidence indicates that distinct regions of domain 3 may also
participate in assembly of the ligand-binding site, and domains 2 and 3 increase the
affinity of uPA binding to uPAR (Behrendt et al, 1996; Ploug, 1998; Gardsvoll et al,
1999). Post-translational processing of uPAR at the carboxy-terminal (domain 3) forms
a glycosyl-phosphatidyl-inositol (GPI) anchor (Ploug et al, 1991), which targets the
receptor to the cell surface. Interestingly, specific phospholipase cleavage of the GPI
anchor results in a soluble form of uPAR (s-uPAR), detectable in cell supernatants in
vitro (Mustjoki et al, 2000; Sidenius et al, 2000), and in various cell types and tissues in
vivo (Pedersen et al, 1993; Ronne et al, 1995; Wahlberg et al, 1998). On the surface of
cells, uPAR exists in either its native three-domain form, or as a two-domain form,
lacking domain 1. Two-domain uPAR does not bind uPA, and is created by uPAR
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cleavage by uPA or plasmin. This cleavage is thought to be a self-regulating mechanism
whereby uPA and plasmin modulate their own activity (Hoyer-Hansen et al, 1992).

Upon secretion, pro-uPA can be bound by uPAR and is activated by plasminmediated limited proteolysis. uPAR bound uPA subsequently activates cell-bound
plasminogen and facilitates localised cell-surface enzyme activity. This feature of the
plasminogen activator system has been shown to be highly specialised as several cell
types polarise expression of uPAR to the leading edge during migration (Estreicher et
al, 1990; Romer et al, 1994; Okada et al, 1995). Moreover, kinetic studies indicate that
uPA binding to uPAR actually increases the efficiency of activation of both pro-uPA
and plasminogen (Ellis et al, 1991). Although localisation of uPA activity is considered
to be a primary function of uPAR, recent studies have identified alternative roles for the
receptor that are distinct from the proteolytic activity of uPA. uPAR has been
implicated in the regulation of cellular adhesion and migration via its interactions with
matrix-associated vitronectin (Wei et al, 1994; Kanse et al, 1996) and integrin receptors
(reviewed in Chapman, 1997). Moreover, many of these interactions are enhanced by
receptor occupancy by uPA (Waltz and Chapman, 1994; Yebra et al, 1999). In addition,
interaction of uPA with uPAR has recently been suggested to expose a chemotactic
epitope on uPAR that triggers chemotaxis via an as yet unidentified transmembrane
protein (Fazioli et al, 1997). As uPAR lacks a cytoplasmic signalling domain, the
association of uPAR with these transmembrane proteins has been shown to facilitate
uPAR-mediated transmission of intracellular signals. Moreover, this signal transduction
is suggested to play a part in cell growth and migration (reviewed in Ossowski and
Aguirre-G hiso, 2000) and, thus, uPAR functions are likely to be important in
physiological and patho-physiological processes that rely on cell motility.

1.4.1.5 PAI-1
PAI-1 was originally identified in cultured bovine endothelial cells, and known
as endothelial plasminogen activator inhibitor (Loskutoff and Edgington, 1977). Further
detection of PAI-1 in various cell types and tissues, however, led to its reclassification
as plasminogen activator inhibitor type 1 or PAI-1 (Loskutoff et al, 1989). The gene for
human PAI-1 is located on chromosome 7, consists of 9 exons and has a length of 12.2
kb (Saksela and Rifkin, 1988). Transcription of the PAI-1 gene results in two mRNAs,
2.2 and 3.0 kb in size, that differ in the 3’ untranslated region (Ginsburg et al, 1986; Ny
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et al, 1986). Both mRNAs subsequently translate to a single chain glycoprotein,
consisting of 379 amino acid residues, and having a molecular weight of -5 2 kDa. PAI1 is a member of the serine protease inhibitor (serpin) family and inhibits sc-tPA, tctPA, active uPA, but not pro-uPA (Andreasen et al, 1986). Inhibition of plasminogen
activators by PAI-1 is facilitated by high-affinity reversible binding, followed by
covalent formation of an irreversible complex via proteolytic cleavage of the Arg346Met347 bond within the inhibitor (Bell, 1996).

PAI-1 is initially secreted in a conformation possessing full inhibitory activity.
However, in contrast to other serpins, inhibitory PAI-1 is an unstable molecule and
rapidly converts to an inactive latent form unless stabilised by binding to soluble or
m atrix-associated vitronectin (Salonen et al, 1989; M imuro and Loskutoff, 1989).
M oreover, as plasm a concentrations of PAI-1 are in the nanom olar range and
concentrations of vitronectin are in the micromolar range, almost all inhibitory PAI-1 in
plasma is likely to be in complex with vitronectin (Podor et al, 2000). Interestingly,
matrix-associated PAI-1 has prolonged inhibitory activity compared to PAI-1 in the
fluid phase (Knudsen et al, 1987; Levin and Santell, 1987), suggesting that additional
matrix-derived stabilising factors may exist. In fact, binding of inhibitory PAI-1 to
fibrin enables complex formation with plasminogen activators and facilitates inhibition
of fibrinolysis (Wagner et al, 1989; Braaten et al, 1993). Furthermore, a recent study
showed that high affinity binding of PAI-1 to fibrin was only observed in the presence
of vitronectin, suggesting that vitronectin and fibrin can co-operate in the binding and
stabilisation of inhibitory PAI-1 (Podor et al, 2000). In addition to the inhibitory and
latent forms, PAI-I can also exist in a non-inhibitory substrate conformation which is
readily cleaved by tPA, uPA and thrombin (Declerck et al, 1992). This conversion of
substrate PAI-1 to an inactive degradation product is believed to constitute a mechanism
whereby the plasminogen activator system regulates its own activity.

As its name suggests, the primary function of PAI-1 is inhibition of plasminogen
activation. In fact, of all the serpins, PAI-1 is the most efficient inhibitor of tPA and
uPA. Interestingly, several recent studies have identified PAI-1 functions that are
independent of its inhibitory actions. For example, PAI-1 binding of vitronectin actually
blocks vitronectin binding to uPAR (Deng et al, 1996; Kanse et al, 1996; Waltz et al,
1997) and av integrins (Stefansson and Lawrence, 1996; Kjoiler et al, 1997) and, thus,
is suggested to constitute a mechanism whereby PAI-1 regulates cell adhesion and
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migration (reviewed in Chapman, 1997). Moreover, PAI-1 may regulate vitronectin
interactions with uPAR indirectly, as PAI-1 :uPA complexes bound to uPAR are
internalised resulting in clearance of the receptor from the cell surface (Cubellis et al,
1990; Olson et al, 1992; Conese et al, 1995). In addition, uPA may actually act as an
inhibitor of these PAI-1 functions, as the clearance of uPA :PA I-l complexes would
allow vitronectin to associate with specific integrin receptors (Stefansson and Lawrence,
1996). Although the exact mechanisms involved remain to be elucidated, the collective
data suggest that the interaction of PAI-1 with vitronectin, integrin receptors and other
components of the plasminogen activator system plays an important role in cellular
adhesion and motility (reviewed in Chapman, 1997).

1.4.1.6 PAI-2
PAI-2, another serpin, was first described in human placenta and known as
placental-type plasminogen activator inhibitor (Kawano et al, 1968). Subsequent
detection in various cell types and tissues indicated that inhibitor expression was widely
distributed in vivo and led to its reclassification as PAI-2 (reviewed in Kruithof et al,
1995). The gene for human PAI-2 is located on chromosome 18, consists of 8 exons and
has a length of 16 kb. Synthesised PAI-2 contains 415 amino acid residues and exists in
one of two molecular forms derived from a single mRNA (Belin et al, 1989). One form,
a non glycosylated protein of -45 kDa accumulates in the cytosol, whereas the other, a
glycosylated protein of -6 0 kDa is secreted. Surprisingly, both forms of PAI-2 are
functionally and immunologically indistinguishable (Genton et al, 1987; Wohlwend et
al, 1987) and recent studies have suggested that the variant distribution of PAI-2 is a
result of both its relatively inefficient internal secretion sequence (von Heijne et al,
1991), and its affinity for spontaneous intracellular polymerisation (Mikus and Ny,
1996). The relative distribution of cytosolic PAI-2 and secreted PAI-2 varies widely
depending on cell type, but the inhibitor is found mainly intracellularly. However, under
certain conditions, the secreted form constitutes the major fraction, suggesting that the
cellular distribution of newly synthesised PAI-2 can be modulated (Ye et al, 1988;
Quax et al, 1990). The exact mechanism whereby PAI-2 is secreted remains unclear;
however, a recent study identified an ER-Golgi independent secretion pathway in
monocytes similar, though not identical, to IL -lp secretion (Ritchie and Booth, 1998).
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Like PAI-1, the primary function of PAI-2 is inhibition of plasm inogen
activation. PAI-2 inhibits active uPA (rate constant; 10^ M'^ s"') and tc-tPA (rate
constant: 2.10^ M ’ s ’), albeit 10 and 50 times less efficiently than PAI-1, respectively.
In contrast, PAI-2 is a poor inhibitor of sc-tPA and is unable to inhibit tPA associated
with fibrin (Kruithof et al, 1995). Interestingly, although pro-uPA is unable to form
stable complexes with PAI-2, the single-chain form of uPA can inhibit complex
formation of active uPA with PAI-2, indicating a potential regulatory mechanism
(Schwartz, 1994). Inhibition of plasminogen activators by PAI-2 is typical of serpin
family members, with initial high affinity reversible binding of inhibitor and activator,
followed by formation of covalent complexes via the cleavage of the Arg380-Thr381
bond within PAI-2 (Kiso et al, 1988). As tPA and uPA are extracellular targets for
inhibitors, and a significant proportion of PAI-2 is located intracellularly, alternative
functions for cytosolic PAI-2 have been suggested that are distinct from its inhibitory
activity. For example, PAI-2 may protect cells from TNF-a-m ediated apoptosis (Kumar
and B aglioni, 1991; D ickinson et al, 1995) and from the cytocidal effects of
intracellular mycobacterial and viral infections (Gan et al, 1995; Antalis et al, 1998).
Furthermore, as PAI-2 becomes incorporated into the cornified envelope during
epidermal differentiation, it has been suggested that PAI-2 may have an intracellular
role associated with the terminal stage of keratinocyte differentiation (Jensen et al,
1995).

1.4.2 The plasminogen activator system in cutaneous wound repair
As detailed in section 1.2, wound repair and regeneration is comprised of several
overlapping phases. Involvement of the plasminogen activator system in each phase has
been investigated and data suggest that components of the plasminogen activator system
have important functions throughout wound healing. These functions vary and involve
both regulation of plasminogen activation, as well as roles distinct from plasminmediated proteolysis. The involvement of plasminogen activator system components in
different phases of wound repair and regeneration is discussed in the following sections.

1.4.2.1

The plasminogen activator system in wound clot formation and

inflammation
Cutaneous tissue damage is generally characterised by an initial phase involving
release of blood constituents from damaged vessels and subsequent formation of a
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fibrin-rich clot (see section 1.2.1). As blood plasma is released into the wound area,
plasma constituents such as kallikrein and factors XI and XII can directly activate
plasminogen in surrounding tissues, albeit with low efficiency (Mignatti et al, 1996).
Plasm a release also provides trace amounts of uPA which can activate tissue
plasminogen and initiate the positive feedback loop outlined in figure 1.5. Moreover,
further modulation of uPA activity may be provided via cleavage of pro-uPA by plasma
kallikrein and throm bin (Ichinose et al, 1986). The disruption of vasculature and
extravasation of blood constituents can also release plasma tPA and PAI-1, both of
which are likely to be associated with the forming fibrin-rich clot. Furthermore, PAI-2
was recently shown to bind to fibrin clots via tissue transglutaminase and factor XIII,
facilitating localised inhibition of fibrin clot lysis (Ritchie et al, 1999). Interestingly,
analysis of human wound sections by overlay zymography (up to 3 days post-wounding
(p.w .)) suggested early proteolysis is predom inantly plasm inogen-independent
(Schaefer et al, 1994). Moreover, examination of early stage wound fluid (days 1-3
p.w.) showed negligible levels of plasminogen activating activity, but high levels of a
uPA stim ulatory factor, most probably FGF-2 (Chen et al, 1992). In contrast,
zymography analysis of animal wound homogenates dem onstrated tPA and uPA
activity just 8 hours p.w. (Arumugam et al, 1999). Taken together, these in vivo data
suggest that, in the early stages of wound repair, tPA and uPA activity is primarily
tissue associated, and subsequent plasmin-mediated proteolysis constitutes only a small
portion of total proteolytic activity.

Upon formation of the fibrin clot, inflam m atory cells such as PMNs and
macrophages migrate into the wound site in response to numerous chemotactic and
stimulatory factors (see section 1.2.2 and table 1.1). Interestingly, in vitro studies
suggest that components of the plasminogen activator system could play a part in this
inflammatory cell migration. PMNs are known to express both uPA (Granelli Pipemo et
al, 1977; Heipel and Ossowski, 1986) and uPAR (Miles and Plow, 1989); and uPA has
been shown to stimulate chemotaxis in human neutrophils (Gudewicz and Bilboa,
1987). Moreover, uPA also stimulates chemotaxis in monocytes (Resnati et al, 1996)
and uPAR expression was shown to be a requirement for monocyte chemotaxis towards
the chemoattractants, FMLP and recombinant MCP-1 (Gyetko et al, 1994). In addition,
monocyte differentiation towards a macrophage-like phenotype is accompanied by
upregulation of both uPA and uPAR (Stoppelli et al, 1985; Picone et al, 1989). Despite
these suggested in vitro functions, immunohistochemical analysis of inflammatory cells
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in healing human wounds showed strong uPA and uPAR staining only after 6 days of
healing, predom inantly in m onocytes/m acrophages. Both m olecules were barely
detectable in infiltrating populations 3 days p.w. (Schaefer et al, 1994). As
inflammatory infiltration begins within 24 hours of tissue injury, this observation
suggests that whilst the plasminogen activator system may not play a significant role in
the initial migration of inflammatory cells in vivo, it may be important for later phases
of inflammatory cell recruitment. Interestingly, no difference in wound inflammatory
cell recruitment was observed between wild-type and plasm inogen knockout mice
(Romer et al, 1996); suggesting that if plasminogen activation does have a role in
wound-induced cellular infiltration, there is sufficient biochem ical redundancy to
facilitate compensatory mechanisms in its absence.

1.4.2.2 The plasminogen activator system in wound re-epithelialization
R e-epithelialization prim arily involves the m igration of w ound-edge
kératinocytes across and through provisional matrix. This keratinocyte migration is
facilitated by the actions of various proteolytic enzymes, and there is much evidence
suggesting a pivotal role for the plasminogen activator system in this process. In
wounding experiments in vitro, increased keratinocyte expression of uPA, uPAR and
PAI-1 is observed, specifically localised to kératinocytes proximal to the wound edge
(M orioka et al, 1987a; McNeill and Jensen, 1990; Staiano Coico et al, 1996). In
addition, analysis of keratinocyte tunnel formation in fibrin matrices showed that upon
removal of plasminogen or addition of PAI-1, tunnel formation was severely reduced
(Ronfard and Barrandon, 2001). Interestingly, inhibition of uPA was found to have no
effect on in vitro migration of wounded keratinocyte monolayers (Ando and Jensen,
1996), suggesting that uPA-mediated proteolysis may be essential for migration through
a matrix, but not across a substratum. In vitro studies have also suggested alternative
non-proteolytic roles for the plasminogen activator system. Studies utilising the uPA Achain or an amino-terminal fragm ent of the A-chain (uPA-ATF) (i.e. devoid of
proteolytic activity) showed that binding of the A-chain/uPA-ATF to uPAR stimulated
chemotaxis in a keratinocyte cell line (Del Rosso et al, 1990 and 1993). Moreover Achain binding to uPAR also stimulated keratinocyte expression of endogenous uPA
(Fibbi et al, 1990); suggesting an autocrine/paracrine mechanism may exist whereby
uPA binding to uPAR at the leading edge, stimulates increased uPA expression and
subsequently creates a chemotactic gradient. Interestingly, a recent study demonstrated
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significant inhibition of m igration in w ounded keratinocyte m onolayers upon
transfection of an anti sense PAI-1 expression vector. However, the exact mechanism
whereby PAI-1 regulates keratinocyte migration has yet to be defined (Li et al, 2000a).

One result of the mass influx of cells into a wound site is the secretion of various
cytokines and growth factors (see table 1.1). Several of these factors including TGF-a
(Schultz et al, 1987), TGF-P (Mustoe et al, 1987) and EG F (Brown et al, 1986 and
1989) have been shown to promote re-epithelialization in animal wound models and it is
possible that this enhanced wound closure may be due to effects of these growth factors
on components of the plasminogen activator system. Various growth factors and
cytokines have been shown to regulate plasminogen activator system components in
kératinocytes in vitro. TG F-a and EGF increase cell-surface and secreted uPA levels in
cultured kératinocytes, via their shared receptor (Jensen and Rodeck, 1993). Moreover,
KGF stimulates both keratinocyte migration and uPA-mediated plasminogen activation
(Tsuboi et al, 1993). In addition, TNF-a and IE -Ip increase uPA and uPAR levels in
kératinocytes (Bechtel et al, 1996), and IL -Ip also stimulates tPA secretion (Rox et al,
1996). Interestingly, TGF-p stimulation of kératinocytes in vitro upregulates expression
of both uPA and its primary inhibitor, PAI-1 (Keski-Oja and Koli, 1992). As many of
these growth factors and cytokines are produced by kératinocytes, as well as other cell
types present in wounded tissue, it is possible that autocrine/paracrine mechanisms
regulate com ponents of the plasm inogen activator system during wound reepithelialization.

In addition to the in vitro data discussed above, much in vivo data exists
indicating a central role for the plasminogen activator system in re-epithelialization. In
both animal and human studies, uPA and PAI-1 expression is increased significantly in
wounded epidermis, with the former detected in both basal and suprabasal kératinocytes
and the latter in basal kératinocytes and the basement membrane (Grondahl-Hansen et
al, 1988; Romer et al, 1991). uPAR synthesis is also increased in healing epidermis,
with expression restricted to kératinocytes at the leading edge, suggesting a potential
role in localised proteolysis (Romer et al, 1994). M oreover, examination of healing
human bum wounds, indicated that increased expression of PAI-2 occurred throughout
the advancing epithelial sheets (Bechtel et al, 1998). Immunohistochemical analysis of
wounded epidermis showed little or no significant staining for tPA, suggesting uPA is
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the primary mediator of keratinocyte-derived proteolysis during re-epithelialization
(Grondahl-Hansen et al, 1988).

The specific importance of the plasminogen activator system in wound reepithelialization has been conclusively demonstrated in a variety of in vivo transgenic
studies. Full thickness incisional wounds in plasm inogen knockout mice showed
impaired healing that was characterised by severely reduced re-epithelialization (Romer
et al, 1996). Moreover, uPA/tPA double knockout mice showed almost identical healing
impairments (Bugge et al, 1996a), indicating an absolute requirement for plasminogen
activation during wound re-epithelialization. Interestingly, wounded uPAR/tPA double
knockout mice showed normal wound healing (Bugge et al, 1996a), suggesting that
uPA is capable of mediating re-epithelialization in the absence of its receptor. Further
transgenic studies have suggested that defective fibrin lysis is the cause of impaired reepithelialization in plasminogen knockout mice, as wound closure in mice deficient for
both plasminogen and fibrinogen was normal (Bugge et al, 1996b). Taken together
these observations suggest that plasminogen activation is essential for keratinocyte
migration through the fibrin/fibrinogen-rich provisional matrix and, consequently, is
critical to wound healing overall.

1.4.2.3 The plasminogen activator system in granulation tissue formation
Wound-induced formation of granulation tissue is facilitated by a mass influx of
fibroblasts, endothelial cells and macrophages. Subsequently, new matrix components
are produced and the provisional fibrin matrix is replaced with a collagen-rich ECM
(see section 1.2.4 and 1.2.5). This tissue remodelling is dependent on a balance between
matrix degradation and synthesis and is mediated largely by macrophages (degradation)
and fibroblasts (synthesis). The plasminogen activator system may play a role in this
phase of wound healing as num erous studies have dem onstrated expression of
plasminogen activator system components in fibroblasts and macrophages in vitro, and
many correlate expression of these components with cell growth and migration. In cell
proliferation experiments, both uPA and tPA are mitogenic for human skin fibroblasts
(De Petro et al, 1994). Moreover, interaction of the uPA-ATF with uPAR was able to
induce chemotaxis in these cells, suggesting fibroblast migration may be regulated by
uPA and uPAR in a non-proteolytic fashion (Anichini et al, 1994). In addition, invasion
of plasma clots and fibrin matrices by dermal fibroblasts was dependent on plasminogen
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activation (Knox et al, 1987; Greiling and Clark, 1997) although, as with kératinocytes,
fibroblast migration across a substratum was not reliant on plasmin activity (Greiling
and Clark, 1997). M acrophage migration is also regulated by components of the
plasminogen activator system in vitro. In chemotactic studies, monocyte/macrophage
migration is dependant on uPAR expression (Gyetko et al, 1994), and these migrating
cells polarise expression of the receptor to the leading edge (Estreicher et al, 1990).
Moreover, macrophage migration may be further regulated by PAI-1 inhibition of
uPAR interactions with vitronectin (Waltz et al, 1997). Interestingly, a recent study
demonstrated that PAI-1 expression in a mouse macrophage cell line was upregulated
by hypoxia (Pinsky et al, 1998), suggesting a mechanism whereby reduced oxygen
tensions may modulate macrophage migration.

Considering this wealth of in vitro data, it is reasonable to speculate that the
plasminogen activator system has a role in granulation tissue formation in vivo. Indeed,
studies of healing human and animal wounds have shown increased staining for uPA
and PAI-1 in fibroblasts and macrophages associated with newly forming granulation
tissue. Moreover, staining for uPAR was also increased, specifically in granulation
tissue-associated macrophages (Romer et al, 1991; Schaefer er aZ, 1994). Interestingly,
however, analysis of wound healing in plasminogen knockout mice shows normal
infiltration of macrophages and fibroblasts, and normal formation of granulation tissue
(Romer et al, 1996). Furthermore, although specific analysis of this phase of wound
healing was not performed, no gross abnormalities in granulation tissue formation were
reported for uPA/tPA, uPAR/tPA, or PAI-1/PAI-2 knockout mice (Bugge et al, 1996a;
Dougherty et al, 1999). Although these results seem to contradict much of the in vitro
and in vivo data, it is possible that, in these knockout mice, alternative proteolytic
mechanisms compensate for the loss of plasminogen activator system components
during wound-induced granulation tissue formation.

1.4.2.4 The plasminogen activator system in wound angiogenesis
Just prior to the initiation of granulation tissue formation, endothelial cells
invade the provisional matrix and mediate the development of new capillary networks.
This process of angiogenesis is regulated by various pro-and anti-angiogenic factors that
m odulate endothelial cell function (see section 1.2.6), and interestingly, the
plasminogen activator system may play a part in this phase of wound repair. In vitro.
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migrating endothelial cells produce elevated levels of uPA, uPAR, and PAI-1 (Pepper et
al, 1987, 1992 and 1993); and tPA was also detected in supernatants of these cells,
although primarily in complex with PAI-1 (Pepper et al, 1993). W ound-induced
angiogenic factors have also been shown to regulate the plasminogen activator system.
uPA, tPA, uPAR, and PAI-1 expression is increased by VEGF in microvascular
endothelial cells (Pepper et al, 1991). Moreover, FGF-2 stimulation of endothelial cells
increased expression of uPA and uPAR in vitro (Saksela et al, 1987; Mignatti et al,
1991). In addition, a recent study showed that the significant increase in endothelial cell
uPAR expression upon culture under hypoxic conditions, was increased further
following FGF-2 stimulation of the endothelial cells (Kroon et al, 2000b), suggesting a
potential dual mechanism of uPAR regulation.

Many in vitro studies suggest that plasminogen activator system components
may be essential for endothelial cell migration and angiogenesis. Blockade of uPAR,
using uPA-ATF linked to human serum albumin, significantly reduced endothelial cell
migration (Lu et al, 1996). M oreover, both FG F-2/TN F-a and FGF-2/hypoxiastimulated formation of capillary tubes in fibrin matrices was severely impaired by
addition of blocking antibodies to uPA and uPAR (Kroon et al, 1999 and 2000b). In
addition, a recent study demonstrated enhanced migration of microvascular endothelial
cells across fibronectin and increased capillary tube formation in fibronectin gels in
response to PAI-1 (Isogai et al, 2001). These observations thus indicate that multiple
components of the plasminogen activator system mediate in vitro endothelial cell
migration, presumably via the co-ordinated regulation of ECM proteolysis, uPARmediated cell adhesion and intracellular signalling.

In addition to the in vitro data, many in vivo studies have identified a potential
requirement for the plasminogen activator system in angiogenesis. This requirement
appears, how ever, to be dependent on the particular circum stances in which
angiogenesis occurs. In vascular wounding experiments, reduced angiogenesis in uPA
knockout mice was observed after acute myocardial infarction (Heymans et al, 1999).
Moreover, angiogenesis was significantly reduced in tumours arising from injection of
malignant cells engineered to express only A-chain uPA (Evans et al, 1997).
Furthermore, after implantation of malignant kératinocytes in PA I-I knockout mice,
angiogenesis of the subsequent tumours was impaired (Bajou et al, 1998). In contrast,
normal endothelial cell migration and subsequent neovascularization was observed in
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healing skin wounds from plasminogen knockout mice (Romer et al, 1996). Moreover,
no gross angiogenic abnormalities were reported in skin wounds from uPA/tPA,
uPAR/tPA, or PA I-l/PA I-2 knockout mice (Bugge et al, 1996a; Dougherty et al, 1999),
suggesting that in the cutaneous microenvironment compensatory mechanisms may
exist that counteract the loss of plasminogen activator system components.

1.4.2.5 Plasminogen activators and MMPs
Although the plasminogen activator system has many important proteolytic
functions throughout the wound healing process, it does not work alone. For many
years, studies have investigated the wound-associated activities of MMPs, a group of
related proteases that can collectively degrade most, if not all, components of the ECM.
At present more than 20 MMPs have been identified, and they are characterised by
several common features, including secretion as an inactive proenzyme, an ability to
degrade several ECM com ponents, and inhibition by tissue inhibitors of
metalloproteinases (TIMPs). Like components of the plasminogen activator system,
most MMPs are not expressed at significant levels in resting skin. The one exception to
this, MMP-2, is believed to be sequestered in its pro form in the dermal matrix awaiting
activation by m igrating cells (Murphy and G avrilovic, 1999). Upon cutaneous
wounding, MMP expression and activation is upregulated by various cell types
including neutrophils, macrophages, fibroblasts and kératinocytes. These woundinduced MMPs have been suggested to mediate numerous healing functions, including
regulation of cellular migration and collagen rem odelling, and collectively these
functions are likely to be critical for wound healing (reviewed in Parks, 1999).

Many recent in vitro studies have begun to identify functional interactions
between the plasminogen activator and MMP systems. Plasmin activates several proMMPs (He et al, 1989; Okumura et al, 1997; Murphy and Gavrilovic, 1999), and this
feature of MMP activation has been suggested to be a mechanism whereby uPA or tPAderived plasmin regulates M MP functions. For example, analysis of migration in
wounded bronchial epithelial monolayers indicated a potential activation pathway
involving uPA-mediated activation of plasmin, plasmin-mediated activation of MMP-9,
and MMP-9-mediated initiation of cell migration (Legrand et al, 2001). Moreover, a
human carcinoma line engineered to express pro-M M P-9 showed enhanced ECM
degradation upon addition of plasm inogen and pro-M M P-3, suggesting another
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potential activation pathway involving uPA, plasmin, MMP-3, and MMP-9 (RamosDeSimone et al, 1999). In addition, although uPA-derived plasmin activates proMMP-2
and proMMP-9 when all factors are cell-associated, it readily degrades both MMPs in
solution (Mazzieri et al, 1997), indicating a regulatory mechanism that may prevent
excessive MMP-mediated proteolysis. Interestingly, it seems that the interactions are
not all one-way. Recent studies have demonstrated that M M P-12 can cleave uPAR on
endothelial cells, releasing the uPA binding domain (domain 1) (Koolwijk et al, 2001).
Moreover, MMP-3 can cleave both pro-uPA and active uPA resulting in the release of a
32 kDa form of uPA that retains its proteolytic activity, but cannot bind uPAR (Ugwu et
al, 1998). Furthermore, MMP-3 can also cleave the inhibitory form of PAI-1, efficiently
inactivating the inhibitor (Lijnen et al, 2000). These observations indicate that the
plasminogen activator and MMP systems interact with one another and each has the
potential to regulate the activity of the other, a feature that may be important during
cutaneous wound repair.
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1.5 AIMS OF THE STUDY
At the onset of this study, it was becoming increasingly clear that components of
the plasminogen activator system were pivotal in many physiological and patho
physiological processes characterised by cellular migration and tissue remodelling,
including cutaneous wound repair. In particular, the activity of the predominant
cutaneous serine protease, uPA, was strongly implicated in wound-induced cellular
migration both in vitro and in vivo, and knock-out mouse studies had indicated that
serine protease-mediated plasminogen activation was required for normal wound reepithelialization. Although several such knock-out mouse lines had been generated to
assess the role of various plasminogen activator system components in cutaneous
wound repair, no data were available concerning the effect of elevated uPA levels on
wound-induced keratinocyte migration in vivo, and moreover, on the overall wound
healing process. Thus, the initial aim of the present study was to generate a transgenic
system of cutaneous uPA overexpression, by specifically targeting uPA to basal
kératinocytes using the keratin 14 promoter/enhancer sequence. The resulting transgenic
mice could thus provide useful information regarding the histological and molecular
consequences of epidermal uPA overexpression on murine development, physiology
and wound repair.

In addition to identifying potential roles for the plasminogen activator system,
early reports from cutaneous wound healing models had also indicated that, following
skin injury, a significant reduction in tissue oxygen tension was apparent in the
cutaneous wound site. Thus, a second aim of this study was to use the current in vitro
methods of hypoxic culture to analyse the effect of reduced oxygen tension on
expression of plasminogen activator system components in a murine keratinocyte cell
line, PAM 212. The subsequent data could then be used to speculate on the potential
effects of w ound-induced hypoxia on keratinocyte regulation of the plasminogen
activator system during cutaneous tissue repair in vivo.

57

CHAPTER 2

M ATERIALS AND M ETHODS
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2.1

2.1.1

MOLECULAR BIOLOGY METHODS

DNA preparation
Preparation of DNA from various sources was performed as described below.

2.1.1.1

Small-scale plasmid preparation
Ampicillin resistant D H 5a colonies (American Type Culture Collection) were

picked individually using autoclaved toothpicks, transferred to 5 ml aliquots of LB
medium (0.5% yeast extract, 1% bacto-tryptone, 0.5% sodium chloride, 1 mM NaCl)
and agitated at 37°C for 8 hours. 1.5 ml aliquots of the subsequent starter cultures were
centrifuged at 16,000x g for 1 minute and the cell pellet resuspended in 100 /xl of GET
solution (50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl, pH 8.0) containing 100
jLig/ml lysozyme (Sigma). 200 /rl of lysis buffer (0.2 M NaOH, 1% SDS) was added, and
the solution gently mixed by inversion, prior to incubation on ice for 5 minutes. 150 fil
of neutralization buffer (3 M KOAc) was then added and following vigorous mixing,
the solution was centrifuged at 16,000x g for 10 minutes. 400 fi\ of clarified supernatant
was subsequently retained, mixed with 400 fil of PCI (phenol:chlorofom:isoamyl
alcohol (24:24:1), Sigma), and centrifuged at 16,000x g for 3 minutes. Finally, 400 /xl of
the upper aqueous phase was removed to a fresh tube, mixed thoroughly with 1 ml of
ethanol, and centrifuged at 16,000x g for 10 minutes. The resulting plasmid DNA pellet
was washed once with 500 /xl of 70% ethanol, air dried for 5 minutes and resuspended
in 40 /xl of TE (10 mM Tris pH 8.0, 1 mM EDTA) containing 20 /xg/ml RNase A
(Sigma). Plasmid DNA samples were stored at -20°C.

2.1.1.2 Large-scale plasmid preparation
Large-scale plasmid preparation was performed using the Qiagen Plasmid Maxi
Kit (Qiagen), according to the manufacturer’s instructions. Briefly, 200 ml of LB
medium was inoculated with 2 ml of starter culture (see section 2.1.1.1) and agitated
(200 rpm) at 3 T C for 16 hours. The subsequent culture was centrifuged at 6000x g for
15 minutes at 4°C, and the cell pellet resuspended in 10 ml of Buffer PI (50 mM TrisHCl, pH 8.0, 10 mM EDTA, 100 /xg/ml RNase A). 10 ml of Buffer P2 (0.2 M NaOH,
1% SDS) was added and the solution mixed gently, prior to incubation at room
temperature for 5 minutes. 10 ml of Buffer P3 (3 M KOAc) was then added and
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following immediate mixing, the solution was incubated on ice for 20 minutes. The
subsequent lysed cultures were centrifuged at 20,000x g for 30 minutes at 4°C, and the
supernatant was removed to an equilibrated QIAGEN-tip 500 column (Qiagen). After
the supernatant was allowed to enter the QIAGEN-tip 500 resin bed by gravity flow, the
column was subjected to two washes with 30 ml of Buffer QC (1 M NaCl, 50 mM
MOPS, pH 7.0, 15% isopropanol). The flow-through was discarded and 15 ml of Buffer
QF (1.25 M NaCl, 50 mM Tris-HCl, pH 8.5, 15% isopropanol) was added to the
column to facilitate plasmid DNA elution. The eluate was collected and 10.5 ml of
isopropanol was added, prior to thorough mixing and im mediate centrifugation at
15,000x g for 30 minutes at 4°C. The resulting plasmid DNA pellet was washed once
with 5 ml of 70% ethanol, air dried for 5 minutes and resuspended in 50-100 /xl of
ddHjO (dependent on pellet size). Plasmid DNA samples were stored at -20°C.

2.1.1.3 Crude genomic DNA preparation
Tissue samples (approximately 2 mm^) were incubated in 20 /xl of crude DNA
extraction buffer (50 mM Tris-HCl, pH 8.0; 20 mM NaCl; 1 mM EDTA; 1% SDS)
containing 0.5 mg/ml proteinase K (Roche) at 55°C for 1 hour. 180 /xl of ddH20 was
added and solutions were heated at 99°C for 5 minutes, prior to cooling on ice. Crude
genomic DNA samples were stored at -20°C.

2.1.1.4 High quality genomic DNA preparation
Tissue samples (approximately 6 mm^) were incubated in 700 /xl of genomic
DNA extraction buffer (50 mM Tris-HCl, pH 7.5; 100 mM NaCl, 10 mM EDTA, 1%
SDS) containing 0.5 mg/ml proteinase K (Roche) at 55°C for 16 hours. 500 /xl of 6 M
NaCl was added and the samples agitated for 5 minutes. After centrifugation at 10,000x
g for 7 minutes, 750 /xl of supernatant was removed to a fresh tube. 500 /xl isopropanol
was added and the mixture was agitated for 2 minutes, prior to centrifugation at 10,000x
g for 5 minutes. The resulting DNA pellet was washed once with 500 /xl of 70% ethanol
and resuspended in 200 /xl of ddH^O.

To facilitate removal of any contaminating protein, resuspended DNA samples
were mixed with 200 /xl of PCI (phenol:chlorofom:isoamyl alcohol (24:24:1), Sigma)
and centrifuged at 16,000x g for 3 minutes. 200 /xl of the upper aqueous phase was
retained, mixed with 200 /xl of chloroform (Sigma), and centrifuged at 16,000x g for 3
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minutes. The upper aqueous phase was again retained, and mixed with 20 fû of 7.5 M
ammonium acetate and 600 /rl of ethanol. DNA precipitation was encouraged by
incubation on ice for 10 minutes, followed by 10 minutes centrifugaton at 16,000x g.
The resulting pellet was washed once in 1 ml cold (-20°C) 70% ethanol, resuspended in
50-200 /xl of ddH20 (dependent on pellet size) and stored at 4°C.

2.1.1.5

DNA preparation from adherent cells
Cultured cell monolayers were split as described (section 2.2.1) and the cell

num ber determ ined using a standard haem ocytom eter (W eber Scientific Int.).
Approximately 10,000 cells were transferred to a fresh tube and centrifuged at 15,000x
g for 2 minutes. The cell pellet was resuspended in 200 /xl of Ix PBS and centrifuged
again at 15,000x g for 2 minutes. The resulting cell pellet was resuspended in 20 /xl of
Ix PGR buffer (50 mM KCl, 20 mM Tris-HCl pH 8.4; Gibco) and subjected to two 10
minute freeze-thaw cycles. 1 /xl of proteinase K (20 mg/ml, Roche) was then added and
the reaction incubated at 55°C for 30 minutes, followed by heating at 94°C for 10
minutes, cooling on ice, and subsequent storage at -20°C.

2.1.2

Restriction enzyme digestion
Restriction enzyme reactions were prepared by mixing DNA samples with 2/xl

of the appropriate buffer (buffers used : NEB Buffer 1 (10 mM bis Tris propane-HCl,
10 mM MgClz, 1 mM dithiothreitol; pH 7.0), NEB Buffer 2 (50 mM NaCl, 10 mM TrisHCl, 10 mM MgClz, 1 mM dithiothreitol; pH 7.9), NEB Buffer 3 (100 mM NaCl, 50
mM Tris-HCl, 10 mM MgCl2, 1 mM dithiothreitol; pH 7.9), NEB Buffer 4 (50 mM
potassium acetate, 20 mM Tris-acetate, 10 mM m agnesium acetate, 1 mM
dithiothreitol; pH 7.9), NEB Bam HI Buffer (150 mM NaCl, 10 mM Tris-HCl, 10 mM
MgCl2, 1 mM dithiothreitol; pH 7.9), NEB Eco RI Buffer (50 mM NaCl, 100 mM TrisHCl, 10 mM MgCl2, 0.025% (v/v) Triton X-100; pH 7.5); New England BioLabs), 0.2
/xl lOOx BSA (optional), 1 unit//xg of the appropriate restriction enzyme(s) and ddH20 to
give a total volume of 20 /xl (see table 2.1 for specific conditions). Reactions were
mixed thoroughly and pulse-centrifuged, prior to incubation at 3 T C for 4 hours unless
otherwise stated (see table 2.1).
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Restriction

NEB

Non-standard

BSA
enzym e(s)

Recognition site

Buffer

Conditions
(S' - 3 ’)

Bam HI

Bam HI

Yes

G^GATCC

-

S g /I

3

No

G C C N N N N ^N G G C

-

No

G^AATTC

-

Eco R1

Ego

R1

EcoRV

3

Yes

GAT^ATC

-

Sma 1

4

No

C C C ^G G G

25°C-4 hours

Xba\

2

Yes

T^CTAGA

-

Xba 1/ Bgl II

2

Yes

T^CTAGA / A^GATCT

-

Bam HI / Bgl II

Bam HI

No

G^GATCC / A^GATCT

-

Kpn 1/ Sph 1

1

Y es

GGTAC^C / GCATG^C

-

Kpn 1/ Xba 1

2

Yes

GGTAC^C / T^CTAGA

-

Dra 1/ Sma 1

4

No

TTT^AAA / C C C ^G G G

25°C-2 hours/37°C-2 hours

AvrW 1 Sma 1

4

No

C^CTAGG /C C C ^ G G G

25°C-2 hours/37°C-2 hours

Hina II / Sma 1

4

Yes

G T Py^PuA C / C C C ^G G G

25°C-2 hours/37°C-2 hours

Double digests

T ab le 2.1 Details of specific conditions for restriction enzym e digestions perform ed.

2.1.3 Ligation and transformation
A garose-gel purified (see section 2.1.5) insert and vector D N A fragments were
m ix ed at a 3:1 molar ratio (insert:vector) and diluted to a total v olu m e o f 8 /tl with
ddHzO. 1 /xl o f lOx ligation buffer (500 m M Tris-HCl pH 7.5, 100 m M MgCU, 100 mM
dithiothreitol, 10 m M ATP, 2 5 0 /xg/ml bovine serum albumin; N e w England BioLabs)
and 1 /xl o f T4 D N A ligase (30 W eiss units//xl; N e w England B ioL ab s) were added,
prior to incubation at room temperature for 16 hours. Control reactions were also
prepared with insert or vector D N A omitted. 5 /xl aliquots o f each reaction were added
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to 50 jLil aliquots of competent D H 5a cells on ice, and the transformation reaction mixed
gently, prior to incubation on ice for 30 minutes. Cells were then heat-shocked at 42°C
for 90 seconds and 500 fil of pre-warmed (37°C) LB medium added. Cultures were
agitated (200 rpm) at 3 T C for 30 minutes, then 200 /xl spread evenly over the surface of
LB agar plates (LB medium with 1.5% (w/v) bacteriological agar) containing 100 /xg/ml
ampicillin (Sigma). Inoculated LB agar plates were incubated at 3 T C for 16 hours.

2.1.4 Agarose-gel electrophoresis
A 1% (w/v) agarose (molecular biology grade, Roche) solution in Ix TBE (0.9
M Tris base, 0.9 M boric acid, 20 mM EDTA (pH 8.0)) was heated for 4 minutes in a
500W microwave oven. 2.5 /xl of a 10 mg/ml ethidium bromide solution was added to
200 ml of agarose solution which was left to cool at room temperature for 30 minutes. A
gel tray was prepared by sealing both ends with autoclave tape and positioning a comb
approximately 1 cm from the end of the tray. The agarose solution was then poured into
the prepared tray and left to set at room temperature for a further 30 minutes.

Loading samples were prepared by addition of 15% (v/v) of appropriate loading
dye (either bromophenol blue (40% (w/v) sucrose solution in Ix TBE with 0.16% (w/v)
bromophenol blue crystals) for products >1200 bp, or xylene cyanol (as bromophenol
blue, but with 0.16% (w/v) xylene cyanol crystals) for products < 1200 bp). DNA
ladders (either the 500 bp DNA ladder (0.25 /xg//xl; Roche), comprising fragments
between 500 and 5000 bp in 500 bp increments; or the 100 bp DNA ladder (0.25 /xg//xl;
Roche), comprising fragments between 100 and 1500 bp in 100 bp increments and an
additional band of 2642 bp) were also prepared by m ixing the stock DNA ladder
solution with both bromophenol blue and xylene cyanol loading dyes in a 2:1:1 ratio.
The set gel was transferred to an electrophoresis tank (DNA Mini or Midi Sub
Electrophoresis Tanks, BioRad) which was filled with Ix TBE to a level approximately
5 mm above the gel surface. 20 /xl of each sample and 5 /xl of DNA ladder were then
loaded into the appropriate wells and the gel run at 95V for 90 minutes. DNA was
visualised under ultra-violet (UV) transillum ination and the results photographed
(Polaroid 677 print film).
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2.1.5 Agarose-gel purification of DNA
DNA samples were prepared and separated on a 1% (w/v) agarose gel as
described (section 2.1.4). Under long wavelength UV transillumination (302 nm), a slit
was made in the gel approximately 3 mm in front of the band of interest into which an
appropriately sized piece of DEAE NA 45 charged cellulose membrane (Schleicher &
Schuell) was carefully positioned. After 15 minutes of further electrophoresis, DNA
bound to the membrane was visualised under long wavelength UV transillumination
(302 nm). The membrane was then removed from the gel, cut into 5 mm^ pieces, and
incubated in 300 fi\ of gel extraction solution (50 mM arginine, 1 M NaCl) at 55°C for
30 minutes. After centrifugation at 16,000x g for 2 minutes, the supernatant was
removed to a fresh tube and 900 jxl of ethanol added. DNA precipitation was
encouraged by incubation at -70°C for 15 m inutes, follow ed by 10 m inutes
centrifugation at 16,000x g. The resulting DNA pellet was washed once in 500

( jlI

of

ice-cold (4°C) 70% ethanol and resuspended in 50 /xl of ddH20.

2.1.6 Spectrophotometry
DNA and RNA yield and purity were assessed by spectrophotometry at 260 and
280 nm, using lOOx dilutions of samples in ddH^O. The formulae used were (ODjgo x
100)

X

0.05 = DS DNA yield (/xg//xl), and (OD260 x 100) x 0.04 = total RNA yield

(/xg//xl), where 0.05 to 1.2 was the accurate, linear range of absorbance at 260 nm.
OD260:OD2go ratios of between 1.6 and 2.0 represented high purity genetic material with
low protein contamination.

2.1.7 RNA preparation
Homogenisation o f tissues
Ereshly dissected samples from wild-type or transgenic mice were rapidly
transferred to 1.8 ml cryovials and snap frozen in liquid nitrogen for long term storage.
Upon removal from liquid nitrogen, tissue samples were transferred to 15 ml Falcon
tubes containing 2 ml of Trizol® Reagent (Gibco) and immediately homogenised for 15
seconds using a Polytron (Polytron® PT 1200; Kinematica AG). 1.7 ml of homogenised
sample was transferred to a 2 ml microcentrifuge tube and left for 5 minutes at room
temperature to allow complete dissociation of nucleoprotein complexes.

64

Homogenisation o f adherent cells
For RNA preparation from adherent cells, PAM 212 keratinocyte monolayers
were lysed in situ by addition of 1.7 ml of Trizol® Reagent (Gibco) per 60 mm diameter
tissue culture dish. The cell lysate was passed through a pipette several times,
transferred to a 2 ml microcentrifuge tube and left for 5 minutes at room temperature to
allow complete dissociation of nucleoprotein complexes.

RNA extraction
Phase separation of homogenised samples was initiated by addition of 340 /il of
chloroform, followed by vigorous mixing for 15 seconds and incubation at room
temperature for 3 minutes. After centrifugation at 12,000x g for 15 minutes at 4°C, 1 ml
of the colourless upper aqueous phase was carefully transferred to a fresh tube. 850 fi\
of isopropanol was added and the solution incubated at room temperature for 10
minutes, prior to centrifugation at 12,000x g for 10 minutes at 4°C. The subsequent
RNA precipitate was washed once with 2 ml of 75% ethanol and re-centrifuged at
7,500x g for 5 minutes at 4°C. The RNA pellet was then air dried for 7 minutes and
resuspended in 30-100 /d of DEPC-treated ddHjO (autoclaved ddH20 containing 0.1%
(v/v) diethyl pyrocarbonate), depending on the pellet size. RNA samples were incubated
at 57®C for 10 minutes to facilitate complete dissolution of RNA, and stored at -80°C.

2.1.8 Primer design and preparation
DNA or mRNA sequences were initially downloaded from the Entrez database
(www.ncbi.nlm.nih.gov/Entrez/nucleotide.html) and vector sequences obtained from
specific supplier websites. Predicted cloning construct sequences were assembled using
EditSeq (v3.82) and MapDraw (v3.03) software (DNASTAR Inc) and primers were
designed to span the region of interest using Prim er software (vO.5, W hitehead
Institute), adapted for Apple Macintosh. Parameters used for selection of individual
prim ers included optimal lengths between 23 and 28 bases, melting temperatures
between 57 and 63°C, GC content between 40 and 65%, and self-complementarity of
less than 6 bases overall and less than 2 bases at the 3 ’ end. Selected primers were then
paired and tested using Amplify software (vl.2. University of Wisconsin) to determine
the avidity of primer binding to template, product sizes and the potential for significant
dimérisation between paired primers. Finally the specificity of primers was assessed by
running a BLAST search (www.ncbi.nlm.nih.gov/BLAST/) to examine the possibility
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o f am p lifying other know n sequences. C u stom ised sy n th esis and purification o f all
oligonucleotide primers was performed by Sigm a G en o sys Ltd.

2.1.9 PCR amplification
Target
Sequence

Human keratin
14 prom oter
(K14)

Mutated
Human Growth
Hormone
(HGX)

Ore
recom binase

Primer Sequences

K14-for :
5’ CACGATACACCTGACTAGCTGGGTG 3’
K14-rev ;
5 ’ CATCACCCACAGGCTAGCGCCAACT 3 ’
HGX-for ;
5 ’ CTCACCTAGCTGCAATGG 3 ’
HGX-rev :
5 ’ AAGGCACTGCCCTCTTGAAGC 3 ’
CRE-for :
5’ ATCCGAAAAGAAAACGTTGA 3 ’
CRE-rev :
5 ’ ATCCAGGTTACGGATATAGT 3'
SV40for :
5' GGACAAACCACAACTAG 3’

SV40 intron

SV 40rev :
5' GTAGAGGTTTTACTTGC 3 ’

In vitro
recom bination

In vivo
recom bination

cDNA probe
preparation

R ed :
5’ ACTAGTAACGGCCGCCAGTGT 3’
R ec2 :
5 ’ ATGGCTGCGAACCAGGGCTGG 3’
R ec3 :
5 ’ AGAAAGCCCAAAACACTCCAAAC 3 ’
R ec4 :
5' CCACCTTCAGAGTTTTTCACCAC 3 ’
c P ro b e l :
5 ’ AATGTGCACAGCCATCCAGGT 3 ’
c P ro b e2 :
5 ’ CCTCAGCTACCTGAGGGCCAT 3 ’

Program

Size
(bp)

94°C
94°C
60°C
72°C
72°C

5 ’ (xl)
30"
30" (x35)
30"
5 ’ (x1)

514

94°C
94°C
60°C
72°C
72°C

5' (xl)
30"
30" (x35)
30"
5 ’ (x1)

352

94°C 5 ’ (xl)
94°C 1 ’
60°C r (x35)
72°C r
72°C 5' (x1)

632

94°C
94°C
53°C
72°C
72°C

2 ’ (x1)
30"
30" (x30)
20"
2 ’ (x1)

183

94°C
94°C
60°C
72°C
72°C

5’ (x1)

r

wt: 1068

T (x35)
1’
5' (xl)

rec: 694

94°C 5' (x1)
94°C 1 ’
60°C r (x35)
72°C r
72°C 5’ (x1)
94°C
94°C
60°C
72°C
72°C

5 ’ (xl)
1’
T (x30)

wt: 739
rec: 365

437

r

5 ’ (x1)

D etails of specific conditions for PCR am plifications perform ed. Prim er s e q u e n c e s
a re show n a s forw ard (s e n s e ) prim er ab o v e re v e rse (a n tise n se ) prim er. S ize = PCR product
size (bp); wt = wild-type unrecom bined se q u e n c e ; rec = recom bined s e q u e n c e ; ' = minutes; " =
seco n d s; (xN) = num ber of cycles.

Table 2.2
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PCR amplification reactions were prepared as mastermixes and consisted of the
following reagents per reaction: 35.5 /rl of ddH20, 5 /rl of lOx PCR buffer (500 mM
KCl, 200 mM Tris-HCl pH 8.4; Gibco), 2 /xl of MgCl^ (50 mM; Gibco), 4 /xl of dNTP
mix (dATP, dCTP, dGTP and dTTP at 2.5 mM each; Promega) and 1 /xl of each primer
(diluted to 100 pmole//xl in ddH20). 0.5 /xl of Taq DNA polymerase (5 U//xl; Gibco) and
1 /xl of DNA template (approximately 150 pg of plasmid DNA or 500 ng of genomic
DNA) were then added to each reaction prior to thermocycling using specific PCR
conditions as outlined above (table 2.2). Separation and analysis of PCR products was
performed as described (section 2.1.4).

2.1.10 RT-PCR
Reverse transcription
Prior to cDNA synthesis, aliquots of total RNA samples were diluted to 0.3
/xg//xl in D EPC-treated ddH20. Reverse transcription reactions were prepared as
mastermixes and consisted of the following reagents per reaction: 5 /xl of lOx PCR
buffer (500 mM KCl, 200 mM Tris-HCl pH 8.4; Gibco), 10 /xl of MgCl2 (50 mM;
Gibco), 20 /xl of dNTP mix (dATP, dCTP, dGTP and dTTP at 2.5 mM each; Promega),
1.5 /xl of RNase inhibitor (33 U//xl RNAsin; Promega), 1.5 /xl of oligo d(T) primer (0.5
/xg//xl; Promega), 1.5 /xl of AMV reverse transcriptase (25 U//xl; Promega) and 10.5 /xl
of diluted RNA sample. Reactions were mixed thoroughly and transferred to an
automated thermocycler and heated thus: 42°C for 2 hours, 99°C for 5 minutes and 4°C
hold. RT products were stored at -20°C.

RT-PCR amplification
RT-PCR amplification reactions were prepared as mastermixes and consisted of
the following reagents per reaction: 14.1 /xl of ddH20, 2.5 /xl of lOx PCR buffer (500
mM KCl, 200 mM Tris-HCl pH 8.4; Gibco), 0.5 /xl of M gCl2 (50 mM; Gibco), 2 /xl of
dNTP mix (dATP, dCTP, dGTP and dTTP at 2.5 mM each; Promega), 0.3 /xl of each
primer (diluted to 100 pmole//xl in ddH20), 0.3 /xl of Taq DNA polymerase (5 U//xl;
Gibco) and 5 /xl of RT product. Reactions were mixed thoroughly and thermocycled
thus: 95°C for 5 minutes (1 cycle), 95°C for 1 minute > 60°C for 1 minute > 72°C for 1
minute 20 seconds (25 to 40 cycles), 72°C for 5 minutes (1 cycle) and 4°C hold. RTPCR amplification products were stored at 4°C. Separation and analysis of RT-PCR
amplification products was performed as described (section 2.1.4).
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2.1.11

Northern blotting

Formaldehyde-gel electrophoresis and RNA transfer
Formaldehyde gels were prepared thus: 2 g of agarose (molecular biology grade;
Roche) was mixed with 146 ml of DEPC treated ddHgO and 10 ml of lOx MOPS buffer
(0.2 M MOPS, 0.3 M NaAc, 10 mM EDTA (pH 8.0) 0.1% DEPC). The agarose
solution was heated for 4 minutes in a 500W microwave oven and left to cool at room
temperature for 15 minutes. 34 ml of formaldehyde (37% (v/v); Sigma) was then added
and the gel solution poured into a prepared gel tray (section 2.1.4) and left to set at room
temperature for 15 minutes.

Northern loading buffer was prepared as a mastermix and consisted of the
following reagents per sample: 12.5 /xl of deionized formamide (Sigma), 2.5 /xl of lOx
MOPS, 4 /xl of formaldehyde (37% (v/v); Sigma) and 1 /xl of a 10 mg/ml ethidium
bromide solution. Loading samples were prepared by mixing 10 /xl of total RNA sample
(diluted to 1 /xg//xl in DEPC treated ddH20) with 20 /xl of Northern loading buffer and
heating at 65°C for 10 minutes. Samples were chilled on ice and 2 /xl of Northern
loading dye (50% (v/v) glycerol solution in DEPC treated ddHjO with 1 mM EDTA,
0.25% (w/v) bromophenol blue crystals and 0.25% (w/v) xylene cyanol crystals) added.
The set formaldehyde gel was transferred to an electrophoresis tank (DNA Mini or Midi
Sub Electrophoresis Tanks, BioRad) which was filled with Ix MOPS to a level
approximately 5 mm above the gel surface. 32 /xl of each sample was then loaded into
the appropriate wells and the gel run at lOOV for 2.5 hours. RNA was visualised under
long wavelength UV transillumination (302 nm) and the gel photographed (Polaroid
677 print film) in the presence of a fluorescent ruler (BioRad).

For transfer of formaldehyde-gel separated RNA samples, a transfer tank was
filled with 20x SSC (3 M NaCl, 0.3 M sodium citrate; pH 7.0) and an upturned gel tray
placed in the centre to act as a platform for the transfer stack. The transfer stack was
assembled from the following: 3 sheets of Whatman 3MM paper (Whatman) (equal in
length to the gel, but several cms wider at each side), soaked in 20x SSC and positioned
on the platform such that the ends dipped into the SSC solution; the gel, positioned
wells up; 1 sheet of Hybond N+ nylon membrane (Amersham Pharmacia) cut to the
exact size of the gel, pre-wet in ddHjO and soaked in 20x SSC; 2 sheets of Whatman
3MM paper, cut to the exact size of the gel and soaked in 20x SSC; and finally, a stack
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of absorbent towels cut to the approximate size of the gel. Saran wrap was positioned
around the gel edges and the stack was weighed down with a Sigma catalogue. RNA
transfer was performed for 16 hours at room temperature, after which the transfer stack
was dismantled and the membrane washed briefly with 2x SSC. After blotting dry on
3M M paper, RNA was fixed to the membrane by UV crosslinking at 120,000
microjoules.

cDNA probe preparation
The uPA cDNA probe was prepared using a 437 bp PCR product (pos: 865 1302) amplified from full length murine uPA cDNA (pDB1519; American Type
Culture Collection); amplification was performed using the specific primers, cProbel
and cProbe2, as described in section 2.1.9. Radioactive oligolabelling was performed
using the Oligonucleotide Kit (Amersham Pharmacia). Initially, PCR products were
denatured by heating at 99°C for 3 minutes followed by immediate transfer to ice for a
further 2 minutes. 50 fi\ reactions were then prepared by mixing 34 /xl of denatured PCR
product (1.5 /xg/ml in ddHjO), 10 /xl of Reagent Mix (a buffered aqueous solution
containing dATP, dGTP, dTTP and random hexadeoxyribonucleotides; Amersham
Pharmacia), 5 /xl of [a-^^P]dCTP (3000 Ci/mmol, Amersham Pharmacia) and 1.5 /xl of
Klenow Fragment (Amersham Pharmacia), prior to incubation at 3 T C for 1 hour.

Labelled cDNA probe was separated from unincorporated [a-^^P]dCTP using
spun-column chromatography. Spun-columns were prepared by plugging the bottom of
a 1 ml syringe with glass wool (BDH), and filling the syringe with Sephadex 0-5 0
(Sigma) equilibrated in Ix TEN buffer (10 mM Tris-HCl, pH 8.0; 1 mM EDTA, pH 8.0;
100 mM NaCl). Columns were flushed with TEN buffer and centrifuged at 1600x g in a
swing-bucket rotor. 50 /xl oligolabelling reactions were mixed with 50 /xl of ddH20, and
carefully applied to the spun-column. Columns were centrifuged again at 1600x g and
the eluted probe retained and stored at -20°C.

RNA probe (riboprobe) preparation
Radioactive labelling of uPAR and PAI-1 riboprobes was performed using the
M AXIscript™ SP6/T7 Kit (Ambion), according to the m anufacturer’s instructions.
Briefly, 20 /xl reactions were prepared by mixing 7 /xl of nuclease-free ddH20, 1 /xl of
linearized DNA template (Xba I digested pGEM-uPAR (1 /xg//xl) and Eco RI digested
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pGEM-PAI-1 (1 fig/fil); both kind gifts of Dr F Lupu, Thrombosis Research Institute,
London), 2 /d of Transcription Buffer, 1 jLil of ATP (10 mM), 1 /xl of CTP (10 mM),
1 /xl of GTP (10 mM), 5 /xl of [a-^^P]UTP (800 Ci/mmol, Amersham Pharmacia) and 2
/xl of SP6 or T7 polymerase (10 U//xl) containing RNase inhibitor (2 U//xl). Reactions
were incubated at 37°C for 1 hour followed by removal of template DNA by addition of
1 /xl of RNase-free DNase 1 (2 U//xl) and incubation at 3 T C for 15 minutes. Labelled
riboprobe was separated from unincorporated [a-^^P]UTP using Quick Spin™ Columns
specific for radiolabeled RNA purification (Roche). 21 /xl reactions were mixed with 29
/xl of nuclease-free ddH20 (Ambion) and carefully applied to prepared Quick Spin™
Columns, prior to centrifugation at llOOx g for 4 minutes. Eluted riboprobes were
transferred to -20°C for short term (up to 24 hours) storage.

Hybridisation
cDNA probed membranes were pre-hybridised in 30 cm hybridisation bottles
(Hybaid), containing 15 ml of ExpressHyb™ Hybridization Solution (Clontech), at
68°C for 1 hour. 100 /xl of [a-^^P]dCTP labelled cDNA probe was heated at 99°C for 5
minutes, mixed with 15 ml of ExpressHyb™ Hybridization Solution and added to the
pre-hybridisation solution, prior to hybridisation at 68°C for 1 hour.

Riboprobed membranes were pre-hybridised in 30 cm hybridisation bottles,
containing 15 ml of NorthemM ax™ Prehybridisation/Hybridisation Buffer (Ambion),
at 68°C for 1 hour. 50 /xl of [a-^^P]UTP labelled riboprobe was mixed with 15 ml of
N orthem M ax™ Prehybridisation/H ybridisation B uffer and added to the pre
hybridisation solution, prior to hybridisation at 68°C for 16 hours.

Washing and visualisation o f Northern blot
Following hybridisation, membranes were exposed to four 15 minute washes
each comprising 100 ml of Ix SSC, 0.1% SDS; followed by two washes in 100 ml of
O.lx SSC, 0.1% SDS for 15 minutes each, with all washes performed at 68°C. The
membrane was subsequently monitored to ensure specific signal with low background
irradiation, sealed in Saran wrap, and exposed to radiographic film (X-OMAT AR
scientific imaging film, Kodak) for 2-7 days at -80°C.
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Densitometry o f Northern blots
Northern blot radiographs and their corresponding RNA gel photographs were
scanned using an Epson EPIOI scanner attached to a standard IBM computer. Using
dedicated Imagemaster software ( v l.l) , relative mRNA levels were determined for
Northern blot bands following equalisation of the 18s and 28s RNA densitometry values
between lanes. The control mRNA level was subsequently given an arbitrary value of
100%, and relative differences in mRNA levels expressed as percentage of control.

2.1.12 Southern blotting of PCR products
Agarose-gel electrophoresis and transfer o f PCR product
20 III aliquots of PCR product were prepared and separated on a 1% (w/v)
agarose gel as described (section 2.1.4), and the gel photographed under UV
transillumination in the presence of a fluorescent ruler (BioRad). A transfer tank was
filled with 0.4 M NaOH and an upturned gel tray placed in the centre to act as a
platform for the transfer stack. The transfer stack was assembled as described (section
2.1.11) with the following alterations. Sheets of Whatman 3MM paper were soaked in
0.4 M NaOH; the gel was washed in 0.4 M NaOH and positioned wells down, and the
sheet of Hybond N+ nylon membrane (Amersham Pharmacia) was soaked in 0.4 M
NaOH. PCR product transfer was performed for 4 hours at room temperature, after
which the transfer stack was dismantled and the membrane washed briefly with 2x SSC.

Probe preparation and hybridisation
The cDNA probe was prepared using a 514 bp PCR product amplified from the
human keratin 14 promoter (K14-for/K 14-rev product; see table 2.2). Radioactive
oligolabelling and separation of unincorporated [a-^^P]dCTP was perform ed as
described (section 2.1.11).

M embranes were pre-hybridised and hybridised as described previously for
cDNA membranes (section 2.1.11), with the exception that all steps were performed at
60T.
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Washing and visualisation o f Southern blot
W ashing and visualisation of the Southern blot was performed as described
(section 2.1.11) with the exception that all washes were perform ed at 60°C, and
exposure to radiographic film was limited to 90 seconds at room temperature.

2.1.13 Automated sequencing
DNA sequencing was performed using the ABI PRISM ™ Dye Terminator
Cycle Sequencing Ready Reaction Kit (ABI Perkin Elmer). 20 /xl reaction mixtures,
containing 0.5 /xg of template DNA, 10 pmoles of specific primer, and 8 /xl of ABI
PRISM™ Reaction Mix (A-Dye Terminator, C-Dye Terminator, G-Dye Terminator, TDye Terminator, dITP, dATP, dCTP, dTTP, Tris-HCl pH 9.0, MgClj, thermal stable
pyrophosphatase and AmpliTaq™ DNA Polymerase), were prepared and thermocycled
thus: 96°C for 30 seconds > 50°C for 15 seconds > 60°C for 4 minutes (25 cycles), 4°C
(hold). To each reaction, 2 /xl of 3 M NaAc pH 4.6 and 50 /xl of 95% ethanol were
added and DNA precipitation promoted by incubation on ice for 10 minutes, followed
by 30 minutes centrifugation at 16,000x g. The resulting DNA pellets were washed with
200 /xl of 70% ethanol, dried at 80°C for 1 minute, and resuspended in 5 /xl of
sequencing loading dye (a formamide:25 mM EDTA (5:1) solution containing 50
mg/ml Blue dextran). Finally, reactions were heated to 95°C for 2 minutes, chilled on
ice and 5 /xl loaded onto the sequencing gel. Reaction product separation and analysis
was performed using a 373 automated DNA sequencer (ABI Perkin Elmer) connected
to an Apple M acintosh running EditView sequencing software (v 1.0.1, ABI Perkin
Elmer). Consensus sequences were assem bled using SeqM an software (v3.03,
DNASTAR Inc).

2.1.14 Microinjection
Purification o f cloning construct
Cloning constructs were excised from K14-uPA-HGX {Kpn l/Sph I double
digest, table 2.1) or KI4-uPA^'°’‘^’°’‘^-HGX plasmids {Kpn l/Xba I double digest, table
2.1) as described (section 2.1.2). After agarose gel purification (section 2.1.5), 150 /xl of
ethanol was added and the solution mixed, prior to incubation at -20°C for 30 minutes.
The DNA was centrifuged at 16000x g for 10 minutes and the subsequent pellet
exposed to four brief washes in 200 /xl of 70% ethanol. The resulting DNA pellet was
resuspended in 50 /xl of embryo-pure TE (10 mM Tris pH 7.6, 1 mM EDTA, in embryo72

pure ddHjO; Sigma) and the concentration determined by spectrophotometry (section
2.1.6). The cloning constructs were then diluted to 4 ng/jLtl in embryo-pure TE, filtered
in spin-tubes (0.2 [im MC Bucket Filter; M illipore), and aliquoted into pre-rinsed
(embryo-pure TE) screw-capped microcentrifuge tubes, prior to storage at -20°C.

Cloning construct microinjection
M icroinjection of the cloning constructs from K14-uPA -H GX and K14uPA('o’‘T1o’‘)_h g X

was performed by Ms K Gardiner (Institute of Child Health, UCL) and

D r C H etherington (B iological Services D epartm ent, U niversity of Oxford)
respectively. Single-use aliquots were transported to both destinations at -20°C.

2.2 TISSUE CULTURE METHODS

2.2.1

PAM 212 keratinocyte cell culture
The mouse keratinocyte cell line PAM 212 was cultured in RPMI growth

medium (RPMI 1640 medium (Gibco) containing 10% (v/v) complement-inactivated
newborn calf serum (Gibco), 1% (v/v) L-glutam ine (200 mM; Gibco), 1% (v/v)
penicillin (10,000 lU/ml) + streptomycin (10,000 /xg/ml; Gibco) and 1% HEPES buffer
(1 M; Gibco)) and maintained at 31°C in a 20% O2, 5% CO2, 75% N2 atmosphere in a
humidified CO2 incubator (LEEC). Once confluence was reached, cells were briefly
washed with 10 ml of RPMI serum free medium to remove serum, and split by the
addition of 3.5 ml of Ix Trypsin-EDTA (0.05% Trypsin, 0.53 mM EDTA; Gibco) and
incubation at 3TC for 10 minutes. Cell monolayers were washed from the surface of
tissue culture dishes by addition of 6.5 ml of RPMI growth medium and the resulting
cell suspension centrifuged at 500x g for 5 minutes. Cell pellets were resuspended in 8
ml of RPMI growth medium and 0.5 ml of PAM 212 keratinocyte suspension re-seeded
in 75 cm^ flasks (Costar) after mixing with 9.5 ml of fresh RPMI growth medium.

2.2.2 Chinese hamster ovary (OHO) cell culture
Culture of the CHO cell line was performed as described (section 2.2.1) with the
exception that culture was performed in DMEM growth medium (Dublecco’s Modified
Eagle M edium (Gibco) containing 10% (v/v) complement-inactivated newborn calf
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serum (Gibco), 1% (v/v) L-glutamine (200 mM; Gibco), 1% (v/v) penicillin (10,000
lU/ml) + streptomycin (10,000 /xg/ml; Gibco)).

2.2.3 Transient transfection
CHO cells were split as described (section 2.2.2) and seeded into 6-well tissue
culture plates (Costar) at a density of 2 x 10^ cells per well. Cells were cultured until
approximately 60% confluent and transfected with the appropriate vector DNA using
FuG ENE™ 6 Transfection Reagent (Roche), according to the m anufacturer’s
instructions. Briefly, 5 /xl of FuGENE™ 6 Transfection Reagent was mixed with 95 /tl
of RPMI serum free medium (RPMI 1640 medium containing 1% (v/v) L-glutamine,
1% (v/v) penicillin + streptomycin and 1% HEPES buffer) in a 1.5 ml microcentrifuge
tube and incubated at room temperature for 5 minutes. 100 /tl of diluted FuGENE™ 6
Transfection Reagent was then added drop-wise into a second 1.5 ml microcentrifuge
tube containing 2 /tl of appropriate vector DNA (1 /tg//tl) and the transfection solution
gently mixed, prior to incubation at room temperature for 15 minutes. Control reactions
were also prepared with vector DNA omitted. 400 /tl of RPMI growth medium was then
added and the diluted transfection solution mixed, prior to transfer to wells containing
CHO cell monolayers in 2 ml of RPMI growth medium.

For DNA analysis, transfected cultures were incubated for 30 hours at 37°C in a
C O 2 incubator and processed for DNA as described (section 2.1.1.5). For protein
analysis, transfected cultures were incubated for 30 hours at 37®C in a CO2incubator
and the medium refreshed with 2 ml of RPMI serum free medium, prior to a further 24
hours incubation. CHO conditioned m edium was then retained, cleared by
centrifugation at lOOOx g, and stored at -80°C.

2.2.4 Stable transfection
PAM 212 kératinocytes were split as described (section 2.2.1) and seeded into
60 mm diameter tissue culture dishes (Costar) at a density of 2 x 10^ cells per dish. Cells
were cultured until approximately 40% confluent and transfected with the appropriate
vector DNA using LIPOFECTIN® Reagent (Gibco), according to the manufacturer’s
instructions. Briefly, 30 /tl of LIPOFECTIN® Reagent was mixed with 70 /tl of RPMI
serum free medium in a 1.5 ml microcentrifuge and incubated at room temperature for
45 minutes. In a second microcentrifuge, 2 /tl of pcDNA.3 vector DNA (1 /tg//tl;
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containing neomycin resistance gene) and 10 /xl of K14-uPA-HGX vector DNA (1
fig/pLl) were mixed and RPMI serum free medium added to a total volume of 100 fxl.
The two solutions were then combined, m ixed gently and incubated at room
temperature for 15 minutes. Control reactions were also prepared with K14-uPA-HGX
vector DNA omitted. 800 /xl of RPMI serum free medium was added and the diluted
transfection solution gently mixed. PAM 212 keratinocyte monolayers were washed,
refreshed with 3 ml of RPMI serum free medium and 1 ml of diluted transfection
solution added drop-wise, prior to incubation at 37°C in a CO2incubator. After 6 hours,
the DNA-containing medium was replaced with 4 ml of RPM I growth medium (see
section 2.2.1) and the transfected monolayers were incubated for a further 48 hours.

Transfected PAM 212 keratinocyte monolayers were split as described and
resuspended in RPMI selection medium (RPMI growth medium (see section 2.2.1)
containing 250 /xg/ml geneticin (Roche)), prior to re-seeding in 100 mm diameter tissue
culture dishes (Costar). Cultures were maintained in RPM I selection medium for 2
weeks and the resulting neomycin resistant monolayers split (section 2.2.1) into 150
mm diameter tissue culture dishes (Costar) at a density of 1 x 10^ cells per dish.
Following a further 3 weeks’ culture in RPMI selection medium, discs of Whatman
3MM paper; cut to 5 mm diameter, autoclaved and soaked in Ix Trypsin-EDTA
(Gibco); were placed over each individual neomycin resistant colony and the plate
incubated at 37°C for 10 minutes. Each cloning disc was then carefully removed to
individual wells of 48-well tissue culture plates (Costar) containing 500 /xl of RPMI
selection medium. After 1 week, the cloning discs were removed and the colonies
allowed to grow to confluence. Viable colonies were split as described (section 2.2.1)
and re-seeded in 12-well tissue culture plates (Costar) at a density of 1 x 10^ cells per
well. Cells were cultured until approximately 75% confluent and refreshed with 1 ml of
RPMI serum free medium. A fter 48 hours incubation, conditioned medium was
retained, cleared by centrifugation at lOOOx g, and stored at -80°C.

2.2.5 Hypoxic conditions
PAM 212 keratinocyte cultures were transferred to dedicated apparatus (Billups
Rothenberg Chamber™, ICN; see figure 2.1) and flushed with a 1% O2, 5% CO2, 94%
N2 gas mix for 25 minutes. Valves were rapidly closed and the sealed chambers
transferred to a 37°C incubator.
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Figure 2.1

T he Billups R othenburg C ham ber™ , u se d for the culture of cells u n d er hypoxic

conditions.

2.2.6 In vitro wounding of cell monolayers
PAM 212 kératinocytes were split as described (section 2.2.1) and seeded into 6well tissue culture plates (Costar) at a density of 2.5 x 10^ cells per well. Cells were
cultured until confluent, when the medium was removed and the cells refreshed with 2
ml of RPMI serum free medium. Cell monolayers were scratched across the well
diameter with a blue plastic 1 ml pipette tip, creating a cell-free area approximately 2
mm in width, and cell debris was removed by a brief wash in RPMI serum free medium.
The underside of each well was marked across a perpendicular diameter with a scalpel
blade to create a constant point of reference. The marked area of the wound was then
photographed under phase-contrast microscopy (a Polaroid camera attached to a
Labovert FS microscope (Leitz) set at xlO magnification). Wounded monolayers were
refreshed with 2 ml of RPMI serum free medium and either cultured at 37°C in a CO2
incubator (normoxia) or maintained under hypoxic conditions as described (section
2.2.5). Following 16 hours’ incubation, the marked area of the wound was again
photographed under phase-contrast microscopy.
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2.2.6.1

In vitro wounding and uPA inhibition
The uPA inhibitor amiloride (Sigma) and the broad-spectrum protease inhibitor

p-aminobenzamidine (Sigma) were dissolved in dimethyl sulphoxide (DMSO; Sigma)
and ddHzO respectively, to yield IM stock solutions. The selective uPA inhibitor WX293 (a kind gift of Dr K Wosikowski, Wilex Biotechnology GmbH, Munich, Germany)
was dissolved in 5% (v/v) ethanol in ddH20, to yield a 5 mM stock solution. Single-use
aliquots of inhibitor stocks were stored at -20°C.

To determine the effects of uPA inhibition on in vitro wound healing, inhibitors
were analysed in separate experiments, each using two 6-well tissue culture plates
containing confluent PAM 212 keratinocyte monolayers. Following wounding and
initial photographic analysis as described (section 2.2.6), the wounded monolayers were
refreshed thus: for each plate, two wells were refreshed with 4 ml of RPMI serum free
medium containing inhibitor (0.4 /xl of amiloride stock (0.1 mM final concentration), 4
/xl of p-aminobenzamidine stock (1 mM final concentration), 80 /xl of WX-293 stock
(0.1 mM final concentration) or 160 /xl of WX-293 stock (0.2 mM final concentration));
two wells were refreshed with 4 ml of RPMI serum free medium containing controls
(0.4 /xl of DMSO (amiloride control), 4 /xl of ddH20 (p-aminobenzamidine control) or
160 /xl of 5% (v/v) ethanol in ddH20 (WX-293 control)); and two wells were refreshed
with 4 ml of RPMI serum free medium alone (plate control). One plate was then
cultured at 37°C in a CO2 incubator (normoxia) and one maintained under hypoxic
conditions as described (section 2.2.5). Following 16 hours’ incubation, wounds were
photographed again as described (section 2.2.6).

2.2.6 2 In vitro wounding and inhibition of migration and proliferation
The inhibitor of cell proliferation, mitomycin C (Sigma), was dissolved in sterile
Ix PBS to yield a 0.5 mg/ml stock solution. The inhibitor of cell migration, cytochalasin
B (Sigma), was dissolved in DMSO to yield a 10 mM stock solution. Inhibitor stocks
were stored at 4°C.

To determine the effects of inhibition of migration and proliferation on in vitro
wound healing, two 6-well tissue culture plates containing confluent PAM 212
keratinocyte monolayers were incubated thus: for each plate, two wells were refreshed
with 4 ml of RPMI serum free medium containing 40 /xl of mitomycin C stock (5 /xg/ml
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final concentration); two wells were refreshed with 4 ml of RPMI serum free medium
containing 20 /rl of cytochalasin B stock (50 /xM final concentration); and two wells
were refreshed with 4 ml of RPMI serum free medium containing 20 /xl of DMSO (plate
control). Cultures were then maintained at 37°C in a CO2 incubator and after 4 hours,
cell monolayers were scratched (vertically and horizontally) with a plastic pipette tip,
creating a cell-free ‘cross w ound’. Following removal of cell debris and initial
photographic analysis (section 2.2.6), the wounded monolayers were refreshed thus:
mitomycin C pre-treated wells were refreshed with 4 ml of RPMI serum free medium;
cytochalasin B pre-treated wells were refreshed with 4 ml of RPMI serum free medium
containing 20 /xl of cytochalasin B stock (50/xM final concentration); and control wells
were refreshed with 4 ml of RPMI serum free medium containing 20 /xl of DMSO. One
plate was then cultured at 37°C in a CO2 incubator (normoxia) and one maintained
under hypoxic conditions (section 2.2.5). Following a further 20 hours’ incubation,
wounds were photographed again as described (section 2.2.6)

2.2.7 In vitro wound analysis
Photographs of in vitro wounds, pre- and post-incubation under normoxic and
hypoxic conditions, were scanned into an Apple Macintosh computer and the wound
area recovered (mm^) was determined using the public domain NIH Image software
(vl.62; developed at the U.S. National Institutes of Health and available for download
at www.rsb.info.nih.gov/nih-image/).

2.2.8 Neutralisation of TGF-P and VEGF
Antibody-m ediated neutralisation of TGF-P and VEGF was perform ed as
follows. PAM 212 kératinocytes were split as described (section 2.2.1), seeded into two
6-well tissue culture plates (Costar) and cultured until approximately 60% confluent.
Cells were refreshed with RPMI serum free medium and maintained at 3 T C in a CO2
incubator for 24 hours. Following a brief wash with RPMI serum free medium, cultures
were refreshed thus: for each plate, one well was refreshed with 2 ml of RPMI serum
free medium containing 100 /xl of rabbit anti-VEGF IgG (I mg/ml, NeoMarkers); one
well was refreshed with 2 ml of RPMI serum free medium containing 100 /xl of rabbit
anti-TGF-p IgG (I mg/ml, R&D Systems); one well was refreshed with 2 ml of RPMI
serum free medium containing 100 /xl of both antibodies as above; one well was
refreshed with 2 ml of RPMI serum free medium containing 13 /xl of non-specific rabbit
78

IgGs (7.5 mg/ml, Vector Labs); one well was refreshed with 2 ml of RPMI serum free
medium containing 26 pd of non-specific rabbit IgGs (7.5 mg/ml, Vector Labs); and one
well was refreshed with 2 ml of RPMI serum free medium containing 200 /xl of Ix PBS
(plate control). One plate was then cultured at 37°C in a CO2 incubator (normoxia) and
one maintained under hypoxic conditions as described (section 2.2.5). Following 24
hours’ incubation, protein lysates were prepared as described (section 2.3.1.1).

2.2.9 Normoxic and hypoxic conditioned medium transfer
Transfer of PAM 212 keratinocyte conditioned medium from normoxic and
hypoxic cultures was performed as follows. Day 1: a confluent 75 cm^ flask (Costar) of
PAM 212 kératinocytes was split as described (section 2.2.1) and seeded into two 60
mm diameter tissue culture dishes at a density of 2.5 x 10^ cells per dish (dishes 1&2).
Day 2: a confluent 75 cm^ flask of PAM 212 kératinocytes was split (section 2.2.1) and
seeded into two 60 mm diameter tissue culture dishes at a density of 2.5 x 10^ cells per
dish (dishes 3&4). Day 3: dishes 1&2 were refreshed with 4 ml of RPMI serum free
medium, prior to incubation at 3 T C in a CO2 incubator, to facilitate quiescence. Day 4:
dishes 1&2 were refreshed with 3 ml of RPMI serum free medium and dish 1 cultured
at 3 T C in a CO2 incubator (normoxia) and dish 2 maintained under hypoxic conditions
(section 2.2.5). Also on day 4, dishes 3&4 were refreshed with 4 ml of RPMI serum free
medium, prior to incubation at 37°C in a CO2 incubator, to facilitate quiescence. Day 5:
quiescent medium was removed from dishes 3&4 and replaced with conditioned
medium from dishes 1&2, prior to culture at 3 T C in a CO2 incubator. Immediately after
removal of conditioned medium from dishes 1&2, protein or RNA was prepared from
the cell monolayers as described (sections 2.3.1.1 and 2.1.7 respectively). Day 6:
conditioned medium was removed from dishes 3&4 and protein or RNA was prepared
as on day 5.

2.2.10 Analysis of cell viability
Lactate dehydrogenase (LDH) release
LDH released from PAM 212 kératinocytes was determ ined using the LDH
Assay Kit (Sigma) according to the manufacturer’s instructions. Briefly, conditioned
medium from PAM 212 keratinocyte cultures was retained, cleared by centrifugation at
lOOOx g for 5 minutes, and stored on ice. Cell monolayers were refreshed with RPMI
serum free medium containing 1% (v/v) LDH Lysis Solution and incubated at 37°C.
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After 45 minutes, the PAM 212 lysate (100% control) was harvested, cleared by
centrifugation as above, and stored on ice. The LDH assay mixture was prepared in a
1.5 ml microcentrifuge tube as a master mix and consisted of the following reagents per
reaction: 40 fû of LDH Substrate Solution, 40 /xl of LDH Enzyme and 40 /xl of LDH
Dye Solution. 120 /xl of LDH assay mixture was transferred to wells of a 96-well tissue
culture plate (Costar) containing 60 /xl of PAM 212 conditioned medium or 100% lysis
control (each sample was analysed in triplicate wells). R eactions were mixed
thoroughly and incubated in the dark at room temperature for 30 minutes. Reactions
were term inated by the addition of 18 /xl of 1 N HCl (4.3 ml of concentrated
hydrochloric acid mixed with 45.7 ml of ddH20) per well and solutions mixed
thoroughly, prior to spectrophotometric analysis at 490 nm absorbance (SpectraCount™
plate reader, Packard BioScience). LDH levels in PAM 212 keratinocyte conditioned
medium was determined as a percentage of total LDH (100% lysis control)

Trypan blue exclusion
PAM 212 keratinocyte cultures were split as described (section 2.2.1) and
resuspended in RPMI growth medium. 100 /xl of PAM 212 suspension was mixed with
100 /xl of Trypan blue solution (0.4% (w/v) Trypan blue crystals in Ix PBS) and
incubated at room temperature for 5 minutes. Cells were then counted using a standard
haemocytometer (Weber Scientific Int.) and the number of stained cells (non viable)
was calculated as a percentage of the total cell number (non viable + viable).

2.3

2.3.1

PROTEIN METHODS

Protein preparation
Protein preparation from various sources was performed as described below.

2.3.1.1

Protein preparation from adherent cells
PAM 212 keratinocyte monolayers were exposed to two washes with cold (4°C)

Ix PBS and lysed directly in tissue culture dishes by addition of 600 /xl of hot (95°C) 2x
Gel Loading Buffer (100 mM Tris-HCl pH 6.8, 4% SDS, 20% (v/v) glycerol, 0.1%
(w/v) bromophenol blue, 5% (v/v) P-mercaptoethanol) per 60 mm diameter dish. Cell
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lysates were harvested using cell scrapers and transferred to pre-chilled (4°C)
microcentrifuge tubes on ice. Lysates were then passed through a 26 gauge needle
(attached to a 1 ml syringe) four times and centrifuged at 16,000x g for 10 minutes,
prior to storage at -20°C.

Conditioned medium from PAM 212 keratinocyte monolayers was rapidly
transferred from tissue culture dishes to pre-chilled (4°C) 12 ml centrifuge tubes
(G reiner L abortechnik), and centrifuged at lOOOx g for 10 minutes at 4°C.
Concentration of samples was performed using Centric on® 30 concentrators (Amicon)
and Mi croc on® 30 microconcentrators (Amicon) according to the m anufacturer’s
instructions. Conditioned medium samples were stored at -80°C.

2.3.1.2

Protein preparation from tissues

Freshly dissected tissue from w ild-type or transgenic mice was rapidly
transferred to 1.8 ml cryovials and snap frozen in liquid nitrogen for long term storage.
Upon removal from liquid nitrogen, samples were transferred to 15 ml centrifuge tubes
(Falcon) containing 1 ml of Tissue lysis buffer (100 mM Tris-HCl, 2 mM EDTA; pH
7.6) and immediately homogenised for 20 seconds using a power polytron (Polytron®
PT 1200; K inem atica AG). Hom ogenised sam ples were transferred to 2 ml
microcentrifuge tubes and centrifuged at 14,000x g for 30 minutes at 4°C. 800 /rl of
supernatant was then removed to Spin-X® centrifuge tube filters (Costar), centrifuged at
14,000x g for 15 minutes at 4°C and the filtrate transferred to fresh microcentrifuge
tubes on ice.

Tissue homogenate protein levels were determined using the Bradford Reagent
(Sigma) protein assay. A 10 mg/ml bovine serum albumin (BSA; Sigma) solution in
ddH20 was prepared and diluted to obtain standards of 2, 1, 0.5, 0.25 and 0.125 mg/ml.
6 /xl of sample or standard was mixed with 474 /xl of ddH20 in clean 1.5 ml
microcentrifuge tubes, and 120 /xl of Bradford Reagent (Sigma) added. Reactions were
m ixed thoroughly and 120 /xl rem oved to 96-w ell plates (C ostar), prior to
spectrophotom etry at 595 nm absorbance (SpectraCount™ plate reader, Packard
BioScience). Protein levels were determined by reference to the BSA standard curve,
and samples diluted to equal concentration, prior to storage at -80°C.
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2.3.2 Western blotting
Polyacrylamide Gel Electrophoresis (PAGE) and transfer
Two glass plates (inner : 7.3 x 10.2 cm; outer : 8.3 x 10.2 cm) and 1 mm spacers
were assembled in a dedicated apparatus (M ini-PROTEAN II, BioRad). A 10%
separating gel solution was prepared by mixing 6 ml of ddH20, 2.5 ml of 40%
acrylamide solution (29:1 (w/v) acrylamide:bisacrylamide, National Diagnostics), 1.25
ml of buffer A (3 M Tris-HCl, pH 8.9) and 0.2 ml of 10% SDS. 100 /zl of 10% (w/v)
ammonium persulphate and 10 fi\ of TEMBD (A/,A,A’,A ’-tetramethylethylenediamine,
Sigma) were subsequently added to initiate and accelerate (respectively) the
polymerisation process. The gel solution was then carefully poured between the glass
plates to a point 2 cm from the top of the inner plate, overlaid with 100 [Û of ddH20saturated butanol, and left to set at room temperature for 1 hour.

A 4% stacking gel solution was prepared by mixing 5.76 ml of ddH20, 0.75 ml
of 40% acrylamide solution, 0.96 ml of buffer B (850 mM Tris-HCl, pH 6.9) and 0.15
ml of 10% SDS. 100 jLtl of 10% (w/v) ammonium persulphate and 10 /xl of TEMED
were added, and, after removal of the ddH20-saturated butanol, the solution was
carefully applied to the top of the separating gel. A 10 well comb (BioRad) was then
placed between the glass plates and the gel was left to set at room temperature for 30
minutes.

30 111 loading samples (30 /xl of neat cell lysate or 20 /xl of concentrated
conditioned medium mixed with 10 /xl of 2x Gel Loading Buffer (see section 2.3.1.1)
were prepared for gel separation by heating at 99°C for 5 minutes. Samples were
subsequently chilled on ice and loaded onto the prepared polyacrylamide gel. 10 /xl of
Kaleidoscope Pre-Stained Standards (BioRad) was also loaded to facilitate accurate
product sizing, and the gel run at 150V for 1.5 hours in Ix running buffer (25 mM Tris,
192 mM glycine, 0.2% SDS, pH 8.9).

For transfer of polyacrylamide gel separated samples, a transfer stack was
assembled in a dedicated apparatus (Semi-Dry Transfer System, BioRad), from the
following: 3 sheets of Whatman 3MM paper, cut to 10 x 12 cm and soaked in transfer
buffer (25 mM Tris, 200 mM glycine, 20% (v/v) methanol, pH 8.4); 1 sheet of
nitrocellulose membrane (Protran BA 85 Cellulosenitrate, Schleicher & Schuell), cut to
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9 X 11 cm and soaked in transfer buffer; the polyacrylamide gel, rinsed in transfer buffer
and 3 sheets of Whatman 3MM paper, cut to 10 x 12 cm and soaked in transfer buffer.
Lysate and conditioned medium samples were then transferred at 15V for 45 minutes,
and equality of loading/transfer was assessed by staining of the membrane in 100 ml of
Ponceau S solution (0.5 g of Ponceau S (Sigma) in 1 ml of glacial acetic acid; dilute
with 100 ml of ddH^O) for 5 minutes, followed by 5 minutes de-stain in ddH^O.

Immunoblotting and visualisation
Non-specific antibody binding to nitrocellulose membranes was prevented by
incubation in 10 ml of Killer Blocking Buffer (KBB; 1 M glycine, 5% dry skimmed
milk, 1% BSA, 5% newborn calf serum), at room tem perature for 1 hour. Blocked
membranes were transferred to 10 ml of KBB containing 40 fi\ of sheep anti-mouse
PAI-1 IgG (1 mg/ml; American Diagnostica), and incubated at 4°C for 16 hours. After
three 5 minute washes in 10 ml of TBS-Tween (150 mM NaCl, 25 mM Tris-HCl pH
7.5, 0.05% (v/v) Tween-20), one 10 minute wash in 10 ml of UTG buffer (2 M urea,
100 mM glycine, 1% (v/v) Triton X-100) and a final 5 minute wash in 10 ml of TBSTween, membranes were transferred to 10 ml of KBB containing 10 jil of peroxidaseconjugated rabbit anti-sheep immunoglobulins (1.3 mg/ml; Dako) and incubated at
room temperature for 1 hour. Membranes were subsequently washed again as described
above, incubated in 10 ml of ECL Mix (1:1, detection reagent 1: detection reagent 2;
Am ersham Pharm acia) for 1 minute, sealed in Saran wrap, and exposed to
chemiluminescence sensitive film (Hyperfilm-ECL, Amersham Pharmacia) for 1-15
minutes at room temperature.

2.3.3 Plasminogen-linked zymography
Zymography gel electrophoresis and visualisation
Zymography gels were prepared and assembled as described (section 2.3.2) with
the following alterations. The separating gel comprised a 13% solution prepared by
mixing 4.3 ml of ddH^O, 5.3 ml of 40% acrylamide solution, 4 ml of gel buffer I (1.5 M
Tris, pH 8.6; 0.4% SDS), 1.6 ml of ^-casein (2% (w/v) p-casein (Sigma) in 0.375 M
Tris, pH 8.6; 0.1% SDS) and 0.8 ml of plasminogen (0.3 mg/ml human plasminogen
(Chromogenix) in 0.375 M Tris, pH 8.6; 0.1% SDS). The stacking gel was composed of
a 6% solution prepared by mixing 2.7 ml ddHjO, 0.75 ml of 40% acrylamide solution.
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1.25 ml of gel buffer II (0.5 M Tris, pH 7.4; 0.4% SDS) and 0.35 ml of 75% glycerine
(1:3 (v/v) ddH20:glycerol).

35 jLtl loading samples were prepared by mixing 20 /xl of conditioned medium or
tissue homogenate with 15/xl of 2x Tris-Glycine SDS Sample Buffer (Novex). Positive
control samples were also prepared by mixing 5 /xl of mouse urine with 5 /xl of 2x TrisGlycine SDS Sample Buffer (Novex). Samples were chilled on ice and loaded onto the
prepared zymography gel. 10 /xl of Kaleidoscope Pre-Stained Standards (BioRad) was
also loaded to facilitate accurate product sizing, and the gel run at 150V for 3.5 hours at
4°C in pre-chilled (4°C) Ix Tris-Glycine SDS Running Buffer (Novex).

Following electrophoresis, the gel was incubated in 200 ml of Ix Zymogram
Renaturing Buffer (Novex) for 20 minutes, washed once with ddHjO, and incubated in
200 ml of fresh Ix Zymogram Renaturing Buffer (Novex) for a further 20 minutes. The
gel was then incubated in 200 ml of Ix Zymogram Developing Buffer (Novex) for 16
hours and stained in 200 ml of Colloidal Blue Staining Kit Solution (Novex) for 6
hours. After 15 minutes de-stain in ddHjO, the gel was dried using the Gel Drying
System (Promega) according to the manufacturer’s instructions.

Densitometry o f zymography gels
Densitometry analysis of uPA activity levels was performed as described in
section 2.1.11, with the following changes. Zymography gels were scanned, and relative
uPA activity levels determined following direct comparison with a control densitometry
value (wild-type value - day 3). The control uPA activity level was subsequently given
an arbitrary value of 1, and relative differences expressed as fold induction/reduction.

2.3.4 Indirect chromogenio peptide assay
Plasminogen activation in conditioned medium and tissue homogenates was
measured using an indirect chromogenic peptide assay. In 96 well plates (Costar), 60 /xl
of sample was m ixed with 20 /xl of S-2251 chrom ogenic peptide substrate
(Chromogenix) (diluted to 2 mg/ml in assay buffer: 30 mM Tris-HCl, pH 7.4; 60 mM
NaCl; 0.05% NaN^), prior to incubation at 3 T C for 10 minutes. Control reactions were
also prepared with 0.1 mM amiloride (Sigma). 20 /xl of human plasminogen
(Chromogenix) (diluted to 0.4 mg/ml in assay buffer) was then added and plates were
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incubated at 37°C for 3 hours with spectrophotometric analysis at 405 nm absorbance
(SpectraCount™ plate reader, Packard BioScience) performed at 20 minutes intervals.
The rate of change of absorbance at 405 nm against time was calculated from sample
readings, and uPA values (lU/ml or lU/mg) determ ined by reference to a human
urokinase (Calbiochem) standard curve generated in parallel with samples.

2.3.5 VEGF ELISA
Conditioned medium from PAM 212 keratinocyte cultures was harvested as
described (section 2.3.1.1) and VEGF levels determ ined using the Mouse VEGF
Quantikine™ M kit (R&D Systems), according to the m anufacturer’s instructions.
Briefly, 50 jul of Assay Diluent ‘R D IN ’ was pipetted into wells of a 96 well microtitre
plate coated with a primary polyclonal antibody against murine VEGF. 50 /xl of neat or
diluted conditioned medium was added to each well and the plate mixed for 1 minute,
followed by incubation at room temperature for 2 hours. Wells were then washed 4
times with Kit Wash Buffer and 100 /xl of secondary, peroxidase-conjugated, polyclonal
anti-VEGF antibody added, prior to incubation at room temperature for a further 2
hours. Wells were washed as before and 100 /xl of Kit Substrate Solution added, prior to
incubation at room temperature for 30 minutes. 100 /xl of Kit Stop Solution was then
added and spectrophotometry at 450 nm and 590 nm absorbance (reference filter) was
perform ed using a 96 well plate reader (SpectraCount'^^ plate reader, Packard
BioScience). VEGF concentrations (pg/ml) were determined using dedicated software
(iSmart v2.0; Packard BioScience) with reference to the assay standard curve.

2.4 /yv W O METHODS

2.4.1

Mice
All mice used throughout the project were 8-12 weeks old and were housed in

m icroisolator cages in an isolated animal care facility devoid of known mouse
pathogens. Mice were maintained on a 12 hours light/12 hours dark cycle and given
access to mouse chow and sterilised water. Experiments were performed in accordance
with ethical guidelines and complied with Home Office personal and project license
restrictions.
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2.4.2 Anaesthesia for non-surgical procedures
Preparation of wild-type or transgenic mice for non-surgical procedures was
performed by placing individual animals in a dedicated anaesthetic chamber supplied
with inhalation anaesthetic (Halothane Ph. Eur.; Merial Animal Health Ltd) via a series
5 T.C. Vaporiser (IMS). Animals were closely observed until the desired level of
anaesthesia was attained, as indicated by respiratory rate.

2.4.3 Anaesthesia for surgical procedures
Surgical anaesthetic was prepared by mixing 10 ml of sterile saline, 1.87 ml of
xylazine (20 mg/ml; Rompun®, Bayer) and 2.5 ml of ketamine (100 mg/ml; Vetalar™
V, Pharmacia & Upjohn). Wild-type and transgenic animals were weighed individually
and surgical anaesthetic administered by intra-peritoneal injection at a dosage of 0.12
ml per 20 g of body mass. Animals were closely observed for the initial 15 minutes to
ensure the desired level of anaesthesia was achieved.

2.4.4 Non-reversibie anaesthesia
Sacrifice of wild-type or transgenic mice to facilitate tissue collection was
performed using a pentobarbitone sodium-based anaesthetic (Sagatal; Rhone Merieux)
at lethal dosage. Animals were weighed individually and anaesthetic administered by
intra-peritoneal injection at a dosage of 0.2 ml per 20 g of body mass. Animals were
closely observed for 5 minutes to ensure absence of life signs.

2.4.5 Intra-dermai injections
pPGK-CRE plasmid DNA (a kind gift of D r F Sablitzky, The Institute of
Genetics, University of Nottingham) was prepared as described (section 2.1.1.2) and
diluted to a concentration of 1 fig/iil in TE buffer. Intra-derm al injections were
performed on K14-uPA^*°’‘^*°’‘^-HGX transgenic mice as follows. Day 0: mice were
anaesthetised as described (section 2.4.2) and 50

[j l \

of pPGK-CRE (1 (ig/fil)

administered to the right ear by intra-dermal injection. As a control, 50 /xl of TE was
administered to the left ear of each mouse. Day 4: intra-derm al injections were
performed as on day 0. Day 7: mice were sacrificed as described (section 2.4.4) and the
ears harvested to individual 7 ml tubes, containing 5 ml of PBS-EDTA (1 x PBS, 0.02
M EDTA), prior to incubation at 37°C for 90 minutes. Ears were then split dorsally and
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epidermal sheets removed using fine forceps. Genomic DNA was prepared from
epidermal sheets as described (section 2.1.1.4).

2.4.6 Tamoxifen treatment
Stock solutions of tamoxifen (Tam) were prepared by dissolving 10 mg of Tam
(free base, Sigma) in 100 jil of ethanol. 900 [i\ of autoclaved sunflower oil was added
and the solution mixed by vigorous vortexing. Tam stock solutions were stored at
-2 0 T .

Tamoxifen application was performed on K14-uPA^'°’‘^'°’‘^-HGX single transgenic
and K14-uPA^'°’‘^'°’‘^-HGX/K14-Cre-ER^^ double transgenic animals as follows. Day 0:
mice were anaesthetised as described (section 2.4.2) and samples of tail tissue removed
for storage at -20°C. Days 1-5: a single 100 fi\ dose of Tam stock solution (10 mg/ml)
was administered daily, by intra-peritoneal injection. Day 7 or 12: mice were sacrificed
as described (section 2.4.4) and various tissue samples dissected, prior to storage at
-20°C. Upon removal from storage, tissue samples were thawed at room temperature
and genomic DNA or protein was prepared as described (sections 2.1.1.4 and 2.3.1.2).

2.4.7 Topical application of phorbol 12-myristate 13-acetate
Single application
Phorbol 12-myristate 13-acetate (PMA) stock solutions were prepared by
dissolving 1 mg of PMA (Sigma) in 10 ml of ethanol, prior to storage at -20°C. 125 /xl
of PMA stock solution was then mixed with 875 /xl of ethanol to obtain a 12.5 /xg/ml
working solution.

Wild-type and K6-uPA transgenic mice were anaesthetised as described (section
2.4.2) and 40 /xl of PMA working solution topically applied to the right ear of each
mouse (0.5 /xg of PM A/ear). As a control, 40 /xl of ethanol was applied to the left ear of
each mouse. After 24 hours, ears were harvested, rapidly transferred to liquid nitrogen
and RNA prepared as described (section 2.1.7).
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Repeated application
Prolonged PMA treatment of wild-type and K6-uPA transgenic mice was
performed as described for the single application, with the following alterations. 40 jxl
of PMA working solution was applied to both ears of the same mouse (0.5 fig of
PM A/ear); control mice received 40 fi\ of ethanol to each ear; and topical application of
PMA was repeated 2 days after the initial dose (day 0) and every 2 days thereafter.
PMA treated mice were sacrificed (section 2.4.4) on day 1, day 7 and day 15, and
dissected ears transferred to liquid nitrogen, prior to protein preparation as described
(section 2.3.1.2). PMA treated mice were also sacrificed on day 15, and dissected ears
transferred to individual tubes containing 5 ml of formal saline (Adams Healthcare),
prior to processing for histology.

2.4.8 Topical application of retinoic acid
Single application
Retinoic acid (RA) stock solutions were prepared by dissolving 2.5 mg of all
trans-RA (Sigma) in 1 ml of ethanol, prior to storage at -80°C. Upon removal from
-80°C storage, RA solutions were vigorously mixed by vortexing, prior to application.

RA application was performed as described (section 2.4.7) with the following
alteration. 20 fi\ of RA stock solution (50 fig of RA/ear) and 20 fi\ of ethanol were
applied to the right and left ears, respectively. After 24 hours, ears were harvested,
rapidly transferred to liquid nitrogen and RNA prepared as described (section 2.1.7).

Repeated application
Prolonged RA treatm ent of wild-type and K6-uPA transgenic mice was
performed as described for the single dose, with the following alterations. 20 jttl of RA
stock solution was applied to both ears of the same mouse (50 fig of RA/ear); control
mice received 20 fi\ of ethanol to each ear; and topical application of RA was repeated
24 hours after the initial dose (day 0) and every 24 hours thereafter. RA treated mice
were sacrificed (section 2.4.4) on day 1, day 3 and day 7 and dissected ears transferred
to liquid nitrogen, prior to protein preparation as described (section 2.3.1.2).

2.4.9 Intra-dermal injection of epidermal growth factor
Epidermal growth factor (EOF) stock solutions were prepared by reconstituting
100 fig of Murine Natural Epidermal Growth Factor (Gibco) in 150 fil of ddH^O.

Wild-type and K6-uPA transgenic mice were anaesthetised as described (section
2.4.2) and 50 fil of EGF (0.66 fig/fil) administered to the right ear by intra-dermal
injection. As a control, 50 fi\ of ddH20 was administered to the left ear of each mouse.
After 24 hours, ears were harvested, rapidly transferred to liquid nitrogen and RNA
prepared as described (section 2.1.7).

2.4.10 Tape-stripping
Wild-type and K6-uPA transgenic mice were anaesthetised as described (section
2.4.2) and the right ear of each mouse tape-stripped 8 times using standard Sellotape™.
As a control, the left ear of each mouse remained untreated. After 24 hours, ears were
harvested, rapidly transferred to liquid nitrogen and RNA prepared as described (section
2.1.7).

2.4.11

In vivo wounding
Wild-type and K6-uPA transgenic mice were anaesthetised as described (section

2.4.3). Once a suitable level of anaesthesia was attained, a 5 x 2.5 cm area of back skin
was shaved and cleaned thoroughly using 100% ethanol. Two sections of back skin
were removed from the shaved area using 4 mm punch biopsies (Stiefel), as shown in
figure 2.2. After allowing the wounds to air-dry for 20 minutes, a 5 cm^ sheet of
RELEASE'^^ Non-adherent Absorbent Dressing (Johnson & Johnson Medical) was
applied and secured using Transpore™ tape (3M). W ounded mice were then left on a
heated bedding mat (39°C) to recover from surgery and subsequently housed
individually in microisolator cages. 24 hours after recovery, dressings were carefully
removed to allow full mobility of animals.
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2 cm

Figure 2.2 S ch em atic of in vivo w ounding protocol. White box = sh a v e d area; grey s h a d e d
circle = wound region; d a s h e d box = a r e a h a rv e ste d for sectioning; d a s h e d circle = a r e a
h a rv e ste d for protein analysis.

2.4.11.1 Wound processing for protein analysis
Wounded wild-type and K6-uPA mice were sacrificed (section 2.4.4) 3, 5 or 7
days post-surgery. Viable wounds were carefully dissected within a 1.5 cm^ section of
back skin, immediately trimmed of all non-wound tissue (see figure 2.2) and rapidly
transferred to liquid nitrogen. Upon removal from liquid nitrogen storage, wounds from
two mice (4 wounds) were pooled and protein prepared as described (section 2.3.1.2).

2.4.11.2 Wound processing for histology
Preparation of wounds for histology was performed as described (section
2.4.11.1) with the following alterations. Dissected 1.5 cm^ sections of back skin were
carefully mounted on 2.5 cm^ sheets of card, prior to transfer to individual tubes
containing 5 ml of formal saline (Adams Healthcare) for no longer than 2 weeks.

Upon removal from formal saline, wounds were divided in half through the least
healed portion and embedded in paraffin. Wound specimens were mounted so that the
midportion of the wound was cut in 10 //m sections. All wound sections were stained
with haematoxylin and eosin (H&E) stains.

2.4.12 In vivo wound analysis
H&E stained wound sections from wild-type and K6-uPA transgenic mice were
examined under light microscopy (Axioskop 20; Carl Zeiss) and analysed as described
below.
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2.4.12.1 Wound diameter
Two H&E stained sections per wound were examined at x5 magnification and
an Indexed Grid 1.0mm No. Squares graticule (26 mm diameter, Carl Zeiss) used to
measure the distance between the leading edge of each m igrating epithelial tongue
(figure 2.3, panel A). The mean wound diameter for each wound (the average of the
wound diam eter measurements from two sections) was used for the subsequent
statistical analyses.

2.4.12.2 Wound-edge epidermal thickness
Two H&E stained sections per wound were examined at x20 magnification and
an Indexed Grid 1.0mm No. Squares graticule used to m easure the thickness of
epidermis at a point exactly 0.25 mm from the leading edge of each migrating epithelial
tongue (figure 2.3, panel B). The mean wound-edge epidermal thickness for each
wound (the average of four wound-edge epidermal thickness measurements from two
sections) was used for the subsequent statistical analyses.

2.4.12.3 Number of infiltrating cells
One H&E stained section per wound was examined at x40 magnification and the
number of infiltrating cells in a defined field 0.125 mm below the migrating epithelial
tongue determined using an Indexed Grid 1.0mm No. Squares graticule (figure 2.3,
panel C). The field of vision was then shifted towards the wound centre and infiltrating
cell numbers determined once more. This procedure was repeated across the wound and
the mean number of infiltrating cells (of six) was used for the subsequent statistical
analyses.

2.4.13 Genotyping
All animals used in the project were analysed for the presence or absence of
incorporated transgenes. Selected mice were scruffed and ear marked for identification,
prior to dissection of approximately 0.2 cm of tail tip. Tail tips were transferred to
individually labelled 0.5 ml microcentrifuge tubes and stored at -20°C. Upon removal
from storage, genomic DNA was prepared as described (section 2.1.1.3) and
incorporated transgene detected by specific PGR analysis (see section 2.1.9 and table
2 .2 ).
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Figure 2.3 W ound analysis strategy. H&E stained se ctio n s w e re a n a ly se d at the indicated
magnifications, for w ound d iam eter (yellow arrow, panel A), w o u n d -e d g e epiderm al thickness
(yellow arrow, panel B) a n d infiltrating cell n u m b e r (panel C). Pan el B c o rre sp o n d s to solid box
in panel A. Panel C c o rre sp o n d s to d a s h e d box in panel A.
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CHAPTER 3

K 1 4 P R O M O T E R D R IV E N C O N S T I T U T I V E u P A
E X P R E S S I O N : IN V IT R O A N A L Y S I S A N D E M B R Y O N I C
LETH ALITY ?
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3.1

INTRODUCTION
Following cutaneous injury, cells of varying lineage migrate from adjacent

undamaged tissue into the wound area, primarily to facilitate tissue regeneration (see
sections 1.2). W ound-induced migration and tissue rem odelling are essential for
successful wound repair and both processes are highly dependent on the controlled
proteolysis of ECM components. The specific proteases and protease systems regulating
this cellular motility and matrix modification have been the subject of intense study for
many years. However, it is only in the last decade, with the development of in vitro
wound models and advances in in vivo genetic manipulation, that protease function
during wound-induced migration and tissue regeneration has been efficiently analysed
at the molecular level.

The first protease system associated with wound healing was the plasminogen
activator system. This association was initially based on three lines of evidence; firstly,
that fibrin and fibronectin are the major constituents of the provisional wound matrix
(Clark et al, 1982a-c); secondly, that plasmin is a potent fibrinolytic enzyme (Astrup,
1978), and thirdly, that many cell types, including PMNs (Granelli Pipemo et al, 1977),
m acrophages (U nkeless et al, 1974), endothelial cells (Pepper et al, 1987), and
kératinocytes (Morioka et al, 1987a) produce plasminogen activators in vitro. Further
evidence for a role in wound repair was subsequently provided by in vivo analyses
showing that expression of plasminogen activator system components was abnormal in
cutaneous wounds. For example, uPA, the predominant plasminogen activator in skin,
was significantly upregulated in healing animal and human skin wounds, with increased
expression detected in wound-activated kératinocytes, macrophages and fibroblasts
(Grondahl-Hansen et al, 1988; Romer et al, 1991; Schaefer et al, 1994). In addition, co
ordinate upregulation of uPAR or PAI-1 was observed in these cell types (Romer et al,
1991 and 1994; Schaefer et al, 1994), suggesting that, during cutaneous wound healing,
the plasminogen activator system is tightly regulated.

In parallel with these in vivo wound studies, in vitro and ex vivo analyses
suggested potential roles for the observed wound-induced upregulation of uPA.
Macrophage invasion of amnion tissue was inhibited by uPA neutralizing antibodies
and PAI-2 (Kirchheimer and Remold, 1989), indicating that uPA activity may be
important for macrophage migration during the inflammation and tissue remodelling
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phases of wound repair. Moreover, uPA-derived plasmin activity was also required for
fibroblast migration into plasma clots (Knox et al, 1987), and plasmin was shown to be
capable of activating several MMPs (He et al, 1989; Okumura et al, 1997; Mazzieri et
al, 1997), suggesting increased uPA activity could be critical during granulation tissue
formation and matrix maturation. Furthermore, a role for uPA in endothelial cell
migration and possibly wound-angiogenesis was demonstrated, as capillary tube-like
formation in fibrin matrices was blocked by inhibitors of uPA proteolytic activity
(Koolwijk et al, 1996). Interestingly, in vitro studies also identified potential nonproteolytic roles for uPA in wound repair, as interaction of the uPA A-chain or ATP
with uPAR was shown to initiate signal transduction pathways and promote chemotaxis
in several cell types, including m onocytes/m acrophages (Resnati et al, 1 9 9 6 ),
kératinocytes (Del Rosso et al, 1990) and fibroblasts (Anichini et al, 1994).

Further importance was attached to the role of the plasminogen activator system
in cutaneous wound healing by the generation of knockout mice in which elements of
this proteolytic system were deleted. Mice deficient in the plasminogen gene showed
severely impaired wound healing that was prim arily associated with delayed reepithelialization (Romer et al, 1996). Moreover, analysis of uPA/tPA knockout mice
showed identical wound impairments (Bugge et al, 1996a), indicating an absolute
requirement for plasminogen activation in wound re-epithelialization. In addition, as
wound repair in uPAR/tPA knockout mice was normal with no significant delay in reepithelialization, it was also suggested that uPA is capable of mediating wound closure
in the absence of its receptor (Bugge et al, 1996a). Interestingly, wound healing in
homozygous diabetic mice, which is characterised by delayed cellular infiltration,
granulation tissue formation and re-epithelialization; was significantly enhanced upon
topical application of uPA, and this enhancement was associated with increased
fibroblast and keratinocyte migration (Jimenez et al, 1997). Furthermore, in the same
study, topical uPA treatment of cutaneous wounds in normal non-diabetic littermates
increased wound closure, suggesting that exogenous uPA could potentially stimulate
kératinocytes and subsequently promote re-epithelialization.

In addition to data indicating a role for uPA in cell migration and tissue
regeneration during normal wound repair, detection of aberrant protease expression in
chronic ulcers suggested a potential role for uPA in non-healing wound pathology. uPA
activity at both the wound-edge and wound-base of chronic leg ulcers is significantly
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increased compared to adjacent intact skin (Stacey et al, 1993; Palolahti et al, 1993;
Lotti and Benci, 1995). M oreover, this uPA activity directly correlates with
upregulation of uPA mRNA and protein expression, primarily detected in migrating
kératinocytes and granulation tissue (Stacey et al, 1993; Vaalamo et al, 1996). At the
onset of this project, the precise role of abnormal uPA expression in chronic wounds
was open to speculation, however, the detection of aberrant levels of other proteases and
protease inhibitors suggested that elevated uPA activity could potentially contribute to
the pathology of chronic wounds. For example, analysis of wound fluid from chronic
leg ulcers showed higher levels of plasmin (Palolahti et al, 1993), and lower levels of a
plasmin inhibitor, a2-m acroglobulin (Grinnell and Zhu, 1996); compared to acute
wound fluid, suggesting that uPA-derived plasmin-mediated proteolysis may play a role
in ulcer pathology through unregulated excessive degradation of components of the
ECM and basement membrane. Moreover, as uPA-derived plasmin had been shown to
activate several MMPs (He et al, 1989; Baramova et al, 1997; Mazzieri et al, 1997), and
analysis of chronic wounds showed elevated levels of MMP activity (Wysocki et al,
1993; Yager et al, 1996; Weckroth et al, 1996) and reduced levels of TIMP-1 (Bullen et
al, 1995; Vaalam o et al, 1996) compared to acute w ounds, the increased uPA
expression in non-healing ulcers could trigger a proteolytic cascade further promoting
uncontrolled ECM proteolysis.

In view of the extensive data demonstrating that increased uPA expression and
activity is a feature of both acute and chronic wounds, as well as data indicating that
plasminogen activation is essential for keratinocyte re-epithelialization and subsequent
wound closure in vivo, it was postulated that forced overexpression of uPA in epidermal
tissue might have a significant effect on acute cutaneous wound healing. The aim of the
present work was to generate transgenic mice with uPA expression targeted to
epidermis by the keratin 14 (K14) promoter. Analysis of these mice would subsequently
determine the effect of constitutive epidermal uPA expression on cutaneous physiology
and wound repair.
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3.2

RESULTS

3.2.1 Creation of constitutive uPA expression vector
T o facilitate construction o f the constitutive expression vector, uPA c D N A was
origin ally ob tained from the A m erican T y p e Culture C o lle c tio n (A T C C ) in the
p D B 1 5 1 9 vector (A T C C #: 6 3 2 5 6 ). T his vector c o n s is ts o f a 2 .0 kb X h a l - S m a l
fragment, containing the com plete murine uPA cod in g seq u en ce (position: 2 1 - 1 3 2 2 ) ,
clon ed into the cognate sites o f pU C 19. F o llo w in g large scale plasm id preparation, a
1670 bp X b a \ - B g l \ \ restriction digest product, con taining murine uPA, was isolated
from p D B 1 5 1 9 and ligated into X h a \ - B g l \ \ digested pET.5a (Promega). Sub-cloning o f
the uPA c D N A in pET.5a was necessary to ensure availability o f the c o h esiv e ends
required for ligation with the selected transgene expression vector. pET.5a-uPA vector
w as subsequently d igested with BamYW and B g l U , and a 1748 bp restriction digest
fragment, containing 1670 bp o f murine uPA and 78 bp o f pET.5a polylinker sequence,
was isolated.

huK14' pro/enh

m urine uPA cDNA

2100bp

1750bp

Kpn\

HGX

K14-3’

2150bp

485bp
Sph\

SamHI

lOOObp
Figure 3.1 Sch em atic representation of the constitutive uPA ex p re ssio n vector, K14-uPA-HGX.

huK14 pro/enh = h u m a n Keratin-14 p ro m o te r/e n h a n c e r s e q u e n c e ; HGX = m utated Human
Growth H orm one/PolyA s e q u e n c e ; K 14-3’ = h u m a n K eratin-14 3 ’ s e q u e n c e ; * = 78 bp
s e q u e n c e derived from pET.Sa polylinker.

The vector selected for constitutive in vivo expression o f murine uPA was K 14H G X (a kind gift o f Prof. Ifor W illiams, Harvard M edical S ch oo l, B oston, M A, U SA ).
The

K 14-H G X

v e c to r

con sists

p rim arily

of

a

2.1

kb

hum an

keratin

14

promoter/enhancer sequence, upstream o f a B a n i H l c lo n in g site; a 2 .15 kb mutated
Human Growth H o rm on e/P oly A sequence, previously m od ified so that it no longer
supported transcription o f active growth hormone (W illiam s et al, 1997); and a 485 bp
s e q u en ce derived from the 3 ’ end o f keratin 14. F o l l o w i n g large sca le plasm id
preparation, K 1 4 -H G X was digested with B a m H l and ligated with the 1748bp B a m U l-
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B g l l l restriction digest product, isolated from pET .5a-uPA . The resulting constitutive
uPA expression vector, K 14-u P A -H G X (figure 3.1), was sequenced and the uPA coding
region was found to be identical to the published seq u en ce for murine uPA (GenBank
A ccession No. X-02389).

3.2.2 Analysis of functional uPA expression by K14-uPA-HGX
To determ ine the functionality o f the K I 4 - u P A - H G X construct, P A M 212
keratinocyte m on olayers were co-transfected with K 1 4 -u P A -H G X and p c D N A .3 or
transfected with p c D N A .3 alone. Co-transfection with p c D N A .3 was necessary as the
K 14 -H G X expression vector does not contain a n eom ycin -resistan ce gene. F ollo w in g
culture in the presence o f geneticin, neomycin-resistant c o lo n ies were selected and uPA
activity in conditioned m edium assessed by indirect ch ro m o gen ic peptide assay. The
level o f functional uPA secreted was consistently increased in P A M 21 2 keratinocyte
co lo n ie s co-transfected with K 1 4 -u P A -H G X and p c D N A .3 , com pared with control
co lo n ies transfeeted with p cD N A .3 alone. uPA levels detected in conditioned medium
from representative neom ycin-resistant colo n ies, 5 .96 ± 1.25 lU /m l in co-transfected
PA M 2 12 kératinocytes and 0 .25 ± 0 .0 1 2 5 lU /m l in control c o lo n ie s , are shown in
figure 3.2.

1

E
3

<

Q_
3

4-

K14-UPA-HGX

Control

PA M 212

Figure 3.2 Detection of functional uPA ex pressio n by K14-uPA-HGX. Indirect chrom ogenic
peptide a s s a y a nalysis of uPA activity in conditioned m edium from PAM 212 kératinocytes
tra n sfe c ted with K14-uPA-HGX and pcDNA.3 (K14-uPA-HGX) or pcDNA.3 alon e (Control).
PAM 212 = u n transfected control colonies cultured in a b s e n c e of geneticin. Data p re se n te d
(mean) are from 2 independent experiments.
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3.2.3 K14-UPA-HGX microinjection and analysis of viable progeny
H aving demonstrated functionality o f the constitutive exp ression construct, a
5 7 4 5 bp K p n \ - S p h \

restriction

d ig e s t

p rod uct,

con tain in g

the

hum an

K14

p rom oter/enhancer region, the full murine uPA co d in g se q u e n c e and the mutated
Human Growth H orm one/Poly A region, was isolated from K 1 4 -u P A -H G X . F ollow ing
purification, the isolated transgene was microinjected into fertilised m ouse eggs, prior to
transfer to recipient pseudo-pregnant females. Subsequent transgene incorporation was
analysed in viable p rogeny by K 14 and H G X sp e c ific PGR. The m icro-injection
schedule detailed in table 3.1 sh o w s the su ccessful detection o f a sin g le transgenic
founder animal (#30) from a total o f 37 progeny. This rate o f transgenesis (1/37; 2.7%)
was below that noiTnally associated with the Institute o f Child Health transgenic unit (12/20; 5-10% ) and su g g e s te d that uPA ex p re ssio n m igh t be to x ic during m o u se
development. Interestingly, PGR analysis o f tissue sam ples from the transgenic founder
animal resulted in extrem ely low band intensities, su ggestin g the possibility o f mosaic
incorporation, and as a consequence, the K14 PGR product was analysed by Southern
blotting to confirm that transgene incorporation had o cc u n e d .

uPA transgenics

Eggs injected and
Viable progeny

Recipient fem ales
transferred

435

T ab le 3.1

identified

37

13

1

S u m m a ry of K14-uPA-HGX microinjection s c h e d u l e a n d tra n s g e n ic progeny

detection.

F o llow in g positive identification o f the K 14 PGR product by Southern blotting,
as shown in figure 3.3, the transgenic founder male was exam in ed m acroscopically and
found to have a normal phenotype. H istochemical analysis o f tissue sam ples from this
animal also sh o w ed no gross skin abnormalities. T he founder male was subsequently
mated with w ild -ty p e fem ales and the progeny an alysed by K 1 4 and H G X specific
PGR. All offspring resulting from these breeding pairs were negative for the transgene,
further suggesting that mosaic incorporation had o c c u n e d in the founder male (#30).
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Figure 3.3 Southern blot analysis of K14 specific PCR product. Gel p re se n te d show s potential
fou nder a nim als #21-34; + = K14-IL-1a-HGX tra n sg e n ic positive control; - = no tem plate
control.

3.2.4 K14-UPA-HGX microinjection and analysis of E.10 embryos
T o investigate whether the low number o f K 1 4 -u P A -H G X positive m ice was a
result o f low transgene incorporation efficiency or em bryonic toxicity, recipient pseudo
pregnant fem ales were sacrificed 10 days after transfer o f m icroinjected eg gs, and the
E. 10 em bryos harvested. This time-point was selected as the promoter sequence from
human keratin 5 (K5), the keratin partner o f K14, sh o w s initial activity on E.9.5 (Byrne
et al, 1994). Thus, analysis o f E. 10 em bryos w ould allow transgene detection prior to
significant K 14 promoter activity. Follow ing harvesting o f the E.IO embryos, D N A was
prepared and transgene incorporation analysed by K 1 4 and H G X sp ecific PCR. As
sh ow n in figure 3.4, o f 37 embryos analysed, 4 (#9, # 1 4 , # 2 4 and # 2 7 ) were identified
as p o sitive for transgene incorporation by K 14 sp ecific PCR. T his im proved rate of
transgenesis (4/37; >10% ) in E .10 em bryos com pared with viable progeny suggested
that uPA overex p ressio n might be causing em bryonic lethality. A summary o f the
micro-injection schedule and transgenic embryos detected is detailed in table 3.2.

Eggs injected and

E.10 em bryos

uPA transgenics

harvested

identified

37

4

Recipient fem ales
transferred
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T a b le 3.2

4

S u m m a ry of K14-uPA-HGX microinjection s c h e d u l e a n d tra n s g e n ic em bryo

detection.
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Detection of K14-uPA-HGX positive e m b ry o s using K14 specific PCR. Arrows
indicate positive lanes. 1 = em bryos (#1-11); 2 = em b ryo s (#12-22); 3 = em b ry o s (#23-33); 4 =
em bry os (#34-37) - = no tem plate control; + = K14-IL-1a-HGX tra n sg e n ic positive control. M =
lOObp DNA ladder.
Figure 3.4
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3.3 DISCUSSION
Despite the reported importance of uPA for normal wound closure, as well as
suggestions of a potential role for uPA in non-healing chronic wounds, no analysis of
the effects of elevated uPA expression on cutaneous physiology and wound repair had
been undertaken at the onset of this project. This study therefore set out to examine
these effects by generating transgenic mice designed to constitutively overexpress uPA
in epidermal tissues. Using a 2.1 kb keratin 14 (K14) promoter/enhancer sequence, uPA
would be targeted to basal kératinocytes of the skin, although variant expression in
thymus, oral epithelia, oesophagus, and the outer root sheath of the hair follicle was also
expected (Vassar gf aZ, 1989; Cheng gr a/, 1992; Wang er a/, 1997).

Following successful cloning of the murine uPA coding sequence into a K14HGX transgene expression vector, as outlined in section 3.2.1, the functionality of the
constitutive uPA construct was assessed. C onsistently increased uPA levels in
conditioned medium from K14-uPA-HGX transfected PAM 212 kératinocytes over
control transfected and non-transfected cells confirmed that the K14 promoter was able
to drive high level gene expression, in keeping with previous reports (e.g. Vassar and
Fuchs, 1991; W ang et al, 1997). Furthermore, this observation also demonstrated that
the cloned uPA sequence coded for a protein that was fully capable of converting
plasminogen to proteolytic plasmin, also as previously demonstrated (Belin et al, 1985).
A lthough uPA was uniform ly increased in K 14-uPA -H G X transfected cells,
representative data was presented as the level of uPA activity (lU/m l) varied
considerably between cultures derived from different geneticin-resistant colonies, and
this was presumably due to differences in transfection efficiency.

As indicated in table 3.1, microinjection of the constitutive uPA construct
resulted in a very low ratio of viable progeny to number of injected eggs transferred
(37:435, i.e. < 10% success rate). Moreover, only one K14-uPA-HGX positive offspring
was identified which was barely detectable by K 14-specific PCR, and subsequently
failed to produce any transgenic progeny, a characteristic highly suggestive of germline
mosaicism (W ilkie et al, 1986). Such a result initially suggested either a lack of
efficient K14-uPA-HGX transgene incorporation, or alternatively, embryonic lethality.
Although the exact spatial and temporal activity of the 2.1 kb K14 promoter during
mouse developm ent remains to be defined, human keratin 5 (K5) promoter driven
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expression of p-galactosidase (P-gal) can be detected as early as E.9.5 (Byrne et al,
1994). Moreover, since K5 and K14 are generally expressed concomitantly, Byrne et al
suggested that K14 expression would also begin at this early stage of embryogenesis.
As a consequence of this observation, E.10 embryos were harvested and analysed in
order to detect transgene incorporation prior to significant K14 promoter-driven uPA
expression. The subsequent detection of four K14-uPA-HGX positive embryos, from a
total of 37 harvested, indicated a stark increase in the number of transgene positive E.10
embryos com pared to transgene positive viable progeny, and suggested that the
constitutive uPA construct was in some way toxic during mouse development.

Exactly how the K14-uPA-HGX transgene could be embryonic lethal remains
unclear. The 2.1 kb K14 promoter/enhancer sequence used in this project has been
demonstrated as non-toxic, as K14-targeted overexpression of many genes including
TGF-a, TNF-a, and XL-la, has resulted in viable transgenic progeny (Vassar and Fuchs,
1991; Cheng et al, 1992; Groves et al, 1995). Moreover, the mutated human growth
hormone sequence (HGX) has also been used successfully in the generation of several
transgenic mouse lines (Williams et al, 1997; M uller-Rover et al, 2000). These reports
of viable progeny carrying K14-HGX DNA thus suggest that if the constitutive uPA
construct is embryonic lethal, it is likely to be mediated by the cloned uPA sequence.

The primary function of uPA is the conversion of ubiquitous plasminogen to
proteolytic plasmin. Plasmin is subsequently capable of degrading many matrix
molecules, including laminin (Liotta et al, 1981a and b) and fibronectin (Liotta et al,
1981a), as well as activating several MMPs, including type IV collagenases (He et al,
1989; Okumura et al, 1997; Mazzieri et al, 1997). As laminin, fibronectin, and type IV
collagen contribute to the structural integrity of most basement membranes (Mosher et
al, 1992; Timpl, 1996; Timpl and Brown, 1996), and the basement membrane plays a
potentially important role in embryo development, by mediating cell proliferation,
migration, differentiation and attachment (Timpl, 1989; Yurchenco and O'Rear, 1994);
it is possible that in K14-uPA-HGX transgenic mice, elevated levels of uPA during
early embryogenesis facilitate excessive proteolysis of basement membranes leading to
retardation of development and possibly death. Interestingly, uPA-mediated pathogenic
proteolysis has been observed previously in mice expressing uPA under the control of
an albumin promoter (Heckel et al, 1990). Although bom viable, these Alb-uPA mice
are characterised by fatal neonatal bleeding, w hich was directly related to
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overexpression of the uPA transgene in the liver and the subsequent elevated levels of
plasma uPA. In addition to their proteolytic function, uPA and plasmin have also been
shown to activate certain growth factors, including TGF-{3, FGF-2 and HGF-SF
(Saksela and Rifkin, 1990; Lyons et al, 1988; Naldini et al, 1992), and therefore it is
possible that elevated levels of cutaneous uPA during embryogenesis could lead to
increased activation of these growth factors, and thus could have further negative effects
on murine development.

During the course of this work a paper was published describing the generation
of transgenic mice with uPA targeted to epidermal tissues using a bovine keratin 5
promoter (Zhou et al, 1999). K5-uPA mice were bom viable and expressed transgenespecific uPA in the basal epidermal layer of the skin, the outer root sheath of hair
follicles and the enamel organ. Soon after weaning, K5-uPA transgenic mice showed
defects in tooth development characterised by fragile, chalky-white incisors. More
specifically, these tooth defects were correlated with disruption of laminin-5 in the
enamel basement membrane of transgenic mice, presumably due to uPA-mediated
proteolysis. Interestingly, K5-uPA transgenic mice showed no defects in skin basement
membrane or skin integrity overall, and this was suggested to be due to several features
of enamel basement membrane that distinguishes it from skin basement membrane
(L honetal, 1999).

There are several possible explanations for the discrepancy between our work
and that of Zhou et al. Analysis of human K5 promoter-driven expression of (3-gal
during mouse embryogenesis revealed promoter activity as early as E.9.5 (Byrne et al,
1994). Since Byrne et al suggested that K14 would be concomitantly expressed with
K5, it could be speculated that the human K14 promoter used in this project is also
active at this early stage of development. In contrast, sim ilar analysis of the bovine
keratin 5 promoter used by Zhou et al, failed to detect promoter activity in mouse skin
prior to E.13.5 (Ramirez et al, 1994), suggesting that species-specific differences in the
temporal activity of the human K14 and bovine K5 promoters could differentially
influence mouse development, and perhaps result in embryonic lethality in the K14uPA-HGX transgenic mice. In addition, although direct comparison of the relative in
vivo activity of the bovine K5 and human K14 constructs has not been performed, it is
possible that differences in regulatory regions within the promoters, or alternatively
differences in poly A sequences (Pfarr et al, 1986; G ottschling et al, 1993), could
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influence the level of epiderm al uPA expression during em bryogenesis, and
subsequently produce divergent phenotypic outcomes.

Speculation that the bovine K5 and human K14 promoters direct distinct in vivo
uPA expression levels, and that this may differentially affect mouse development, is
supported by several reports describing divergent phenotypic alterations in TGF-|31
transgenic mice. Mice overexpressing TGF-pi under the control of a bovine cytokeratin
IV promoter, the homologue of human keratin 10, were born viable, developed
normally and showed only modest phenotypic changes (Cui et al, 1995). In contrast,
mice overexpressing TG F-pi under the control of a human keratin 1 promoter, showed
different phenotypic alterations and died during neonatal development (Sellheyer et al,
1993). H igher levels of transgene expression by the keratin 1 prom oter were
subsequently postulated as an explanation for these opposing results (Cui et al, 1995).
In addition, a recent study using a tetracycline-based inducible system, has shown that
whereas high level expression of TG F-pi during developm ent results in embryonic
lethality, antibiotic-mediated induction of lower TG F-pl expression levels, results in the
production of viable progeny (Liu et al, 2001), further suggesting that variant
em bryonic expression of the same gene can result in contrasting phenotypic
consequences.

Thus, we hypothesise that early and/or high level expression of uPA is toxic
during mouse development. As the primary aim of this project was to develop a model
to permit the study of the effect of elevated uPA activity on cutaneous wound healing,
and as alternative inducible systems of cutaneous uPA overexpression were already in
development (see Chapters 4 and 5), no further analysis of K14-uPA-HGX transgene
toxicity during embryogenesis was performed.
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CHAPTER 4

C R E R E C O M B I N A S E - M E D I A T E D E X P R E S S I O N O F uPA.
IN V IT R O A N A L Y S I S A N D T A M O X IF E N -M E D IA T E D

IND U C IBILITYIH V IV O
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4.1

INTRODUCTION
Genetic manipulation of the mouse genome to facilitate expression of exogenous

genes has provided much useful data regarding the specific function of these genes in
mammalian development and physiology (Jaenisch, 1988). Introduction of foreign
DNA under the control of ubiquitous or tissue-specific promoters can, however, have its
limitations. Constitutive overexpression of an exogenous transgene may result in
embryonic or neonatal lethality (e.g. Sellheyer et al, 1993; Simonet et al, 1995), thus
precluding analysis of gene function in viable adult mice. Furtherm ore, early
constitutive expression of transgenes may result in compensatory changes that could
prevent the appearance of an abnormal phenotype in adult animals, and mask the true
function of the gene during subsequent patho-physiological analysis. As a consequence
of these lim itations, alternative molecular systems that facilitate controlled gene
expression have been investigated, and although inducible gene expression has been
possible since the very early days of transgenic technology (Brinster et al, 1982;
Palmiter et al, 1982), it is only recently that mechanisms have been developed allowing
efficient spatial and temporal control of gene expression in vivo.

Initial systems of inducible gene expression primarily used mammalian control
elements, such as the metallothionein promoter, heat-shock promoters, or steroid
response elements. Although functional in vivo, the usefulness of these systems was
generally limited by high background expression levels and the toxic or physiologic
effects of the inducer (reviewed in Yarranton, 1992). More recently, alternative
inducible systems have been developed based on non-mammalian mechanisms of gene
regulation, although these systems also possess practical limitations. For example, the
insect moulting hormone ecdysone has been used to stimulate complex formation of
exogenous retinoid X receptor (RXR) and the ecdysone receptor, and this complex
subsequently induces target gene expression via stimulation of ecdysone response
elements positioned upstream of the gene of interest (No et al, 1996). A lthough
successfully utilised in transgenic mice (No et al, 1996), a major drawback of this
system is the potential for endogenous gene activation by RXR. Other inducible
systems have utilised modified regulatory elements from the TnlO-encoded tetracycline
resistance operon of E. coli, to facilitate induction or repression of gene expression in
the presence of tetracycline (Gossen and Bujard, 1992; Gossen et al, 1995). These
antibiotic-based systems have also been used to successfully induce foreign gene
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expression in both mammalian cells and transgenic m ice (Furth et al, 1994; Gossen et
al, 1995; Shockett et al, 1995; Schultze et al, 1996), although on several occasions high
levels o f basal-transcriptional activity were reported (Furth et al, 1994; H o w e et al,
1995; Kistner gf c//, 1996).

In addition to inducible system s utilising non-m am m alian regulatory elements,
alternative m ech a n ism s o f gen o m e manipulation have been d e v elo p ed based on the
ability o f Cre recom binase to mediate D N A recombination. Cre recom binase is a 38
kDa PI b acterio p h age-d erived protein that c a ta ly se s the recom b ina tion o f D N A
between tw o specific recognition sites, known as loxP (Sternberg and Hamilton, 1981;
H oess et al, 1982). L o x P sites are 34 bp con sen su s seq u en ces containing an 8 bp core
that defines loxP orientation. Upon binding o f a single Cre recom binase m olecule to
two orientated loxP sites, the D N A in between is e x c is e d leavin g a single loxP site
(Rajewsky et al, 1996). Although originally defined in bacteria, the Cre-loxP system is
fully functional both in mammalian cells in culture (Sauer and Henderson, 1988 and
1989) and in transgenic mice (Orban et al, 1992). M oreover, subsequent modification o f
this system has been show n to facilitate Cre-m ediated activation o f ex o g e n o u s gene
expression (figure 4.1). In the first exa m p le o f this, L ak so et a l demonstrated that
clon ing o f a loxP flanked transcriptional/translational stop signal (T S S) between the
alpha A-crystallin promoter and the large T antigen gen e prevented the development o f
lens tum ours in su bsequ en t transgenic m ice. H o w e v e r , upon breeding o f these
transgenic m ice with m ice constitutively exp ressin g Cre recom b inase, all subsequent
progeny developed lens tumours as a result o f Cre-mediated excision o f the TSS (Lakso
gfcf/, 1992).

Am.

- Cre

-► GO!

loxP

pro

+ Cre

loxP

loxP

pro

atg

F ig u re 4.1
S c h e m a tic r e p r e s e n ta tio n of C re - m e d ia te d activation of e x o g e n o u s g e n e
expression. Pro = ubiquitous or tissue-specific promoter; ATG = translational start codon; TSS =
transcriptional (AATAAA polyadenylation sequence)/translational (TGA) stop signal; GOI = g e n e
of interest.

108

Despite its usefulness in ‘proof of principle’ experiments, the breeding of mice
carrying a Cre-inducible transgene with mice constitutively expressing Cre recombinase
results in activation of the exogenous transgene during development, and thus does not
facilitate precise temporal control of gene expression. Moreover, if inducible expression
is required due to transgene-mediated lethality or compensation, this activation of the
exogenous gene during embryogenesis would be undesirable. As a consequence,
various transgenic mouse lines have been generated in which expression of Cre
recom binase is controlled by specific inducible elements. For example, inducible
promoters, such as the interferon-sensitive Mx promoter (Kuhn et al, 1995) and the
tetracycline-controlled CMV-tetO promoter (St Onge et al, 1996), have been shown to
efficiently induce Cre-recombinase expression and activity in vivo (St Onge et al, 1996;
Ayrall et al, 1998). Furthermore, alternative inducible elements have been developed by
fusing Cre-recom binase to the mutated ligand-binding domain (LBD"’“‘) of several
steroid receptors, and these Cre-LBD"""^ fusion proteins have also been utilised in either
in vitro or in vivo induction of Cre-recombinase activity (Zhang et al, 1996; Feil et al,
1996; Kellendonk et al, 1996; Schwenk et al, 1998; Brocard et al, 1998). Interestingly,
under normal circumstances, Cre-LBD'""^ fusion proteins are constitutively expressed
and accumulate in the cytoplasm. However, in the presence of synthetic steroid ligands
that bind the mutated LBD, the fusion protein is translocated into the cell nucleus thus
fa c ilita tin g

C re -m e d ia te d

re c o m b in atio n

(see

B ro c ard

et al, 1997

for

immunohistochemical demonstration). Importantly, although these synthetic ligands can
bind the mutated LBDs, natural ligands cannot, thus preventing endogenous stimulation
of Cre-recombinase activity (Zhang et al, 1996; Feil et al, 1996; Kellendonk et al, 1996;
Brocard et al, 1998).

Although several LBD™‘-based systems exist, those utilising the Cre-ER^ fusion
protein, comprised of Cre-recombinase fused to a mutated human oestrogen receptor
LBD (Feil et al, 1997), have been described in most detail. Nuclear translocation of the
Cre-ER^ protein is stimulated in both mammalian cells and transgenic mice following
application o f synthetic oestrogen hom ologues, such

as tam oxifen or 4-

hydroxytamoxifen (OHT) (Feil et al, 1996; Brocard et al, 1997; Danielian et al, 1998).
In contrast, Cre-m ediated recombination is undetectable in Cre-ER^ positive cells
following treatment with 17p-oestradiol, a natural ligand of the oestrogen receptor (Feil
et al, 1996 and 1997). Moreover, nuclear translocation of the Cre-ER^ fusion protein is
not observed in untreated transgenic mouse tissue (Brocard et al, 1997), further
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indicating that Cre-ER^ activation is tamoxifen dependent. Interestingly, alternative
mutations within the human oestrogen receptor LBD sequence resulted in the generation
of a novel fusion protein (Cre-ER^^) which is approximately 10-fold more sensitive to
OHT-mediated induction (Feil et al, 1997; Indra et al, 1999), and thus could provide a
more efficient system of Cre-recombinase activation.

Despite the availability of technology facilitating inducible gene activation in
vivo, and the recognised advantages of spatial and temporal control of gene expression
during the physiological and patho-physiological analysis of gene function, no skinspecific method of gene induction had been developed at the onset of this project. In
addition, as one of the primary aims of the project was to determine the effects of
elevated uPA levels on wound healing in the skin, and as these effects would be better
dissected using a system that facilitated temporal control of cutaneous uPA expression,
this study set out to generate transgenic mice in which K14 promoter-driven expression
of uPA could be transiently induced by synthetic ligand application. Subsequent
analyses could thus determine the effect of transient uPA overexpression on cutaneous
wound repair, as well as providing information on the regulation and potential roles of
the plasminogen activator system in skin development and physiology.
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4.2

RESULTS

4.2.1 Creation of inducible uPA expression vector
A 6 7 6 bp sequence o f 5 ’ murine uPA was amplified by PCR using the p D B 1 5 1 9
vector (A T C C # :6 3 2 5 6 ) as template D N A , and the fo llo w in g primers: 5 -A G C G G C A C T
A C C T T T A A A G T C T G G C T G -3 ’ ( C S l ) for the sense strand and 5 -A C T C C C A C C A C A
C C C G G G G G A G G G A G G A C T -3 ’ (C S2) for the antisense strand. The sense primer was
d esigned to replace the uPA start codon (A T G ) and the primary transcription codon
( A A A ) with a D r a l restriction en zy m e recognition site (T T T A A A ), thereby facilitating
in-fram e exp re ssio n o f uPA upon C re-m ediated recom b ination . Furthermore, the
antisense p nm er was designed to replace a D r a l restriction en zy m e recognition site with
a S m a l restriction e n zy m e recognition site at the 3 ’ end o f the subsequent PCR product
(figure 4.2).

Murine uPA cDNA

pDB1519

Avr II

Dra I

Sma I

TTTAAA (Dra I )

(start) ATGAAA

Primer: CS1

Primer: CS2
i
CCCGGG
(Sm a I)

TTTAAA
(Dra I)
5 ’ uPA

Avril

Figure 4.2 S ch e m a tic represen tation of PCR strategy d e s ig n e d to rem ov e ATG start codon
and provide specific restriction e n zym e sites for s u b s e q u e n t cloning.

T he 5 ’ uPA PCR product was subsequently d igested with D r a l and S m a l and
blunt-end ligated with S m a l digested pGEM('°"'"'°") (pG EM 5 ’lo x P -T S S (P o ly A ) - 3 ’loxP
(-G) vector; a kind gift o f Prof. Ered Sablitzky, The Institute o f G enetics, University o f
Nottingham), as detailed in figure 4.3a. A s the D r a l - S m a l digested 5 ’ uPA PCR product
w a s b lu n t-en d ed it c o u ld ligate into pGEM^'°’‘^'°’‘^ in either a forward or reverse
orientation. Therefore, 15 colon ies were selected and p G E M -5 ’uPA^'°'‘^'°’‘^plasmid D N A
prepared as in section 2 .1 .1 .1 , prior to seq u en cin g w h ich identified the constructs
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containing 5 ’ uPA in the correct orientation. An A v r W -S m a l restriction digest product,
containing 1636 bp o f 3 ’ murine uPA, was then isolated from p D B 1 5 1 9 (figure 4.3b),
and cloned into the cognate sites o f p G E M -5 ’uPA^'°’‘^'°’‘\ as detailed in figure 4.3c. The
resulting pGEM-uPA^'°’‘^'°’‘^ vector was fully sequenced and the uPA cod ing region was
found to be identical to the published sequence for murine uPA (G enBank A ccession
No. X 0 2 3 8 9 ), ex cep t for the removal o f the A T G start codon. In addition, sequencing
analysis confirm ed that the pGEM-uPA^'°’‘^'°’‘^ vector contained the correct sequence for
functional uPA expression upon Cre-mediated recombination.

a)
-►(IN FRAME)

pGEM'o’^Tiox loxP

loxP
TSS

> Sma I

ccc

AAA

5 ’ uPA

Avr II
b)
Murine uPA cDNA
pDB1519

1

]

AvrW

3' uPA

Sma I

CC C

CTAG

c)
-►(IN FRAME)
pG EIV I-5'uPA '°xT iox

.AAA

5 ’ uPA

TSS

Avr II

3 ’ uPA

Sma I

CCC

CTAG

Figure 4.3 S c h e m a t i c r e p r e s e n ta tio n of cloning str a te g y d e s i g n e d to facilitate In-frame
e x p re ssio n of uPA. a) PC R product (5’ uPA) cloning Into pGEM^'°^^'°^^; b) restriction digest
facilitating Isolation of 3 ’ uPA; c) ligation of 3’ uPA with pGEM-5’uPA^'°^^'°’'^

112

T o facilitate in vitro and in vivo analysis o f inducible uPA expression, a 2418 bp
ijP^(ioxtiox)

w as isolated from pGEM-uPA^'°’‘^'°’‘^ by digestion with H in c U and

S m a l , prior to blunt-end ligation with E co R V d igested p c D N A .3 (Invitrogen). S ub 
clo n in g o f the

cassette in p c D N A .3 was n ecessary to ensure availability o f

c o h esiv e ends required for ligation with the in vivo expression vector. The subsequent
pcDNA.uPA^'°’‘^‘°’‘^vector was then digested with B a m U l and B g l l l, and an isolated 2 132
cassette cloned into the B a m H l clon ing site o f the K 1 4 -H G X transgene

bp

expression vector (see section 3.2.1), as shown in figure 4.4. Orientation o f the cloned
s eq u en ces was verified after both the blunt-end ligation into p c D N A .3 and ligation o f
the B a m H I -B g lll digested

cassette into K 1 4 -H G X . A s described previously,

15 colon ies were selected, plasmid D N A prepared and sequencing performed to identify
the constructs containing the correctly orientated sequence.

X I N FRAME)
lo x P

loxP

p G E M -u P A '°’‘Tiox

uPA

sœæîsïssæiæssiïsssss:

TSS

Hinc II

Sma I

-►(IN FRAME)
lo x P

pcDNA.uPA'o^Tiox

lo x P

uPA

Bam HI

BglW

-►(IN FRAME)
K14-uPA'oxTiox_HGx,

loxP

loxP

ATG

Kpn\

uPA

HGX

Xbal

Figure 4.4 S chem atic representation of transfer of
vectors to the K14-HGX in vivo t ra n sg e n e expression vector.
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c a s s e tte from in vitro expression

The K14-uPA^‘°’‘^'°’^^-HGX vector was then fully sequenced and the uPA coding
region was again found to be identical to the published sequence, except for the removal
of the ATG start codon. Representative sequencing data demonstrating the successful
removal of the uPA start site is shown in figure 4.5a. Translation of the recombined
yP^(ioxTiox) cassette would place 17 additional amino acids at the N-terminal end of uPA
(figure 4.5b). As these amino acids could affect the functionality of the resulting loxPuPA fusion protein, in vitro analyses were performed to verify uPA bioactivity, as
described in section 4.2.3.
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Figure 4.5 a) S e q u e n c in g d a ta from K14-uPA'°’‘^°’*^-HGX vector. LoxP+ve (forward) a n d uPA382 (reverse) primers w e re u s e d in two s e p a r a t e experim en ts (#2 a n d #4). T he s u b s e q u e n t
s e q u e n c e s w e re aligned with a c o m p u te r-g e n era te d c o n s e n s u s s e q u e n c e (c o n s e n s u s ) a n d the
published uPA s e q u e n c e (Orig UPA). Note the conversion of original ATG start codon to CCC,
a n d in fram e positioning of uPA s e q u e n c e , b) S e q u e n c e of amino ac id s at N-terminal e nd of
e n d o g e n o u s uPA a n d the loxP-uPA fusion protein c re a te d by recombination of the
c a s s e tte . * r e p r e s e n ts the initiating methionine.
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4.2.2 Analysis of in vitro Cre-mediated recombination
To facilitate analysis of in vitro recombination of the

cassette, the

pPGK-CRE expression vector (a kind gift of Prof. Fred Sablitzky, The Institute of
Genetics, U niversity of N ottingham ) was utilised to provide constitutive Cre
recombinase expression. This vector consists of a 507 bp phosphoglycerate kinase-1
promoter (PGK) upstream of a 1052 bp Cre recombinase sequence, derived from wildtype PI phage, and a 266 bp poly A sequence. Chinese Ham ster Ovary (CHO) cells
were cultured until 60% confluent and transiently transfected with pcDNA.3 alone,
pcDNA.uPA('°"^'°") alone, pPGK-CRE alone, or both pcDNA.uPA^'""^'"") and pPGKCRE. Follow ing DNA preparation from transfected m onolayers, Cre-m ediated
recombination was detected using a specific in vitro PCR strategy, as outlined in figure
4.6a.

As shown in the representative data presented (figure 4.6b), in vitro-specific
PCR analysis of DNA from CHO cells transfected with pcDNA.uPA^'°’‘^’°’‘^ alone,
identified a 1068 bp PCR product, corresponding to the wild-type sequence. In contrast,
in vitro-spccific PCR of DNA from CHO cells co-transfected with pcDNA.uPA^’°’‘^'°’‘^
and pPGK-CRE, showed low-level amplification of the 1068 bp wild-type PCR product
as well as amplification of a smaller 694 bp PCR product, corresponding to the
recombined sequence. Analysis of DNA from control transfected CHO cells detected
neither wild-type nor recombined sequence, as expected. In addition, a minor PCR
product of approximately 900 bp was identified during analysis of DNA from CHO
cells transfected with pcDNA.uPA^*°’‘^‘°’‘^ alone, and with both pcDNA.uPA^'°’‘^'°’‘^ and
pPGK-CRE. This spurious product was also detected during PCR analysis of
pcDNA.uPA^'°’'^’°’‘^ vector DNA (positive control), suggesting it was the result of non
specific PCR amplification.
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Figure 4.6 a) S c h e m atic represen tation of PCR strategy to d e te c t in vitro Cre recom b in ase
m ediated excision of floxed T S S s e q u e n c e . R ec 1 a n d R e c 2 refer to specific primers a s
described in T able 2.2 b) PCR detection of pPG K-CRE m e d ia te d recombination in CHO cell
transient transfections. Lane 1 = No DNA; Lane 2 = pcDNA.3; Lane 3 = pcDNA.uPA*'°’'^'°^*; Lane
(lo x T lo x )
4 = pcDNA.uPA
+ pPG K -CRE; L ane 5 = pPG K -CRE; - = no te m p la te control; + =
pcDNA.uPA^'°^^'°^^ (plasmid PCR); M = 100bp DNA ladder (selected m arker siz e s are indicated
in b a s e pairs).

4.2.3 Detection of functional uPA expression by the
Having detected in vitro Cre-mediated recombination o f the

cassette
cassette,

conditioned medium, from CH O cell monolayers transfected as detailed in section 4.2.2,
was an alysed for uPA activity by both indirect c h r o m o g e n ic peptide assay and
plasm inogen-linked zym ography. U sin g the indirect ch rom ogen ic peptide assay, levels
o f uPA activity in con d itioned medium from CH O c e lls transfected with any o f the
selected vectors alone, was shown to be indistinguishable from control samples (figure
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4.7). In contrast, analysis o f conditioned medium from C H O ce lls co-transfected with
both pcDNA.uPA^'”’'^'®’'^ and pPGK-CRE, identified an approximate 45 fold increase in
uPA activity com pared to control samples, and more importantly, com pared to samples
from C H O ce lls transfected with pcDNA.uPA^'°’‘^'°’‘^ alone. In addition, p lasm inogenlinked zym ography analysis o f conditioned medium from CH O cells co-transfected with
pcDNA.uPA^'°’‘^’“’‘’ and pPGK-CRE, detected a strong band o f beta-casein degradation
corresponding to murine uPA (45 kDa) (figure 4.8). H ow ever, analysis o f conditioned
m edium from c e lls transfected with pcDNA.uPA^'°'‘^'°’‘^ alone, s h o w ed no beta-casein
d eg ra d a tio n .

T h is

d e te c tio n

o f uPA

a c tiv ity

fo llo w in g

co-tran sfection

with

pcDNA.uPA^'"’"^'®’'^ and pPGK-Cre, indicated that the Cre recom b in a se /L o x P system
was fully functional in vitro. M oreover, the lack o f detectab le uPA in conditioned
medium from ce lls transfected with pcDNA.uPA^'°’‘^'°'‘^ alone, clearly demonstrated that
no background expression o f uPA had occurred with this construct.

Control (No DNA) n

pcDNA.3 -

pcDNA.uPA('°^'^'°") -

pPGK-CRE

pcDNA.uPA('°"Tiox) + pPGK-CRE -

r

0

20

40

%A»'
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uPA (fold induction of control)

Figure 4.7 Detection of functional uPA e xpression via Cre re c o m b in a se m ediated excision of
floxed T S S s e q u e n c e (I). uPA activity in con dition ed m e d iu m from CHO cell tra n sie n t
tra n sfe ctio n s a s d e te c te d by indirect c h rom og en ic p ep tide a s s a y . D ata p r e s e n te d (m ean ±
SEM) are from triplicate wells in 3 independent experiments.
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- 45kDa

Figure 4.8 Detection of functional uPA e xpression via Cre r e c o m b in a se m ediated excision of
floxed T S S s e q u e n c e (II). uPA activity in c o nditioned m edium from CHO cell transient
transfections a s d e te c te d by plasminogen-linked zym ography. L ane 1 = No DNA; Lane 2 =
pcDNA.3; Lane 3 = pcDNA.uPA; Lane 4 = pcDNA.uPA^'°"^'°"^; Lane 5 = pcDNA.uPA^'°"^'°"^ +
pPGK-CRE; Lane 6 = pPGK-CRE; + = murine urine. Data p r e s e n te d a r e represen tative of 2
independent experiments.

4.2.4 Generation of K14-uPA^'°^^'°^^-HGX transgenic mice
A 6 3 7 6 bp restriction d igest product, c o n ta in in g the human Keratin 14
promoter/enhancer region, the full

cassette and the mutated Human Growth

H orm on e/Poly A region, was isolated from K14-uPA^'"’‘^'‘^’‘^-HGX by digestion with
K p n \ and X h a \. F o llo w in g purification (see section 2 .1 .1 4), the transgene construct was
microinjected into fertilised mouse eggs, prior to transfer to recipient C 5 7B L /6 pseudo
pregnant females. Transgene incorporation in the subsequent progeny was detected by
K14 and H G X specific PCR, and representative data, indicating the successful detection
o f 4 transgenic founder animals (#33, #38, # 3 9 and # 5 1 ), are presented in figure 4.9.

K14 (514 bp)

HGX (352 bp)
M

m M. r<a

Figure 4.9 PC R detection of founder K14-uPA^'°’'^'°^’-HGX mice using K14 and HGX specific
primers. Arrows indicate positive lanes. 1 = potential F1 a n im a ls (#29-52); - = no template
control; + = K14-IL-1a-HGX transgenic positive control. M = 100bp DNA ladder.
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F o llo w in g p ositive identification, founder animals were mated separately with
wild-type C 5 7 B L /6 m ice and their progeny analysed by K 1 4 and H G X specific PCR.
Three o f the four fou n der anim als (# 3 3 , # 3 8 and # 3 9 ) m ated su c c e s sfu lly and
subsequently produced heterozygous K14-uPA^'“’‘^'°’‘^-HGX positive progeny at a ratio o f
1:1 with wild-type offspring.

4.2.5 ‘Proof of principle’ of in vivo recombination
T o determ ine the in viv o functionality o f the

construct, in vivo

recombination was initiated by intra-dermal injection o f p P G K -C R E plasm id D N A .
K14-uPA^'°’‘^'”’‘^-HGX p ositive m ice from founder lines 33, 38 and 39, received two
intra-dermal doses o f pPG K -C R E and vehicle, as described in section 2.4.5. F o llo w in g
D N A preparation from injected ears, Cre-mediated recombination was detected using a
specific in vivo PCR strategy (figure 4.10).

loxP

K14 pro/enh
K14-uPA('o)(Tiox)_|_|GX

loxP

uPA

TSS

(-CRE)

Rec 3

Rec 4

739bp

loxP

K14 pro/enh

uPA

K14-uPA(W_HGX
(+CRE)

Rec 3

Rec 4

365bp
Figure 4.10 S c h em a tic representation of PCR strategy to d e te c t Cre r e c o m b in as e m ediated
excision of floxed T S S s e q u e n c e in vivo. Rec 3 and Rec 4 refer to specific primers a s described
in Table 2.2

A s sh ow n in figure 4.1 1 , in v/vo-specific PCR analysis o f D N A from vehicle
treated K14-uPA^'°’‘^'”’‘^-HGX transgenic m ouse ears sh o w ed amplification o f the 739 bp
w ild-type seq u en ce, as expected. H ow ever, PCR analysis o f D N A from pPG K -C R E
treated ears, demonstrated amplification o f both the 7 3 9 bp wild-type sequence, as well
as a smaller, 365 bp sequence (K14-uPA^‘°’‘^-HGX; figure 4 .1 0 ) indicating that the Cre
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recom b ina se/L ox P system was functional in vivo. M oreover, fo llo w in g intra-dermal
injection o f pP G K -C R E , recom bined D N A was detected in all three founder lines.
Injected epidermal sheets were also p rocessed for protein, and uPA activity levels
assessed using the indirect chrom ogenic peptide assay. H o w ever, uPA activity in both
vehicle treated and pPG K-CRE treated ears was below the detectable level for this assay
(data not shown).

33
M

-

38
+

-

39
+

neg

F ig u re 4.11 PCR d etection of in vivo C re-m e d iate d recom bination following naked DNA
injection using the pPGK-CRE vector. For e a c h founder line, vehicle treated (-) and pPGK-CRE
treated (+) sa m p le s a re shown. Arrows indicate recom bined DNA. neg = no tem plate control; M
= lOObp DNA ladder (selected marker sizes are indicated in b a s e pairs).

4.2.6 Generation of tamoxifen-lnducible uPA transgenic mice
T o facilitate in vivo m anipulation o f uPA e x p re ssio n , K 14-uPA^'°"^'°"^-HGX
p ositive m ice from founder lines 33, 38, and 39 were crossed with K14-Cre-ER^“ mice
(a kind gift o f Dr. Daniel M etzger, Institut de G enetique et de B io lo g ie Moléculaire et
C ellu laire, C .U . de Strasbourg, France). K14-Cre-ER^^ m ic e carry a transgene
co n tain in g the human Keratin 14 prom oter/enhancer s eq u en ce, the rabbit p-globin
intron II, a Cre-ER^^ sequence consisting o f a 343 bp Cre recom binase gene fused to a
3 1 4 bp mutated human oestrogen receptor L B D (ER^“), and the S V 4 0 poly A signal
seq u en ce (figure 4 .1 2 ). Subsequent double transgenic progeny were identified using
H G X specific PCR to detect the KI4-uPA^'°’‘^’“ k H G X transgene, and Cre recombinase
specific PCR to detect the KI4-Cre-ER^~ transgene.
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huK14'pro/enh

intron

Cre-ER^^

poly A

Figure 4.12 S c h em a tic representation of the K14-Cre-ER^^ tran sg e n e . huK14 pro/enh = human

K e r a t i n # p r o m o te r /e n h a n c e r s e q u e n c e ; intron = rabbit 3-globin intron II; Cre-ER^^ = Cre
recombinase-ER^^ fusion se q u e n c e; poly A = poly A site from the SV40 early region.

4.2.7 Analysis of in vivo tamoxifen-induced recombination
T o dem onstrate tam oxifen induction o f Cre-ER^^ m ediated recom bination in
vivo, single transgenic (K 1 4 -u P A ‘‘°’‘^'°'‘'-HGX) and double transgenic (K
H G X /K 14-C re-E R ^“) m ice from founder lines 33, 3 8 , and 3 9, were treated with
tam oxifen as described in section 2.4.6. F ollow in g D N A preparation from dissected tail
tissue, Cre-mediated recombination was detected using the specific in vivo PCR strategy
(figure 4 .1 0 ), and representative data are show n in figure 4 .1 3 . A n a ly sis o f single
transgenic m ou se tail from all founder lines sh ow ed amplification o f the 7 3 9 bp wildtype s e q u en ce both before and after tam oxifen treatment, as ex p ec ted . H o w ever,
analysis o f d ouble transgenic m ou se tail sh ow ed differential results b etw een founder
lines. W hereas PC R o f d ouble transgenic tail D N A derived from fou n der line 38,
s h o w ed am plification o f the 7 3 9 bp wild-type seq u en ce prior to tam oxifen treatment,
analysis after tam oxifen treatment show ed amplification o f a band co n e s p o n d in g to the
739 bp w ild-type seq u en ce as well as a band c o n e s p o n d in g to the 365 bp recombined
seq u en ce. In contrast, analysis o f double transgenic tail D N A derived from founder
lines 33 and 39, sh o w ed amplification o f the 739 bp wild-type sequence and the 365 bp
recom bined seq u en ce both before and after tam oxifen treatment. An additional, minor
PCR product o f approxim ately 850 bp was indentified during analysis o f D N A from
double transgenic m ice from all three founder lines, both before and after tamoxifen
treatment. The significance o f this PCR product was not investigated further.

T he detection o f recom bined D N A prior to tam oxifen treatment in lines 33 and
39, s u g g ested that background translocation o f the Cre-ER^" fusion protein may be
occuiTing in these m ou se lines. H owever, recombination was ex c lu siv ely observed post-
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tam oxifen in line 38 d oub le transgenic m ice, in d icatin g that activity o f the Crerecombinase/Lox P system was entirely tam oxifen-dependent in this m ouse line.

33
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Figure 4.13 Detection of tamoxifen induced Cre-ER^^ m e d ia te d excision in mice. For e a c h
founder line deletion of the floxed T S S s e q u e n c e in tail tis s u e w a s a n a ly s e d by PCR pre-Tam
treatm ent (-) and 48 hours post-Tam treatm ent (+). 1 = K14-uPA^'°^^'°^’-HGX single transgenic
mice; 2 = K14-uPA^'°^^'°’‘^-HGX/K14-Cre-ER^^ d o uble t r a n s g e n ic mice; neg = no te m pla te
control, M = lOObp DNA ladder (selected marker sizes are indicated in b a s e pairs).
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4.2.8 Analysis of tissue specific in vivo recombination
Having demonstrated tamoxifen induction o f Cre-ER^^ mediated recombination
in vivo, various organs from tam oxifen treated double transgenic m ice (from founder
line 38) were analysed to determine the tissue specificity o f recombination. Follow ing
D N A preparation from d issected tissues, C re-m ediated d eletion o f the flo x ed T S S
seq u en ce w as detected using the sp ecific in vivo PCR strategy (figure 4.1 0 ). PCR
analysis o f D N A from tail tissue d isse cte d prior to ta m o x ifen treatment sh o w ed
amplification o f the 7 3 9 bp wild-type seq u en ce (K14-uPA^'°’‘^'“’‘^-HGX), as expected
(figure 4.14). H ow ever, analysis o f D N A from tail, ear, skin and tongue tissue, dissected
either 48 hours or one w e e k (data not show n sin ce identical) after com pletion o f
tamoxifen treatment, sh ow ed amplification o f both the 7 3 9 bp w ild-type sequence and
the 365 bp recom bined sequence (K14-uPA^‘°’'^-HGX). In contrast, analysis o f D N A
from intestine, kidney, and liver tissue, sh ow ed amplification o f the 7 3 9 bp wild-type
seq u en ce alone, indicating that activity o f the K14-uPA^'°’‘^’“’‘^-HGX transgene was
effectively restricted to tissues expressing K14.

-TAM

+TAM

K14-uPA('o"TIox)_hg X
K14-uPA(iox)-HGX

Figure 4.14 T issu e specificity of Cre-ER^^ m ediated excision in mice. Deletion of the floxed
T SS s e q u e n c e in various o rg a n s w a s analysed by PCR 48 hours post-Tam treatment. PCR w a s
also performed on tail DNA isolated before tamoxifen administration (-TAM). H2 O = no template
control.

4.2.9 Preliminary analysis of in vivo tamoxifen-induced uPA activity
To demonstrate tam oxifen-induced expression o f functional uPA in vivo, two
single transgenic (K14-uPA^'°’‘^'°"‘^-HGX) and two double transgenic ( K 1 4 -uPA^‘°'^'“’‘k
HGX/K14-Cre-ER^^) m ic e from founder line 38 w ere treated with tam oxifen , as
described in section 2.4.6. Ear tissue was dissected either 48 hours or one w eek after
com pletion o f tam oxifen treatment, and fo llo w in g protein preparation from pooled ear
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tissue, uPA activity was analysed using the indirect c h ro m o g en ic peptide assay. A s
expected, uPA activity was only detectable at very low levels in ear tissue hom ogenates
from tam oxifen-treated single transgenic m ice at both the 4 8 hour and on e w eek time
points. H o w ev e r, exp erim en ts to date have dem on strated that, using the indirect
ch ro m o gen ic peptide assay, uPA activity is also virtually undetectable in tam oxifen
treated double transgenic mouse skin, at both the selected tim e points (figure 4.15).
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Figure 4.15 Effect of tamoxifen treatm ent on uPA activity in single and double transgenic mice.
Indirect chrom ogenic peptide a s s a y analysis of functional uPA levels in e a r tissu e h o m o g e n a te s
from single (K14-uPA^'°"^'°"kHGX) tra n sg e n ic and double (K14-uPA^'°"^'°"kHGX/K14-Cre-ER'^^)
tra n s g e n ic mice. T is s u e s a m p le s w e re h a rv e s te d at 48 ho u rs a n d 1 w e e k after tamoxifen
treatment.
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4.3 DISCUSSION
Precise genetic modification of the mouse genome to facilitate exogenous gene
expression constitutes a powerful approach to the analysis of gene function. Moreover,
transgene overexpression often results in disease-like phenotypes that can provide
essential information regarding the related human condition (e.g. Carroll et al, 1995;
Larkin et al, 1999; Chan et al, 2001a). The usefulness of constitutive transgene
activation can, however, be limited, as it may result in embryonic or neonatal lethality
(Sellheyer et al, 1993; Simonet et al, 1995), or alternatively stimulate compensatory
mechanisms that mask the true function of the gene of interest. As a result of these
limitations, systems have been developed that provide a more reliable approach to the
study of gene function by allowing control of exogenous transgene expression in both a
spatial and temporal manner. Despite the availability of this technology, no skinspecific mechanism of controlled transgene expression had been developed at the onset
of this work. In view of this, and considering the primary aim of this project was to
examine the effect of elevated uPA on cutaneous wound healing, the present study
sought to modify the Cre-ER^-loxP inducible system to allow synthetic ligand-mediated
induction of cutaneous uPA expression in vivo. The resulting transgenic mice would
therefore demonstrate a novel mechanism of cutaneous gene induction, as well as
providing useful information regarding the role of uPA in cutaneous physiology and
wound repair.

A critical issue when using any C re-recom binase/loxP strategy of gene
activation is that the gene of interest is cloned in such a way that, following Cremediated recom bination, transgene expression is in-fram e and unaffected by the
remaining loxP site (Sauer, 1998). As the

vector used in this project

contains an ATG start codon upstream of the loxP flanked TSS, removal of the existing
uPA ATG codon was necessary to facilitate in-frame cloning and, moreover, to reduce
background transcriptional read-through, as previously described (Ayrall et al, 1998).
Following PGR removal of this uPA start site, as outlined in figure 4.2, subsequent
restriction digest and ligation strategies resulted in the creation of an inducible construct
containing a loxP flanked TSS upstream of an ATG-negative murine uPA sequence
(uPA^'°’‘^'°’‘^). In keeping with previous reports (Ayrall et al, 1998), detection of
recombined DNA following co-transfection with pPGK-CRE, confirmed that the
uPA^‘°’‘^'°’‘^ construct contains the correct DNA sequences to facilitate Cre-mediated
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recombination. Moreover, successful in-frame cloning and functionality of the ATGloxP-uPA fusion protein, expressed following C re-m ediated recom bination, was
conclusively demonstrated as uPA activity was significantly increased in conditioned
medium from these co-transfected cells, over single transfected and non-transfected
controls. Interestingly, no uPA activity was detected in conditioned medium from cells
transfected with the

construct alone, dem onstrating tight transcriptional

and/or translational control by the TSS.

Following microinjection and subsequent generation of K14-uPA^‘°’‘^’°’‘^-HGX
construct was assessed in vivo. In

transgenic mice, the functionality of the

keeping with previous reports demonstrating that naked DNA injection results in
transient epidermal gene expression in vivo (Hengge et al, 1995 and 1996), injection of
K14-uPA^'°’‘^'°’‘^-HGX transgenic mouse ears with pPGK-CRE resulted in Cre-mediated
recombination of the uPA^’°’‘^'°*^ construct. Interestingly, although recombination was
detected after naked DNA injection, the level of PGR amplification was extremely low,
suggesting that recombination had occurred in only a fraction of epidermal cells and
that plasmid uptake in the mouse epidermis was relatively inefficient, a theory
supported by previous findings (Hengge et al, 1996). This less than efficient uptake of
injected plasmid DNA and the subsequent low proportion of cells containing the
recombined uPA^'°’‘^'°*^ construct would also explain our failure to detect uPA activity in
pPGK-CRE treated ear tissue. Moreover, the restriction of K14 promoter activity to
basal kératinocytes (Vassar et al, 1989), would further reduce the proportion of cells
likely to be expressing transgene-specific uPA.

Although the detection of recombined DNA following intra-dermal injection of
pPGK-CRE demonstrated ‘proof of principle’, this method of Cre application does not
facilitate efficient temporal control of transgene expression. In an attempt to provide a
reliable mechanism of transgene control, K14-uPA^'°’‘^'°’‘^-HGX transgenic mice from all
three founder lines (33, 38, and 39), were crossed with mice expressing the Cre-ER^^
fusion protein (Feil et al, 1997) under the control of a keratin 14 promoter (Vassar et al,
1989). This Cre-ER^^ fusion protein has been shown to be highly sensitive to tamoxifen
treatment (Feil et al, 1997; Indra et al, 1999) and has been used to facilitate tamoxifeninduced activation of gene expression both in vitro and in vivo (Feil et al, 1997; Indra et
al,

1999; V allier et al, 2001). M oreover, tam oxifen treatm ent o f K 14-Cre-

ER^^/RXRa^^^^^ double transgenic mice resulted in the selective ablation of R X Ra in
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mouse epidermis (Li et al, 2000b), demonstrating the efficient localisation of Cre-ER^^
expression to basal kératinocytes.

Interestingly, in contrast to K14-Cre-ER^/RXRa^^^^^ mice, recombined DNA
was detected in untreated tail tissue from K14-uPA^'“’‘^'°’‘^-HGX/K14-Cre-ER^^ double
transgenic mice derived from two of our founder lines (33 and 39). Moreover, as no
recombined DNA was detected in single transgenic mice from either of these founder
lines, it is possible that background nuclear translocation of the Cre-ER^^ fusion protein
occurs, but detection of background Cre-mediated recombination is dependent on the
transgene incorporation site. Although recom bined DNA was detected in double
transgenic mice from lines 33 and 39, it is important to note that the PGR method used
is at best semi-quantitative and thus the exact levels of wild-type and recombined DNA,
both before and after tamoxifen treatment, remain undefined.

In contrast to double transgenic mice from founder lines 33 and 39, tail tissue
from KI4-uPA^'°’‘^'°’‘^-H G X /K 14-C re-ER^^ mice, derived from founder line 38,
contained no recombined DNA prior to tamoxifen treatment. However, following
tamoxifen application, significant levels of recombined DNA were detected, indicating
that the induction of Cre-recombinase activity is entirely tamoxifen-dependent in this
mouse line. Furthermore, in line with previous reports (Vassar et al, 1989; Cheng et al,
1992; Wang et al, 1997), the detection of tamoxifen-induced recombination in tail, ear,
back skin, and tongue, but not in liver, kidney or intestine, conclusively demonstrated
the efficient spatial control of gene expression by the K14 promoter. Interestingly,
despite our demonstration of tissue-specific induction of Cre-mediated recombination,
preliminary studies showed that uPA activity was virtually undetectable in ear tissue
dissected from founder line 38-derived double transgenic mice, either 48 hours or 1
week after tamoxifen treatment.

This inability to detect increased uPA activity could initially suggest that the
jjP^(Ioxtiox) construct is non-functional, however, our in vitro data convincingly
demonstrates that the expressed ATG-loxP-uPA fusion protein is capable of converting
plasminogen to plasmin, and thus indicates that there are alternative reasons for this
observation. One possible explanation is that the time-points chosen to assess the uPA
protein levels were too early. The decision to analyse cutaneous uPA levels at 48 hours
and 1 week were based upon the observations of several recent reports demonstrating
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detection of epidermal reporter gene expression between 24 hours and 10 days after
tamoxifen application (Brocard et al, 1997; Indra et al, 1999; Vasioukhin et al, 1999).
Although these studies indicate that transgene activation can occur rapidly following
tamoxifen treatment, it is difficult to accurately determine the extent of transgene
induction at these time points as X-gal staining methods are capable of detecting even
very low-level p-gal activity. M oreover, as no published data exist regarding the
temporal pattern of Cre-ER^^-mediated activation of non-reporter genes, it is possible
that at our chosen time-points, the level of transgene-specific uPA is too low for our
current methods of detection. Other techniques, such as in situ hybridisation,
immunohistochemistry and perhaps in situ zymography may provide more sensitive
methods of detecting early expression of transgene-specific uPA.

Although analysis of uPA activity at later time-points may be prudent, an
alternative explanation for the lack of detectable uPA could be that the chosen method
of tamoxifen application results in a less than efficient level of in vivo recombination.
Intra-peritoneal injection of tamoxifen has been widely used to facilitate Cre-mediated
recombination in vivo (Danielian et al, 1998; Imai et al, 2001; Metzger and Chambon,
2001), and has previously been shown to effectively induce reporter gene expression in
epidermal tissues (Brocard et al, 1997; M etzger and Chambon, 2001). However,
previous studies using Cre-ER^ (Feil et al, 1996) and a similar fusion protein, CreED4
(Schwenk et al, 1998), indicate that the efficiency of in vivo recombination can vary
depending on the body site and concentration of tamoxifen used. Moreover, our results
show amplification of wild-type DNA in tamoxifen treated K14-uPA^*°’‘^'°’‘^-HGX/K14Cre-ER^^ mice, derived from founder line 38 (see figures 4.13 and 4.14), therefore
suggesting that recombination has only occurred in a proportion of cells containing the
yP^(ioxTiox) construct. This sub-optimal level of recombination, as well as the restriction
of transgene-specific uPA expression to K14 expressing basal kératinocytes, could limit
the in vivo induction of functional uPA, and thus explain our inability to detect uPA
activity in the analysed tissue homogenates. Again more sensitive methods of detection,
as well as experimenting with distinct routes of tamoxifen application, such as repeated
oral or topical adm inistration, could provide a more accurate assessment of the
expression of transgene-specific uPA.

In conclusion, although further analysis of the time-frame of tamoxifen-induced
uPA expression is required, and examination of alternative methods of tamoxifen
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application may be pertinent, the present studies have convincingly demonstrated the
synthetic ligand-derived induction of Cre-ER^^-mediated transgene activation in a skinspecific inducible system. These K14-uPA^'°’‘^'°’‘^-HGX/K14-Cre-ER^^ transgenic mice
therefore constitute an extremely useful template for the design of future skin-specific
inducible transgenic animals and may provide essential information on the various roles
of uPA in cutaneous physiology and patho-physiology.
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CHAPTER 5

C H A R A C T E R I S A T I O N O F IN D U C IB L E K 6 - u P A
T R A N S G E N I C M IC E A N D A N A L Y S I S O F W O U N D
H E A L IN G
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5.1

INTRODUCTION
R ecent advances in genetic m anipulation techniques have led to the

development of numerous inducible transgene expression systems, as discussed in
section 4.1. Since the ultimate aim of these systems is the precise temporal and spatial
control of transgene activation, most involve the coupling of an inducible molecular
switch with a tissue-specific promoter sequence that targets transgene expression to a
particular organ or cell type. In skin, these promoter sequences are predominantly
derived from keratin genes, although other epithelial gene sequences can provide
efficient skin-specific activation (Carroll et al, 1993; DiSepio et al, 1995). Keratin
promoters are particularly attractive when designing cutaneous inducible systems as
their expression is restricted to epithelial tissues, and many are exclusively active within
distinct layers of the epidermis, for example K5 and K14 promoters in the basal layer
(Vassar et al, 1989; Ramirez et al, 1994), and the KIO promoter in suprabasal layers
(Bailleul et al, 1990). Furthermore, in contrast to most other keratin promoters,
promoters derived from the K6 , K16 and K17 genes have potential for inducible
activity. Indeed, K6 promoters have recently been shown to mediate epidermal
transgene induction following specific stimulation (e.g Takahashi and Coulombe, 1996;
Cui et al, 1996; Larcher et al, 1998), indicating that these promoter sequences can
facilitate temporal, as well as spatial control of transgene expression.

Keratins are a large group of related interm ediate filam ent proteins that
contribute significantly to the structure and function of the epithelial cytoskeleton
(reviewed in Steinert and Roop, 1988 and Fuchs and W eber, 1994). In skin, keratin
proteins are generally co-expressed in defined pairs which serve as markers of terminal
differentiation (Fuchs and Green, 1980; Nelson and Sun, 1983). However, some
keratins, such as K6, are not associated with a defined program of differentiation and
subsequently possess distinct patterns of expression and regulation in normal and
activated epidermis (Moll et al, 1982). In healthy humans and animals, K6 protein is
constitutively expressed in several internal stratified epithelia, such as those of the oral
cavity, oesophagus and genital tract (Moll et al, 1982; Quinlan et al, 1985), as well as in
the companion layer of the hair follicle (Stark et al, 1987; Held et al, 1988). In contrast,
with the exception of palmar-plantar sites, K6 protein is not expressed in interfollicular
epidermis (Moll et al, 1982; Quinlan et al, 1985) except in a variety of cutaneous
conditions characterised by hyperproliferation, such as psoriasis, epiderm al

131

malignancies, or wound healing (Weiss et al, 1984; M ansbridge and Knapp, 1987;
Stoler et al, 1988). In addition, epidermal K6 is significantly induced in skin treated
with agents that induce hyperproliferation, such as phorbol 12-myristate 13-acetate
(PMA) or all-trans retinoic acid (RA) (Schweizer et al, 1987; Molloy and Laskin, 1987;
Rosenthal et al, 1992), as well as following activation of the EGF receptor (Jiang et al,
1993). Of interest, K6 induction following cutaneous injury occurs significantly earlier
than wound-induced mitotic activity (Paladini et al, 1996 and references therein),
indicating that alternative non-hyperproliferative mechanisms of K6 activation exist.

The lack of significant K6 expression in normal interfollicular epidermis,
coupled with the capacity for induction by cutaneous wounding and hyperproliferative
stimulation, forms the basis of several recently developed inducible transgenic
expression systems. In the first example of this, Ramirez et al generated transgenic mice
carrying a lacZ gene under the control of a 9 kb bovine K6 regulatory sequence. In these
BK6p(-8.8).Z mice, p-gal activity was detected in several internal epithelial tissues, hair
follicles and some orthokeratotic regions of tail skin, prior to treatment. More
im portantly, how ever, p-gal activity was virtually undetectable in untreated
interfollicular epidermis indicating that the K6 promoter was ‘off’ in normal epidermis.
In contrast, following topical application of PMA or RA, and upon cutaneous
wounding, |3-gal activity was significantly increased in suprabasal kératinocytes within
the affected areas. Furthermore, analysis of the kinetics of P-gal stimulation following
RA treatment showed direct correlation with the expression of endogenous mouse K6
mRNA, indicating that bovine K6 promoters can effectively mimic the spatial and
temporal regulation of endogenous K6 (Ramirez et al, 1995). Interestingly, several
recent reports have utilised a 2.4 kb sequence of the bovine K6 promoter that is inactive
in untreated interfollicular epidermis and mediates inducible transgene activation in an
similar manner to the 9 kb sequence (Cui et al, 1996; Ramirez et al, 1998; Larcher et al,
1998), suggesting that crucial regulatory elements reside within this 2.4 kb region
(Ramirez er fl/, 1998).

In addition to bovine K6 promoters, regulatory sequences derived from the
human K6 promoter have also been used to successfully mediate spatial and temporal
control of transgene expression in vivo. In [hK6a 5 ’]-LacZ mice (Takahashi and
Coulombe, 1996 and 1997), carrying a lacZ gene under the control of the human K6a
promoter, epidermal p-gal activity was again virtually undetectable in interfollicular
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epidermis prior to induction; however, after topical application of PMA or RA,
significantly increased P-gal activity was detected throughout the suprabasal layers of
affected epidermis. Furthermore, following cutaneous wounding of these mice, (3-gal
activity was detected in wound-edge kératinocytes after ju st 3 hours, and remained
significantly increased for at least 5 days post-wounding (Takahashi and Coulombe,
1997). Interestingly, whereas cutaneous wounding of either BK6|3(-8.8).Z or [hK6a 5’]LacZ mice resulted in (3-gal activity in the suprabasal layers of wound-edge epidermis
(Ramirez et al, 1995; Takahashi and Coulombe, 1997), mouse K6 is detected in both
basal and suprabasal layers (Takahashi and Coulombe, 1997), indicating the presence of
subtle differences in the regulation of endogenous mouse K6 and bovine or human K6
promoter-driven transgenes.

In view of these data demonstrating effective spatial and temporal control of
transgene activation using K6 promoter sequences, the present studies sought to
generate transgenic mice carrying murine uPA cDNA under the control of a 2.4 Kb
bovine K6 prom oter. These K6-uPA transgenic mice w ould thus constitute an
alternative to constitutive and synthetic ligand-based systems of uPA overexpression
(see chapters 3 and 4) and, moreover, facilitate detailed analysis of the effect of elevated
epidermal uPA expression on cutaneous wound healing. Furthermore, through the
characterisation of K6-uPA mice, potentially useful insights into the role of uPA in
epidermal responses to hyperproliferative stimuli may be provided.
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5.2

RESULTS

5.2.1 Generation and characterisation of K6-uPA transgenic mice
K 6-u P A transgenic m ice were generated in collaboration with Pfizer Global
Research and D ev elo p m en t. A 1999 bp sequence, corresponding to positions 3 8 -2 0 3 6
o f the published seq u en ce for murine uPA (G enB ank A c c e s s io n N o. X 0 2 3 8 9 ) , was
ligated into X b a l - S m a l digested pUC19. The p U C 19-u P A vector was then digested with
X h a l and B g llJ, and the resulting 1670 bp fragment, con taining the co m p lete murine
uPA c o d in g seq u en ce (position: 2 1 - 1 3 2 2 ) , was ligated into X b a l - B a m H I digested
pB luescript II (Stratagene). S u b -clon in g o f the uPA c D N A into pB luescript II was
necessary to ensure availability o f the c o h e s iv e ends required for ligation with the
selected transgene expression vector. The p Blue-uPA vector was subsequently digested
with B s s H I I and A p a l , and the resulting 1750 bp uPA fragment ligated into a BssH IIA p a l d igested p S E (2 .4k b )-p olyA vector, containing a previously characterised 2.4 kb
b ovin e keratin 6p promoter (Ram irez et al, 1998). A 4 .8 kb B g l l l l B s t E I l fragment
containing the 2.4 kb K6(3 promoter, the 1750 bp uPA seq u en ce, and an S V 4 0 poly A
signal sequence (figure 5.1) was isolated and used for m icroinjection. T w o transgenic
m ice lines were established from founder animals, although on ly one w a s found to
prod uce K 6 -u P A p o s it iv e pro gen y at a ratio o f 1:1 with w ild - ty p e offsp rin g.
Characterisation o f this line (K 6-uPAtg) was performed using various in vivo analyses
as discussed below.

Bovine K6a promoter

Murine uPA cDNA

SV40 t intron poly A

2400bp

1750bp

~700bp

eg/ll

esfEii

lOOObp

Figure 5.1 Schem atic representation of the hyperproliferation inducible uPA construct, K6-uPA.
* = short s e q u e n c e s derived from pBluescript II.
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5.2.1.1

Transient stimulation of K6-uPA transgene expression
To

d ete rm in e

w h eth er K 6 -u P A

tra n sg e n e e x p r e s s io n

was

in d u ced by

hyperproliferative cutaneous stimuli, wild-type and K 6-u P A tg m ou se ears were tapestripped, treated with a single topical application o f phorbol 12-myristate 13-acetate
(PM A ) or all-trans retinoic acid (RA), or injected with epidermal growth factor (EGF)
as described. After 24 hours, total R N A was prepared from dissected w h ole ear tissue,
and K 6-uPA m R N A detected using a transgene-specific R T -PC R strategy, as outline in
figure 5.2.

uPA

K6-UPA transgene

pBluescript II
sequence

<
K6-UPA 2

►
K6-UPA 1

SV40 poly A
V //////Æ < //Z v k

815bp
Figure 5.2

Schematic representation of RT-PCR strategy designed to detect K6-uPA specific

mRNA.

RT-PCR analysis o f R N A prepared from both veh icle treated and PM A treated
wild-type m ou se ears sh o w ed no detectable tran sgen e-sp ecific m R N A , as expected
(figure 5.3a). M oreover, veh icle treated K 6-u PA tg m ou se ears also lacked detectable
levels o f transgene-specific m R N A . In contrast, RT-PCR analysis o f dissected ear tissue
from P M A treated K 6 -u P A tg m ice sh o w ed strong am p lification o f an 815 bp band
corresponding to K 6 -u P A -s p e c ific m R N A . A s sh o w n in figure 5.3b, induction o f
transgene-specific m R N A was also detected in K 6-u P A tg m o u se ears treated with RA
and EGF, as w ell as in tape-stripped ears harvested from K 6 -u P A tg mice. Very low
levels o f K 6 -u P A -s p e c if ic m R N A were o c c a s io n a lly d etected in ear tissue from
untreated K 6-uPAtg m ice (figure 5.3b). H owever, as R N A was prepared from whole ear
tissue, this background K 6-u P A exp ression is lik ely to represent constitutive K6
promoter activity in resident hair follicles, as previously observed (Ramirez et al, 1998).
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a)
WT
M

C

K6
M

P

K6-UPA
1000
500

HPRT

b)

K6-UPA

HPRT I

Figure 5.3 Transient induction of K6-uPA transgene by cutaneous stimulation, a) RT-PCR
detection of transgene-specific mRNA in wild-type (WT) and K6-uPAtg (K6) mice after
administration of a single dose of PMA. 0 = vehicle treated control; P = PMA treated; - = no
template control; M = 500 bp DNA ladder (selected marker sizes are indicated in base pairs), b)
RT-PCR detection of transgene-specific mRNA in K6-uPAtg mice following various cutaneous
stimuli. C = relevant control; +EGF = EGF treated; +TS = tape-stripped; +RA = RA treated; M =
100 bp DNA ladder (selected marker sizes are indicated in base pairs).

5.2.1.2 Extended stimulation of K6-uPA transgene expression
T o assess whether the observed up-regulation o f K 6 -u P A transgene expression
led to an increase in functional uPA activity, wild-type and K 6-u P A tg m ouse ears were
repeatedly treated with topical applications o f P M A or R A as described. At various
times, ear tissue was harvested and protein prepared, prior to analysis o f functional uPA
lev els using both the indirect ch ro m o gen ic peptide assay and p la sm in og en -lin k e d
zymography. Results are shown in figures 5.4 and 5.5.
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Figure 5.4 Effect of extended PMA treatment on functional uPA levels in K6-uPAtg mice,
a) uPA activity in PMA treated wild-type (WT) and K6-uPAtg (K6) mouse ear homogenates, as
as s e s se d by indirect chromogenic peptide assay. Data presented (mean ± SEM) are from 3
independent experiments, b) plasminogen-linked zymography of day 15 samples. + = murine
urine.

A s sh ow n in figure 5.4a, extended P M A treatment o f both wild-type and K6uPAtg m ice resulted in significant up-regulation o f functional uPA by day 7. Moreover,
analysis o f w ild-type and K 6-uPA tg ear tissue hom ogenates sh o w ed that after 7 days o f
P M A treatment, uPA activity levels were approxim ately 2-fo ld higher in transgenic
h om ogenates com pared to wild-type homogenates. Surprisingly, after 15 days o f PMA
treatment, uPA activity levels in wild-type hom ogenates were reduced 4-fold compared
to 7 day w ild-type levels. In contrast, uPA activity in 15 day K 6-u P A tg hom ogenates
was increased 2.5 -fo ld over 7 day K 6-uPA levels, resulting in an approximate 18-fold
difference in uPA activity levels between K 6-u P A tg and w ild-typ e ear homogenates.
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Further confirmation of PMA-mediated induction of functional transgene-derived uPA
was provided by plasminogen-linked zymography (figure 5.4b). Analysis of wild-type
mouse ear homogenates after 15 days of PMA treatment showed a band of low-level
beta-casein degradation corresponding to murine uPA (45 kDa). However, analysis of
K6-uPAtg homogenates showed a marked increase in beta-casein degradation
associated with increased levels of uPA activity. Interestingly, a second band of betacasein degradation corresponding to a unknown protein of between 35-40 kDa was
detected in 15 day K6-uPAtg ear tissue, but was absent in wild-type ear tissue.
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Day 1
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b)

K6
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Figure 5.5 Effect of ex te n de d RA treatm ent on functional uPA levels in K6-uPAtg mice, a) uPA
activity in RA-treated wild-type (WT) and K6-uPAtg (K6) m o u s e e a r h o m o g e n a te s, a s a s s e s s e d
by indirect chrom ogenic peptide a ssa y . Data p re se n te d (m e a n ± SEM) a re from 3 independent
experiments, b) plasminogen-linked zymography of day 7 sa m p le s. + = murine urine.
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Induction of functional transgene-derived uPA in K6-uPAtg mouse ears was
also observed with extended RA treatment. Indirect chromogenic peptide assay analysis
of mouse ear tissue showed that after 3 days of RA treatment, uPA activity levels were
approximately 5-fold higher in transgenic ear homogenates compared to wild-type
homogenates (figure 5.5a). Furthermore, after 7 days of RA treatment, uPA activity in
K6-uPAtg homogenates was 20.48 ± 3.2 lU/mg compared to a wild-type level of 2.58 ±
0.52 lU/mg, corresponding to an approximate 8-fold difference. As shown above with
PMA, plasminogen-linked zymography analysis of ear homogenates from mice treated
with RA for 7 days revealed increased uPA-mediated beta-casein degradation in K6uPAtg samples compared to wild-type samples (figure 5.5b). Moreover, an unknown
35-40 kDa protein capable of beta-casein degradation was again detected, and was only
observed in RA-treated K6-uPAtg ear homogenates.

5.2.1.3 Effect of elevated functional uPA on epidermal integrity
Having dem onstrated that both PMA and RA were able to significantly
upregulate transgene-specific uPA in the skin of K6-uPAtg mice, the effect of this
increased functional uPA on epidermal structural integrity was assessed. Ears from four
wild-type and four K6-uPAtg mice, treated with PMA for 15 days, were dissected and
transferred to formal saline, prior to tissue processing, sectioning and H&E staining.
Examination of ear tissue epidermis under light m icroscopy showed evidence of
acanthosis (increased keratinocyte layering) and scale-crust formation (figure 5.6).
However, epidermal separation from dermis, a potential consequence of the disruption
of the basement membrane due to elevated protease activity, was not observed in either
wild-type or K6-uPAtg mouse skin following PMA treatment. Overall, no significant
difference in epidermal structure was observed between PMA-treated wild-type and K6uPAtg mouse skin.
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Untreated
WT

0 *

V

PMA treated

Figure 5.6 Effects of K6-uPA induction on epiderm al structural integrity. H&E sta in e d section s
of e a r tissu e from wild-type (WT) a n d K6-uPAtg mice (K6). R ep re se n ta tiv e se c tio n s a re show n
from untreated e a r s (untreated) a n d e a r s tre a te d with PMA over 15 d a y s (PMA treated).
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5.2.1.4 Effect of cutaneous wounding on K6-uPA transgene expression
To confirm that uPA is induced in K6-uPAtg mice upon cutaneous wounding,
wild-type and K6-uPAtg mice were wounded as described, and uPA activity in full
thickness excisional wound homogenates assessed after 3, 5, or 7 days. Using
plasminogen-linked zymography, a band of beta-casein degradation corresponding to
murine uPA (45 kDa) was detected in both w ild-type and K6-uPAtg wound
homogenates throughout the experiment. However, at all time points, the level of betacasein degradation was increased in K6-uPAtg wound homogenates compared to wildtype wound homogenates (figure 5.7a), indicating that the K6-uPA transgene was
inducible upon cutaneous wounding. Subsequent densitometric analysis of zymography
gels revealed an approximate 3.5-fold induction of uPA-derived caseinolytic activity in
K6-uPAtg samples over wild-type samples at all time points (Figure 5.7b).
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Figure 5.7 Effect of excisional wounding on functional uPA levels in K6-uPAtg mice, a) uPA
activity levels in wound h o m o g e n a te s from wild-type (WT) a nd K6-uPAtg (K6) mice a s a s s e s s e d
by plasm inogen-linked zym ography. + = murine urine, b) D ensitom etry of zym og raph y gels.
Data p rese n te d (mean) are from 2 independent experiments.
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5.2.2 Analysis of wound healing in K6-uPA transgenic mice
Having demonstrated significant up-regulation of functional transgene-derived
uPA in K6-uPAtg mouse wounds, experiments were designed to investigate the effect
of elevated uPA levels on cutaneous wound healing. Initially, wound analyses were
performed 3, 5 and 7 days post-wounding. However, preliminary observations from the
analysis of wound sections indicated that whereas after 3 or 5 days re-epithelialization
was not complete, after 7 days a significant proportion of wounds were fully reepithelialized in both wild-type and K6-uPAtg mice. As a consequence, all subsequent
wound analyses were performed 3 or 5 days post-wounding only.

Thus, to assess the potential effects of elevated uPA on cutaneous wound
healing, 19 female and 17 male wild-type, and 15 female and 17 male K6-uPAtg mice
were wounded as described in section 2.4.11. After 3 or 5 days, wounds were dissected,
processed and stained with H&E. Wound sections were subsequently assessed for
inclusion using the following criteria: sections should be complete; no folding should be
present in the areas to be analysed; no tearing should be present in the areas to be
analysed. Using these criteria, sections from 12 wild-type and 12 K6-uPAtg wounds
were selected for analysis (see section 2.4.12) at each time point.

As shown in figure 5.8a, the mean diameter of analysed wounds reduced from
day 3 post-wounding to day 5 post-wounding, as expected. However, no significant
difference in mean wound diameter between wild-type and K6-uPAtg wounds was
observed at either 3 or 5 days post-wounding. Similarly, although the mean wound-edge
epidermal thickness increased from day 3 post-wounding to day 5 post-wounding, as
expected, no significant difference between wild-type and K6-uPAtg wounds was
observed at either post-wounding time-point (figure 5.8b). In addition, no significant
difference between wild-type and K6-uPAtg wounds was also observed upon analysis
of the inflammatory cellular infiltrate 3 days post-wounding (figure 5.8c). However,
after analysis of the inflammatory cellular infiltrate 5 days post-wounding the mean cell
number in K6-uPAtg wounds was 4919.17 ± 214.8 cell/mm^, compared to 4400.67 ±
126.5 cells/mm^ in wild-type wounds, a statistically significant difference (p < 0.05).
Prelim inary visual analysis of the cellular infiltrate suggested that it comprised
primarily of fibroblasts and macrophages.
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Figure 5.8 Effect of elevated uPA activity on wound healing in K6-uPAtg mice. Wound sections
from wild-type (WT) an d K6-uPAtg (K6) mice w e re a n a ly se d for w ound dia m e te r (a), wounde d g e epiderm al thick ness (b) and inflammatory cellular infiltrate (c). Data p re se n te d (m ean ±
SEM) a r e from 12 wild-type and 12 K6-uPA mice per time-point. * = p < 0.05 (statistically
significant from wild-type).
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5.3 DISCUSSION
There is now a significant body of data suggesting that uPA-m ediated
plasminogen activation may play an important role in acute cutaneous wound healing
(see section 1.4). Furthermore, the detection of aberrant protease and protease inhibitor
expression in many chronic ulcers has suggested a role for elevated uPA activity in the
subsequent pathology of these non-healing wounds. This project therefore set out to
devise a transgenic system of cutaneous uPA overexpression that would facilitate
analysis of the effect of elevated uPA activity on skin development, physiology and
repair. In chapters 3 and 4, we have described attempts to develop constitutive and
synthetic ligand-based overexpression systems. As an alternate approach, transgenic
mice were generated carrying uPA under the control of a bovine K6 promoter. Since K6
promoter activity is negligible in normal interfollicular epidermis, yet is rapidly and
significantly induced in wound-edge kératinocytes (Ramirez et al, 1995; Takahashi and
Coulombe, 1997), it was postulated that these K6-uPAtg mice might provide a powerful
tool in the analysis of effects of uPA overexpression on cutaneous wound healing.

The negligible detection of transgene-specific mRNA in vehicle treated K6uPAtg mouse skin, coupled with the observed significant upregulation of this mRNA
following cutaneous stimulation, is consistent with previous reports showing that the
2.4 kb bovine K6p promoter efficiently facilitates transgene induction (Cui et al, 1996;
Ramirez et al, 1998; Larcher et al, 1998). In addition, despite RA- and PMA-mediated
upregulation of endogenous uPA in wild-type skin, as shown previously (Varani et al,
1994; Lund et al, 1996; Braungart et al, 2001), the detection of significantly higher
levels of functional uPA in PMA or RA treated K6-uPAtg skin confirmed both the
inducibility and the functionality of the K6-uPA transgene.

An interesting feature of the extended hyperproliferative stimulation of mouse
skin was that, whereas PMA treatment of wild-type mice resulted in a significant
induction of functional uPA by day 7, by day 15, uPA levels had returned to baseline.
As no similar reduction in functional uPA was observed in K6-uPA mice following 15
days of PMA treatment, it is likely that distinct regulatory mechanisms facilitate PMAmediated induction of the endogenous uPA promoter and the K6 promoter. Another
notable feature of the extended RA and PMA treatment was that, in addition to the
induction of 45 kDa uPA, a caseinolytic protease of between 35-40 kDa is induced in
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K6-uPA mice, but not in wild-type mice. Although the identity of this protease remains
undefined, a recent report describing plasm in-m ediated form ation and rapid
internalisation of a 36 kDa GFD-deficient uPA (Poliakov et al, 2001), has suggested
that in RA or PMA treated K6-uPA mice, high levels of uPA-derived plasmin may
result in the initiation of a novel self-regulatory mechanism.

Increased plasmin-mediated proteolysis or MMP activation has previously been
implicated in the epidermal disruption associated with several cutaneous disorders, for
example pemphigus-related acantholysis (Morioka et al, 1987b; Hashimoto et al, 1989)
and the formation of dermatitis herpetiformis (DH) lesions (Airola et al, 1997). In light
of this, it was anticipated that the difference in functional uPA activity between PMA
treated K6-uPAtg mice and similarly treated wild-type mice might result in altered skin
histology in the transgenic animals. Surprisingly, however, after 15 days of intermittent
PMA treatment, skin from K6-uPAtg and wild-type mice was indistinguishable. Since
PMA treatment of mouse skin activates expression of endogenous uPA (Lund et al,
1996), such a result could suggest that this endogenous uPA expression is sufficient to
facilitate uPA-m ediated histological alterations, thus m asking the effects of the
transgene-specific uPA. However, this is unlikely as an approximate 18-fold increase in
uPA activity was observed in PM A-treated K6-uPAtg skin compared to similarly
treated wild-type control skin. As PMA treatm ent of mouse skin also stimulates
endogenous expression of both PAI-1 and PAI-2 (Lund et al, 1996), a more likely
explanation is that localised compensatory inhibition of uPA restricts the pathological
effects of elevated uPA activity and hence the lack of histological differences.
Interestingly, recent data has indicated that uPA and uPAR act synergistically to
promote epidermal skin defects (Zhou et al, 2000), and that the involvement of uPA in
pemphigus-related acantholysis is dependent on its interaction with uPAR (Xue et al,
1998) suggesting that, in PMA treated K6-uPAtg mice, pathogenic proteolysis may be
further limited by the availability of uPAR binding sites.

In addition to chemically-mediated stimulation, several previous reports have
shown induction of K6 promoter activity following cutaneous wounding (Ramirez et al,
1995; Takahashi and Coulombe, 1996 and 1997). In keeping with these reports, the
present studies demonstrated significant upregulation of functional uPA in K6-uPAtg
wounds compared to wild-type wounds. Moreover, the consistently increased levels of
functional enzyme in K6-uPAtg wounds over the 7 day post-wounding period indicate
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that the bovine K6 promoter is activated for a significant period following skin injury,
as shown previously with human K6 promoters (Takahashi and Coulombe, 1997).
Further analyses of the spatial distribution of transgene-specific uPA in wounded
tissues, using im m unohistochem ical and in situ zym ography techniques, were
unsuccessful (data not shown). These sensitive techniques were primarily hindered by
high background detection of uPA, presumably due to significant expression of
endogenous uPA upon skin wounding, as previously reported (Grondahl-Hansen et al,
1988; Romer et al, 1991). However, since previous studies have demonstrated induction
of K6 promoter-driven gene expression in wound-edge kératinocytes and suprabasal
layers of the wound-proxim al epidermis (Ramirez et al, 1995; Takahashi and
Coulombe, 1996 and 1997), it is highly likely that transgene-specific uPA is similarly
expressed in K6-uPAtg mouse wounds.

Despite the induction of transgene-specific uPA throughout the wound healing
process, analysis of wound sections revealed no significant difference in the extent of
re-epithelialization between K6-uPAtg wounds and wild-type wounds. That cutaneous
uPA overexpression had no effect on wound-induced keratinocyte migration is
surprising, however, this observation may be explained by regulatory mechanisms
functioning in wounded skin. In addition to uPA, cutaneous wound healing is
characterised by a marked upregulation of epidermal uPAR, PAI-1 and PAI-2. Although
PAI-2 is expressed throughout the wound-proximal epidermis (Bechtel et al, 1998),
uPAR and PAI-1 are expressed in defined locations (Romer et al, 1991 and 1994),
strongly suggesting that highly specialised regulatory mechanisms control the function
of uPA during epidermal wound repair. In addition, many of the cytokines and growth
factors present in a cutaneous wound site (see table 1.1, page 18) stimulate, and are
stimulated by, components of the plasminogen activator system in vitro (e.g. Lyons et
al, 1988; George et al, 1990; Saksela and Rifkin, 1990; Keski-Oja and Koli, 1992)
further suggesting a complex wound-related system of uPA regulation. In view of these
regulatory mechanisms, it is conceivable that the upregulation of transgene-specific
uPA in K6-uPAtg wounds stimulates compensatory changes in uPAR, PAI-1 or PAI-2,
thus counteracting any effect of the exogenous uPA, and maintaining normal wound
closure. A lternatively, in a similar manner to hyperproliferative epidermis, this
regulation may take the form of a limited number of available uPAR binding sites on
leading-edge kératinocytes, which could subsequently limit localised proteolysis and
control the rate of re-epithelialization.
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Tight regulation of the plasminogen activator system during epidermal wound
repair would also explain the lack of effect of uPA overexpression on wound-edge
epidermal thickness. uPA has been associated with the promotion of keratinocyte
proliferation in several previous reports (Kirchheimer et al, 1989; Hibino et al, 1999;
Jensen and Lavker, 1999). However, as this m itogenic effect of uPA seems to be
dependent on the interaction of intact active enzyme with uPAR, at least in vitro
(Kirchheimer et al, 1989), a compensatory increase in PAI-1 or PAI-2, or the saturation
of uPAR binding sites in wounded K6-uPAtg mice would suppress any potential
proliferative effects of uPA overexpression. A lternatively, as keratinocyte mitotic
division is already significantly increased during normal wound re-epithelialization
(Garlick and Taichman, 1994, and references therein), it is possible that epidermal
proliferation is maximal, and thus, any excess uninhibited uPA in K6-uPAtg wounds
would have little or no additional proliferative effect.

The present studies show that cutaneous uPA overexpression increases the
number of wound-induced infiltrating cells in 5 day-old wounds. Although further
experiments are required to determine the lineage of the affected cells, this finding
supports previous data indicating a critical role for uPA in the migration and invasion of
several cell types involved in the wound healing process, such as fibroblasts (Knox et
al, 1987; Anichini et al, 1994) and macrophages (Kirchheim er and Remold, 1989;
Resnati et al, 1996). Moreover, as these wound infiltrating cells use proteolytic enzymes
to dissect their way through the provisional wound matrix (reviewed in Mignatti et al,
1996 and Parks, 1999), the elevated levels of uPA in K6-uPAtg wounds may well
facilitate enhanced matrix degradation, thus enhanced cell migration. Interestingly, no
difference in inflammatory cellular infiltrate numbers was observed in 3 day-old
wounds, supporting previous data indicating temporal variations in the involvement of
the plasminogen activator system in cellular infiltration (Schaefer et al, 1994).

In conclusion, the present studies have described the successful generation of
K6-uPAtg mice and shown that the bovine K6p promoter is appropriately regulated in
these transgenic mice. Moreover, this study has demonstrated that keratinocyte-derived
overexpression of uPA in K6-uPAtg mice has no effect on PMA histology or selected
indices of wound healing, though an increase in inflammatory cellular infiltrate in 5day-old wounds was observed. As previous results have indicated a role for uPA in
pemphigus- and DH-related epidermal disruption, as well as in wound-related cellular

147

migration, these findings strongly hint at the existence of complex mechanisms of
regulation within the plasminogen activator system. Additional wounding studies,
including those designed to analyse uPA-related regulatory pathways, to identify the
exact spatial expression of uPA, and to determine the effect of larger wounds, are
required before strong conclusions can be drawn. However, in addition to confirming
that K6 promoter-driven transgene expression constitutes a powerful approach to the
analysis of gene function in skin, the results from this study indicate that K6-uPAtg
mice may provide much useful data concerning cutaneous regulation of the
plasminogen activator system in various patho-physiological situations.
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CHAPTER 6

E F F E C T O F H Y P O X IA O N K E R A T I N O C Y T E
R E G U L A T IO N OF THE P L A S M IN O G E N A C T IV A T O R
S Y S T E M : u P A -M E D IA T E D E N H A N C E M E N T O F C E L L
M O T IL IT Y
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6.1

INTRODUCTION
Cutaneous wounding is characterised by a dramatic sequence of cellular changes

that result in the transformation of inert kératinocytes to motile cells, a process essential
for re-epithelialization. This w ound-induced response is facilitated by various
morphological and biochemical modifications that include increased secretion of
inflammatory cytokines and growth factors, altered keratin and integrin expression and
upregulation of proteolytic enzymes, such as MMPs and plasminogen activators (see
section 1.2.3). W ound re-epithelialization, resulting from increased keratinocyte
migration and proliferation, is a key feature of normal cutaneous tissue repair and data
from in vivo wound models indicate that an intact plasminogen activator system is
essential for normal re-epithelialization, and subsequently for wound healing overall
(Romer et al, 1996; Bugge et al, 1996a).

Another recognised characteristic of cutaneous wounding is a reduction in tissue
oxygen tension or tissue hypoxia (Niinikoski et al, 1971; Niinikoski et al, 1972a; Chang
et al, 1983). Although prolonged periods of this wound-induced hypoxia are associated
with the pathology of certain chronic ulcers (Stadelmann et al, 1998b), conventional
wisdom suggests that following normal cutaneous injury, cells functioning within
damaged tissue will experience a transient reduction in tissue oxygen tension, which
may stimulate beneficial regulatory mechanisms within these cells (Niinikoski et al,
1991). Indeed, acute hypoxia has been indicated as an important regulator of enhanced
wound re-epithelialization in vivo (reviewed in La Van and Hunt, 1990). Moreover, in
keeping with this in vivo data, acute hypoxia was recently shown to positively regulate
human keratinocyte migration in vitro, as cells cultured under hypoxic conditions
display enhanced motility compared to normoxic controls (O'Toole et al, 1997b). In
addition, expression of MMPs, such as MMP-9, and components of the plasminogen
activator system, such as uPAR and PAI-1, are also regulated by hypoxia in certain
invasive and migratory cell types (O'Toole et al, 1997b; Graham et al, 1998; Fitzpatrick
and G raham ,

1998). It is therefore possible that hypoxia m odulates cell

invasion/migration via the regulation of proteolytic system components.

Throughout the last decade, evidence for the involvement of uPA in both in vitro
and in vivo cellular migration has accumulated. Over-expression of uPA and increased
uPA-m ediated plasm inogen activating activity have been observed in migrating
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monocytes (Vassalli et al, 1984), endothelial cells (Pepper et al, 1987 and 1993) and
kératinocytes (Morioka et al, 1987a) in culture. Moreover, in a variety of cell types,
uPA has been associated with the promotion of in vitro migration either by uPAmediated proteolytic activity (Morimoto et al, 1993; Yebra et al, 1996; Wijnberg et al,
1997), or by a direct chemotactic effect involving the generally non-proteolytic,
stimulation of uPAR-derived signalling pathways (Del Rosso et al, 1990; Anichini et al,
1994; Resnati et al, 1996). In addition, ex-vivo studies have also demonstrated that uPAmediated proteolysis is involved in the invasive migration of monocytes (Kirchheimer
and Remold, 1989), fibroblasts (Knox et al, 1987), and endothelial cells (Koolwijk et al,
1996) and in vivo analysis of both mouse and human healing wounds has shown
increases in uPA mRNA and plasminogen-activating activity (Grondahl-Hansen et al,
1988; Romer et al, 1991; Schaefer et al, 1994). Interestingly, this wound-induced uPA
upregulation is often accompanied by a concomitant increase in uPAR, PAI-1 or PAI-2
(Romer et al, 1991 and 1994; Schaefer et al, 1994; Bechtel et al, 1998), suggesting that
uPA, as well as other plasminogen activator system components, play an important role
in the migration and extracellular matrix invasion required for normal wound healing.

In light of the data indicating that cutaneous tissue damage can result in an
acutely hypoxic wound environment, and in consideration of recent evidence suggesting
that hypoxia regulates the expression of protease system com ponents in several
invasive/migratory cell types, the present studies sought to determine the functional
consequence of hypoxia on uPA-mediated plasminogen activation in kératinocytes.
Moreover, as hypoxia has also been shown to be a potent stimulus for keratinocyte
migration both in vitro and in vivo, and uPA may have a general function in woundinduced cell migration, these studies also aimed to assess the potential role of any
hypoxia regulated protease system components in hypoxia enhanced keratinocyte
migration.
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6.2

RESULTS

6.2.1 Analysis of oxygen tension in PAM 212 keratinocyte culture medium
To determine the precise level o f hypoxia a ch ieved using our culture system,
PAM 212 kératinocytes were seeded into 60 mm dishes, grown to approximately 60%
co n flu en ce and q u iesced for 24 hours in serum free m ed iu m , prior to culture under
normoxic or h ypoxic conditions for 24 hours. O xygen tensions in culture medium were
subsequently a ssessed using an A B L 4 analyser (Radiometer, C openhagen, Denmark).
As expected, the percentage oxygen in hypoxic samples was significantly lower than in
norm oxic sam ples. M oreover, a mean percentage o x y g e n o f 2 .73 ± 0.12% in the
hypoxic samples at time 0, indicated that the hypoxic conditions were stable over a 24
hour period (table 6.1). The rate o f re-oxygenation in h y p ox ic tissue culture medium
was also a ssessed . R e -o x y g en a tio n o f the culture m e d iu m w as rapid and reached
completion only 16 minutes after removal from the hypoxia chamber.

mm Hg

% 02

152.23 ± 1.02

21.31 ±0.14

0

19.48 ± 0.88

2.73 ±0.12

4

76.63 ±3.12

10.73 ±0.44

8

108.43 ±2.41

15.18 ±0.34

12

124.68 ± 3.15

17.45 ±0.44

16

142.43 ± 1.93

19.94 ±0.27

20

161.43 ±5.82

22.60 ±0.81

Time (mins)
normoxia
hypoxia

T a ble 6.1 O xygen te n sio n s in culture medium following 24 hours u nd e r normoxic or hypoxic
conditions. Time = m inutes following opening of hypoxia c h a m b e r. Data p re s e n te d (mean ±
SEM) are from 4 independent experiments.

6.2.2 Effect of hypoxia on PAM 212 keratinocyte viability
T o determine whether P A M 212 kératinocytes cou ld be maintained in hypoxic
conditions without significant loss o f viability, cells, seed ed into 6 well plates, were
grown to 60-70% co n flu en ce and quiesced for 24 hours with serum free medium prior
to culture under norm oxic or hypoxic conditions for 24 hours. N o rm oxic and hypoxic
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keratinocyte cultures were subsequently a ssessed for L D H release and Trypan blue
ex c lu s io n . P A M 2 1 2 kératinocytes cultured under h y p o x ic co n d itio n s sh o w ed no
variation in cell m orphology at the light m icroscope level (data not shown). Moreover,
Trypan blue e x c lu sio n and L D H release analysis s h o w e d no significant difference
b etw e en n o rm o x ic and h y p o x ic sam p les (table 6 .2 ). In addition, no significant
difference was seen in the pH value o f conditioned m edium from norm oxic and hypoxic
cultures (table 6.2).

Normoxia

Hypoxia

P
(student t-test)

Trypan Blue
exclusion*

7.0 ± 1.2

8.1 ± 0.6

0.41

LDH assay*

7.2 ± 1.9

9.6 ± 1.8

pH

7.3 ± 0 .0 5

7.4 ± 0 .0 6

1

0.24

0.34

Table 6.2 Viability of PAM 212 kératinocytes cultured u nd e r normoxic and hypoxic conditions
for 24 hours. * = values p rese n te d a s p e r c e n ta g e cell death. Data p re s e n te d (m ean ± SEM) are
from triplicate wells in 4 independent experiments.

6.2.3

Analysis of uPA and uPAR mRNA expression in hypoxic PAM 212

kératinocytes
T o investigate the effect o f hypoxia on keratinocyte exp ression o f uPA and
uPAR m R N A , P A M 2 1 2 cells, seeded into 60 mm dishes, were grown to approximately
60% con flu en ce and q uiesced for 24 hours in serum free m edium , prior to culture under
n o rm o x ic or h y p o x ic co n d ition s for 24 hours. F o l l o w i n g h o m o g en isa tio n o f cell
m onolayers, total R N A was prepared and analysed by Northern blotting as described.
As ex p ec ted , both uPA and uPAR m R N A were d etected in n orm ox ic P A M 212
kératinocytes, how ever, analysis o f uPA and u PA R m R N A le v e ls in kératinocytes
cultured under h ypoxic conditions sh ow ed a significant increase over normoxic levels
(figure 6 .1a). S u b seq u en t d ensitom etric an alysis r e v ea led an approxim ate 2-fo ld
induction o f both uPA and uPAR m R N A follow in g 24 hours hypoxia (Figure 6.1b).
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Figure 6.1 Effect of hypoxia on uPA and uPAR mRNA ex pression in PAM 212 kératinocytes, a)
R e p r e s e n ta tiv e Northern blot an a ly sis of mRNA from k e ra tin o c y te cu ltu re s maintained in
normoxic (N) a nd hypoxic (H) conditions for 24 hours, b) D ensitom etry of Northern blots
corrected for loading. Data presented (mean ± SEM) are from 3 in depen dent experiments.

6.2.4 Effect of hypoxia on PAM 212 keratinocyte-derived uPA activity
T o d ete rm in e w h eth er h y p o x ic
c o n c o m it a n t

in c r e a s e

in u P A

in d u ction

a ctiv ity ,

o f uPA

c o n d it io n e d

mRNA

m e d iu m

facilitated a

from

PAM

212

k ératin ocytes, cultured under n orm oxic or h y p o x ic c o n d itio n s , w a s assayed for
p la s m in o g e n a ctivatin g activity. U s in g the indirect c h r o m o g e n ie peptide assay,
p la s m in o g e n activation w as detectab le in both n o r m o x ic and h y p o x ic sam ples.
M o r eo v er , the d etected p la sm in o g en activating activity co u ld be alm ost entirely
inhibited (>96% inhibition) by the addition o f a s e le c tiv e uPA inhibitor, amiloride
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(0.1 m M ) (Vassalli and Belin, 1987), indicating that it w as uPA-mediated. As shown in
figure 6.2a, a 4 -f o ld increase in uPA activity w as o b se r v e d in h y p o x ic sam ples
com pared to norm oxic controls. Moreover, p lasm inogen-linked zym ography detected a
band o f b eta-casein degradation corresponding to murine uPA ( - 4 5 kDa) that was
markedly increased in conditioned medium from hypoxic P A M 212 kératinocytes over
normoxic controls (Figure 6.2b).
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o
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Figure 6.2 PAM 212 keratinocyte-derived uPA activity und er hypoxic conditions. uPA levels in
conditioned medium from keratinocyte cultures m aintained in normoxic (N) or hypoxic (H)
conditions a s d e te c te d by indirect c h rom o genic peptid e a s s a y (a) a nd plasm inogen-linked
zy m o grap hy (b). Data p re s e n te d are (a) m e a n ± SEM from triplicate wells in 4 ind ep e nd e nt
experim ents and (b) representative of 3 independent experiments. + = murine urine.
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6.2.5

Analysis of in v itro wound closure in hypoxic PAM 212

kératinocytes
As previous studies had indicated that hypoxia is a potent stimulus for migration
of normal human kératinocytes (O'Toole et al, 1997b), experiments were designed to
assess the effect of hypoxia on in vitro wound closure in PAM 212 kératinocytes.
Confluent PAM 212 cell monolayers were wounded with a plastic pipette tip and
maintained under normoxic or hypoxic conditions for 16 hours, prior to analysis of
wound area recovered as described. As shown in figure 6.3a, enhanced wound closure
was clearly evident in hypoxic cultures com pared to norm oxic control cultures.
Subsequent image analysis revealed that after 16 hours under normoxic conditions,
mean wound closure of 0.169 ± G.OlTmm^ was observed. However, after 16 hours
under hypoxic conditions, mean wound closure of 0.27 ± O.OOSmm^ was observed, a
59.8 ± 2.8% (mean ± SE M ,p < 0.01) enhancement (Figure 6.3b).

To determine the mechanism involved in this hypoxic enhancement of in vitro
wound closure, PAM 212 keratinocyte monolayers were treated with an inhibitor of cell
proliferation, mitomycin C, or an inhibitor of cell migration, cytochalasin B, and
wounded prior to culture under normoxic or hypoxic conditions. Subsequent analysis of
wound area recovered showed that inhibition of keratinocyte proliferation by mitomycin
C had no significant effect on normoxic wound closure over a 24 hour period.
Moreover, inhibition of proliferation had no significant effect on the enhanced wound
closure observed in hypoxic cultures (figure 6.4). In contrast, inhibition of keratinocyte
migration by cytochalasin B almost completely prevented wound closure (mean < 9%
of control) under both normoxic and hypoxic conditions.

156

0 hours

16 hours

normoxia

i
hypoxia

b)

0 .3 i
E
E
"D

E 0.2 <D
>

8
E
03

E
03
T3

C

3

I
N

H

F i g u r e 6.3 Effect of hypoxia on in vitro w o un d c lo s u r e in PAM 21 2 kératin ocytes, a)
R e p r e s e n t a tiv e p h o to m ic ro g ra p h of a r e a re c o v e re d in w o u n d e d norm oxic a nd hypoxic
keratinocyte cultures, b) W ound a r e a recovered in keratinocyte cultures maintained in normoxic
(N) and hypoxic (H) conditions a s determined by image analysis. Data p re s e n te d (mean ± SEM)
are from duplicate wells in 4 indep en den t experiments. * = p < 0.01 (significant from normoxic
control).
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F ig u re 6.4 Role of keratinocyte proliferation and migration in hypoxic e n h a n c e m e n t of in vitro
wound closure. Image analysis of wound a re a recovered in normoxic (N) and hypoxic (H) PAM
212 keratinocyte cultures following addition of mitomycin C or cytochalasin B. Data presen ted
(m e a n ± SEM) a re from duplicate wells in 3 in d e p e n d e n t e x p e rim e n ts, ns = p > 0.1 (not
significant from hypoxic control).

6.2.6 Role of uPA in hypoxia-enhanced in vitro wound closure
Having demonstrated both upregulation o f functional uPA and increased

in vitro

w ound closure in h y p o x ic P A M 2 1 2 kératinocytes, the relationship b etw een these
observa tio n s w as in v estig a ted u sing w o u n d e d cell m o n o la y e r s m aintained under
norm oxic or h y p ox ic conditions, with or without the addition o f uPA inhibitors. To
initially determine the optimal concentration o f each inhibitor (inhibition vs. toxicity vs.
availability*) a range o f concentrations were added to w o u n d ed m onolayers, prior to
culture under h y p o x ic or n o rm o xic co n d itio n s for 2 4 hours. U s in g the indirect
chrom ogenic peptide assay and the L D H release assay respectively, uPA inhibition and
cell viability were assessed and optimal concentrations defined (figure 6.5).

* A specific amount o f W X -2 9 3 was provided for the uPA inhibition experiments (see
section 2 .2 .6 .1 ), hence the need to assess availability w h en determining the optimal
concentration for this inhibitor.
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Figure 6.5 Determination of optimal (inhibitory and sub-toxic) c o n c e n tra tio n s of uPA inhibitors.
uPA Inhibition (b lo c k e d line) a n d cell viability ( o p e n b a r s ) w e r e a s s e s s e d by indirect
c h r o m o g e n ic p e p tid e a s s a y a n d LDH r e l e a s e a s s a y , re sp e c tiv e ly . Bold text = optimal
c o n c e n tra tio n s . D ata p r e s e n te d (m e a n ± SEM) a r e from d u p lic a te w ells in 3 in d e p e n d e n t
experiments.

To determine any effect of uPA inhibition on hypoxia enhanced keratinocyte
migration, amiloride and p-aminobenzamidine were used at the optimal concentration in
repeated in vitro wound experim ents as described. In control cultures, the area
recovered over 16 hours was increased by 67.07 ± 8 .7 % (mean ± SEM) in hypoxic
conditions compared to normoxic conditions. However, following addition of amiloride
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the hypoxia-induced enhancement of wound closure was completely abolished and no
significant difference in wound area recovered could be observed between normoxic
and hypoxic cultures (figure 6.6). In addition, the presence of the broad spectrum
protease inhibitor, p-aminobenzamidine (Geratz and Cheng, 1975; Geratz et al, 1981),
significantly reduced wound area recovered in both normoxic and hypoxic cultures.
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F ig u r e 6.6 Role of uPA in hypoxic e n h a n c e m e n t of in vitro w ound closure. Image analysis of
w ound a re a recovered in normoxic (N) and hypoxic (H) PAM 212 keratinocyte cultures following
addition of amiloride (amiloride) or p-am ino benzam idine (p-amino). Data p re s e n te d (m ean ±
SEM) are from duplicate wells in 4 in de pe n de nt e xperim ents. * = p < 0.01 (significant from
normoxic control), ns = p > 0.1 (not significant from normoxic control).

Since amiloride and p-am inobenzam idine have activity other than uPA
inhibition (Costanzo, 1984; Venturini et al, 1997), wounded cell monolayers were also
maintained under normoxic and hypoxic conditions in the presence of WX-293, a
recently described highly selective inhibitor of uPA activity (Sperl et al, 2000). At 0.2
mM, a concentration shown to result in -75% inhibition of uPA activity, WX-293
completely inhibited hypoxic enhancement of wound closure. However, at 0.1 mM, a
concentration shown to result in -50% inhibition of uPA activity, the observed hypoxic
enhancement of in vitro wound closure was inhibited by 70% (figure 6.7). At both
concentrations, WX-293 had no significant effect on the wound area recovered in
normoxic cultures.
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F ig u re 6.7 Effect of WX-293 on e n h a n c e d hypoxic in vitro w ound closure. Image analysis of
wound a r e a recovered in normoxic (N) and hypoxic (H) PAM 212 keratinocyte cultures following
addition of WX-293 at the indicated concentration Data p r e s e n te d (m e a n ± SEM) are from
duplicate wells in 3 in d e p e n d e n t experiments. * = p < 0.01 (significant from normoxic control),
ns = p > 0.1 (not significant from normoxic control).
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6.3 DISCUSSION
Acute cutaneous wounds are characterised by the rapid development of hypoxia
secondary to interruption of normal vasculature and the development of a fibrin clot.
Cells local to the wound must therefore be able to adapt appropriately to this hypoxic
environment such that wound healing progresses as rapidly as possible. In view of this
w ound-related reduction in tissue oxygen tension, and in consideration of data
indicating that uPA and other plasminogen activator system components have a pivotal
role in the wound healing process, the present studies examined the functional effect of
hypoxia on keratinocyte regulation of uPA-mediated plasminogen activating activity.

In keeping with previous reports dem onstrating hypoxic regulation of the
plasminogen activator system in several cell types (Fitzpatrick and Graham, 1998;
Graham et al, 1999; Kroon et al, 2000a), this study has demonstrated that hypoxia is a
potent regulator of keratinocyte plasminogen activation in vitro. Both uPA and uPAR
mRNA were induced after 24 hour exposure to hypoxia and there was a marked
induction of uPA-mediated proteolytic activity in cell culture conditioned medium
following hypoxic stimulation. These findings contrast with the effects of hypoxia in
other tissues or cell types, as in vivo, hypoxia has been shown to reduce uPA mRNA
levels in lung tissue (Pinsky et al, 1998), and in vitro, hypoxia causes a decrease in
uPA-mediated plasminogen activation in trophoblast, carcinoma and endothelial cell
conditioned medium. Interestingly however, increased cell-associated plasminogen
activation is detected in these cell types, resulting from elevated cell surface expression
of uPAR (Graham et al, 1998 and 1999; Kroon et al, 2000b). These differences between
kératinocytes and other cell types likely reflect the differing requirements for regulation
of plasminogen activation in different tissues, with diffuse plasminogen activation
resulting from soluble uPA being appropriate in the setting of acute cutaneous
wounding.

Our observation that PAM 212 keratinocyte wound closure is enhanced under
hypoxic conditions, confirms the findings of previous studies using primary human
kératinocytes (O'Toole et al, 1997b; Xia et al, 2001). Moreover, our data extends this
observation by indicating that this enhancement is completely blocked following uPA
inhibition by amiloride and WX-293, as well as broad range protease inhibition by paminobenzamidine, providing the first evidence of a role for uPA in hypoxia-mediated

162

keratinocyte wound closure in vitro. Since this hypoxia-mediated wound closure was
shown to be dependent on keratinocyte migration, but independent of keratinocyte
proliferation, in keeping with previous data (Morioka et al, 1987a), our results strongly
suggest that the presence of functional uPA is required for increased keratinocyte
migration under hypoxic conditions. Interestingly, inhibition of serine protease activity
by p-aminobenzamidine also reduced the wound area recovered in normoxic cultures.
Despite a previous report indicating that keratinocyte migration across a substratum was
not dependent on serine protease activity (Ando and Jensen, 1996), our result suggests
that broad spectrum protease activation may have a general role in keratinocyte
migration under normoxic conditions. As Ando and Jensen used the soya bean trypsin
inhibitor as opposed to p-aminobenzamidine, it is possible that the variations in our
findings are a result of differences in the efficiency or specificity of these inhibitors.

Although the observation that hypoxia mediates an increase in keratinocyte
migration via uPA upregulation provides the first evidence for the involvement of the
plasminogen activator system in hypoxic keratinocyte migration, the exact molecular
mechanisms underlying this remain unclear. In the last decade, much emphasis has been
placed on the role of MMPs in epithelial cell motility (Pilcher et al, 1997; McCawley et
al, 1998; Makela et al, 1999; Thomas et al, 2001) with actively migrating kératinocytes
over-expressing type I and type IV collagenases (Salo et al, 1994; Inoue et al, 1995;
Pilcher et al, 1997). Moreover, previous studies of human keratinocyte migration under
hypoxic conditions demonstrated upregulation of MMP-1 and MMP-9 (O'Toole et al,
1997b; Xia et al, 2001), though functional evidence of a role for these proteases in
hypoxic keratinocyte migration is awaited. Interestingly, several MMPs including
MMP-2 and MMP-9, can be activated by uPA-generated plasmin in vitro (Mazzieri et
al, 1997; Baram ova et al, 1997; Carmeliet et al, 1998), and uPA-mediated MMP-9
activation was recently implicated in bronchial epithelial cell migration (Legrand et al,
2001), suggesting that hypoxic upregulation of uPA may be a proximal step in the
induction of these proteases by hypoxia. The resulting increase in levels of both plasmin
and active M M Ps following hypoxia could encourage rapid modification of the
endogenous extracellular matrix, established by the cultured PAM 212 kératinocytes,
thereby facilitating cell motility and enhancing in vitro wound closure.

In addition to previous reports indicating a role for uPA-derived proteolytic
activity in cellular migration (Wijnberg et al, 1997; Strand et al, 2000), much data
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indicates that uPA-mediated cell migration can occur in the absence of uPA-specific
catalytic activity, suggesting alternative roles for this molecule in the regulation of cell
migration. One possibility is that uPA has a non proteolytic chemokinetic effect on
hypoxic kératinocytes. The chemokinetic/chemotactic properties of uPA on many cell
types in culture are well documented, and are generally reliant on uPAiuPAR binding
(Anichini et al, 1994; Busso et al, 1994; Resnati et al, 1996; Degryse et al, 2001).
M oreover, as the chemokinetic/chemotactic effect of this uPAiuPAR interaction is
suggested to involve a specialised conformational change in uPAR (Resnati et al, 1996;
Fazioli et al, 1997), it is possible that uPA inhibitor binding interferes with the
uPA:uPAR interaction in such a way that chemokinesis/chemotaxis is inhibited. In
addition, recent reports have also demonstrated that disruption of uPAR:uPA:PAI-l
complex formation inhibits human muscle cell migration (Planus et al, 1997; Chazaud
et al, 2000), suggesting that uPA interaction with both uPAR and PAI-1 is critical to the
non-proteolytic regulation of migration in certain cell types. Since the uPA inhibitors
used in the present studies would block uPA:PAI-l interaction, it is possible that this
alternative mechanism of uPA inhibition facilitates the observed abrogation of hypoxiainduced keratinocyte migration.

In conclusion, the present studies demonstrate that inhibition of uPA by three
distinct inhibitors com pletely suppresses the hypoxia-m ediated enhancem ent of
keratinocyte migration in vitro. Although the exact m echanism by which uPA
modulates this hypoxic keratinocyte migration remains to be defined, our findings
constitute the first evidence of a role for the plasm inogen activator system in
keratinocyte migration under hypoxic conditions. Despite long-term hypoxia being an
impediment to normal wound healing, migration of kératinocytes is critical for effective
wound repair and thus analysis of keratinocyte responses to transient acute hypoxia may
provide useful insights into potential methods of accelerating wound closure in
therapeutic situations.
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CHAPTER 7

E F F E C T O F H Y P O X IA O N K E R A T I N O C Y T E
R E G U L A T I O N O F THE P L A S M I N O G E N A C T I V A T O R
S Y S T E M : PO TENTIAL A U T O C R IN E M OD ULATION OF
PAI-1 B Y V E G F
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7.1

INTRODUCTION
Cell migration and invasion are key features of many physiological and patho

physiological processes, including embryogenesis, inflammation, tumour formation,
and, as discussed in section 1.2, cutaneous wound repair. During the past decade much
evidence for the involvement of the plasminogen activator system in this cellular
migration and invasion has been presented, and various reports now indicate that
components of this system have pivotal roles within many of these processes
(Littlefield, 1991; Romer et al, 1996; Andreasen et al, 1997; Ploplis et al, 1998). In
vivo, the movement of cells across and through tissues is prim arily facilitated by
uPA/plasmin-mediated proteolytic degradation or modification of matrix components.
However, this proteolytic activity is tightly regulated by specific, high affinity,
inhibitors, of w hich the m ost physiologically effectiv e in the cutaneous
microenvironment is the type 1 plasminogen activator inhibitor, PAI-1.

PAI-1 is a 52 kDa glycoprotein member of the serpin superfamily (Potempa et
al, 1994), that is initially secreted as an active inhibitory molecule, but which rapidly
converts to a latent inactive form unless stabilised by binding to vitronectin (Salonen et
al, 1989; Mimuro and Loskutoff, 1989), or association with a fibrin matrix (Wagner et
al, 1989; Braaten et al, 1993). Once stabilised, active PAI-1 is capable of specifically
inhibiting both free and uPAR-bound two-chain uPA (Andreasen et al, 1986; Ellis et al,
1990), via the formation of an irreversible covalent complex. In addition to its inhibitory
function, PAI-1 binding of uPA also facilitates the internalisation and degradation of
uPA (Cubellis et al, 1990), a process involving both uPAR (Olson et al, 1992) and the
a2-macroglobulin receptor (Nykjaer et al, 1992). Since uPAR is not degraded following
internalisation, but is recycled to the cell surface (Conese et al, 1995; Nykjaer et al,
1997), this process constitutes an efficient mechanism whereby uPAR binding sites are
made available for active uPA, via the clearance of inactive uPA:PAI-l complexes.

In recent years an extensive literature has associated PAI-1 with cellular motility
and invasion. In vitro, PAI-1 upregulation has been detected in migrating monocytes
(Vassalli et al, 1984), endothelial cells (Pepper et al, 1992 and 1993) and kératinocytes
(Staiano Coico et al, 1996). Moreover, PAI-1 has been shown to directly regulate the
motility of various cultured cell types, and this regulation is generally dependent on its
capacity to m odulate the cellular adhesion/release cycle, via interactions with
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vitronectin and integrin receptors, or via the internalisation of uPAR:uPA:PAI-l
complexes (Stefansson and Lawrence, 1996; W altz et al, 1997; Kjoller et al, 1997;
Stahl and Mueller, 1997). Several studies have also demonstrated an important role for
PAI-1 in monocyte migration ex-vivo (Kirchheimer et al, 1990), and in the migration of
smooth m uscle cells (C arm eliet et al, 1997), endothelial cells, and malignant
kératinocytes in vivo (Bajou et al, 1998). Furtherm ore, although initial transgenic
studies indicated that sufficient biochemical redundancy exists to compensate for the
loss of PAI-1 during wound repair (Dougherty et al, 1999), the detection of significant
PAI-1 upregulation in migrating kératinocytes, fibroblasts, and monocytes in healing
animal wounds (Romer et al, 1991), indicates a potentially important role for PAI-1 in
wound induced cell migration and invasion.

An interesting feature of PAI-1 biology is its capacity for regulation by a variety
growth factors, cytokines and hormones. For example, TGF-P (Keski-Oja and Koli,
1992), HGF-SF (Wojta et al, 1999), TNF-a (van Hinsbergh et al, 1988), VEGF (Pepper
et al, 1991) and hydrocortisone (Bator et al, 1998) have all been shown to stimulate
PAI-1 expression and activity in certain cell types in vitro. Moreover, intra-peritoneal
injection of TN F-a or TGF-P into mice significantly increased PAI-1 mRNA levels in
nearly all tissues analysed (Sawdey and Loskutoff, 1991). In addition, hypoxia, has
been shown to increase PA I-I expression in trophoblasts (Fitzpatrick and Graham,
1998), hepatocytes (Kietzmann et al, 1999), and macrophages (Pinsky et al, 1998) in
vitro, as well as in lung tissue in vivo (Pinsky et al, 1998). Interestingly, many of the
agents shown to regulate PAI-1 expression also regulate migration and invasion in the
same cell types (Mawatari et al, 1991; Matsumoto et al, 1991; Koolwijk et al, 1996;
Graham et al, 1998; Santibanez et al, 1999), further suggesting a primary role for PAI-1
in cellular motility.

In view of the accumulated data associating PAI-1 with the regulation of cellular
migration and invasion, and considering the evidence suggesting that cells migrating
within a cutaneous wound site will experience acute hypoxia (see section 6 .1), the
present studies sought to determine the effect of hypoxia on keratinocyte expression of
PAI-1.
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7.2

RESULTS

7.2.1 Analysis of PAI-1 expression in hypoxic PAM 212 kératinocytes
To determine the effect o f hypoxia on PAI-1 m R N A exp ression in PA M 212
kératinocytes, ce lls were grown to 60% con flu en ce and q u ie s c e d for 24 hours with
serum free medium, prior to culture under normoxic and hypoxic conditions for 8 or 24
hours. F o llo w in g h om og en isation o f cell m on olayers, total R N A w as prepared and
analysed by Northern blotting as described. A s shown in figure 7.1a, PAl-1 m R N A was
detected in norm oxic P A M 2 1 2 kératinocytes throughout the experim ent. H ow ever,
analysis o f P A l-1 m R N A levels in kératinocytes cultured under h y p ox ic conditions
sh ow ed a marked increase over normoxic levels after both 8 and 24 hours. Subsequent
densitometric analysis o f Northern blots revealed an approximate 4-fo ld induction of
PAl-1 m R N A follow in g 24 hours hypoxia (Figure 7.1b).
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Figure 7.1 Effect of hypoxia on PAI-1 mRNA expression in PAM 212 kératinocytes, a) Northern
blot analysis of mRNA from keratinocyte cultures m aintained in normoxic (N) and hypoxic (H)
conditions for 8 a n d 24 hours, b) Densitometry of Northern blots from 24 hour time-point
corrected for loading. Data p resented (mean ± SEM) are from 3 in depen dent experiments.
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Detection o f a concomitant increase in PAI-1 protein was facilitated by Western
blotting analysis o f cell lysates and conditioned m edium from P A M 2 12 keratinocyte
cultures maintained under norm oxic and hypoxic co n d ition s for 24 hours. Prepared
s a m p le s were separated on denaturing p o ly a c r y la m id e g e ls and transferred to
nitrocellulose membranes, prior to im m unoblotting as described. A s shown in figure
7.2, P A l-1 protein w as barely detectable in norm ox ic cell lysates and com p letely
undetectable in con d itioned medium from norm oxic cultures. In contrast, analysis o f
P A M 2 1 2 k ératinocytes cultured under h yp o xic co n d itio n s s h o w e d a strong band
corresponding to murine PAl-1 ( - 5 2 kDa) in both cell lysates and conditioned medium.

Lysate
— 52kDa

CM
- 52kDa

Figure 7.2 Effect of hypoxia on PAI-1 protein levels in PAM 212 kératinocytes. W estern blotting
a n a ly sis of cell ly sa te (lysate) and conditioned m edium (CM) from keratino cy te cultures
maintained in normoxic (N) and hypoxic (H) conditions for 24 hours. + = cell lysate from TGF-p
treated PAM 212 kératinocytes. Data p resen ted is representative of 4 independent experiments.

7.2.2

Analysis of PAI-1 induction in hypoxic PAM 212 kératinocytes
Previous studies have shown that TGF-(3 and V E G F are effec tiv e inducers o f

P A l-1 production in sp ecific cultured cells (Pepper e t al, 1991; K eski-O ja and Koli,
1992; O lofsson e t al, 1998; D o n g -L e Bourhis et al, 1998). M oreover, it has also been
reported that hypoxia is a potent stimulus for TGF-p and V E G F , again in a variety o f
cell types (Santilli et al, 1991; Tuder et al, 1995; Orphanides et al, 1997; Detmar et al,
1 9 9 7 ). A s a c o n s e q u e n c e o f these ob serv a tio n s, e x p e r im e n ts w ere d esig n e d to
investigate whether the hy poxic induction o f P A l-1 in P A M 2 1 2 kératinocytes was
mediated via upregulation o f TGF-p or VEGF. P A M 2 1 2 kératinocytes were grown to
60% con flu en ce, q uiesced for 24 hours with serum free m ediu m , and cultured under
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normoxic or h y poxic conditions in the presence o f T G F -p and/or V E G F neutralising
antibodies (see section 2.2.8). Follow ing preparation o f cell lysates, PAI-1 protein levels
were a ssessed by W estern blotting analysis and representative results are shown in
figure 7.3. A s ex p ected , murine PAI-1 protein w as u ndetectable in norm oxic PB S
controls, but was markedly induced in kératinocytes cultured under hypoxic conditions.
Cell lysates from hypoxic P A M 212 kératinocytes cultured in the presence o f TGF-(3
neutralising antibody sh o w ed PAI-1 protein levels equivalent to h ypoxic PBS controls.
In contrast, lysates from h y p ox ic kératinocytes cultured in the p resence o f V E G F
neutralising antibody demonstrated a significant reduction in PAI-1 protein levels. This
reduction in detectab le PAI-1 was also ob served in h y p o x ic c e lls cultured in the
presence o f both neutralising antibodies. Importantly, cell lysates from kératinocytes
cultured under hypoxic conditions in the presence o f n on -sp ecific rabbit IgGs show ed
levels o f PAI-1 protein comparable to hypoxic PBS controls.
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Figure 7.3 Effect of TGF-(3 and VEGF neutralisation on hypoxic induction of PAI-1 in PAM 212
kératinocytes. W e ste rn blot analysis of cell lysates from k eratinocyte cultures maintained in
normoxic (N) and hypoxic (H) conditions for 24 hours. PBS control = 10% PBS; Anti-TGF-3 = 50
pg/ml pan-specific rabbit anti-TGF-3 IgG; Anti-VEGF = 50 pg/ml rabbit anti-VEGF IgG; Rb IgGs
= 50 pg/ml non-specific rabbit immunoglobulins; + = cell lysate from TGF-p treated PAM 212
kératinocytes. A representative blot from 4 independent experim ents is shown.

7.2.3 Analysis of VEGF expression in hypoxic PAM 212 kératinocytes
To investigate whether the h ypoxic induction o f PAI-1 co u ld be regulated by
elevated levels o f keratinocyte-derived VE G F, experim ents were initially designed to
determine the expression o f V E G F by P A M 212 kératinocytes cultured under normoxic
and hypoxic conditions. P A M 21 2 cells, seeded in 6 w ell plates, were grown to 60%
co n flu en ce and q uiesced for 24 hours with serum free m ediu m prior to culture under
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normoxic or hypoxic conditions for 4, 8, 16 or 24 hours. Conditioned medium was
subsequently retained and VEGF protein levels assessed using a commercially available
ELISA. As shown in figure 7.4, no significant difference in VEGF expression was
observed between normoxic and hypoxic samples after 4 hours. However, VEGF
protein levels were significantly up-regulated by hypoxia at all other time-points, with
the greatest induction observed in cells exposed to hypoxia for 24 hours, after which
VEGF levels in conditioned medium were 319 pg/ml com pared to 61 pg/ml in
normoxic samples; equivalent to a > 5-fold increase.
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F ig u r e 7.4 Effect of hypoxia on VEGF e x pre ssion in PAM 21 2 kératinocytes. ELISA detection
of V EGF in c onditioned m edium from keratinocyte c u ltu re s m a in ta in e d in normoxic (N) a n d
hypoxic (H) conditions for 4, 8 , 16 a n d 24 hours. D ata p r e s e n t e d ( m e a n ± SEM) a r e from
duplicate wells in 3 in d e p e n d e n t experiments.

7.2.4 Transfer of normoxic and hypoxic conditioned medium
Since our results indicated that hypoxia increases VEGF production in PAM 212
cultures, it was hypothesised that this keratinocyte-derived VEGF might be responsible
for the induction of PAI-1 under hypoxic conditions. To investigate this hypothesis,
PAM 212 kératinocytes were exposed to 24 hours normoxia or hypoxia after which
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n orm ox ic and h y p o x ic con d itioned m ediu m w as transferred to fresh keratinocyte
cultures for 24 hours (section 2.2.9). F o llo w in g preparation o f total R N A and protein,
PAI-1 levels were analysed by Northern and Western blotting and representative results
are shown in figure 7.5. A s expected, P A M 212 kératinocytes cultured under normoxic
con d ition s s h o w e d little or no detectable P A l-1 ex p re ssio n , w hereas kératinocytes
cultured under h yp o xic conditions sh o w ed a marked increase in P A l-1 m R N A and
protein. H o w ev e r, P A M 2 1 2 keratinocyte cultures m aintained in either normoxic or
h ypoxic conditioned m edium for 24 hours sh ow ed little or no detectable PAl-1 at both
the m R N A or protein level, and no significant d ifferen ce in P A l-1 expression was
observed between the cultures.
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Figure 7.5 Effect of normoxic and hypoxic conditioned medium on PAI-1 expression in PAM
212 kératinocytes. Northern (a) and Western blotting (b) analysis of PAI-1 expression in
keratinocyte cultures maintained in normoxic (N) and hypoxic (H) conditions or maintained in
normoxic (N+) and hypoxic (H+) conditioned medium. Data presented is representative of 2
independent experiments, + = cell lysate from TGF-3 treated PAM 212 kératinocytes.

T o confirm that the keratinocyte-derived V E G F w as stable throughout the
transfer exp erim en t, co n d itio n e d m edium sam p les w ere c o lle c te d from P A M 212
kératinocytes exp o sed to normoxia and hypoxia for 24 hours. F o llo w in g transfer of the
remaining conditioned m edium to fresh kératinocytes for a further 24 hours, samples
were again collected and V E G F protein levels assessed using a com m ercially available
ELISA. The results are shown in figure 7.6. A n alysis o f V E G F in conditioned medium
samples from kératinocytes exp osed to 24 hours’ normoxia, sh o w ed an increase o f 81.4
pg/ml over base levels. M oreover, fo llo w in g transfer o f this con d itioned medium to
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fresh kératinocytes for an additional 24 hours, V E G F le v els were increased again by
9 1.0 pg/ml. Similarly, whereas analysis o f samples taken from kératinocytes exposed to
24 hours’ hypoxia sh o w ed V E G F protein levels o f 2 4 8 .2 pg/m l, analysis o f the same
conditioned m edium after transfer to fresh kératinocytes sh ow ed levels o f 350.8 pg/ml,
an increase o f 102.6 pg/ml.
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Figure 7.6 Determination of VEGF stability in transfer experiment. ELISA of conditioned
medium samples from PAM 212 kératinocytes cultured under normoxic and hypoxic conditions
for 24 hours (24) and of samples from the sam e conditioned medium after transfer to cultures
under normoxic conditions (N) for an additional 24 hours (24+). C = Control (RPMI serum free
medium). Data presented (mean) are from duplicate wells in 2 independent experiments.

To a ssess the effec t o f V E G F on PAI-1 exp re ssio n in n orm oxic PA M 212
kératinocytes, cells, seed ed into 6 well plates, were grow n to 60% con flu en ce and
quiesced for 24 hours with serum free medium, prior to addition o f recombinant VEGF
(VEGEi( 3 4 ) at various concentrations. F o llo w in g 2 4 hours culture under norm oxic
conditions, cell lysates were prepared and PAI-1 protein lev els a ssessed by Western
blotting as described. A s shown in figure 7.7, PAI-1 protein was undetectable in PAM
212 keratinocyte cultures treated with V E G F at any o f the chosen concentrations.
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F i g u r e 7 .7 Effect of V E G F 164 on PAI-1 e x p re s sio n in norm oxic PAM 212 kératinocytes.
W e ste rn blotting a n a ly sis of cell ly sa te s from k e ratin ocyte cu ltu re s tre a te d with various
c o n c e n tra tio n s (ng/ml) of VEGF for 24 hours. + = cell lysate from TG F-3 tre a ted PAM 212
kératinocytes.

7.2.5 Analysis of VEGF receptor expression in PAM 212 kératinocytes
S in ce V E G F functions are primarily m ediated through binding to the high
affinity tyrosine kinase receptors, Flt-1 and K D R /F lk -1 (h u m a n /m o u se h o m o lo g s)
(review ed in Zachary and Gliki, 200 1 ) and neuropilin-1 (N R P -1 ) has been shown to
potentiate V E G F :K D R /F lk -I signalling interactions (Soker e t al, 1998), experim ents
were d esig n e d to a s sess the expression o f these V E G F receptors in norm oxic and
h y p o x ic P A M 2 1 2 kératinocytes using R T -PC R p rotocols. Initially primers were
d esig ned to amplify specific sequences within Flt-1, Flk-1 and neuropilin-1 (N R P-1)
c D N A , as detailed in table 7.1. To demonstrate the sp ecificity o f this amplification,
primer pairs were assessed using murine liver R N A (Flk-1 and Flt-1) or murine heart
R N A (N R P -1) as a template for RT-PCR reactions and subsequent PGR products were
digested with restriction endonucleases. As shown in figure 7.8, E co R W digestion o f the
875 bp Flk-1 R T -P C R product, produced predicted bands o f 753 bp and 122 bp.
M oreover, X h a l digestion o f the 46 2 bp Flt-1 RT-PCR product resulted in the expected
production o f 298 bp and 164 bp bands. Furthermore, B g l l d igestion o f the 463 bp
NRP-1 RT-PCR product, also produced the predicted bands o f 353 bp and 110 bp.
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Transcript

Prim er Sequences

Size

For

Rev

875

?

?

462

13

463

?

5 ’ GCCTCCACTGTTTATGTCTATGTTC 3 ’
Flk-1

Genomic

>

2000

15

>

2000

?

>

2000

5 ’ TTGGTGAGGATGACCGTGTAGTT 3 ’

1

5 ’ TGAAACTGTCCTGTGTGGTCAATAA 3’
Flt-1

5’ CCTCATCCTCCTCTGTGACTCTTT 3'
5 ’ GTAAGAGGTGTCATCATTCAGGGT 3 ’
NRP-1

5 ’ TAAAACCGTATGTCGGGAACTCT 3’

Details of primers and a ssociated PCR products u se d in RT-PCR detection of VEGF
r e c ep to rs. Prim er s e q u e n c e s are show n a s forward ( s e n s e ) primer, followed by r e v e rse
(a n tise n se ) primer. S iz e = RT-PCR product size (bp); For = exo n to which forward primer
hybridised; Rev = exon to which reverse primer hybridised; G enom ic = size of PCR product (bp)
using genomic DNA template; ? = no genomic se q u e n c e available.

Table 7.1

Flk-1

Flt-1
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Figure 7.8 Demonstration of primer specificity for VEGF receptor mRNA transcripts. Restriction
e n d o n u c le a s e digestion of RT-PCR product from murine liver RNA (Flk-1 and Flt-1) or murine
heart RNA (neuropilin-1). For e a c h gene, u ndigested (U) a n d d ig e ste d (D) RT-PCR products
a re represented. M = lOObp DNA ladder (selected marker siz e s a re indicated in b a s e pairs).

H aving demonstrated the specificity o f our primer pairs, expression o f VEG F
receptors was a ssessed in PA M 212 kératinocyte cultures maintained under normoxic
and h ypoxic conditions, using RT-PCR and RT-PCR x PCR protocols (the RT-PCR x
PCR protocol in vo lv ed repeating the RT-PCR amplification stage using 2.5/rl o f RT-
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PCR product as template). Representative data are shown in figure 7.9. Analysis of
keratinocyte RNA by RT-PCR (not shown) and RT-PCR x PCR showed no detectable
Flk-1 mRNA transcripts in both normoxic and hypoxic cultures. In contrast, RT-PCR
analysis of keratinocyte RNA amplified a 462 bp band corresponding to Flt-1 mRNA,
and this was detectable in both normoxic and hypoxic PAM 212 kératinocytes. As the
band intensity was very low, RT-PCR x PCR was performed, and the resulting Flt-1
specific products are shown in figure 7.9. In addition, RT-PCR analysis of keratinocyte
RNA also amplified a 463 bp band corresponding to neuropilin-I, and again this band
was detectable in kératinocytes cultured under both normoxic and hypoxic conditions.
In all experiments primer pairs were used in genomic PCR (genomic DNA control) to
further demonstrate the specificity of amplification.
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Flk-1
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Flt-1
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1000-

F ig u re 7.9 Detection of VEGF receptor mRNA in PAM 212 kératinocytes. RT-PCR (neuropilin1) a n d R T -P C R x P C R (Flk-1 a n d Flt-1) of mRNA from PAM 212 k e ra tin o c y te cultures
maintained in normoxic (N) and hypoxic (H) conditions for 24 hours. G = genom ic DNA control;
RT = RT-PCR control (i.e. no reverse transcriptase); + = liver mRNA; M = lOObp DNA ladder
(se le c te d m ark er s iz e s a re indicated in b a s e pairs). D ata p r e s e n t e d a r e representative of 3
independent experiments.
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7.3 DISCUSSION
Despite considerable evidence indicating a role for the plasminogen activator
system in wound-related cellular migration and invasion, as well as data suggesting that
cutaneous wounds are acutely hypoxic (Niinikoski et al, 1991), at the onset of this
project, analysis of the effect of acute hypoxia on keratinocyte regulation of this
proteolytic system had not been performed. As outlined in chapter 6, our previous
studies aimed to assess the effect of hypoxia on the regulation of uPA-mediated
plasminogen activation. However, as recent in vitro data has suggested additional roles
for PAI-1 in cellular migration that are independent of its anti-proteolytic function, the
present study was specifically designed to determ ine the effect of hypoxia on
keratinocyte regulation of PAI-1 expression.

In keeping with previous reports using other cell types (Fitzpatrick and Graham,
1998; Pinsky et al, 1998; Kietzmann et al, 1999; Uchiyama et al, 2000), our results
have demonstrated that hypoxia is a potent stimulus for PAI-1 expression in cultured
kératinocytes. PAI-1 mRNA was induced after just 8 hours exposure to hypoxia and this
induction rem ained apparent for at least 24 hours under hypoxic conditions.
Furthermore, PAI-1 protein levels in keratinocyte lysates and conditioned medium were
also significantly increased following 24 hours’ hypoxia. Interestingly, although TGF-p
stimulates PAI-1 expression in kératinocytes in vitro (W ikner et al, 1990; Keski-Oja
and Koli, 1992), and MMP induction in hypoxic kératinocytes is mediated via TGF-p
(Xia et al, 2001), addition of a TGF-p neutralising antibody had no effect on the
hypoxic induction of PAI-1, suggesting that hypoxia can stimulate keratinocyte PAI-1
expression through a TGF-p-independent pathway. In contrast, however, addition of a
VEGF-neutralising antibody resulted in reduced PAI-1 protein levels in hypoxic cells,
indicating that hypoxic induction of PAI-1 in PAM 212 kératinocytes involves, at least
in part, VEGF-mediated stimulation of PAI-1 expression.

Since data from our studies, as well as a previous report (Detmar et al, 1997),
indicate that VEGF is released by hypoxic kératinocytes, the observed VEGF-mediated
modulation of keratinocyte PAI-1 expression under hypoxic conditions initially
suggested that the kératinocytes were simply responding in an autocrine fashion to
elevated levels of VEGF. However, transfer of VEGF-rich medium from hypoxic cells
to normoxic cultures had no effect on PAI-1 expression at either the mRNA or protein
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level. Moreover, addition of recombinant VEGF164, the most biologically active form of
VEGF in vitro (Neufeld et al, 1999), also had no effect on keratinocyte expression of
PAI-1, even at concentrations far in excess of physiological levels. These results
strongly suggest that under hypoxic conditions, a “second signal” is required to
facilitate stimulation by VEGF.

Cellular responses to VEGF are primarily mediated through binding to either of
the two tyrosine kinase receptors, Flt-1 (Barleon et al, 1996; Clauss et al, 1996; Wang
and Keiser, 1998) or Flk-l/K D R (Zachary and Gliki, 2001 and references therein).
Moreover, VEGF has also been shown to bind neuropilin-1, though as this receptor has
no known signalling functions, it is likely that, by itself, neuropilin-1 is not a functional
receptor, but acts as a co-receptor (Soker et al, 1998; Zachary and Gliki, 2001). The
detection of Flt-1 and neuropilin-1 mRNA in both normoxic and hypoxic PAM 212
kératinocytes, using non-quantitative RT-PCR, indicates that these cells likely have the
capacity to both bind and respond to VEGF, and constitutes the first demonstration of
VEGF receptor expression by kératinocytes. Although additional experiments are
required to determine the effect of hypoxia on the expression and function of these
VEGF receptors, previous studies indicate that Flt-1 is up-regulated by hypoxia through
a hypoxia response element in its promoter (Gerber et al, 1997), suggesting that Flt-1
may be similarly regulated in PAM 212 kératinocytes. M oreover, as neuropilin-1
expression has also been shown to be regulated by hypoxia (Ding et al, 2000), and
recent reports suggest that interaction of Flt-1 and neuropilin-1 in vitro can modulate the
binding affinity of one or both of these receptors (Fuh et al, 2000; Gluzman-Poltorak et
al, 2001), it is possible that alterations in Flt-1 and/or neuropilin-1 expression in
hypoxic kératinocytes facilitates the observed response to VEGF. Although speculative
at present, such a m echanism could explain our observed effect of VEGF on
kératinocytes under hypoxic conditions.

Interestingly, data from several recent reports have suggested that the observed
induction of keratinocyte-derived PAI-1 may have a specialised function in cutaneous
wound repair. Analysis of tumour angiogenesis and choroidal neovascularization in
PAI-1 deficient mice revealed severely impaired neo-vessel development (Bajou et al,
1998; Lam bert et al, 2001), strongly indicating that PAI-1 is critical to normal
angiogenesis. Moreover, whereas high levels of PAI-1 have been shown to be inhibitory
during neovascularization (Soff et al, 1995; Stefansson et al, 2001), lower, more
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physiologically relevant levels actually promote angiogenesis (McMahon et al, 2001),
presumably by stimulating endothelial cell migration (Isogai et al, 2001). The potential
regulation of angiogenesis by PAI-1 therefore suggests that the observed VEGFmediated induction of hypoxic keratinocyte PAI-1 may constitute part of a specialised
mechanism whereby keratinocyte-derived VEGF, already identified as a major
angiogenic factor in skin (Detm ar, 1996), further m odulates w ound-related
angiogenesis.

In conclusion, the present studies have dem onstrated that under hypoxic
conditions, kératinocytes upregulate PAI-1 expression and this upregulation is
mediated, at least in part, by autocrine VEGF stimulation. Furthermore our observation
that PAM 212 kératinocytes express mRNA for Flt-1 and neuropilin-1 indicates a
potential pathway for this VEGF-mediated induction. Although further analysis of the
molecular mechanisms involved in this hypoxia- and VEGF-m ediated response is
required, the data generated by these studies provide useful information regarding the
regulation of PAI-1 in hypoxic cutaneous conditions and, moreover, provides an insight
into novel effects of VEGF on hypoxic kératinocytes in vitro.
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CHAPTER 8

C O N C L U D IN G D I S C U S S I O N A N D F U T U R E S T U D I E S
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There were two distinct yet related strands to this thesis, the first of which
involved the development of a transgenic model of uPA overexpression. Considerable
evidence has suggested that the plasminogen activator system is important in cellular
m igration and tissue rem odelling. M oreover, knockout m ouse studies have
demonstrated a particular requirement for this proteolytic system during wound reepithelialization (Rom er et al, 1996; Bugge et al, 1996a) and it was therefore
hypothesised that transgenic mice with uPA overexpression targeted to the epidermal
compartment might provide a useful tool with which to analyse the influence of this
protease on skin development, physiology and wound repair. To facilitate the generation
of these uPA transgenic mice, both constitutive and inducible systems of transgene
expression were developed. Our initial results suggested that constitutive targeting of
uPA to basal kératinocytes results in embryonic lethality, therefore two inducible
systems of transgene expression were studied in parallel. Transgenic mice were
generated using a tamoxifen-inducible Cre/loxP-derived uPA expression system and
have shown great potential as a powerful tool for the general analysis of cutaneous uPA
function. In addition, transgenic mice expressing uPA under the control of a
hyperproliferation- and wound-inducible K6 promoter were generated, characterised
and subsequently used in wound healing studies. Although a 3.5-fold induction of uPA
was detected in K6-uPAtg wounds compared to wild-type wounds, no gross histological
differences were observed between these wound groups, suggesting that other
components of the plasminogen activator system may be modulating the activity of
uPA, and indicating that this proteolytic system is tightly regulated during cutaneous
wound repair.

The second strand of this thesis was concerned with the effect of hypoxia on the
plasminogen activator system in cultured kératinocytes. H ypoxia is an inevitable
physiological consequence of wound-related vascular disruption and tissue damage.
Moreover, it has been shown to enhance keratinocyte migration and to regulate the
plasminogen activator system in a variety of other cell types in vitro. The effect of
hypoxia on keratinocyte expression of plasminogen activator system components was
assessed by Northern blotting and enzymatic analyses and uPA and uPAR mRNA, as
well as secreted functional uPA, were shown to be significantly increased under
hypoxic conditions. Additional experiments to determ ine the potential role of the
induced uPA and uPAR in hypoxia-induced keratinocyte migration demonstrated that
the hypoxia-mediated promotion of in vitro wound closure was blocked by uPA and
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serine protease inhibitors, strongly suggesting that hypoxic enhancement of keratinocyte
motility is facilitated by hypoxic upregulation of uPA, and possibly uPAR.

In order to further characterise the effects of hypoxia on keratinocyte expression
of plasminogen activator system components, the expression of PAI-1 was assessed by
Northern and W estern blotting and, as observed with uPA and uPAR, PAI-1 was
significantly upregulated in hypoxic PAM 212 kératinocytes. M oreover, additional
analyses revealed that the induction of PAI-1 under hypoxic conditions was mediated
both directly by hypoxia and indirectly via an autocrine stimulation pathway involving
hypoxia-induced VEGF. Importantly, VEGF had no effect on PAI-1 expression in
normoxic kératinocytes. In addition, RT-PCR of normoxic and hypoxic keratinocyte
RNA detected the expression of both Flt-1 and neuropilin-1 mRNA, thus indicating a
potential signalling pathway for VEGF-mediated stimulation of PA I-I under hypoxic
conditions.

KEY POINTS:

•

Constitutive K14 promoter-driven expression of uPA results in
embryonic lethality

•

Cre/loxP-mediated inducible uPA expression shows potential as a tool
for analysis of cutaneous role in vivo

•

Elevated functional uPA in the cutaneous microenvironment has no
apparent effect on gross wound histology

•

Hypoxic enhancement of keratinocyte motility is mediated by induction
of uPA

•

Induction of keratinocyte PAI-1 expression under hypoxic conditions
involves VEGF-mediated autocrine stimulation
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A lthough our results provide im portant insights into the regulation of the
plasm inogen activator system following cutaneous wounding and its associated
environmental alterations, a number of fundamental questions concerning the data
arising from this work remain unanswered and will be worth pursuing in future
experiments.

1. Is the observed null effect of uPA overexpression on cutaneous wound repair
due to compensatory regulation by uPAR, PAI-1 and/or PAI-2?
The lack of gross histological differences between K6-uPAtg and wild-type mouse
wounds led us to speculate that other components of the plasminogen activator system
regulate the activity of the excess transgene-specific uPA. Since this hypothesis is
supported by very recent data demonstrating that increased fibrinolysis is associated
with enhanced wound closure in PAI-1 deficient mice (Chan et al, 2001b), it would be
pertinent to investigate the regulation of other plasm inogen activator system
components in K6-uPA transgenic wounds. The relative levels of uPAR, PAI-1 and
PAI-2 could be directly assessed in K6-uPAtg and wild-type wound tissue, however,
endogenous upregulation of these molecules is a characteristic of normal wound repair
(Romer et al, 1991 and 1994; Bechtel et al, 1998), and thus, as is suggested by our
results, analysis of potentially modest compensatory changes may be problematic.
M oreover, normal wound-induced expression of these molecules may already be
sufficient to regulate the activity of transgene-specific uPA in K6-uPAtg wounds. One
approach to assessing the potential role of uPAR, PAI-1 and PAI-2 in the regulation of
transgene uPA in K6-uPAtg wounds would be to cross K6-uPAtg mice with mouse
lines deficient in, or overexpressing, components of the plasminogen activator system.
Thus, wound analysis of progeny from K6-uPAtg mice crossed with either PAI-1
(Carmeliet et al, 1993) or PAI-2 (Dougherty et al, 1999) knockout mice would
potentially indicate if either of these inhibitors were involved in the regulation of excess
transgene-specific uPA. Moreover, crossing the K6-uPAtg mice with uPA knockout
mice (Bugge et al, 1996a) would allow analysis of the function and regulation of
transgene-specific uPA in the absence of high background endogenous uPA. In
addition, as it has also been suggested that the activity of uPA may be limited by the
availability of uPAR binding sites (see section 5.3), crossing K6-uPA mice with K5uPAR mice (Zhou et al, 2000) would enable this hypothesis to be tested.
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2. How does hypoxia-induced uPA promote keratinocyte migration under hypoxic
conditions?
Whilst uPA may mediate the hypoxia-enhanced motility of cultured kératinocytes
directly via its proteolytic properties or via conform ation-specific interactions with
uPAR and/or PAI-1, recent data has indicated that TGF-(3 stimulation of MMPs 1 and 9
may have a crucial role in this process (Xia et al, 2001). Although the culture systems
used by Xia et al differed from our own, most notably in that keratinocyte migration
was observed on a type I collagen substrate, previous studies have indicated that MMP
activity is also involved in keratinocyte migration on uncoated surfaces (Makela et al,
1999). Moreover, since TGF-|3 has been shown to upregulate uPA activity in cultured
kératinocytes (Keski-Oja and Koli, 1992), and uPA/plasmin can activate several MMPs,
including MMP-1 and MMP-9 (He et al, 1989; Baram ova et al, 1997), it could be
speculated that our observations and those of Xia et al are linked. Experiments designed
to investigate the effect of TGF-P neutralisation on uPA expression under hypoxic
conditions, as well as the effects of both uPA inhibitors on MMP activation and MMP
inhibitors on hypoxic keratinocyte migration would potentially determine whether a
hypothetical TG F-P-dependent pathway involving interaction of the plasminogen
activator and MMP systems exists

3. How does VEGF mediate the induction of PAM 212 keratinocyte-derived PAI-1
under hypoxic conditions?
Our results indicating a role for VEGF in the induction of keratinocyte PAI-1 under
hypoxic conditions provides the first evidence of V EG F responsiveness in
kératinocytes. Moreover, the detection of Flt-1 and neuropilin-1 mRNA in PAM 212
cells also indicates a potential signalling pathway for this VEGF-mediated effect.
However, further experiments must be perform ed before the precise mechanisms
involved are elucidated. Thus, additional semi-quantitative RT-PCR, TaqMan® PCR,
and/or Western blotting analysis of the effect of hypoxia on the expression of these
VEGF receptors is essential. Moreover, although technically difficult when working
with cells under hypoxic conditions, analysis of signal transduction pathways and
activated transcription factors may provide more information on the identity of the
VEGF receptors involved. In addition, although again technically demanding, the
developm ent of a stable VEGF-deficient keratinocyte line, sim ilar to previously
reported PAI-1-deficient kératinocytes (Li et al, 2000a), would allow VEGF-T^^ binding
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studies, as well as analysis of the effects of exogenous VEGF on PAI-1 expression
under hypoxic conditions.

It is now exactly 5 years since the importance of the plasminogen activator
system in cutaneous wound healing was conclusively dem onstrated using various
knockout mice (Romer et al, 1996; Bugge et al, 1996a) and in that time, major advances
have been made regarding the proteolytic and non-proteolytic roles of different
components of this system in wound-related migration and invasion in vitro, and tissue
repair in vivo. The present studies have suggested that during wound healing in the skin,
the plasminogen activator system is tightly regulated and is capable of compensating for
increased expression of the predominant cutaneous plasm inogen activator, uPA.
M oreover, our experim ents examining the effect of hypoxia on expression of
plasminogen activator system components have provided an intriguing insight into the
manner in which kératinocytes may respond to wound-induced hypoxic environments.
Although some of the data requires additional experimental confirmation, given the
accessibility of the skin for wound analysis, the continuing advances in the
understanding of the complexities of the plasminogen activator system and refinements
in in vitro and in vivo techniques, the next 5 years are likely to yield a much more
thorough comprehension of the role of this proteolytic system in cutaneous wound
healing.
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