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Abstract

Studies in recent years have revealed much about the cell biology of wound repair but 

the current understanding of the genetic regulation and coordination of the various 

processes that underlie repair is relatively poor. Concomitant with the repair response is 

an inflammatory response previously thought to be an essential driver of many events of 

repair. One consequence of the inflammatory response is thought to be connective 

tissue fibrosis, or scarring. Clues to the genetic basis of repair and inflammation and the 

fibrotic response are essential for the design of therapeutic targets for improving wound 

repair in the clinic.

In this thesis, I have attempted to dissect the genetics of repair and its associated 

inflammatory response using the “macrophageless” PU .l null neonatal mouse. The 

PU.l transcription factor is essential for the differentiation of several haematopoetic 

lineages. Mice null for PU.l cannot raise an inflammatory response at the wound site, 

yet undergo perfect scar-free repair. Using Affymetrix micro arrays, I have identified 

genes differentially expressed at the wound site of the PU .l null mouse and its wild 

type sibling. Cluster analysis of the temporal profiles of wound-induced genes, 

identifies four clusters of repair genes, expressed similarly in the presence and absence 

of inflammation and corresponding to physiologically significant episodes in repair. I 

have also identified three clusters of genes induced at the wild type wound coincident 

with the inflammatory response, but whose expression is absent or whose patterns of 

expression are dramatically different in the P U .l null mouse, where there is no 

inflammatory response. By in situ hybridisation, I have investigated the spatial profiles 

of genes from each of the repair and inflammation clusters.

Clearly it is important to determine the function of these wound-induced genes and I 

have carried out a preliminary study of the live analysis of gene function using a model 

of epithelial repair in the Drosophila embryo.
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1.1 Introduction

The architecture of adult skin allows for a self-renewing tissue that is perfectly suited to 

its barrier function. The epidermis, a stratified squamous epithelium, overlies a thick 

dermal layer of connective tissue. Appendages such as hairs and glands project deep 

into the dermal layer from their origin in the epidermis. The skin has a vital protective 

function to sustain and so if damaged must be expeditiously repaired. The formation of 

a clot provides a rapid but temporary repair that is followed by a complex process 

involving the coordinated events of establishment, remodelling and replacement of new 

tissue. Concomitant with the repair process is the emigration of leukocytes from 

adjacent blood vessels to the wound as a part of the wound inflammatory response. 

Repair is usually complete within a week or two but the end result is not perfect; 

epidermal appendages that have been lost at the site of damage do not regenerate and 

the collagen matrix is poorly reconstructed leaving behind a connective tissue scar after 

the wound has healed.

Studies in recent years have revealed much about the cell biology of wound repair and 

the behaviour of the different wound cell types during the proliferation, migration, 

matrix synthesis and contraction phases of repair and the growth factor and matrix 

signal profiles at the wound site are now beginning to be understood. However, the 

current understanding of the genetic regulation and coordination of the various 

processes that underlie tissue repair is relatively poor. A more thorough understanding 

of the cellular and molecular mechanisms of tissue repair is essential in order to 

establish therapeutic strategies for modulating and enhancing adult wound healing in the 

clinic, and in attempts to make repair more like regeneration.

In this thesis I describe studies in which I have taken advantage of a transgenic mouse, 

the PU.l null mouse, that lacks the PU.l haemopoetic lineage ets transcription factor 

and thus several cell lineages involved in inflammation. As such it is genetically 

incapable of raising an inflammatory response at the wound site and allows me to 

genetically dissect the key cellular events of tissue repair and to separate out the events 

of wound closure from the concomitant inflammatory and fibrotic events that occur at
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the wound site. I also report preliminary test of function studies using an embryonic 

wound model in the genetically tractable organism, Drosophila melanogaster.

1.2 Wound Healing

Rapid formation of a fibrin clot temporarily seals and protects the wound site

Wound damage to blood vessels leads to the leakage of blood and an aggregation of 

platelets at the wound site forming a temporary clot that initially seals the blood vessels 

and mechanically protects the wound site from invading microorganisms. A short while 

later this is enzymatically converted to a fibrin clot comprising platelets embedded in an 

insoluble polymerised fibrin meshwork together with plasma fibronectin, vitronectin 

and thrombospondin (reviewed in (Clarke, 1996)). The clot now provides a provisional 

matrix for the cells of the epidermis to migrate through in order to close the wound, and 

for the invasion of other players in wound healing: inflammatory cells, vascular 

endothelial cells and wound fibroblasts. Soon after wounding, platelets in the clot 

begin to degranulate releasing an array of cytokines and growth factors that help to 

initiate the subsequent processes of wound repair. Some of these signals operate as 

chemotactic cues to draw inflammatory cells to the wound site that in turn amplify these 

signals. The platelet and inflammatory cell-derived signals then act to initiate the cell 

and tissue movements necessary for repair of the skin (Riches, 1996). Some of these 

signals specifically target re-epithelialisation, whilst others trigger granulation tissue 

contraction or stimulate angiogenesis (the formation of new blood vessels) at the wound 

site. During the repair process, the various migrating cell types subsequently degrade 

the wound clot and replace it with a provisional wound matrix and eventually with a 

matrix resembling that of unwounded skin.

A diverse range of chemotactic cues bring leukocytes to the wound site

A broad range of chemotactic signals are released from the wound site. Initially, the 

emission of by-products from the proteolysis of the fibrin clot and degradation of the 

extracellular matrix act as chemotactic cues. Then, as the platelets begin to degranulate.
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they release growth factors such as transforming growth factor (TGFpl) and platelet 

derived growth factor (PDGF) that also act as chemoattractants (reviewed in (Clarke, 

1996)). Other more diverse cues are provided by the cleavage of bacterial proteins that 

release formyl-methionyl peptides into the wound area, and the cleavage of complement 

components releasing them as chemoattractive fragments also (Riches, 1996). The 

effect of these various signals is to draw leukocytes to the wound site to kill invading 

microbes and to assist in the repair of the wounded tissue by clearing cell and matrix 

debris, as well acting as a further source of cytokine and growth factors signals. 

Initially, the release of cytokines from the wound site stimulates vascular endothelial 

cells of nearby blood vessels to change their molecular profile and express adhesion 

molecules on their surface. E-selectin expression allows weak adhesion of neutrophils 

and monocytes circulating in the vasculature to the endothelial surface (Luscinskas and 

Gimbrone, 1996). Leukocytes then express integrins on their surface allowing them to 

firmly adhere to the endothelial surface by interaction with intercellular adhesion 

molecule-1 (ICAMl) and vascular cell adhesion molecule (VCAMl) (Luscinskas and 

Gimbrone, 1996). This tight adhesion facilitates diapedesis, the squeezing of 

leukocytes between adjacent endothelial cells into the extravascular space (Springer, 

1994). Leukocytes then travel across the basal lamina and chemotax toward the wound 

site. First to arrive at the wound site are neutrophils that generally arrive within minutes 

of injury and have a dual role at the wound site; they initially clear the area of 

contaminating bacteria but also they act to release pro-inflammatory cytokines such as 

tumour necrosis factor a  (TNFa) and interleukin 1 a  and p (IL la/p) and amplify earlier 

wound signals that have activated local fibroblasts and kératinocytes (Hubner et al., 

1996a). In the absence of infection, neutrophil presence diminishes after a few days 

and spent neutrophils are phagocytosed by the other major leukocyte, the monocyte 

derived macrophage, as it subsequently invades the wound site. Here, macrophages 

also phagocytose any remaining bacteria and other cell and matrix debris and release 

growth factors such as transforming growth factor a  (TGFa), heparin binding 

epidermal growth factor (HB-EGF) that further enhance epidermal cell migration, 

platelet derived growth factor (PDGF) and TGFps that act on wound fibroblasts 

(Eriksson et al., 1992; Marikovsky et al., 1993; Rappolee et al., 1988) and fibroblast 

growth factor 2 (FGF2) and vascular endothelial growth factor (VEGF) that stimulate 

angiogenesis promoting neovascularisation into the wound space (Brown et al., 1992).
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Re-epithelialisation of adult wounds occurs by lamellipodial crawling

In its unwounded state, the basal keratinocyte layer of the skin is anchored to the 

basement membrane by hemidesmosomes via a6|34 integrins, cell adhesion receptors 

that mediate cell binding to the extracellular matrix via a link to the laminin within the 

basal lamina. The hemidesmosomes link intercellularly with the keratin cytoskeletal 

network. For migration, the normally sedentary kératinocytes have to relocalise and 

downregulate several integrin receptors as well as dissolving their hemidesmosome 

attachments. The a 5 p i fibronectin receptor, avp5 vitronectin receptor and the avp6 

tenascin receptor are all induced and the a2 p l collagen receptor is relocalised so that 

the keratinocyte can interact with the appropriate matrix protein for attachment to, and 

migration on, the provisional matrix (Cavani et al., 1993). The leading edge cells now 

extend and attach down lamellipodia that subsequently contract and drag the epithelium 

forward over the underlying wound matrix. Rearrangements of the actin cytoskeleton 

are requisite for kératinocytes forward migration to close the wound (Mitchison and 

Cramer, 1996), but in addition, re-adjustments in the keratin cytoskeletal network allow 

the fine balance of cell flexibility and strength during this migration. Normal keratin 

expression is altered and the genes encoding the new short filament keratins K6, K16 

and K17 are upregulated by leading edge kératinocytes in a process that may be key for 

redistribution of other keratins within the cell to allow active crawling (Paladini et al., 

1996).

Proteases and growth factors are essential players in re-epithelialisation

Proteases play a key role in the detachment of kératinocytes from the basement 

membrane and in their subsequent migration. Since the fibrin clot is an obstacle to re- 

epithelialisation, migrating kératinocytes have to dissect their way through this 

provisional matrix and do so by dissolving it with a battery of fibrinolytic digestive 

enzymes (reviewed in (Mignatti et al., 1996)). Upregulation of tissue type plasminogen 

activator (tPA) and urokinase-type plasminogen activator (uPA) by the keratinocyte 

allow the proteolytic conversion of plasminogen within the clot to active plasmin, the 

chief fibrinolytic enzyme (Grondahl-Hansen et al., 1988). This provision and 

conversion of plasminogen appears to be an essential part of initiating the wound 

healing process, as revealed by transgenic mice null for plasminogen in which
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cutaneous wound healing is severely impaired (Romer et al., 1996). To help digest the 

collagen in the matrix, members of the matrix metalloprotease (MMP) family are also 

upregulated by these migrating kératinocytes including MMPl, 9 and 10. It is MMP9 

that cuts basal lamina collagen and anchoring fibril collagen, type I and type II 

collagens, allowing kératinocytes to move away from the basal lamina (Salo et al.,

1994). Additionally, MMPs have recently been shown to have a role in the release of 

chemotactic signals from the collagen matrix. MMP7 (also called matrilysin) acts co- 

ordinately with syndecan-1, a heparan sulfate proteoglycan and KC, a CXC chemokine 

to direct transepithelial advancement of inflammatory cells. In MMP7 null mice in 

which lung injury was induced by bleomycin, efflux of neutrophils was impaired and 

there was an associated reduction in collagen deposition (Li et al., 2002).

For re-epithelialisation to occur epidermal cells need to proliferate and migrate and the 

signals that control these processes include various growth factors. Members of the 

EGF family of growth factors are mitogenic and include epidermal growth factor 

(EGF), transforming growth factor (TGF a), heparin binding epidermal growth factor 

(HB-EGF) amphiregulin, epiregulin, betacellulin and the more distantly related 

neuregulins. They all act as ligands for four different, high affinity receptors and both 

the ligands and receptors are found to be expressed at the wound site where they act as 

key regulators of keratinocyte proliferation at the wound edge (Grotendorst et al., 1989). 

Early studies in which re-epithelialisation was accelerated by the exogenous application 

of EGF (Brown et al., 1986) and TGFa (Schultz et al., 1987) to porcine burn wounds, 

demonstrated a potential role of the classic EGF family members in the early phases of 

re-epithelialisation, and in a transgenic mouse null for TGFa, re-epithelialisation of an 

ear lesion was significantly retarded (Kim et al., 2001). HB-EGF also acts as a mitogen 

for fibroblasts and kératinocytes and is found to act synergistically with another growth 

factor, insulin-like-growth factor IGF-1 to stimulate keratinocyte proliferation in vitro 

(Marikovsky et al., 1996). The more novel and distantly related members of the EGF 

family have also been shown to have a role in keratinocyte proliferation and early 

migration. Neu differentiation factor (NDF), a neuregulin, and its receptors were found 

to be differentially expressed in dermal fibroblasts of wounded rabbit ear skin and NDF 

is considered to stimulate keratinocyte migration during cutaneous wound repair in a 

paracrine manner (Danilenko et al., 1995).
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Members of another family, the fibroblast growth factor (FGF) family, play a mitogenic 

role during the repair process and trigger migration of various wound cells. They also 

appear to protect kératinocytes from reactive oxygen species during the early 

inflammatory phase. One member of the FGF family, FGF7 or keratinocyte growth 

factor (KGF), shows specific mitogenic activity for kératinocytes (Werner, 1998) and is 

dramatically upregulated 100 fold in dermal fibroblasts 24 hours post wounding 

(Werner et al., 1992). KGF, expressed in fibroblasts and dendritic epidermal cells, 

specifically binds to FGFR2IIIb, a splice variant of FGFR2 expressed in kératinocytes 

(Ornitz et al., 1996) suggesting KGF acts in a paracrine fashion. In transgenic mice 

expressing a dominant negative form of FGFR2IIIb, re-epithelialisation is severely 

delayed (Werner et al., 1994b). However, in mice lacking KGF, keratinocyte 

proliferation and incisional wound healing occurred normally (Guo et al., 1996) 

suggesting wounds can heal without KGF, perhaps due to compensation from FGF 10 

that is also upregulated at the wound site (Tagashira et al., 1997). FGF2 is also 

expressed at the wound site with expression observed in basal kératinocytes of normal 

and hyperproliferative wound epidermis (Kurita et al., 1992) and mice null for FGF2 

showed a retardation of re-epithelialisation (Ortega et al., 1998). Decreased expression 

of several FGFs is also thought to be responsible in part for wound healing defects in 

genetically diabetic and aged mice (Swift et al., 1999; Werner et al., 1994a). KGF in 

particular, is thought to exert its effects to increase the rate of re-epithelialisation by 

stimulating plasminogen activator activity, via elevated levels of uPA (Tsuboi et al., 

1993) and induction of MMP expression (Madlener et al., 1996). The EGF and FGF 

families appear to contain some of the main inducers of re-epithelialisation but there are 

other growth factors and some pro-inflammatory cytokines, for example, TNFa that 

also facilitate keratinocyte migration by stimulating expression of integrin subunits 

(Hertle et al., 1995).

Re-epithelialisation is aided by contraction of the underlying connective tissue

As well as keratinocyte migration, wound closure is aided by contraction of the 

underlying connective tissue, termed granulation tissue due to the pink granular 

appearance of the invading capillaries. Shortly after wounding, locally residing dermal
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fibroblasts proliferate and, after a brief lag period, begin migrating into the provisional 

matrix of the wound clot. Here they lay down their own collagen rich matrix that serves 

as an adherent scaffold on which they can generate contractile forces to pull the wound 

closed (Eckes et al., 1996). In order to crawl into the wound clot, normally sedentary 

dermal fibroblasts residing in a collagen matrix scaffold have to downregulate their 

collagen receptors and, just like migrating kératinocytes, upregulate integrin receptors 

to facilitate binding to, and movement within, this new provisional matrix. Again, just 

like for keratinocyte migration, the mitogenic signals and chemotactic cues that initiate 

these processes are provided by growth factors expressed at the wound site, principally 

members of the platelet derived growth factor (PDGF) and TGF(3 superfamilies 

(Helden, 1996; Roberts, 1996). The pA (Activin A) and PB (Activin B) isoforms of 

activin, a member of the TGFp family, were shown to be upregulated in proliferative 

fibroblasts (Hubner et al., 1996b). Downregulation of Activin A in fibroblasts of the 

granulation tissue by treatment with cyclosporine A, severely delayed wound healing in 

rats, and in transgenic mice overexpressing Activin A in the epidermis only, showed an 

increase in granulation tissue and deposition of extracellular matrix (Munz et al., 1999). 

Additionally, transgenic mice overexpressing Follistatin, an activin antagonist, showed 

a reduction in granulation tissue formation and a severe delay in wound healing 

(Wankell et al., 2001). Factors downstream in the TGFp pathway also appear to have a 

role in fibroblast proliferation and migration such as Connective tissue growth factor 

(CTGF) that is expressed at high levels in wound fibroblasts as a rapid early gene 

response to TGFpi (Igarashi et al., 1993). One of the major chemotactic cues for 

fibroblast infiltration into the healing skin wound, however, is PDGF, that enhances 

proliferation of fibroblasts and production of extracellular matrix by these cells. (Pierce 

et al., 1989; Seppa et al., 1982). This significant effect was effectively demonstrated by 

addition of PDGF antibodies to human wound fluid. Neutralisation of PDGF activity in 

this way reduces the mitogenic effect of the wound fluid by half when applied to 

fibroblasts in culture (Katz et al., 1991). However, when the haematopoetic system of a 

wild type mouse was replaced with that of a PDGF B-chain null donor producing a 

haematopoetic chimera, PDGF B was shown to be not essential for granulation tissue 

formation (Buetow et al., 2001).
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After invasion of the wound granulation tissue by fibroblasts and when the wound clot 

bas been replaced by newly resident fibroblasts that bave synthesised and remodelled a 

new collagen matrix, a proportion of these cells transform into a specialist contractile 

cell, the myofibroblast. (Clark, 1993; Heldin and Westermark, 1999). This process is 

thought to be primarily mediated by TGF|31 signalling and mechanical cues 

(Desmouliere et al., 1993). Myofibroblasts express a-smooth muscle actin and 

resemble smooth muscle actin cells in their capacity to generate contractile forces and it 

is these contractile forces that drive granulation tissue contraction thus helping to bring 

the wound edges together.

Migration of wound kératinocytes, fibroblasts and inflammatory cells is achieved 

via dynamic changes in the actin cytoskeleton

The directional motility of various cell types including fibroblasts, kératinocytes and 

inflammatory cells is a fundamental process in the repair of a wound. These cells use 

an ancient and highly conserved motility mechanism of crawling, that consists of four 

key phases: protrusion of the leading edge at the front of the cell, adhesion to the 

substratum, retraction of the rear and finally de-adhesion. The driving force for each of 

these phases is considered to be the dynamic reorganisation of the actin cytoskeleton 

(reviewed in (Pollard and Borisy, 2003)). Polymerisation of actin provides the 

protrusive force necessary for a cell to extend new actin filament networks at their 

leading edge in order to move (Small et al., 1978). These new actin filament networks 

are arranged into lamellipodia, thin protrusive sheet like actin structures, and filopodia, 

long finger like projections of cell membrane (Matsudaira, 1994) that are assembled via 

the regulation of the Arp2/3 complex. Actin nucléation promoting factors such as 

members of the WASp/Scar family of proteins stimulate the Arp2/3 complex to initiate 

a new actin filament as a branch on the side of an existing filament and these new 

branches grow, rapidly pushing the membrane forward (Machesky and Insall, 1998; 

Mullins et al., 1998). The mechanism by which extracellular stimuli initially transduce 

signals to activate the actin polymerization machinery within the wound cell in vivo is 

unknown. However, in tissue culture, lamellipodia formation is mediated by activation 

of the small GTPase Rac, that interacts with IRSp53 and WAVE to activate Arp 2/3 

(Miki et al., 2000; Ridley et al., 1992). Filopodia formation in many cell types appears
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to be triggered by binding of the active GTP-bound form of another small GTPase, 

Cdc42, along with PIP2 to N-WASP to again activate Apr2/3 (reviewed in (Takenawa 

and Miki, 2001; Wear et al., 2000)).

Little is known of the exact mechanisms of the migratory modes of cells involved in 

wound healing in vivo but fibroblasts from mice null for the actin severing and capping 

protein, gelsolin, have impaired migration in vitro (Witke et al., 1995) reinforcing the 

importance of regulation of the actin cytoskeleton in cell motility. Also in fibroblasts, 

PDGF is known to activate the small GTPase Rac (Nobes and Hall, 1995; Ridley et al.,

1995) and since gelsolin is a downstream effector of Rac (Hartwig et al., 1995) this 

implicates Rac as a key factor responsible for fibroblast migration.

More recently, c-Jun amino-terminal kinase (JNK), that has been previously shown to 

have a role during the morphogenetic tissue movement of dorsal closure in Drosophila 

melanogaster (discussed later in General Introduction), has been identified as a 

downstream effector in the regulation of cell migration (Huang et al., 2003). Motility of 

fish kératinocytes and rat bladder tumour epithelial cells is inhibited by application of 

JNK inhibitor drugs or expression of dominant-negative JNK transgenes. JNK was 

shown to regulate cell motility via the phosphorylation of paxillin, an adaptor protein 

known to be involved in cell adhesion and migration (Liu et al., 1999; Schaller, 2001), 

in single cell motility assays, as well as in in vitro wound healing assays. JNK can 

activate Rac (Ridley et al., 1999) and since paxillin is phosphorylated in response to 

fibronectin and growth factors (Beilis et al., 1997; Vadlamudi et al., 1999), this strongly 

implicates JNK-paxillin as a component of the downstream mechanism regulating the 

migration of wound kératinocytes and fibroblasts to close the in vivo wound. Indeed, in 

recent studies where Jun was knocked out specifically in the epidermal cells of mice, 

significant retardation of repair was noted (Li et al., 2003).

Several growth factors are responsible for the initiation of angiogenesis and a 

neural response at the wound site

Massive angiogenesis occurs at the wound site leading to the formation of new blood 

vessels. Both FGFl and FGF2 have been shown to stimulate angiogenesis (Risau, 1990) 

but the major players in the promotion of angiogenesis appear to be FGF2 and a related
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factor, vascular endothelial factor (VEGF). FGF2 is initially released by damaged 

endothelial cells and later by wound macrophages (Abraham, 1996). When this growth 

factor is depleted with neutralising antibodies during wound healing in the rat, 

angiogenesis is almost completely blocked (Broadley et al., 1989) and defects in wound 

healing in aged mice have been associated with a reduction in the levels of FGF2 also 

(Swift et al., 1999). In FGF2 null mice, in addition to delayed re-epithelialisation, 

reduced collagen deposition at the wound site was observed (Ortega et al., 1998). 

VEGF is expressed at the wound site by wound edge kératinocytes and macrophages, 

perhaps in response to KGF and TGFa signalling (Brown et al., 1992) and its receptors 

have been shown to be expressed by endothelial cells of blood vessels in the adjacent 

granulation tissue (Lauer et al., 2000; Peters et al., 1993). In the genetically diabetic 

mouse, there is much reduced expression of VEGF and this correlates with impaired 

healing (Frank et al., 1995). Moreover, delivery of VEGF to these mice by adenovirus- 

mediated gene transfer, enhances wound healing by promoting angiogenesis (Romano 

Di Peppe et al., 2002). FGF2 and VEGF appear to act as endothelial mitogens and as 

sprouting signals encouraging upregulation of av(33 integrins by endothelial cells at tips 

of invading capillaries. When the activity of these integrins is blocked using 

neutralising antibodies, there is no angiogenesis and wound healing fails (Brooks et al., 

1994; Clark et al., 1996). In order to respond to these angiogenic signals, endothelial 

cells must also upregulate a battery of proteases that, as for kératinocytes and fibroblasts 

allow them to invade the new wound matrix (Fisher et al., 1994).

A somewhat later event at the wound site is an exuberant response by cutaneous sensory 

nerves. The same wound signals directing blood vessel growth may also be used to 

initiate nerve sprouting and outgrowth into wound tissue. This transient 

hyperinnervation at the wound site is thought to play a stimulatory role in the healing of 

the wound since poorly innervated skin does not heal well (Nilsson et al., 1985). Nerve 

growth factor (NGF) is a member of the neurotrophin family that plays important roles 

in the development and survival of neurons in the central and peripheral nervous 

systems, (Lewin and Mendell, 1993) and has been shown to be upregulated after 

exposure to TGFp isoforms in the embryo (Buchman et al., 1994). Additionally, mice 

null for the NGF receptor, p 75VGF/?, suffer deficits in the peripheral sensory nervous 

system and have impaired wound healing (Lee et al., 1992), so it seems likely that NGF
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is a target for TGF|3 family members in a wound situation also.

Little is known of the “stopping” signals of wound healing

During the wound healing process, numerous cell behaviours are activated in order to 

close the defect but once connective tissue repair is complete and the wound is fully re- 

epithelialised, this whole process must be shut down so that the repair site can return to 

the near dormant state of unwounded tissue. A new basal lamina is created beneath the 

healed epidermis and hemidesmosomal adhesions to this new substratum are re

established. At this stage, excessive endothelial cells and myofibroblasts in the wound 

matrix undergo programmed cell death (Desmouliere et al., 1993), fibronectin and 

hyaluronic acid are largely broken down and collagen fibrils are remodelled and 

reorientated by collagenases that are released by macrophages, epidermal cells and 

fibroblasts. Tissue inhibitors of metalloproteases (TIMPs) are also released to inhibit 

MMPs and the extracellular matrix meshwork reconstructed (Hasty et al., 1986). 

Almost nothing is known about the signals that might regulate this late phase of wound 

healing but there are clear parallels with the tissue culture phenomenon of contact 

inhibition first described by Abercrombie in the 1970s whereby cells cease their 

migrational efforts when confronted by sufficient contact cues and density of 

neighbours (Abercrombie, 1979).

24



Reconstituting 
epiderm al 
cellsHair 

follicle 
remnant

Figure 1.1 Cartoon of an adult wound site

Cartoon of an adult wound site illustrating the key players involved in wound healing. The 
wound is temporarily plugged with a fibrin clot that is infiltrated by inflammatory cells, 
fibroblasts and new granulation tissue, rich in capillaries. Kératinocytes proliferate back from 
the wound leading edge. Wound edge kératinocytes crawl beyond the basal lamina and over the 
provisional matrix. Leukocytes migrate from wound capillaries guided by chemotactic factors 
released at the wound site. Smooth muscle-like myofibroblasts in the granulation tissue allow 
contraction to help pull the wound closed. (Diagram reproduced with kind permission from  
(Martin, 1997))

Adult wound healing leads to scarring

The end product of adult wound healing is never a perfect regeneration of the original 

tissue organisation. Appendages such as hairs and sweat glands do not regenerate and a 

connective tissue scar where the collagen matrix has been poorly reconstructed, with 

aberrant parallel bundling of collagen fibres, persists at the wound site. The 

remodelling process can continue for several months after wound closure in adults and 

is estimated to leave scar tissue that has only 70% of the strength of intact skin (Clarke,

1996). Naturally, there has been much interest in why adult tissues scar after healing, 

since embryos can heal wounds without fibrosis (discussed below). One growth factor, 

TGFpi, has come under intense scrutiny since it is abundant in the adult wound and 

expressed at low levels in the scar-free embryonic wound. In the adult, TGPpi is
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implicated in several pathogenic fibrotic conditions including liver, glomerular nephritis 

in the kidney and lung fibrotic disorders (Border and Noble, 1994) and TGFpi and p2 

have been found to be upregulated in keloid scar tissue and fibroblasts derived from this 

tissue (Lee et al., 1999; Peltonen et al., 1991). A much reduced profile of expression of 

TGFps and their receptors has been observed in wounds that do not scar (Cowin et al., 

2001 ; Martin et al., 1993; Nath et al., 1994; Sullivan et al., 1995b) and in fact when non 

scarring human foetal skin is exposed to TGF(31, it undergoes marked scarring 

following tissue repair (Sullivan et al., 1995b). There is some evidence that not all 

TGF|3 family members are equally fibrotic. Studies in which neutralising antibodies to 

TGFpi and (32 were applied to rat wounds resulted in a reduction in extracellular matrix 

deposition and a subsequent reduction in the level of scar tissue in rat wounds (Shah et 

al., 1992; Shah et al., 1994b). But exogenous application of recombinant TGF(33 

appears to reduce scarring by antagonizing the effects of the other TGFp isoforms (Shah 

et al., 1995) suggesting that it may be in part a balance between the various TGF|3 

isoforms that governs whether tissues will scar or not. Mice null for TGPpi do not 

survive to adulthood due to excessive inflammatory responses. However, when 10 day 

old mice were wounded, the wounds healed with less vascular granulation tissue and 

collagen deposition (Brown et al., 1995). Immunosuppression of T G ppi null mice 

allows them to survive to adulthood and when wounded, a reduction in granulation 

tissue and collagen deposition was observed, with wounds being narrower and without 

scabs which led to enhanced wound closure (Shull et al., 1992). Not surprisingly, 

downstream effectors of TGF(3 also modulate the fibrotic outcome of the repair process. 

Smads are a class of proteins that function as intracellular signalling effectors in one of 

the major signalling pathways downstream of the TGF(3s (Ashcroft and Roberts, 2000; 

Derynck et al., 1998) and repair of both excisional wounds and radiation injuries in 

mice null for Smad 3, and thus partially unresponsive to TGF|3 signals, proceeds with 

reduced granulation tissue formation and less subsequent fibrosis (Ashcroft and 

Roberts, 2000).

Embryonic wound healing differs from adult wound healing

By contrast to the adult situation, embryonic wounds heal rapidly and almost perfectly, 

regenerating the original tissue organisation without leaving a scar. Unlike in the adult 

wound situation, the epidermis does not crawl forward over the exposed wound
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mesenchyme using lamellipodia. Rather, an actin cable assembles in the basal layer of 

wound edge cells (Martin and Lewis, 1992). Co-localisation of myosin II with the actin 

cable and accumulation of cell adhesion proteins such as E-cadherin where the cable 

abuts the plasma membrane enables intracellular segments of cable to link with one 

another via adherens junctions, resulting in a multicellular purse string that contracts to 

draw the wound epithelium closed. The cable assembles within minutes of wounding as 

a consequence of rapid Rho small GTPase activity which may in turn be triggered by 

mechanical stretch cues or plasma membrane damage (Brock et al., 1996). As the cable 

contracts, cells in the front row become narrower, change their cell to cell contacts and 

are extruded into rows further back so that the front row contains fewer and fewer cells 

and the circumference of the wound becomes progressively smaller as the wound 

closes. When small wounds were made to a tissue culture monolayer of adult intestinal 

epithelial cells, repair occurred via a multicellular actinomyosin purse-string 

mechanism, just as seen in embryonic skin wounds. However, it is interesting to note 

that when larger wounds were made, approximately ten cell widths in diameter, repair 

switched to the adult lamellipodial style implicating wound size as a major controller of 

the way in which a wound is healed, although it is currently a mystery how cells can 

detect and measure wound dimensions (Bement et al., 1993). The mouse adult cornea 

also undergoes repair via purse string contraction with a rapidly assembled actin cable 

seen in the leading edge cells lining the wound (Danjo and Gipson, 1998). Disruption 

of the corneal actin cable by application of blocking antibodies to E-cadherin disrupting 

the intracellular junctions of the cable causes repair to switch to the adult lamellipodial 

mode of epithelial migration. These data suggest that there are several mechanisms 

whereby an epithelial wound can be drawn closed and it remains a fundamental issue 

what signals or environmental conditions will determine which way will be utilised. As 

in adult repair, in the embryo there is also a significant contribution to wound closure 

from contraction of the exposed mesenchyme (McCluskey and Martin, 1995). 

However, myofibroblasts are not present at the embryonic wound site and so, unlike 

adult wounds, connective tissue contraction does not rely on these cells to supply 

contractile forces.
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An inflammatory response is not elicited until late in embryonic development and 

this transition coincides with the non-scarring to scarring phenotype

The embryonic wound elicits only a weak immune response to tissue damage. Indeed, 

many inflammatory cell lineages are not found outside the haemopoetic organs until late 

embryonic stages. Macrophages enter the mouse mesenchymal tissue at ElO, halfway 

through gestation, but are not recruited to the wound site until E l4.5 and so can not play 

an active role in repair of earlier stage embryos (Hopkinson-Woolley et al., 1994). This 

transitional stage of development, beyond which macrophages are recruited to the 

embryonic wound site, coincides with the stage when connective tissue scarring first 

arises as a consequence of wound healing (Hopkinson-Woolley et al., 1994) implicating 

the inflammatory response as a potential trigger for scarring of adult tissues. 

Differences in growth factor and matrix profiles in adult versus embryonic wounds may 

hold further clues. Unlike in the adult wound, TGFpl protein is only transiently 

upregulated, hyaluronate, a glycosaminoglycan, persists longer, perhaps providing a 

permissive environment for cell migration (Longaker et al., 1991; Sullivan et al., 1995a) 

and the collagen isoform profile (Smith et al., 1996) and physical tensions (Burgess et 

al., 1990) at the wound site also differ. The lack of scarring in embryonic wounds 

though, must be due to a combination of factors in the embryonic situation that is not 

encountered in the adult environment, or vice versa, since experiments in which adult 

skin was wounded after it was grafted onto foetal lambs did not produce scar-free 

healing and conversely when foetal skin was grafted onto adult mice, cutaneous grafts 

scarred (Lorenz et al., 1992). Furthermore, the young of marsupials, exposed to an 

environment outside the uterus, do not scar at developmental stages equivalent to the 

early mouse embryo.
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1.3 Simple Models for Dissecting the Genetics of Tissue 

Repair

In vitro “wounding” identifies genes with likely roles in wound healing

Perhaps the simplest model for dissecting the genetics of wound closure is the 

wounding of tissue culture monolayers and this approach has allowed the elucidation of 

many genes that may play a role in wound closure cell migration in vitro, and that might 

be involved in in vivo tissue repair also. Scratch wounding of a confluent monolayer of 

3T3 fibroblasts reveals rapid induction of c-Fos expression in cells lining the wound 

and those in several rows back from the leading edge; c-Fos protein is subsequently and 

transiently induced to a high level giving early evidence that c-Fos and the AP-1 

complex may play a role in wound healing (Verrier et al., 1986; Wichelhaus et al., 

1987). Similarly, by wounding tissue culture epithelial monolayers, expression of the 

Egr family transcription factor member Egrl {Krox 24) was shown to be upregulated 

downstream of ERK activation (Dieckgraefe and Weems, 1999). A more 

comprehensive Northern analysis of in vitro wound gene expression was carried out by 

scrape wounding a monolayer culture of renal epithelial cells and analysing differential 

gene expression at various time-points during wound closure. These studies confirmed 

the transient inductions of Egrl and c-Fos and showed a similar gene expression profile 

for NAK-1 and Gro. Additionally, Connective Tissue Growth Factor (CTGF) and c-Myc 

were also shown to be upregulated, peaking at 4 hrs, and Urokinase Type Plasminogen 

(uPA) and its inhibitor PAI-1, and the gene encoding the heat shock protein HSP-70 

were shown to be markedly upregulated later at 4-8 hrs post wounding. Conversely, 

genes encoding receptors for fibronectin, epidermal growth factor and hepatocyte 

growth factor and the secreted proteins fibronectin and osteopontin were downregulated 

early in wound closure (Pawar et al., 1995). This study also identified differential 

expression of these genes in cells at the wound edge as compared to those some cell 

diameters back from the wound edge, suggesting that cell-cell communication within 

damaged leading edge cells may regulate gene expression during wound closure.

In vitro studies also allow some attempt to test function for genes induced at the wound 

site. For example, kératinocytes from mice null for c-Jun in the epidermis only, were
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unable to migrate or elongate properly at the wound margin in cell culture scratch 

assays since they do not activate the EGF receptor at the leading edge of wounds (Li et 

al., 2003). Similarly, fibroblasts from a mouse null for the actin severing and capping 

protein, gelsolin were shown to have an impaired migratory response in vitro (Witke et 

al., 1995).

Not all of the key signalling events at the wound edge will involve transcriptional 

activation of genes. A number of tissue culture wound studies have shown a role for 

Ca^ ,̂ which is immediately and transiently elevated post wounding at the wound edge; 

this elevation travels in a wave to back to neighbouring cells (Klepeis et al., 2001). The 

small GTPase, Rho, is also activated in wound edge cells and is presumably key in the 

regulation of cell migration of these leading edge cells (Nobes and Hall, 1995; Ridley et 

al., 1995; Witke et al., 1995). While cell culture is clearly a simple and effective means 

of identifying genetic cascades that are activated during wound closure, it is the case 

that a more complex physiology occurs in vivo and so gene function in a tissue repair 

scenario may not be perfectly modelled by tissue culture assays.

The vertebrate embryo provides a simple in vivo repair model

Whilst in vitro studies can tell us a great deal about gene expression at wound sites that 

control cell migration, they cannot replace in vivo models. As discussed earlier in the 

General Introduction, wound healing in the embryo is much simpler than adult tissue 

repair and thus may serve as a simple in vivo model in which to identify genes 

controlling various aspects of wound closure. One of the first genes to be identified as a 

wound gene in such an embryonic model was the AP-1 transcriptional complex member 

c-Fos, (Martin and Nobes, 1992). It was shown to be rapidly and transiently 

upregulated in epidermal cells at the wound margin in rat embryos. In a mouse 

embryonic model of repair the two immediate early genes Egrl (Krox 24), and Egr2 

(Krox 20) were also shown to be potential wound healing “kick start” activators by their 

rapid and transient upregulation at the wound site (Grose et al., 2002a). The 

demonstration that Egrl is also upregulated in neonatal and adult wounds shows this 

simple system can identify genes involved in the more complex adult healing. Of 

course, wounding transgenic embryos null for various genes provides an opportunity to 

test gene function at the wound site. However, neither embryos null for Egrl or Egr2
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had a wound healing phenotype, which is likely to be due to the genetic redundancy that 

occurs in higher organisms.

The functions of several members of the intermediate filament family have also been 

analysed using a mouse embryo model of wound healing. Vimentin, the intermediate 

filament gene specific for mesenchymal cell lineages, was shown to be essential for the 

connective tissue contraction component of wound healing (Eckes et al., 2000). Genes 

encoding two specialist keratins. Keratin 6 (K6) and 17 (K17) which are both 

upregulated in repairing adult epidermis are also expressed during development of hair 

buds (Paladini et al., 1996; Takahashi and Coulombe, 1997). Embryos null for Keratin 

6 show signs of retarded repair (Mazzalupo et al., 2003).

Clues to the genetics of tissue repair can be obtained from morphogenesis

Many parallels can be drawn between the “artificially activated” tissue movements of 

wound closure and naturally occurring morphogenetic tissue movements that occur 

throughout embryogenesis across different phyla. The signalling machinery activated 

during these various morphogenetic movements may be re-activated during wound 

closure and thus may reveal clues to the mechanisms and signals used to close a wound. 

In the most genetically tractable organisms. Drosophila melanogaster and 

Caenorhabditis elegans, the genetic cascades controlling morphogenetic movements 

have been well characterised and even in more complex vertebrate organisms, 

intriguing parallels between morphogenesis and wound healing are coming to light. For 

example, the specialist keratins, K6 and K17, have recently been shown to be expressed 

at the leading epithelial edge as eyelid fusion occurs in late gestation in a manner 

reminiscent of epithelial wound edge expression (Mazzalupo and Coulombe, 2001).

Fly dorsal closure and worm ventral enclosure are botb dependent on actin based 

contractile cables and fîlopodia

In Drosophila, the most fully studied morphogenetic movement is dorsal closure which 

occurs late in embryogenesis and physically resembles the re-epithelialisation events 

that occur during vertebrate wound closure. Towards the end of embryogenesis, after 

the embryo has undergone germ band retraction, the epidermis does not extend fully
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over the dorsal side of the embryo but instead leaves an exposed sheet of 

extraembryonic cells, the amnioserosa. Dorsal closure involves the sweeping forward 

of these lateral epidermal sheets dors ally over the exposed amnioserosa to cover the 

dorsal surface. Actin structures that assemble in the leading edge epithelial cells appear 

to act in concert to draw the epithelial hole closed and thus drive dorsal closure. Just as 

in embryonic wound closure, a thick actinomyosin cable assembles in the leading 

epithelial cells. This is thought to initially act as a purse string as in embryonic wound 

healing, drawing leading edge cells forwards in the early stages of dorsal closure. Later, 

the cable operates to restrain front row cells in order to maintain a taut free edge for the 

final stages of closure. Flies mutant in the gene zipper (myosin II) cannot undergo cable 

contraction and consequently normal dorsal closure fails (Young et al., 1993). Live 

analysis of green fluorescent protein GFP-actin expressing embryos that are mutant for, 

or express dominant negative forms of, Rho I, the small GTPase known to trigger 

assembly of cable like stress fibres in cell culture fibroblasts, show disrupted 

organisation and levels of actin and myosin in the front row cells (Jacinto et al., 2002b). 

These embryos also fail to undergo normal dorsal closure but do go on to close their 

dorsal holes by compensatory activities of actin rich filopodia and lamellipodia (Jacinto 

et al., 2000b) (Jacinto et al., 2002a). Even in wild type embryos, these highly dynamic 

actin protrusions extend from leading edge epithelial cells and as the two epithelial 

sheets come within filopodial distance of one another they appear to contact and play 

some role in dragging the epithelial fronts toward one another. Subsequent adhesion of 

the two epithelial fronts appears to be primed by interdigitation of opposing filopodia as 

they zipper the sheets together. In addition, these filopodia are thought to act to sense 

the correct partner cell on the opposing epithelial front for correct alignment of 

segments across the midline seam of the embryo (Jacinto et al., 2002a).
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(iii)

Figure 1.2 Action of filopodia during fusion of epithelial sheets

Cartoon illustrating how adhesions between epithelial cells at the fusion seam may evolve from 
filopodial interactions (i) Filopodia from two opposing, confronting cells interdigitate and form 
weak adhesions at membrane contact sites (yellow bars), (ii) Actin de-polymerisation causes 
regression of filopodia. (iii) Finally, weak adhesions evolve into mature adherens junction (red 
bars) leading to the fusion of epithelial sheets. (Diagram adapted from  (Jacinto et al., 2002a))

Similarly, in the worm, the gastrulation movement of ventral enclosure resembles re- 

epithelialisation of a wound with four leader cells extending filopodia and crawling 

down over the equator of the embryo to drag the epithelial hypodermis with them 

(Williams-Masson et al., 1997). An actinomyosin purse string then draws the ventral 

epithelial hole closed and, as the opposing filopodia make contact, a-catenin 

accumulates and subsequently mature adherens junctions are formed fusing the epithelia 

into a continuous epithelium (Raich et al., 1999).

Ventral enclosure 
(C. elegans)

Dorsal closure 
(Drosophila)

Figure 1.3 Morphogenetic models of wound closure

Ventral enclosure in C. elegans (shown at the top) and dorsal closure in Drosophila (bottom) 
are morphogenetic movements involving the migration and subsequent fusion of epithelial 
sheets. Both movements have parallels with the epithelial tissue movements of wound closure 
and are driven by cell shape changes orchestrated by rearrangements and contraction of the 
actin cytoskeleton. (Diagram adapted from  (Martin-Bianco and Knust, 2001))
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The genetic control of the signalling pathways driving Drosophila dorsal closure is 

well-characterised

The genetic tractability of Drosophila has allowed many components of the signalling 

cascades controlling dorsal closure to be identified. Mutant flies and those expressing 

dominant negative genes, reveal that the cell shape changes underlying morphogenesis 

are mediated by members of the Rho family of small GTPases (Harden et al., 1995; 

Harden et al., 1999). The Jun N terminal (INK) cascade is activated in leading edge 

cells resulting in AP-l(fos/junj activation (Glise et al., 1995; Riesgo-Escovar and 

Hafen, 1997b; Riesgo-Escovar et al., 1996) just as is seen in the leading edge cells of a 

migrating wound front. At least two JNK-activated effector genes are upregulated in 

the leading edge cells, the dual specificity phosphate puckered (puc) and the TGpp 

family member, decapentaplegic (dpp). Puc dephosphorylates activated INK and as 

such is a negative feedback mechanism that essentially acts as a ‘molecular brake’ on 

this movement. Puc mutants overrun during dorsal closure producing puckering of the 

epidermis as the two epithelial fronts fuse in the midline (Martin-Bianco et al., 1998). 

Dpp is thought to act in a paracrine manner from leading edge cells signalling to 

neighbouring epithelial cells further back from the leading edge. These cells respond 

either actively or passively by elongating in the axis of the forward sweeping epithelia 

(Noselli and Agnès, 1999). The Dpp signal may also act to direct contraction of 

amnioserosal cells such as TGF|31 may do to direct mesenchymal contraction during 

wound healing.

Vertebrate morphogenetic movements use similar mechanisms to those found in 

invertebrates

At least in invertebrates, natural morphogenetic movements of hole closure processes 

and the epithelial movements of wound closure appear to use a common conserved set 

of signals and cytoskeletal mechanisms with similarities seen at both the cell and the 

molecular level. For example, API activation of TGF(3 family members occurs both at 

a wound edge and during dorsal closure and both of these movements are partially 

driven by contraction of an actinomyosin purse-string. There are also several more 

complex tissue movements during vertebrate embryogenesis such as neural tube
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closure, palatal shelf fusion and eyelid fusion that appear also to use very similar cell 

and molecular machineries to those operating during morphogenetic episodes in 

invertebrates. Neural tube formation is a dynamic process by which the lateral edges of 

the neural plate become elevated, bend towards one other and come together to fuse in 

the midline and form the neural tube. This process involves cell migration and 

proliferation, as well assembly and contraction of actinomyosin bundles (Morriss-Kay 

and Tuckett, 1985), and has been shown to involve up-regulation of c-Fos, just as in 

wound edge cells (Smeyne et al., 1993). Moreover, in mice in which JNKl and JNK 2 

have been inactivated, neural tube closure is defective, indicating a role for the JNK 

signalling pathway in this process just as for dorsal closure (Sabapathy et al., 1999). 

Palate formation also requires TGF|3 signalling and at later stages when the palatal 

shelves come together and fuse, filopodial protrusions appear to be crucial for knitting 

the faces together just as in fly dorsal closure and worm ventral enclosure (Taya et al.,

1999). During embryogenesis, the nasal and lateral margins of the eyelids come 

together and temporarily fuse and this fusion has also been shown to involve filopodial 

protrusions which interdigitate to zipper together the epithelial leading edges of the two 

eyelids in the same manner as the zippering seen in Drosophila dorsal closure. Notably, 

c-Jun is required for this process since embryos in which Jun is knocked out in the 

epithelium fail to close their eyelids (Zenz et al., 2003). Another indicator that eyelid 

closure bears parallels with wound closure is seen with the expression of K6 in both 

leading edge eyelid cells and at wound edges (Mazzalupo and Coulombe, 2001).

The similarities between the mechanisms underlying vertebrate and invertebrate 

morphogenesis may to extend to other members of the signalling cascades, including 

other members of the JNK cascade and cytoskeletal machinery, and the similarities in 

the cell and molecular mechanisms between these morphogenetic movements and 

wound closure may be a valuable and rich source of clues in the hunt for the genetic 

control of wound healing.

Wounds in the fly embryonic epithelium reveal that repair does recapitulate 

morphogenesis

Studies of repair in Drosophila embryos wounded at approximately dorsal closure 

stages reveal the extent of similarity of these two tissue movements (Wood et al., 2002).
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Embryos expressing GFP-actin were wounded by laser ablation or manually wounded 

with a microinjection needle. Visualisation of filamentous actin with fluorescently 

tagged phalloidin and co-localisation of non-muscle myosin to the leading edge cells 

demonstrated that, just as in dorsal closure, wounding led to rapid assembly of an 

actinomyosin cable. Live analysis of GFP-actin expressing embryos showed that 

leading edge cells also rapidly assemble filopodia and that these protrusions, just as in 

dorsal closure, are highly dynamic and appear to be involved in the fusion of epithelial 

fronts. Indeed, expression of dominant-negative Cdc42 in the fly epithelium prevented 

wound edge cells assembling filopodia and resulted in wounds that were unable to fully 

close.

In general, all of the simple models described above give clues and partial lists as to the 

gene inductions and signalling cascades likely to be activated and necessary for in vivo 

tissue repair but for a full understanding of the genetics of wound healing it is necessary 

to move from simple models in order to understand the more complex process in its 

entirety.

1.4 The PU.l Null Mouse

Inflammation is a well-established component of the response to damage in adult tissues 

and has long been considered important in orchestrating the repair response by 

supplying some of the growth factors and cytokine signals that control the cell and 

tissue movements necessary for repair (Martin, 1997). In order to effectively dissect the 

genetics of inflammation apart from the genes directly implicated in tissue repair, we 

need a model where repair occurs in the absence of inflammation. A series of classic 

experiments carried out in the 1970’s attempted to dampen down the inflammatory 

response in order to determine the effects on wound healing by depleting leukocytes 

from the wound site. Under sterile conditions, the depletion of neutrophils from guinea- 

pig wounds by the application of antisera, did not significantly affect the subsequent 

tissue repair (Simpson and Ross, 1972). When macrophages were depleted with 

antisera and steroid treatment, wound healing failed and this was coincident with an 

accumulation of cell and matrix debris at the wound site (Liebovich and Ross, 1975). 

However, in these studies, steroid treatment may have knocked down more than just
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leukocytes at the wound site. Steroids have been shown to inhibit the upregulation of 

immediate-early genes in response to inductive growth factor signals by transcriptional 

interference (Karin and Chang, 2001), thus it is likely that some of these crucial 

activators of the repair process are downregulated as well as the inflammatory response.

Alternatively, wound healing can be observed in transgenic animals null for genes 

controlling the inflammatory response, essentially dampening down the inflammatory 

response by genetic ablation. Osteopetrotic mice have an absence of functional 

macrophage colony-stimulating factor (M-CSF) due to a mutation in the M-CSF gene 

(Marks and Lane, 1976). Macrophages and osteoclasts arise from a common 

haemopoietic progenitor with lineage commitment occurring downstream of the action 

of M-CSF. The M-CSF mutation then, results in the M-CSF null mouse having a severe 

deficiency of monocytes, peritoneal macrophages and also osteoclasts, leaving them 

with a restricted capacity for bone remodelling (Yoshida et al., 1990). However, 

although lacking macrophages, these mice do have other functioning leukocytes, in 

particular they have significant numbers of Langerhans cells in the skin. The PU.l null 

mouse, however, lacks monocytes/macrophages, osteoclasts, functional neutrophils and 

has aberrant development of B and T cells (McKercher et al., 1996), and as such 

provides an ideal opportunity to more directly and fully test the role of the inflammatory 

response in the repair process.

Hematopoetic development is a regulated dynamic process that gives rise to 

mature blood cells in which the transcription factor PU.l plays a major role

Beginning in embryogenesis and continuing throughout adult life, the various 

hematopoetic cell lineages are derived via a series of tightly regulated developmental 

processes. They arise from common pluripotent hematopoetic stem cells to establish 

and continually replenish mature blood cells. These processes are controlled in most 

circumstances by regulation at the transcription level. Lineage specific and broadly 

expressed transcription factors direct the expression of genes encoding various cytokine 

receptors, adhesion molecules, and other cellular proteins (Kehrl, 1995; Orkin, 1995; 

Shivdasani and Orkin, 1996). In this way, the commitment, proliferation and 

differentiation of the stem cells into the numerous specialist cells of the hematopoetic 

lineages can be subtly and dynamically regulated.
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PU.l (spi-1, sfpi-1), initially identified as oncogene due to its transcriptional activity in 

leukaemias (Moreau-Gachelin et al., 1988), is a transcriptional regulator of the ets 

transcription factor family (Janknecht and Nordheim, 1993). All family members 

contain a highly conserved DNA binding domain (ets domain) of approximately 85 

amino acids that is specific to a purine rich DNA sequence containing the core sequence 

5’-GGAA/T-3’ (Karim et al., 1990). PU.l and a related family member, Spi-B (Ray et 

al., 1992), however, form a subgroup within this family with structure, expression 

pattern, binding specificity and functions very distinct from other ets family members. 

The PU.l protein, consisting of 272 amino acids, contains a winged helix turn helix 

motif DNA binding domain in the carboxyl terminus and an activation domain in the 

amino terminus that has been implicated in protein-protein interactions with other 

regulatory proteins (Klemsz and Maki, 1996; Kodandapani et al., 1996; Pongubala et 

al., 1993).

PU.l is expressed exclusively by hematopoetic cells: macrophages, neutrophils, mast 

cells, early erythroblasts and B lymphocytes (Chen et al., 1993; Galson et al., 1993; 

Henkel and Brown, 1994; Klemsz et al., 1990b). It is expressed at a basal level in 

murine ES cells and human CD34+ cells with expression specifically upregulated 

coincident with the myeloid differentiation of haematopoetic development (Voso et al., 

1994). Furthermore, PU .l is found to be upregulated in CD34+/CD38- cell culture 

studies as they develop into myeloid cells (Cheng et al., 1996). This evidence 

implicates PU.l as a master regulator of myeloid genes and by regulating the 

progenitors of haematopoetic cells, it has a pivotal role in the development of both the 

myeloid and lymphoid lineages. Expression of PU.l controls activation of its own 

promoter via a positive feedback mechanism similar to other ets family members (Oka 

et al., 1991) and this autoregulation of transcription factors is perhaps the major driving 

force in controlling the commitment and differentiation of hematopoetic progenitor 

cells. A highly conserved region surrounding the transcription start site appears to 

direct myeloid specific activity allowing PU.l to carry out its regulatory role by 

interacting with a number of myeloid and lymphoid-specific promoters and enhancers 

(Zhang et al., 1996). Perhaps most importantly, PU.l regulates the expression of three 

myeloid CSF receptors; macrophage colony stimulating factor (M-CSF) (Zhang et al., 

1994), granulocyte/macrophage CSF (GM-CSF) (Hohaus et al., 1995) and granulocyte
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CSF (G-CSF) (Smith et al., 1996) that are considered critical for the proliferation and 

maturation of myeloid cells (Avalos, 1996; Miyajima et al., 1993). Myeloid genes 

expressed later during differentiation, such as C D llb  (Pahl et al., 1993) Macrophage 

Inflammatory Protein l a  (Grove and Plumb, 1993), IL lp  (Kominato et al., 1995) Cfes 

(Cfps) (Ray-Gallet et al., 1995) also contain functional PU.l binding sites and are 

activated by PU.l. More recently HGM(I)Y and C/EBPô have been shown to 

functionally interact with PU.l (Nagulapalli et al., 1995). A direct physical association 

with the AP-1 transcription factor c-Jun has been identified (Bassuk and Leiden, 1995) 

and PU.l has also been shown to negatively interact with the retinoic acid receptor 

(Gauthier et al., 1993).

Inhibition of function identifies PU.l as an essential regulator in myeloid cell 

differentiation and proliferation

PU. 1 has been shown to be critical for the development of hematopoiesis in in vitro cell 

culture studies. In a study where CD34+ cells were incubated with the binding domain 

of PU.l, hematopoiesis was significantly blocked (Voso et al., 1994). Two groups have 

generated mice null for PU.l and these show rather different phenotypes although both 

demonstrate the essential role of PU.l in the development of hematopoetic cells in vivo 

(McKercher et al., 1996; Scott et al., 1994). Null mice from one group died in utero at 

day 16 of development, suffering from variable anaemia and completely lacking all 

white blood cells (Scott et al., 1994). As expected macrophages, neutrophils and mature 

B and T cells were absent, consistent with the role of PU.l in hematopoesis, but the lack 

of T cells is surprising since PU. 1 had not previously been considered to be expressed 

by these cells. One explanation might be that a block exists earlier in the differentiation 

of progenitor cells, or perhaps the development of the T cell lineage is dependent on 

macrophages or B cells. The second study produced viable PU.l null mice (McKercher 

et al., 1996). Differences between these two lines might be due to strain differences that 

can affect gene penetrance or because of the differing constructs used by the groups 

with the Scott et al (1992) mouse possibly having more than just the PU.l gene in the 

region inactivated.
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Insertional inactivation of the PU.l gene produces a viable PU.l null mouse

The viable PU .l null mice produced by McKercher et al (1996) are born alive but 

naturally die of severe septicaemia within 48 hours, although they can be maintained for 

up to 3/4 weeks of age on a strict regime of antibiotic medication. Null mice have no 

gross histological abnormalities but lack detectable mature B cells, T cells, neutrophils 

and macrophages although they do have erythrocytes and megakaryocytes. 

Subsequently, 3-5 days after birth, low numbers of T cells and cells resembling 

neutrophils do develop.

Macrophage development is absent in PU.l null mice

Staining for non-specific esterase activity to detect monocytes and macrophages on 

tissue sections from P U .l null neonates and mice up to 15 days of age reveals no 

staining. Similarly, immunohistochemistry with a second macrophage marker, F4/80, 

also reveals a lack of macrophages in the PU.l null mice although a small number of 

macrophage-like cells were observed in the liver, spleen and thymus of older animals, 

but since these have abnormal morphology they are unlikely to be functional. Attempts 

at establishing macrophage colonies by culturing hematopoetic tissues from PU.l null 

mice in the presence of M-CSF or GM-CSF reportedly failed. These studies provide 

strong evidence that the PU .l null mice lack functional macrophages and that PU .l 

expression is required for haematopoetic cells to develop along the macrophage lineage, 

one of the first haematopoetic cell lineages to differentiate.

Macrophages have an essential role in inflammation and immunity but also secrete 

factors required for cell growth and development. Considering this extensive 

developmental role, it is surprising that PU.l null mice have no gross abnormalities 

especially with regard to the extensive tissue remodelling episodes that occur 

throughout development. For example, large blocks of tissue undergo apoptotic death 

in order to sculpt regions of some structures such as the footplate. These mice however 

appear to have only slightly retarded regression of the interdigit webbing of the 

footplate as they utilise fibroblasts as ‘stand-in’ phagocytes for the clearance of 

embryonic programmed cell death (Wood et al., 2000).
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Osteoclasts that are derived from the monocyte lineage are also absent from the 

PU.l null mouse

Osteoclasts are hematopoietic cells that play important roles in bone remodelling and 

resorption. They are of myeloid origin and have the phenotypic characteristics of the 

macrophage lineage (Zaidi et al., 2003). Several transcription factors control the 

differentiation of osteoclasts including PU.l which was found to be upregulated as 

marrow macrophages assume the osteoclast phenotype in vitro, implicating PU. 1 as a 

major transcriptional control in this transformation (Tondravi et al., 1997). In the PU.l 

null mouse the development of osteoclasts is arrested. The absence of osteoclasts 

causes these mice to exhibit the classic hallmarks of osteopetrosis, a family of sclerotic 

bone diseases leading to dysplasia of the bone. This osteopetrotic phenotype can be 

fully reversed by bone marrow transplantation from a wild type animal confirming that 

it is the lack of PU.l that causes this condition. The PU .l null mouse represents the 

earliest developmental osteopetrotic mutant implicating the PU. 1 transcription factor as 

a regulator of the initial stages of myeloid differentiation.

PU.l null mice reveal abnormal neutrophil development

Wright-Giesma staining to identify mature neutrophils, and neutrophil specific enzyme 

chloroacetate esterase (CAE) staining to identify immature neutrophils, reveal a 

complete lack of neutrophils in the blood, liver, spleen or bone marrow in PU. 1 null 

neonates. By 3 days post birth, however, small numbers of morphologically normal 

neutrophils are found in those tissues from the PU. 1 null neonate. Their low frequency, 

between 10-100 fold less than in wild type tissue, may be partially explained by the fact 

that, unlike normal neutrophils, these cells fail to proliferate or form colonies in 

response to M-CSF, G-CSF, and GM-CSF (Anderson et al., 1998a). It has also been 

demonstrated that they do not express secondary (specific) granule component genes, so 

have not undergone terminally differentiation, and since they also fail to respond to 

chemotactic cues, do not generate a respiratory burst and are ineffective at 

phagocytosing bacteria, they do not perform normal neutrophil functions (Anderson et 

al., 1998b).
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B cell populations do not differentiate correctly and T cell numbers are reduced 

and delayed in the PU.l null mouse

PU.l null mouse B cell populations were analysed by flow cytometry using the markers 

immunoglobulin B220, CD43, BPl and HAS. During normal B cell development, these 

markers are sequentially up and then downregulated (Hardy et al., 1991) and thus the 

surface molecule characteristics allow the classification of B cells into proB, preB 

immature and mature B cells. The B cells of the PU.l null mouse express normal 

lineage markers at one day post birth but the pattern of B cell differentiation does not 

continue as normal and no gene expression for heavy chain rearrangement was 

observed.

PU .l is not expressed in T cells although it is normally expressed at low levels in the 

thymus (Hromas et al., 1993; Klemsz et al., 1990a). The PU.l null mouse has a thymus 

that is vastly reduced in size and cell number. Again, by flow cytometry, cells from the 

thymus were analysed for the expression of markers of normal T cells; T cell receptor 

ap , CD3, CD4 and CDS and none was observed. However, in antibiotic treated PU.l 

null mice from day 5 of age onwards, a small number of normal T cells are present 

(McKercher et al., 1996).

1.5 Differential Gene Expression

Cells respond to their environment by regulating their gene expression. An important 

aspect of molecular studies is the ability to detect differential gene expression patterns 

and define the profile of expression of particular genes. Clearly, if we are to fully 

understand the mechanisms that underlie tissue repair, we need to systematically define 

which genes are differentially expressed, and when, in a wound healing situation. 

Historically many methods are available for detecting and quantifying the 

transcriptional levels of a gene. Some of these. Northern analysis, RNase protection 

and Reverse Transcriptase (RT-PCR) are methods for analysing the expression patterns 

and levels of known genes and so rely on having candidate genes for a particular study 

as well as having information on that gene. Other strategies including Subtractive
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Hybridisation, Serial Analysis of Gene Expression (SAGE) and Microarray analysis do 

not require knowledge of genes that are subsequently identified, and in theory allow a 

genome wide survey of wound-induced genes. All of these techniques are discussed 

below.

Northern Analysis

Northern analysis is the oldest and perhaps most widely used method for detecting and 

quantifying gene expression levels of particular known genes. RNA from a sample of 

interest, or from a series of different samples, is fractionated according to size by 

agarose gel electrophoresis and then blotted onto a nitrocellulose membrane for 

hybridisation. A radioactively-labelled, single stranded cDNA probe comprising a 

fragment of the gene being investigated is hybridised to the membrane where it binds to 

its corresponding sequence in the target RNA. The position of the resultant band on the 

blot gives information on the size of the investigated gene as well as revealing 

transcriptional information such as the presence of alternatively spliced transcripts. By 

carrying out densitometric studies on these blots the abundance of the transcript and 

thus total gene expression levels in the sample can be determined. Northern analysis 

was used to identify the transcriptional profiles of several known wound-induced genes 

such as CTGF and uPA that were differentially expressed during closure of wounds 

made to a renal epithelial cell monolayer (Pawar et al., 1995). However, Northern 

analysis is labour intensive and uses radioactivity and so this technique has largely been 

superseded by RNase protection and RT-PCR.

RNase Protection Assays

This assay involves the hybridisation of a radioactively-labelled probe complementary 

to the gene to be studied, to total RNA that has been extracted from a particular sample. 

This hybridised sample is then digested with an RNase cocktail that degrades single 

stranded RNAs. Those RNA species from the gene of interest that hybridise with the 

radioactive probe are double stranded and as such are ‘protected’ and so not degraded. 

Samples are separated by gel electrophoresis and like Northern analysis densitometry is 

used to obtain gene expression levels.
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RNase protection assays have been used in several studies relating to tissue repair. The 

induction profiles of the three TGF(3 isoforms and the type I and type II receptors were 

revealed in an adult rat wound model by this assay (Frank et al., 1996). During murine 

cutaneous wound repair mRNAs for the pro inflammatory cytokines TNFa and IL1(3 

and a  were found to be highly upregulated at an early stage (Hubner et al., 1996a) and a 

role for nitric oxide was indicated by the upregulation of Inducible Nitric Synthase 

(Inos) and GTP Cyclohydrolase I  (GTP-CHI) (Frank et al., 1998). RNase protection 

assays have been instrumental in identifying several genes with roles in tissue repair but 

again this technique does involve the use of radioactivity and requires initial candidate 

genes, so cannot identify novel genes upregulated at the wound site.

RT-PCR and Real time PCR to determine gene expression

RT-PCR utilises the basic premise of standard genomic PCR but uses a cDNA derived 

from RNA as a template instead of DNA in order to determine expression levels of 

specific genes. Total or messenger RNA (mRNA) is extracted from the sample of 

interest and the reverse transcriptase enzyme used to synthesise cDNA. Target cDNA 

is then amplified with gene specific primers and the product run on an agarose gel to 

observe gene expression levels in the samples. Although standardly only semi 

quantitative, this technique can made more quantitative by incorporating fluorescent 

dyes, or the use of an internal competitor cDNA. Alternatively, quantification can be 

achieved with real time PCR that either incorporates a fluorescent dye into the reaction 

or uses the Taqman system (Gibson et al., 1996; Heid et al., 1996). In the case of 

fluorescent dye incorporation, a dye such as SYBR green is incorporated into the PCR 

reaction. The higher a gene is expressed in the sample of interest, the more cDNA 

template is available and so fewer PCR cycles need to be achieved before a sample is 

scored as statistically above background (Gibson et al., 1996). Inclusion of an internal 

control allows the relative intensity of the fluorescence and therefore the gene 

expression levels to be detected and quantified

The Taqman system (Applied Biosystems, UK) uses fluorescence to continually 

measure the PCR product accumulation. The RT-PCR reaction uses a dual labelled 

flourogenic oligonucleotide probe that is homologous in sequence to an internal region
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of the gene to be amplified and has a reporter dye on the 5' end and a quencher dye on 

the 3' end. When the probe is intact, emission from the reporter is quenched by the 

quencher but during PCR amplification the probe is cleaved by the 5' nuclease activity 

of Taq polymerase separating the reporter from the quencher and allowing the 

fluorescence to be emitted. The system software examines the fluorescence intensity 

and plots increase in fluorescence over cycle number (time) producing a continuous 

measure of PCR amplification and, as such, a precise quantitative measure of gene 

expression.

A classic tissue repair experiment utilised an RT-PCR method to demonstrate the 

expression of TGFa and p, PDGF A-chain, and Insulin-like Growth Factor-1 by single 

cell macrophages isolated from murine wound fluid (Rappolee et al., 1988). As 

previously discussed, standard RT-PCR is not quantitative so more complex versions of 

this technique need to be employed to determine absolute gene expression levels.

Differential Display and Subtractive Hybridisation

Differential display uses PCR to detect genes that are differentially expressed between 

two samples. RNA is extracted from two samples to be compared and reverse 

transcribed with an oligo (dT) primer ending with C, G or A at the 3’ end splitting the 

resulting cDNA into three pools according to the final primer nucleotide. These cDNAs 

are amplified by PCR with a mix of random 5’ primers yielding several hundred PCR 

products corresponding to genes expressed in each sample. Separation by gel 

electrophoresis identifies bands present in one sample that are either absent from the 

other or that vary in intensity between the two as candidates for differentially expressed 

genes. These are then purified, subcloned and sequenced to determine the identity of 

the gene. Based on similar principles to differential display but much more sensitive 

and reliable, is subtractive suppression hybridisation where two samples are directly 

compared; the technique is made more sensitive to low abundance transcripts by 

equalizing their concentration with high abundance transcripts. Using hybridisation, 

sequences that are represented at the same level in both samples are subtracted out 

leaving only differentially expressed sequences that are then amplified by PCR. Again 

these have to be sequenced to determine identity.
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These techniques have been particularly useful in identifying novel tissue repair genes. 

A large-scale screen was carried out by generating subtractive cDNA libraries to 

systematically identify genes that are differentially expressed 24 hours post wounding 

murine skin versus unwounded (Thorey et al., 2001). This isolated a number of novel 

and exciting genes not previously associated with wound healing, such as the SlOO 

family members, S100A8 (MRP8) and S100A9 (MRP14) (Odink et al., 1987). These 

were shown to be upregulated in wound kératinocytes and by invading inflammatory 

cells and were shown to associate with the keratin cytoskeleton of the cell, implying 

these genes might have a role in cytoskeletal rearrangements within the cell and a role 

in the initiation of chemotaxis of inflammatory cells to the wound site. Furthermore, 

the macrophage attractant, Chemokine 10 (also called MRP-1 or CCL6) was initially 

identified in this study and subsequently found to be strongly upregulated by 

kératinocytes and certain macrophages and is speculated to contribute to the 

maintenance of macrophage infiltration into the wound (Kaesler et al., 2002). Using a 

differential display approach to identify genes that were regulated by the growth factor 

KGF, a novel gene not expected to be active during wound healing was identified 

(Frank et al., 1997). Non-selenium glutathione peroxidase (NSGP) was shown to be 

highly upregulated by kératinocytes, particularly in psoriatic skin and subsequently 

shown to be expressed in embryonic and adult mouse wounds also (Grose, 1999) (Munz 

et al., 1997). NSGP is thought to protect cells at the wound site from oxygen toxicity, 

damage caused by reactive oxygen species that are known to be released at the wound 

site by inflammatory cells undergoing a protective oxidative burst (Halliwell and 

Gutteridge, 1990). The identification of NSGP as a wound gene demonstrates the 

ability of these techniques to identify novel genes and pathways that would not 

previously have been considered important in tissue repair. However, both differential 

display and subtractive hybridisation are prone to false positive errors and are not 

appropriate for saturation screening.

Serial Analysis of Gene Expression (SAGE)

SAGE is a method of analysing gene expression on a large-scale with the potential to 

identify and quantitate transcripts of almost all mRNAs within a particular sample 

(Velculescu et al., 1995). It is based on the principle of generating a 14 base pair (bp)
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defined region of mRNA that can uniquely identify a transcript. These short fragments 

are then joined together in concatamers that are sequenced; this sequence data then 

undergoes computational analysis to determine what genes these sequences correspond 

to. The frequency of each tag is a direct measure of abundance of corresponding 

mRNA and as such gene expression levels.

SAGE analysis has been used widely in the determination of differential gene 

expression and was used in a recent study to determine the genetic profile of cells 

responding to the Jun N terminal kinase (JNK) pathway which controls several 

morphogenetic movements (such as dorsal closure, a tissue movement analogous to 

wound closure -  discussed earlier in the General Introduction), in the embryo of the 

fruit fly Drosophila melanogaster (Jasper et al., 2001). These authors identified many 

JNK responsive genes encoding both known and some novel cell adhesion molecules 

and cytoskeletal regulators in a SAGE comparison of embryos that were either 

genetically repressed or activated in the JNK signalling cascade. One important lesson 

from the Jasper et al analysis was the failure to identify several key JNK responsive 

genes, previously revealed by genetic studies. Almost certainly this was due to low 

expression levels of these genes, a general problem of gene expression profiling. Also, 

without further studies it is not possible using SAGE analysis to determine which gene 

inductions are directly due to JNK activation and which are downstream. One 

advantage of SAGE analysis is that virtually every mRNA expressed can be detected 

which is particularly practical for organisms with small genomes such as the fly genome 

but perhaps not so useful for higher organisms with a much larger genome size. SAGE 

analysis subsequently requires extensive bioinformatics, generally BLAST searches 

(http://www.ncbi.nlm.nih.gov/BLAST) to determine what genes the sequence tags 

making up the concatamers encode and many tags cannot be identified due to 

polymorphisms, sequencing errors or gaps in public sequence databases; for example, in 

the case of the Jasper et al study, 25% of tags were not identified. The quantity of 

sequencing involved in SAGE analysis and difficulties in reproducing protocols for 

concatamer formation have limited the use of this technique in studies of differential 

gene expression.
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DNA Microarrays

A major limitation of most of the techniques discussed is that only a small number of 

genes can be analysed at one time, but the study of gene expression has been 

revolutionised in recent times by the development of DNA microarrays (Schena et al., 

1995; Southern, 1975) that offer unprecedented large-scale throughput with the parallel 

probing of thousands of transcripts. Microarrays consist of a matrix of thousands of 

different DNAs (PCR products or oligonucleotides) representing known genes and 

cDNA expressed sequence tags (ESTs) spotted on to, or synthesised on, a solid support 

such as a glass slide. Technologies developed for constructing computer chips, allow 

thousands of genes to be spotted on a single slide. Hybridisation intensities for each 

DNA sequence on the array give a quantitative read-out of relative gene expression 

levels and can generate vast amounts of gene expression data simultaneously in a single 

hybridisation assay. Thus the technology provides a systematic and comprehensive 

way to study RNA and DNA variation in different situations. Over the past few years 

there has been a surge in interest in microarrays and the technology has been harnessed 

in a wider range of applications including gene expression profiling, comparative 

genomics and genotyping (Brown and Botstein, 1999; Hacia, 1999; Shoemaker et al., 

1996; Wang et al., 1998). Even more widespread applications of the technology are 

anticipated. For example, expression analysis may facilitate the measurement of RNA 

levels for the complete set of transcripts of an organism. For DNA genotyping, an 

expansion to whole genome association studies determining genetic contribution to 

complex disorders is possible, and in mutation screening of disease genes, systematic 

and comprehensive testing of disease susceptibility in whole populations may become a 

reality (reviewed in (Lander, 1999).

There are two types of array, oligonucleotide arrays and cDNA arrays (Figure 1.1). For 

cDNA arrays, total or mRNAs are isolated from a pair of samples to be compared, 

labelled with different fluorescent dyes (typically Cy3 and Cy5) and hybridised 

simultaneously to the glass slide. The array is then washed and scanned for 

fluorescence intensities. Comparison of the intensities of the two dyes provides relative 

expression levels of thousands of genes in a single experiment. Oligonucleotide arrays, 

named GeneChips® were developed by Affymetrix Inc. (Santa Clara, CA, USA) and 

contain oligonucleotides that correspond to large numbers of genes. For example, for
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the mouse there are three chips corresponding to 36,000 full-length mouse genes and 

ESTs, covering approximately the full mouse genome. Affymetrix Inc. manufacture 

chips for most of the model genomes including human, rat, fly, worm, yeast and even E. 

coli. The enormous advantage of the Affymetrix GeneChip® over cDNA arrays is that 

labelled mRNAs from different samples are hybridised to individual chips and the gene 

expression data from two or more samples can be compared using computer software to 

give a differential gene expression profiles. This allows one sample to be compared to 

more than one other, or compared to another at a later date.
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Figure 1.4 Comparison of oligonucleotide and cDNA arrays

Diagram of the manufacture and assay of expression for oligonucleotide and cDNA arrays, (a) 
cDNA arrays are made by printing amplified genomic cDNAs onto glass slides. Each spot 
corresponds to a contiguous gene fragment of several hundred bases. Oligonucleotide arrays 
are made by light-directed combinatorial chemical synthesis of thousands of highly ordered 
oligomer probes onto the glass chip. Each gene is represented by 15-20 different oligomer pairs 
(PM, perfect match and MM, mismatch), (b) For cDNA arrays, mRNAs from a sample of 
interest ( I )  and a reference (2) are labelled with different fluorophores, typically Cy3 and Cy5, 
hybridised to the slide and scanned to detect both fluorophores. X represents a gene with 
increased expression level in sample 1, Y, increased levels in sample 2 and Z represents no 
difference between samples I and 2. With oligonucleotide arrays such as the GeneChip®, RNA 
is labelled to produce biotinylated cRNA and hybridised to the array that is scanned with a 
fluorophore conjugated to avidin and detected by laser scanning. X represents paired 
oligonucleotides for a gene present at increased levels in sample I, Y, increased levels in sample 
2 and Z represents similar expression levels in samples I and 2. Diagram adapted from  
(Harrington et a i, 2000)
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Uses of microarray-based expression profiling

The power of this technology has already been applied to a wide range of physiological 

situations, for example, in cancer classification (Golub et al., 1999) (Alizadeh et al.,

2000), identification of human disease genes (Lawn et al., 1999) and in the analysis of 

global gene expression in single-celled organisms (Chu et al., 1998). It has also been 

applied with particular success to analyse the dynamic gene expression profile during 

the development of Drosophila melanogaster (White et al., 1999). This particular study 

systematically identified the genetic profile of Drosophila metamorphosis, a complex 

and dramatic process involving cellular proliferation, tissue remodelling, cell migration 

and programmed cell death in a developmental process coordinating the action of 

hundreds of genes. Using a cDNA array containing 4500 Drosophila genes and by 

interpreting the data by grouping genes according to the similarity of their expression 

profiles (a method that will be discussed further in Chapter 4), they were able to assign 

many differentially expressed genes to developmental pathways, as well as pathways 

not previously associated with, metamorphosis. This approach demonstrates the ability 

of microarray technology to study complex biological processes in multicellular 

organisms. Indeed, many of the gene cascades identified in this study may be re

activated at the wound site. As discussed in the General Introduction, morphogenetic 

tissue movements in simple organisms such as dorsal closure in Drosophila appear to 

be analogous to the tissue movements of wound closure with both movements 

dependant on JNK signalling and using similar actin machineries (Ramet et al., 2002) 

(Wood et al., 2002).

Conversely, Iyer et al (1999) used DNA microarrays to identify the gene expression 

profile of cell populations in tissue culture. They used a cDNA array containing 8600 

human genes and identified 517 that were differentially expressed when fibroblasts 

were exposed to serum, a physiological response model in the study of growth control 

and cell cycle progression. This provided the first detailed picture of gene expression 

induced by a growth factor stimulus, much as occurs in vivo at the site of tissue damage. 

As such, this study was promoted as revealing the transcriptional response to wounding 

and indeed, many of the gene profiles in their study are recapitulated in my own study.

Perhaps the most pertinent published microarray study to the in vivo wound healing

51



situation is the investigation of the genetic profile of murine pulmonary fibrosis, a 

condition triggered by a chronic inflammatory response (Kaminski et al., 2000). 

Inflammation was induced in the lung by administration of bleomycin and the genetic 

response to this treatment was compared to Integrin P6 null mice in which inflammation 

was similarly induced but fibrosis did not develop. Differentially expressed genes were 

grouped, as in the White et al (1999) study, according to similarities in their expression 

profiles leading to clustering of groups of genes involved in the development of 

inflammation such as complement components and chemokines. In this study some 

genes already associated with tissue repair and/or fibrosis such as Osteopontin (Pawar et 

al., 1995), Heme Oxygenase (HO) (Hanselmann et al., 2001), and the C-C chemokine 

CIO (Kaesler et al., 2002) were shown to be upregulated with the onset of inflammation 

and subsequent fibrosis but several novel players were also revealed including the actin 

bundling protein, fascin (Holthuis et a l, 1994).

In this thesis, I have taken advantage of the P U .l null mouse that is genetically 

incapable of raising an inflammatory response but can fully repair wounds and this 

repair appears to result in much reduced levels of scarring. I have confirmed the 

complete lack of macrophage recruitment, a key inflammatory cell that had previously 

been considered essential for tissue repair to the P U .l null wound site and have 

investigated the growth factor and cytokine profile at the wound site in the absence of 

their release by macrophages. In combination with the power of microarray technology, 

I have used the PU.l null mouse and its wild type littermate to identify genes whose 

expression is independent of the inflammatory response and that correlate with key 

physiological episodes during the repair process, in order to genetically dissect those 

key cellular events that are pivotal for tissue repair. Conversely, by comparison of 

genes differentially expressed between the PU.l null and wild type, coincident with the 

onset of the wound-induced inflammatory response, I have identified several groups of 

genes that may control the wound inflammatory and fibrotic responses. In the last 

experimental chapter, I have carried out preliminary studies of wound gene function 

using a recently established laser wound assay in the genetically tractable fruitfly. 

Drosophila melanogaster.

52



Chapter 2 

Materials and Methods
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2.1 Solutions

Phosphate buffered 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HP0 4  1.4 mM KH2PO4. 
saline (PBS) Adjust pH to 7.4

DEPC water 1ml of diethyl pyrocarbonate (DEPC) per 500ml of water. Shake 
and leave overnight before autoclaving.

DNA loading buffer 0.25% w/v bromophenol blue, 0.25% w/v xylene cyanol, 30%
w/v glycerol in ddH20.

RNA loading buffer 200pl 2.5% bromophenol blue, 200pl 2.5% xylene cyanol, 400pl
0.5M EDTA in 9.2ml deionised formamide. Aliquot and store at 
-20°C.

Lysis buffer

Proteinase K 

Ampicillin 

Luria Broth (LB)

LB plates with 
Amp/IPTG/X-Gal

SOC medium

lOOmM Tris-HCl (pH 8.5), 5mM EDTA, 0.2% SDS, 200mM 
NaCl in ddH20. Autoclave.

20mg/ml in ddH2 0 , stored at -20°C.

lOOmg/ml in water, filter-sterilise and store at 4°C.

lOg bacto-tryptone, 5g bacto-yeast extract, lOg NaCl in 950ml of 
ddH2 0 . Stir until the solutes have dissolved. Adjust pH to 7.0 
with 5M NaOH. Adjust volume to 11 with ddH2Ü. Sterilise by 
autoclaving. Antibiotics were added once the broth had cooled.

Prepare LB media as above, before autoclaving add 15g/l of 
bacto agar. Add ampicillin to a final concentration of lOOpg/ml 
once the agar has cooled to <50°C. Supplement with 0.5mM 
IPTG and 80p,g/ml X-Gal and pour 30-35ml of medium into 
85mm petri dishes. Store at 4°C.

2g bacto-tryptone, 0.5g bacto-yeast extract, 1ml of IM NaCl and 
0.25ml of IM KCl in 97ml of ddH2 0 . Stir until the solutes have 
dissolved and autoclave. Add 1ml of 2M Mg^  ̂stock and 1ml of 
2M glucose (filter-sterilised). Add ddP^O to a final volume of 
1 0 0ml and filter-sterilise.

Half strength 
Karnovsky fixative

Ig PEA in 25ml ddH2 0 . Stir on hotplate until almost dissolved 
then add 50pl IM KOH. Cool and then add 18ml 0.2M Sodium 
cacodylate pH7.4 and 5ml 25% glutaraldehyde.
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2.2 Mouse Methods

Mouse phenotyping

Mice were phenotyped by the absence of neutrophil staining {PU.l null) using Wright 

Giemsa Stain Set (Sigma, Dorset UK) on tail blood smears before undergoing 

genotyping.

Extraction of genomic DNA for mouse PCR genotyping

A small piece of tail was added to 500p,l of lysis buffer plus lp,l proteinase K at 

20mg/ml in an eppendorf tube. Lysis was carried out overnight, at 55°C in a rocking 

heat block. Following lysis, 750pl of isopropanol was added and the sample inverted 

until precipitation was complete. The samples were centrifuged in a bench-top 

microfuge at 13,000 rpm for 10 minutes. The pellet was washed with 70% ethanol and 

DNA re-suspended in 50(xl ddHjO overnight at 37°C.

PCR genotyping

PCR primers were synthesised by Genosys Biotechnology (Cambridge, UK), sequences 

as follows;
PUKO 5’ GCCCCGGATGTGCTTCCCTTATCAAAC 3’
920 5 ’ TGCCTCGGCCCTGGGAATGTC 3 ’
NEO 5 ’ CGCACGGGTGTTGGGTCGTTTGTTCGG 3 ’

PCR reactions were performed in 20p,l volumes and contained 2p.l lOX buffer 

(Promega, Southampton, UK), 2.5p,l IpiM PUKO primer, 1.25p,l 2/<M 920 primer, 

1.25|xl 2}iM NEO primer, 0.4p,l lOmM dNTPs, 0.5U of Taq polymerase (Promega, 

Southampton, UK), and 10% final volume DMSO. Genomic DNA was added to a final 

concentration of 10ng/p.l. Stock solutions were stored at -20°C. PCR reactions 

containing water instead of DNA, a 'water blank', were also performed to act as negative 

controls. PCR was carried out 0.2ml tubes (Sigma, Dorset, UK) with an oil overlay 

using DNA thermal cycler 480 (Perkin Elmer, UK). Amplification conditions were hot 

start at 94°C, followed by 40 cycles, consisting of dénaturation at 94°C for 30 seconds, 

annealing at 63°C for 2 minutes, extension at 72°C for 3 minutes and final extension at 

72°C for 7 minutes. Samples were separated by gel electrophoresis and interpreted as 

follows; PUKO -f- 920: 1170 bp band for normal PU .l allele, PUKO + 920: 2370 bp
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band for PU .l null allele PUKO +neo: 980 bp band for null PU .l allele, no band for 

normal PU.l allele.

Wounding for microarray analysis and RNase protection assay

PU.l null mice and heterozygotes/wild type sibs at 2 days of age were marked with 1cm 

X 1.5cm area on the back skin and a grid of 10 by 8 incisional wounds made. After each 

time-point (0 hours, SOminutes, Shours, 12hours, 24hours for microarray analysis and 0 

hours, 24 hours, 48 hours, 72 hours for RNase protection assays), mice were culled by 

cervical dislocation and skin was removed quickly to avoid RNA degradation, placed in 

sterile RNase-free tubes and immediately placed into liquid nitrogen. For long-term 

storage, samples were kept at -70°C.

Wounding for cryostat sections for in situ hybridisation and resin histology

Three horizontal incisional wounds were made to a marked area of 1cm x 1.5cm on 2 

day neonatal mouse back skin for both the PU.l null and heterozygotes/wild type. For 

in situ hybridisation studies, after each time-point (SOmins, Shours, 12hours, 24hours) 

the mice were perfused with 4% PFA in PBS and then harvested and fixed overnight @ 

4°C. The tissue was rinsed in PBS and then cryoprotected in 10%, 15% and 20% 

sucrose in PBS for several hours, embedded in OCT compound (Agar Scientific UK), 

sectioned at 14pM and stored at -70°C. For resin histology, the tissue was perfused 

with half strength Karnovsky’s fixative and fixed overnight at 4°C. The tissue was 

rinsed in O.IM sodium cacodylate buffer and post fixed in 1% osmium tetroxide before 

being dehydrated and embedded in Araldite resin. Sections were cut at 5p.M and 

stained with Toluidine Blue.

F4/80 immunohistochemistry

Frozen tissue sections were washed in PBS for 2 x 2 minutes, endogenous peroxidase 

activity quenched with H2O2 and sections re-washed in PBS for 2 x 2 minutes before 

blocking with rabbit serum at 1 in 100 concentration for 30 minutes. Sections were 

rinsed in PBS for 3 x 1 0  minutes and incubated with F4/80 rat anti-mouse monoclonal 

antibody (Austyn and Gordon, 1981) at 8.5mg/ml overnight at 4°. Following 

incubation, sections were rinsed in PBS for 3 x 10 minutes and bound antibody was
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detected using a biotinylated secondary anti-rat IgG and avidin-biotin-complex (ABC- 

Vector Laboratories, Peterborough, UK). Staining was viewed and photographed using 

a Leitz Diaplan microscope and a Nikon coolpix 990 digital camera.

RNA extraction

RNA for microarray analysis and RNase protection assays was extracted using the 

RNAzol™ B reagent (BioGenesis, Poole, UK). Skin samples were homogenised in 2ml 

RNAzol™ B using a glass Teflon homogeniser and transferred to an RNase-free tube. 

0.1 volumes of chloroform was added and samples shaken vigorously. After incubation 

on ice for 5 minutes, the suspension was centrifuged at 12,000g for 15 minutes at 4°C. 

The aqueous layer was transferred to a fresh tube, 1 volume of isopropanol was added 

and the sample incubated at 4°C for 15 minutes. The sample was centrifuged at 

12,000g for 15 minutes at 4°C and the supernatant removed. The RNA pellet was 

washed once with 75% ethanol and resuspended in DEPC HjO. RNA samples were 

secondarily purified using the RNeasy Mini Kit (Qiagen, Crawley, UK) and RNA was 

subsequently stored until use in 2.5 x volume of 100% ethanol and 1/10 volume of 

sodium acetate (pH 5.2) at -70°.

RNA yield and purity was determined through absorption at 260nm and 280nm. An 

appropriate dilution of the RNA was made and the OD at 260nm and 280nm UV was 

read using a Camspec M330. An OD unit of 1.0 indicated a concentration of 40p,g/ml 

of single-stranded RNA. The 260nm/280nm ratio was expected to be in the range of 1.7 

to 2.0.

When required, aliquots containing the appropriate quantity of RNA in ethanol/sodium 

acetate as determined by OD measurement was centrifuged in a bench-top microfuge at 

maximum speed for 20 minutes. The supernatant was removed, and the pellet washed 

with 70% ethanol. Following vortexing, centrifugation and removal of the supernatant, 

the pellet was air-dried at room temperature. Pellets were resuspended in DEPC HjO.

RNase protection assay

Wounds were made and RNA extracted as described. RNA antisense probes from DNA 

plasmids containing IL6 and TGF(31 gene sequences were synthesised using T3 or T7
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polymerase and f^P]rUTP (800Ci/nmp, Amersham; 1 Ci= 37 Gbq). Samples of 50p,g 

of total RNA were hybridised at 42°C overnight with lOOOOOcpm of labelled probe. 

Hybrids were then digested for 40 minutes at 30°C with RNase A and RNaseTl. 

Protected fragments were separated on 5% poly aery lamide/8M urea gels and analysed 

by autoradiography. The increase in mRNA levels was quantified using ImageQuant 

(Molecular Dynamics). RNAs were hybridised with a probe for a housekeeping gene 

GAPDH as a control of sample concentration.

Double stranded cDNA synthesis and purification for Affymetrix GeneChip® 

studies

lOpg of total RNA was incubated at 70°C for 10 minutes with lOOpmol T7-polyT 

primer and Poly A"̂  controls. After incubation and quenching on ice, first strand 

synthesis was carried out in a 20p1 reaction volume with 1 x First strand buffer, O.IM 

DTT, lOmM dNTPs and 400U Superscript II reverse transcriptase (Invitrogen, Paisley, 

UK). Samples were incubated at 42°C for 1 hour and quenched on ice before 

proceeding to second strand synthesis. Second strand cDNA synthesis was performed 

on each sample with 1 x Second strand buffer, lOmM dNTPs, lOU DNA ligase, 40U 

DNA Polymerase I and 2U RNaseH (Invitrogen, Groningen, The Netherlands) to a final 

volume of 150pl. Samples were incubated at 16°C for 2 hours. The double stranded 

cDNA was purified using Phase-Lock Gel™ tubes according to manufacturer's 

instructions (Eppendorf, Cambridge, UK).

cRNA synthesis and purification

cRNA was generated to allow the incorporation of biotin-labelled nucleotides for 

detection of microarray hybridisation. In vitro transcription was performed on double 

stranded cDNA preparations using the Bioarray High Yield RNA Transcript Labelling 

Kit (Enzo Diagnostics Inc., New York, USA) that contains biotin-labelled nucleotides. 

Samples were incubated at 37°C for 5 hours, with gentle agitation at hourly intervals. 

cRNA samples were purified using the RNeasy Mini Kit (Qiagen Ltd, Crawley, UK) 

according to the manufacturer's instructions.
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cRNA yield and quality was determined through absorption at 260nm UV and 

visualisation on a 1% agarose gel. An appropriate dilution of the cRNA was made and 

the OD at 260nm and 280nm UV measured. An OD unit of 1.0 indicated a 

concentration of 40pig/ml of cRNA. cRNA yields were expected to be in the range of 

40 to 1 lOpg. The 260nm/280nm ratio was expected to be in the range of 1.9 to 2.0.

Hybridisation of cRNA to Affymetrix GeneChips®

Biotin-labelled cRNA samples were fragmented in fragmentation buffer (200mM Tris- 

acetate pH8.1, 500mM KO Ac. 150mM MgOAc) at 94°C for 35 minutes before 5pg of 

cRNA in h y b rid isa tio n  b u ffer (lOOmM M E, IM  Na-k/20mM 

EDTA/0.01 %Tween20/0.1 mg/ml herring sperm DNA/0.5mg/ml acetylated BSA plus 

50pM control oligonucleotide and eukaryotic hybridisation controls) was hybridised to 

a test chip to assess sample quality before being applied to the GeneChip®. If the 

samples met the quality criteria, 15pg cRNA in hybridisation buffer was hybridised to 

Affymetrix MGU74A arrays at 45°C for 16hrs. Arrays were washed using Affymetrix 

protocols in non-stringent buffer (6X SSPE/0.01%Tween20/0.005%antifoam) at 25°C 

and stringent wash buffer (lOOmM MES/O.IM Na-h/0.01 %Tween20) at 50°C and 

stained with streptavidin-phycoerythrin (10/<g/ml) including an antibody amplification 

step. Briefly, the streptavidin-phycoerythrin binds to the biotinylated cRNA and is 

subsequently bound by the goat anti-streptavidin antibody that is biotinylated. The 

addition of a second dose of streptavidin-phycoerythrin amplifies the hybridisation 

signal. Arrays were then scanned using a laser confocal scanner to generate 

fluorescence intensities.

Data analysis

The data were analysed using Microarray Analysis Suite version 4.0 (Affymetrix). The 

data were scaled to a target intensity of 300. This software gives present, marginal or 

absent calls for each gene or EST and generates values for the average difference in 

signal between perfect match and mismatch probes. All genes were subjected to a filter 

to identify genes with at least one present call across the 8 time-points and with one or 

more occasions where there was a greater than 2X change in expression level between 

time-points or between wild type and PU.l null. Remaining genes were sorted into K- 

means clusters using Spotfire Array Explorer 3.0 software. This produced nine clusters,
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seven of which appeared to correlate with physiological significant events in repair. 

Heat maps for each cluster were produced using Spotfire Array Explorer 3.0 software 

also.

Characterisation of differentially expressed genes was carried out by BLAST searches 

(http://www.ncbi.nlm.nih.gov/BLAST), by reference to the UniGene database 

(http://www.ncbi.nlm.nih.gov/UniGene) and the Human Genome Mapping Project 

(http://www.ensembl.org/).

Cloning of PCR products for in situ hybridisation probes

PCR primers for M KPl, MRP8 and MRP 14 were synthesised by Genosys 

Biotechnology (Cambridge, UK), sequences as follows;

MKPl 5’ GCTGTGCAGCAAACAGTCCA 3’ 3’ AGGCAGAAACCACCGACCT 5’ 

MRP8 5’ TGCCGTCTGAACTGGAGAAG 3’ 3’ CTACTCCTTGTGGCTGTCT 5’ 

MRP14 5’ AGCACCTTCTCAGATGGAGC 3’ 3’ CCCTTTAGACTTGGTTGGGC 5’

PCR reactions were performed in 10pi volumes and contained a final concentration of 1 

X reaction buffer, 0.2mM dNTPs, IpM of each oligonucleotide primer, 1.5mM MgClj 

and 0.5U of Taq polymerase (Bioline, London, UK). Genomic DNA was added to a 

final concentration of lOng/pl. PCR reactions containing water instead of DNA, a 

'water blank', were also performed to act as negative controls. PCR was carried out in 

0.2ml tubes (Sigma, Dorset, UK) with an oil overlay using DNA thermal cycler 480 

(Perkin Elmer UK). Amplification conditions were 35 cycles consisting of dénaturation 

at 94°C for 30 seconds, annealing at 58°C for 45 seconds, extension at 72°C for 1 

minute and final extension at 72°C for 8 minutes.

PCR products were cloned using the TOPO TA Cloning® system (Invitrogen, Paisley, 

UK) with blue/white screening for the identification of recombinants. Ligation 

reactions were set up with 4pl of PCR product, Ipl of salt solution and 1 pi TOPO® 

vector and incubated for 5 minutes at room temperature. After ligation, 2pl of the 

ligation reaction was added to a sterile 1.5ml tube (on ice) containing TOPE' One Shot® 

E.coli cells and incubated on ice for 20 minutes. The cells were heat-shocked at 42°C 

for 30 seconds and returned to ice for 2 minutes. 250pl SOC medium was added to the
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transformed cells and incubated for 1 hour, with shaking, at 37°C. After incubation 

50pil of the transformation culture was plated onto LB/ampicillin/IPTG/X-Gal plates 

and incubated overnight at 37°C. Single white colonies were picked for DNA 

extraction.

Growing up bacterial cells containing ESTs for plasmid DNA extraction

ESTs were obtained from MRC Geneservice (Babraham, UK) and plated onto 

LB/ampicillin plates and incubated overnight at 37°C. Single white colonies were 

picked for DNA extraction.

Extraction of recombinant plasmid DNA for in situ hybridisation probes

A starter culture was set up by inoculating 5ml of LB medium/ampicillin with a single 

colony of transformed bacterial cells isolated on an LB agar plate from PCR cloning or 

EST stocks. The starter culture was incubated overnight at 37°C, with shaking. Cells 

were harvested by centrifugation at 13,000 rpm for 5 minutes in a desktop centrifuge. 

The cloned DNA was extracted using the Promega Wizard Plus SV Minipreps DNA 

Purification System (Promega, Southampton, UK) with the centrifugation protocol. 

Essentially, the cells were resuspended by vortexing in cell resuspension buffer, lysed in 

cell lysis solution for 5 minutes and alkaline protease for a further 5 minutes, and the 

DNA isolated from the supernatant using spin columns. The DNA was eluted in lOOpl 

of sterile water and stored at -20°C.

RNA probe preparation for in situ hybridisation

3p.g of plasmid DNA was linearised with the appropriate restriction enzyme (DNA 

source and enzymes described below) for 2 hours at 37 °C and cleaned up by 

phenol/chloroform precipitation. All RNA probes were prepared using Roche 

Molecular Biochemicals (East Sussex, UK). The reaction mix (3 pg of linearised 

template DNA; Ix NTP/DIG labelling mix; Ix transcription buffer; RNAse inhibitor; 40 

units of the appropriate RNA polymerase in 20 p,l final volume) was incubated for 2 

hours at 37 °C. Template DNA was degraded by incubating the reaction mix with 1 unit 

of DNasel for 15 minutes at 37 °C. The newly synthesised RNA was precipitated with
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2.5 \û 4M LiCl and 75 ethanol at -20 °C. The RNA was recovered by centrifugation 

at 4°C and at 13 000 rpm for 20 minutes and washed with 70% ethanol made with 

DEPC water, before being air dried and re-suspended in 50 p-1 DEPC water/50 pi 

formamide and stored at -70°C.

DNA Source Restriction enzyme RNA polyn

Cfms (Kacinski et al., 1991) BamHI SP6
Krox 24 (Sukhatme et al., 1988) EcoRI T7
MKPl PCR cloned Spel T7
Fosll EST AI225491 Xhol T3
AI853531 EST EcoRI T7
Map4k4 EST AA260451 Xhol T3
Rbpl ESTBI412436 Xhol T3
CRABP2 EST AI226353 Xhol T3
K6 (Paladini et al., 1996) BamHI T7
MRP8 PCR cloned StuI T7
Haptoglobin EST BI411061 Xhol T3
MMP13 EST AA822936 Xhol T3
Notchl ESTBI557031 EcoRI T7
Ephrin B1 ESTBG173821 EcoRI T7
L-plastin EST BF538765 EcoRI T7
Schlafen2 EST AA709795 Xbal T3
Mr cl EST BE198278 Xbal T3
C3 EST BI554465 EcoRI T7
Onzin EST AA981866 Xbal T3
MRP14 PCR cloned EcoRV T7
Sppl EST AI325482 Xhol T3
CCrl ESTBI685810 EcoRV T7
CXCLIO ESTAA154446 Xhol T3
Cathepsin S ESTBC002125 PstI SP6
Repetin EST AA762506 Xbal T7
AI153421 EST Xhol T7
Agtr2 EST BU518263 EcoRI T7
McptS EST AA060135 Xhol T3
Cpa3 EST CB056627 Xhol T3
Mcpt9 EST BE623311 Xhol T3
CCL2 EST BE686563 Xhol T3
CCL7 EST AA711435 Xhol T3

In situ hybridisation

Frozen tissue sections were placed in 4% PFA in PBS for 5 minutes, washed in 3 x PBS 
for 5 minutes then in 1 x PBS for 5 minutes, then rinsed in DEPC H2O. Sections were 

treated with proteinase K (Ipg/ml in lOOmM Tris-HC pH8 and 50mM EDTA) for 20
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minutes, re-fixed in 4% PFA for 5 minutes and PBS washes and DEPC H2O rinse 

repeated. Slides were then placed in freshly prepared acétylation solution (O.IM 

triethanolamine and 250|il/ml acetic anhydride in DEPC HjO) for 10 minutes. After two 

washes in DEPC H2O, slides were placed in 3X SSC/50% formamide and then 

hybridised with 1 mg/ml digoxigenin (DIG)/UTP-labeled riboprobe overnight at 55°C 

in hybridization solution (50% formamide, 2X Denhardt’s solution, 5XSSC, 10 mM 

EDTA, 10% dextran sulphate, 250 /^g/ml yeast tRNA and 500 //g/ml salmon sperm 

DNA). After hybridisation, washes were carried out in 2X SSC /50%formamide/lmM 

EDTA at 55°C for 30 minutes and 2X SSC at 55°C for 30 minutes. Sections were then 

RNase treated in 2X SSC/lmM EDTA/10//g/ml RNase A and lU/ml RNase T1 (Sigma, 

Poole, UK) for 30 minutes at room temperature. Slides were transferred to MAE buffer 

and blocked with 2X blocking reagent (Roche, East Sussex, UK) in MAE for 1 hour at 

room temperature before bound probe was detected using an anti-DIG alkaline 

phosphatase-conjugated antibody and visualised with NET/ECIP (Roche, East Sussex, 

UK). Sections were thoroughly washed with PES/20mM EDTA and mounted under a 

coverslip using 50% glycerol in PES before being viewed and photographed using a 

Leitz Diaplan microscope with either a Leica MPS 48 attached camera system and 

Kodak Ektachrome 64T film or a Nikon coolpix 990 digital camera.

2.3 Fly methods

Fly maintenance

Adult flies used in experiments were bred in plastic vials (Sarstedt) or bottles and kept 

at 25°C and 60% relative humidity. CO2 diffuser pads were used to anaesthetise flies 

for virgin collection and for examination of phenotypes. Embryos for wounding were 

collected from egg laying plates, made with apple Juice and agar (see below), placed in 

egg laying cages.

Preparation of fly food and apple juice agar plates

For 2 litres of fly food; 160g of baker’s dried yeast, lOOg of commeal, 140g of sucrose, 

ISg of agar and lOg of flour were mixed with 2 litres of water, heated and stirred for 10 

minutes without boiling. Lumps were removed and food left to cool at room
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temperature for 5 minutes, after which 40ml of a 20% solution of Nipagin in Ethanol 

and 16ml of proprionic acid were added. After thorough mixing the food was dispensed 

(approximately 10ml per vial and 60ml per bottle) dried and stored at 4 °C.

For apple juice plates, for 1000ml of apple juice suspension, 20g of agar was mixed 

with 500ml of distilled water in a conical flask. The suspension was heated in a 

standard microwave at maximum power for approximately 3 minutes until boiling. The 

suspension was then swirled and heated for about 1 minute until completely dissolved, 

and let to stand until bubbles cleared. In a different conical flask 12g of sucrose was 

mixed with 250ml of distilled water and microwaved until the sucrose dissolved and 

then mixed with 250ml of apple juice. When the agar suspension and the sucrose 

solution had cooled to approximately 60°C they were mixed together, and 2g of Nipagin 

dissolved in 10ml of 95% ethanol was added. After swirling, the suspension was 

poured into small petri dishes, left until cool and stored at 4°C Before use, the plates 

were supplemented with a smear of yeast paste (dry baker’s yeast mixed with water 

until of medium consistency).

The GAL4-UAS system

The GAL4-UAS misexpression system allows the ectopic expression of a gene of 

interest in a wide variety of tissue patterns or subset of cells (Brand and Perrimon, 

1993) (see Figure 2.1). Two different Drosophila transgenic lines are used: one 

containing the gene of interest under the control of Upstream Activating Sequences 

(UAS) that are binding sites for the yeast transcriptional activator GAL4; the other 

containing the gene encoding GAL4 under the control of a genomic promoter or 

enhancer elements regulating a specific spatial and temporal pattern of gene activity. 

Crossing these two lines to generate flies carrying both constructs results in the gene of 

interest being expressed only in the cells in which GAL4 is activated.
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Figure 2.1 The GAL4-UAS system
A female GAL4 enhancer trap line is crossed to a male carrying a transgene consisting o f the 
gene of interest cloned downstream of UAS prom oter elements. The progeny o f this cross 
express the GAL4 transcription factor that binds to UAS elements and drives ectopic expression 
of the transgene. Here GAL4 is driven by an epithelial specific enhancer driving the expression 
of a GFP fusion protein (such as GFP-actin) under the control of the UAS promoter, such that 
all embryos from this cross will express GFP-actin in all epithelial cells. (D iag ram  ad ap ted  
from  (Brand and Perrimon, 1993)).

In this thesis, the GAL4-UAS system was used to drive expression of GFP-actin and the 

dominant negative version of the eph receptor. ; UAS-GFP-actin (Verkhusha et al., 

1999) was crossed to y w"^ en-GAL-4 (Brand and Perrimon, 1993) to express GFP-actin 

in stripes. Co-expression of eph receptor dominant negatives and GFP-actin was 

achieved by crossing y,w; UAS-eph^^ (Dearborn et al., 2002) flies to a stock carrying 

both en-Gal-4 and UAS-GFP-actin on a recombined chromosome.

Collecting developmentally synchronous embryos

Adult Drosophila were transferred from a stock bottle to an egg-laying cage, that 

consists of a 60mm petri-dish base filled with apple juice agar and supplemented with a 

smear of yeast paste. Laying cages were kept at 25°C and 60% relative humidity and 

egg lays were collected 3 times daily. The time of laying roughly corresponds to the 

time of fertilisation. Laying cages were then transferred to 18°C to slow down 

embryonic development and incubated for 20 hours for the embryos to reach the correct 

developmental stage (stage 15).
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A soft-bristled paintbrush was used to collect embryos from the surface of the agar. 

Embryos were dechorionated by washing in bleach for 1 minute and stage 15 embryos 

were transferred from the bleach and washed in distilled water before being placed in a 

drop of lOS Voltalef oil on a petri-dish membrane, orientated with their ventral surface 

uppermost and covered with a glass coverslip.

Wounding and imaging of embryos

Embryos were subjected to laser ablation from a nitrogen laser-pumped dye laser 

(model number VSL-337ND-S; Laser Science Inc, USA) connected to a Zeiss Axioplan 

2 microscope using the Micropoint system (Photonic Science, USA). After wounding, 

embryos were transferred to a laser scanning microscope for live imaging.

Live imaging of embryos expressing GFP-actin was carried out on a Leica TCS SP 

system. The specimens were excited with an Argon or a Krypton laser with filters that 

provide peaks of excitation at 488nm and 568 nm respectively. The emitted 

fluorescence was detected using emission filters for green (504-538 nm) or red (589- 

621 nm) regions of the spectrum. Images were compiled from four optical sections 

(each averaged two times) and collected every minute. The timelapse series were 

assembled and analysed using NIH Image! software.
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3

The PU.l Null Mouse Heals 
Wounds in the Absence of an 

Inflammatory Response
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3.1 Introduction

The repair of an adult skin wound is a complex process involving the combined efforts 

of different tissues and cell lineages to coordinate the phases of proliferation, migration, 

matrix synthesis and contraction that are required to close the gap and to replace the 

missing tissue. Tissue damage results in the initiation of an inflammatory response and 

an influx of leukocytes to the wound site. In addition to clearing the wound site of 

invading microorganisms and cell and matrix debris, these inflammatory cells release a 

range of wound growth factor signals and as such have been considered to be crucial 

coordinators of some of the cell and tissue movements of wound healing. Indeed, 

studies in the 1970s showed that crude depletion of macrophages prior to wounding of 

adult guinea pig skin severely impairs the repair process. A more precise genetic test of 

the role of inflammatory cells in tissue repair is now possible because of the availability 

of the PU.l null mouse that is null for the PU.l ets family transcription factor expressed 

exclusively in cells of the haematopoetic lineage, and as such is genetically incapable of 

raising an inflammatory response because it lacks macrophages and functioning 

neutrophils (McKercher et al., 1996). These mice are naturally vulnerable to infection 

but can be maintained for up to 2 months of age if treated with a strict regime of 

antibiotics.

Despite the lack of an inflammatory response, the PU.l null mouse is able to repair skin 

wounds (Martin et al., 2003). Incisional wounds on the neonatal forepaw that are 

normally re-epithelialised by 3 days and lose their scab on the fourth day, heal with a 

similar time-course in the PU. 1 null mice that cannot raise an inflammatory response. 

In fact, the healed epidermis appears more mature at 3 days than in sibling wild type 

wounds. Additionally, excisional wounds, which trigger a greater degree of connective 

tissue contraction than simple incisional wounds, also heal with a similar time-course to 

their wild type counterparts. Thus, at least in neonates, wound healing in the PU.l null 

mouse occurs as effectively as in the wild type, demonstrating that the inflammatory 

response is not required for tissue repair. Antibody staining against (%-smooth muscle 

actin reveals the presence of myofibroblasts - specialist smooth muscle-like contractile 

fibroblasts - in similar numbers and distribution in both the wild type and PU .l null 

wound tissue. Interestingly, PU.l null wounds appear to heal in a scar-free manner just 

as is seen in the embryo where there is also a lack of inflammatory response (discussed
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in the General Introduction). Whilst resin histology shows dense connective tissue at 

the wild type wound site 7-10 days post wounding, this appears not to be the case in the 

PU.l null wound; rather, wound connective tissue looks similar to adjacent unwounded 

tissue (Martin et al., 2003). In this initial study of tissue repair in the PU.l null mouse, 

angiogenesis at the wound site was significantly enhanced by comparison with wild 

type, with a 30% increase in blood vessel number and increased lumen diameter 

revealed at 4 days post wounding. Whilst the vascular response appeared altered, the 

nervous response to wounding surprisingly seemed not to change. Wound 

hyperinnervation, whereby cutaneous nerves sprout and branch into the wound site 

dermis, appears similar in the wild type and P U .l null mice (Martin et al., 2003). 

Hyperinnervation was previously considered a response to inflammatory signals at the 

wound site (Reynolds and Fitzgerald, 1995), but the new PU.l data suggest that either 

nerve branching cues are not supplied by inflammatory cells or that these signals are 

somehow compensated for in PU.l null mouse.

Clearly, one of the functions of macrophages at a wound site is to clear away cell and 

matrix debris. Indeed, in the earlier studies where macrophages were depleted, a 

significant excess of cell debris was apparent (Liebovich and Ross, 1975). However, 

there is evidence that the PU .l null mouse can compensate for the lack of professional 

phagocytes. In the embryo, massive numbers of cells die during the period when organs 

are being sculpted into the adult shapes. In the wild type situation, these apoptotic 

corpses have been shown to be rapidly phagocytosed by macrophages in the 

remodelling nervous system, kidney and developing limb bud (Camp and Martin, 1996; 

Hopkinson-Woolley et al., 1994; Raff, 1998). In the PU.l null mouse, as the footplate 

is sculpted, mesenchymal cells, appear able to act as “stand in” phagocytes and, 

although these cells are slower at recognising and engulfing apoptotic debris, they are 

present at such high numbers that sculpting of the developing toes occurs at only a 

slightly reduced rate by comparison to the wild type (Wood et al., 2000). It appears that 

a similar strategy is adopted in the wound situation. At early stages of wound repair, 

TUNEL staining of apoptotic corpses reveal significantly reduced levels of normal cell 

death in the PU.l null mice. This may be because neutrophils, also missing in the PU.l 

null mouse, comprise the majority of dying cells at the wild type wound. It may also be 

the case that there is a reduction in cell death due to the reduced presence of leukocytes 

that normally deliver cytotoxic free radical bursts at the wound site (Cathcart et al.,
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1985). In the absence of the chief phagocyte, the macrophage, cell and matrix debris is 

still cleared from the wound site. Transmission electron microscopy reveals that the 

P U .l null mouse compensates for the lack of macrophages by using “stand in” 

fibroblast phagocytes, just as it does in embryonic developmental programmed cell 

death. However, as in the embryo, these “amateur” phagocytes are less efficient and 

even though there are initially fewer apoptotic corpses at the PU.l null wound site, at 

later stages in the repair process, there are more than in an equivalent wild type wound, 

suggesting that fibroblasts are significantly slower at clearing dead cells than are 

macrophages.

The PU .l null mouse demonstrates that a wound does not require contribution from 

inflammatory cells in order to undergo repair as long as microbial infection is 

controlled. Moreover, the resulting wound site appears to be scar-free by contrast to the 

normal wild type situation. In this chapter I extend these initial studies of repair in the 

PU.l null mouse by further testing whether all potential sources of inflammatory cells 

are absent and by initial tests of cytokine and growth factor profiles at the PU.l null 

wound, prior to my microarray studies.
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3.2 Results

Incisional wounds heal with similarly rapid outcome in PU.l null and wild type 
sibling mice

Incisional wounds were made to the back skin of 2 day old neonatal mice derived from 

+ / -  X  +/- or -/- X +/- crosses. As previously described, PU .l null animals are able to 

heal wounds with a similar time-course to their wild type sibs suggesting that an 

inflammatory response is not essential for repair (Martin et al., 2003). 30 minutes post 

wounding, resin histology reveals no obvious difference in the formation of a scab to 

protect the exposed wound (Figure 3.1 A-B). At 3 and 12 hours, as the wound edges 

are migrating forward, there is no apparent difference between PU.l null and wild type 

wounds (Figure 3.1 C-F). At 24 hours post wounding, both PU .l null and wild type 

wounds have generally fully sealed along the seam where the two epidermal wound 

edges meet one another (Figure 3.1 G-H). An influx of inflammatory cells commences 

by about 12 hours post wounding and these cells are apparent in the wild type wound 

connective tissue from this stage on. Once the defect has repaired in the PU.l null skin, 

the connective tissue at the wound site is not distinguishable from that of adjacent 

unwounded skin.

Immunohistochemistry against the macrophage marker F4/80 reveals a lack of 

macrophages at the PU .l null wound site

Antibody staining against F4/80 reveals the presence of macrophages as they infiltrate 

into a wild type wound at 12 and 24 hours post wounding (Figure 3.1 I). F4/80 staining 

on frozen sections of equivalent wounds made to the PU .l null mouse confirms the 

complete absence of resident macrophages throughout the skin as well as a lack of 

macrophage infiltration to the wound site (Figure 3.1 J).

C-fms in situ hybridisation confirms the complete lack of macrophages at the PU.l 

null wound site

Whilst F4/80 is a pan marker for all monocyte/macrophage cells and reveals these 

lineages from early embryonic stages, there is some controversy over whether or not
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there might be another lineage source of macrophages. Indeed, a recent paper has 

showed evidence for a small number of C-fms positive cells in early stage PU .l null 

embryos (Lichanska et ah, 1999). For this reason, I performed in situ hybridisation 

against C-fms on frozen sections of wild type and PU.l null neonatal wounds. C-fms is 

highly expressed in the wound connective tissue of wild type wounds (Figure 3.2 A-B) 

but absent in the PU.l null wound (Figure 3.2 C-D) suggesting that if such a lineage of 

“non monocyte derived” macrophages does exist in the early embryo, it fails to persist 

to neonatal stages, or at least these “macrophages” are not recruited to the wound site.

Growth factors and cytokines are released by inflammatory cells at the wild type 

wound but are not upregulated at the PU.l null wound site

Clearly, the absence of inflammatory cell infiltration to PU.l null wounds is likely to 

alter the growth factor expression profile at the wound site. In collaboration with Dr 

Richard Grose, I performed pilot RNase protection assays to investigate this. We chose 

to test one pro-inflammatory cytokine, IL-6, known to be upregulated after wounding 

coincident with the onset of the inflammatory response and considered to be a crucial 

kick-start of the healing response via its mitogenic effect on kératinocytes as well as 

being a neutrophil chemoattractant (Grose et al., 2002b; Liechty et al., 2000; Sato et al., 

1999). In punch biopsy wounds to lL-6 null mice, granulation tissue formation was 

impaired and re-epithelialisation was dramatically retarded with wounds taking three 

times longer to heal than normal. In addition, excessive levels of IL-6 have also been 

implicated in post wound scarring, with IL-6 administration to normally “non-scarring” 

foetal wounds resulting in cutaneous scarring formation (Liechty et al., 2000). RNase 

protection studies confirm that lL-6 is expressed in neonatal wild type wounds (Figure 

3.3 A). IL-6 mRNA levels dramatically increase at 24 hours post wounding in the wild 

type coincident with the peak of the inflammatory response, whereas basal expression 

levels remain in the PU.l null wounds in the absence of an inflammatory response. We 

also examined TGF(31 mRNA levels since this growth factor is considered pivotal for 

various aspects of tissue repair. In the wild type, TGFpl is initially released by platelets 

and then expressed by kératinocytes, and at significant levels by macrophages also. Our 

data show TGFpl mRNA levels steadily increasing with time, coincident with the onset
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of inflammation at the wound site in the wild type wound, but levels remaining low in 

the PU.l null (Figure 3.3 B).
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Figure 3.1 Resin histology of wild type and PU.l null wounds and 
inununohistochemistry against the macrophage marker F4/80
Resin histology through wild type and PU.l null wounds at 30 minutes (A and B 
respectively), 3 hours (C and D), 12 hours (E and F) and 24 hours (G and H) post 
wounding. Inununohistochemistry against F4/80 reveals macrophages throughout the 
24 hour wild type frozen section (I) and clustered around the wound site (arrow). No 
macrophages are seen in the equivalent PU.l null wound (J). Scale bar equals 250pM 
for (A) - (H) and 400pM for (I) and (J).
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Figure 3.2 /w sï7m hybridisation with C-fnis
In situ hybridisation studies on 24 hour frozen wild type sections taken through the 
wound site reveal C-fins expressing macrophages; scale bars equal 250pm (A) and 
100pm (B). In situ hybridisation on an equivalent PU.l null wound reveals no C-fins 
expressing macrophages; scale bars equal 250pm (C) and 100pm (D).
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Figure 3.3 RNase protection assay
RNase protection assays reveal mRNA levels of lL-6 (A) and TGFpl (B) in the PU.l 
null versus wild type at 0 hours, 24 hours, 48 hours and 72 hours post wounding. 
GAPDH is used as an internal control. RNA quality revealed in (C).

C = control (wild type). P = PU.l null
Oh = unwounded control, 24h = 24 hour post wounding, 48h = 48 hours post wounding, 
72h = 72 hours post wounding.
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3.3 Discussion

In the adult, repair of a wound is usually complete within 2-3 weeks. The study of 

wound healing in the neonate, as compared to the adult, allows the compression of the 

events of tissue repair into a much briefer period. Incisional neonatal wounds are 

generally re-epithelialised within 24 hours as compared to several days for even the 

smallest adult incisional wound. However, the neonate still raises a robust 

inflammatory response just as in adult wounds, with the onset of inflammation arising at 

approximately 12 hours and the peak occurring at approximately 24 hours. The rapidly 

closing neonatal wound thus provides an ideal opportunity to investigate the 

transcriptional events that regulate the various tissue repair episodes from initial 

activation steps through to the genes controlling the events of re-epithelialisation and 

granulation tissue contraction, and finally those genes responsible for the “stopping” 

signals that occur when the tissue defect has been filled in. The compressed time- 

course means that a small number of close time-points will cover all stages of the repair 

response and also make it more likely that comparison of gene expression profiles 

between wild type and PU.l null wounds will be well synchronised, with a reduction in 

temporal noise.

At 24 hours, the peak of the inflammatory response in the neonatal wound, antibody 

staining against F4/80, confirms the complete lack of macrophages in the PU.l null 

wound. Resident monocytes/macrophages are seen to be present throughout the wild 

type skin and have chemotaxed to the wound site in large numbers. F4/80 is a 

commonly used macrophage marker and was the first documented surface marker for 

the appearance of macrophage-like cells. It is however, expressed at a late stage in 

monocyte/macrophage differentiation (McKnight et al., 1996). The gene encoding C- 

fms, the receptor for M-CSF, is a macrophage specific gene expressed earlier in 

macrophage differentiation. During embryogenesis, F4I80 expression is restricted to 

only a subset of C-fms expressing cells suggesting that in fact, C-fms is a more 

appropriate marker to reveal all macrophage like cells. There is also evidence, that the 

PU.l null mouse may contain phagocytes that express C-fms but not F4/80 (Lichanska 

et al., 1999). These are thought to represent an early lineage of monocytes, raising the 

possibility that PU.l independent phagocytes may be produced and retained during
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development and that these could carry out normal phagocyte function. However, in 

situ hybridisation on 24 hour frozen wound sections using a probe against C-fms 

mRNA, reveals macrophages at the wild type wound as expected, but there is no 

evidence of PU.l independent C-fms expressing phagocytes at the PU .l null wound. 

Thus, the P U .l null mouse does not contain, nor does it recruit macrophages or 

macrophage-like cells to the wound site and repair proceeds in the complete absence of 

an inflammatory response.

Previous studies have shown that the PU.l null mouse can compensate for the lack of 

inflammatory cells at the phagocytic level by using “stand in” fibroblasts to clear 

embryonic tissues of apoptotic corpses (Wood et al., 2000) and the neonatal wound site 

of invading micro-organisms and cell and matrix debris (Martin et al., 2003). In this 

chapter, I report an initial step to discover whether the P U .l null mouse also 

compensates for the lack of growth factor and cytokine release by inflammatory cells at 

the wound site, by investigating the expression of the growth factor TGF(31 and the pro 

inflammatory cytokine IL-6 by RNase protection assays. In unwounded skin, IL-6 is 

expressed at similar low basal levels in the PU.l null and the wild type wounds, but was 

robustly upregulated in the wild type coincident with the peak of the inflammatory 

response (as reviewed in (Werner and Grose, 2003)). However, no such induction was 

seen in the PU .l null wound. Clearly, this cytokine is not essential for driving the 

repair process. The story is more complex for the growth factor TGF(31. TGF|31 

mRNA levels in unwounded skin are similarly low in both the PU.l null and wild type, 

with expression being upregulated in the wild type with the onset of the inflammatory 

response at 24 hours and increasing up to 72 hours post wounding and expression 

remaining at similar levels over this timecourse in the PU.l null. PU.l null wounds are 

not repairing in the absence of TGF(31 since a major source of this growth factor is 

deposited at the wound site by degranulating platelets that are not missing in the PU.l 

null mouse and the current expression study shows clear presence of TGFpi mRNA 

also. However, the data does suggest that mRNA levels may be reduced by comparison 

to the wild type situation where macrophages are considered to be a significant source 

of this growth factor. In the adult, growth factors such as TGFpi, bought to wound site 

by leukocytes, are believed to be at least partially responsible for the excessive matrix 

deposition and scar contracture post healing (Shah et al., 1992; Shah et al., 1994b). In
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embryonic wounds, where there is no inflammatory response, the wound site is not 

subjected to as high a level of TGF|31 as it is in adult wounds; rather expression is local 

and transient. (Hopkinson-Woolley et al., 1994; Martin et al., 1993; Whitby and 

Ferguson, 1991). The altered TGF(3 profile and that of other growth factors at the 

wound site, is considered to be one of the reasons why embryonic wounds heal without 

a scar and this may also be part of the explanation why healing in the PU.l null mouse 

appears perfect also. The RNase protection assays described in this chapter have 

provided a pilot investigation into growth factor and cytokine expression at the wound 

site and suggest that leukocyte-delivered TGF(31 and other cytokines are not essential 

for repair. Moreover, in excess they may even be responsible for the fibrotic response 

seen in the wild type situation. However, to obtain a fuller picture of tissue repair in the 

PU .l null mouse and to dissect out how repair is achieved at the genetic level in the 

absence of an inflammatory response, a more systematic approach is required. In the 

following chapters I attempt to do this using a microarray Genechip® approach.
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Chapter 4

Microarray Analysis of the 
Transcriptional Profile of

Tissue Repair
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4.1 Introduction

The healing of a wound is a complex process consisting of several phases of 

proliferation, migration, matrix synthesis and contraction and requiring the collaborative 

effort of many different tissues and cell lineages. Much is known about the cell biology 

of wound healing but the genes that underlie the signals controlling the various cell and 

tissue movements that constitute the repair process have only been partially identified. 

Whilst several studies have concentrated on the transcriptional activators and the 

indirect downstream effectors of wound repair, almost nothing is known about the 

signals that might regulate the later phases of wound healing. As discussed in the 

General Introduction, most studies have concentrated on individual wound-induced 

genes and have begun to characterise their role in wound healing. But to date there 

have been very few attempts to systematically determine the full portfolio of genes 

expressed at wound sites and to determine their functions.

One focused study analysed those genes induced in one of the key wound cell types, the 

keratinocyte, after exposure to one of the more significant wound signals, KGF (FGF7). 

Several KGF-regulated genes were identified by differential display RT-PCR and 

analysis of a subtractive cDNA library of quiescent versus KGF stimulated 

kératinocytes (Braun et al., 2002; Frank et al., 1997; Gassmann et al., 1999; Gassmann 

and Werner, 2000). One of these, Caveolin-1, which encodes a major component of 

caveolar membranes, vesicular invaginations of the plasma membrane that are involved 

in cellular signalling, vesicular trafficking and apoptotic cell death, is upregulated in 

KGF stimulated kératinocytes in vitro (Gassmann and Werner, 2000). Caveolin-1 and 

caveolin-2 were subsequently shown to also have a role in in vivo tissue repair also. In 

full thickness incisional mouse cutaneous wounds, Caveolin-2 is expressed in the 

suprabasal differentiated kératinocytes of the wound epidermis suggesting regulation by 

KGF in vivo, whilst Caveolin-1 was expressed in basal non-differentiated kératinocytes. 

The expression patterns of Caveolin-1 and Caveolin-2 in wounded skin suggest that 

during tissue repair they may have a role in regulating keratinocyte differentiation and 

proliferation.
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As well as acting as a specific mitogen for epithelial cells, KGF has a cytoprotective 

effect (reviewed in (Werner, 1998)). During tissue repair, cells have to protect 

themselves from damage caused by reactive oxygen species (ROS) produced as a 

defence against invading bacteria. The potent cytoprotective effect of KGF is thought 

to be via its positive influence on the expression of ROS detoxifying enzymes and 

indeed, several novel genes were identified in the keratinocyte KGF response, that may 

have roles in KGF regulated cytoprotective pathways. Glutathione peroxidase (GPx) 

was strongly upregulated in KGF stimulated kératinocytes (Frank et al., 1997). This is 

a specific response since GPx expression remained unchanged upon treatment with 

other serum growth factors or cytokines. GPx is also expressed in normal human skin 

and at high levels in psoriatic skin and in a subsequent study GPx was confirmed as an 

in vivo tissue repair gene also (Munz et al., 1997). During the repair of full thickness 

excisional mouse wounds, GPx is upregulated at early inflammatory stages. It is 

predominantly expressed in the hyperproliferative epithelium at the wound edge and 

strongly correlates with the expression of KGF, with the highest GPx levels found in 

KGF receptor positive kératinocytes at the wound edge. This confirms GPx as an in 

vivo wound induced gene that may act in the detoxification of ROS’s produced by 

invading leukocytes at the wound site.

Nrf2 (NF-E2-related factor 2) is a NF-E2 basic leucine zipper transcriptional activator 

of the ‘cap and collar’ family of transcription factors (Moi et al., 1994) that was also 

found to be a novel target of KGF action in stimulated kératinocytes (Braun et al., 

2002). Like GPx, Nrf2 has a role in the protection of cells from ROS’s (Rushmore et 

al., 1990; Venugopal and Jaiswal, 1998) (Mulcahy et al., 1997) (Prestera et al., 1995). 

In full thickness excisional mouse wounds, Nrf2 is upregulated 1 day post wounding 

and returns to basal levels by day 13. It is expressed by cells within the granulation 

tissue but again is most strongly expressed in the hyperproliferative epidermis at the 

wound edge, especially in basal kératinocytes. This implicates Nrf2 in protection of 

cells from oxidative stress after in vivo tissue injury but no defect in re-epithelialisation 

was observed in wounds made to Nrf2 null mice suggesting other Nrf genes such as 

Nrfl or Nrf3 may be able to compensate (Braun et al., 2002).

Perhaps the most extensive study of genes expressed upon wounding has been in 

another of the key cell types involved in the repair process, the fibroblast. For many
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years the response of fibroblasts to serum has been used as a model for studying growth 

control and cell cycle progression (Winkles, 1998). However, serum - the soluble 

fraction of clotted blood - is generally only encountered by cells in vivo in a tissue 

damage situation and recently an analysis of the transcriptional program of fibroblast 

response to serum in vitro has been postulated as a simple model to dissect the genetic 

control of wound healing in vivo (Iyer et al., 1999). Iyer et al (1999) used customised 

cDNA arrays containing 8613 human genes, to observe the temporal profile of gene 

transcription by fibroblasts at twelve times, ranging from 15 minutes to 24 hours, after 

serum exposure. The expression of 517 genes changed significantly as compared to 

quiescent fibroblasts and using the “cluster and display” statistical algorithms, these 

genes were grouped together according to similarity of their temporal profiles (Eisen et 

al., 1998). The first transcriptional response of fibroblasts to serum is by a group of 

immediate early genes induced within 15 minutes of serum stimulation and is 

dominated by transcription factors and other proteins involved in signal transduction, 

including c-Fos, Jun-B, Egrl and mitogen activated protein kinase phosphatase-1 

(MKPl). Several of these genes have previously been shown to be upregulated as an 

immediate early response to in vivo wounding also. For example, wounding of rat 

embryos leads to the expression of c-Fos in the front four or five rows of epithelial and 

mesenchymal cells at the wound edge (Martin and Nobes, 1992). Similarly, Egr-1 is 

upregulated after wounding of embryonic and neonatal mice (Grose et al., 2002a).

Microarray analysis of the period subsequent to the immediate early response reveals 

several transcriptional regulators, including p27kipl, that are downregulated 6-12 hours 

after serum stimulation, presumably to release cells from their quiescent state or to 

prime them to react to pro-wounding signals. Unsurprisingly, genes controlling cell 

cycle progression and thus fibroblast proliferation, such as Cdc2 were upregulated with 

a similar time-course. However, most striking was the differential expression of a large 

number of genes with known roles in many of the physiological episodes of in vivo 

wound healing. These included genes induced in fibroblasts in order for them to play a 

direct role in the remodelling of the clot and associated extracellular matrix, for 

example, furin, a protease required to generate active endothelin, and endothelin-1 

itself. Additionally, genes encoding proteins that act as in vivo inflammatory cell 

chemoattractants such as COX2, MCPl and 1C AMI were seen to be upregulated and 

others, such as CD 10, a membrane metalloprotease that degrades peptide mediators of
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inflammation, were downregulated. Several genes including CTGF, whose expression 

promotes migration and proliferation of fibroblasts, and Vimentin, that has a role in 

myofibroblast differentiation, were also differentially expressed, as were genes 

encoding the fibroblast growth factors, FGF2 and KGF, which act on kératinocytes to 

drive wound re-epithelialisation in vivo. Over 200 of the differentially expressed genes 

were “unknown” but some clues to their potential function can be gleaned by matching 

their temporal profiles with genes that have similar temporal profiles and whose 

function is known. Parallels between the list of serum-induced genes revealed in this in 

vitro micro array study and the small numbers of genes with already established 

functions during in vivo wound repair is striking and implies that fibroblasts have an 

innate ability to react to serum as they would normally in an in vivo wound situation. 

However, although fibroblasts have major roles in tissue repair, the fibroblast is only 

one player in the process, and several other cells communicate and work together to 

produce, amplify and convey signals that control the many cell and tissue movements 

required to close a wound and replace the missing tissue. Thus, as the authors of this 

study accept, using the in vitro response of fibroblasts to serum as a wound healing 

model may represent a distorted picture of repair; clearly, the interplay between 

different cells represented at the in vivo wound site may produce a very different 

transcriptional program that, at best, can only be partially revealed by studies of this 

kind.

Clearly, any attempt to systematically determine those genes upregulated during the 

repair process in vivo needs to strive to keep the model as simple as possible. As 

described in the previous chapter, one way I attempt to do this is using neonatal mice 

where the skin is thin and largely naked of appendages and also usefully heals very 

rapidly, allowing the whole wound healing episode to be reduced into only 24 hours 

which also reduces “temporal noise”. This chapter describes a systematic analysis of 

the genetic control of in vivo tissue repair in the PU.l null mouse and its wild type 

siblings, from the immediate early transcriptional activators, through early and late 

effectors, to the “stopping” genes that control the events occurring when the two 

epithelial wound fronts meet one another and fuse to reform the seamless epithelium. 

The PU.l null mouse does not raise an inflammatory response at the wound site and yet 

is able to repair skin lesions and so provides an ideal opportunity to identify those genes 

that are independent of inflammation but important for wound healing. By comparing
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wound gene expression in wild type versus PU.l null littermates, we can identify those 

repair genes that have conserved expression patterns in both the presence and absence 

of an inflammatory response. Just as described in vitro in Iyer et al (1999), the analysis 

of expression over several time-points post wounding reveals the temporal profile of 

expression of each gene and cluster analysis of these temporal profiles produces groups 

of genes that can be assigned likely physiological functions based on the function of 

known genes within that cluster. These inflammation independent repair genes will be 

discussed in this chapter. This data will also reveal those genes that are differentially 

expressed in the wild type post wounding but remain unchanged in the P U .l null 

wound. These genes must either be directly involved in the inflammatory response i.e. 

expressed by invading leukocytes, or induced in host cell types as a consequence of the 

inflammatory response. These inflammation-dependent genes will be discussed in 

Chapter 5.

DNA microarray techniques allow the simultaneous analysis of expression of thousands 

of genes in a sample of interest and are clearly well suited to the systematic analysis of a 

complex tissue process such as vertebrate wound healing. As discussed in the General 

Introduction, there are two types of array, cDNA arrays and oligonucleotide arrays. The 

commercially available oligonucleotide array, the Affymetrix Genechip® was used in 

this study. The Genechip® is an oligonucelotide array containing thousands of genes 

and ESTs. Each gene or EST on the chip is represented by 16 "probe pairs" which are 

25mer oligonucleotides designed to be complementary to the selected gene or EST. Its 

specificity derives from its uniqueness relative to family members and other genes, and 

an absence of near-complementarity to other RNAs that may be abundant in the sample 

such as ribosomal or transfer RNAs. Having multiple probes for each gene improves 

sequence-specific detection by improving signal to noise ratios and improves the 

accuracy of quantitation by averaging the intensities and rejecting outlying results. For 

the 16 probe pairs representing each gene or EST, 16 individual probes are a perfect 

match (PM), that is, match perfectly the gene or EST sequence but the remaining 16 

probes are a mismatch (MM), differing from their PM partners by a single nucleotide at 

a central position. The MM probes act as specificity controls and allow the subtraction 

of non-specific hybridisation, further reducing the possibility of false positive results. 

For the mouse genome, there are three Genechip® arrays (U74v2 Set) containing 

approximately 36,000 full-length genes and ESTs. The first of these three arrays was
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used in this study as it contains all 6000 genes in the Unigene database that have been 

functionally characterised, along with 6000 additional ESTs some of which are 

unidentified and uncharacterised gene sequences. The remaining 24,000 sequences on 

the second and third arrays represent ESTs only. Since the mouse genome contains 

approximately 30,000 genes, the three murine Affymetrix Genechips® are predicted to 

cover the whole of the mouse genome and this study is likely to cover approximately 

half of the genome.
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4.2 Results

Many genes are differentially expressed post wounding the PU.l null mouse and its 

wild type littermate

A series of incisional wounds were made to the back skin of 2 day old neonatal PU.l 

null mice and their wild type littermates, derived from +/- x +/- or -/- x +/- crosses. 

Each time-matched pair {PU.l null and wild type) were chosen from the same litter to 

reduce the possibility of differential expression “noise” due to environmental 

differences. Wounds were left to heal for 30 minutes, 3 hours, 12 hours or 24 hours. 

RNA from each sample was hybridised to the first array in the Murine Affymetrix 

Genechip® set (Murine Genome U74A array) that contains 6000 functionally 

characterised genes along with 6000 ESTs. Additionally, mRNA from an unwounded 

skin sample was hybridised as a baseline control. GENECHIP ANALYSIS SUITE 

software (Affymetrix) was used to analyse image data as described in Chapter 2 

Materials and Methods. Expression levels of genes at each time-point were compared 

to those of the baseline control. Figure 4.1 shows scatter-graphs representing the plots 

of absolute expression levels provided by the Genechip software for all 12000 

genes/ESTs on the array, (where absolute expression level represents the average of 

differences between the PM and MM probes, and is directly related to the level of 

expression of the transcript) with expression at each time-point (y axis) plotted against 

control unwounded gene expression (x axis). Data points above the baseline indicate 

genes upregulated post wounding and points below indicate genes downregulated post 

wounding. The scatter graphs show similar differential expression in PU.l null wounds 

at 30 minutes (Figure 4.1 A) and 3 hours (Figure 4.1 C) as compared to wild type 

wounds at the same time-points (Figure 4.1 B and D respectively). But at 12 and 24 

hours, more genes appear to be differentially expressed in the wild type wound (Figure 

4.1 F and H). These genes are presumably expressed at the wound site as a 

consequence of the wild type inflammatory response and fail to be expressed by the 

PU.l null mouse since it is genetically incapable of raising an inflammatory response 

(Figure 4.1 E and G).



Cluster analysis groups together genes with similar temporal profiles

Genes that showed a two fold differential expression as compared to the baseline 

unwounded control and that were called as ‘present’ at one or more of the 8 time-points 

(4 time-points for PU .l null and 4 time-points for wild type) were selected. On the 

basis of these criteria, 1001 genes were identified as wound-induced. K-means 

clustering using Spotfire Array Explorer 3.0 software allowed me to organise the 1001 

genes according to a cosine coefficient similarity measurement that groups genes based 

on the similarity of the shape of their temporal profile. This includes, within a group, 

all those genes that have a similarly shaped profile regardless of the levels of gene 

expression. Nine clusters were obtained and of these, two had physiologically 

unfeasible temporal profiles and were thus discarded. The remaining seven clusters 

appeared to correlate with physiologically significant episodes in the repair process.

Cluster analysis reveals the transcriptional profile of tissue repair genes

Four clusters of genes have profiles that are independent of whether wounds are made 

in wild type skin, where there is an influx of inflammatory cells, or in PU.l null skin 

where there is not. These inflammation-independent clusters appear to correlate with 

physiological episodes during the repair process. I have named each of these clusters 

according to their temporal profile of expression and identified characteristics of genes 

within each cluster: these four clusters are termed “Activation”, “Early Effector”, “Late 

Effector” and “Stop” cluster and Figure 4.2 shows graphs that display the temporal 

profile of the median expression levels at each time-point to give a representation of 

that cluster. The title of each cluster is merely an identifier and by no means suggests 

definitive proof of function of any gene in that cluster.

Heat map colour visualisation of the transcriptional profile of “activation” genes

The “Activation” cluster contains 90 known genes and ESTs whose temporal expression 

profiles are suggestive of a transient, immediate early response to wounding. Genes 

within this cluster are rapidly upregulated by more than two fold as compared to 

unwounded control skin. Figure 4.3 shows a heat map list that provides a colour 

representation of the temporal profiles of all 90 transcripts within this cluster expressed
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after wounding wild type (shown on the left) and PU.l null mice (shown on the right). 

Genes that are expressed at higher levels are shown in progressively brighter shades of 

red depending on absolute expression levels (scale shown to right of the heap map) and 

genes expressed at lower levels are shown in progressively brighter shades of green. 

Genes are ordered in the heat map with those most highly expressed first. The heat map 

reveals a characteristic profile of “activation genes” with expression levels peaking at 

30 minutes and in particular 3 hours post wounding and levels returning to baseline by 

12 hours, with profiles that are very similar with or without an inflammatory response.

Detailed analysis of several ‘̂ activation’’ genes as revealed by their temporal and 

spatial profiles

The “Activation” cluster contains several well-established immediate early genes, 

including Krox 24 (Egr-1), a zinc finger transcription factor previously shown to be 

rapidly and transiently induced in tissue culture wounds and in embryonic and adult 

mouse wounds (Dieckgraefe and Weems, 1999; Grose et al., 2002a). The temporal 

profile of Krox 24 (Figure 4.4 A) shows it to be a rapidly and transiently induced, 

immediate early gene in neonatal wounds also. Expression remains at basal levels at 30 

minutes but becomes highly upregulated by 3 hours before returning to basal levels by 

12 and 24 hours. Krox 24 is expressed at similar levels and with a similar temporal 

profile in both the presence (wild type) and absence (PU.l null) of an inflammatory 

response. In situ hybridisation on frozen sections of 3 hour wild type wounds confirms 

Krox 24 as a wound-induced gene and reveals its spatial profile also (Figure 4.4 B). 

Krox 24 is highly expressed by wound margin epidermal cells extending back 10-12 cell 

diameters from the cut edge and including hair follicles in this zone also.

A less well-established immediate early gene, induced with an “activator” temporal 

profile (Figure 4.4 C) in these neonatal wounds is the dual specificity phosphatase, 

MKP-1. In situ hybridisation data show that front row epidermal cells express MKP-1, 

although expression extends less far back from the wound edge than for Krox 24 

(Figure 4.4 D). MKP-1 is a known suppressor of MAPK signalling by phosphorylation 

of ERKl and 2, and in the wound situation, MKP-1 might operate as a natural braking 

system on the early migratory signal of repair. Tissue culture studies have previously 

shown MKP-1 to be induced in fibroblasts exposed to serum (Iyer et al., 1999) and
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indeed my in situ studies also demonstrate expression in at least a proportion of dermal 

fibroblasts at the in vivo wound edge beneath expressing kératinocytes (Figure 4.4 D).

Fas-like antigen 1 (Fosll, Fral), has previously been associated with epithelial 

migration during tumourogenesis but has not previously been tested in a wound repair 

model, (Kustikova et al., 1998; Zajchowski et al., 2001). My screen identifies it as a 

member of the wound-induced “Activation” cluster. Fosll is highly and transiently 

upregulated, with expression peaking at 3 hours and returning to near basal levels by 12 

hours, with an almost identical profile for both wild type and PU.l null wounds (Figure 

4.4 E). In situ hybridisation on 3 hour frozen wild type wounds reveals that Fosll has a 

similar spatial profile to Krox 24, with high levels of expression in wound margin 

epidermal cells but somewhat weaker expression in damaged hair follicles at the wound 

site (Figure 4.4 F).

In addition to genes with already established roles in tissue repair and genes that are 

functionally characterised but have not previously been associated with tissue repair, 

several ESTs were identified in this cluster. Cluster analysis groups genes together that 

are likely to have similar functions and the temporal profiles of these unknown ESTs 

implicates them as having an immediate early “activator” function. When subjected to 

BLAST searches using the current database, (http://www.ncbi.nlm.nih.gov/BLAST), 

one EST (Genbank Accession Number AI853531) displaying an activator temporal 

profile (Figure 4.4 G), showed weak homology to human Mitogen-lnducible-Gene-6 

{Mig-6, also called Gene 33). The exact function of Mig-6 remains elusive but it has 

been shown to interact with Cdc42, a member of the Rho family of GTPases, via the 

activation of stress-activated protein kinases (SAPKs) (Makkinje et al., 2000). In situ 

hybridisation on 3 hour frozen sections of wild type wounds (Figure 4.4 H) appears to 

reveal expression in wound fibroblasts. The role of Mig-6 as a candidate effector of 

Cdc42, together with the induction of Mig-6 in quiescent fibroblasts upon mitogenic 

stimulation (Wick et al., 1995), and its expression in many human cancer cell lines 

(Wick et al., 1995) suggests that Mig-6 may operate as an early fibroblast migratory 

signal during the repair process.

Individual gene expression profiles and some functional annotation for all 90 transcripts 

in this cluster and for the remaining three repair clusters, together with all heat maps
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that may reveal higher resolution, can be found in Supplementary Information on the 

accompanying CD attached to the back page of this thesis.

“Effector” genes controlling the repair phase of wound healing are grouped into 

two clusters

Two clusters appear to represent genes downstream of the immediate early response 

that direct the re-epithelialisation and granulation tissue contraction stages of repair, 

hence I have termed these “effector” genes. 138 genes/ESTs are upregulated more than 

two fold as compared to the unwounded control skin and are contained in the “Early 

Effector” cluster. Visualisation by heat map (Figure 4.5) demonstrates typical 

upregulation at 3 hours and 12 hours with expression beginning to be downregulated by 

24 hours. The expression profiles of genes in this cluster and similarity of expression in 

both the wild type and PU.l null wounds, suggests that these genes may play roles in 

regulating the earliest phases of re-epithelialisation and granulation tissue contraction 

during the repair process. 46 further genes/ESTs have temporal profiles that imply a 

role in the later stages of this phase of repair. The heat map for this cluster (Figure 4.6) 

clearly demonstrates a later “effector” temporal profile with upregulation of expression 

typically occurring 12 hours and 24 hours post wounding.

In situ hybridisation reveals the spatial profiles of several “early effector” genes

The “Early Effector” and “Late Effector” clusters include, in total, 184 transcripts that 

represent many different types of genes that may have roles in the many different cell 

behaviours that contribute to re-epithelialisation and granulation tissue contraction, 

ranging from those genes involved in the signalling machinery to those that are 

structurally required, for example, cytoskeletal genes required for cell migration. 

Map4k4 is a member of the serine/threonine protein kinase family that activates the c- 

Jun N-terminal kinase (INK) and MAP-kinase signalling pathways that respond to 

stress signals, cytokines, and growth factors (reviewed in (Davis, 2000)). The temporal 

profile (Figure 4.7 A) and expression of Map4k4, both in kératinocytes up to 10-12 cell 

diameters from the wound edge and in dermal fibroblasts also (Figure 4.7 B), confirms 

the activation of this intracellular signalling cascade in tissue repair. The INK pathway 

has recently been shown to have a role in cell migration during repair of in vitro scratch
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wounds (Huang et al., 2003) and so expression of Map4k4 in my study is suggestive of 

a cell migratory signalling role for this signalling pathway in kératinocytes and 

fibroblasts during in vivo repair also.

Both retinol binding protein-1 (Rbpl) and cellular retinoic acid binding protein-2 

(CRABP2), belong to the fabp/p2/crbp/crabp family of retinol transporters and display 

an “early effector” temporal profile. Expression is upregulated at 3 hours in both the 

wild type and PU.l null wound site and peaks at 12 and 24 hours (Figure 4.7 C and E). 

Whilst Rbpl is a carrier protein involved in the intracellular transport of retinol, Crabp2 

participates in a regulatory feedback mechanism to control the action of retinoic acid on 

cell differentiation. In situ hybridisation on 12 hour frozen wild type wound sections 

reveals both R bpl and CRABP2 to be genes expressed in the same epidermal cells 

approx 15 cell diameters back from the wound site (Figure 4.7 D and F), suggesting a 

role in re-epithelialisation of the wound perhaps via regulation of cell proliferation 

and/or differentiation.

The “Late Effector” cluster reveals the power of cluster analysis to identify 

potential relationships between genes expressed during the repair process

Keratin 6 (K6) is a member of a family of proteins that form cytoplasmic filaments in 

epithelial cells and is a classic wound-induced gene. K6, together with Keratin 16 

(K16) and Keratin 17 (K17), is upregulated rapidly post wounding in epidermal 

kératinocytes located at the wound edge (Paladini et al., 1996) and is thought to 

facilitate the packaging up of other intermediate filaments in the cell, so that 

kératinocytes can migrate forward to re-epithelialise the wound. Thus, K6 is an 

archetypal “late effector” gene. The temporal expression profile of K6 (Figure 4.8 A) 

shows it to be a highly upregulated wound-induced gene in this study, with expression 

peaking at 12 hours, a time likely to reveal the peak of migratory genes. High levels of 

expression of K6 by the front 10-12 rows of wound edge kératinocytes, was confirmed 

by in situ hybridisation on frozen sections of 24 hour wounds (Figure 4.8 B). The 

temporal and spatial profiles of K 6 provide evidence to support the intermediate 

filament re-modelling role of K6 in the re-epithelialisation of neonatal wounds also.
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More recently, MRP8 (also called S100A8) was identified as an injury-regulated gene 

(Thorey et al., 2001). The gene encoding this Ca^"'-binding protein is highly 

upregulated in differentiating wound kératinocytes within 24 hours, where it - together 

with its dimérisation partner, MRP 14 - is thought to control the balance between 

keratinocyte proliferation and differentiation. In addition, the MRP8/14 heterodimer 

can bind keratin filaments in vitro (Goebeler et al., 1995; Roth et al., 1993; Thorey et 

al., 2001) and thus in a wound situation MRP8/14 may play a role in reorganisation of 

the cytoskeleton. The temporal profile of expression of MRP8 in this study (Figure 4.8 

C) places it into the “Late Effector” cluster along with K6 and several other keratins and 

this association provides further evidence of a relationship between MRP8 and keratin 

filaments in the wound situation. In situ hybridisation data from my study confirms the 

upregulation of MRP8 in wound kératinocytes up to several cell diameters back from 

the wound edge (Figure 4.8 D). In addition, MRP8 is expressed in leukocytes at the 

wound site, as seen in the Thorey et al (2001) study also. As a homodimer, MRP8 is a 

potent chemoattractant (Harrison et al., 1999; Thorey et al., 2001) and, as an MRP8/14 

heterodimer, may be expressed by leukocytes to act as a wound antimicrobial factor. 

Curiously, MRP 14 is not contained in the “Late Effector” cluster but is found in an 

inflammation gene cluster that will be presented and discussed in the following chapter. 

Briefly, evidence from transgenic mice overexpressing activin, that do not show 

inflammation in unwounded skin, suggest M R P 8 and MRP 14 expression in 

kératinocytes is an inflammation independent event (Thorey et al., 2001). In the 

following chapter, spatial detail of expression in the PU.l null mouse, that genetically 

cannot raise an inflammatory response, confirms inflammation independent 

upregulation in kératinocytes.

Possible function of wound genes within the “Late Effector” cluster may he 

revealed hy in situ hybridisation

Haptoglobin (Hp), a haemoglobin-binding plasma glycoprotein, is also identified as a 

wound-induced gene within the “late effector” stage of repair. It is upregulated at the 

wound site, with a peak of expression seen at 12 hours post wounding in both the wild 

type and PU .l null (Figure 4.8 E). Like many other genes in the effector clusters, its 

role during wound healing is unknown, but in situ hybridisation (Figure 4.8 F) reveals 

an expression pattern strongly reminiscent of blood vessel endothelial cells. This may
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implicate haptoglobin in regulation of angiogenesis since this occurs during these stages 

of repair of a neonatal wound.

Also occurring at this time during the repair process there is extensive tissue 

remodelling at the wound site (as discussed in General Introduction and reviewed in 

(Mignatti et al., 1996)). Several genes with roles in this remodelling phase might be 

contained within the “Late Effector” cluster. MMP13 (also called collagenase 3) could 

well be playing such a role. MMP13 belongs to a family of secreted or transmembrane 

proteins that can degrade all the proteins of the extracellular matrix and is expressed by 

epithelial cells in the wounded cornea (Ye et al., 2000) and by dermal fibroblasts during 

cutaneous wound repair in the mouse (Wu et al., 2002). Although MMP13 has a typical 

“late effector” temporal expression profile in both wild type and PU .l null wounds 

(Figure 4.8 G), it displays an unusual spatial profile (Figure 4.8 H), with expression 

seen in only 3-4 cells directly below the epithelial layer suggesting they may be directly 

activated by signals from migrating kératinocytes above them.

Little is known about the genetic control of the final stages of repair but one 

cluster may contain potentially exciting “stop” genes

Almost all of the research into the genetic control of tissue repair has focused on the 

initiation and early downstream effectors of repair and very little is known about the 

signals that regulate the later phases of wound healing. I have identified one cluster 
which from the typical temporal expression profile and biological function of several 

associated genes, may contain several genes that potentially regulate cell migration 

“stopping” and fusion events that occur at the end of the repair process. Genes within 

this cluster display a characteristic temporal profile whereby expression is 

downregulated initially post wounding and kept at low levels until the final stage of 

repair at 24 hours when expression is upregulated back to, or higher than, unwounded 

levels. 172 genes with this temporal profile are contained in the “Stop” cluster and 

expression can be visualised by heat map in Figure 4.9.

Notchl and Ephrin B1 are candidate “stop” genes

Two genes in particular appear to be good candidates for “stop” genes, those encoding
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Notchl and Ephrin B l. Notchl belongs to a family of evolutionarily conserved cell 

surface receptors that play fundamental roles in cell-fate determination and 

differentiation. Notchl is a transcriptional regulator that functions in early embryonic 

patterning, cell fate determination, differentiation and neurogenesis (reviewed in 

(Artavanis-Tsakonas et al., 1999)). Two key pieces of evidence support the notion that 

Notchl may be a “stop” gene during wound healing. In invasive human cervical 

cancers, a major type of keratinocyte-derived tumour, Notchl expression is substantially 

reduced or absent, suggesting that Notchl downregulation may release cells from 

migratory restraints. Notchl expression is similarly reduced in a panel of cervical 

carcinoma cells (Talora et al., 2002). In addition, in the Drosophila morphogenetic 

movement of dorsal closure (discussed in the General Introduction), notch has been 

shown to regulate cytoskeletal organisation and in flies mutant for notch, the final 

stages of dorsal closure go awry and the two advancing epithelial fronts fail to contact 

inhibit and overrun (Gavin Craig and Alfonso M artinez-Arias, personal 

communication).

Microarray analysis reveals that Notchl is downregulated during the early stages of 

neonatal mouse repair and then upregulated again towards the end of closure (Figure 

4.10 A) and in 24 hour wild type wound sections, expression is clearly seen in 

kératinocytes 10-12 cells back from the wound leading edge as well as in hair follicles 

throughout the skin (Figure 4.10 B). In order to more thoroughly investigate the spatial 

pattern of N otchl expression, an in situ hybridisation series was carried out at 30 

minutes (Figure 4.10 E(i)), 3 hours (Figure 4.10 E(ii)), 12 hours (Figure 4.10 E(iii)), and 

again at 24 hours postwounding (Figure 4.10 E(iv)). Although in situ hybridisation 

cannot provide a quantitative measure of gene expression, these figures are strongly 

suggestive that Notchl is indeed downregulated in wound edge kératinocytes at the 

migratory stages of repair and upregulated at the end of closure, implicating Notchl in 

the “stopping” processes of repair.

Although little is known of how, at the end of the repair process, various migratory cells 

sense they have reached their destination and stop migrating, it is likely that, as 

discussed in the General Introduction, the phenomenon of contact inhibition, whereby 

cells cease to migrate when confronted by sufficient contact cues and density of 

neighbours, plays a key role. Eph receptor tyrosine kinases and their ligands, the
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ephrins, mediate a diverse array of developmental processes and have roles in spatial 

patterning, cell migration, demarcation of structural boundaries and axon guidance 

(reviewed in (Holder and Klein, 1999)). Cell-cell signalling through Eph receptors is 

achieved via receptor binding to a membrane bound ephrin ligand which results in 

receptor dimérisation and autophosphorylation. During axon guidance, Eph signalling 

produces a repulsive response in which growth cones expressing one type of Eph 

receptor move away from those expressing the associated ephrin ligand and I speculate 

that this type of contact inhibition phenomenon may be at play during wound healing 

also.

Microarray analysis reveals Ephrin B l is contained within the “Stop” cluster and 

displays a temporal profile of expression that perfectly fits a potential role as a “stop” 

gene. It is downregulated at 30 minutes and 3 hours post wounding, with expression 

later returning to unwounded skin levels by 12 and 24 hours at both the wild type and 

PU.l null wound sites (Figure 4.10 C). It is expressed at relatively low levels but in situ 

hybridisation on 24 hour wild type wound sections does faintly identify Ephrin B l 

expression in leading edge cells at the wound site (Figure 4.10 D). Thus I speculate that 

Ephrin B 1 may be involved in contact inhibition signalling in migrating cells during in 

vivo tissue repair.
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Figure 4.1 Scatter graphs representing the plots of absolute expression levels 
at each time-point post wounding
Scatter graph plots of absolute expression levels (y axis) at 30 minutes -  24 hours 
plotted against control unwounded gene expression (x axis). Absolute levels for 
all 12000 genes/ESTs on the Genechip expressed at the wound site 30 minutes 
post wounding the PU.l null (A) and wild type (B), 3 hours post wounding the 
PU.l null (C) and wild type (D), 12 hours post wounding the PU.l null (E) and 
wild type (F) 24 hours post wounding the PU.l null (G) and wild type (H) are 
shown. Data points above the baseline indicate genes upregulated and points 
below indicate genes downregulated after wounding.
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Figure 4.2 Median temporal profile graphs of repair clusters
Line graphs display the median level of absolute expression (y axis) at each of 
the four time points, 30 minutes, 3 hours, 12 hours and 24 hours (x axis), for all 
genes within each of the four repair clusters, producing a median temporal 
profile representative of the cluster. For each graph the temporal profile of 
expression at the PU.l null wound site is shown by the pink line and the tempo
ral profile of expression at the wild type wound site shown by the blue line. 
Clusters are named according to the phase of repair the temporal profile corre
sponds to, as well as the function of known genes within that cluster. (A) Median 
temporal profile graph of “Activation” cluster, (B) “Early Effector” cluster, (C) 
“Late Effector” cluster, and (D) “Stop” cluster. Scale of absolute expression 
levels at the y axis varies according to the level of expression in each cluster.
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Figure 4.3 Heat map representation of the temporal profile of activation * genes
Colour representation of absolute expression levels at each time-point for each of the 90 
genes in the “Activation” cluster provides a visual depiction of “activator” temporal 
profiles across the wound healing response. Higher levels of expression shown in 
progressively brighter shades of red with lower expression levels represented by 
progressively brighter shades of green. Scale bar, figures represent absolute expression 
levels as a measure of fluorescence. Genes are ordered with the most highly expressed 
first. Gene names are shown on the right of the map. Expression at the PU.l null 
wound site to the right of the figure and expression at the wild type wound site on the 
left. The heat map clearly reveals a peak of expression at 3 hours post wounding in 
both PU.l null and wild type wounds.
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Figure 4.4 “Activation” gene temporal profiles and spatial profiles as revealed 
by in situ hybridisation
Line graphs o f tem poral expression profiles of four genes in the “Activation” cluster. Plots 
show absolute expression levels (y axis) at each tim e-point post wounding (x axis) with 
both the PU.J null profile (shown in pink) and the wild type (shown in blue) on each graph. 
Scale o f absolute expression levels along the y axis varies according to the level of 
expression o f each gene. In situ hybridisation for all genes was carried out on 3 hour frozen 
wild type wound sections. (A) Temporal profile o f  Krox 24 (EgrJ) reveals a rapidly 
induced and transient peak o f expression at 3 hours post wounding at both the PU. ! null 
and wild type wound sites. (B) Krox 24 is expressed by wound margin epidermal cells, 
extending back 10-12 cell diameters from the wound edge and in damaged hair follicles 
also. (C) MKP-I  is rapidly and transiently induced at 3 hours post wounding in both the 
PU.J null and wild type mouse. (D) Localisation o f MKP-I reveals expression by the first 
5-8 front row kératinocytes and a subset o f dermal fibroblasts. (E) Fos-like antigen I 
(Fosll, F ra l) has a characteristic peak o f expression at 3 hours in both genotypes o f mice. 
(F) In situ hybridisation reveals high levels o f Fosll  expression in wound margin epidermal 
cells and w eaker expression in dam aged hair follicles at the wound site. (G) EST (Genbank 
Accession N um ber AI853531), with weak homology to human Mitogen-Inducible-Gene-6 
(Mig-6), has an “activator” profile with a 3 hour peak of expression post wounding. (H) 
Expression is seen in wound fibroblasts by in situ hybridisation. Scale bar equals 250pm .
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Figure 4.5 Heat map colour representation of the "Early Effector” cluster
Colour depiction of the temporal profiles of the 138 genes/ESTs of the “Early 
Effector” cluster. Higher levels of expression are indicated by progressively brighter 
shades of red and lower expression levels are represented by progressively brighter 
shades of green. Scale bar represents absolute expression levels as a measure of 
fluorescence. Expression levels for the PU.l null wound site are shown on the right 
and for the wild type wound site, on the left. Heat map reveals typical upregulation at 
both the PU.l and wild type wound sites at 3 hours and 12 hours, and in both cases 
this expression begins to be downregulated by 24 hours.
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Figure 4.6 Heat map reveals the temporal profiles of the “Late Effector” 
cluster
Colour representation by heat map of 46 genes/ESTs that have temporal profiles 
that correlate with the later stages of this phase of repair. A colour scale of the 
absolute expression levels as a measure of fluorescence is shown at the bottom of 
the page. Expression at the PU.l null wound site shown on the right of the figure 
and expression at the wild type wound site shown on the left. The map 
demonstrates a later “effector” temporal profile with upregulation of expression 
typically occurring between 12 hours and 24 hours post wounding.
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Figure 4.7 Individual temporal profiles and spatial profiles of genes of the 
“Early Effector” cluster are revealed by in situ hybridisation
Line graphs of temporal expression profiles of members of the “Early Effector” 
Cluster display absolute expression levels (y axis) at each time-point post wounding 
(x axis) with both the PU.l null (pink line) and the wild type profiles (blue line) on 
each graph. Scale of absolute expression levels along the y axis varies according to 
the level of expression of each gene. Spatial profiles revealed by in situ hybridisation 
on 12 hour frozen wild type wound sections. (A) Plot of the temporal profile of 
Map4k4 reveals upregulation of expression at 12 and 24 hours in the PU.l null and 
wild type wound sites. (B) Map4k4 is expressed in kératinocytes up to 10-12 cell 
diameters from the wound edge as well as in dermal fibroblasts. (C) Rbpl temporal 
profile shows typical “early effector” expression at 12 and 24 hours in both the PU.l 
null and wild type wounds. (D) Expression of Rbpl in epidermal cells extends 
approximately 15 cell diameters back from the wild type wound site. (E) CRABP2 is 
an “early effector” gene with a temporal profile of upregulation at 12 and 24 hours 
post wounding. (F) Just like Rbpl, CRABP2 is expressed in the leading edge 
epidermal cells up to approximately 15 cell diameters back from the wound site. 
Scale bar equals 250pm.
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Figure 4.8 Temporal and spatial profiles of the “Late Effector” cluster
Line graphs o f temporal expression profiles o f members o f the “Late Effector” cluster display 
absolute expression levels (y axis) at each time-point post wounding (x axis) with both the P U .l  
null profile (pink line) and the wild type (blue line) on each graph. Scale o f absolute expression 
levels along the y axis varies according to the level o f expression of each gene. Spatial profiles 
are revealed by in situ hybridisation performed on 24 hour frozen wild type wound sections. (A) 
K6 temporal expression profile shows upregulation to a peak of expression at 12 hours in both 
the P U .l  null and wild type wound sites. (B) In situ localisation o f K6 reveals high levels o f 
expression by the front 10-12 rows of wound edge kératinocytes. (C) Temporal expression 
profile of MRP8 shows upregulation at 12 and 24 hours at the wild type wound site with 
upregulation and a peak of expression at 12 hours at the PU.l  null wound site. (D) MRP8  is 
expressed in wound kératinocytes up to several cell diam eters back from the leading edge and 
by leukocytes at the wound site. (E) Haptoglobin upregulation is at 12 hours post wounding in 
both the wild type and PU.J null. (F) Haptoglobin is expressed in what appear to be endothelial 
cells of the blood vessels (arrow). (G) Temporal expression profile of M M PI3  shows 
upregulation at 12 and 24 hours at the P U .l  and wild type wound sites (H) MMP13 has a 
unique expression domain, restricted to 3-4 cells directly below the epithelial layer. Scale bar 
equals 400|Lim (B-D) and 250pm  (F-H).
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Figure 4.9 ‘‘Stop” cluster heat map
Colour depiction of the temporal profiles of the 172 genes/ESTs of the “Stop” cluster. 
Higher levels of expression shown in progressively brighter shades of red and lower 
expression levels are shown in progressively brighter shades of green. Scale represents 
absolute expression levels as a measure of fluorescence. Expression at the PU.l null 
wound site shown on the right of the figure and expression at the wild type wound site 
shown on the left. The heat map reveals temporal expression profiles that may 
represent “stop” genes, with downregulation in both the PU.l null and wild type skin 
from soon after wounding and until the final stages of repair at 24 hours when 
expression is upregulated back to, or higher than, unwounded levels.
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Figure 4.10 Temporal and spatial profiles of candidate stop genes”
Line graphs of the temporal expression profiles of members of the “Stop” Cluster display 
absolute expression levels (y axis) at each time-point post wounding (x axis) with both 
the PU.l null profile (pink line) and the wild type (blue line) on each graph. The scale of 
absolute expression levels at the y axis varies according to the level of expression of each 
gene. (A) Temporal profile of Notch 1 with downregulation of expression initially post 
wounding and subsequent upregulation by 24 hours post wounding. (B) In situ hybridisa
tion studies performed on 24 hour frozen wild type wound sections show expression by 
kératinocytes up to 10-12 cells back from the wound leading edge and in hair follicles 
throughout the skin. (C) Ephrin BI downregulated at 30 minutes and 3 hours post 
wounding and returns to unwounded control levels by 12 and 24 hours at both the wild 
type and PU.l null wound sites. (D) Expression of Ephrin B1 is at low levels in wound 
leading edge cells (arrow) in 24 hour wild type wounds. (E) Series of Notchl in situ 
hybridisations on wild type frozen wound sections at (i) 30 minutes (ii) 3 hours (iii) 12 
hours (iv) 24 hours post wounding appears to reveal the temporal downregulation and 
then upregulation of the gene during the time-course of the repair episode. Scale bar 
equals 250p.m.
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4.3 Discussion

This chapter describes the microarray analysis of genes that are differentially expressed 

upon wounding murine skin. I have used a neonatal model of wound healing that 

compresses the events of repair into as short a time as possible. Thus, I have been able 

to look at four time-points post wounding; 30 minutes, 3 hours, 12 hours and 24 hours, 

and build a temporal profile of expression representing the complete wound healing 

response. This analysis has taken advantage of a transgenic mouse, the PU.l null 

mouse, that is null for the PU.l ets transcription factor required for the macrophage 

lineage and which is consequently genetically incapable of raising an inflammatory 

response at the wound site. It has previously been thought that wound healing could not 

proceed in the absence of inflammation as it was considered that the inflammatory 

response itself, or more specifically the macrophage influx, was responsible for 

orchestrating many of the processes of tissue repair (Liebovich and Ross, 1975). 

However, contrary to this dogma, in the absence of an inflammatory response the PU.l 

null mouse does heal its wounds (Martin et al., 2003). This mouse thus, allows the 

identification of essential repair genes, those “bare bones”, locally upregulated genes 

that enable a wound to repair in the absence of cues from inflammatory cell lineages. 

This chapter looks at repair in neonatal wounds over a 24 hour time period, in both the 

PU .l null mouse and its wild type littermate, and uses cluster analysis to group the 

inflammation-independent tissue repair genes together to produce several clusters of 

genes that each correlate with, and thus may be responsible for controlling, one of the 

four phases of repair. I have named these clusters according to the repair phase they 

correlate with: “activation” genes, “early effector” genes, “late effector” genes and 

“stop” genes.

It is not the intention of this study to simply produce a simple list of wound-induced 

genes. Rather, by looking at genes that are differentially expressed and classified within 

one of the four different temporal profiles, I have aimed to present a comprehensive 

annotated representation of genes likely to be controlling physiological steps of the 

repair process. Cluster analysis uses statistical algorithms to group genes together 

according to similarity in the pattern of gene expression (Risen et al., 1998). In my 

study, 1001 genes fitted my criteria of a more than two fold differential expression and

112



with a “present call” at at least 1 of the 8 time-points. These genes were clustered using 

Spotfire Array Explorer 3.0 software, producing nine clusters based on cosine 

correlation as the similarity measurement. The similarity measurement of cosine 

correlation groups genes according to the similarity of the shape of their profile 

regardless of expression levels, i.e. two genes that have a similarly shaped temporal 

profile of expression across the four time-points will be placed in the same cluster 

regardless of whether one is expressed at very high levels and the other at very low 

levels. The ability to cluster genes is particularly useful as genes that have similar 

function are likely to cluster together. This was first illustrated in data from the 

microarray analysis of the response of S. cerevisiae to stress (Risen et al., 1998). Arrays 

representing almost all the genes in the S. cerevisiae genome are available and a large 

number of the genes that have been identified have been studied in detail and 

functionally characterised. This means that all, or most of, the genes in any of the stress 

response clusters will be functionally annotated. Yeast responds to favourable growth 

conditions by upregulating ribosomal proteins and increasing ribosome production and 

strikingly in one cluster of genes downregulated in response to stress, 112 of the 126 

genes in the cluster were identified as genes that encode ribosomal proteins, with the 

remaining encoding proteins involved in translation. This is a clear demonstration that 

genes unrelated at the sequence level but with similar functions, cluster tightly together. 

And even in organisms with less well functionally characterised genomes, the grouping 

of genes of similar function within the same cluster can be observed. Analysis of the 

transcriptional response of human fibroblasts in culture to serum results in temporal 

grouping of genes that tend to have similar functions, for example, clusters that 

predominantly contain genes involved in cholesterol biosynthesis or cell cycle 

progression or immediate early response genes (Risen et al., 1998; Iyer et al., 1999). 

The fact that genes with similar functions do cluster together provides a powerful tool in 

less well functionally characterised organisms, such as human or mouse. It allows 

potential functions to be assigned to broad patterns of expression found in particular 

clusters on the basis of known genes within that cluster, thus providing a potential 

function for co-expressed unknown RSTs.

Genes in the four repair clusters were expressed with similar temporal profiles at both 

the wild type and the PU.l null wound site and since in both these situations there is full 

and complete repair, it is proposed that these four clusters represent the basic repertoire
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of repair genes. Based on the shape of the temporal profile and the biology of several 

well-known genes within these clusters, I have named the clusters and in doing so 

broadly assigned potential functions to the genes within them. It is not possible within 

the scope of this thesis to investigate all 445 genes of the four repair clusters; rather, the 

temporal and spatial profiles of several well-known genes within the “Activation” and 

“Effector” clusters are given as examples to demonstrate the types of genes found 

within each particular cluster. In addition, I have highlighted other examples of genes 

not previously associated with tissue repair, along with several unknown ESTs with 

roles in wound healing implicated by their association with known genes within the 

cluster. However, this is only an initial attempt to assign a possible function to wound- 

induced genes and clearly, in order to confirm function, gene function tests would have 

to be carried out, for example, by wounding a mouse null for the particular gene of 

interest and quantifying the wound healing response in order to determine if, and how, 

repair is perturbed.

The “Activation” cluster genes are potential “kick-start” activators of the various cell 

behaviours that together comprise the wound healing process. Highly and transiently 

upregulated at the early phases of repair, the “Activation” cluster is dominated by 

transcription factors and contains several well-known immediate early transcription 

factors, such as Egrl (Krox 24), JunB, Myc, and I-Kappa-B a  (Nfkbia). However, 

together with other transcription factors not previously associated with wound healing 

and early downstream effectors, such as Actin (Actcl), 26 ESTs are, by association, 

also likely to be tissue repair “activators”, including EST Genbank Number AI853531, 

whose temporal and spatial profiles are shown in the Results section of this chapter. 

Little is known of the identity and function of many of these ESTs although function 

may be assigned at a later date since databases are constantly being updated. The shape 

of the temporal profile and the known genes within the “Activation” cluster allows other 

genes within this cluster to be confidently assigned an “activator” function.

Two clusters of genes fitted the expected profile of genes that control re- 

epithelialisation and granulation tissue events. The “Early Effector” and “Late 

Effector” clusters contain many different groups of tissue repair effectors, such as genes 

encoding tissue remodelling proteins such as the MMPs and their inhibitors, tissue
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inhibitors of metalloproteases (TIMPs), genes encoding extracellular matrix proteins 

such as tenascin (Tnc), genes required for cell migration, such as Fibroblast growth 

factor inducible 14 (Fin 14) that encodes a transmembrane protein that reduces cell- 

matrix adhesion promoting migration, members of stress signalling pathways such as 

Map4k4 and Mapk6 and cytoskeletal genes such as those encoding the intermediate 

filament proteins, K6 and K16. Interestingly, as members of the “Late Effector” cluster, 

the epithelial-specific intermediate keratins, K6 and K16, are expressed in a similar 

temporal and spatial pattern as the gene encoding the intracellular Ca^^-binding protein 

MRP8 (S100A8). MRP8, as an MRP8/14 heterodimer binds to keratin filaments in a 

Câ "" manner (Goebeler et ak, 1995; Roth et ak, 1993) and is postulated to interact with 

these keratin filaments to play a role in cytoskeletal rearrangements (Thorey et ak, 

2001). It is possible that the temporal and spatial co-expression of K6 and K16 with 

MRP8 may highlight a relationship between them and this co-expression reveals another 

advantage of cluster analysis - the potential to identify interactions between genes and 

genetic pathways within the same cluster.

The tissue repair process involves the co-ordinated action of several cell types and the 

“Late Effector” cluster provides a good example of the importance of the spatial profile, 

not only to confirm microarray expression data, but to provide information on the 

possible function of a gene, by revealing in which cells that gene is expressed. MRP8 

for example, is expressed by neutrophils, monocytes and activated macrophages and is 

thought to act as a wound antimicrobial agent (as an MRP8/14 heterodimer), and a 

chemoattractant (as an MRP8 homodimer) (Lackmann et ak, 1993; Lagasse and 

Weissman, 1992; Sohnle et ak, 1991; Steinbakk et ak, 1990). However, MRP8 has a 

dual role at the wound site. It is also expressed by wound kératinocytes, where it may 

control epithelial differentiation and cytoskeletal re-organisation (Thorey et ak, 2001). 

In situ hybridisation with MRP8 clearly reveals expression by these two distinct cell 

types, kératinocytes and inflammatory cells at the wound site, thus providing functional 

clues. These types of spatial clues are particularly important in the case of unknown 

ESTs, where knowing which cells express a gene and where these cells are positioned in 

the wound tissue, can help to identify and functionally characterise wound-induced 

transcripts.
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Both the “Early” and “Late Effector” clusters, and more clearly still, the “Activation” 

cluster, can be confidently assigned a title corresponding to the physiological episodes 

of repair they appear to correlate with and this is based on temporal expression profile, 

the function of known genes within each cluster, and the spatial expression patterns of 

several different genes belonging to each cluster.

The final step in the wound healing process occurs when the defect has been filled in 

and the opposing wound edges confront one another. Presumably, these contact 

inhibition events trigger signals that in turn downregulate those genes induced at the 

wound site and direct the other “stopping” processes such as the final adhesion of 

epithelial wound fronts to reform the seamless epithelium, the subsequent re

differentiation of kératinocytes at the wound site, and the death of the underlying 

myofibrobasts whose contractile job is now complete. Although undoubtedly an 

important phase of repair, little is known of the genetic control that underlies these late 

finishing episodes. Thus, it is not possible to use the profile of known “stop” genes, as 

a bait to “fish” definitively for such genes, as was the case for the “Activation” and 

“Effector” clusters. However, in this chapter I have attempted to identify “stop” genes 

based on what I consider is likely to be the temporal profile of a gene involved in these 

“stopping” processes, that is to say, one that is downregulated for the duration of the 

closure period but which appears to upregulate when wound edges meet. This 

hypothetical profile corresponds to a cluster containing 172 genes. The expression 

pattern of several other types of genes, that are clearly not “stop” genes, such as hair 

genes, also places them in this “stop” cluster, Keratinl {Kl, Krtl-2), for example, a 

gene expressed in the hair cuticle and involved in hair differentiation and 

Peptidylarginine deiminase type III (PdiS), expressed in hair follicles, are both 

contained in this cluster. However, by searching for genes with potentially interesting 

biology, several transcripts have been identified that do appear to represent likely “stop” 

genes. These include, for example, Plexin 3 (Plxn3), a member of the plexin family of 

semaphorin receptors and Desmocollin 3 (Dsc3), a member of the cadherin family of 

adhesive glycoproteins that is a component of intercellular desmosome junctions that 

mediate cell-cell adhesions. Perhaps most excitingly, however, the genes encoding the 

transcriptional regulator, Notchl and Ephrin B l, an Eph receptor tyrosine kinase ligand 

are found in the “Stop” cluster. Both are downregulated at the migratory stages of 

repair, with expression returning to unwounded skin levels by 24 hours, a time-point
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corresponding to the final stages of repair in neonatal wounds and in situ studies reveal 

that both appear to be expressed in wound edge epithelial cells. A migratory “stop” role 

in the repair situation is suggested by published observation for these genes, for 

example, N otchl is downregulated in invasive cancers (Talora et al., 2002) and in 

Drosophila notch mutants, migrating epithelial cells fail to stop producing dynamic 

actin protrusions required for the final zippering closed of epithelial sheets during dorsal 

closure (discussed in General Introduction). Other studies show that Eph-ephrin 

signalling controls cell movement during axon guidance and in cell culture. Upon 

interaction with their receptor, B-class ephrins become tyrosine phosphorylated and 

transduce intracellular signals leading to cytoskeletal rearrangements and recently, a 

novel reverse signalling pathway transduced by Ephrin B 1, which is independent of 

tyrosine phophorylation but involves the activation of INK and causes cells to adopt a 

round morphology, has been identified (Xu et al., 2003). This may be a mechanism by 

which Ephrin Bl is involved in contact inhibition signalling. In addition, further 

evidence for the ephrin-mediated control of cell movement comes from C. elegans 

morphogenesis where Eph receptor mutants display defects in the movement of 

neuroblasts and epidermal cells, and in double knockout mice, null for both EphB2 and 

EphB3, epithelial fusion of the two secondary palates fails, resulting in cleft palate 

(reviewed in (Klein, 2001)). Thus, evidence from the biology of these two genes in 

other physiological processes, together with tissue repair spatial expression profiles 

presented in this chapter, suggest Notchl and Ephrin B l are exciting candidate “stop” 

genes. As mentioned previously, grouping co-expressed genes together by cluster 

analysis is an initial attempt to assign possible functions to genes within clusters, but 

gene function tests must be carried out to fully examine the role of wound-induced 

genes during the repair process. Since so little information on the final stages of repair 

is available, and since the identification of potential “stop” genes is based on a 

hypothetical temporal profile, this is particularly true for genes of the “Stop” cluster, 

and Chapter 6 of this thesis describes preliminary attempts to do this.

In this study, many wound-induced genes have been identified using a systematic 

microarray approach. However, although this is a relatively comprehensive analysis, it 

by no means identifies all the genes that control the various episodes of tissue repair. 

One notable family is not represented, the TGFps, which have been shown in several
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studies to be significant players in the repair response. This absence highlights a clear 

weakness in microarray screens of this type. Why are the TGPp family not identified as 

differentially expressed in my study despite being represented on the Affymetrix 

Genechip®? Several downstream TGFp-induced genes are however differentially 

expressed, including TGFp-induced transcript 4 (Tgfblia), and TGFj3 early inducible 

growth response gene (Tieg) that encode transcriptional repressors, so why not the 

TGpps? In another systematic analysis of morphogenetic genes expressed at late stages 

of fly embryogenesis, SAGE analysis of INK responsive genes in Drosophila failed to 

reveal the TGpp homolog decapentaplegic (dpp), even though genetic studies highlight 

dpp as a key INK effector. One explanation for both absences could be the low levels 

of expression. The critical lesson is that a screen of this sort will undoubtedly miss 

some important wound-induced genes.

In the following chapter, I describe the second aspect of my analysis of the PU.l null 

versus wild type data. The PU .l null mouse affords a perfect opportunity to - by 

comparison to wild type wounds - identify inflammation dependant genes expressed 

post wounding, some of which may be responsible for wound fibrosis.
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Genetic Dissection of the 
Wound-Induced Inflammatory

Response
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5.1 Introduction

The skin serves as a protective barrier against the outside world and in particular against 

bacterial invasion. Upon wounding, this barrier is broken and a finely tuned and 

precisely regulated host inflammatory response is quickly activated, triggering a 

directed influx of inflammatory neutrophils and macrophages from the vasculature to 

the wound site, as well as the activation of locally residing macrophages and mast cells. 

These leukocytes not only clear the wound of invading microbes but also play a role in 

coordinating the repair process by acting both as professional phagocytes to clear 

wound debris, and as a major source of wound growth factor signals (reviewed in 

(Martin, 1997)). Thus, the inflammatory response acts as a key component of the repair 

process.

The wound-induced inflammatory response involves the induction of numerous cell 

processes that are in turn controlled by an extensive battery of gene regulations. As 

discussed in the General Introduction, neutrophils and macrophages are drawn from the 

circulation to the wound site by the release of a variety of chemotactic signals (reviewed 

in (Coussens and Werb, 2002)). An even more rapid response is provided by resident 

macrophages and mast cells that are pre-stationed in the skin. As well as operating as a 

“home-guard”, these cells contribute to an early release of chemotactic cues that draws 

in further inflammatory cells (reviewed in (Nathan, 2002)). Aggregated platelets that 

form a temporary plug at the wound site, release chemoattractive factors that enhance 

the inflammatory response, and these include coagulation factors, adhesive proteins, 

plasma proteins, pro tease inhibitors, and in particular growth factors such as PDGF, 

TGFa, and TGFpl. The first recruited leukocyte is the neutrophil, which is drawn to 

the wound site by these released chemotactic factors, together with by-products of 

bacterial breakdown such as formyl methionyl peptides and circulating complement 

components. Neutrophils initially clear the area of invading bacteria but also release 

large amounts of cytokines, including the pro-inflammatory cytokines, TNFa, XL la , 

and IL|31, that stimulate vascular endothelial cells to express adhesion receptors (L, P 

and E-selectin and VC AM) and a4|31, a4|37 integrins required for leukocyte adhesion 

to the endothelial surface. Further activated leukocytes then diapedise into the 

extravascular space and migrate in a directed way towards the wound site.
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The migration of leukocytes towards the wound site is likely to be facilitated by 

cytokine induction of extracellular pro teases such as MMPs. In addition to these 

proteases, leukocyte migration requires dynamic and spatially regulated changes to the 

cytoskeleton and to cell adhesions. The Rho GTPases are well-established regulators of 

cytoskeletal rearrangements as revealed by tissue culture studies. They appear to have a 

crucial role in leukocyte migration also. Induction of chemotaxis in in vitro 

macrophages by the cytokine colony stimulating factor-1 (CSF-1) reveals the role of 

Rho, Rac and Cdc42, in the production of actin structures required for migration and in 

the sensing of chemotactic gradients (Allen et al., 1997; Allen et al., 1998; Ridley et al., 

1999). In addition, neutrophils from mice lacking Rac2 show a reduction in F-actin 

polymerisation in response to chemoattractive signals and consequently a severely 

impaired neutrophil recruitment in vivo (Roberts et al., 1999). Although the small 

GTPases clearly play a role in the coordination of leukocyte migratory machinery, the 

exact mechanisms and gene regulations that occur in order for those cells to migrate to 

the wound site are poorly characterised.

Monocytes (macrophage progenitors) are next to chemotax to the wound site from the 

vasculature, guided, again, by PDGF, TGFpl, IL|31 and TNFa, but also by chemokines 

such as monocyte chemoattractant protein 1 (MCP-1, also called CCL2), MCP-3 

(CCL7) and macrophage inflammatory proteins l a  (M IP-la, also called CCL3) and 

M IP-ip (CCL4). Once at the wound site they differentiate into mature macrophages. 

Neutrophils and macrophages act to clear the area of invading bacteria and later, after 

exposure to by-products of bacterial breakdown, macrophages secrete higher levels of 

SLPl, a serine protease inhibitor that has a role in suppressing neutrophil activation. 

Neutrophils cease to be drawn to the wound site and as the number of neutrophils 

declines, the macrophage influx reaches its peak. Now, a key role of the macrophage is 

to phagocytose spent neutrophils, cell and matrix debris and any remaining invading 

bacteria. Recognition and engulfment of apoptotic corpses by macrophages is relatively 

well molecularly characterised (reviewed in (Lawen, 2003)). Molecules such as 

phosphotidylserine receptors. Toll-like receptors and complement components are 

expressed on the macrophage cell surface and recognise complementary “eat-me” tags 

expressed on the surface of apoptotic debris that mark them for phagocytosis. (Caron 

and Hall, 1998; Leverrier and Ridley, 2001; May and Machesky, 2001). Macrophages
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are now the main source of growth factors and cytokines that continue to mediate the 

inflammatory response as well as modulate the wound healing process by regulating 

tissue remodelling, inducing proteolytic enzyme production, and controlling 

angiogenesis.

The resolution of inflammation is perhaps the least understood aspect of the 

inflammatory response. It seems likely that the cytokine and growth factor profile at the 

wound site may in some way dictate the self-limiting progression of the inflammatory 

response during tissue repair. The complement of TGF(3 receptors expressed by 

leukocytes, changes and they become sensitive to suppression by TGF(3 (Moustakas et 

al., 2002), which now acts to direct aspects of tissue repair rather than recruit more 

leukocytes. In addition, TNF induces macrophages to release interleukin-12 (IL-12), 

that in turn induces lymphocytes to release interferon-y (IFN-y) and this suppresses the 

production of chemokines by macrophages, (reviewed in (Nathan, 2002)). Thus, 

inflammation resolution, as is the case throughout the wound-induced inflammatory 

response, is clearly a tightly regulated complex process.

Inflammation is clearly an important process in many disease states but it is poorly 

defined at the molecular level. The inflammatory response that occurs during tissue 

repair is highly complex and acts not only to protect the wound site from invading 

bacteria but also plays a crucial role in orchestrating many of the cell and tissue 

movements of repair. It directs and modulates the function of a wide variety of cell 

types and this involves the coordinated induction of a diverse range of genes in order to 

release many secreted factors such as cytokines, chemokines and growth factors. Not 

only is it important to determine how the secretion of these factors is regulated but also 

precisely how the cells are drawn into and out of the wound site.

Whilst it appears to play several key roles during tissue repair, the inflammatory 

response may also be responsible for the connective tissue fibrosis and other negative 

consequences of repair that remain after a wound has healed. In young embryos, tissue 

repair is perfect and scar-free and there is a good correlation between the time when 

wounds heal with a scar and the onset of the inflammatory response (Hopkinson- 

Woolley et al., 1994); after about E14.5 in the mouse foetus, wound healing results in a
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scar at the wound site and E14.5 appears to be the earliest developmental stage when 

inflammatory cells are drawn to a wound. As discussed in the General Introduction, 

TGFpl is one factor that may provide a link between the inflammatory response and 

wound fibrosis. It has been implicated in several fibrotic disorders and embryonic and 

adult wounds have differing expression profiles of TGF^s and their receptors (reviewed 

in (Martin, 1997). In addition, downregulation of TGFpi and TGFp2 by antisense 

RNA or by the application of neutralising antibodies or exogenous application of 

TGFps (which may operate by altering the TGFp isoform balance) at the wound 

appears to reduce scarring (Shah et al., 1992; Shah et al., 1994a; Shah et al., 1995). 

However, there will very likely be other factors that play critical roles in wound 

fibrosis. A recent comprehensive analysis of the genetic control of pulmonary fibrosis 

revealed distinct programs of gene expression that may regulate lung inflammation and 

subsequent fibrosis (Kaminski et al., 2000). Microarray studies of bleomycin-induced 

pulmonary fibrosis in mice susceptible to this cytotoxic drug identified patterns of gene 

expression across the inflammatory and fibrotic responses. Comparison of wild type 

expression to that in mice null for the gene encoding the epithelial-restricted integrin p6 

subunit (that develops inflammation but not subsequent fibrosis) distinguished genes 

involved in the pulmonary inflammatory response from genes that may specifically 

contribute to fibrosis. Cluster analysis was used to identify groups of genes that were 

regulated in a coordinate fashion. One cluster identified inflammation genes including 

those encoding complement components, serum amyloid proteins, chemokines and 

chemokine receptors and leukocyte marker genes whilst the temporal profiles of genes 

in several other clusters revealed the timing of induction of pathways involved in 

inflammation. For example, the interferon response pathway and serum amyloid 

proteins were the earliest inflammation responses followed by the induction of C-C 

chemokines, with the complement component factor genes activated further 

downstream and the cathepsins and chemokines IP 10 and MlP-ly induced later still. 

However, one cluster in particular contained genes whose expression was dramatically 

upregulated in response to bleomycin in wild type lungs but upregulated to a much 

lesser degree in integrin ^6  null mice. Several genes in this cluster are known to play a 

role in the formation of the extracellular matrix and the regulation of cellular responses 

to it and may represent the transcriptional profiles of critical phases of fibrosis 

induction. Notably, most highly upregulated in this cluster were Osteopontin, Tenascin-
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c, Tropoelastin, and stress-induced Heme-Oxygenase (HO). Curiously, in this fibrotic 

system, increases in TGFpl, p2 and pS were not detected although several TGF|3- 

induced genes were contained in fibrosis clusters.

Pulmonary fibrosis is a model of an epithelial inflammatory and fibrotic response and 

the patterns of gene expression in the Kaminski et al (2000) study are relevant to the 

fibrosis that occurs in other tissues and situations but the gene inductions that occur in 

the lung may not be the same as those that occur during a wound inflammatory 

responses and the subsequent fibrosis in the skin. Dissecting out the fibrotic response 

from the accompanying inflammatory response has proved difficult in the past and this 

is likely to be why there are few therapeutics available to treat fibrosis.

The PU.l null mouse provides an ideal opportunity to genetically dissect the wound 

inflammatory response and to identify those genes upregulated by fibroblasts, 

endothelial cells, muscle cells and others at the wound site, as a consequence of 

inflammation and that might have critical roles in wound fibrosis. The PU.l null mouse 

is null for the PU.l ets transcription factor and consequently completely lacks 

macrophages, functional neutrophils, osteoclasts and has aberrant development of B and 

T cells (McKercher et al., 1996) (and discussed in General Introduction). For this 

reason, it is genetically incapable of raising an inflammatory response at the wound site. 

In Chapters 3 and 4 ,1 have used the PU.l null mouse to show that, contrary to previous 

experiments where wound healing was severely impaired by leukocyte depletion from 

the wound site (Liebovich and Ross, 1975), repair does proceed in the absence of 

inflammatory cells. Previous studies have also shown that PU.l null mice not only heal 

their wounds but appear to repair without the standard fibrotic response at the wound 

site (Martin et al., 2003). This chapter describes how the microarray analysis of wound 

healing in the presence (wild type) and absence (PU .l null) of an inflammatory 

response, first described in Chapter 4, can be used to dissect out inflammation and 

possible fibrosis genes. By comparing the transcriptional profiles of genes induced at 

the P U .l null and wild type wound sites during the period coincident with the 

inflammatory response onset - 12 and 24 hours post wounding in these neonatal studies 

- genes that are differentially expressed at the wild type wound site but remain 

unchanged, or are differentially expressed to a lesser degree, at the PU.l null wound site
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will be called inflammatory dependent genes. These may include growth factors and 

cytokines that we know to be key players in the inflammatory response and genes 

involved in known leukocyte functions, such as apoptosis, but may also reveal those 

genes that control processes less well molecularly defined, such as those encoding 

leukocyte migratory mechanisms and those controlling fibrotic responses.
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5.2 Results

Comparison of the transcriptional profiles of genes induced at the PU.l null versus 

wild type wound site reveals inflammation dependent genes

Cluster analysis of wound-induced genes in the PU.l null versus its wild type sib mouse 

is described in the Results section of Chapter 4. Three of the seven clusters identified in 

this array study, represent gene expression profiles that correlate with the onset of 

inflammation. In neonatal animals, the inflammatory response is generally induced by 

12 hours and is well established by 24 hours post wounding. Several well-established 

inflammation genes are expressed with precisely this time-course in wild type mice, but 

at the P U .l null wound site, in the absence of an inflammatory response, their 

expression remains at basal levels. Two of the inflammation clusters have exactly this 

profile; they contain genes that are not expressed in unwounded wild type skin or at 

early stages of repair but appear to be upregulated in the wild type directly coincident 

with the onset of the wound inflammatory response. In PU .l null mice they are not 

upregulated at the wound site at any stage.

The first cluster typically contains genes whose expression is upregulated in the wild 

type by 12 hours post wounding and has often reached a peak by 12 hours. This has 

been termed the “Early Inflammatory” cluster and a line graph displaying the temporal 

profile of the median expression over time of this cluster, can be seen in Figure 5.1 A. 

In the second cluster, genes do not typically begin to be upregulated in the wild type 

until 24 hours post wounding. This cluster has been called the “Late Inflammatory” 

cluster and the median temporal profile of the cluster is shown in Figure 5.1 B.

The third cluster contains genes that do not have an inflammation expression profile as 

typified by the “Early” and “Late Inflammatory” clusters, but their expression in the 

wild type does appear to be inflammation regulated. Several genes in this cluster are 

induced at early stages of repair in both the wild type and PU.l null. However, in the 

wild type situation, the expression of these genes appears to be considerably enhanced 

coincident with a sustained inflammatory response, presumably as a direct result of 

signalling from leukocytes that have migrated to the wound site from the vasculature.
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At the P U .l null wound site, in the absence of signalling from these invading 

leukocytes, these genes are typically downregulated. Thus, this cluster has been called 

the “Inflammation-Related” cluster and its median temporal profile is displayed in 

Figure 5.1 C.

Heat map visualisation strikingly reveals the inflammation genes

From the comparison of PU.l null versus wild-type wounds, there are 169 genes 

expressed at the wound site only if repair is concomitant with an inflammatory 

response. 38 of these are found in the “Early Inflammatory” cluster and 131 found in 

the “Late Inflammatory” cluster and these include, as would be expected considering 

the complexity of the inflammatory response, a varied battery of genes, such as those 

required for proteolysis, those that modulate the composition of the extracellular matrix, 

cytokines/chemokines and their receptors, complement components and various other 

inflammatory cell markers. Visualisation of the expression levels of genes within the 

“Early Inflammatory” cluster by heat map (Figure 5.2) reveals a striking temporal 

profile of gene expression induced at early stages of the inflammatory response. As in 

the heat maps in the previous chapter, higher levels of expression are shown in 

progressively brighter shades of red and lower expression in progressively brighter 

shades of green. A scale of expression is shown at the bottom of the map. These “Early 

Inflammatory” genes are generally completely absent or expressed at very low levels 

throughout the repair period in the PU.l null mouse, whereas a peak of expression can 

clearly be seen in the wild type, at between 12 and 24 hours post wounding. The “Late 

Inflammatory” cluster heat map (Figure 5.3) reveals very similar expression profiles but 

the peak of expression has shifted temporally closer to 24 hours. Again for most genes 

in this cluster, there is either no detectable level of expression or low basal levels of 

expression in the PU.l null mouse.

Individual gene expression profiles and some functional annotation for all genes in the 

three inflammatory clusters, together with electronic versions of all heat maps which are 

of higher resolution than can be printed, can be found in Supplementary Information on 

the accompanying CD.
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Several well-known inflammatory genes, including leukocyte markers, are 

contained in the Early Inflammatory” cluster

Not surprisingly, my microarray comparison identifies many known markers of 

inflammatory cells in the “Early Inflammatory” cluster. However, there are also many 

other genes whose expression during the inflammatory phases is more surprising. L- 

plastin (Lcpl) is a calcium-dependent actin-binding protein that has previously been 

implicated in macrophage activation and migration. My data show its expression to 

first appear in the wild type wound at the early stages of the wound inflammatory 

response, with a peak of expression at 12 hours post wounding (Figure 5.4 A(i)). In situ 

hybridisation studies reveal intense expression by what appear to be leukocytes 

clustered within the wild type wound site (Figure 5.4 A(ii)). There appears to be no 

expression in surrounding skin or anywhere in sections of PU.l null wounds (Figure 5.4 

A(iii)). Since immunohistochemistry against the macrophage specific epitope, F4/80, 

described in Chapter 3, reveals these cells to be distributed throughout the skin in 

addition to those that are recruited to the wound site, the wound-restricted expression 

pattern of L-plastin  suggests that expression of this gene is limited to activated 

macrophages only.

Schlafen 2, a member of the Schlafen family of growth regulatory proteins, has a similar 

spatial expression pattern to L-plastin but a temporal profile peaking beyond 24 hours 

(Figure 5.4 B(i)). Like L-plastin, it is not expressed at detectable levels at the PU.l null 

wound site or in the wild type prior to inflammatory onset suggesting that, in the 

neonate at least, its expression is restricted to activated leukocytes (Figure 5.4 B(ii) and 

(iii)).

A more well characterised macrophage marker, the endocytic mannose receptor (Mrcl) 

is expressed with precisely the temporal expression pattern expected for a gene 

associated with macrophages (Figure 5.4 G(i)) and again, levels are undetectable at the 

PU .l null wound site (Figure 5.4 G(iii)). However, in situ hybridisation studies of 

Mrcl, reveal an expression pattern that looks rather different to that seen for L-plastin 

and Schlafen 2 where expression appears to be by leukocytes clustered around the 

wound site. Rather, M rcl is expressed by a small number of cells loosely scattered 

around the wound site with no expression seen throughout the rest of the skin (Figure
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5.4 G(ii)). Thus Mrcl may be expressed by a different leukocyte subset to those 

expressing L-plastin and Schlafen 2, or perhaps is expressed by cells neighbouring 

leukocytes as a consequence of signalling from these leukocytes.

Also as part of the inflammatory response, twelve soluble plasma proteins interact in 

three complement pathways to produce a cytosolic membrane attack complex. 

Complement component C3 is a key part of the classical and alternative complement 

pathways and it, and its receptor, both have expression profiles sitting squarely in the 

“Early Inflammatory” cluster. C3 is expressed at similar levels in unwounded PU.l null 

and wild type skin, but whilst in wild type wounds, expression is rapidly upregulated by 

30 minutes post wounding and continues to be expressed by 24 hours, in the PU.l null, 

upregulation is delayed and much weaker (Figure 5.4 C(i)). This delay in C3 

expression suggests that inflammation has a significant role to play in raising a rapid 

complement response at the wound site. In situ hybridisation studies for C3 do not 

distinguish between wild type and PU.l null wounds (Figure 5.4 C(ii) and (iii)). Faint 

expression of C3 is seen in both genotypes at 12 hours. This suggests there are 

complementary mechanisms driving the complement response in the PU.l null mouse.

Onzin is a novel wound-induced “early inflammatory” gene

O nzin  is a novel gene of unknown function that is contained in the “Early 

Inflammatory” cluster. It has previously been identified in a screen for genes 

controlling inflammatory dermatitis, where it is appears to be involved in lymph node 

activation (Betts et al., 2003). The temporal profile of Onzin post wounding in the wild 

type wound shows significant upregulation at 12 and 24 hours. Unwounded wild type 

skin expresses Onzin at low levels but it is completely absent in PU.l null, unwounded 

skin and remains so until 12 hours post wounding, when it is upregulated, but not to 

wild type levels. By 24 hours post wounding, however, the expression level of Onzin at 

the PU .l null wound site is approaching that seen at the wild type wound site (Figure

5.4 D(i)). In situ hybridisation studies at 12 hours show a clustering of expression 

around the wound site that appears very similar at the PU .l null and wild type wound 

sites (Figure 5.4 D(ii) and (iii)). This expression pattern resembles leukocyte clustering 

around the wound site but clearly cannot be macrophages or neutrophils, at least in the 

PU .l null. The temporal profile of Onzin suggests that it might be expressed in wild
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type skin by resident inflammatory cells and in the PU .l null either by inflammatory 

cells whose development is delayed such as T cells, or that there may be an alternative 

or compensatory mechanism of gene regulation in non-inflammatory cells at the wound 

site.

M RP 14, a member of the “Early Inflammatory” cluster, is expressed in 

kératinocytes as well as inflammatory cells

MRP 14 (also called S100A9) is a Câ + binding protein that is highly upregulated in 

differentiating wound kératinocytes and acts as part of a MRP8/14 heterodimer. As 

discussed in Chapter 4, where I reported MRP8 as being within the “Late Effector” 

cluster, the MRP8/14 heterodimer is thought to control the balance between 

keratinocyte proliferation and differentiation during tissue repair and may play such a 

role via its regulation of cytoskeletal rearrangements. However, the MRP8/14 

heterodimer appears also to play several roles in the inflammatory phase of repair acting 

as both a chemoattractant and an antimicrobial factor. Presumably MRP8 is found in 

the “Late Effector” cluster of repair genes, because it is predominantly expressed by 

wound kératinocytes and this expression masks the wild type leukocyte expression. 

Conversely, MRP14 is found in the “Early Inflammatory” cluster because its expression 

is predominantly by leukocytes. In the wild type wound situation, it begins to be 

upregulated at 3 hours, with expression peaking at 12 hours post wounding, whereas in 

the PU.l null, expression does not begin to be upregulated until 12 hours post wounding 

with levels being much reduced as compared to the wild type (Figure 5.4 E(i)). The 

expression pattern of MRP 14 thus reflects an “Early Inflammatory” cluster temporal 

profile. In situ hybridisation clearly shows MRP 14 to be expressed in the region of the 

wound populated by inflammatory cells, and indeed previous experiments suggest that 

both neutrophils and macrophages express MRP8 and M R f74 (Thorey et al., 2001). 

These spatial studies confirm MRP 14 to be expressed by wound kératinocytes in both 

PU .l nulls and wild types but unlike its partner MRP8, the dominant expression is by 

inflammatory cells in the wild type (Figure 5.4 E(ii) and (iii)).
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Osteopontin may be a gene that contributes to fibrosis at the wild type wound site

Osteopontin (Sppl, also called minopontin) is a glycoprotein that acts as a macrophage 

chemoattractant, and, via the engagement of a number of adhesive receptors including 

integrin receptors, can mediate cell-matrix interactions (reviewed in (Denhardt et al., 

2001)). In wound healing studies on Sppl null mice, repair was aberrant as compared to 

wild type mice and was characterised by abnormal macrophage debridement and 

abnormal maturation of collagen bundles (Liaw et al., 1998). The wild type wound had 

large collagen fibrils that were heterogeneously distributed and organised into well- 

defined fibres and these included course fibrils in the deep dermis. The Sppl null 

wound site however, had a less organised reforming matrix and was composed of a 

homogeneous mixture of fibrils of smaller diameter, and this was especially noticeable 

in the deep reticular dermis. In addition, more cell debris was observed, presumably 

due to the failure of macrophage chemotaxis to the wound site in the absence of 

Osteopontin. Although the authors did not specifically investigate the effect of scarring 

after tissue repair in the Sppl null mouse, these wounds may have healed with reduced 

long-term fibrosis, and indeed in a study to dissect out genes contributing to pulmonary 

fibrosis, Sppl was identified as a possible fibrotic mediator (Kaminski et al., 2000).

Microarray data suggest that Sppl expression is completely absent at all time-points 

during repair of a P U .l  null wound, but is expressed with a typical “Early 

Inflammatory” cluster profile at 12 and 24 hours post wounding the wild type (Figure

5.4 F(i)). In situ hybridisation confirms the absence of expression at the PU .l null 

wound site and reveals an unusual pattern of expression at the wild type wound site, 

with some expression by a subset of leukocytes (see arrows) but the majority of positive 

cells located in what appears to be the deep dermal or muscle layers of the wound 

region (Figure 5.4 F(ii) and (iii)).

The “Early Inflammatory” cluster also contains chemokines and their receptors

My hope was that the “Early” and “Late Inflammatory” clusters would include some of 

the crucial chemokine and growth factor receptors unique to the leukocyte and used by 

these cells to detect various chemotactic gradients that guide them to the wound site. 

Chemokine (C-C) receptor 1 (CCrl), a receptor for several chemokines including MIP-
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l a ,  CCL5 and Scya7 (also called MCP-3 and CCL7) is one such receptor that has an 

“early inflammatory” profile (Figure 5.4 I(i)). In situ studies show it to be expressed in 

the wild type wound, by what appear to be leukocytes clustered around the wound site 

as early as 3 hours post wounding although expression levels peak by 12 hours. There 

is no expression at the PU.l null wound site (Figure 5.4 I(i), (ii) and (iii)).

As well as chemokine receptors, I see examples of chemokines themselves in this 

cluster also. Chemokine CXCLIO (also called IP-10) is an a-chemokine, that is not 

active on neutrophils but is a potent chemoattractant for macrophages and T cells. 

CXCLIO is not expressed at the PU.l null wound site but is upregulated at 12 and 24 

hours in wild type wounds (Figure 5.4 H(i) and I(iii)). In situ studies reveal intense 

staining by what could either be leukocytes or host fibroblasts at the wild type wound 

site (Figure 5.4 H(ii)) Either this chemokine is an amplifying chemotactic signal 

expressed by leukocytes to draw in further leukocytes or its expression in triggered in 

fibroblasts only if they receive signals from the infiltrating leukocytes.

The second inflammatory cluster contains genes expressed at later stages of the 

inflammatory response including several possible fibrosis genes.

Cathepsin 5 is a typical gene of the “Late Inflammatory” cluster being highly 

upregulated at 24 hours post wounding in the wild type, with no expression in the PU.l 

null (Figure 5.5 A(i)). Cathepsins are proteases expressed by macrophages that catalyze 

the remodelling of extracellular matrix proteins. In situ hybridisation clearly shows 

expression by macrophages clustered around the wound site (Figure 5.5 A(ii)). No 

expression is seen in the “macrophageless” PU.l null mouse (Figure 5.5 A(iii)).

Repetin  is an epidermal differentiation gene, a novel member of the fused gene 

subgroup of the SlOO family encoding multifunctional epidermal matrix proteins. Its 

temporal profile at the wound site implicates Repetin as playing a role in the 

inflammatory response or being responsive to inflammatory signals. However, in situ 

hybridisation studies for Repetin reveal that it is not expressed in inflammatory cells, 

but rather by wound kératinocytes at both the wild type and PU .l null wound sites 

(Figure 5.5 B(ii) and (iii)). While not absolutely dependent on inflammatory signals, it
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appears that Repetin expression by wound kératinocytes is significantly enhanced by 

inflammatory cues.

The “Late Inflammatory” cluster, more than any other cluster discussed so far, contains 

a high proportion of unknown ESTs. Almost half of the transcripts in the cluster are 

ESTs, and by association these are all implicated as potential inflammatory and fibrotic 

mediators. One example, Genbank Accession Number A ll53421, appears to be 

upregulated as a consequence of the inflammatory response in wild type wounds, with 

no comparable upregulation seen in the PU .l null (Figure 5.5 C(i)). In situ 

hybridisation studies reveal this EST to be expressed throughout the wound tissue in 

cells that are most likely to be wound fibroblasts, with little expression in the PU.l null 

wound (Figure 5.5 C(ii) and (iii)).

As in the “Early Inflammatory” cluster, there may be genes within the “Late 

Inflammatory” cluster that contribute to the events that drive the formation of 

connective tissue scar after the wound has healed. The Angiotensin II receptor has been 

implicated in mediating the fibrotic response in several tissue injury situations, such as 

myocardial infarction and rat cutaneous wound healing. It has been shown to be 

upregulated in the wound dermis by myofibroblasts after myocardial infarction. (Fabris 

et al., 1990; Sun and Weber, 1994; Sun and Weber, 1996; Viswanathan and Saavedra, 

1992). The Angiotensin II receptor is a clear member of the “Late Inflammatory” 

cluster but is expressed both at wild type and PU .l null wounds (Figure 5.5 D(i)). 

However, expression levels are significantly higher in the wild type. The spatial 

expression pattern of Angiotensin II receptor is reminiscent of the “early inflammatory” 

gene, Sppl (Osteopontin) with the brightest staining to be seen in the deep dermal or 

muscle layer of the wild type wound (Figure 5.5 D(ii)), and only very faint expression 

seen at the P U .l null wound site (see arrow) (Figure 5.5 D(iii)). Like Sppl, the 

Angiotensin II receptor fulfills some of the criteria for a gene that might mediate 

inflammation driven fibrosis and scarring.

The third inflammatory cluster contains “inflammation-related” genes

The “Inflammation-Related” cluster contains genes that are typically expressed at early 

stages of repair in both PU.l null and wild type mice, but, whilst expression appears to
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be enhanced in the wild type coincident with the inflammatory response, these genes are 

rapidly downregulated in the PU .l null in the absence of an inflammatory response. 

This cluster contains 17 genes whose expression across the wound healing response can 

be visualised by heat map (Figure 5.6).

Some “inflammation-related” genes may be associated with mast cells

Mast Cell Protease 5 (McptS) is a serine chymase stored in the secretory granules of 

mast cells. It contains a novel activation peptide not present in other family members 

that makes it more similar to Mast Cell Carboxypeptidase A than to other mast cell 

chymases. After mast cell activation, Mcpt5 acts as a potent chemoattractant for several 

leukocytes but it is most highly active on neutrophils (McNeil et al., 1991). McptS is 

upregulated immediately post wounding but by 12 hours is downregulated back to near 

basal levels in the wild type. However, it appears to be secondarily upregulated again 

by 24 hours post wounding. Expression is also upregulated at the PU.l null wound site 

as an immediate response but its levels remain low and rather than a secondary 

induction, as there is in the wild type, it is rapidly downregulated at the wound site by 

12 hours (Figure 5.7 A(i)). Clear expression by what are possibly mast cells resident in 

wild type skin, can be seen by in situ hybridisation on 3 hour frozen wound sections 

(Figure 5.7 A(ii)). Low levels of expression are detected at the PU.l null wound site in 

cells that appear similar to those in the wild type, but this can not be confirmed without 

co-localisation with mast cell markers (Figure 5.7 A(iii)). These data strongly suggest 

that McptS is initially expressed independently of signals from macrophages and 

neutrophils, but that leukocytes are subsequently responsible for a secondary 

expression, either directly by expressing McpS themselves, or indirectly by triggering 

expression in another cell type, possibly supplying cues that reinforce expression by 

mast cells or prevent their dispersal from the wound site.

Carboxypeptidase A3 (CpaS) is in the same “Inflammation-Related” cluster and appears 

to be co-expressed by the same cells as McptS. It is expressed in an almost identical 

temporal profile at the wild type wound site (Figure 5.7 B(i) and (ii)). However, there 

are barely detectable levels of expression ot PU .l null wound site at any time-point 

(Figure 5.7 B(iii)). For this gene, it seems that macrophage and neutrophil signals are 

required even for its primary induction.
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Mast Cell Protease (Mcpt9) is another serine chymase of the same family as McptS. 

However, the temporal expression pattern of Mcpt9 at the wound site is different from 

that of its relative. It is expressed in wild type, unwounded skin at high basal levels and 

is further upregulated immediately post wounding, with expression dropping after 12-24 

hours (Figure 5.7 C(i)). In situ studies reinforce the difference in expression between 

Mcpt9 and McptS, with Mcpt9 expression widely distributed throughout the wound 

epithelium and underlying connective tissue (Figure 5.7 C(ii)). Many mast cell 

mediators have roles in the degradation of the extracellular matrix (reviewed in (Benoist 

and Mathis, 2002)) and Mcpt9 expression in the wild type wound connective tissue may 

be representative of a role in the extracellular matrix remodelling that occurs during 

wound repair. As with Carboxypeptidase A3, there is very little, if any, expression at 

the PU.l null wound site (Figure 5.7 C(iii)).

Chemokines are also represented in the ‘‘Inflammation-Related” cluster

CCL2 (also called MCPl and Scya2) and CCL7 (also called MCP3 or Scya7) are C-C 

chemokines, and whilst CCL2 is a key mediator of macrophage recruitment, CC17 is a 

more general leukocyte chemoattractant. Both of these chemokines have roles in 

directing the cellular composition of the inflammatory response. CCL2 and CCL7 are 

expressed with an almost identical profile at the wound site. In the wild type, they are 

highly upregulated at 3 hours and expression begins to tail off by 24 hours post 

wounding. In the PU .l null, CCL2 and CCL7 are also upregulated at 3 hours but to a 

lesser degree than in the wild type, and unlike in the wild type, expression is 

immediately downregulated, so that by 12 hours post wounding there a is a complete 

absence of expression. (Figure 5.7 D(i) and E(i)). The temporal expression pattern of 

these chemokines suggests that, in the wild type, expression is enhanced and then 

maintained by the presence of macrophages and neutrophils, whereas in the PU.l null 

wound, initial expression is independent of these leukocytes and without them 

expression cannot be amplified and maintained. In situ data hint that these chemokines 

are expressed by host wound cells (rather than by any inflammatory cell type) at both 

the wild type and PU.l null wound sites ((Figure 5.7 D(ii) and E(iii)).
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Figure 5.1 Median temporal profile graphs of inflammation clusters
Line graphs display the median level of absolute expression (y axis) at each of the 
four time points, 30 minutes, 3 hours, 12 hours and 24 hours (x axis), for all genes 
within each of the three inflammation clusters, producing a median temporal profile 
representative of the cluster. For each graph the temporal profile of expression at 
the PU.l null wound site is shown by the pink line and the temporal profile of 
expression at the wild type wound site shown by the blue line. Clusters are named 
according to the inflammatory phase the temporal profile appears to correspond to, 
as well as the function of known genes within that cluster. (A) Median temporal 
profile graph of “Larly Inflammatory” cluster and (B) “Late Inflammatory” cluster. 
The third cluster is called the “Inflammation-Related” cluster (C). Scale of absolute 
expression levels at the y axis varies according to the level of expression in each 
cluster.
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Figure 5.2 Heat map visualisation of the temporal profile of genes of the “Early 
Inflammatory” cluster
Colour representation of absolute expression levels at each time-point for each of 
the 38 genes whose expression corresponds to the earliest inflammatory response 
onset. Higher levels of expression shown in progressively brighter shades of red 
with lower expression levels represented by progressively brighter shades of green. 
Scale bar, figures represent absolute expression levels as a measure of fluorescence. 
Genes are ordered with the most highly expressed first. Gene names are shown on 
the right of the map. Expression at the PU A  null wound site to the right of the 
figure and expression at the wild type wound site on the left. The heat map 
provides a striking visual depiction of “early inflammatory” genes with a peak of 
expression at between 12 and 24 hours post wounding in wild type wounds with 
little or no corresponding upregulation at the PU.l null wound site.
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Figure 5.3 Heat map colour representation of the “Late Inflammatory” cluster
Colour depiction of the temporal profiles of the 131 genes/ESTs of the 
“Late Inflammatory” cluster. Higher levels of expression are indicated by 
progressively brighter shades of red and lower expression levels are represented by 
progressively brighter shades of green. Scale bar represents absolute expression 
levels as a measure of fluorescence. Expression levels for the PU.l null wound site 
are shown on the right and for the wild type wound site, on the left. The “late 
inflammatory” heat map reveals typical upregulation in the wild type at 24 hours 
post wounding with little or no expression at the PU.l null wound site.
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Figure 5.4 Temporal and spatial profiles of the ‘‘Early Inflammatory” cluster
'I’cmporal expression profile graphs of “early inflammatory" genes display absolute expression levels (y axis) at each 
time-point (x axis) with both tlie P U .l  null profile (pink line) and tlie wild type (blue line) on each graph. Scale o f  
absolute expression levels along the y axis varies according to the level o f  expression o f each gene. Spatial profiles are 
revealed by in situ  hybridisation on 12 hour frozen wound sections. A(i) L-plastin  is expressed to a peak at 12 hours at 
tlie wild type wound site with a com plete absence of expression in the P U .l  null. A(ii) and (iii) L-plastin  is expressed by 
what appear to be “activated” leukocytes at the wild type wound site. B(i) Schlafen 2 is expressed at 12 and 24 hours post 
wounding in the wild type with no expression in the P U .l  null. B (ii) and (iii) Schlafen 2 is also expressed by “activated” 
leukocytes. C(i) In the wild type C3 is upregulated by 30 minutes post wounding and continues to be induced by 24 
hours with delayed and lower induction in the P U .l  null. C(ii) and (iii) Faint expression o f  C3 is seen in both wounds. 
D(i) Onzin is upregulated in both wounds but to a lower level in the P U .l  null. D(ii) and (iii) Expression appears to be in 
the same cells in both wounds. E(i) MRP 14 is expressed at a higher level in wild type wounds as compared to the P U .l  
null. E(ii) and (iii) Both leukocytes and kératinocytes express M RP 14 in the wild type with only keratinocyte expression  
seen in the P U .l null. F(i) Osteopontin  is typically upregulated in the wild type only at 12 and 24 hours. F(ii) and (iii) 
Osteopontin  displays an unusual pattern o f leukocyte and deep dermal cell expression in the wild type only. G(i) M rcl  
expression is completely absent in the P U .l  null but upregulated to a peak at 24 hours in wild type. G(ii) and (iii) In situ 
studies confirm a lack o f  expression in the PU. 1 null and expression by what appear to be leukocytes in the wild type. 
ll( i)  CXCIO  is not expressed in the P U .l null but liiglily upregulated by 24 hours in the wild type. Il(ii) and (iii) 
Expression appears to be by leukocytes or host fibroblasts in the wild type only. I(i) C C rl  is also not expressed in the 
P U .l null but is highly upregulated to a peak at 12 hours post wounding. l(ii) and (iii) Confirmation o f a lack o f  expres
sion in the P U .l  null but upregulation by leukocytes in the wild type. Scale bar etjuals 25()pm
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Figure 5.5 Temporal profiles of the Late Inflammatory” cluster are complemented by 
in situ hybridisation studies
Line graphs of temporal expression profiles of members of the “Late Inflammatory” cluster 
display absolute expression levels (y axis) at each time-point post wounding (x axis) with 
both the PU.l null profile (pink line) and the wild type (blue line) on each graph. Scale of 
absolute expression levels along the y axis varies according to the level of expression of 
each gene. Spatial profiles are revealed by in situ hybridisation performed on 24 hour frozen 
sections. A(i) Cathepsin S expression is completely absent in the PU. I null wound but is 
highly upregulated by 24 hours in the wild type. A(ii) and (iii) In situ studies confirm a lack 
of expression in the PU.l null and expression by macrophages clustered around the wild 
type wound site. B(i) Repetin expression is upregulated by 12 hours in both genotypes but to 
a lower level in the PU.l null. B(ii) and (iii) Expression is seen by kératinocytes at both the 
wild type and PU.l null wound sites. C(i) EST AI 153421 is upregulated by 24 hours in the 
wild type only. C(ii) and (iii) In situ hybridisation studies reveal expression throughout the 
wound tissue in cells that are most likely to be wound fibroblasts, with little expression in 
the PU.l null wound. D(i) Agtr2 is expressed at both wound sites but to a lower level in the 
PU.l null with a peak of expression at 24 hours, D(ii) and (iii) Expression is seen in the 
deep dermal or muscle layer of the wild type with faint expression in the PU.l null (see 
arrows). Scale bar equals 400pm for A-C and 250pm for D.
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Figure 5.6 “Inflammation-Related” cluster heat map
Colour depiction of the temporal profiles of the 17 genes/liSTs of the 
“Inllammation-Related"” cluster. Higher levels of expression shown in progressively 
brighter shades of red and lower expression levels are shown in progressively brighter 
shades of green. Scale represents absolute expression levels as a measure of 
Huorescence. Expression at the PU. / null wound site shown on the light of the figure 
and expression at the wild type wound site shown on the left. The heat map shows 
that expression of "infiammation-related” genes is enhanced in the wild type 
coincident with the inflammatory response but expression is rapidly downregulated in 
the PU.l null in the absence of an inflammatory response.
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Figure 5.7 In situ hybridisation reveals the spatial profile of “Inflammation-Related” 
genes
Temporal expression profile graphs of “Inllammation-Related” genes display absolute expression levels 
(y axis) at each time-point (x axis) with botli PV.l null (pink line) and wild type profiles (blue line) on each 
graph. Scale of absolute expression levels along the y axis varies according to tlie level of expression of each 
gene. Spatial profiles are revealed by in situ hybridisation on 3 hour frozen sections. A(i) McptS is 
upregulated immediately post wounding and by 12 hours is downregulated back to near basal levels in both 
tlie wild type and PU.l null, but is secondarily upregulated by 24 hours in the wild type only. A(ii) and (iii) 
Expression is seen at both wound sites altliough at a lower level in tlie PV.l null (see arrows) witli 
expression by what may be mast cells. B(i) CpaS is expressed in an almost identical profile to McptS but 
with no expression in the PU.l null. B(ii) and (iii) CpaS is expressed possibly by mast cells in tlie wild type 
only. C(i) Mcpt9 is upregulated peaking at 12 hours in wild type wounds. C(ii) and (iii) Mcpt9 is expressed 
tliroughout the wild type wound epithelium and underlying connective tissue. D(i) CCL2 is upregulated at 3 
hours witli expression tailing off by 24 hours in botli wounds but expression is at a lower level in the PV.l  
null. D(ii) and (iii) CCL2 is expressed by what appear to be host wound cells at botli wound sites (see 
arrows). E(i)(ii) and (iii) CCL7 is expressed in an almost identical temporal and spatial profile to CCL2. 
Scale bar equals dOOpm.
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5.3 Discussion

Inflammation is a well-documented and clinically important protective response to 

microbial infection or injury. It is a self contained and highly regulated process; 

insufficient responses can lead to infection and in certain circumstances even to cancer, 

whereas an over-exuberant response can cause rheumatoid arthritis, Crohn’s disease, 

atherosclerosis, and lung and kidney fibrotic disorders (Nathan, 2002). During tissue 

repair, an inflammatory response is elicited that acts to clear the wound of invading 

microbes and cell and matrix debris, and to release factors that directly contribute to the 

processes of repair. However, the inflammatory response is thought to be partially 

responsible for the fibrosis that remains after a wound has healed. It is important to 

gain a clear understanding of the cell and molecular mechanisms of the inflammatory 

response if these types of diseases and fibrotic disorders are to be clinically treated. 

This chapter describes my attempts to identify key genes involved in inflammation in 

what is essentially a subtractive comparison of gene expression at the wild type versus 

the PU.l null wound sites.

The PU.l null mouse does not have macrophages or functional neutrophils and so 

cannot raise this component of the inflammatory response. I have identified 3 groups of 

genes, from the microarray analysis of wound repair, that are differentially expressed in 

the presence versus the absence of such an inflammatory response. Cluster analysis of 

the temporal profile of expression at the PU .l null versus the wild type wound site 

identified two clusters containing 169 genes in total, that are expressed concomitant 

with a wild type inflammatory response but, in the PU.l null mouse, where there is no 

such inflammatory response, there is either a complete absence of expression, or it 

remains at basal levels or is upregulated to a much lesser degree. The first of these 

clusters includes genes that begin to be upregulated in the wild type, by 12 hours post 

wounding, or even earlier, i.e. absolutely in parallel with the influx of inflammatory 

cells. The second cluster has a more delayed onset with expression generally peaking at 

24 hours. Both the “Early” and “Late Inflammatory” clusters contain genes involved in 

a wide range of inflammatory processes illustrating the complexity of the inflammatory 

response. Many are general leukocyte markers, expressed by resident inflammatory 

cells in the wild type that are missing in the PU .l null mouse. MRP 14 is one such 

example, and like MRP 14, these may act as wound site antimicrobials or as chemotactic
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factors to attract more or different types of leukocytes to the wound site, or they may 

simply encode proteins with leukocyte “housekeeping” functions. Others are expressed 

specifically by what appear to be “activated” leukocytes clustered around the wound 

site and are presumably expressed as a response to chemotactic and activation cues. 

These will include those genes encoding proteins that direct the cytoskeletal 

rearrangements required for migration, for example, the actin bundling protein, L- 

plastin, or those genes required for leukocytes to carry out their functions at the wound 

site such as Cathepsin S, a protease involved in the remodelling of the extracellular 

matrix. These clusters contain other well-known components of the inflammatory 

response, for example, chemokines and complement components but also reveal genes 

not previously associated with the wound inflammatory response, such as Onzin. In 

addition, many of the ESTs in these clusters may represent novel inflammatory genes.

The third cluster, the “Inflammation-Related” cluster, contains genes that typically are 

expressed by both the PU.l null mouse and the wild type, but whose expression appears 

to be enhanced by signalling from macrophages and neutrophils as they migrate into the 

wild type wound site. In the PU.l null mouse, in the absence of “stimulation” by these 

leukocytes, expression is generally rapidly downregulated. Some of these genes may be 

expressed by cells that initially signal to attract leukocytes to the wound site, or perhaps 

factors released by mast cells that have not definitively been shown to be absent from 

the PU .l null mouse, or they may include chemokines released by host cells such as 

fibroblasts and endothelial cells, in response to wounding.

Revealing the spatial profile of genes by in situ hybridisation is particularly useful in the 

case of the inflammation associated genes. As discussed in the previous chapter, 

information on which cells express a particular gene can give clues as to gene function, 

which is especially critical in the case of novel genes where there are no functional 

clues from other published studies. In situ studies can distinguish between, and assign 

possible function to, general leukocyte marker genes versus genes expressed only by 

“activated” leukocytes. For example, the function of Schlafen 2 is unknown but since it 

has an identical spatial profile to L-plastin and Cathepsin S it would seem to be 

expressed by “activated” leukocytes at the wound site. In situ hybridisation is also 

critical in identifying those genes that are expressed away from the domain where the 

wound inflammatory leukocytes are found, and rather appear to be expressed in host
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wound cells such as endothelial cells, fibroblasts or muscle cells as a consequence of 

signals derived from the influx of inflammatory cells. One of the downstream 

consequences of the inflammatory response at a wound site is fibrosis and since the 

PU.l null mouse heals its wounds with less fibrosis (Martin et al., 2003), this subset of 

inflammation-dependent genes are implicated in the fibrotic response. Very few 

therapeutic targets for the reduction of scarring in the clinic have been identified and 

this is likely to be due to the difficulties in unravelling the events of repair from those 

that are directly responsible for fibrosis. Previously, there have been several studies of 

fibrosis in tissues other than skin, but only TGF|3 family members have been 

extensively studied as potential scarring agents during skin wound healing. 

Experiments that neutralise various TGF|3 isoforms, significantly reduce scarring post 

wounding (Shah et al., 1992; Shah et al., 1994a; Shah et al., 1995). The data described 

in this chapter from the PU .l null mouse forms the beginnings of a comprehensive 

analysis that aims to provide a further pool of potential skin fibrosis genes. Sppl 

{Osteopontin) and Angiotensin 11 receptor expression have previously been implicated 

in fibrotic disorders that may be related to scarring at the wound site. These are 

examples of potential inflammation-induced fibrosis genes with expression found in the 

deeper tissues of the wound site. Other potential fibrosis genes that appear to be 

upregulated in fibroblasts in the wild type include unknown ESTs. I have investigated a 

small number of these by in situ hybridisation and some may represent key scar-trigger 

genes. Clearly, however robust the expression pattern, this group of genes are only 

candidate fibrosis genes and would need to undergo gene function tests to be 

definitively classified. One way to do this would be to wound mice null for the gene in 

question, and for some of the genes in this cluster the appropriate mice exist. Indeed, 

there is a mouse null for the gene encoding Osteopontin and wound studies reveal an 

abnormal connective tissue organisation, with fibres composed of a homogeneous 

mixture of fibrils of smaller diameter than in wild type wounds (Liaw et al., 1998). 

From the published account it is difficult to judge, but not unreasonable to assume, that 

these wounds might eventually repair with less final scarring. Clearly, further studies 

are needed. Other ways to test function of candidate fibrosis genes include, in the case 

of diffusible factors, exogenous application of the factor encoded by the gene in 

question, to a wound that would otherwise not normally scar, such as to the embryo or 

the PU.l null mouse.
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Tissue repair and the concomitant inflammatory response are intricately associated 

processes. It is well established that the initial and subsequent sustained release of 

growth factors and cytokines, such as TGF|3 and TNFa, from leukocytes is important 

both for the amplification of the inflammatory processes and as direct regulators of 

wound closure also. MRP14, contained in the “Early Inflammatory” Cluster is an 

example of a gene that has a dual role in repair and in the inflammatory response. 

MRP 14 together with its heterodimeric partner MRP8 is thought to act as an 

antimicrobial at the wound site (Steinbakk et al., 1990) but as described in the previous 

chapter, the MRP8/MRP14 heterodimer is thought to have roles in keratinocyte 

proliferation and migrational cytoskeletal rearrangements also (Thorey et al., 2001). 

Clues to these dual roles are provided by revealing a gene’s spatial profile and there will 

be many other genes contained in the inflammatory clusters described in this chapter 

that are also involved in the intricate tissue repair/inflammation link which will be 

uncovered only by in situ hybridisation. In addition, there will be genes in the 

inflammatory clusters that are tissue repair genes whose expression is enhanced as a 

consequence of signals from inflammatory components. One example of this type of 

gene appears to be Repetin, a keratinocyte differentiation gene that is more highly 

upregulated in the wild type as compared to the PU.l null coincident with the time of 

inflammatory response onset.

In this chapter I have attempted to genetically dissect the wound-induced inflammatory 

response and to separate out the associated inflammatory and fibrotic events that occur 

at the wound site. By combining the microarray cluster data with in situ studies, I have 

been able to a large extent to distinguish some genes that are expressed by inflammatory 

cells from those that are expressed by host wound cells as a consequence of their being 

exposed to signals from inflammatory cells. My studies only begin to reveal the depth 

of the data uncovered by the microarray study. A mountain of further spatial expression 

studies to analyse the remaining genes and ESTs is clearly necessary to complete the 

picture. However, some general concepts are clear from the data already. Leukocyte 

specific genes are clearly expressed in two temporal waves at the wound site and these 

include chemokine receptors and leukocyte effectors such as proteases. Host cell 

expressed inflammation-dependent genes, may be expressed by deep dermal cells or 

more ubiquitously amongst wound tissues, possibly by wound fibroblasts and some of
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these may mediate the scarring response seen post inflammatory repair. And finally, 

several genes are expressed at low levels upon wounding in the absence of 

inflammation, but their expression levels are considerably enhanced by signals from 

inflammatory cells. Thus inflammation may also extend the duration and intensity of 

events that occur at the wound site.
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Gene Function Testing 
Using a D r o s o p h i l a  Model of

Tissue Repair
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6.1 Introduction

With the advance in transgenic and knockout technologies during recent years, 

genetically modified mice have been studied extensively in order to determine the 

function of genes expressed during wound healing. Numerous loss of function studies 

using mice that have had a gene of interest removed or inactivated by homologous 

recombination, or mice expressing dominant negative transgenes, as well as gain of 

function studies with transgenic mice overexpressing a particular gene, have been 

reported (reviewed in (Werner and Grose, 2003)). In addition, problems of embryonic 

lethality in these null or transgenic mice are successfully being overcome with the use 

of Cre-lox technologies to control the spatial or temporal expression of mutant or 

transgenes. These functional studies have focused, in particular, on wound-expressed 

growth factors and cytokines and their downstream effectors, and many have 

successfully given clues to gene function. For example, when transgenic mice 

expressing a dominant negative version of FGFRIIIb, the receptor for KGF and several 

other FGFs, were wounded, there was a severe delay in wound re-epithelialisation and 

this was characterised by a markedly reduced number of proliferating kératinocytes 

(Werner et al., 1994b). Other clear cut examples of studies that definitively confirm 

function include mice that constitutively express CXCLIO (IP 10), a chemokine 

expressed at high levels in wounded skin (Kaesler et al., 2002), in kératinocytes only. 

These mice showed a more intense inflammatory phase of repair as well as delayed re- 

epithelialisation and impaired angiogenesis that was thought to be a result of a negative 

effect of CXCLIO on EGF-induced fibroblast motility (Luster et al., 1998; Shiraha et 

al., 1999). However, there appears to have been many more studies of genetically 

modified mice where no effects on wound repair were observed, including for those 

genes that appear to be key tissue repair effectors, such as Tenascin, KGF, TGFf31 and 

TGFa. The most likely explanation is the problem of genetic redundancy, which 

appears to be a common phenomenon in higher organisms. For example, mice null for 

Nfr2, that encodes a transcription factor expressed at the wound site, show no repair 

defects and this is thought to be perhaps due to compensation by Nrfl or Nrf3 (Braun et 

al., 2002). Similarly, no effects on wound healing were observed in mice null for Krox 

24 (Egrl)  or Krox 20 (Egr2) in an embryonic model of repair, perhaps due to 

compensation by each other or other family members, or by another of the many
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transcription factors expressed during repair. In order to determine gene function then, 

it may be better to turn to a more simple system. As discussed in the General 

Introduction, there have been many successful wound healing studies in simpler models, 

including several in vitro cell culture scrape wound models and several embryonic 

models of repair.

Drosophila melanogaster is a simple, genetically tractable organism in which the 

problems of genetic redundancy are limited due to its small genome size and the relative 

ease of making double or triple mutants. Transgenic or mutant flies can also be 

produced more rapidly due to the much reduced generation time of 10 days compared to 

the much longer generation time of the mouse. Recently, a model of wound healing in 

the Drosophila embryo has been established, that combines the ability to image repair 

live, using transgenic GFP-actin expressing embryos, with the powerful genetics of 

Drosophila (Wood et al., 2002). Transgenic Drosophila embryos expressing GFP-actin 

in the epithelium under the control of the GAL4-UAS system (Brand and Perrimon, 

1993) are wounded by laser ablation of circular patches of epithelium using a nitrogen 

laser-pumped dye laser that creates precise reproducible wounds of 3-5 cells in 

diameter. By confocal imaging, the live analysis of the dynamic actin machinery as it 

assembles and draws the wound closed can be seen.
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Figure 6.1 Epithelial wound healing in GFP-actin expressing Drosophila embryos

Images from time-lapse confocal movies of wild type wound healing in Drosophila embryos 
expressing GFP-actin in the epithelium, taken at (i) 0 hours, (ii) 60 minutes and (iii) 120 
minutes post wounding. Wounds are made to stage 15 embryos and are reproducibly 3-5 cell 
diameters in size and standardly take 2 hours to fully close. Images reveal the wound actin 
cable typical of embryonic wound healing but also dynamic filpodia and lamellipodia. Scale 
bar represents 10pm. {Diagram reproduced with kind permission from  (Wood et a i, 2002))

These GFP-actin flies allow effects on the dynamics of epithelial wound closure to be 

observed when crossed to flies expressing mutant or transgenes. Flies mutant for the
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small GTPase Rho, which is known from tissue culture studies to have a role in actin 

organisation, fail to assemble the actin cable thought to be responsible for drawing 

embryonic wounds closed. As a consequence, although re-epithelialisation does occur, 

it proceeds at a much-reduced rate due to an initial lag phase, after which cell-cell 

contact by exuberant filopodia and lamellae pull the wound closed. Just as occurs in the 

mouse, in some cases, mutant or transgene expression throughout the fly embryo can 

cause developmental arrest, but in these flies the gene can be placed under the control of 

the engrailed promoter that expresses only in epithelial stripes rather than in the whole 

epithelium and development continues normally, at least until near larval stages.

100 p.m

Figure 6.2 Expression of GFP-actin in engrailed stripes

Confocal Image of late stage fly embryo expressing GFP-actin under the control of the engrailed 
promoter, showing stripes of green GPP positive cells next to stripes of wild type tissue shown 
in black. Scale bar represents 100pm. {Diagram reproduced with kind permission from  
(Jacinto et a i , 2000a))

Expression of a dominant negative version of Cdc42 in engrailed stripes results in a 

failure of assembly of dynamic actin-rich filopodia, which are required for final 

zippering stages of closure. If wounds are made within the stripes of epithelium where 

Cdc42 cannot be activated, then wounds close but cannot carry out the final knitting 

together of their leading edges as they meet one another and these wounds never 

completely re-epithelialise (Wood et al., 2002).

In Chapter 4, I have used a neonatal mouse model of wound healing and microarray 

technology to identify wound-induced genes. Using cluster analysis, I have identified 

four clusters of genes that have temporal profiles of expression at the wound site that 

appear to correspond to physiological episodes in repair. Genes within these clusters
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have been loosely assigned potential functions during the repair process, according to 

which episode of repair the temporal profile of the cluster relates to and to the function 

of known genes within the cluster. However, to definitively determine the role of these 

genes during repair, they need to undergo functional tests. I have turned to the 

Drosophila embryonic repair model in order to carry out preliminary function testing. I 

have focused on the “Stop” cluster, described in Chapter 4, that contains genes that may 

control the later phase of repair as the two wound edges stop migrating forward and 

come together to reform a seamless epithelium. Little is known of the genetic control of 

these “stopping” phases and this cluster contains potentially exciting novel “stop” 

genes. These types of genes are ideal to test function in the Drosophila system as they 

are involved in epithelial events only and are unlikely to have a role in the connective 

tissue component of the repair process. Indeed, at these stages, the fly embryo only 

models the epithelial component of the repair process. Using transgenic flies expressing 

null or dominant negative versions of these “stop” genes together with the GFP-actin 

transgene, I can test the role of these genes in the final closure events of repair. Perhaps 

cells at the wound edges will be unable to respond to contact inhibition cues and fail to 

stop migrating, or perhaps epithelial zippering and the very final adhesion of the wound 

edges will be perturbed. The GFP-actin transgene will allow dynamic imaging of these 

events. I have chosen to initially focus on one of these potential “stop” genes, Ephrin 

B l. As discussed in Chapter 4, Eph receptor tyrosine kinases and their ligands, the 

ephrins, have key roles in a range of developmental processes. During axon guidance, 

Eph-ephrin signalling displays contact inhibition effects whereby a repulsive response is 

elicited when a growth cone expressing one type of Eph receptor moves away from 

cells expressing the associated ephrin ligand. In C.elegans, Eph receptor mutants 

display a range of migratory failures, but most perhaps most notably, in mice null for 

EphB2 and EphB3, epithelial fusion of the secondary palates fails and these mice are 

born with cleft palate (reviewed in (Klein, 2001)). In Chapter 4, I showed that the 

temporal profile of expression of Ephrin B l is strongly suggestive of a contact 

inhibitory role during tissue repair. Its expression is downregulated during the 

migratory phase of repair and upregulated as the wound edges are approaching one 

another to complete closure. There are numerous Eph receptors and ligands in the 

mouse and so functional tests in the mouse may run into problems of genetic 

redundancy. However, in the fly, there is only a single Eph receptor and a single ligand 

and so Eph-ephrin signalling can more easily be completely blocked (Adams et al.,
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2000). A Drosophila line that expresses a dominant negative version of the Eph 

receptor (eph^^) has recently been described (Dearborn et al., 2002). Eph-ephrin 

signalling had previously been shown to play a role in the formation of topographic 

patterns of axonal connectivity in the vertebrate visual system (Brown et al., 2000). The 

ephP^ transgenic fly revealed a conserved role for Eph kinases as determinants of 

topographic map formation in vertebrates and invertebrates, with expression of the 

eph^^ perturbing the establishment of Drosophila medulla cortical axon topography. 

This chapter describes the use of a fly expressing both the dominant negative Eph 

receptor transgene and GFP-actin to dynamically analyse the function of Eph-ephrin 

signalling in those final moments of wound closure in the Drosophila embryonic wound 

model.
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Results

Live analysis of the actin dynamics of wound closure using GFP-actin

Wounds were made in the ventral epithelium of stage 15 mutant embryos expressing a 

dominant negative version of the Eph receptor (which blocks Eph-ephrin signalling), 

together with GFP-actin under the control of the engrailed-GAlA driver. These wounds 

were compared with identical ones made to wild type embryos expressing GFP-actin in 

engrailed stripes. By laser ablation of patches of epithelium, reproducible wounds of 

approximately 3-5 cell diameters in size were produced that allowed for a direct 

comparison of repair between wild type and mutant tissues. As previously described, 

wild type wounds typically take 2 hours to fully heal and close at a rate of 

approximately 9p.mVminute (Wood et al., 2002). Within minutes of wounding wild 

type embryos, the wound leading edge cells assemble an actin cable that extends the full 

circumference of the wound margin, together with dynamic filopodia and lamellipodia. 

Filopodia extend up to 5 p,m in length and extend and retract up to 1 p,m/minute as well 

as sweeping from side to side as if sampling the substratum ahead of them.

Flies expressing the ephP  ̂transgene display dynamic actin structures at the early 

stages of closure

Preliminary studies on the closure of laser wounds in embryos expressing EPH°^ reveal 

that wound closure appears to proceed with a similar timescale to wild type and an actin 

cable is assembled by leading edge cells just as normal. However, at the earliest time- 

points post wounding, I observe somewhat more exuberant actin protrusions in the 

Eprdn wound. At these early stages of closure in the wild type embryo, there are small 

numbers of actin protrusions (Figure 6.3 A and B) and filopodia are generally the 

predominant dynamic structure, with very few lamellipodial protrusions seen until the 

final phase of closure as epithelial fronts made contact with one another. At the same 

early stage in the FPH^^ embryo, filopodia are present, but in addition there are 

numerous active lamellipodium or membrane ruffles (Figure 6.3 C and D). These 

observations are reminiscent of the leading edge of rho and zipper null embryos during 

dorsal closure where the constraining actin cable disassembles and filopodia and
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lamellipodia seem far more exuberant (Jacinto et al., 2002a). Perhaps an inability to 

participate in Eph-ephrin signalling results in epithelial cells that are not constrained in 

their actin protrusions during epithelial migration.

At the final stages of closure, filopodia and lamellipodia continue to be active in the 

EPH®  ̂embryo

Since Ephrin B l has a temporal profile of dowregulation during epithelial migration and 

then upregulation again as leading edges confront one another, I hypothesised that it 

might have a role in controlling the final moments of repair; perhaps Eph-ephrin 

signalling is involved in contact inhibition events that occur when epithelial cells sense 

they have met one another and are required to stop migrating forward. For this reason, I 

have particularly focused on the final period of closure in these Drosophila embryonic 

wounds. In wild type wounds at later stages, dynamic filopodia persist. As the wound 

fronts finally confront one another, leading edge cells extend lamellipodia and make 

contact with one another. Once this contact is made, the protrusions appear to tug on 

one another to finally close the hole. At this stage, no more filopodia or lamellipodia 

are seen, the wound has fully closed and a seamless epithelium has been reformed. The 

events of the last 15 minutes of closure at the wild type wound site are shown in Movie 

1 on the accompanying CD. Filopodial and lamellipodial extension can be seen as the 

wound fronts come close together and make contact (Figure 6.4 A(i) and (ii)) but as the 

wound completes closure, no further actin protrusions are observed (Figure 6.4 A(iii) 

and (iv)). By contrast, at the wound site of the EPH^^ embryo, the final minutes of 

closure reveal more exuberant filopodia and lamellipodia and these protrusions persist 

and are dynamic even after the wound has fully closed. The final 15 minutes of closure 

can be seen in Movie 2 on the accompanying CD. As the epithelial wound fronts come 

close to one another, numerous highly dynamic filopodia and lamellipodia extend from 

leading edge cells (Figure 6.4 B(i)). Both the numbers of these protrusions and their 

individual lengths are increased in these embryos as compared to the wild type 

situation, with filopodia extending approximately 10-15 jxm (Figure 6.4 B(ii)). At the 

very final moments of closure and after the wound appears to have fully closed, 

dynamic filopodia and in particular lamellipodia are still active and highly dynamic at 

the wound site (Figure 6.4 B(iii) and (iv)). Clearly, these are still very preliminary
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experiments, but my data does support a functional role for the regulation of Eph-ephrin 

signalling during repair. It appears that blocking Eph-ephrin signalling at the wound 

site disturbs final contact inhibitory events as the epithelial fronts would normally shut 

down their migratory apparatus and fuse together.
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Figure 6.3 Early stages of wound repair in flies expressing the transgene
High m agnifica tion  confocal im age o f  a wild type em b ry o  express ing  G F P -ac tin  in 
engrailed  stripes and revealing  typical actin  cab le  and filopodial protrusions at the 
wild type w ound  site at (A) 30 m inu tes  post w o u n d in g  and (B) 45  post w ounding .  
(C) and (D) show  an equ iva len t w ound  in em b ry o s  express ing  EPH'^^ and G F P - 
actin in engra iled  stripes at co m p arab le  t im es  sh o w in g  m ore num erous  dy n am ic  
lam ellipod ia  and  fi lopod ia  (see arrow s). Scale  bars  represent 5 p m .  Inset o f  (A) 
im age o f  a wild type em b ry o  exp ress ing  G F P -ac tin  in engrailed  stripes, w hite  box 
reveals  area w here  laser w ounds  are made.
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Figure 6.4 Final stages of wound repair in flies expressing the eph^’̂  transgene 
(A) (i-iv) The last 15 minutes of wound closure in a wild type embryo expressing 
GFP-actin in engrailed stripes showing occasional small filopodial and 
lamellipodial protrusions in (i) and (ii) which have generally completely retracted 
by (iii) and (iv) (See Movie 1). (B) (i-iv). An equivalent wound in an embryo 
expressing EPH'^^ and GFP-actin in engrailed stripes. (See Movie 2) showing exu
berant and dynamic filopodia and lamellipodia throughout the final stages of 
closure and even after the wound has fully closed. Scale bars represent 5pm. Inset 
of (A) image of a wild type embryo expressing GFP-actin in engrailed stripes, white 
box reveals area where laser wounds are made.
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Discussion

In Chapter 4, genes that were differentially expressed post wounding the neonatal 

mouse were identified by microarray analysis and grouped into clusters. Four clusters 

of genes had temporal expression profiles that correlated with physiological episodes in 

repair and these were loosely termed “activation” genes, “early effector” genes, “late 

effector” genes and “stop” genes. Although profile allocation to one of these clusters 

may be suggestive of function, the exact role of the products encoded by these genes at 

the wound site is still unknown and thus functional testing has to be carried out before a 

definitive repair function can be assigned.

This chapter is a pilot test of whether this functional testing can be fast tracked by using 

a simple wound healing model in Drosophila. Ephrin B l, is a gene contained in the 

“Stop” cluster that encodes a ligand for Eph receptor tyrosine kinase signalling. The fly 

has a single Eph receptor and a single ephrin ligand and in Drosophila, a mutant line 

exists that expresses a dominant negative version of the Eph receptor. The eph^’̂ 

transgene consists of normal extracellular and transmembrane domains but lacks most 

of the intracellular domain, including the kinase and PDZ-binding domains. The 

expression of EPH^^ results in the expression of a ligand-binding receptor that fails to 

signal, thus blocking Eph-ephrin signalling. Using the GAL4-UAS misexpression 

system (Brand and Perrimon, 1993) that allows the ectopic expression of any gene in a 

wide variety of tissue patterns or subset of cells (described in Chapter 2 Materials and 

Methods), the transgene and GFP-actin were expressed in engrailed stripes in the 

Drosophila embryo. This allowed the live analysis of the actin dynamics of wound 

closure in the absence of Eph-ephrin signalling. My preliminary data from time-lapse 

confocal movies of laser wounded embryos expressing EPH^^, show that these embryos 

close their wounds at a similar rate to wild type embryos, and assemble the same actin 

machinery - actin cable, filopodia and lamellipodia - as is used to close a wild type 

wound. Blocking Eph-ephrin signalling, however, appears to result in more exuberant 

actin protrusions extending from leading edge cells as they sweep forward to close the 

wound. More dramatic still is the failure of these cells to shut off the 

filopodial/lamellipodial machinery when leading edge cells confront one another prior 

to final seaming together of the epithelial fronts.
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As discussed earlier, Eph receptor tyrosine kinases and their ephrin ligands have roles in 

a diverse range of developmental processes, such as topographic mapping, demarcation 

of structural boundaries, axon guidance and the correct migration of cells and their 

processes, events that require an array of cell-cell interactions (Klein, 2001). The 

expression of an Eph receptor on one cell type results in the repulsion of another cell if 

it is expressing the cognate ligand, although ephrin B ligands have been implicated in 

attractive as well as repulsive events. The intracellular pathways that link Eph-ephrin 

signalling to rearrangements in the cy to skeleton and thus cell migration, however, are 

unknown. The identification of Ephrin B l as a gene downregulated at the wound site of 

the mouse coincident with the migratory phase of repair, together with the preliminary 

data presented in this chapter from wound repair in Drosophila embryos, implicates 

Eph-ephrin signalling in the contact inhibition events that occur during the final stages 

of repair in order for wound edge cells to “sense” that the wound has closed and to stop 

migrating forward.

The Drosophila embryonic model of epithelial wound healing has allowed a relatively 

rapid analysis of repair after modulation of a predicted repair gene. Moreover, because 

the fly wound model is amenable to live imaging, dynamic data can be collected which 

is important for studies of structures such as filopodia. Function testing can be carried 

out in the mouse, but this approach is much more labour intensive because of the time 

taken to generate transgenic mice, and as discussed in the introduction to this chapter, 

can be problematic because of signalling complexity and genetic redundancy. For 

example, the mouse, to date, is thought to have as many as fourteen genes that are 

related to the Eph receptor by sequence and by the general characteristics of their kinase 

and extracellular domains, and at least eight ephrin ligands (reviewed in (Klein, 2001)), 

whereas the fly contains only a single gene encoding the Eph receptor and a single gene 

encoding the ephrin ligand. This relative reduction in gene redundancy is good for 

genetic tractability, but of course means that studies in the fly can never reveal the 

subtle functions for each of the Eph receptors and their ligands in the mouse. Another 

disadvantage of using a fly model to test function of repair genes identified from my 

mouse microarray study, is that it largely models only the epithelial component of the 

repair process. However, several groups of genes that I have identified in Chapters 4 

and 5 as having potential roles in repair or in the associated inflammatory response
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could be taken into Drosophila for rapid functional testing. My pilot study suggests 

that other members of the “Stop” cluster that contained Ephrin B l may be perfect for 

such fast track functional testing. These genes potentially control the “stopping” 

processes of repair - those events that occur in order for cells to stop migrating forward 

- which may include other elements regulating contact inhibition signals or genes 

encoding cell adhesion molecules required for the wound edges to seal and reform the 

seamless epithelium. Several genes in the mouse “Stop” cluster, including Notchl and 

Plexin 3 (which encodes a semaphorin receptor), are good candidates for functional 

testing in this model, since both are predicted to have roles in cell migration, both have 

well characterised fly homologs and the appropriate transgenic fly lines are available. 

Genes from other clusters may be equally amenable to such fast track testing of function 

also. For example, transcription factors such as Krox 24 and c-Fos  from the 

“Activation” cluster are likely to be good candidates. Indeed, dfos has previously been 

shown to be upregulated in wounded Drosophila imaginai discs (William Wood, 

personal communication) and there is a well-characterised d-fos (kayak) null fly 

available that fails in dorsal closure (Riesgo-Escovar and Hafen, 1997a).

More recently, the wounded Drosophila embryo has been proposed as a model of 

wound-induced inflammation (William Wood, PhD thesis. University of London, 

2003). Although flies have a much simpler inflammatory system, without blood vessels 

and a much reduced lineage hierarchy of “leukocytes”, haemocytes - the fly equivalent 

of leukocytes - have been shown to be actively recruited to the wound sites of laser 

wounded Drosophila embryos and so this model may also be useful for testing the 

function of leukocyte-specific genes at the vertebrate wound site.

163



General Discussion and 
Future Directions
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Introduction

Adult tissue repair is a complex process involving a cascade of events that occur in 

order to regenerate, at least partially, the damaged and missing tissue. At the simplest 

level the repair process can be split into several overlapping episodes, including the 

onset of a wound-induced inflammatory response, the cell and tissue migrations that 

replace the missing tissue with new tissue, and the subsequent remodelling of this new 

tissue. These processes require the collaborative efforts of many cell and tissue types 

and whilst the cell biology of these events is relatively clear, the genetic regulation still 

requires much unravelling. One of the major clinical issues of adult tissue repair is the 

connective tissue scar that remains after the wound has healed, and this results from the 

poor reconstruction of the collagen matrix, in excess and in dense parallel bundles, 

rather than the mechanically efficient basket-weave meshwork of collagen fibres seen in 

unwounded skin. A more thorough understanding of the events that lead to the 

construction of this fibrotic tissue is essential in order to develop effective therapeutic 

drugs, which might tackle this major clinical problem. In this thesis, I have undertaken 

a systematic analysis of the genetic control of tissue repair in the PU .l null neonatal 

mouse and identified groups of co-regulated genes that may control some of the cell and 

tissue movements of repair. Since this mouse undergoes repair in the absence of 

inflammation, I have been able to identify, by subtractive comparison of the genetic 

inductions that occur in the presence and absence of inflammation at the wound site, a 

pool of inflammatory-regulated genes, some of which may represent potential fibrosis 

genes. I have ended this thesis with some preliminary studies that describe the use of a 

Drosophila embryonic model of repair to test the function of wound-induced genes 

identified in my mouse microarray screen.

PU,1 null mice heal their wounds in the absence of an inflammatory response

This thesis focuses on tissue repair in the PU.l null mouse that is null for PU.l, an ets 

family transcription factor required for certain lineage decisions in haematopoetic cells. 

These mice consequently lack several haematopoetic cell types, for example, 

macrophages and osteoclasts, and for others such as neutrophils, development is 

delayed or abnormal. Thus, PU .l null mice are incapable of raising an inflammatory 

response at the wound site, but nonetheless can efficiently heal skin wounds. Initial
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analysis of repair described in Chapter 3 confirmed that PU .l null mice heal their 

wounds in the complete absence of macrophage and neutrophil infiltration and that this 

repair proceeds with an altered cytokine and growth factor profile. RNase protection 

studies revealed that IL6, for example, is robustly expressed at wild type wound sites 

but is almost undetectable in PU.l null wounds and mRNA levels of TGF|31, previously 

implicated in several fibrosis scenarios, are significantly reduced at the PU .l null 

wound site.

Microarray analysis has allowed the genetic dissection of some of the key events of 

tissue repair

Tissue repair and its concomitant inflammatory response are intricately linked events, 

but the PU.l null mouse provides an opportunity to genetically dissect out key cellular 

events that are pivotal for tissue repair but that are not dependent on the inflammatory 

response. Chapter 4 describes a systematic microarray screen for “wound” genes in 

which I have compared temporal expression profiles post wounding wild type neonatal 

mice, versus PU.l null sibs. In the neonate, re-epithelialisation is complete within 24 

hours and I analysed four time-points post wounding in order to try and identify gene 

inductions across the complete repair response, from initial wounding to final sealing 

closed of the wound. Analysis of wild type versus PU.l null “wound” mRNAs using 

murine Affymetrix Genechip®s containing 12000 genes and ESTs, identified 1001 genes 

that were differentially expressed upon wounding and that fitted my criteria (i.e. 

differentially expressed more than two fold as compared to the baseline unwounded 

control, and have a ‘present’ call in at least one of the eight time-points (four time- 

points for PU.l null and four time-points for wild type)).

Whilst microarray analysis allows the rapid, simultaneous identification of thousands of 

genes differentially expressed post wounding, it also presents a problem of how to 

organise and decipher the mass of data produced and how to relate gene inductions at 

individual time-points to the events of repair and the associated inflammatory response. 

The beauty of microarray technology is that rather than just identifying the level of 

differential expression at a particular time-point, it can identify common patterns of 

gene expression across all time-points. Cluster analysis of microarray data allows the
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grouping together of genes that have common expression patterns. Since genes with 

similar profiles of activity are most likely to have related functions or to be regulated by 

common mechanisms, grouping the data in this way provides clues to the function of 

novel genes. The clustering approach allows an effective analysis of gene regulation 

across the whole repair process and is much more useful than focusing on individual 

time-points where insufficient sample duplicates can lead to problems of false positives 

and high levels of background “noise” which can confuse the data. Thus, cluster 

analysis of genes regulated across a number of time-points allows one to look at the 

bigger picture and the marrying up of this type of analysis with biological information, 

such as spatial or functional data is considered the best way to interpret microarray data 

of this sort (reviewed in (Tilstone, 2003)).

My study revealed several clusters of genes whose temporal profiles of expression 

correlate with key physiological episodes during the repair response. Four clusters had 

similar temporal profiles of expression at the PU.l null and wild type wound sites and 

will include the “bare bones” genes that are absolutely necessary to close a wound. 

These four clusters were named after the repair phase that their expression profile 

appeared to correlate with. The “Activation”, “Early Effector” and “Late Effector” 

clusters all contained several well-established repair genes, such as the immediate early 

activator Krox 24 (Grose et al., 2002a) and downstream effector genes such as K6 

(Paladini et al., 1996). These known genes not only helped to define the cluster, but 

also by association allowed potential functions to be loosely assigned to novel wound- 

induced genes. The final repair cluster, the “Stop” cluster, contains genes that may 

participate in the “stopping” events of closure, a poorly studied phase of repair. The 

expression of these “stopping” genes was downregulated during migratory phases of 

repair, perhaps to release cells from migratory constraints, such as contact inhibition 

controls, but they were upregulated again late in repair as the wound edges approached 

one another. These “stop” genes are good candidates for regulating the switching off of 

the cell migratory machinery and for the correct matching and fusion of the wound 

edges to reform the seamless epithelium. Since very little is known about the genetic 

regulation of these late wound healing events, there are no clearly defined “stop” genes 

that could be used in order to more conclusively define the cluster. However, several 

genes were contained in this cluster, such as Ephrin B l and Notchl both of which have 

characteristics expected of contact inhibition regulators and biological functions outside
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of repair suggest that this cluster may reveal intriguing mechanisms that control the very 

final moments of repair.

The in situ hybridisation studies presented in Chapter 4 complemented the temporal 

expression profiles of genes from the microarray analysis. This spatial expression data 

not only acts to screen the microarray data for false positive results, but can also reveal 

which cells express these genes, information that can be useful for determining 

function.

Subtractive comparison of genes at the PU .l null versus wild type wound sites 

revealed inflammation genes

The inflammatory response at the wound site is thought to be responsible for the 

fibrosis that remains after a wound has healed. A number of other fibrotic disorders and 

pathologies such as Crohn’s disease, arthritis and even cancer are also related to an 

aberrant inflammatory response (reviewed in (Coussens and Werb, 2002; Nathan, 

2002). A better understanding of the inflammatory response itself: how leukocytes are 

recruited to a wound site, how they influence other cell types and tissues around them at 

the wound site, and then how, when tissue repair is complete, wound inflammation 

subsequently resolves, along with the identification of events that lead to the fibrotic 

response are of clinical and therapeutic importance.

Chapter 5 describes the subtractive comparison of repair in the presence (wild type) and 

absence {PU.l  null) of inflammation and reveals three clusters of inflammation- 

dependent genes expressed at the wound site only if repair is concomitant with an 

inflammatory response. These clusters contain genes that may control various aspects 

of the inflammatory response and since the PU .l null mouse heals its wounds in the 

absence of fibrosis, genes that control the fibrotic events of repair may be contained 

here also. In situ hybridisation studies revealed that, in the wild type, some genes were 

clearly expressed by invading inflammatory leukocytes, such as those encoding the 

migratory machinery or chemokine receptors, whereas others were expressed by various 

host wound cell types as a direct consequence of inflammation, and amongst these are 

candidate fibrosis genes.
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Although beyond the scope of this thesis, the total pool of inflammation-dependent 

genes identified by this microarray study need to be characterised further. The spatial 

profiles of the remaining genes in these clusters needs to be determined by in situ 

hybridisation studies, that will reveal which genes are inflammation genes (expressed 

by leukocytes) and which are expressed by wound host connective tissue cells as a 

consequence of inflammatory cell signalling. For all genes, it will be useful to co-stain 

with specific cell markers to determine precisely which cell lineages express these 

genes. For those potential fibrosis genes that are expressed by non-leukocyte cells as a 

consequence of inflammation, co-staining with muscle cell, endothelial cell and 

fibroblast-specific antibodies should determine precisely which lineages are expressing 

these genes and so provide clues to the mechanisms of the fibrotic response. As is the 

case for all of the genes identified by this microarray screen, their function can only be 

finally defined by functional tests.

How does the PU.l null mouse heal in the absence of an inflammatory response?

Since the 1970s, when a series of classic experiments showed that depletion of 

macrophages and neutrophils from the wound site caused severe defects in wound 

healing (Liebovich and Ross, 1975; Simpson and Ross, 1972), repair was thought to be 

absolutely dependent on an inflammatory response. The repair and inflammatory 

processes were considered intricately linked events, with components of the 

inflammatory response driving many of the processes of repair. However, the PU.l null 

mouse heals its wounds in the absence of an inflammatory response and studies in 

Chapter 3 show it achieves this without a full compensation of the growth factor and 

cytokine profile normally supplied by macrophages. The microarray screen for 

inflammation dependent genes confirms that there really is an almost complete absence 

of inflammatory response, with most of the wide range of genes controlling 

inflammation completely absent in the PU.l null mouse. Given that some inflammatory 

processes do drive repair events, for example, several growth factors and cytokines act 

as mitogens for wound kératinocytes and fibroblasts, it is somewhat surprising that the 

PU.l null mouse does heal its wounds, at least as effectively as the wild type mouse. 

Indeed, previous studies have reported that mice null for several inflammation- 

dependent genes show delayed repair. For example, a mouse null for the gene encoding 

the chemokine CCL2, that acts to attract leukocytes to the wound site, shows delayed
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re-epithelialisation and has altered wound angiogenic and collagen synthesis responses 

post wounding (Low et al., 2001). Similarly, a mouse null for the chemokine receptor 

CXCR2, that has delayed macrophage and neutrophil recruitment and a subsequent 

reduction in cytokine release at the wound site, has severe delays in wound re- 

epithelialisation (Devalaraja et al., 2000). It may be the case that certain inflammation- 

dependent genes are indeed essential for repair, and that the PU.l null mouse is capable 

of compensating for the lack of leukocyte expression of these genes by upregulating 

them in other host cells. The PU.l null mouse has been shown to compensate for the 

lack of macrophages for phagocytic events (Wood et al., 2000), so other types of 

compensation are not unlikely. However, it appears that the inflammatory response 

may just be enhancing and thus extending the expression profiles of many genes, such 

as those encoding cytokines and growth factors, and that these enhanced levels of 

expression are not required for repair, rather they actually go on to cause fibrotic events 

at the wound site. For example, the expression of the chemokine CCL2 in the PU.l null 

mouse is dramatically different from that of the wild type with a brief peak of 

expression seen at the PU.l wound site but concomitant with inflammatory response 

onset in the wild type, this expression is further upregulated and its expression profile 

extended. The transient minimal expression seen in the PU .l null mouse is clearly 

sufficient to overcome the repair block seen in the CCL2 null mouse.

Although still required to clear the wound site of invading microbes, it appears that the 

inflammatory response may actually hinder the wound healing process by delaying 

repair and causing wound fibrosis. Indeed, there are several recent descriptions of 

efficient wound healing in the absence of some of the other inflammatory cells thought 

to participate in repair. Mice that were neutrophil-depleted by injection with rabbit anti

mouse neutrophil serum show an increase in re-epithelialisation rate of nearly 50% 

(Dovi et al., 2003). In mice lacking mast cells, that are a prominent source of many 

leukocyte chemoattractants, repair proceeds just as at the wild type wound site (Egozi et 

al., 2003). Thus, perhaps the most useful therapeutic targets will be ones that 

specifically target and modulate individual lineages or combinations of lineages that 

contribute to the over-exuberant inflammatory response at the wound site.
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The pool of potential repair, inflammation and fibrosis genes provided by this 

study need to undergo functional testing

In this thesis, I carried out preliminary studies to determine gene function at the wound 

site using a simple model of repair, the Drosophila embryonic wound model. This 

model can effectively determine repair gene function in the fly and provides a likely 

role for these genes in the mouse, and this will be discussed later. However, because of 

the differences in tissue type and genetic regulation at the fly and mouse wound sites, it 

is useful to study function in the mouse. In the long term, this is much more feasible 

and several approaches can be taken. A common approach is to wound mice null for a 

gene of interest and to quantify aspects of repair, such as the rate of re-epithelialisation 

compared with the wild type. This approach can also be used to study potential fibrosis 

genes, where mice null for these genes may be able to heal wounds, but do so with 

reduced fibrosis as compared to their wild type counterparts. The mouse genome means 

that definitive gene function testing can be difficult because of issues of genetic 

redundancy or embryonic lethality. However, several techniques are becoming 

available to overcome these problems; for example, tissue or cell specific knockouts can 

be used, or a Cre-lox approach taken to construct mice with “floxed” alleles for crossing 

to appropriate cre-expressing mice. One such mouse is the collagen la-cre mouse that 

drives gene expression only in sub-epithelial mesenchymal tissue (Peter Angel, personal 

communication). This is precisely the tissue that would normally form a scar in the 

wounded wild type mouse and so potential fibrosis genes could be overexpressed or a 

null allele expressed in these mice to determine the effects on the fibrotic response. An 

alternative and more rapid approach to test fibrosis gene function in the mouse would be 

to exogeneously apply the gene product to the wound site of the PU.l null mouse or to 

the embryonic mouse to see if these genes transform usually non-scarring {PU.l null or 

embryonic tissue) into scarring wound tissue. This approach, however, would only be 

possible for diffusible factors. Thus, it is clear that there are long-term strategies 

available to test the function of the repair and inflammation-dependent genes identified 

in this study within a mammalian model system.
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Drosophila can be used to test function in a genetic fast track approach

The potential problems of gene function testing in the mouse - genetic redundancy, 

embryonic lethality and the labour intensive procedure of creating the transgenic mice 

required - can be reduced by taking testing into simpler, more genetically tractable 

organisms. As discussed in Chapter 6, the Drosophila embryo provides an opportunity 

to dissect the genetics of epithelial repair, from the earliest “activator” signals through 

to the “stopping’ events as the epithelial hole finally seals closed. The ability to image 

repair live in Drosophila is a huge advantage in helping to determine function as 

compared to the mouse where this type of imaging is not possible. The studies of the 

function of Eph-ephrin signalling at the Drosophila wound site described in Chapter 6, 

demonstrate the effectiveness of this model and reveal possible mechanisms of control 

of actin structures such as filopodia and lamellipodia, that may act in the braking or 

contact inhibition “stopping” events that occur when opposing epithelial fronts make 

contact with one another.

The Drosophila embryo may also be a model in which some of the inflammation genes 

identified in Chapter 5 can be tested. I have described in this thesis how, in vertebrate 

wound healing, a key component of the repair process is the inflammatory response, 

whereby leukocytes - largely neutrophils and macrophages -  are drawn from adjacent 

blood capillaries and chemotax to the wound site where they engulf cell and matrix 

debris and release a battery of cytokines and growth factors that are presumed to play a 

role in orchestrating the healing process. The full repertoire of functions for these 

inflammatory cells at the wound site, the signals that draw them to the wound and the 

means by which they crawl towards the wound, as well as how they subsequently 

disperse after the job is done, are all of major clinical relevance, but are poorly 

understood at the genetic level. Whilst studies described in Chapter 5 have attempted to 

provide a systematic analysis of inflammatory gene regulation at the mouse wound site, 

these genes also need to undergo function testing. Recent studies have shown that 

hemocytes - general purpose blood cells in Drosophila - appear to fulfil many of the 

functions of vertebrate macrophages and are rapidly recruited to the wound site after 

wounding. Time-lapse and confocal movies, that visualise hemocytes, show directed 

movement of hemocytes to the wound and once there these hemocytes engulf apoptotic 

and necrotic debris, just as is seen at the vertebrate wound site (William Wood, personal
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communication). This model offers the opportunity to image inflammation live and 

genetically dissect the inflammatory response in ways not possible in vertebrate 

organisms. Thus, more effective function testing of inflammatory-dependent genes 

identified in this thesis may be carried out in the fly.

Live analysis of inflammation in the zebrafish may be an effîcient way to test the 

function of inflammation-regulated genes identified by this study

The inflammatory response in the fly embryo is not a perfect model of vertebrate 

inflammation, since hemocytes are not drawn to the wound from vessels as leukocytes 

are in vertebrates. In order to test the function of the inflammation-dependent genes in 

a more appropriate model, it may be best to turn to a genetically tractable vertebrate 

model of the wound inflammatory response -  the zebrafish. It is very likely that the 

chemotactic factors attracting leukocytes to the zebrafish wound site, as well as some of 

leukocyte functions whilst at the wound may be highly conserved between the mouse 

and fish. A zebrafish inflammation assay has recently been established that allows the 

live imaging of the cell biology of vertebrate inflammation as well as providing the 

genetic tractability required to identify the genetic components that may regulate the 

inflammatory response (Michael Redd, personal communication). Zebrafish are 

translucent, so each step in the inflammatory cascade, from adhesion of leukocytes to 

the endothelial cells lining the blood vessels, extravasation out of those blood vessels, 

chemotaxis, phagocytosis and resolution of inflammation can easily be seen. Wounds 

made to the larval tail with a laser can be imaged live using time-lapse DIG optics and 

reveal leukocytes migrating through the caudal vessel wall and then streaming to the 

wound site. It will also be possible to transgenic ally tag various leukocyte lineages with 

GFP to visualise these migrations more clearly. This model will allow a thorough 

dynamic analysis of the cell biology of inflammation and a live analysis of the wound- 

induced inflammatory response in a way that is not possible in the mouse.
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3 0  mm

Figure 7.1 Live imaging of zebrafish inflammation

Top row of pictures show leukocyte chemotaxis to fin wounds. Stills from a DIG time-lapse 
movie of the inflammation assay in a 72hpf zebrafish larvae. The red arrows point to a 
leukocyte as it moves toward the wound (indicated by the black asterisk). Time-points post 
wounding are indicated. The direction of blood flow in a caudal blood vessel is indicated by the 
white arrow. Bottom row shows GFP expressing leukocytes migrating towards a laser induced 
wound (indicated by red asterisk) on the yolk sac of a 24hpf Fli;:GFP transgenic larvae. Time 
post wounding is indicated. Images courtesy of Michael Redd.

M o rpho lino  an tisen se  gene “ knock  d o w n ” tech n o lo g y  (H easm an , 2002) w ould  a llow  the 

functional testing  o f  the fish  h o m ologs o f  can d id a te  genes id en tified  by m y m ouse 

studies. M o rp h o lin o s are sho rt s tre tches o f  m o rp h o lin o  o lig o n u c leo tid es  that 

co rresp o n d  to  the  gene o f  in te rest and  w o rk  by b in d in g  to  th a t g en e ’s m R N A  and 

b lock ing  its transla tion . By id en tify in g  zeb ra fish  h o m o lo g s  o f  m ouse genes, tha t fo r 

ex am p le  en co d e  can d id a te  recep to rs fo r w o u n d  sig n als , and  using  m o rp h o lin o s ag a in st 

them , live im ag in g  in the  fish  m ay allow  the d e te rm in a tio n  o f  p rec ise ly  in w h ich  step  in 

the in flam m ato ry  p rocess its p ro te in  p ro d u c t is requ ired .

T he zeb rafish  can  a lso  be used  to  es tab lish  a  m odel fo r testin g  the role o f  po ten tial 

fib rosis  genes id en tified  in th is study. Im ag in g  the  rem o d e llin g  o f  the  th ick  bu n d les o f  

co llagen  th a t fo rm  the ribs o f  the  fin  post w o u n d in g  m ay a llow  the es tab lish m en t o f  a 

gene tica lly  trac tab le  m odel to  iden tify  ro les o f  fib ro sis  genes w hen  “ knocked  d o w n ” by 

m o rp h o lin o  experim en ts.
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In this thesis, I have taken the first steps to dissect the genetics of tissue repair in the 

mouse and by microrray analysis, have revealed groups of genes whose expression 

during both the PU .l null and wild type repair process implicates them as genes that 

may be absolutely required to close a wound. In addition, by subtractive comparison of 

expression in the PU.l null versus wild type, I have identified wound-induced 

inflammation genes, some of which are likely to represent therapeutically important 

fibrosis genes. By grouping these genes into clusters that correspond to physiologically 

significant events in repair and by investigating spatial expression profiles at the wound 

site, I have attempted to begin to functionally characterise these genes. I have also 

carried out preliminary studies of function testing and have shown how transferring 

these wound-induced genes into simpler organisms offers an effective fast track 

approach to determine their role in repair.
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Movie legends

Movie 1 shows the final 15 minutes of epithelial repair in a wild type embryo 

expressing GFP-actin. An actin cable is clearly apparent extending the full wound 

circumference, as well as occasional actin protrusions from the leading edge cells. 

Frames are captured every minute.

Movie 2 shows the final 15 minutes of epithelial repair in an embryo expressing EPH°^ 

and GFP-actin in engrailed stripes to observe the actin dynamics of closure in the 

absence of Eph-ephrin signalling. Frames are captured every minute. These wounds 

appear to have more exuberant and dynamic filopodia and lamellipodia as compared to 

occasional actin protrusions seen at this time in the wild type in Movie 1. Note at the 

very end of closure, actin protrusions are still present and dynamic.
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