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Abstract

The early to mid-gestation fetus has a striking capacity to heal skin wounds rapidly and
without scarring, an ability that is lost as development proceeds. Since such physiological
mechanisms are ultimately under genetic control, the major aim of this thesis was to identify
genes that might be involved in fetal wound healing.

Preliminary experiments sought to investigate the ability of fetal skin to heal multiple
excisional wounds in vitro. Full-thickness skin was dissected from the backs of embryonic
day 17 (E17) and E19 rats, wounded many times using a 19-gauge needle, and suspended in
serum-supplemented culture for up to 72 hours. Over this time, the dermis of wounds in
E17 skin contracted on average to 34.7 £ 7.4 % of their original area and histology indicated
that epidermal movement over the dermal margins of the wound also contributed to wound
closure. In contrast, wounds created in E19 skin did not close but expanded slightly. These
observations support previous in vivo findings that a developmental switch occurs in the
mechanism of wound closure and establish a suitable in vitro model.

In order to detect mRNA transcripts that are differentially expressed during repair of
open wounds inflicted at E17 and E19, a modified DD-PCR protocol was developed and
optimised. Gene transcripts from four treatment groups, E17 t=0, E17 =24 hours post-
wounding, E19 t=0 and E19 t=24 hours post-wounding, were screened for differential
expression. Of the 65 differentially expressed genes identified using this protocol, one
300bp PCR product that was apparently upregulated in the E17 t=24 hours post-wounding
samples was isolated and cloned. Northern blot analysis using a sequence-specific probe
identified a 3 kb mRNA and confirmed its upregulation in E17 but not E19 skin, in response
to wounding.

The remaining sequence information of the differentially expressed transcript was

obtained by 5° RACE. Analysis of the nucleotide sequence revealed a single long open

xii



Abstract

reading frame encoding a protein of 249 amino acids. Database analysis found the
translated sequence has 61% amino acid identity globally with the human low affinity
receptor for the Fc portion of IgG (FcyRIII). Moreover, the amino acid residues that
contribute to FcyRIII structure and function are also conserved in the predicted protein,
suggesting that it may be a novel member of the rat FcyR family. To date, no wound healing
function has been ascribed to this family of receptors. Nevertheless, the scarless nature of
wound healing in the mammalian fetus might be partly attributed to the upregulation of the

FeyRIII-related gene in wound cells not previously known to express such receptors.
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1 Literature Review

1.1 GENERAL INTRODUCTION

Scarless healing of fetal wounds is one of the most dramatic observations in modern
wound healing research. Although it has long been recognised that wound repair is an age-
dependent process, many fundamental differences exist between healing in the mammalian
fetus and the normal adult. The process of repair after dermal injury in the post-natal animal
involves a series of well documented, organised events that usually result in the formation of
a collagenous scar. In contrast, fetal skin wounds heal more rapidly, with minimal
inflammation and without scarring.

This review provides a general background of the post-natal wound healing process,
discusses aspects of fetal physiology and the fetal environment that may affect the cellular
and extracellular processes involved in scarless wound healing, and considers research into
the manipulation of adult repair to minimise scarring. The review covers the literature to the
time that my research commenced, whereas citations relevant to this thesis published since

then have been included in the appropriate chapters.
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1.2 THE SKIN: STRUCTURE, FUNCTION AND RESPONSE TO INJURY

The skin of the fetus is less developed than adult skin. A summary of the structure and
function of both adult and fetal skin is, therefore, essential prior to discussion of their
different responses to wounding. The following section discusses the anatomy of human
post-natal skin and human developing fetal skin. Although a fetal rat skin model was used
in this thesis to study wound repair, the structure of human skin can generally be
extrapolated to the rat with some differences noted, such as the presence of the panniculus

carnosis in rat skin.

1.2.1 Anatomy of post-natal skin

The skin, also known as cutis or integument, constitutes almost one sixth of the total
body weight, making it the largest organ of the body. Normal skin is essential for the
survival of the animal and has the four major functions of protection, sensation,
thermoregulation and metabolism.

The skin is not uniform, in that its appearance and thickness vary in different regions of
the body according to different functional demands. Despite this, all skin types have the
same basic structure. Human skin is composed of three distinct tissues, the epidermis, the
dermis, and the hypodermis. The reader is directed to Burkitt et al. (1993) and Odland
(1991) for a detailed review.

The epidermis is a keratinised, stratified squamous epithelium, containing five
histologically distinct cell layers (see Figure 1.1). Superficially, the horny layer (stratum
corneum) is comprised of flattened and fused cell remnants composed mostly of keratin.
The next two cell types are the clear layer (stratum lucidum), which is only present in
extremely thick skin, and the granular layer (stratum granulosum), which is made up of

intracellular granules that contribute to keratinisation. In the prickle-cell layer (stratum
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Figure 1.1 Low power photomicrograph of human post-natal skin.

The layers of the epidermis and dermis are indicated, as is the dermal-epidermal (D-E) junction. Figure is
réfYoduced, with permission, from the DermPath Tutor©® Images, Department of Dermatology, University of
Iowa (tray.dermatology.uiowa.edu).
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spinosum), cells are in the process of growth and early keratin synthesis, while the deepest
basal layer (stratum germinativum) is the germinal layer of the epidermis. The outer
keratinised layer is shed continuously and is replaced by the progressive movement and
maturation of cells from the germinal layer. Therefore all the cells of this lineage are
described as keratinocytes. The keratinocytes are attached to each other by highly
developed cellular attachments, the desmosomes, but at the outermost horny layer,
desmosomes are degraded prior to desquamation (Odland, 1991).

Cells of the epidermal basal layer and anchoring hemidesmosome structures abut upon
the lamina lucida, which in turn lies on the lamina densa. The two layers comprise the basal
lamina, the zone of attachment between the epidermis and dermis that is also known as the
basement membrane or dermal-epidermal junction. This junction is characterised by
downward folds of the epidermis called rete ridges that interdigitate with upward projections
of the dermis called dermal papillac. This arrangement enhances the adhesion of the
epidermis to the dermis (Burkitt et al, 1993). Important molecular components of the
basement membrane are type IV collagen, laminin and heparan sulfate proteoglycans.
Anchoring fibrils of type VII collagen also loop from the lamina densa to the basal lamina
and into the papillary dermis to enhance adhesion (Odland, 1991).

The dermis is a moderately dense fibroelastic connective tissue composed of collagen
and elastic fibres, glycosaminproteoglycans, salt and water. The principal cells of the
dermis are fibroblasts, but perivascular mast cells and variable numbers of tissue
macrophages are also present. The dermis is divided into two zones. The more superficial
papillary dermis (pars papillaris) is comprised of the dermal papillae and immediately
subjacent tissue. This layer is highly vascularised with fine interlacing collagen fibres and
accommodates numerous nerve endings and thermoreceptors. The deeper reticular dermis
(pars reticularis) is relatively acellular and avascular compared to the papillary dermis and

contains larger and more dense elastic and collagen fibres. Fibrillin and elastin constitute
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the elastic fibres of the dermis, while the most abundant collagen is type I, then type III,
with some type V and VL. The reticular layer also contains sweat and sebaceous glands and
keratinising appendage structures of the skin (Mast, 1992). During embryological
development, these appendages originate from downgrowths of epidermal epithelium into
the dermis and hypodermis (Burkitt et al., 1993). Smaller collagen fibrils, predominantly
types III and V, appear as sheaths around the epithelial appendage structures, vessels and
nerves throughout the papillary and reticular dermis and in the regions of the dermal-
epidermal junction (Odland, 1991).

The hypodermis (or subcutis) consists largely of vascularised adipose tissue and is the
anchoring layer attached to the underlying muscle fascia. Fibroblasts, histiocytes, plasma
cells, lymphocytes and mast cells also exist in this subcutaneous layer. Many of these cells
are involved in non-specific defence and the processing of foreign antigens that may be

traumatically introduced into the skin (Mast, 1992).

1.2.2 Fetal skin histology

The skin of human embryos is far simpler than fetal or adult skin. The reader is
directed to Holbrook (1991) for a detailed review. The primitive epidermis is established at
7-8 days as a single layered indifferent ectoderm. At the limb bud stages, between 4 to 8
weeks of gestation, the epidermis consists of a squamous peridermal layer overlying a
cuboidal basal keratinocyte layer. This state of the epidermis persists during the embryonic
period, which is the first 2 months of in utero life. Beneath the epidermis is a thin, loose and
homogenous mesenchyme that has not yet differentiated into dermis (Martin and Nobes,
1992). The periderm, which exists between weeks 4 and 24 of human gestation, is the
transient, protective covering of the epidermis that is sloughed into the amniotic fluid as
soon as differentiation of the underlying epidermal layers is complete. It is unique to

primates, has the appearance of multiple microvilli projecting off the surface of the skin and
6



Chapter 1

may have an absorption function as an amniotic fluid dialysate membrane (Longaker and
Adzick, 1991). At all stages, the epidermis is associated with a basal lamina and separated
from it by a lamina lucida. Hemidesmosomes form at the end of the second month at the
embryonic-fetal transition, coincident with the appearance of the first basal cell-derived
intermediate cell layer between the periderm and the basal layer. Also after the embryonic-
fetal transition, mesenchymal cells in the dermis become further separated as more fibrous
material is secrcted and by the end of the first trimester the reticular lamina increases in
thickness (Holbrook, 1991).

During the fourth and fifth months, the amount of collagen increases to distinguish the
papillary and reticular regions of the dermis. Anchoring fibrils, primarily consisting of
collagen type VII, are recognised uniformly by 12 weeks’ gestation. The size and number of
hemidesmosomes and anchoring fibrils progressively increase during the second and third
trimesters. Two to three more intermediate cell layers are also added to the epidermis in the
second trimester of fetal life (see Figure 1.2). By six months a granular layer is established
and the intermediate cells become known as spinous cells. The first stratum corneum
develops at the end of the second trimester, superficial to the graﬁular layer and beneath a
few layers of incompletely keratinised cells. At first it consists of only a few cell layers, but
it increases in thickness during the third trimester particularly near term, so that at birth the
stratum corneum is equivalent to that of the adult. Coincident with the onset of
keratinisation of the epidermis, the periderm becomes restricted to a thin layer and is
gradually disrupted at sites where underlying cells have keratinised. Such desquamated
periderm cells accumulate with other cellular debris and float freely in amniotic fluid until
birth.

In the third trimester an adult-type, interlacing network of collagen fibre bundles is
apparent in the dermis and there is an increase in diameter of both the individual fibrils and

the collagen bundles. Elastic fibres are also clearly evident in both the papillary and
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Figure 1.2 Photomicrograph of skin from a 104-day human fetus.

Three intermediate layers of the epidermis are seen underneath the periderm. Also indicated are the basal layer
and the dermis (x 1900 magnification). Image was adapted from Holbrook (1991).
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reticular dermis by 8 months’ gestation. The dermal-epidermal junction is flat in nearly all
parts of the body during the first two trimesters of development, as rete ridges do not form in
the epidermis until the third trimester and are only weakly developed until after birth. At
birth, the epidermis proper is fully established but the dermis is only approximately 60% of
its adult thickness, is more highly cellular and fibre bundles are finer than that of the adult.
The dermal water content remains high, the lower fetal ratios of collagen type L:III persist

and much of dermal development takes place 3-5 months post-natally.

1.2.3 Wounding and scar formation

A wound can be defined as a disruption of normal anatomic structure and function
(Lazarus et al., 1994). Unlike some amphibians, the adult mammal has a limited capacity
for regeneration, in the sense of restoring normal tissue architecture after injury (Longaker
and Adzick, 1991). Only a few tissues like nerves and the liver show regenerative behaviour
to a limited extent. Instead, wound healing usually results in fibrosis and the production of a
collagenous scar to maintain the integrity and strength of the remaining tissue (Weeks and
Nath, 1993). A fully developed skin scar can be defined as the macroscopic disturbance of
normal skin structure and function as a consequence of wound repair (McCallion and
Ferguson, 1996). Microscopically, a cutaneous scar appears as an excess of oriented,
bundled collagen fibrils, instead of the basket-weave collagen matrix characteristic of
unwounded dermis, with poor reconstitution of epidermal and dermal structures at the injury
site (Nodder and Martin, 1997).

Scars can vary depending on the type of tissue injured, the extent of injury, genetic
factors, and the presence of systemic disease in the host. Scarring may manifest itself as an
elevated or a depressed site, with an alteration of skin texture, colour, vascularity, nerve
supply, reflectance and elasticity (Ferguson et al., 1996). A scar that exceeds the height of

the surrounding tissue is termed a hypertrophic scar. One that exceeds both the height and
9



Chapter 1

the boundaries of the surrounding tissue and that recurs after excision is known as a keloid
(see Figure 1.3A). Keloids result from an abnormal connective tissue response to minor
trauma, inflammation, burns or surgery. In contrast, hypertrophic scars develop from full
thickness tissue loss such as third degree burn. Keloids rarely regress, whereas hypertrophic
scars may involute and remain within the confines of the original wound (Murray and
Pinnell, 1992).

Scarring and fibrosis can occur in nearly every aspect of medicine and surgery.
Surgeons often must manage patients with pathologic processes in which excessive repair
occurs, frequently resulting in loss of tissue function (Adzick and Longaker, 1992). Such
conditions include adhesions limiting function after tendon repair, transmission loss after
peripheral nerve injury and intraperitoneal fibrous adhesions after surgery (Mast et al.,
1992a). Some diseases are characterised by an abnormal deposition of collagen such as
hepatic cirrhosis, pulmonary fibrosis, glomerulosclerosis, arteriosclerosis and scleroderma.
Conversely, wound healing can be impaired in some cases, for instance in the disabled, the
aged, those with diabetes, malnutrition, unsound circulation, or those on steroid or
chemotherapy treatments. Pressure ulcers are an example of such chronic wounds (Lazarus
et al., 1994; see Figure 1.3B). Greater knowledge about the events surrounding wound
repair is critical to understanding diseases and disorders such as those described above, with

the ultimate aim of controlling the scarring process.

1.2.4 Overview of adult wound healing

Closure of cutaneous wounds involves the three mechanisms of reepithelialisation,
connective tissue deposition and contraction. Reepithelialisation results in resurfacing of the
wound, connective tissue deposition results in replacement of the damaged dermis and
contraction brings the margins of open wounds together (Grinnell, 1994). A primarily

closed skin incisional wound mainly heals by matrix deposition from the wound margins.
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Figure 1.3 Examples of abnormal wound healing.

(A) Keloid; Shoulder region of 21 year old female patient (B) Unhealed ulcer; Lower leg of 40 year old male
patient. Both figures are reproduced, with permission, from the Online Dermatology Image Atlas, University
of Erlangen (www.dermis.net/doia).
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This is healing by first intention.  Partial thickness cutaneous wounds heal by
reepithelialisation alone. A full thickness, open defect heals primarily by the deposition of a
large volume of connective tissue and wound contraction, with some reepithelialisation.
This is healing by second intention (Ehrlich and Krummel, 1996).

Although diversity exists in the types of wounds and in their depth of injury, normal
healing consists of a predictable set of responses and is essentially the same at all post-natal
ages. The normal adult repair response is considered to be the standard to which all other
repair processes are compared. Thus, a summary of normal adult wound healing is essential
prior to discussion of fetal tissue repair. By considering Schilling’s categorisation, healing
can be described in the four stages of haemostasis, inflammation, proliferation and
remodeling (Schilling, 1976). Angiogenesis, reepithelialisation and the contraction of open

wounds are also considered in the following discussion.

Haemostasis

Upon cutaneous injury, blood vessels are disrupted, causing local haemorrhage.
Vasoconstriction, platelet aggregation, and fibrin formation are the mechanisms that the
body initiates to counteract this haemorrhage. The newly formed clot then shields the
denuded wound tissues and acts as a provisional matrix over which inflammatory cells can
migrate throughout the repair process (Martin, 1997). The clot is composed of cross-linked
fibrin fibres together with smaller amounts of fibronectin, vitronectin and thrombospondin
(Clark, 1996a). Activated platelets embedded in this mesh of fibres degranulate and release
growth factors.  These substances are mitogenic and chemotactic for recruiting
inflammatory cells into the injury site, and act to stimulate collagen deposition (see Figure

1.4A; Broker and Reiter, 1994).
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Inflammation

Chemotaxis of polymorphonuclear leukocytes (PMNs) within 12 to 24 hours after
injury constitutes acute inflammation. PMNs are recruited from the circulating blood after
initial vasoconstriction gives way to vasodilation and increased capillary permeability (Mast
et al., 1992a). Besides growth factors, cues to initiate this influx of PMNs include formyl
methionyl peptides cleaved from contaminating bacterial proteins and the by-products of
proteolysis of fibrin and other extracellular matrix (ECM) components (Riches, 1996).
Although PMNs phagocytose bacteria and foreign material, they may not be crucial for
successful wound healing, as neutropenic patients seem to heal normally in the absence of
infection (Broker and Reiter, 1994; Simpson and Ross, 1972).

Macrophages and lymphocytes gradually replace PMNs and continue the phagocytosis
of any remaining pathogens and cell debris (Martin, 1997). The initial fibrin matrix is then
degraded and replaced by proteoglycans (Mast et al., 1992a). Macrophages are believed to
be mandatory for successful wound healing as their depletion inhibits normal fibroplasia
(Leibovich and Ross, 1975), the process of fibroblast recruitment to the injury site and ECM
production (Clark, 1993). Like platelets, macrophages secrete growth factors including
interleukin-1 (IL-1), basic fibroblast growth factor (bFGF or FGEF-2), platelet-derived
growth factor (PDGF), transforming growth factor alpha (TGFa) and transforming growth
factor beta (TGFP). These growth factors are in turn chemotactic and form a positive
feedback loop to recruit more macrophages to the wound site and enhance the influx of
fibroblasts.

Peripheral blood fibrocytes also rapidly enter sites of tissue injury (Bucala et al., 1994).
These cells express markers for bone marrow-derived cells, but synthesise the fibroblast
products of vimentin, collagen I, collagen III and fibronectin, thereby contributing to
connective scar formation. Fibrocytes express a distinct profile of growth factors and may

attract and activate inflammatory and connective tissue cells (Chesney and Bucala, 1997).
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Proliferation

The proliferation phase is characterised by multiplication of fibroblast, endothelial and
epithelial cells present at the site of injury. Stimulated fibroblasts also produce TGFf and
PDGEF in an autocrine positive feedback loop, similar to macrophages. Proliferation reaches
its maximum levels 3 days after wounding when fibroblasts begin expressing specific
integrins to mediate their adhesion to provisional matrix proteins (Clark, 1996a). By day 4,
fibroblasts begin to migrate from the collagenous matrix of the dermis and the subcutaneous
tissue into the provisional wound matrix as part of granulation tissue formation (Greiling
and Clark, 1997). Reepithelialisation also occurs during the proliferative phase and
neovascularisation becomes more prominent. By about one week after injury, fibroblasts in
the wound are stimulated to synthesise collagen to replace the proteoglycan matrix (see

Figure 1.4B; Mast et al., 1992a).

Remodeling

Remodeling of the wound matrix completes the healing process, although it may
continue for years after injury due to the ongoing synthesis and degradation of collagen
(Doillon et al., 1985; Levenson et al., 1968; Madden and Peacock, Jr., 1968). An
overabundance of matrix metalloproteinases (MMPs) compared to protein synthesis in the
matrix is thought to soften, flatten and lighten the pigment of the maturing scar (Schaffer
and Nanney, 1996). MMPs are derived from a variety of sources including PMNs,
fibroblasts, endothelial cells, macrophages and keratinocytes (see Figure 1.4B). During
remodeling these enzymes debride any fibrinous exudate in the wound and transform
collagen III synthesised by wound fibroblasts into the more stable pre-injury phenotype of
collagen I (Nwomeh et al., 1999; Schaffer and Nanney, 1996). The fine collagen fibrils of
young granulation tissue also undergo a condensation into thicker, denser fibres, organised

into arrays parallel to the skin surface (Ehrlich and Krummel, 1996). Cross-linking and
14
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Figure 1.4 A post-natal cutaneous wound 3 days (A) and 5 days (B) after injury.

(A) Haemostasis and inflammation. Growth factors believed to be necessary for cell migration are indicated
(TGFB1, TGFP2, TGFP3 and TGFo. denote transforming growth factors B1, 2, p3 and o; FGF fibroblast
growth factor; VEGF vascular endothelial growth factor; PDGF platelet derived growth factor; IGF insulin-like
growth factor; and KGF keratinocyte growth factor).  (B) Proliferation, reepithelialisation and
neovascularisation. Blood vessels are depicted sprouting into the fibrin clot as epidermal cells resurface the
wound. Proteinases believed to be required for cell migration are indicated (u-PA is urokinase-type
plasminogen activator; MMP-1, -2, -3 and —13 are matrix metalloproteinase-1, -2, -3 and -13). Both figures
were adapted from Singer and Clark (1999).

15



Chapter 1

structural modifications of the collagen fibrils are responsible for the increase in tensile
strength of the healed wound, although the scar never regains the strength of normal tissue

(Levenson et al., 1968).

Angiogenesis

Angiogenesis, the process of new blood vessel formation, is stimulated primarily by
vascular endothelial growth factor (VEGF) and bFGF, but acidic FGF (aFGF or FGF-1),
epidermal growth factor (EGF), TGFo and TGFf also play a role (McCallion and Ferguson,
1996). Basic FGF is released at the wound site by damaged endothelial cells, macrophages
and from the ECM to initiate endothelial cells to migrate, proliferate and form tubules
during granulation tissue formation. A later transition to a VEGF-mediated stimulus then
allows for the more specific regulation of capillary growth and differentiation (Nissen et al.,
1998). VEGF is induced in wound-edge keratinocytes and macrophages in response to
keratinocyte growth factor (KGF or FGF-7), EGF, TGFa and nitric oxide, and is highly
specific for endothelial cell proliferation to allow a continual supply for capillary extension
(Frank et al., 1995 and 1998).

Besides chemotactic factors and growth factors, an appropriate ECM is also necessary
for angiogenesis. In order to respond to wound angiogenic signals, endothelial cells
upregulate their avB3 integrins, which recognise fibrin and fibronectin. These integrins are
expressed at the tips of sprouting capillaries in the granulation tissue as they invade the
fibrin clot (Clark, 1996a). As with the other cell migrations during the invasion phase,
capillary morphogenesis is dependent on tightly regulated proteolysis of the surrounding
matrix. Plasmin and MMP-8 are activated to digest the clot and basement membrane

constituents to allow for endothelial cell migration (Fisher et al., 1994).
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Reepithelialisation

Reepithelialisation is a complex process involving the detachment, migration,
reattachment, proliferation and differentiation of keratinocytes from the wound margin or
from epithelial appendages deep within the dermis (Schaffer and Nanney, 1996). If a
dermal injury leaves the stumps of hair follicles intact, they act like a cut epidermal wound
edge and spread out to heal the epidermis. The appendages themselves are also regenerated.
If, on the other hand, the wound is full thickness, then the healed region will not only be
scarred but also lacking all appendages.

EGF and TGFa directly increase the rate of reepithelialisation (Brown et al., 1986;
Schultz et al., 1987). Binding of these growth factors to the EGF receptor (erbB-1) is
thought to suppress differentiation, increase proliferation and enhance migration during
reepithelialisation (Hudson and McCawley, 1998). KGF is upregulated more than 100-fold
within 24 hours by dermal fibroblasts at the wound margin, and specifically stimulates the
proliferation of keratinocytes to indirectly affect the speed of reepithelialisation (Werner et
al., 1992). In addition, KGF is thought to enhance the capacity of the epithelial edge to cut
through the clot by stimulating high PA and MMP-10 expression in motile keratinocytes
(Madlener et al., 1996; Tsuboi et al., 1993). Also within the first day following injury,
keratinocytes dissolve their al6B4 (laminin-binding) integrins and begin relocalising their
o2B1 and a3PB1 collagen/laminin receptors (Hodivala-Dilke et al., 1998; Klein et al., 1990;
Schaffer and Nanney, 1996). Two major components of the normal basement membrane,
laminin and type IV collagen, are lacking in the provisional matrix of skin wounds. Instead,
epidermal cells grasp hold of and migrate over an irregularly thickened provisional matrix
containing fibrin, fibronectin and diffuse deposits of vitronectin (Clark et al., 1982). To do

this, the leading edge keratinocytes project sheet-like lamellipodia and finger-like filopodia

17



Chapter 1
and begin expressing the a5PB1 fibronectin receptor, the a9f1 tenascin receptor and the
avP5 vitronectin receptor (Cavani et al., 1993; Hodivala-Dilke et al., 1998).

Regulated changes in actin polymerisation and depolymerisation are the driving force
for cell movement, directing protrusion at the front and retraction at the rear of the cell. The
EGF receptor contains an actin-binding domain and is associated with the actin cytoskeleton
upon ligand exposure, so it is thought that its activation can contribute to actin cytoskeletal
reorganisation (Hudson and McCawley, 1998). Polymerised actin in a migrating cell is
organised into different types of filamentous arrays, each linked to the underlying matrix via
integrins. Lamellipodia, filopodia, and membrane ruffles are located at the leading edge of
motile cells (Nobes and Hall, 1995). Positioned back from the leading edge are stress fibres
and dorsal arc-like arrays of actin, which provide the driving force for forward movement of
the rear of the cell. The co-ordinated organisation of actin filament assembly and
disassembly is mediated by the GTPases Rac, Cdc42, Ras and Rho, and it is thought that
reepithelialisation of post-natal skin wounds is dependent on their regulation of cell
migration (Nobes and Hall, 1999; Ridley et al., 1992; Ridley and Hall, 1992).

In order to migrate along the interface of the fibrin clot and the healthy dermis, the
leading edge keratinocytes must dissolve the fibrin network ahead of them. For this, they
upregulate expression of tissue-type plasminogen activator (tPA), urokinase-type
plasminogen activator (uPA) and the specific receptor for uPA (McNeil and Jensen, 1990).
Both of these activators convert plasminogen from the clot to the active fibrinolytic enzyme,
plasmin (Martin, 1997). Some members of the MMP family are also upregulated by
keratinocytes to aid migration and remodeling (Saarialho-Kere et al., 1992; Salo et al., 1994;
Vaalamo et al., 1997).

Forty eight to 72 hours after wounding, basal epidermal cells begin to proliferate to
replace those cells lost during the injury. Migration and proliferation continue until contact

with other epithelial cells occurs. When contact occurs, keratinocytes resume a basal cell
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phenotype and begin to differentiate into a keratinised, stratified squamous epidermis
(Schaffer and Nanney, 1996). Upon completion of wound reepithelialisation, fibrin and
fibronectin gradually disappear and type IV collagen and laminin return (Clark et al., 1982).
When this basal lamina synthesis resumes, MMP expression ceases and new

hemidesmosomes to the basal lamina reassemble (Martin, 1997).

Contraction

The task of reepithelialising a wound is facilitated by the underlying contractile
granulation tissue, which concentrically decreases in size to bring the wound margins toward
one another (Martin, 1997). There is currently some dispute as to the mechanism of wound
contraction. One prevailing hypothesis is growth factors such as TGFB1 and mechanical
cues relating to the forces resisting contraction trigger a proportion of the wound fibroblasts
to transform into myofibroblasts (Desmouliere et al., 1993; Grinnell, 1994). These
myofibroblasts resemble smooth muscle cells in that they both express a-smooth muscle
actin (ASMA; Desmouliere et al., 1993; Grinnell, 1994; Sappino et al., 1990). ASMA is
temporarily expressed during normal wound healing, and more persistently during
fibrocontractive diseases, thus the myofibroblast is believed by some to generate the forces
required for wound closure and contracture (Estes et al., 1994). Evidence has also been put
forward that contraction of open wounds can occur by direct fibroblast-collagen interaction,
in the absence of myofibroblasts (Ehrlich, 1988; Ehrlich et al., 1999). It was postulated that
individual fibroblasts reorientate and reorganise the collagen fibrils associated with them
into thicker bundles and this stressed matrix transmits the force necessary for wound
closure. Another mechanism of wound contraction suggested that fibroblasts at the wound
margins undergo a form of directed migration (Gross et al., 1995). Regardless of its

mechanism, contraction aids the repair of excisional wounds.
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1.3 FETAL PHYSIOLOGY AND ENVIRONMENT

There are multiple intrinsic and extrinsic differences between the developing fetus and
the post-natal animal that can influence wound repair. The aspects of fetal physiology and
the fetal environment that may affect the cellular and extracellular processes involved in

wound healing are discussed below.

1.3.1 Amniotic fluid

One major extrinsic difference between the fetal and the post-natal animal is that a
sterile amniotic environment surrounds fetal skin wounds. It provides buoyant, thermally
stable protection for the fetus and allows for unrestricted movement. Amniotic fluid
contains nutritional substrates, trophic factors and ECM components required for fetal
development (Dahl et al., 1983; Harris et al., 1988; Longaker et al., 1989a; Mulvihill ez al.,
1986). It is widely believed that amniotic fluid may modulate fetal skin wound healing by
providing growth factors to stimulate fetal wound cells to synthesise a unique wound matrix
(Longaker et al., 1990a). Evidence of excellent healing by primary intention without
inflammation or visible scarring in fetuses in contact with amniotic fluid has been published
using rabbit, lamb and monkey models (Adzick and Longaker, 1991; Krummel et al., 1987,
Longaker et al., 1991a). However, contraction of open wounds does not occur in fetal rabbit
(Haynes et al., 1995; Krummel et al., 1987; Krummel et al., 1989; Somasundaram and
Prathap, 1970) and monkey (Sopher, 1975a and b) wounds bathed in amniotic fluid.
Numerous observations have led to the conclusion that scarless healing is not solely
dependent on contact with amniotic fluid, although it does appear to require a moist
environment (Lin et al., 1994; Longaker et al., 1994a; Lorenz et al., 1992; Lorenz et al.,

1995; Sancho et al., 1997; Sullivan et al., 1995a).
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1.3.2 Oxygen tension

Tissue hypoxia seems important to angiogenesis induction, the activation of certain
growth factors, and the stimulation of fibroblast and macrophage metabolism and division
(McCallion and Ferguson, 1996). However, adult wound healing studies have shown that
wound hypoxemia can result in delayed healing, impaired leukocyte function and increased
infection (Jonsson et al., 1991). It has also been shown that oxygen is required for the
hydroxylation of proline and lysine during collagen synthesis and supplemental oxygen
stimulates collagen deposition by adult fibroblasts (McCallion and Ferguson, 1996). Tissue
oxygenation in the fetus is much less than that of adult tissue. For instance, the oxygen
partial pressure of fetal lambs is 16 mmHg, while that of adult sheep is about 45 - 60 mmHg
(Longaker and Adzick, 1991). The fetus compensates for its relative hypoxemia in many
ways to heal wounds rapidly. Firstly, the fetus has a higher haemoglobin concentration than
the adult. Secondly, fetal haemoglobin has a much higher oxygen affinity than adult
haemoglobin. Thirdly, the cardiac output of the fetus per unit body weight is much greater
than that of the adult. The lactic acid level of fetal blood, an indicator of anaerobic
metabolism, is only slightly higher than in maternal blood (Pritchard, 1993). This is

evidence that the fetus counteracts its hypoxemia well.

1.3.3 The immune system

One intrinsic difference between the fetus and the adult is the immune system. The
fetus is significantly neutropenic and does not develop self/non-self immunologic identity
until mid-gestation (Flake et al., 1986). PMNs are absent in fetal wounds until late in
gestation and although phagocytic capabilities gradually develop during the third trimester,
chemotactic ability may be reduced (Adzick et al., 1985a; Jennings et al., 1991). Fetal
wounds also heal without the formation of a fibrin clot (Somasundaram and Prathap, 1972),

presumably due to the immature coagulation cascade and the fibrinolytic activity of
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amniotic fluid. In adult wounds, the fibrin clot is thought to provide a reservoir of growth
factors that contribute to scar formation that are not seen in the fetus (McCallion and
Ferguson, 1996).

The absence of scarring in fetal wounds has been correlated with a sparse inflammatory
response. For example, a markedly reduced macrophage and monocyte infiltrate
accompanies scarless wound healing in the fetal marsupial, with inflammation becoming
more prominent after pouch day 9, concomitant with scarring (Armstrong and Ferguson,
1995; McCallion and Ferguson, 1996). A similar lack of macrophage recruitment to the
wound site is seen in the mouse fetus until relatively late in development at 14.5 days of
gestation, coincident with when wounds begin to heal by scarring (Austyn and Gordon,
1981). Macrophages are first identified in the mouse embryo at embryonic day 10 (E10;
Morris et al., 1991), so even at fetal stages when macrophages have begun patrolling tissues,
they still do not migrate to wounds until after closure.

The powerful chemotactic signals that attract macrophages to later stage and post-natal
wounds may partly derive from platelet degranulation at the wound site, and platelets are not
seen in early mouse embryos. Furthermore, the onset of macrophage recruitment seems to
coincide with when platelets first appear in circulating blood (Nodder and Martin, 1997).
Unlike the mouse, Olutoye et al. have found platelet counts and ultrastructure to be
comparable in the E60 fetal pig (term = 114 days) and adult pig (Olutoye et al., 1995;
Olutoye et al., 1996). However, numerous findings suggest that HA, the predominant GAG
in fetal ECM (see section 1.3.5), inhibits platelet aggregation and cytokine release (Olutoye
et al., 1996; Olutoye et al., 1997). Theoretically, this inhibition of platelet aggregation and
degranulation may partly explain the minimal inflammation and scarless healing seen at the
site of fetal dermal wounds.

In addition to the relative lack of macrophage infiltration (Austyn and Gordon, 1981;

Cowin et al., 1998; McCallion and Ferguson, 1996), an attenuated T lymphocyte response
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(Adolph et al., 1993), an absence of B lymphocytes (Cowin et al., 1998), reduced
angiogenesis and altered growth factor levels (Whitby and Ferguson, 1991a) have all been
found at the fetal wound site. Despite neutropenia and immaturity of the immune system, it
has been shown in rabbits that the fetus is capable of mounting a dose-dependent adult-like
acute inflammatory response to avirulent bacteria introduced into the wound (Frantz et al.,
1993). Since there is no bacterial stimulus for leukocyte recruitment in the sterile amniotic
environment that fetal wounds are bathed in, it was initially proposed that it might be
responsible for scarless healing. This seems unlikely, since marsupial pouch young do not
reside in a sterile environment and yet little inflammation is present in non-scarring pouch
day 4 wounds (McCallion and Ferguson, 1996).

In short, inflammatory cells play a prominent role in normal adult wound repair. It is
possible that the minimal inflammatory response seen in fetal wounds may cause the

differences in matrix molecule synthesis and deposition that leads to scarless healing.

1.3.4 Growth factors and cytokines

Most polypeptide growth factors described to date are thought to be important
regulators of post-natal wound healing. As described above, early fetal wounds seem to lack
the two major sources of growth factors in adult wounds, degranulating platelets and
invading macrophages. Consequently, fetal wounds have a reduced cytokine profile
compared to that seen in adult wounds, which may lead to scarless repair. The major growth
factors involved in post-natal wound healing are discussed below, as are their possible roles

in fetal wound repair.

Transforming growth factor beta (TGER)

The TGFB group of ubiquitous regulatory polypeptides are capable of stimulating or

inhibiting proliferation and differentiation, depending on their concentration, presence of
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other growth factors, and the cell type that they are acting on (Hill ef al., 1986). Three
structurally and functionally related mammalian TGFf isoforms have been identified,
TGFpB1, TGFB2 and TGFB3. The TGFf isoforms are secreted while noncovalently bound to
a latency-associated peptide (LAP), and as such are unable to interact with their cell surface
receptors. The LAP contains three oligosaccharide side chains, two of which have mannose-
6-phosphate (M6P) as their terminal residues (McCallion and Ferguson, 1996). These M6P
residues allow the inactive TGFB-LAP complex to bind with high affinity to the cation-
independent M6P/IGF-II receptor, which in effect activates the latent complex (Dennis and
Rifkin, 1991). Plasmin, plasminogen activator and transglutaminase are also required for
TGFp activation (Coleman et al., 1998; Kojima et al., 1993). TGFB1 acts through three
receptors which are present on the membranes of most cells, TGFP receptor I, II and III
(TBRI, TBRII and TBRIII). TBRI and II are membrane spanning serine/threonine kinases.
TBRIII, also known as betaglycan, appears to only serve in an auxiliary role by binding
TGFpB and presenting it to TBRII. TBRII then binds to TBRI, forming a heteromeric
complex with TGFp and activating the signalling cascade. It is thought that signalling then
proceeds through kinase pathways (Parrelli et al., 1997).

TGFB1 and TGFP2 are released as early as one hour after wounding by platelets,
lymphocytes and macrophages (Yang et al., 1999) and are chemotactic for fibroblasts,
monocytes and macrophages (Sporn and Roberts, 1992). TGFB1 is involved in the initiation
of fibrosis, whereby it stimulates the deposition of collagen and other ECM components by
fibroblasts and prevents their degradation by proteolysis. In particular, it suppresses MMP-
1, MMP-3 and plasminogen activators, and induces plasminogen activator inhibitor-1 (PAI-
1) and tissue inhibitors of metalloproteinases (TIMPs; Cullen et al., 1997; Overall et al.,
1989). Interestingly, TGFB1 upregulates MMP-2 activity in cultured fibroblasts, which

contrasts its inhibitory effects on MMP-1 and MMP-3 gene expression (Overall et al., 1989
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and 1991). Similarly, TGFB1 modulates the protease profiles of fetal fibroblasts,
demonstrating its possible role in fetal tissue remodeling (Cullen ez al., 1997).

TGFp1 induces ASMA expression in fibroblasts, which correlates with scar formation
and pathologic wound contraction (Desmouliere et al., 1993). It is able to induce its own
expression, by both increased recruitment and activation of macrophages and positive
induction of the TGFP1 promoter (Schmid et al, 1993). This may be an important
determinant in the progressive scarring characteristic of chronic diseases that result in the
defacement of normal tissue architecture (Figure 1.5). A relationship between elevated
TGEFB levels and scarring has been demonstrated in a number of fibrotic diseases, including
cirrhosis, vitreoretinopathy, interstitial pulmonary fibrosis, glomerulonephritis, and
scleroderma (Border et al., 1990; Border et al., 1992; Castilla et al., 1991; Connor, Jr. et al.,
1989; Peltonen et al., 1990; Roberts and Sporn, 1992). TGFpB1 consistently acts on cells to
induce the deposition of matrix components and consequently is the chief isoform
commonly associated with fibrosis (Sporn and Roberts, 1992).

The exogenous application of TGFB1 has been shown to trigger scar formation not only
in adult wounds (Ehrlich et al., 1996; Mustoe et al., 1987) but also in fetal wounds (Adolph
et al., 1993; Houghton et al., 1995; Krummel et al., 1988). It appears to induce an adult-like
response in the usually non-scarring fetal tissue by increasing cellular infiltration, fibroplasia
and collagen deposition.

Scarring has also been promoted in fetal human skin wounds by adding TGFp1 that is
infused in a slow release disk (Lin et al., 1995; Sullivan et al., 1995b). In these studies, the
exogenous TGFB1 appeared to stimulate the human fetal fibroblasts to upregulate TGF1
mRNA and protein expression. A direct interaction of TGFP with fetal fibroblasts has been
shown by in vitro cell surface binding studies (Durham et al., 1989). Despite having a low

constitutive expression of the collagen genes, exposure to TGFB1 also induces collagen gene
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Figure 1.5 The role of TGFp1 in the progression of fibrosis.

TGFP1 can promote wound repair by stimulating local fibroblasts to produce collagen and other ECM proteins.
It can also inhibit the production of ECM proteinases and induce the production of proteinase inhibitors.
Through autoinduction, TGFB1 can upregulate its own synthesis in fibroblasts so that these effects become

amplified and fibrosis occurs. Adapted from Parrelli ez al. (1997).
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I and III expression in fetal dermal fibroblasts (Gallivan et al., 1997; Lorenz et al., 1993a).
No such upregulation has been demonstrated in post-natal fibroblasts, which already show
significant constitutive collagen gene expression in the inactivated state. More recently,
Lanning et al. (1999) demonstrated that the administration of TGFf1 in a sustained manner
induces contraction, inflammation, fibrosis and an upregulation of collagen gene expression
in excisional wounds in the fetal rabbit. Taken together, these reports support the view that
the cellular and matrix machinery required for scar formation are present in fetal wounds,
and fetal cells are capable of responding to growth factors in a way similar to adult cells.
Indeed, embryonic fibroblasts have been reported to have more TGFP cell surface receptors
than adult fibroblasts (Durham et al., 1989), thus, the lack of TGFB-mediated fibrosis is not
due to the inability of the fetal fibroblast to respond to TGFB. Instead, as is discussed
below, sustained TGFp levels for the induction of collagen gene expression and excess
collagen deposition are not present in fetal wounds.

Fibroblasts are not only capable of responding to TGFp, they can also synthesise and
secrete this growth factor. Under normal conditions, both fetal and adult fibroblasts can
transcribe TGFB1 mRNA, but fetal fibroblasts respond to hypoxia with a decrease in TGFP1
transcription, while adult fibroblasts increase transcription (Chang et al., 1993). It is
thought that the low partial oxygen pressure of the fetal wound might downregulate TGFB1
gene expression and contribute to scarless healing.

There have been many conflicting reports on the levels of both TGFB mRNA and
protein in fetal skin wounds. Early investigations found TGFp to be apparently absent from
fetal wounds (Lin et al., 1995; Sullivan et al., 1995b; Whitby and Ferguson, 1991a). Others
found TGFP to be expressed in the developing dermis but not upregulated in fetal wounds
(Nath et al., 1994a), or detected in activated epidermal and mesenchymal cells at the wound

margin during the early phase of repair but rapidly cleared before wound closure (Martin et
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al., 1993; Nodder and Martin, 1997). These reports contrast the pattern of elevated and
sustained TGFB1 expression seen in adult wounds. On the other hand, evidence of
increased TGFp levels have been found in the fetal wound environment relative to the adult
situation (Longaker et al., 1991b; Longaker et al., 1994b). The increase in TGFJ reported
by these groups could represent the inactive form of the peptide, thus accounting for the lack
of fibrosis seen in fetal wounds. Additionally, it is conceivable that more TGF regulatory
molecules that may limit the availability of active TGFp exist in the fetal environment than
in the adult. Although TGFB1 LAP protein has been detected in human adult wounds but
not in fetal wounds (Sullivan et al., 1995b), other endogenous inhibitors of TGFp such as
decorin, biglycan, fibromodulin and a2-macroglobulin may be present in the fetus.

Very recently, a rat model that exhibits a transition from scarless repair in E16 fetal rat
skin to adult-type repair with scar in E18 and post-natal skin was used to more fully explore
the roles of TGFP ligands, receptors and potential modulators during wound healing (Soo et
al., 2000). During the E16 to E18 transition period, basal levels of TGFP did not change,
although the levels of the potential antifibrotic molecules TGF@3, latent TGFB binding
protein-1 (LTBP-1) and fibromodulin decreased. After injury, however, E16 fetuses
displayed decreased TGFP1 and TGFB2 induction and E19 animals exhibited increased
induction of the two isoforms. This suggested that the degree of TGFf induction after
injury might be more relevant to the transition to scar-forming adult repair than basal TGFf3
levels. As expected during post-natal wound healing, TGFB1 and TGFB3 and the type I, II
and III receptors were upregulated. Surprisingly though, the potential TGFP modulators
LTBP-1, decorin and biglycan were upregulated during adult wound repair, with only
fibromodulin levels downregulated. The increased LTBP-1, decorin and biglycan levels in
adult wounds argue against their antifibrotic role and make them unlikely candidates for

mediating scarless fetal repair. In contrast, the inverse relationship between fibromodulin
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expression and scarring in both rat wounds suggested that fibromodulin might be a relevant
modulator of TGFf activity during repair.

In general, the prevailing view is that wounded fetal dermis transiently expresses
TGFf1 in the absence of macrophages and lymphocytes. The relative lack of active TGFp
in the fetal wound may reflect the minimal macrophage infiltrate to the wound, the apparent
lack of platelet degranulation at the injury site, or the reduced TGF[ synthesis in fetal
platelets (McCallion and Ferguson, 1996). In contrast, active TGFp is present at higher and
sustained levels in adult wounds. Recent work demonstrates that this expression pattern is
age-dependent and that it may also be related to the ability of the scar-forming fibroblast to

secrete stimulators of TGEP synthesis (Coleman et al., 1998).

Platelet derived growth factor (PDGF)

The PDGFs are disulphide-bonded homo- or hetero-dimers of the products of two
genes, the A- and B-chain genes. These isoforms have overlapping biological activities, but
their secretory behaviour is different. Alternate splicing of exon 6 in the A gene is used to
switch from a short secreted isoform, PDGF-AAg, to one that is matrix associated, PDGF-
AA;. PDGF-BB, on the other hand, is predominantly cell-associated (Raines and Ross,
1992). PDGEF-AB is the commonest isoform and is released largely from the alpha granules
of platelets activated by coagulation. Consequently, it is one of the earliest growth factors
participating in the post-natal wound response.

The expression of PDGF by recruited macrophages and the binding of PDGF to
components of the ECM may account for its continuing presence at the adult wound site
(Whitby and Ferguson, 1991a). It is chemotactic for both inflammatory cells and
fibroblasts, and is a fibroblast mitogen. As such, PDGF has been shown to accelerate

wound inflammation, fibroplasia and collagen deposition in both normal and deficient
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healing states (Grotendorst et al., 1985). The direct delivery of PDGF cDNA into skin by
particle bombardment has also resulted in significant increases in wound tensile strength
compared to controls (Eming et al., 1999). Previous studies indicated a role for PDGF in
tissue remodeling, as it is capable of stimulating the synthesis and secretion of collagenases
(Bauer et al., 1985). In fetal wounds, PDGF appears to be only transiently expressed
(Whitby and Ferguson, 1991a), but like TGFf, it modulates the secretion of MMP-2 in a
dose-dependent manner and stimulates the secretion of activated MMP-9, uPA and its
inhibitor, PAI-1, by fetal fibroblasts (Cullen et al., 1997). Also like TGFp, the exogenous
addition of PDGEF to fetal wounds via SILASTIC® implants results in greater fibroblast

infiltration, collagen deposition and neovascularisation (Haynes et al., 1994).

Basic fibroblast growth factor (bEGF)

In the context of wound repair, bFGF (FGF-2) is the most studied heparin-binding
member of the FGF family, which also includes the wound repair peptides acidic FGF
(aFGF or FGF-1) and KGF. Basic FGF stimulates new capillary formation, fibroblast
proliferation and ECM synthesis, normal components of adult wound repair (Rifkin and
Moscatelli, 1989). The profuse neovascularisation of adult wounds is significantly different
to the normal vascular pattern that is restored in fetal wounds (Whitby and Ferguson,
1991b). It is possible that the absence of angiogenic bFGF and VEGF in the fetal wound
may cause the restoration of a vascular structure similar to normal, unwounded fetal tissue.
The addition of bEGF to culture medium bathing embryonic mouse wounds has been shown
to result in faster healing relative to controls, but surprisingly, increased vascularity was not
a feature of these wounds (Nodder and Martin, 1997).

Basic FGF is unusual in that it lacks a normal amino terminal signal sequence, thus the

mechanism of bFGF secretion into the ECM is still unclear. Basic FGF and aFGF strongly
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interact with heparin-like molecules as heparin stabilises and protects them from heat, acid
and proteolytic degradation (Abraham and Klagsbrun, 1996). Activated platelets and PMNs
at the injury site can secrete heparanase to release bFGF that is bound to heparan sulphate
proteoglycan in the ECM, or bFGF bound to syndecans on the surfaces of migrating and
proliferating epidermal cells at the wound margin (Ishai-Michaeli et al., 1990). Tissue
macrophages also appear to be a continuing source of bFGF in the wound. These may both
be mechanisms whereby bFGF can be activated at the adult wound by coagulation or
inflammation, hence the absence of active bFGF from fetal wounds may be secondary to the

minimal inflammatory response seen.

Epidermal growth factor (EGF)

EGF is a single-chained, 53 amino acid polypeptide known to be mitogenic for
epidermal cells, endothelial cells and fibroblasts (Cohen, 1983). Although EGF is the most
studied family member in wound healing, EGF-like regions are present in other EGF family
members including TGFa and heparin-binding EGF-like growth factor (HB-EGF). Despite
their limited sequence homology, EGF and TGFo interact with the same cell surface
receptor with similar affinities, as does HB-EGF (Nimni, 1997). The presence of multiple
EGF receptor ligands in the wound environment and the transient increase in EGF receptor
expression during reepithelialisation suggest that the EGF receptor also actively regulates
wound repair (Hudson and McCawley, 1998).

EGF has been demonstrated to accelerate adult wound healing by stimulating
reepithelialisation and increasing dermal thickness, granulation tissue organisation, collagen
content and wound protease activity (DeLozier et al., 1987; Franklin and Lynch, 1979;
Franklin et al., 1986; Hennessey et al., 1990a). The topical application of EGF has also
been shown to decrease overall wound contracture by effecting a less random arrangement

of wound fibroblasts (Franklin and Lynch, 1979). Similarly, EGF has been shown to inhibit
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contraction of a collagen gel by fetal fibroblasts, despite the increase in cell number caused
by this mitogen (Piscatelli et al., 1994). Like its effect on adult wounds, EGF accelerates
fetal wound reepithelialisation (DeLozier et al., 1987). In contrast, treatment of fetal
excisional wounds with TGFa results in the infiltration of mesenchymal cells without
reepithelialisation (Longaker and Adzick, 1991). Further work is necessary to delineate if
EGF has a role in the cellular proliferation, interaction and differentiation that contributes to

the absence of scar formation in fetal wounds.

All in all, growth factors are important regulators of cell proliferation and migration as
well as matrix synthesis and degradation at the adult wound site. It seems likely that the
ability of fetal wounds to heal without scarring is, in part, a consequence of the low levels of
active growth factors released by inflammatory cells. As a brief and final note, expression
of the interleukin family of cytokines has recently been evaluated during fetal wound repair.
Production of proinflammatory IL-6 and IL-8 appears to be diminished during scarless fetal
wound repair compared to the adult situation and fetal fibroblasts were found to produce
significantly less IL-6 and IL-8 when stimulated with PDGF (Liechty et al., 1998 and
2000a). In contrast, the absence of IL-10 resulted in increased inflammation in the fetal
wound (Liechty et al., 2000b). It was proposed that diminished fetal production of IL-6 and
IL-8, belicved to be due to IL-10 expression, results in the reduction of mononuclear cell
recruitment and subsequent inflammation observed during fetal wound repair. This in turn

may be important in providing a permissive environment for scarless repair.

1.3.5 Components of the extracellular matrix
Fetal wounds synthesise most of the matrix molecules present in adult wounds, yet there
are striking differences particularly in relation to the restoration of normal collagen fibre

orientation and tissue architecture in scarless fetal wounds. These differences may influence
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the migration and orientation of cells infiltrating the injury site, as well as fibrillogenesis,
which in turn influence whether a wound heals in a scar-free or scarring fashion (McCallion
and Ferguson, 1996). Therefore, the constituents of the ECM and their deposition in

wounds are important parameters to consider when investigating scarless fetal wound repair.

Collagen

Collagens are the major structural proteins of connective tissue in both scars and dermis
in the post-natal mammal. They form a network of fibres in the interstitium of tissues,
linking cells to other structural components as well as to each other. Type IV collagen is the
major component of basement membranes (Mutsaers et al., 1997). Collagen types I and III
make up about 95% of the collagen of scars, and are deposited in large, parallel bundles
orientated perpendicular to the wound surface. Type VII collagen, a minor component of
scars, anchors the epidermal surface to the underlying scar matrix. In normal skin, the
attachment of the dermis to the epidermis involves both type VII collagen and rete pegs.
Since there are no rete pegs in scars, the type VII collagen fibrils are more important in
maintaining this attachment (Ehrlich and Krummel, 1996).

There has been some controversy as to the nature of collagen deposition in fetal
wounds. Early studies reporting no collagen deposition in fetal rat wounds were supported
by more recent studies in fetal rabbit wounds using PVA silastic implants, wherein no
collagen hydroxyproline was detected (DePalma et al., 1987; DePalma et al., 1989;
Krummel et al., 1987). Other investigators have detected greater and more rapid collagen
hydroxyproline synthesis in fetal wounds relative to adult wounds (Adzick et al., 1985a;
Burd et al., 1990a; Siebert et al., 1990). It is now known that collagen types I, IIL, IV, V and
VI are present in both fetal and adult wounds, but their spatial and temporal distribution
varies (Longaker et al., 1990b; Lovvorn, I1I et al., 1999; Whitby and Ferguson, 1991b). All

five types of collagen appear more rapidly in fetal wounds and the normal collagen pattern is
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restored, while a scar is seen in the adult. Furthermore, transmission electron microscopy
(TEM) has shown that in the adult rabbit wound, collagen fibril diameter is only 45% of the
diameter of normal dermal collagen, while fetal wound collagen fibrils are almost
indistinguishable at 82% of the size of fetal dermal collagen (Mast et al., 1997).
Consequently, it is widely accepted that collagen is not necessarily deposited in higher
amounts in fetal wounds but is deposited more rapidly than in adults, and in a reticular
pattern that is indistinguishable from adjacent, healthy tissue (Longaker et al., 1990b).

The alterations in collagen synthesis in response to wounding have been quantified in
the fetal and adult rabbit. The synthesis of non-collagen protein and collagen type I mRNA
and protein are significantly elevated during the first 5 days in fetal wounds relative to
unwounded fetal skin (Frantz et al., 1992; Nath et al, 1994b). The upregulated non-
collagen proteins are likely to include collagenases and other ECM enzymes to control
remodeling, cross-linking and the orderly deposition of collagen. Adult wounds produce
higher levels of collagen I mRNA and protein than the adjacent unwounded tissue from 5 to
10 days post-wounding. These results correlate well with previous findings of accelerated
collagen deposition in fetal wounds. Fetal wounds appear to produce more collagen by
attracting already active cells from surrounding unwounded tissue to increase the cell
density of the wound. Conversely, adult wounds show both fibroblast migration and
upregulation of collagen gene transcription, implying multilevel regulation (Nath et al.,
1994b).

Unwounded fetal skin contains high levels of collagen III compared to unwounded adult
tissues. Collagen III has a smaller, reticulin structure and a greater propensity to cross-link
than type I collagen (Cass et al., 1997a). As the fetus develops, the ratio of collagen type
III/type I decreases (Lovvorn, III et al., 1999). Although both fetal and adult wounds show
significant elevation of collagen type I and III, type I is the major constituent of both

wounds and is the mature form that ultimately replaces type III to form scars (Dostal and
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Gamelli, 1993). Non-crosslinked forms of collagen type I have been shown to diminish
rapidly in fetal sheep after 90 days’ gestation, as crosslinked peptides Become more
prevalent in fetal skin beyond 120 days’ gestation (Lovvorn, III et al., 1999). This
corresponds with the transition to scarring of fetal sheep wounds. In the same study, type V
collagen was found to be the first chain to appear at the injury site. Despite type V
comprising less than 2% of skin collagen, a developmental switch also occurred after 120
days’ gestation from a predominance of 0y(V) chains in the fetus to o(V) chains in the
adult. These differences between collagen in the fetal and adult dermis may be important
determinants of the wounding response. Finally, it is interesting to note that small diameter
collagen I fibrils with a high turnover and a similar configuration to fetal collagen occur
adjacent to the epidermal/dermal junction in adult skin, the area which shows the least

scarring in wounds (Fleischmajer et al., 1990).

Adhesion glycoproteins

The adhesion glycoproteins, fibronectin, tenascin, laminin and vitronectin are other
important components of the ECM. Fibronectins are dimeric glycoproteins that undergo
splicing in three regions to form at least 20 different isotypes (Hynes, 1985; Yamada and
Clark, 1996). Distinct patterns of expression for the different chain variants of fibronectin
mRNA, including an embryonic form, are seen during adult wound healing (Ffrench-
Constant and Hynes, 1989). This suggests different forms of fibronectin are possibly
present in fetal and adult wounds. Fibronectin is synthesised by fibroblasts, macrophages
and endothelial cells locally in the wound bed, but is also brought to the adult wound by the
fibrin clot, platelet alpha granules and serum, and to the fetal wound by amniotic fluid
(Broker and Reiter, 1994). Apart from stimulating the migration and proliferation of all the
major cell types into the wound, fibronectin opsonises tissue debris after injury and is a

component of the provisional matrix for ECM assembly (McCallion and Ferguson, 1996;
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Whitby et al., 1991). Furthermore, recent evidence suggests that nucleated cells expressing
the a5PB1 integrin bind to fibronectin within the blood clot to promote clot retraction and
support cell shape change and spreading during wound contraction (Corbett and
Schwarzbauer, 1999). Numerous immunohistochemical studies have implicated fibronectin
as an earlier and transient signal for cell migration in the fetal wound compared to the adult
(Longaker et al., 1989b; Whitby et al., 1991; Whitby and Ferguson, 1991b). It is thought
that the early expression of fibronectin in the fetal wound may provide the scaffold on which
keratinocytes and fibroblasts can migrate to rapidly repair the wound.

The tenascin family consists of Tn-C (cytotaxin), Tn-R (restrictin) and Tn-X
(McCallion and Ferguson, 1996). Tenascin is reported to be sparsely and discontinuously
distributed in the upper papillary dermis in unwounded skin (Filsell et al., 1999; Mackie et
al., 1988). During wound repair a high transient expression of tenascin has been found to
coincide with the initiation of cell proliferation and migration (Mackie et al., 1988). An
increase in tenascin expression is seen at the wound edge in all levels of skin, throughout the
matrix of granulation tissue and particularly at the dermal-epidermal junction beneath
migrating, proliferating epidermis. It is thought that inflammatory cytokines such as IL-4,
tumour necrosis factor oo (TNFo) and IFNY, which are upregulated in healing skin, may
induce epidermal tenascin expression during wound healing (Latijnhouwers et al., 1998).
Although the spatial pattern of tenascin distribution in fetal wounds appears to be the same
as in adult wounds, the time that tenascin is first detected in the wound parallels the rate of
reepithelialisation and wound closure, which is always more rapid in the fetus (Whitby et
al., 1991; Whitby and Ferguson, 1991b). It is conceivable that tenascin may aid wound
closure in the fetus by antagonising the integrin-mediated adhesion of fibroblasts to
fibronectin, allowing cells to detach from the wound matrix and migrate (Longaker and

Adzick, 1991).
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Vitronectin is a multifunctional glycoprotein found in plasma, extracellular matrices
and fibrin clots. It mediates cell adhesion and migration, protects cells from cytosolic
destruction by released activated complement complexes and can protect thrombin from
inactivation by antithrombin ITII. Vitronectin also binds PAI-1 and stabilises its activity,
which may help regulate its activity during tissue remodeling (Yamada and Clark, 1996).

Integrins are a large family of heterodimeric, transmembrane glycoproteins that
function as cell adhesion receptors for extracellular matrix proteins and other cells. Each
member of the integrin family consists of an o and a 8 chain, and more than 20 different of§
combinations have been recognised (Etzioni, 1999). It is the various combinations of the o
and P subunits that confer receptor-binding specificities (Yamada et al., 1996).

Integrins regulate a wide variety of cellular processes that are essential to epithelial
repair, including spreading, migration, proliferation, differentiation and survival. Integrin
ligation can also regulate the synthesis of growth factors, ECM proteins such as collagen,
MMPs and other proteins that are critical to wound repair processes (Cass et al., 1998;
Gardner et al., 1999). It appears that in the same way ECM proteins like fibronectin,
tenascin and collagen are deposited more rapidly in fetal wounds compared to adult wounds,
similar integrins are induced in both fetal and adult epidermal repair, but the rate is faster in

the fetus. Epidermal integrin receptors specific for fibronectin and tenascin (a5, 36, o,

09), collagen and laminin (0.2, o3, 0.6, B4) are upregulated rapidly in the provisional matrix
of fetal wounds, and this increase in expression continues until reepithelialisation is
complete (Cass et al., 1998). It has been hypothesised that early increased integrin
expression may facilitate rapid fetal keratinocyte migration, proliferation and

reepithelialisation.

37



Chaprer 1

Proteoglycans and glycosaminoglycans

Alterations in proteoglycan synthesis and in that of their constituent
glycosaminoglycans (GAGs) correlates with the cell proliferation, migration, and collagen
synthesis that accompany wound healing (Yeo et al., 1991). Proteoglycans are polyanionic
macromolecules that are made up of a protein core that can bind covalently to various linear,
sulphated GAG chains, such as chondroitin sulphate (CS), dermatan sulphate (DS) and
heparan sulphate (HS). Many functions are, in turn, related to the binding of proteoglycans
or GAGs to other molecules. Some proteoglycans are components of the ECM, including
versican, a large CS proteoglycan and decorin, a small DS proteoglycan (McCallion and
Ferguson, 1996). The GAGs are able to combine with water to form bulky, viscous gels and
help fill the space between collagen and elastin fibres, thereby providing mechanical
resistance to tissue compression. Proteoglycans also have some regulatory functions
influencing collagen fibrillogenesis and the three dimensional organisation of collagen
(McGrath and Eady, 1997). Some proteoglycans have membrane-embedded core proteins,
such as the syndecan family of heparan sulphate proteoglycans (HSPGs). All adherent cells
express at least one syndecan, yet each syndecan family member is expressed selectively in
cell-, tissue- and development-specific patterns (Kim et al., 1994). Gallo and colleagues
(1996) have shown that after injury, a large and transient induction of syndecans-1 and -4 is
seen in the adult mouse and neonatal human skin, but not in human fetal skin. These
observations correlate with the current knowledge that fetal skin heals without PMN
infiltrate, fibrosis or apparent scarring. Thus, the investigators concluded that syndecans
might bind molecules that enhance inflammation and fibrosis.

Hyaluronic acid (HA) is by far the most extensively studied GAG in wound healing. It
is a linear polysaccharide that consists of alternating residues of N-acetylglucosamine and
glucuronic acid (McCallion and Ferguson, 1996). HA is very large with a molecular weight

of several million, is non-sulphated, and unlike the other GAGs, it probably does not bind to
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proteins (Eschelbach er al, 1998). HA is found in high concentrations during
embryogenesis and whenever rapid tissue proliferation, regeneration and repair occur
(Longaker et al., 1989a).

Fetal wounds have an abundance of HA. It appears soon after wounding in both the
fetus and the adult, but sustained deposition of HA is unique to fetal repair (DePalma et al.,
1989; Krummel et al., 1987; Longaker et al., 1991c; Sawai et al., 1997; West et al., 1997).
The actual source of HA in the fetal wound is unknown. It is possible that this GAG is
produced by fibroblasts or other cells in the wound bed. Alternatively, it may diffuse into
the wound from the adjacent unwounded skin (Eschelbach et al., 1998).

A decrease in HA content of fetal skin and the appearance of sulphated
glycosaminoglycans, such as extracellular decorin and HS proteoglycan, correlates with the
onset of scar formation that begins during late gestation (Freund et al., 1993). Degradation
of HA by hyaluronidase at the fetal wound site appears to cause an adult-like response with
leukocyte infiltration, excessive fibroplasia, collagen deposition and neovascularisation
(Mast et al., 1992b). Conversely, HA has been reported to inhibit fibrosis and scar
formation in healing adult wounds when applied topically (Hellstrom and Laurent, 1987).
More recently, chronic additions of HA to incisional wounds of E18 fetal mouse limbs were
demonstrated to induce scarless repair (Iocono et al., 1998a). Forelimbs isolated from E18
fetal mice usually heal incisional wounds with scar. Thus, a prolonged presence of HA in
fetal wounds may provide the matrix signal that orchestrates more organised healing by
regeneration rather than by scarring.

The minimal immune response seen in fetal wound repair may in part be due to the
inability of HA to provide an adequate matrix for lymphocyte adhesion and migration.
Lymphocytes mediate the immune response in adult wounds by interacting with the
glycoproteins and GAGs that compose the ECM. However, fetal lymphocytes are unable to

bind to HA, the major constituent of the fetal wound ECM, hence they cannot migrate into
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the zone of tissue injury (Dillon et al., 1994). HA also inhibits cellular differentiation, and
instead promotes cell proliferation and migration (DePalma et al., 1989; Kujawa et al.,
1986; Kujawa and Tepperman, 1983). Due to its highly charged nature, HA can take on a
large volume of hydration (Adzick and Lorenz, 1994). Furthermore, due to its large mass,
cellular contact is blocked and hence so is contact inhibition of movement and growth. As a
consequence, HA may stimulate mesenchymal cell infiltration by creating a low-resistance,
hydrated matrix that releases cells from contact inhibition and restricted mobility
(Eschelbach et al., 1998). Its abundance may then prevent close interaction between the
immature cells, thus inhibiting their differentiation into mature fibroblasts and preventing
collagen deposition (see Figure 1.6).

HA is also known to affect collagen synthesis differently in various systems. For
example, it elevates the deposition of small fibril type III collagen by cultured fibroblasts
(Longaker et al., 1991c). Scott and Hughes (1986) showed that early in chick and bovine
tendon development, fetal collagen fibrils are smaller in diameter when HA is more
abundant. Moreover, in this study a rapid increase in collagen fibril size during mid-
gestation coincided with a decrease in HA and CS content. CS proteoglycan is present in
fetal mouse wounds at the time of fibril formation but is absent in the adult wound (Whitby
and Ferguson, 1991b). Since the ratio of type I to type III collagen determines the diameter
of collagen fibrils (Glanville, 1982), it appears that fibril formation in the process of scarless
fetal wound healing is modulated by the interactions of HA and CS with these collagens in
the ECM.

Cell behaviour is chiefly regulated by HA through its principal receptor, a member of
the CD44 family of cell surface glycoproteins (Culty ef al., 1990). Upon cell internalisation,
HA is transported to a lysosome and digested while the 56 kDa receptor is recycled via a
coated-pit pathway (Alaish et al., 1994). Before this occurs, the HA receptor-ligand

complex may trigger other events in the cell, such as changes in the cytoskeleton, HA
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Figure 1.6 Illustration of a possible mechanism by which HA influences fetal wound
repair.

The abundance of HA within fetal wounds may prevent differentiation of immature mesenchymal cells by
preventing their close interactions. Hyaluronidase acting to reduce the HA content in wounds may promote the
necessary interaction between these cells so that mesenchymal differentiation occurs, leading to fibroblast
formation and collagen deposition. Alternatively, the reduction in HA may affect the supply or activity of
growth factors that, in turn, affect the cellular activity. A final possibility is that HA directly affects collagen
organisation by physicochemical interactions. Adapted from Mast et al. (1992b).
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synthesis, and collagen and/or collagenase gene expression. The biological effects of HA
are also mediated in part by RHAMM (receptor for HA-mediated motility). RHAMM is a
critical regulator of cell locomotion and has been associated with cell migration after injury.
Recently, a study by Lovvorn et al. (1998) demonstrated an increase in expression of both of
the HA receptors in human and sheep fetal excisional wounds, correlating with fibroplasia
and a reduced HA content. Incisional wounds that heal without scarring did not show an
increase in HA receptor expression. This contrasts earlier findings that cultured fetal rabbit
fibroblasts have four times the density of the cell surface HA receptor than adult fibroblasts
(Alaish et al., 1994). Conscquently, it was speculated that strategies designed to limit the
expression of HA receptors during post-natal wound healing might modify scar formation.

Amniotic fluid, fetal wound fluid, fetal urine, fetal serum and some fetal tissues contain
a glycoprotein called HA-stimulating activity (HASA; Decker et al., 1989; Longaker et al.,
1989a; Longaker et al., 1989c; Longaker et al., 1990a). Like HA, HASA is present in the
fetal wound for a prolonged period of time and the level of HASA as a function of time after
wounding appears to parallel that of HA, thus it may be a mechanism by which HA levels
remain high in the fetus (Longaker et al., 1991c). Evidence of an ontogenetic transition in
wound HA and HASA levels, from elevated and sustained levels in the fetus to the small
and transient increase seen in the adult, has been described (Estes et al., 1993; Longaker et
al., 1990b). The relative lack of HASA in adult wound fluid implies that HA is deposited
locally by platelets and the fibrin clot only during the earliest stages of adult wound healing
(Longaker et al., 1989c; Weigel et al., 1986).

Different molecular species of HA, that is, the molecular size of HA and associated
proteins, have been shown to have differential effects on contraction, angiogenesis and the
evolution of wound strength (Arnold et al., 1995). Many studies have implicated a role for
HA in fetal wound healing as an inhibitor of angiogenesis (Eschelbach et al., 1998). On the

other hand, oligosaccharide degradation products of HA are thought to be important for
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inducing new blood vessel formation in healing wounds (McCallion and Ferguson, 1996;
Weigel et al., 1986). Wound angiogenesis is tightly linked to the increased hyaluronidase
activity and subsequent degradation of wound HA seen in the adult wound compared to the
fetal wound (West et al., 1997). Hyaluronidase is secreted by inflammatory cells such as
macrophages that are attracted into the wound by the HA-fibrin matrix (Weigel et al., 1986).
The corresponding lack of HA degradation products at the fetal wound site is thought to
contribute to the low angiogenesis levels seen, as fetal wounds that are treated with
oligosaccharides generated by HA degradation show an increase in neovascularisation,
fibroplasia and collagen deposition (Mast et al., 1995). In summary, the sustained presence
of HA in fetal wound fluid and tissue, thought to contribute to scar-free fetal wound repair,
may be due to the effects of high HASA and low hyaluronidase activity compared to adult

wounds.

Fibroblasts

Fibroblasts are responsible for the deposition and remodeling of the new ECM during
wound healing. Adult fibroblasts are quite sparse and quiescent in normal, unwounded skin.
Growth factors and the wound environment activate fibroblasts to acquire different
phenotypes. In adult skin wounds, it is postulated that fibroblast proliferation is required for
their change into migratory cells, at around 4 days post-wounding. Furthermore, it is
thought that this change may involve development of a motor apparatus, loss of receptors for
attachment to the ECM, and the expression of new motility receptors (Welch et al., 1990).
By 7 days post-injury, migrating fibroblasts completely fill the dermal defect and begin to
produce type I collagen and fibronectin. Unlike adult fibroblasts that maximally produce
collagen during quiescence, fetal fibroblasts normally exist in an active state and can
proliferate and synthesise collagen simultaneously (Frantz et al., 1992; Mast et al., 1997).

This may account for the faster rate of wound repair in the fetus.
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At around day 9, the fibroblasts in the adult wound are largely replaced by
myofibroblasts, which are thought to play a role in wound contraction (see section 1.2.4).
The contractile properties of early gestation fetal skin fibroblasts appear to be qualitatively
different from late gestation fetal and adult skin fibroblasts. The degree of collagen lattice
contraction by mouse and lamb fibroblasts has been shown to increase with increasing
gestational age. This in vitro data correlates with the onset of scarring and suggests that in
vivo wound contraction may also increase with increasing gestational age (Coleman et al.,
1998; Piscatelli et al., 1994).

Fetal and adult fibroblasts have been intensively studied for differences in growth factor
expression. Several studies have provided evidence for reduced levels of growth factors
such as TGFf and bEGF in fetal wounds that heal without scarring (Broker et al., 1999;
Coleman et al., 1998; Nath et al., 1994a; Whitby and Ferguson, 1991a), while other studies
have demonstrated that TGFf is found in greater amounts in fetal wounds than in adult
wounds (Chang et al., 1993; Lee et al., 2000; Martin et al., 1993; Whitby et al., 1994). For
instance, despite finding that cultured adult fibroblasts express more mRNA for TGFf1,
bFGF and aFGF than cultured fetal fibroblasts in an earlier study, one group detected higher
amounts of all three growth factor proteins in the cultured fetal fibroblasts compared to the
adult fibroblasts (Lee et al., 2000). Clearly, further investigation using both fibroblast
cultures and wounding studies with different methods of detection are needed to better
understand the complex growth factor profile of fibroblasts that exists during fetal wounds
repair.

The regenerative nature of fetal wound repair has been suggested to result from the
expression of particular phenotypic characteristics by fetal fibroblasts that are not shared by
their adult counterparts. For example, wounded human fetal skin that is transplanted to a

cutaneous location on an adult athymic mouse heals with scar formation and mouse
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collagen, and is repaired by an influx of adult mouse fibroblasts and macrophages (Lin et
al., 1994). In contrast, wounded human fetal grafts in the subcutaneous location heal
without scarring with human collagen, and are repaired by human fetal fibroblasts. No
influx of inflammatory cells is seen. This supports the notion that the highly organised
collagen deposition seen in scarless human fetal wound repair is intrinsic to the human fetal
fibroblast and occurs in the absence of an adult-like inflammatory response.

Fetal fibroblasts also secrete migration stimulation factor (MSF), a 120 kDa protein that
may be responsible for the cells’ migratory capacity (Schor et al., 1988). Despite their
responsiveness to MSF, adult fibroblasts do not secrete this protein, except those of the adult
oral mucosa. Since the oral mucosa heals more quickly and with less scarring than skin, it
has been suggested that these cells represent a fetal-like subpopulation of adult fibroblasts
(Schor et al., 1996; Sloan, 1991). It has been shown that MSF secretion induces high and
sustained synthesis of high molecular weight species of HA by both fetal and adult
fibroblasts, which may increase fibroblast migration into the wound site (Schor et al., 1989).
Although MSF has been shown to be present in adult wound fluid, it is thought that the high
levels of TGFp in the adult wound may antagonise the action of MSF and inhibit the
synthesis of high molecular weight HA (Ellis et al., 1992). As a consequence, the low
concentrations of high molecular weight HA and hence, restricted fibroblast motility, may
contribute to scar formation. It is known that migrating fetal and adult fibroblasts have a
similar dependence on HA (Ellis and Schor, 1996). This implies that their distinct migratory
phenotypes result from differences in their constitutive levels of HA synthesis and, in turn,
its modulation by cytokines such as TGFp, rather than differences in their intrinsic
migratory response to HA.

Moriarty et al. (1996) have found yet another intrinsic difference between fetal and
post-natal fibroblasts. They have shown that both types of human fibroblasts produce a HA-

dependent pericellular matrix (PCM), but the size of the PCM surrounding fetal fibroblasts
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is significantly larger than that seen around post-natal cells. These PCMs require interaction
with a HA-binding protein for assembly and maintenance. It is possible that the prolonged
elevation of HA in fetal wounds might occur as a result of continual turnover of HA from
fetal fibroblast PCMs. Besides the intrinsic ability of fetal fibroblasts to elaborate HA-
dependent PCMs, there is evidence that extrinsic factors in the fetal environment also
influence PCM size (Gallivan et al., 1996). So the larger size and greater percentage of cells

expressing PCMs may reflect another aspect of a unique fetal fibroblast phenotype.

Proteinases and their inhibitors

Proteolytic enzymes and their inhibitors are important regulators of ECM turnover and
are believed to influence the structure and organisation of the remodeled matrix (Mignatti
and Rifkin, 1993). Most proteinases belong to either the matrix metalloproteinase (MMP) or
serine proteinase families, which function optimally at an extracellular pH and can act
synergistically to digest the major molecules of the ECM (Knox et al., 1987; Matrisian and
Hogan, 1990). By acting on the various matrix molecules in the healing wound, proteases
not only remodel structural proteins but are also necessary for altered cell functions such as
migration and proliferation (Agren, 1999).

There are at least 17 members of the zinc-dependent matrix metalloproteinase family,
and their type and activity vary spatially and temporally post-wounding (Kahari and
Saarialho-Kere, 1997; Stricklin et al., 1993; Vaalamo et al., 1997). The collagenases
(MMP-1, MMP-8 and MMP-13) degrade native collagen types I, IL, III, VII and X to a form
that is more susceptible to further digestion by other enzymes (Welgus et al., 1981a, b and
1990). Gelatinase A and B (MMP-2 and MMP-9, respectively) digest denatured collagens,
native type IV and V collagens, elastin and gelatin (Fessler et al., 1984; Murphy et al.,
1991), while MMP-2 additionally digests native type X collagen (Welgus et al., 1990). The

stromelysins (MMP-3, MMP-10 and MMP-11) are not widely expressed but degrade many
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ECM components such as proteoglycans, laminin, fibronectin, type IV and IX collagens and
non-helical regions of collagens (Chin et al., 1985; Matrisian, 1990; Murphy et al., 1991;
Woessner, Jr., 1991).

The metalloproteinases are secreted by fibroblasts, macrophages and keratinocytes into
the ECM as zymogens that are incapable of proteolysis, and are activated by removal of an
N-terminal propeptide. Secreted MMP proenzyme activation is regulated by proteinases and
organomercurials, while inhibition is regulated by the non-specific o,-macroglobulin and
TIMPs (Airola et al., 1998; Liu et al., 2000; Matrisian, 1990; Matrisian and Hogan, 1990;
Woessner, Jr., 1991). Like the MMPs, TIMPs are temporally and spatially regulated during
post-natal cutaneous wound repair (Stricklin et al., 1993; Vaalamo et al., 1999). It is
probable that ECM turnover and remodeling are regulated by the equilibrium between the
synthesis of ECM proteins such as MMPs and their proteolytic enzymes and inhibitors.

Plasminogen activators (PA) are serine proteinases that specifically convert inactive
plasminogen to plasmin, another serine protease (Matrisian and Hogan, 1990). There are
two distinct types of plasminogen activators, urokinase-type (uPA, 50KDa) and tissue-type
(tPA, 70KDa). Once activated, plasmin can either directly degrade ECM components such
as laminin, fibronectin and fibrinogen, or it can activate other latent matrix proteinases
(Murphy et al., 1992). Proteolytic activity is dependent upon the synthesis of the pro-
enzyme and its activator, as well as PAI. These inhibitors also act by forming a 1:1 complex
with the enzyme (Matrisian and Hogan, 1990).

Uninjured adult skin shows little or no expression or activity of either the PA or MMP
system. During the course of normal dermal repair, however, the temporal induction of PA
and MMP mRNA expression, protein synthesis and proteolytic activity has been well-
demonstrated (see section 1.2.4; Agren, 1999; Arumugam et al., 1999; Knox et al., 1987;
Madlener et al., 1998; Nwomeh et al., 1998; Stricklin et al., 1993). Moreover, just as the

proteases and their inhibitors play a functional role in normal wound repair, dysregulation of
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their activity seems to contribute to impaired wound healing (Madlener et al., 1998).
Despite being found at similar locations in both fetal and adult skin, the MMPs have been
detected in fewer cells in the adult (Bullard et al., 1997). This is not surprising, as rapidly
growing fetal skin requires constant matrix turnover. It is also thought that increased
proteinases found in fetal skin may also contribute to scarless healing. In contrast, the basal
levels of uPA and its inhibitor, PAI-1, have been found to be significantly higher in neonatal
fibroblasts compared to fetal samples (Cullen ez al., 1997). The high levels of uPA aid
degradation of the fibrin clot and facilitate cell migration into the adult wound (Knox et al.,
1987). It is well established that fetal wounds do not form a fibrin clot (Somasundaram and
Prathap, 1972), so this may account for the low levels of uPA secreted from the fetal
fibroblasts.

The synthesis of MMP-1, -2 and MMP-9 is induced in both fetal and adult fibroblasts in
response to injury (Gould et al., 1997). However, the constitutive level of adult MMP-1 is
2-3 fold higher than in fetal fibroblasts and the induction of adult MMP-1 by mechanical
injury is minimal. This observation has led to the development of a hypothetical model to
explain the differential regulation of MMP activity in fetal and adult tissue. In the adult
wound, platelets degranulate and release PDGF and TGFp during haemostasis, which in turn
promote fibroblast proliferation, type I collagen synthesis and inflammation (Olutoye et al.,
1996). MMP-2 and -9 then degrade basement membrane collagen type IV to enhance the
migration of inflammatory cells to the injury site. However, the inhibition of collagenolysis
by TGFB, combined with the increased synthesis of collagen I, negates the higher
constitutive level of adult MMP-1, resulting in a net deposition of collagen and subsequent
scar formation in the adult animal. In the fetal situation, the cascade of cytokine release
leading to fibroblast recruitment and inflammation is lacking, thus allowing the
collagenolytic induction and activity to proceed unimpeded. The post-injury induction of

fetal MMP-2 provides for a more fluid environment by degrading type IV basement
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membrane collagen and type III collagen that is deposited by the fetal fibroblasts. Thus,
remodeling is accelerated and occurs simultaneously with tissue repair in the fetus, resulting

in the absence of scar (Gould et al., 1997).

In summary, this review highlights firstly that there is probably no one factor solely
responsible for scarless repair, secondly that the fetal environment is not crucial, and thirdly
that the degree of differentiation of the fetus is a more important element in scar-free

healing.
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1.4 FACTORS INFLUENCING WHETHER A FETAL WOUND HEALS WITH

OR WITHOUT SCARRING

1.4.1 Gestational age

Several studies have shown that the ability of a fetal wound to heal without scar
formation is an intrinsic property of early to mid gestation skin. In fact, an in utero
developmental transition from scar-free healing in the early fetus to scar-forming healing in
late gestation has been described in the lamb, monkey, mouse and rat (Houghton et al.,
1995; Ihara et al., 1990; Longaker et al., 1990b; Lorenz et al., 1993b; Soo et al., 2000;
Whitby and Ferguson, 1991c). In the lamb, scarless wound repair was seen at an age
between E75 - E100, in the monkey at E75, in the mouse at E14 - E16 and around E16 —
E17 in the rat fetus. Scar formation was observed by E100 — E120 in the lamb, by E107 in
the monkey, by E18 in the mouse and by E18 - E19 in the fetal rat (term = 145 days, 165
days, 19 days and 21 days, respectively). Furthermore, the transition from fetal-like to
adult-like healing occurring in vivo from E14 to E18 in the fetal mouse can be duplicated in
vitro and in the absence of circulatory systemic elements (Chopra et al., 1997). A similar
developmental transition has been described ex utero in the marsupial Monodelphis
domestica (Armstrong and Ferguson, 1995). Such ontogenetic consideration is important,

especially if fetal surgery within the scar-free limits is to become a reality.

1.4.2 Magnitude of tissue damage

Most investigations comparing fetal scarless healing with gestational age have utilised a
defined, incisional dermal wound. However, Horne et al. reported scarring of fetal lamb
excisional wounds as early as 75 days’ gestation (McCallion and Ferguson, 1996). This
anomaly demonstrates the importance that the severity of the injury has on the scarring

phenotype. Generally, the degree of scarring in the adult is proportional to the magnitude of
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tissue damage. It follows that in a fetus at any given gestational age a greater amount of
tissue damage will result in an increased likelihood of scar formation. This would be most
pronounced at the transitional ages in outbred fetal animals, and may partly explain the
controversies as to whether or not fetal lambs younger than E100 heal wounds with scarring
(Estes et al., 1994; Longaker et al., 1990b). Indeed, a developmentally regulated, wound-
size limit to the regenerative capabilities of the fetal lamb has been described (Cass et al.,
1997b). In short, it must be assumed that the greater the extent of damage to the tissue, the
earlier in development wounding (e.g. surgery) must be performed to achieve scarless repair

(Ferguson et al., 1996).

1.4.3 Organ specificity

The majority of fetal wound repair studies have been largely confined to the
integument. Besides the skin, other organ systems such as the skeletal, cardiovascular,
gastrointestinal and respiratory systems can be injured or subjected to surgical manipulation.
Scar formation in these organs may result in morbidity and mortality (Blewett et al., 1997).
It seems that not every fetal tissue heals in a regenerative manner. Linear diaphragmatic
wounds in E100 fetal lambs repair with scar formation and without evidence of muscle
regeneration (Longaker et al., 1991d). Furthermore, incisional wounds created in the fetal
lamb stomach and peritoneum always result in a pronounced scar, even at gestational ages
when skin wounds heal without scarring (Adzick et al., 1985b; Meuli et al., 1995).

In contrast, the fetal skeleton is similar to fetal skin in its ability to heal more rapidly
and perfectly than that in the adult. Adult skeletal tissues heal by regeneration of normal
osseous tissue rather than fibrous scarring, but the injury is identified by the presence of a
bony callus. Fractures have been observed to heal in the post-ossification E100 fetal lamb
without callus formation (Longaker et al., 1992a). Fetal lambs have also been used for

monitoring tendon healing. Damage to the adult tendon generally leads to scarring and
51



Chapter 1

impaired function as a result of slow healing and poor collagen reorganisation. Lesions in
the E100 fetal tendon heal three times as fast as the adult and with no apparent scar
formation nor loss of function (Nodder and Martin, 1997). Similarly, incisions performed
on explant cultures of fetal mouse lung, at a gestational age of up to 18 days, heal rapidly
and with complete reconstitution of tissue architecture (Blewett et al., 1995). Airway
mucosal healing has also been reported to be regenerative and scarless in fetal rabbits at 21
and 23 days of gestation (term = 31 days; Dohar et al., 1998). Finally, cardiac explants from
14-day gestation mice are also able to repair incisional wounds in a regenerative fashion

(Blewett et al., 1997). Analogous to the dermis, this ability is lost as gestation progresses.

1.4.4 Species differences

It is clear from the review so far that numerous animal models have been employed to
study fetal wound repair. Response to skin injury in all fetal species examined always
seems to include a lack of significant inflammation, yet observations of wound closure are
less consistent. This is best described in the case of the excisional wound. Adult excisional
wounds heal by secondary intention, which includes wound contraction. Fetal rabbit
wounds do not contain myofibroblasts, show a lack of reepithelialisation and lack of
contraction when exposed to amniotic fluid (Haynes et al., 1989; Krummel et al., 1989).
Instead, they appear to gape open and expand (Somasundaram and Prathap, 1970). When
protected from amniotic fluid by a Silastic graft, however, fetal rabbit wounds show a
pronounced cellular inflammatory response and heal with regeneration of epidermis, dermis
and epidermal appendages (Ditesheim et al., 1989; Morykwas et al., 1991a; Somasundaram
and Prathap, 1972). Moreover, fetal rabbit dermal fibroblasts contract fibroblast-populated
collagen lattices (FPCLs) to a greater extent than their adult counterparts and a dose-
dependent ability of rabbit amniotic fluid to inhibit contraction by both fetal and adult

fibroblasts has been confirmed (Krummel et al., 1989 and 1993). Therefore, the inability of
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fetal rabbit wounds to close by secondary intention is not due to an inherent defect in the
contractility of fetal fibroblasts or of the fetal collagen matrix, but likely to be due to contact
with amniotic fluid. The relative scarcity of TGFp at the fetal rabbit wound site may also be
partly responsible for the lack of contraction seen, as administration of TGFp to open fetal
rabbit dermal wounds increases fibroblast density, induces ASMA protein expression,
contraction, inflammation, fibrosis and upregulates collagen gene expression (Lanning et al.,
1999 and 2000).

Rapid and scarless repair of the neonatal opossum wound by contraction has been
documented (Adzick and Longaker, 1991). At birth, the opossum is physiologically and
anatomically a fetus and remains attached to the mother’s nipple for 4 — 5 weeks before
weaning. Therefore, the fetal development of the marsupial continues in the non-sterile
environment of the pouch and in the absence of amniotic fluid. This further supports the
idea that contact with amniotic fluid may be an important factor in the lack of wound closure
seen in other fetal models such as the rabbit.

Burrington was the first to show that rapid healing, with evidence of contraction, does
occur in fetal lamb excisional wounds (Burrington, 1971). Exposure to, or exclusion from,
amniotic fluid has no effect on the ultimate wound size in the fetal lamb. In fact, sheep
amniotic fluid does not inhibit but actually stimulates sheep and human fibroblasts to
contract a FPCL in a dose-responsive fashion. The identification of 40 kDa protein factor in
E125 sheep amniotic fluid that specifically stimulates this contraction has recently been
reported (Rittenberg et al., 1991).

It is still unknown if myofibroblasts mediate wound contraction and early closure, or
play a role in matrix synthesis. Anti-muscle actin antibody and TEM has revealed that open
E100 fetal lamb wounds contain myofibroblasts (Longaker et al., 1991a). Myofibroblasts
seem to participate in the early stages of excisional wound repair in fetal lambs, but by 14

days post-wounding they are relatively absent from wounds that heal without scarring, and
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abundant in those with scarring (Cass et al., 1997c). Moreover, ASMA expression appears
only in myofibroblasts of wounds healing by scar formation and contraction, that is, in fetal
lambs older than E100 (Estes et al., 1994). In adult skin, TGFB1 and 2, heparin, fibronectin,
and other ECM molecules induce ASMA expression, but the factors that regulate ASMA in
the fetus and the transition from fetal fibroblast to the myofibroblast phenotype remain
unknown (Desmouliere et al., 1993; Serini and Gabbiani, 1996).

Early fetal rat skin heals an open wound rapidly in culture and in vivo (Belford, 1997;
Thara et al., 1990; Thara and Motobayashi, 1992). Like the rat, excisional wound repair in
the fetal chick and rodent seems to occur by a combined process of connective-tissue
contraction and active movement of the epithelium over the dermal margins of the wound
(Martin et al., 1994; Martin and Lewis, 1992; McCluskey et al., 1993; McCluskey and
Martin, 1995). The presence of an actin cable surrounding the wound perimeter suggests
that this movement is a consequence of actin filament contraction to effect a purse-string
mechanism of wound closure. Additionally, unlike adult contractile granulation tissue, it
appears that mouse embryonic connective tissue contraction does not require myofibroblasts
(Nodder and Martin, 1997).

Care must be taken in extrapolating the findings of open wound healing in fetal animals
to humans due to interspecies variation. One post-mortem examination of a spontaneously
aborted human fetus of about 20 weeks' gestation showed that wounds caused by congenital
amniotic bands healed by ingrowth of normally proliferating mesenchymal cells from
surrounding tissue (Rowlatt, 1979). Additionally, an inhibitory effect of human amniotic
fluid on lattice contraction has also been demonstrated using both human fetal and adult
FPCLs (Wider et al., 1993). This supports the notion that open human fetal wounds behave

like wounds in the fetal rabbit and do not contract in utero.
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In summary, the ability of the fetal excisional wound to close and its mechanism in vivo
appears to be species dependent. Taken together, these studies highlight considerable

differences between species when studying fetal wound healing.
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1.5 CLINICAL IMPLICATIONS OF FETAL WOUND HEALING RESEARCH

1.5.1 Manipulation of adult wound healing to minimise scar formation

Research into the differences between fetal and post-natal wound healing contributes to
understanding the biology of scar formation. Indeed, many aspects of adult wound repair
have been manipulated to resemble the fetal response to injury, in the hope of possibly
reducing or preventing scarring. The growth factor profile and the ECM constituents of the
adult wound are the two major areas that have been modified to effect a more fetal-like

phenotype.

Manipulation of growth factor profile

Since adult wounds have an excessive inflammatory response and growth factor profile
compared to fetal wounds, a number of anti-inflammatory therapies were devised in an
attempt to reduce the scarring associated with adult wound healing. An early experiment
that inhibited the infiltration of monocytes and macrophages into the injury site resulted in a
significant retardation of fibrosis and a severe lack of wound debridement, which were
subsequently thought to be mediated by macrophages (Leibovich and Ross, 1975).
However, this study used anti-macrophage serum for local elimination of tissue
macrophages and hydrocortisone acetate to induce a prolonged monocytopenia, so other
aspects of the wound healing response were also inhibited. Similarly, an anti-inflammatory
drug called suramin, which blocks the binding of numerous growth factors to their receptors,
was found to have significant side-effects and inhibit tissue repair when applied
intradermally to rat wounds (Chamberlain ez al., 1995). The overall lack of success of such
treatments confirmed that a degree of normal inflammation is required for healing, and that

scarring is a consequence of a process that is more complex than a general inflammatory
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response. Hence, the alteration of specific cytokine levels in adult wounds is now being
considered as a basis for scar prevention strategies.

The topical application of several classes of growth factors has been shown to enhance
all aspects of both normal and impaired tissue repair (Bennett and Schultz, 1993). Many
studies have focussed on the effects of single growth factors such as TGFpB, PDGF, bFGF,
EGF, IL-1 and IGF-1 (Greenhalgh et al., 1990; Grotendorst et al., 1985; Hennessey et al.,
1990b; Jyung et al., 1994; Lawrence et al., 1985; LeGrand et al., 1993; McGee et al., 1988;
Mustoe et al., 1987; Pierce et al., 1989b; Pierce et al., 1989a; Pierce et al., 1992; Suh et al.,
1992; Uhl et al., 1993). These factors have all been shown to enhance compromised healing
states on the experimental animal. However, numerous wound-healing investigations have
reported TGFP as being the main growth factor important in scarring and fibrosis (see
section 1.3.4). Therefore, more researchers have chosen to study TGFP, particularly to
determine if a reduction in TGF at the adult wound site reduces scar formation (see Figure
L.7).

The application of TGFB1 and TGFP2 neutralising antibodies to adult rat wounds has
resulted in reduced scar formation (Shah et al, 1992). Similarly, scar formation that
normally occurs in wounded mouse E18 limbs grown in a serum-free culture system was
abolished by the addition of neutralising antibodies to TGFB (Houghton et al., 1995).
Neutralising the TGFp levels immediately upon wounding may reduce the amount of active
TGFf and hence prevent its auto-induction and decrease macrophage recruitment in the
wound site. Furthermore, it is thought that the more reticular orientation of collagen
deposition is a consequence of increased fibrinolysis, possibly because neutralisation of
TGFf decreases the levels of PAI and increases the levels of plasminogen activator and

plasmin (Shah et al., 1994). Later studies using isoform-specific antibodies have shown that
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neutralisation of both TGFP1 and TGFpB2 has a greater, synergistic anti-scarring effect than
neutralisation of either isoform alone (Shah et al., 1995).

Although the injection of antibodies against TGFf into wounds is an attractive anti-
scarring therapy, other methods of reducing the levels of TGFp in healing adult wounds
have also been investigated. Decorin, a small proteoglycan that binds and inactivates each
TGFp isoform, has been shown to suppress the pathological increase in matrix synthesis
observed in glomerulonephritis (Border et al., 1992). The broad ability of decorin to inhibit
TGFpB1, 2 and 3 might be a therapeutic advantage in the treatment of kidney, lung and liver
fibrotic diseases, as decorin has a propensity to accumulate in these organs after intravenous
administration. Similarly, M6P has been found to limit scar formation in rodent wounds,
probably by binding to the M6P/IGF-II receptor and hence blocking TGFp activation (Shah
et al., 1993). It is also thought that the binding of M6P to mannose receptors should
modulate collagen synthesis during wound repair (McCallion and Ferguson, 1996).

The exogenous application of TGFB3 at low concentrations has been shown to
downregulate TGFB1 and TGFP2 levels in adult rodent incisional wounds, leading to
reduced inflammation and more organised collagen deposition (Shah et al., 1995). In the
same study, exogenous application of a panspecific antibody to TGFp, which binds all
isoforms equally, had no beneficial effect on scar prevention in the healing wound. It is
therefore likely that cutaneous scar formation is dependent on the ratio of TGFB3 compared
to TGFP1 and TGFB2. Hence, varying the TGFp isoform profile within a healing wound
may alter the cellularity and architecture of the repair process.

In contrast, Wu et al. (1997) recently reported molecular data contradicting the claim
that TGFP3 minimises wound scarring. Using a dermal ulcer model, they found that TGF[3
increased granulation tissue formation, while in a hypertrophic scar model, they found no

significant difference in the degree of scar formation in TGEB3-treated wounds compared
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with controls. Additionally, topical application of each of the isoforms of TGFp resulted in
a substantial upregulation of endogenous TGF1 mRNA at the wound site. In cultured
human fibroblasts, TGFP3 has been reported to increase DNA synthesis, collagen protein
and collagen mRNA levels through TGFB1-dependent and independent pathways (Murata et
al., 1997). Since interactions between TGFB1 and TGFB3 occurs during in vive wound
healing, it is possible that TGFB3 may help regulate the total TGFp activity at the injury site
and hence help direct the overall fibrotic response.

Other anti-TGFp strategies, such as flooding the wound with TGF receptors to
compete with cellular binding sites have also been contemplated for their possible anti-
scarring effects. Intradermal injection of antisense oligonucleotides to TGFB1 and TGFp2
has been found to reduce cutaneous scar formation in adult rat wounds, but not to the extent
seen with the application of their respective neutralising antibodies or exogenous TGF[33
(Chamberlain et al., 1995; Choi et al., 1996).

The design of transgenic mice with gene knockouts and interbreeding of knockout mice
are also providing an insight into tissue repair mechanisms. Some candidate wound repair
genes have been found to be critical to normal development, as the full gene knockouts were
lethal to the embryo. This demonstrates that most wound signals control more than just one
cellular activity (Martin, 1997). On the other hand, unexpectedly normal healing
phenotypes have been reported (Guo et al., 1996). This supports the notion that the cellular
activities during wound repair are responses to more than just one signal. Basic FGF
appears to be an exception to this school of thought, as knockouts have indicated it has a
specific function in skin wound healing even though it is not essential for embryonic
development (Ortega et al., 1998).

Transgenic mice that express high levels of active TGFB1 have also been designed to

investigate the effect of elevated TGFB1 on wound healing (Shah ez al., 1999).
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Figure 1.7 Anti-TGFf1 strategies to reduce scar formation.

TGFB1 binds to the TGFP1 receptor complex (TBR I, II, and III), activating a signal cascade which results in
upregulation of the collagen gene. Targeting TGFB1 directly with either TGFpB1 antibodies or TGFB1 binding
proteins and proteoglycans could block this pathway. The receptor complex itself could be blocked with either
receptor antagonists or TGFB3, as TGFP3 is believed by some to have a counteractive effect on TGFP1 in
wound healing. Alternatively, glucocorticoids, which act through glucocorticoid receptors (GRs), or anti-sense
oligonucleotides targeted to the collagen gene could be used to down-regulate expression of the collagen gene,
thus counteracting the effect of TGFp1. Adapted from Parrelli et al. (1997).
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Surprisingly, incisional cutaneous wounds in transgenic mice healed with less scarring along
with greater immunostaining for TGFB3 and TGFB-receptor RII and less immunostaining
for TGFP1 compared to control mice. In the same study, subcutanecous PVA sponges
implanted in the transgenic mice showed enhanced matrix deposition accompanied by an
increase in the immunostaining for all TGFP isoforms and their receptors compared to
controls. These data demonstrate that increased circulating levels of TGFB1 do not always
result in increased expression or activity in target tissues and confirm that the cutaneous
incisional wound model and the PVA implant model differ significantly in their host
response patterns.

In summary, TGFp is a key player in the treatment of impaired or excessive wound
healing, but it is crucial to be able to control its bioavailability before it can be used as a

therapeutic agent (Nimni, 1997).

Manipulation of ECM constituents

Scarring primarily results from the upregulation of collagen production, so blocking
excess collagen synthesis using antisense oligonucleotides targeted to the collagen gene may
be another method for preventing fibrosis. Alternatively, glucocorticoid steroids, which are
anti-inflammatory and normally impair wound healing, may be used to reduce scarring.
Glucocorticoids decrease PMN and macrophage infiltration into the wound site during the
inflammatory phase and decrease collagen levels and synthesis (Leibovich and Ross, 1975).
Since glucocorticoids have the opposite effect of TGFp in dermal wound repair, they could
be used to counteract the fibrotic effect of TGFP. Promising studies have shown that
treatment with the glucocorticoid, dexamethasone, decreases TGFP1 secretion and mRNA

levels in fibroblasts (Parrelli et al., 1997).
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Recently non-crosslinked collagen was shown to increase epidermal advance, blood
vessel formation, and collagen synthesis and deposition in the granulation tissue relative to
control wounds (Redlich et al., 1998). The readily released collagen peptides are thought to
have an immediate and rapid chemotactic effect on fibroblasts to enhance wound healing.
Similarly, the rate of adult wound closure accelerates and the bursting strength of wounds in
malnourished rats increases after the addition of exogenous fibronectin (Cheng et al., 1988;
Nakada et al.,, 1998). The exogenous fibronectin might also be a source of extra
chemotactic fragments that results in the more rapid accumulation of macrophages and
fibroblasts into the wound site.

Therapy with the potent angiogenesis inhibitor TNP-470 induces a significant delay in
murine cutaneous wound healing (Klein et al., 1999). In the same study, topical application
of bFGF was found to reverse the TNP-470 inhibition of wound healing. In the clinical
setting, this beneficial effect of bFGF may be exploited to normalise the rate of wound
closure in patients that are administered TNP-470 to treat neoplastic and angio-proliferative
diseases.

Research in the area of fetal wound contraction may lead to discoveries that permit the
control of otherwise pathologic scar contracture in the adult. Burn wound contracture and
anastomotic stricture are two examples of compromised tissue architecture and anatomical
function (Adzick and Longaker, 1992). As discussed in section 1.4.4, rabbit and human
amniotic fluid can inhibit, while sheep amniotic fluid can stimulate FPCL contraction in
vitro (Krummel et al., 1989; Rittenberg et al., 1991; Wider et al., 1993). These early
observations indicate a potential clinical application of the key contraction-inhibiting factors
in rabbit and human amniotic fluid, or antibodies against the contraction-stimulating factors
in sheep amniotic fluid, for treating pathologic wound contraction.

As discussed in section 1.3.5, there are several mechanisms by which the high levels of

HA seen in fetal wounds may contribute to scarless repair. Accordingly, topical application
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of HA to adult wounds has been reported to accelerate the rate of wound closure and reduce
scarring (Abatangelo et al., 1983; Burd et al, 1989; Hellstrom and Laurent, 1987).
However, the HA used in these studies was extracted from either rooster comb or human
skin and was impure. In contrast, the exogenous addition of purified, synthetic HA has
shown little effect on scar formation (Burd et al., 1989; McCallion and Ferguson, 1996).
Tissue-extracted HA can inhibit fibroblast replication in culture, while pure HA cannot, and
the effect of tissue-extracted HA cannot be abolished by the addition of hyaluronidase (Burd
et al., 1991). It is possible that HA delivers certain proteins to the wound site, and it is these
HA-protein complexes that influence the organisation of scar tissue. Therefore, rather than
applying pure HA to adult wounds, the efficacy of applying agents which maintain a HA-
rich adult wound environment must be further tested. The therapeutic addition of a depot
form of HA to an acute wound, which allows the HA levels to remain elevated for an
extended period of time, has already shown repair to proceed with diminished but more

organised collagen deposition (Iocono et al., 1998b).

In summary, it seems that during evolution, speed of healing under adverse conditions
(e.g. contamination and pollution) was selected at the expense of scar quality. However,
these studies indicate that, along with contemporary hygiene and wound care, it may now be
possible to manipulate the adult injury response so as to improve the quality of healing

without compromising speed of repair or wound strength.

1.5.2 Human fetal surgery

Apart from modulating adult wounds to make them heal in a more fetal-like, scar-free
fashion, studies of fetal wound healing have other immediate relevant applications. Greater
knowledge about the processes of in utero repair must be gained as the human fetus is now

considered a surgical patient. Since 1981, surgeons have performed operations on the
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human fetus at 18 - 28 weeks of gestation for anatomic defects that have progressive,
deleterious physiologic consequences after birth (Adzick and Longaker, 1992). One such
disorder that has been surgically resolved in utero is congenital diaphragmatic hernia. This
disorder, where the fetal intestines have escaped into the thoracic space, procluding growth
of the developing lung buds, may be lethal at birth if the lungs have not grown sufficiently
for breathing. Other life-threatening anatomic malformations that have been corrected by
hysterotomy and open fetal surgery include severe bilateral hydronephrosis, sacrococcygeal
teratoma, and cystic adenomatoid malformation of the lung (Longaker and Adzick, 1991).
The clinical and experimental observations that fetal cutaneous wounds heal without
scarring are also of great potential interest in the repair of craniofacial structures such as
cleft lip and palate. Studies in the fetal lamb model have shown that cleft lip and palate,
when iatrogenically produced and repaired at 70 days of gestation, heal without evidence of
scar formation (Canady et al., 1994; Estes et al., 1992a and b; Longaker et al., 1992b).
Despite the recent interest, fetal surgery presently does not extend to treatment of
craniofacial abnormalities due to inherent risks of open fetal surgery to both the mother and
the fetus (Longaker et al., 1991¢; Longaker and Adzick, 1991). The transition later in
gestation to adult-like healing with scarring is an important aspect of fetal repair that must
be taken into account before attempting surgery on human fetal cleft palate. Further studies
are required to determine the optimal time during gestation when surgery should be
performed so that scar-free healing results, as there is currently no convincing data on

whether or not such a transition exists in human fetal wound repair.
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1.6 PROJECT OVERVIEW

This review of the literature illustrates the accumulating evidence suggesting that the
regulation of both the dermal and epidermal components of fetal wound repair differs to that
seen in the adult. In all species examined, adult cutaneous injury heals with the formation of
scar tissue. In contrast, fetal skin heals faster and with complete restoration of dermal
architecture such that no scar is formed. What is more important about early gestation fetal
skin wound healing is that it is one of the few examples of mammalian tissue regeneration.
Understanding this biology may be the key to unlocking an ability to regenerate lost or
damaged tissue.

Central to the understanding of fetal skin wound repair is determining the factors
responsible for scarless healing. A variety of clinical disorders call for research in this area,
with perhaps the greatest application being the therapeutic manipulation of adult wound
healing to reduce or eliminate scarring. Recent studies have gained much insight into the
expression patterns of genes following wounding in the post-natal animal. Adult surface
wound healing is regulated by several classes of growth factor and ECM signals that control
the division, migration and biosynthetic capacity of the cells of wound repair. The review of
the literature clearly shows that the differences between fetal and adult wound healing are
multifaceted. Over recent years, increased knowledge about the growth factor profile,
changes in the ECM and cellular movements into the fetal wound have contributed to the
understanding of fetal wound repair. However, the full story is still not complete.
Understanding the genetic regulation of scarless fetal wound healing is also of considerable
scientific significance as all of the genes responsible for the scar-free phenotype, as well as
those directly responsible for the fetal to adult transition in wound healing, are yet to be
elucidated. In short, it is still unknown why a fetal skin wound heals without scarring up to

a particular age of gestation but then beyond this age heals by scar formation.
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This project studied the molecular events surrounding the fetal to adult transition in the
mechanism of wound repair in fetal rats. I hypothesised that growth factors and ECM
components commonly known to be involved in adult wound healing are not the only
relevant influences on fetal wound healing and that other unidentified factors or known
factors that have not yet been implicated in wound repair are also involved. The overall aim
of this thesis was to identify genes involved in the fetal to adult transition in the mechanism
of wound repair. Accordingly, the specific aims of this thesis were:

i) To establish a modified organ culture model based on that of Belford (1997) and
confirm the healing of multiple wounds in E17 rat skin;

i) To quantify the healing of multiple wounds in E17 rat skin;

iii) To set up the DD-PCR protocol as a means of detecting altered gene expression
in E17 and E19 rat skin wounds; and

iv) To identify and characterise genes that are differentially expressed during the
E17 to E19 transition in wound healing.

The outcome of this project may provide a rational basis for interventional therapies
directed at reducing scar formation after dermal injury as well as fibrotic diseases of other

organ systems.
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2 Measurement of Excisional Fetal Wound Repair In Vitro

2.1 INTRODUCTION

The investigation of any physiological process is dependent on the use of models.
Many mammals have been employed to study fetal wound repair. The response of non-
human primates to wounding most closely resembles the situation in humans, but due to
ethical reasons research using these animals has been restricted to just a few laboratories
(Hallock et al., 1987; Lorenz et al., 1993b). The fetal sheep model is attractive to some
researchers because the size of the animal and the long gestation period enable fetal
manipulations to be more feasible (Burd et al., 1990a; Burrington, 1971; Cass et al., 1997c;
Longaker et al., 1990b). The main drawbacks are the low litter size per animal, the risk of
zoonotic infection and the thick wool that can interfere with histological analysis of tissue
sections. The pig is another larger animal with a long gestation period, but it has the added
advantage over sheep in that there is usually a greater litter size and the skin closely
resembles that of humans. The main disadvantage is the high abortion rate of the pig. Other
investigators have used marsupial models to demonstrate the transition from scar-free to
scar-forming phenotype in the ontogeny of skin and the ability of the fetus to heal in a non-
sterile extrauterine environment (Armstrong and Ferguson, 1995; Morykwas et al., 1991b).
Yet, the most widely used model to study fetal wound repair is the rabbit, as it has a higher
number of fetuses per animal (Adzick et al., 1985a; DePalma et al., 1987; Ditesheim et al.,
1989; Haynes et al., 1989; Krummel et al., 1987, 1989 and 1993; Siebert et al., 1990;
Somasundaram and Prathap, 1970 and 1972; Thomasson et al., 1973). Tissue movements
during embryonic wound closure have also been extensively studied using mouse and chick
models (Martin et al., 1994; Martin and Lewis, 1992; McCluskey et al., 1993; McCluskey

and Martin, 1995; Nodder and Martin, 1997). However, the shorter gestation period of the
68



Chapter 2

rabbit, mouse and chick mean that there is less time for fetal manipulation and the fetuses
are very small. For this thesis, rats were the preferred species for studying the transition in
the mechanism of fetal excisional wound repair for two main reasons. Firstly, like rabbits
and mice, they are inexpensive and easy to handle. Secondly, unlike the rabbit, the ability of
the fetal rat to heal an excisional wound both in vivo and in vitro had previously been
demonstrated (Thara et al., 1990; Thara and Motobayashi, 1992; Krummel et al., 1989;
Somasundaram and Prathap, 1970).

To study the process of wound healing several in vitro and in vivo models have been
used. For in vivo studies, the maternal animal usually undergoes a laparotomy and a
hysterotomy is made to provide direct access to the fetus. The fetus is wounded while
contained in the uterus, the hysterotomy is closed and the maternal animal is sacrificed prior
to delivery (Nelson et al., 1990). Alternatively in mice or rats, a hysterectomy can be
performed so the fetuses continue their development in organ culture medium (Thara and
Motobayashi, 1992; Martin and Lewis, 1992; Martin and Nobes, 1992; McCluskey and
Martin, 1995).

Histology, tensile properties, and quantification of contraction have all classically been
used to evaluate wound repair. Although these methods allow descriptive evaluations of the
wounds, they are not particularly sensitive to the cellular activities of wound healing and do
not provide biochemical data representative of the various stages of repair. In order to
delineate the tissue response and new growth associated with fetal and post-natal wound
healing, numerous subcutaneous wound implants have been devised. These include the
Hunt-Schilling chamber (Hunt et al., 1967; Schilling et al., 1959), the Cellstic device
(Viljanto, 1976), the GoreTex™ tube (Goodson, IIT and Hunt, 1982), and the polyvinyl
alcohol (PVA) implant (Cohen and Mast, 1990; Olutoye and Cohen, 1996). Various agents
such as growth factors and antibodies can be placed into the wound implant to determine

their effects on fetal wound healing. Although easy to implement, wound implants
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themselves can directly influence the ECM composition by creating an inflammatory
response (Alaish et al., 1995) and therefore, may not accurately represent all aspects of
normal repair. Furthermore, these models primarily measure granulation tissue formation
and neglect the role of reepithelialisation and wound contraction. These elements should not
be ignored, as the signals regulating migration and proliferation of epidermal cells, and their
interactions with other cells in the wound, are still not well defined, and it is believed
communications between epithelial and mesenchymal cells are important to successful
wound repair. For example, KGF mRNA expression is dramatically induced in the dermis
at the wound edge and the hypodermis below the wound just 1-day after injury to the post-
natal animal, yet the receptor for this growth factor is predominantly expressed in the
epidermis (Wearing and Sherratt, 2000; Werner et al., 1992). This supports the notion that a
KGF-mediated paracrine interaction may be important for the migration and proliferation of
epidermal keratinocytes seen during adult wound repair. Furthermore, the organ culture of
fetal rat skin at 16 days of gestation (E16) has been used to show that isolated epidermis and
mesenchyme differ greatly in their injury response (Ihara and Motobayashi, 1992). When
the two tissues were separated by treatment with Dispase immediately after wounding, the
mesenchymal wound closed at essentially the same rate as that seen in full-thickness skin
while the epidermal wound increased in size. This suggested that cellular activity in the
mesenchyme is essential to wound closure in the fetus and that the close proximity with the
epidermis may cause spreading of the epidermis along with the mesenchyme to effect
closure. These observations are evidence that interactions between epithelial and
mesenchymal cells are necessary for complete wound closure.

Numerous models have been used to demonstrate that scarless repair is not dependent
upon contact with amniotic fluid. Longaker et al. (1994) showed that when adult sheep skin
is placed in the fetal environment, that is, grafted onto a fetal lamb and returned to the

uterus, incisional wounds still heal with scar formation. Furthermore, the intrinsic ability of
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fetal skin to heal an incisional wound outside of the fetal environment has been
demonstrated in many different species (Armstrong and Ferguson, 1995; Lin et al., 1994;
Lorenz et al., 1992, 1993b and 1995; Sancho et al., 1997). One model of fetal wound repair
used in some laboratories involves the transplantation of early gestation human fetal skin
into subcutaneous pouches on the backs of nude mice (Lin et al., 1994; Lorenz et al., 1992
and 1995). Another is the unperfused rat or mouse embryo hindlimb model, wherein once
the limb bud is wounded, the whole embryo is cultured in roller bottles (Martin and Nobes,
1992; McCluskey et al., 1993). By removing the influences of amniotic fluid, these models
are amenable to biochemical manipulative experiments and provide a sensitive assay for
wound healing agents so that the cell and tissue responses to injury can be directly analysed.

Several groups have investigated fetal wound repair using organ culture (Belford, 1997;
Burd et al., 1990b; Chopra et al., 1997; Ihara et al., 1990). One benefit of organ culture is
that it allows direct manipulation of the healing environment without interference by the
systemic circulatory factors that modulate in vivo wound repair. The ability to keep the cells
in the wound area viable, without stimulating healing, by incubating the wounds in
suboptimal serum concentrations allows the effects of different agents, such as growth
factors, on the wound healing process to be studied. In vitro skin explant models offer a
normal epidermal-dermal architecture but are limited in that angiogenesis and inflammation
are absent. In truth, much research has indicated that inflammation is not a pre-requisite to
healing, as the absence of scarring in fetal wounds correlates with the sparse inflammatory
response (Austyn and Gordon, 1981; Krummel et al., 1987; Longaker et al., 1991a;
McCallion and Ferguson, 1996). Consequently, these models are mostly used for the
elucidation of the individual components that participate in scarless fetal skin repair.

Most of the models used to study fetal wound healing have looked at incisional wounds,
and until recently, the repair of excisional wounds by fetal skin received considerably less

attention. A full thickness open defect in post-natal skin heals primarily by the deposition of
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a large volume of connective tissue and wound contraction, with reepithelialisation (Ehrlich
and Krummel, 1996). In regard to embryonic excisional wounds, reepithelialisation and
connective tissue contraction occur in some species but not others. Fetal rabbit and monkey
wounds fail to contract and reepithelialise in utero (Krummel et al., 1989; Somasundaram
and Prathap, 1970; Sopher, 1975a and b), whereas open fetal lamb, opossum, and rat
wounds do (see section 1.4.4; Adzick and Longaker, 1991; Burrington, 1971; Ihara et al.,
1990; Thara and Motobayashi, 1992).

The fibroblast—populated collagen lattice (FPCL) is a model that has been widely used
to study fetal and adult fibroblasts and their role in wound contraction under different
conditions. Fetal rabbit dermal fibroblasts contract FPCLs to a greater extent than their
adult counterparts, and a dose-dependent ability of rabbit amniotic fluid to inhibit
contraction by these fibroblasts has been demonstrated (Krummel et al., 1989 and 1993).
Together, this suggests that the inability of fetal rabbit wounds to close by secondary
intention is not due to an inherent defect in the contractility of fetal fibroblasts or of the fetal
collagen matrix. An inhibitory effect of human amniotic fluid on lattice contraction has also
been demonstrated using both human fetal and adult FPCLs (Wider et al, 1993).
Interestingly, sheep amniotic fluid does not inhibit but actually stimulates sheep and human
fibroblasts to contract a FPCL in a dose-responsive fashion. The identification of 40 kDa
protein factor in E125 sheep amniotic fluid that specifically stimulates this contraction has
recently been reported (Rittenberg et al., 1991). Taken together, these studies highlight
considerable differences between species when studying fetal excisional wound healing.

Previous work in this laboratory showed an organ culture model to be effective for
investigating the mechanism of fetal excisional wound repair in response to different growth
factors (Belford, 1997). It was demonstrated that fetal rat skin at 17 days of gestation (E17)
retains the ability to heal an excisional wound by dermal contraction and movement of the

epithelium over the dermal margins of the wound. This response was observed in
72



Chapter 2

suspension culture in the absence of an adhesive substrate over which to migrate and was
dependent on the source of trophic factors. The substrate-dependent migration of epidermal
cells is characteristic of adult wound repair (Stenn and Malhotra, 1992), thus the inability of
skin taken from the day 19 (E19) fetus to heal in vitro suggested a developmental transition
in the mechanism of wound reepithelialisation.

The work by Belford (1997) was the impetus for the current thesis as it clearly showed a
difference, or transition, in the wound response of skin from the E17 and E19 rat fetus.
Additionally, the transition of wound healing patterns is the same as that noted for
intrauterine healing, with the fast wound-closing fetal mechanism replaced by an adult-type
mechanism later in gestation (Houghton et al, 1995; Thara et al., 1990; Thara and
Motobayashi, 1992; Soo et al., 2000). One important issue that still remains unexplained is
why E19 fetal skin lacks the wound closing capabilities in vitro of the E17 fetus. The
divergent responses of the two skin types suggest that the two repair processes result from
different changes in gene expression. Chapter 3 analyses such changes in gene expression
induced in both E17 and E19 skin in response to wounding. With a view to amplify the
wound response of fetal skin and hence, increase the number of differences seen in gene
expression, the volume of wounded tissue was maximised in this study by creating many
excisional wounds in each skin biopsy. Because of this, it was necessary to determine if
E17 fetal rat skin also heals multiple wounds in vitro, or if there is a competitive advantage
for some wounds to heal over others in a single skin biopsy. In order to achieve this, a
modified version of the in vitro suspension culture model was employed (Belford, 1997;
Ihara et al., 1990).

The organ culture system was chosen to study the molecular mechanisms of fetal
wound repair so as to limit the comparison to the epidermal and dermal wound responses of
E17 and E19 skin. Moreover, by excluding systemic factors that are normally induced in

vivo, the sample variability should be minimised, thus enabling the key factors controlling
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efficient tissue repair in the fetus to be dissected out. The use of the organ culture model is
also valid given the intrinsic property of early to mid-gestation skin to heal a wound outside
of the fetal environment.

In summary, as a first step toward elucidating the molecular mechanisms involved in
the transition from the fetal to the adult-like pattern of wound repair, the aims of the
research described in this chapter were:

1) To determine whether multiple excisional wounds created in isolated E17 rat
skin close; and

ii) To quantify the extent of dermal wound closure in E17 skin compared to equally

wounded skin isolated from the E19 rat fetus.
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2.2 MATERIALS AND METHODS

General laboratory chemicals were molecular biology grade and purchased from either
Sigma Aldrich Pty. Ltd. (Castle Hill, NSW, Australia) or Merck Pty. Ltd. (Kilsyth, VIC.,

Australia).

2.2.1 Culture media

Dulbecco’s modified Eagle’s medium (DMEM, JRH Biosciences, Lenexa, KS, USA),
and fetal bovine serum (FBS, CSL Ltd., Parkville, VIC., Australia) were used for the organ
culture of fetal rat skin. The antibiotics penicillin and streptomycin (CSL Ltd.) and the
amino acid glutamine (Sigma Aldrich Pty. Ltd.) were included in the tissue culture medium.
All tissue grade flasks and multi-well plates were purchased from Cellstar® (Greiner

Labortechnik, Frickenhausen, Germany).

2.2.2 Animals

Time-mated pregnant Sprague-Dawley rats were obtained from the University of
Adelaide (Adelaide, SA, Australia). All experiments were approved by the Animal Care
and Ethics Committees of the University of Adelaide and the Women’s and Children’s
Hospital (North Adelaide, SA, Australia), following the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes. The rats were housed in separate cages
under constant temperature and humidity with 14-hour light/10-hour dark cycles. The day
on which rats were smear-positive was designated as day zero of gestation. Pregnant rats
were killed by CO, asphyxiation at either 17 or 19 days of gestation. Laparotomy and
hysterectomy were performed, the fetuses removed from the uterus and their amniotic
membranes, weighed, and placed in ice-cold sterile DMEM. All further procedures were

undertaken in a laminar flow hood under sterile conditions.
75



Chapter 2

2.2.3 Fetal skin cultures

Wounding and culture of fetal rat skin was undertaken as described in the legend to
Figure 2.1. Colour images of the skin wounds were captured using a colour digital video
camera (Sony Hyper HAD, Japan) connected to a Wild M32 dissecting microscope
(Heerbrugg, Switzerland), and image analysis computer program (Image-Pro®-Plus, Media
Cybernetics®, Silver Spring, MD, USA). Images were captured immediately after

wounding, and at 24, 48 and 72 hours of culture.

2.2.4 Wound perimeter traces and area calculations

The perimeter of each whole skin explant and the dermal margin of its contained
wounds at each time point were traced and the corresponding areas of each were calculated
using the image analysis system. All wounds were traced at time zero for comparison. The
epithelial wound margin was not traced for wound area calculations, as transillumination of
the wound during closure did not enable reliable visualisation of the epithelial margin,
although the dermal margin was always clearly seen. Nevertheless, fully reepithelialised
wounds could be clearly distinguished from open wounds. From seventeen E17 skins, 200
wounds were traced after 24 hours and from four E17 skins 60 wounds were traced after 72
hours in serum-supplemented culture. Ninety-seven wounds were traced from six E19 skins
after 72 hours in culture only. The data was saved as a Microsoft® Excel spreadsheet
(Windows 99, Microsoft® Corporation) and the percent of skin removed by wounding for
each explant was determined by the following formula:

(Sum of wound areas) o / (area of whole skin explant) .o x 100%
The percent of dermal closure was determined in E17 and E19 fetal rat skin wounds by

measuring the perimeter, and hence area, of the underlying dermis of the open wounds at
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Figure 2.1 Flow diagram of fetal skin culture.

Step 1: A rat fetus was pinned to a dissecting board with injection needles (23G) and skin (approximately lcm
x lem) was dissected from its back using fine scissors and forceps (1 explant from E17 shown as broken line,
2 explants from E19 shown as solid lines). Step 2: The skin was floated in DMEM onto a 16mm Tuf-Bond™
Teflon®/Silicon disk (Pierce, Rockford, Illinois) and pinned at each corner with shortened injection needles
(23G, 5mm high). Care was taken to preserve the natural tension of the skin and to ensure the skin floated
above, not resting on, the disk. Step 3: Under a dissecting microscope, wounds of full thickness
(approximately 1mm diameter) were created in the skin explant using a squared-off, sharpened 19G needle.
Dipping the needle into a sterile solution of India ink before wounding marked the wound margins. Step 4:
The skin explant was then placed into one well of a 12-well tissue culture dish containing 3mL. DMEM
supplemented with penicillin and streptomycin either with or without 10%(v/v) FBS. The culture was
maintained in a humidified atmosphere at 37°C in 5% CO,-air for up to 72 hours.
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time zero and again after a given time in culture. The change in the area of the wounds from
both skin types was expressed as the percent of original wound area, using the following
formula:

(Wound area) —, / (wound area) o x 100%

Where x = given time in culture

2.2.,5 Histology

Wounded skin explants were fixed in methacarn (10% acetic acid / 30% chloroform /
60% methanol) for 2 hours before storage in 70% ethanol and processing by graded
dehydration. The specimens were then embedded in paraffin, 3um transverse sections were
cut across the wounds and the sections were stained with haematoxylin and eosin (H&E).
Colour images of sections were captured using a colour digital video camera connected to a
light microscope (Olympus BH2, Olympus Australia Pty. Ltd., Mount Waverly, VIC.,

Australia) and image analysis program.
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2.3 RESULTS

2.3.1 Healing of E19 fetal wounds in culture

By E19, the fetal rats used in this study were 2.59 + 0.49 g in weight. At this stage of
development the dorsal skin was strong enough to be easily removed without tearing using
microscissors and forceps. Due to the size of the E19 fetus, two 1cm?® dorsal skin explants
could be taken from each fetus. Skin explants to be cultured included the subcutancous
tissue (panniculus carnosus), as well as the dermal and epidermal layers. After the circular
excisions of skin were removed, the dermal margins were clearly visible in all open wounds
created in the skin piecces. Excisional wounds in skin harvested from E19 embryos did not
heal in either the presence or absence of FBS (Figure 2.2). This was the case for all skin
explants, regardless of whether they were wounded with one single excision (data not
shown) or many punch wounds. After 72 hours in culture, all wounds remained open.
Histological sections through the wounded fetal rat skin after 72 hours in culture in either
the presence or absence of FBS showed no evidence of cell death or subepidermal
liquefaction (Figure 2.3). Histology also showed no evidence of either epidermal or dermal
cell migration into the wound, suggesting that no reepithelialisation or contraction took
place. Image analysis quantitation of dermal wound size showed that 8.7 = 1.3 % of skin
was removed when multiple excisions (average of 20 wounds per explant) were made in
E19 skin explants (n=6 skins). These wounds expanded to 118.9 + 10.3 % of their original

size over the 72 hour culture period (n=97 wounds, Figures 2.2 and 2.7).

2.3.2 Healing of E17 fetal wounds in culture
The E17 fetal rats used in this study were 0.93 + 0.23 g in weight. By this stage of

development the dorsal skin was still quite fragile, so care had to be taken to delicately
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Figure 2.2 Response of excisional wounds in organ cultured E19 fetal rat skin.

Skins were dissected from the dorsum of E19 fetuses, wounded several times with a 19G cutting needle and
cultured in DMEM supplemented with 10% FBS (A and B) or DMEM alone (C and D). Images of skins were
captured at x 6.5 magnification as described in section 2.2.3 at the time of wounding (A and C) and after 72
hours in culture (B and D). Bar: Imm.
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Figure 2.3 Histology of excisional wounds in organ cultured E19 fetal rat skin.

The wounded fetal skins were maintained in DMEM alone (A and B) or DMEM plus 10% FBS (C) and fixed
in methacarn at 0 (A) or 72 hours of culture (B and C). Vertical sections cut across the wound centres were
prepared and stained with H&E. Bar: 0.25mm.
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dissect it from the back of the fetus without tearing. Only one skin piece was dissected from
each fetus due to their small size, and each included the dermal and epidermal layers. As
with the E19 skins, the dermal margin was clearly visible in all open wounds created in the
skin pieces. Photomicrographs of wounds created in skin taken from the E17 rat and
cultured in the presence or absence of serum are shown in Figure 2.4. In serum-free
medium, all wounds contracted only slightly and never closed (Figures 2.4E and F). The
presence of 10% FBS in the culture medium promoted closure in multiple wounds created in
the E17 skin after just 24 hours (Figures 2.4A and B). After 72 hours in serum-
supplemented culture the area of the wounds had further decreased, but not all wounds had
healed. Figure 2.4C shows a representative skin explant with 18 excisional wounds at time
zero and Figure 2.4D shows that 2 of the wounds in the same explant have not completely
healed after 72 hours in culture. A consistent observation was that with time, the wounded
skin becomes less elastic. At the beginning of culture the skin is jelly-like and the wounds
appear loose. By 24 hours post-wounding the excisions not only appear to be smaller, but
also taught and more rounded. As time proceeds, the isolated skin itself also seems to
retract as the wounds close and this is especially evident at the sites of pinning. Some
wounds also appear to close at the expense of others that remain open due to the tension
placed on the skin. Figure 2.5 shows another example wherein this loss of elasticity is
particularly evident. The explant shown was wounded with 4 excisions (Figure 2.5A).
After 72 hours in serum-supplemented culture, 3 wounds appear to have healed in part by
dermal contraction but this appears to be at the expense of the fourth wound, whose dermal
area has increased (lower right wound, Figure 2.5B).

Observation of the movement of ink particles, used in some instances to tattoo the
wound margin (see Figure 2.5), also suggested the mechanism of wound closure in E17 skin.
Ink particles that were originally at the wound margin at the time of culture progressed

inwards towards the centre of each wound by 72 hours of culture. An outer ring of ink
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Figure 2.4 Response of excisional wounds in organ cultured E17 fetal rat skin.

Skins were dissected from the dorsum of E17 fetuses, wounded several times with a 19G cutting needle and
cultured in DMEM supplemented with 10% FBS (A, B, C and D) or DMEM alone (E and F). Images of skins
were captured at x 6.5 magnification as described in section 2.2.3 at the time of wounding (A, C and E), after
24 hours (B) and after 72 hours in culture (D and F). Arrows shown on (D) point to wounds that have not
completely closed. Bar: 1mm.
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Figure 2.5 Response of excisional wounds in organ cultured E17 fetal rat skin.

Skin was dissected from the dorsum of an E17 rat and wounded with 4 full thickness excisions using a sterile
19G diameter-cutting needle. Dipping the needle into India Ink immediately before wounding marked the
wound margin. The skin was cultured in DMEM plus 10% FBS and photographed at x 16 magnification at
the time of wounding (A) and after 72 hours in culture (B). Bar: 0.5mm.
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particles was often seen enclosing a much smaller inner ring. The outer ring of ink appeared
to line the mesenchymal layer, with the inner ring lining the epidermal margin that is
thought to move over the dermal layer during reepithelialisation.

Wound histology of the E17 skin explants is shown in Figure 2.6. Wounded E17 skin
maintained in serum-free medium for 72 hours showed no evidence of epidermal or dermal
movement into the wound defect, but the epithelial edges of the wound did appear to round
up compared to the scabrous edges of the E19 wounds (compare Figure 2.3D and Figure
2.6B). In contrast, histological sections through the wounded skins after 72 hours in serum-
supplemented medium revealed an epidermal bridge spanning the dermal margins of the
wound (Figure 2.6C). This confirmed the ink movement observations above that the
epithelial layer had migrated over the dermal margins of the wound to effect final closure.
Ink particles remaining on the dermal margin of the wound are visible. Histology of a
representative E17 wound that did not completely reepithelialise after 72 hours of culture in
serum-supplemented medium is shown in Figure 2.6D. This wound was adjacent to other
wounds that had closed, and the skin explant possibly had reduced plasticity comparable to
that described in Figure 2.5. Despite not closing, a thickening of the epidermis at the wound
margins and a tongue-like protrusion of epidermis from the margin were both seen. This
suggests that even though such skin wounds were under too much tension from competing
wounds nearby to contract, an epithelial response was still initiated.

Image analysis quantitation of wound size showed that 12.2 + 4 % of skin was removed
by multiple wounding (average of 14 wounds per explant) in E17 skin explants (n=21 skins).
The dermis of these wounds contracted to 43.6 £ 12.4 % of their original size after 24 hours
in serum-supplemented culture (n=202 wounds), and to 34.7 + 7.4 % of their original size

after 72 hours in serum-supplemented culture (n=60 wounds; Figure 2.7).
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Figure 2.6 Histology of excisional wounds in organ cultured E17 fetal rat skin.

The wounded fetal skins were maintained in DMEM alone (A and B) or DMEM plus 10% FBS (C and D) and
fixed in methacarn at 0 (A) or 72 hours of culture (B, C and D). Vertical sections cut across the wound centres
were prepared and stained with H&E. Some black ink particles can be seen at the wound margins. Bar:
0.25mm.

86



Chapter 2

—
o0

(n=21)

a
I
[\O B - e

(n=6)

f—
[

% Skin Removed
by Wounding

S N BN X

E17 E19

140 -

n=97)
120 -

—
j=2
o

80
60 -
40 -

% Original Dermal
Size After Culture”

20

E17 E17 E19
24hr T2hr 72hr

Figure 2.7 Summary of wound calculations.

The perimeter of each whole skin piece and the dermal perimeter of its contained wounds at each time point
were traced and the corresponding areas of each were calculated as described in section 2.2.3. The average
values for the percent of skin removed by wounding and the percent of wound size after a given time in
culture are given. Figure was produced using SigmaPlot® for Windows™ Version 4.00 (Jandel Scientific,
San Rafael, CA, USA).

? Data represent the mean + SD of n skins cultured for 72 hours.

® Data represent the mean + SD of n wounds after the given time in culture.
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2.4 DISCUSSION

Although numerous techniques and models have been used to investigate incisional
wound repair in the fetus, the repair of fetal excisional wounds has received less attention.
However, previous studies have demonstrated that the processes of reepithelialisation and
contraction are both present during fetal excisional wound repair in vitro (Belford, 1997;
Ihara et al., 1990). In this study, histological analysis and wound area calculations
demonstrated that skin isolated from the E17 rat fetus retains the ability to heal numerous
excisional wounds in serum-supplemented culture by

1) movement of the epithelium over the dermal wound margins and

2) dermal contraction.

Satisfactory in vitro experiments were impossible on fetuses of E16 or earlier due to the
small size and fragility of the skin. The embryonic integument, however, is likely to retain
its plasticity and rapid-closure mechanism at least from E10 to E17, as rapid closure of
incisional wounds inflicted in E10 rats has been demonstrated using whole embryo culture
(Smedley and Stanisstreet, 1984). E19 fetal skin was used as a model of adult wound repair
in the current study because it is difficult to culture adult skin. Firstly, unlike fetal skin that
can be harvested and handled under completely sterile conditions, skin harvested from the
adult animal is not sterile. Secondly, the subepidermal liquefaction that results from
collagenase activity destroys the normal architecture of adult skin. Thirdly, the absence of
systemic factors has clear implications for adult wound repair in vitro, as the healing
response can only be mounted by resident cellular elements. This was demonstrated by
Greenwald er al. (1992), where skin incisions made on rats that were closed immediately
and allowed to heal for up to 96 hours then placed into tissue culture for 6 weeks were much

weaker than those wounds left on the animal for the same duration.
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The current study not only showed that E17 excisional wounds contract after 72 hours
in serum-supplemented culture, but most of the contraction occurred after just 24 hours.
This ability of E17 fetal skin wounds to close in vitro must be partly attributed to the
properties of FBS, rather than just being intrinsic to the fetal cells themselves, as wounds
that were maintained in DMEM alone remained unhealed after 72 hours in culture. The
components in FBS that control the progression of wound closure are still unknown but are
thought to be complex mixtures of growth and cell migration factors. Earlier attempts to
reproduce the response of E17 wounds to serum using individual growth factors have been
unsuccessful (Belford, 1997). In contrast to E17 skin, the excisional wounds created in the
E19 rat skin did not contract or reepithelialise when cultured in serum-supplemented
medium, but actually expanded. This extends the previous observation that a single
excisional wound does not close in E19 skin (Belford, 1997). Using a similar suspension
culture model, Thara et al. (1990) demonstrated that E18 rat skin was not able to close an
open wound but compensated by forming a thin acellular network of cross-linked fibrin that
served as a scaffold for the ingrowth of fibroblast-like cells from the surrounding skin. No
acellular network was seen in the wound space of the E19 fetal skin of the current study.
Nevertheless, the healing variation noted between the E17 and E19 fetuses suggests that the
rat undergoes a fetal to adult switch in the mechanism of wound closure over this
developmental period, as shown by Ihara et al. (1990).

When wounded with many excisions, the E17 skin appears to lose some of its elasticity
over time in culture. At the time of wounding the skin is gelatinous and loose, but with
time, tension is set up so that the perimeter of the isolated skin also seems to retract as the
wounds close. Martin and Lewis (1992) observed a similar retraction with isolated
embryonic skin. When a small patch of embryonic skin was grafted onto their denuded
chick wing bud model, the grafted epidermis did not expand over the adjacent vacant surface

but actually retracted, leaving its own mesenchyme exposed. This behaviour seemed to be
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the opposite of that observed during wound closure, but they reasoned that the
circumferential tension in the free edge of the epithelium, acting like a purse string, could
drive both the contraction of the isolated skin as well as the closure of a wound. In the
current model looking at multiple excisions in a single E17 skin biopsy, the wounds appear
to close by contraction as well as contraction of the isolated skin. Wound closure has
previously been shown to be independent of cell proliferation, as the addition of
hydroxyurea to the wounds does not inhibit wound closure in vitro (Allison Cowin, personal
communication; Thara and Motobayashi, 1992). Since multiple wounds result in a large loss
of tissue that is not recovered by cell proliferation, contraction of the skin may be at the
expense of other wounds nearby that may expand even more, particularly in the underlying
dermis. Histological analysis of such incompletely healed wounds demonstrated thickening
of the epidermis at the wound margins and a tongue-like protrusion of epidermal cells from
the margin. This suggests that even in situations where healing by dermal contraction is
compromised, the reepithelialisation response is still mounted. Therefore, the statement that
the epithelial component of repair of a single excisional wound proceeds in organ cultured
fetal skin (Belford, 1997) can be extended to include multiple wounds.

The findings of the current study support observations in the fetal chick and rodent
whereby excisional wounds were shown to heal by both mesenchymal contraction and
active movement of the epithelium over the dermal margins of the wound (Martin and
Lewis, 1992; McCluskey et al., 1993; McCluskey and Martin, 1995). These authors found
that unlike in post-natal wounds, no lammelipodia were seen on the migrating epithelial
cells, instead, wound-edge cells remained blunt-faced and adherent to the underlying basal
lamina, which is drawn along with the forward-moving epithelial cells. Embryonic
epidermal cells have no need to alter their integrins and hence, begin moving promptly,
without a lag phase. The presence of an actin cable in the basal epidermis at the wound

perimeter suggested that this movement was the result of the co-ordinated expression and
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action of actin filaments to effect a purse-string mechanism of wound closure (Martin and
Lewis, 1992; McCluskey and Martin, 1995). This actin cable is thought to join adjacent
cells via adherens junctions to enable the leading cells in a fetal wound to migrate forward
while concomitantly towing their epithelial cell neighbours. Other studies have indicated
that these cables also contain myosin and act in a zipper-like manner to close incisional
wounds in the fetus (Brock et al., 1996).

Although the repair mechanism of the multiple wounds created in E17 skin was not
studied in this project, our group has found actin polymerisation to occur in the epithelium
of single E17 rat skin wounds after just 3 hours post-wounding (Allison Cowin, personal
communication). Over the following 48 — 72 hours, the actin further condenses around the
wound margins, suggesting it is causing the wounds to contract and close. Furthermore,
chemical or mechanical disruption of the actin cable prevents wound closure. No actin
cables were detected in the epithelial margins of the non-closing E19 rat wounds, although
actin filaments were seen at the dermal wound margin. This data suggests that a component
of the fetal to adult transition in the mechanism of repair is a loss in the ability of the fetal
epidermal cell to respond to wounding by migrating over the mesenchyme according to a
substrate-independent purse-string mechanism. Moreover, the ability of the E17 but not E19
epidermis to form the actin cable suggests that differences in cell signalling exist to activate
these responses. It is known that, in contrast to the Rac- and Cdc42-mediated lamellipodial
crawling of post-natal keratinocytes (see section 1.2.4), Rho mediates the signals regulating
reepithelialisation in the embryo, including actin cable formation (Brock et al., 1996; Nobes
and Hall, 1999; Ridley et al., 1992; Ridley and Hall, 1992). Further investigation into the
signals regulating reepithelialisation, as well as the role of actin and its associated contractile
binding proteins during fetal excisional wound healing, is currently underway in a separate
project in our laboratory. Nevertheless, this purse-string mechanism of wound closure in

vitro fits the observations of others who have investigated embryonic wound healing using
91



Chapter 2

in vivo models, and hence, further supports the suitability of the skin culture model for
studying fetal excisional wound repair.

As mentioned in section 1.4.4, the ability of fetal excisional wounds to close and the
mechanism in vivo appears to be species dependent. Fetal rabbit wounds show a minimal
inflammatory response (Morykwas et al., 1991a), a lack of reepithelialisation and lack of
contraction when exposed to amniotic fluid (Krummel et al., 1989), instead, they appear to
gape open and expand (Somasundaram and Prathap, 1970). When protected from amniotic
fluid by a Silastic graft, however, fetal rabbit wounds do close (Somasundaram and Prathap,
1972). In contrast, rapid and scarless repair of the neonatal opossum wound by contraction
has also been documented (Adzick and Longaker, 1991). Since the fetal development of
this marsupial continues in the non-sterile environment of the pouch, contact with amniotic
fluid is not important for wound closure. Additionally, early fetal rat and lamb skin both
heal open wounds rapidly in vive (Burrington, 1971; Ihara et al., 1990; Ihara and
Motobayashi, 1992). Moreover, exposure to, or exclusion from, amniotic fluid has no effect
on the ultimate wound size in the lamb. There is also mounting evidence that
myofibroblasts, the cell type that may be responsible for generating the forces required for
adult wound contraction, are abundant in fetal lamb wounds that heal by scar formation
(Cass et al., 1997c¢; Estes et al., 1994; Longaker et al., 1991a). Although it is still unknown
whether myofibroblasts mediate wound contraction and early closure in the younger lamb
fetus that heals wounds scarlessly, evidence from studies in the embryonic mouse and rabbit
suggests connective tissue contraction does not require myofibroblasts (Haynes et al., 1989;
Nodder and Martin, 1997).

In summary, E17 fetal rat skin retains the ability to heal multiple excisional wounds by
a combined process of dermal contraction and movement of the epithelium over the dermal
margins of the wound. Due to the tension placed on the skin by many wounds, however,

this may be at the expense of some nearby competing wounds, which are unable to close.
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Histology indicates that the epithelial response occurs in all wounds, but wounds under the
greatest tension cannot close. This response is serum-dependent. Furthermore, although the
extent to which the E17 and E19 skin explants were wounded was similar, this study clearly
showed a difference in the wound response of skin from the E17 and E19 rat fetus. The
epithelial and dermal response to wounding that was mounted in E17 skin was not seen in
E19 skin wounds and this alone warrants more research. The inability of skin taken from
the E19 fetus to heal multiple wounds in vitro supports the notion that there is a
developmental transition in the mechanism of wound reepithelialisation and dermal
contraction. This transition in wound response is sure to result from distinct changes in E17
skin gene expression that are not mimicked in the E19 fetus. Consequently, DD-PCR was
the method employed to analyse the expected differences in gene expression and to identify

candidate genes differentially expressed during repair following skin injury.
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Chapter 3

3 Differential Display of Excisional Wound Repair in Fetal Rat Skin: Development

of Methodologies

3.1 INTRODUCTION

In the previous chapter, an in vitro suspension culture model was used to examine the
different wound responses of E17 and E19 fetal rat skin. Skin isolated from the E17 rat
fetus retained the ability to heal numerous excisional wounds in suspension culture while
wounds created in E19 rat skin did not heal but rather increased in size. This difference in
wound response supports previous findings that a developmental transition in the
mechanism of wound closure occurs late in gestation. Despite all of the comparative studies
of scarless fetal wound healing with the adult condition, the intrinsic molecular factors that
regulate this transition are still not defined. Differential gene expression in both the dermal
and epidermal components of adult and fetal skin tissue is currently an area of intense
interest.

Differential gene expression is the basis of tissue specialisation (Franz et al., 1998).
Mammals have approximately 30,000 different transcribed genes in their genome
(International Human Genome Sequencing Consortium, 2001; Venter et al., 2001).
Although any 2 tissues in an organism will express many of the same genes, tissue
differences result from the differential expression of some genes. These differences not only
include differences in cell type but also differences in metabolism of the same cell type
under differing conditions. The level of expression of a given gene is also likely to change
under various physiological or pathological states (Wang et al., 1997). Therefore, changes
in gene expression are thought to direct the course of normal cellular growth and
differentiation, as well as pathological changes that arise in some disease states. To fully

understand the molecular nature of disease and to devise rational therapies accordingly is
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dependent on the ability to identify and characterise those genes that are differentially
expressed.

Saturation and kinetic studies indicate that 99% of distinct messenger RNA (mRNA)
species expressed in a cell are rare (Axel et al., 1976; Bishop et al., 1974). Furthermore, this
99% represents only 50% of the total mRNA mass, thus about 50% of the mRNA comprises
a relatively small number of abundant mRNA species. Therefore, an optimal method is
required to identify a differentially expressed mRNA independent of its prevalence in the
mRNA population. At the time of this thesis the three most widely used methods for the
study of differential gene expression were electronic subtraction (ES), subtractive
hybridisation (SH) and DD-PCR.

ES involves the construction of complementary DNA (¢cDNA) libraries from the two or
more cell populations being compared. This is followed by the sequencing of at least 1000
randomly picked cDNA species from each library, and a comparison of the redundancies of
the sequences. Northern blot analysis then determines which genes are induced in one cell
type only, and which are consequently differentially expressed. Subtractive hybridisation
eliminates the need to sequence large numbers of clones by removing, via liquid
hybridisation, cDNA species common to all cell types being compared. Following removal,
the subtracted cDNA is used as a labelled probe to screen libraries, or to construct a
subtracted ¢cDNA library. Randomly selected cDNA clones are subsequently sequenced,
and Northern analysis is performed to confirm their induction in one of the cell types (Wan
etal., 1996).

Since its conception in 1992 (Liang and Pardee, 1992), DD-PCR has emerged above ES
and SH as the method of choice for detecting and characterising altered gene expression
among two or more related cell populations. It has been successfully used to isolate genes
differentially expressed in cancers (Koopman et al., 1999; Liang et al., 1992, 1993 and

1994; Orlandini et al., 1996), the brain (Chen et al., 1997; Sokolov and Prockop, 1994;
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Wang et al., 1999), and Mycobacterium tuberculosis (Rivera-Marrero et al., 1998) as well as
during chronic cardiac rejection (Utans et al., 1994), cellular differentiation (Mashima et al.,
1999; Ryoo et al., 1997; Verkoczy and Berinstein, 1998), development (Malhotra et al.,
1999), replicative senescence (Linskens et al., 1995) and growth factor regulation (Battelino
et al., 2000; Eschelbach et al., 1998; Frank et al., 1997; Hsu et al., 1993; Wan et al., 1996).
More recent reports have also demonstrated the utility of DD-PCR in wound healing
(Darden et al., 2000; Li et al., 2000; Munz et al., 1997 and 1999; Soo et al., 1999; Werner et
al., 2000; Yi et al., 2000).

DD-PCR is based on the principal that the steady-state mRNAs expressed in two or
more cell types can be directly compared by amplifying partial cDNA sequences from
subsets of mRNA using reverse transcription and PCR (Liang and Pardee, 1992). Figure 3.1
is a schematic diagram of DD-PCR, as it is used in this study. RNA is reverse transcribed
using an anchored 3’ primer, designed to bind to the 5’ boundary of a poly A tail. The
resulting cDNA is PCR amplified at a low annealing temperature with additional arbitrary 5’
primers. This RT-PCR is repeated under controlled conditions for each of the tissue samples
being compared that differ in spatial or temporal source, or by environmental influences.
Pairs of primers are selected so that each will amplify DNA from 50-150 mRNA:s.
Arbitrary priming is sequence dependent, but the primer is not chosen based on a match with
the template. The best primer-binding sites on the template often match only 6-8 bases out
of 10 at the 3’ end of the primer (McClelland et al., 1995). For a 5’ primer of arbitrary base
sequence, annealing positions to cDNA should be randomly distributed in distance from the
poly A tail. Therefore, the amplified PCR products from various mRNAs will differ in size,
and a side by side comparison can be made between two or more related cell populations by
resolving the products on a denaturing polyacrylamide gel. When closely related
populations are compared the display gels show similar banding patterns. It is the RNA

species governing housekeeping functions that produce identical banding patterns, while the
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Chapter 3

RNA is isolated from the fetal rat skin and reverse transcribed using one of four possible 3” anchored (Tll)XY
primers (where X =A +C+ Gand Y = A, C, G or T). The cDNA is PCR amphﬁed using the same 3’ primer
and one of 20 different 5’ arbitrary 10mer primers in the presence of **P-labelled dATP. The resulting
products are resolved on a denaturing polyacrylamide gel and the expressed genes, including those that are
differentially expressed, are displayed as a banding pattern by autoradiography,
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differences in banding are most likely to represent differentially expressed genes involved in
tissue-specific processes. Every combination of primer pairs has a certain chance of
identifying a limited number of target gene sequences within the pool of reverse-transcribed
cDNA. By using multiple primer combinations, DD-PCR has the potential to visualise all
the expressed genes in a cell.

It is proposed here that novel factors exist in fetal tissue that play a regulatory role in
the fetal healing process and that DD-PCR can be used to identify their cognate gene
transcripts. Differential display may also detect genes that have already been identified and
characterised in other processes but not previously thought involved in wound repair.
Hence, the aims of the research described in this chapter are twofold:

1) To develop a DD-PCR protocol for examining the mRNA expression patterns of
wounded fetal day 17 (E17) and E19 skin at two time points, the time of wounding and 24
hours post-wounding; and

i) To isolate genes that are differentially regulated in E17 rat skin at 24 hours post-
wounding when compared to the time zero and E19 skin samples.

This chapter describes the development of a DD-PCR protocol that is capable of
identifying and isolating transcripts that are differentially expressed during the E17 to E19

transition of fetal wound healing.
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3.2 MATERIALS AND METHODS

General laboratory chemicals were of molecular biology grade and, unless otherwise
stated, purchased from either Sigma Aldrich Pty. Ltd. (Castle Hill, NSW, Australia) or

Merck Pty. Ltd. (Kilsyth, VIC., Australia).

3.2.1 Bacterial strains and culture media

Competent Escherichia coli JM109 cells (Promega Corporation, Sydney, NSW,
Australia) were used to subclone recombinant pPGEM®-T vector constructs.

The genotype of the JM109 strain is endAl, recAl, gyrA96, thi, hsdR17 (r-, my+),
relAl, supE44, A(lac-proAB), [F’, traD36, proAB, lacI"ZAM15]. The lacI*ZAM15 marker
provides o-complementation of the B-galactosidase gene, allowing for blue/white colour
selection of recombinant clones.

Luria Bertani (LB) broth (including yeast extract and tryptone) and agar were used for
the routine culture of the bacterial strain E. coli IM109 and were purchased in dehydrated
form from Oxoid Ltd. (Basingstoke, Hampshire, UK). The substrates used for bacterial
selection included B-D-isopropyl-thiogalactopyranoside (IPTG) and X-galactosidase (X-gal;
Astral Scientific, Gymea, NSW, Australia) and the antibiotic ampicillin (Sigma Aldrich Pty.

Ltd).

3.2.2 Molecular reagents
RNA was isolated from cultured fetal rat skin using either RNAzol™B from Tel-Test,
Inc. (Friendswood, TS, USA) or the RNeasy™ mini kit from Qiagen (Clifton Hill, VIC.,

Australia).
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The pPGEM®-T Vector System II cloning kit, RNAsin® and T4 DNA Ligase were also
purchased from Promega. DNase I and SuperScript™II reverse transcriptase were both
purchased from Gibco BRL Life Technologies (Grand Island, NY, USA) and the RNase-
free DNase set (for use with RNeasy™ columns) from Qiagen. FPLCpure™ T4
polynucleotide kinase and One-Phor-All PLUS buffer was obtained from Amersham
Pharmacia Biotech (Castle Hill, NSW, Australia). Amplitag® DNA polymerase and the
Stoffel fragment of Tag DNA polymerase were purchased from Perkin/Elmer (Branchburg,
NJ, USA) while Tag DNA polymerase was purchased from Qiagen. All enzymes were
supplied with their associated buffers. PCR products were purified directly from reactions
using the BresaSpin® kit from GeneWorks Ltd. (Adelaide, SA, Australia) or after agarose
gel resolution using GENECLEAN® spin columns (BIO101, Vista, CA, USA).

The radiolabelled nucleotides used, [0->°P]-dATP, [y-**P]-ATP, [0-2P]-dCTP, [o->2P]-
dATP and [y->*P]-ATP, were supplied at a concentration of 10mCi/mL and were purchased
from GeneWorks Ltd.

Electrophoresis reagents included agarose (ScientifiX Scientific supplies, Cheltenham,
VIC., Australia), ethidium bromide (Sigma Aldrich Pty. Ltd), SequaGel-6 (National
Diagnostics, Atlanta, GA, USA), 30% bis-acrylamide (19:1), N,N,N’N’-tetra-
methylethylenediamine (TEMED, Bio-Rad, Hercules, CA, USA) and ammonium persulfate
(APS; Eastman Kodak Company, Rochester, NY, USA). The DNA markers used were
Molecular Weight Marker VIII (Boehringer Mannheim, Castle Hill, NSW, Australia), A
DNA HEH digest (GeneWorks Ltd.) pBR322 HaellI digest (Sigma Aldrich Pty. Ltd) and 1
kb DNA Ladder (Promega). The RNA markers used were the 0.24 - 9.5 kb RNA ladder
(Gibco BRL Life Technologies). The tracking dyes, bromophenol blue and xylene cyanol,

were obtained from Bio-Rad. The SILVER SEQUENCE™ system was purchased from

101



Chapter 3

Promega. BioMax X-ray and XOMAT AR autoradiographic films were obtained from

Kodak.

3.2.3 Oligonucleotides

M13 universal sequencing primer (USP), reverse sequencing primer (RSP) and B-actin
primers for control reverse transcription (RT) and polymerase chain reactions (PCR) were
purchased from GeneWorks Ltd. The 5° arbitrary 10mer DD-PCR primer kit OPA and the
3’ anchored poly T primer kit SKO10 were purchased from Operon Technologies (Alameda,
CA, USA). The adapter primers, A21 and A20, and the modified DD-PCR primers

HindITIOPA-2 and HindIII(T);; VG were synthesised by Gibco-BRL Life Technologies.

3.2.4 Trial and modification of DD-PCR conditions

3.2.4.1 Isolation of RNA from fetal rat skin

Skin was removed from each E19 and E17 fetus and wounded as described in section
2.2.3. Afier culture, the skin was either immediately snap-frozen in liquid nitrogen or stored
in RNAlater™ (Ambion Inc., Austin, TX, USA) at -70°C. RNA was isolated from fetal rat
skin using RNAzol™B or the RNeasy™ mini kit. In order to obtain high yields of RNA, two
to three skins from each sample condition were pooled before extraction. For the
RNAzoI™B protocol, ImL of RNAzol™B was added to those skins that weighed less than
100mg (usually E17 skins), while 2mL was added to those greater than 100mg (always
pools of E19 skins). The skins were homogenised for about 2 minutes at 17000rpm on ice
using a DIAX 600 homogeniser motor and TYP 6 drill (Heidolph, Germany). Further steps
in the extraction process were carried out according to the manufacturer’s instructions.

When using the RNeasy™ kit, 350-600puL of lysis buffer was added to the pooled skins for
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homogenisation on ice, then extractions proceeded according to the supplier’s protocol.
DNase-1 treatment was also performed on-column when using the RNeasy™ kit. This
minimised the chance of contaminating DNA being present in each RN A preparation.

The concentration of all RNA samples was determined by measuring the absorbance at
260nm and the purity was determined by the 260nm:280nm ratio. The integrity of each
RNA sample was verified by agarose gel (1.5%) electrophoresis with ethidium bromide

staining. RNA samples were stored in DEPC-treated water at -80°C.

3.2.4.2 Reverse transcription

Reverse transcription was carried out on triplicate RNA samples from four different
categories of fetal rat skin: E17 t=0, E17 t=24 hours, E19 t=0, and E19 t=24 hours post-
wounding. The primers used were the 3” anchored poly T SKO010 primers, (T);; XY (where
X is a mix of A, C and G and Y may represent A, C, G or T, see Table 3.1), or the
HindIII(T)11 VG primer (GAGCAAGCTT(T);; VG, where V is also a mix of A, C and G).
Briefly, 0.5 - 1ug total RNA in a volume of 12uL containing 20 Units (U) RNAsin® and
250ng 3’ primer was denatured at 70°C for 10 minutes then snap-cooled on ice for 5
minutes. Four microlitres of 5 x RT buffer (250mM Tris-HCL pH 8.3, 15mM MgCl,,
375mM KCI), 2L of 0.1mM dithiolthreitol (DTT) and 1pL 10mM dNTP mix was added to
the denatured RNA and incubated at 42°C for 2 minutes. Finally, 1puL (200U) of
SuperScript™ II reverse transcriptase was added to the reaction mix before incubation at
42°C for 50 minutes. The reactions were then incubated at 70°C for 15 minutes to inactivate
the reverse transcriptase and stored at 4°C. A control RT reaction without added reverse
transcriptase was always performed on each RNA sample. Subsequent amplification using
B-actin specific primers that did not result in the detection of B-actin DNA confirmed the

RNA samples were free from contaminating DNA.
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Table 3.1 Sequence of DD-PCR primers in the 3’ anchored poly T SK010 kit.

These primers were originally described by Liang and Pardee (1992). All primer sequences are shown 5° to 3’
and consist of 11 thymine bases plus two additional bases which provide specificity.

Anchored 3' poly T DDPCR primers:

(DuAA  TTTTTTTTITITAA (T);;CG TTTTTITTTTTCG
(DnAC  TTTTTTTTTTTAC (T);;CT TTTTITITITTTCT
(MuAG  TTTTTITTTITAG (T);3GA TTTTTITTTTTGA
(MuAT TTTTTITITITAT (T)yGC TTTITTTITITGC
(MuCA  TTTTTTTTTITCA (T);1;GG TTTITTITTTTTGG

(MnCC  TTTTTTTTTITCC (T);3GT TTITITTTITITGT

3.2.4.3 Differential display PCR

The reverse transcribed cDNA to be used in DD-PCR was generated as described
above. All DD-PCR reactions were performed in duplicate with the same amount of
template cDNA to avoid the possibility of losing rarer mRNAs and to minimise errors in the
procedure that may lead to spurious bands. Although the RNA preparations were confirmed
to be DNA-free, in situations where it was suspected that other PCR components might be
contaminated with DNA, PCR mixes were treated with ultraviolet (UV) irradiation directly
before adding the primers or template DNA (Cimino et al., 1990; Sarkar and Sommer,
1990a and b). The sequences of the arbitrary 10mer primers used are shown in Table 3.2.
Note that a random primer is a mixture of all four bases at each position whereas an arbitrary
primer has a single base at each position. Two additional arbitrary primers termed
HindIIIOPA-2  (5’-GAAGAAGCTTTGCCGAGCTG) and  HindIIIOPA-3  (5°-
GAAGAAGCTTAGTCAGCCAC), made by adding 5-GAAGAAGCTT to the 5’ end of
OPA-02 and OPA-03, respectively, were synthesised for high stringency PCR in
combination with the anchor primer HindIII(T);;VG. All three primers were analysed for
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the absence of any obvious hairpin structures and stable primer-dimers, and their

dissociation temperatures were close to 60°C, determined using Oligo 4.0 software (National

Biosciences, Inc., Plymouth, MN, USA).

Table 3.2 Sequence of primers in the 5’ arbitrary 10mer OPA kit used in DD-PCR.

All primer sequences are shown 5° to 3°.

Arbitrary 5' DDPCR primers:

OPA-01
OPA-02
OPA-03
OPA-04
OPA-05
OPA-06
OPA-07
OPA-08
OPA-09

OPA-10

CAGGCCCTTC

TGCCGAGCTG

AGTCAGCCAC
AATCGGGCTG
AGGGGTCTTG
GGTCCCTGAC

GAAACGGGTG
GTGACGTAGG
GGGTAACGCC
GTGATCGCAG

OPA-11
OPA-12
OPA-13
OPA-14
OPA-15
OPA-16
OPA-17
OPA-18
OPA-19
OPA-20

CAATCGCCGT
TCGGCGATAG
CAGCACCCAC
TCTGTGCTGG
TTCCGAACCC
AGCCAGCGAA
GACCGCTTGT
AGGTGACCGT
CAAACGTCGG

GTTGCGATCC

DD-PCR with Stoffel fragment of Tag DNA polymerase (Perkin/Elmer):

One microlitre of the undiluted ¢cDNA was used as template in 30uL reactions

containing 2.5mM MgCl,, 1 x Stoffel buffer (1mM Tris-HC1 pH 8.3, 5mM KCl), 200uM

dNTPs, 1uM 3’ poly T anchored primer, 0.2uM 5’ arbitrary primer and 3.6U Stoffel

fragment of Tag DNA polymerase. The DD-PCR reactions were amplified in a thermal

cycler (Corbett Research model PC-960, Mortlake, NSW, Australia) under the following
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conditions: 94°C for 1 minute, 40 cycles of 94°C for 30 seconds, 40°C for 2 minutes, 72°C
for 30 seconds and 72°C final extension for 5 minutes.

After amplification the DD-PCR samples were dried down in a SpeedVac Concentrator
SVC200H (Savant Instruments Inc., Farmingdale, NY, USA) for 2 hours then resuspended
to a final volume of 20uL in loading buffer (6% glycerol, 0.01% bromophenol blue, 0.01%
xylene cyanol). Five microlitres of each duplicate sample was heated at 70°C for 5 minutes,
snap-cooled on ice and electrophoresed in parallel on 8M urea / 6% polyacrylamide gels
(see section 3.2.5.2). The SILVER SEQUENCE™ system was used for the detection of

amplification products by silver staining according to the manufacturer’s protocol.

DD-PCR with Amplitag® DNA polymerase (Perkin/Elmer):

The undiluted cDNA (1-2uL) was used as template in 20pL reactions containing
1.5mM MgCl,, 1 x Amplitag® buffer (1mM Tris-HCI pH 8.3, SmM KCI), 200uM dNTPs,
1uM 3’ poly T primer, 0.2uM 5’ arbitrary primer, 4uCi [o-*P]-dATP (specific activity
2000Ci/mmol) and 1.25U Amplitag® polymerase. The DD-PCR reactions were amplified
in a thermal cycler under the same conditions given above using the Stoffel fragment of Tag
DNA polymerase.

For gradient PCR, eight different annealing temperatures were evaluated that varied by
2°C from 42°C to 56°C. Ammplification was performed in a Robocycler® Gradient 40
temperature cycler (Stratagene, La Jolla, CA, USA) under the following conditions: 94°C
for 1 minute, 40 cycles of 94°C for 45 seconds, 42-56°C for 2 minutes, 72°C for 1 minute
and 72°C final extension for 5 minutes.

After amplification, 6lLL of each duplicate sample was mixed with 3uL formyl loading
buffer (90% formamide, 20mM ethylenediaminetetraacetic acid (EDTA), 0.05%

bromophenol blue, 0.05% xylene cyanol FF), boiled at 95°C for 2 minutes, snap-cooled on
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ice and electrophoresed in parallel on 8M urea / 6% polyacrylamide gels (section 3.2.5.2).
The gels were fixed with 20% ethanol/ 12.5% acetic acid to remove excess urea, transferred
to 3MM Whatmann paper and dried at 70°C under vacuum in a slab gel dryer (DrygelSR,
model SE 1160, Hoefer Scientific Instruments, San Francisco, CA, USA) for 45 minutes.
Gels were taped down in an autoradiographic cassette with intensifying screens and BioMax
X-ray film was carefully aligned to the top left corner of the cassette for exposure for 1 to 3
days at room temperature. Bromophenol blue and xylene cyanol dye migration were used as

markers of product sizes.

DD-PCR with Tag DNA polymerase (Qiagen):

The undiluted cDNA (1uL) was used as template in 20uL reactions containing 1.5mM
MgCl,, 1 x PCR buffer and Q-Solution (proprietary solution supplied by Qiagen), 200uM
dNTPs, 1uM 3’ poly T anchored primer, 0.2uM 5’ arbitrary primer, 4uCi [0->>P]-dATP and
1.25U Tag DNA polymerase. The DD-PCR reactions were amplified in a thermal cycler
and products electrophoresed on 6% denaturing gels as described above for Amplitag®
polymerase. For high stringency PCR with the longer HindIII primers, the reactions were
amplified as followed: 94°C for 1 minute; 5 cycles of 94°C for 30 seconds, 40°C for 2
minutes, 72°C for 30 seconds; 40 cycles of 94°C for 30 seconds, 55°C for 2 minutes, 72°C

for 30 seconds; and 72°C final extension for 5 minutes.

3.2.5 Gel electrophoresis

3.2.5.1 Agarose gels
Agarose gels for DNA or RNA analysis were prepared by dissolving 1-2g of agarose

per 100mL of 0.5 x TBE buffer (45mM Tris-borate, 1mM EDTA) in a microwave on high
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power for about 1 minute. When the solution had cooled to about 60°C, ethidium bromide
was added to a final concentration of 2|Lg/mL in order to visualise the nucleic acids under
medium wavelength (312nm) UV light. The gel was poured, allowed to set, and the combs
were removed before it was placed in a tank of 0.5 x TBE for electrophoresis. An
appropriate volume of 6 x gel loading buffer (30% glycerol, 0.25% bromophenol blue,
0.25% xylene cyanol FF) was added to each sample before loading onto the gel.
Electrophoresis proceeded at 60-100V and after sufficient nucleic acid separation the gel

was photographed under UV light.

3.2,5.2 Denaturing gels

8M Urea / 6% polyacrylamide gels (35cm x 40cm x 0.4cm) were prepared using
SequaGel-6 solutions according to the manufacturer’s instructions. Briefly, 64mL of
Sequagel-6 was mixed with 16mL of Sequagel-6 complete buffer and 640uL of 10% APS.
The solution was poured between two glass plates, one of which was siliconised with Rain-
X® (Unelko, Scottsdale, AZ, USA) to allow easy separation after electrophoresis, and
allowed to polymerise for at least 2 hours. Upon setting, the combs were removed from the
gels and the wells were washed with 1 x TBE (89mM Tris-borate, 2mM EDTA, pH 8.3) to
flush out any unpolymerised acrylamide. The gels were pre-clectrophoresed in a vertical gel
apparatus in 1 x TBE buffer for 30 minutes at 40W, the combs reinserted, and the wells
again flushed with 1 x TBE before loading the samples. Electrophoresis of the samples
proceeded at 40W until the xylene cyanol dye had migrated at least three quarters of the
length of the gel. Silver staining or autoradiography was used to detect differentially

expressed DNA bands in the gels after electrophoresis (see section 3.2.4.3).
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3.2.6 Recovery and reamplification of DD-PCR products

Autoradiographs were carefully examined and bands from gels showing a differential
expression pattern were counted. Only bands that showed differential expression in
duplicate sample lanes of the gel, and in all triplicate samples for that category of skin, were
selected for reamplification. To provide exact registration for locating the products of
interest, the film was carefully realigned to the top left corner of the cassette over the dried
gel.  Needle holes (26G) were punched in the autoradiographic film surrounding the
individual bands and the position of the DD-PCR products were marked through the holes
with a fine pencil. Gel/Whatmann paper slices were excised from the marked regions of the
dried gel using a sterile razor blade and the DD-PCR products were eluted in 100pL of
elution buffer (10mM Tris-HC1 (pH 9), 50mM KCl, 1.5mM MgCl,, 0.1% Triton® X-100;
Sanguinetti et al., 1994) at 95°C for 20 minutes. The eluted PCR products were then
centrifuged at 13000g for 5 minutes at room temperature to pellet the acrylamide. One
microlitre of eluted DD-PCR products were then either directly reamplified, or the DNA in
the eluate was further purified by standard phenol/chloroform extraction and sodium
acetate/ethanol precipitation (Sambrook et al., 1989). Briefly, an equal volume of
phenol/chloroform (1:1) was added to the eluate, vortexed, and centrifuged at 13000g on a
bench top centrifuge for 5 minutes. The resulting aqueous layer was precipitated with 1/10
volume of 3M sodium acetate (pH 5.2) and 3 volumes of 100% ethanol in the presence of
50ug glycogen at -80°C overnight. After centrifuging for 15 minutes at 13000g, the pellet

was washed with 400uL ice cold 70% ethanol by quick vortex, spun as before and

resuspended in 5-10pL of water. When eluted DD-PCR products were precipitated, the
entire amount was used as the template in reamplifications.
Fifty microlitre DD-PCR reamplifications proceeded under the same conditions as the

original DD-PCR, except 2.5U of Taq polymerase was used and the radioisotope was
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omitted. As with DD-PCR, in instances when DNA contamination was suspected, PCR
mixes were treated with UV irradiation directly before adding the primers or template DNA
(Cimino et al., 1990; Sarkar and Sommer, 1990a and b,). Five microlitres of each
reamplified product was checked by agarose gel (1.5%) electrophoresis with ethidium
bromide staining, while the remainder was purified using the BresaSpin® kit according to
the manufacturer’s instructions. The purified products were then used directly for

subcloning into pGEM®-T (see section 3.2.8).

3.2,7 Specific reamplification of DD-PCR products using adapter primers

In order to specifically reamplify extremely low amounts of eluted DD-PCR transcripts,
the complementary adapter primers, A20 and A21, were synthesised. These primers should
not misprime onto themselves and can be annealed together and ligated to the ends of PCR
products for specific reamplification (see Table 3.3). This takes advantage of their T
nucleotide overhang and the single A nucleotide overhang added to the 3’ end of PCR

products by Taq polymerase (i.e. the same principle as the pPGEM-T vector).

Table 3.3 Sequence of adapter primers used for specific amplification of eluted DD-

PCR transcripts.

Both primers are shown 5’ to 3°.

Complementary adapter primers:

A20: TCACTATGGTCGACTAACTG

A21: CAGTTAGTCGACCATAGTGAT

3.2.7.1 Synthesis of adapter duplex

A20 was phosphorylated at the 5’ end with *?P as follows:
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50pmol of A20 was combined with of 1 x One-Phor-All PLUS buffer, 50pmol of ATP,
10pCi of [y->*PI-ATP (3000Ci/mmol), 20U of FPLCpure™ T4 polynucleotide kinase in a
final volume of 50uL. The reaction was incubated at 37°C for 30 minutes then SulL of
0.25M EDTA (pH 7) was added to stop the reaction.

The end labelled oligonucleotide was purified by phenol/chloroform extraction and
ethanol precipitation as described in section 3.2.6, except precipitation was at -80°C for 1
hour with 20ug of glycogen as a carrier. The phosphorylated oligonucleotide (50pmol) was
allowed to anneal to the A21 oligonucleotide (50pmol) in 1 x One-Phor-All PLUS buffer in
a final volume of 20uL at 85°C for 2 minutes, 65°C for 15 minutes, 37°C for 15 minutes,
25°C for 15 minutes and 4°C for 15 minutes.

The annealed adapter duplex was purified from excess oligonucleotide by separation on
a 15 % non-denaturing polyacrylamide gel (Sambrook et al., 1989). Briefly, the duplex was
diluted in an appropriate volume of 6 x gel loading buffer and electrophoresed at 250V until
the bromophenol blue dye had migrated down 75% of the gel. As a control, SuL of the
annealed adapter was diluted in an appropriate volume of formyl loading buffer and
denatured by heating at 95°C for 5 minutes before loading onto the gel. The wet gel was
covered in Glad wrap and exposed to XOMAT AR X-ray film for 3 minutes. The gel was
carefully traced onto the film to mark its alignment.

After developing, the film was carefully realigned to the gel and the gel band
corresponding to the annealed adapter was excised. The A20/A21 duplex was eluted from
the gel in 100pL of elution buffer at 37°C for 3 hours, then the acrylamide gel was pelleted
at 13000g for 1 minute at room temperature. Two volumes of 100% ethanol and 20ug of
glycogen were added to the supernatant and it was placed at 4°C overnight. The duplex
adapter was centrifuged at 13000g for 10 minutes, resuspended in 200pL of TE (10mM Tris

/ 1mM EDTA, pH 8), then precipitated once more in 1/10 volume 3M sodium acetate (pH
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5.2) and 2 volumes of 100% ethanol on ice for 30 minutes. After a 10 minute spin at
13000g, the pellet was washed with 400uL ice cold 70% ethanol, pelleted as before and

resuspended in 25uL of TE.

3.2.7.2 Ligation of adapter duplex to control DNA

To determine if the A20/A21 duplex could ligate onto the ends of a DNA insert, two
PCR products available from within the laboratory were used. These were a 250 base pair
(bp) human BarX2 and a 550 bp collagen III PCR product. Decreasing amounts of both
insert and adapter duplex and decreasing molar ratios of the two were set up to determine
the lowest amount of insert necessary for successful ligation. Briefly, ligation reactions
contained 1.6pg-1.6ng of adapter duplex, 2pg-2ng PCR product insert, ligation buffer
(50mM Tris-HCI pH 7.4, 10mM MgCl,, 10mM DTT, ImM ATP) and 3 Weiss units T4

DNA ligase in a total volume of 10uL. All ligations were incubated at 4°C overnight then

inactivated by heating at 65°C for 15 minutes.

3.2.7.3 Ligation of adapter duplex to DD-PCR product
Ligations contained 10pg of A20/A21 duplex, 6uL of purified DD-PCR product,
ligation buffer and 3 Weiss units T4 DNA ligase in a total volume of 10uL. All ligations

were incubated at 4°C overnight then inactivated by heating at 65°C for 15 minutes.

3.2.7.4 Specific amplification of ligated DNA products

To determine if the ligations were successful, a PCR was performed using the A21
oligonucleotide as both the forward and reverse primer. Five microlitres of the ligation was
used as template in 20UL reactions containing 1.5mM MgCl,, 1 x PCR buffer (Tris-HCI pH
8.7, KCI, (NH4);S04), 1 x Q-Solution, 200uM dNTP mix, 100pmol A21 primer, and 1.25U
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Taq DNA polymerase (Qiagen). The reactions were amplified in a thermal cycler under the
following conditions: 94°C for 1 minute, 40 cycles of 94°C for 30 seconds, 55°C for 2
minutes, 72°C for 30 seconds and 72°C final extension for 5 minutes. The reactions were

run on agarose gels as described in section 3.2.5.1.

3.2.8 DD-PCR cloning procedures

3.2.8.1 Cloning vectors

The reamplified DD-PCR products were cloned into the pGEM®-T vector, which
contains single 3’ thymine overhangs at both ends of the insertion site. Ligation takes
advantage of the template—independent addition of a single adenosine to the 3’ end of PCR
products by Tag polymerase. The pGEM®-T vector contains T7 and SP6 RNA polymerase
promoters that flank a multiple cloning region within the o-peptide coding region of the
enzyme [3-galactosidase. Insertional inactivation of the o-peptide allows recombinant clones

to be identified by blue/white colour screening on indicator plates.

3.2.8.2 DNA ligation reactions

DNA ligations were carried out using various molar ratios of vector : insert ranging
from 1:1 to 1:10 for each experiment. Typically, ligation reactions contained 50ng of
pGEM®-T vector, 30-100ng DNA insert, ligation buffer (50mM Tris-HC1 pH 7.4, 10mM
MgClL, 10mM DTT, 1mM ATP) and 3 Weiss units T4 DNA ligase in a total volume of
10pL. All ligations were incubated at 4°C overnight. Ligation mixes were transformed into

competent bacterial cells as described below.
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3.2.8.3 Transformation of competent bacterial cells

Two microlitres of each completed ligation reaction or plasmid DNA (100ng) was
added to 50uL of thawed E.coli JM109 competent cells and placed on ice for 20 minutes.
The cells were heat-shocked at 42°C for 2 minutes, returned to ice for 2 minutes, then
incubated in 950uL of SOC medium (2% bactotryptone, 0.5% bacto yeast extract, 0.05%
NaCl (w/v), 10mM MgCl,, 20mM glucose, pH 7) at 37°C for 2 hours with shaking. The
cells were centrifuged at 1000g for 10 minutes and the supernatant decanted. The cells were
resuspended in 200pL of SOC medium, 100pL were spread aseptically onto duplicate LB
agar plates (1% bactotryptone / 0.5% bacto yeast extract / 1% NaCl (w/v) / 1.5% agar pH 7)
containing ampicillin (100pg/mL) and transformant colonies were allowed to grow
overnight at 37°C. Where blue/white colour selection was required, plates were also spread

with 100pL IPTG (0.1M) and 50pL X-Gal (50mg/mL in dimethylformamide).

3.2.8.4 Storage of bacteria
For long term storage, bacteria from inoculated overnight cultures were stored as 40%
glycerol stocks at -80°C. For short term storage (4 weeks), bacteria were streaked onto agar

plates, incubated overnight at 37°C and stored at 4°C.

3.2.8.5 Colony PCR screening of transformants

A bacterial colony PCR screening procedure was employed to identify cDNA-
containing clones that used vector-specific rather than insert-derived primers. For each DD-
PCR band ligated into the pGEM®-T vector, at least 16 clones were analysed. Single
ampicillin resistant transformant colonies were picked with sterile pipette tips, streaked onto
LB plates containing ampicillin and allowed to grow overnight at 37°C. The colony on each

tip was then resuspended in a 20lLL. PCR containing 1 x PCR buffer, 1 x Q-Solution, 1.5mM
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MgCL, 200pM dNTP mix, 100ng USP, 100ng RSP and 1.25U Tag DNA polymerase
(Qiagen). The M13 primers flank the multiple cloning site (MCS) in the pGEM®-T vector
(see Table 3.4). The reactions were amplified in a thermal cycler using the following
parameters: 94°C for 10 minutes, 30 cycles of 94°C for 1 minute, 55°C for lminute, 72°C
for 1 minute, and then a final extension of 72°C for 5 minutes. Two microlitres of each PCR
product was checked by agarose gel (1.5%) electrophoresis with ethidium bromide staining.
Using these primers, a PCR product of 236 bp, corresponding to vector sequence only, was
observed for clones lacking an insert, whereas colonies containing DD-PCR inserts
produced bands greater than 236 bp. The remainder of each colony PCR product was stored

at -20°C for dot-blot hybridisation analysis (see section 4.2.4).

Table 3.4 Sequence of M13 primers used for DNA sequencing and amplification of
inserts in the pPGEM®-T vector.

These primers hybridise to pUC/M13 regions in the M13 lac cloning vector pGEM®-T, which are found on
either side of the polylinker. Both primer sequences are shown 5 to 3°.

General sequencing primers:

M13 USP: GTAAAACGACGGCCAGT
M13 RSP: CACACAGGAAACAGCTATGACCATG
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3.3 RESULTS

3.3.1 Development, trial and modification of DD-PCR conditions

3.3.1.1 Detection of DD-PCR products

Initially, the detection of DD-PCR amplification products was performed using the
SILVER SEQUENCE™ system, as it allows the direct detection of amplified fragments on
the gel. In turn, the silver-stained bands can be excised directly from the gel and no careful
alignment of an autoradiograph with the gel is required. However, a very low signal was
obtained from DD-PCR reactions using silver staining (see Figure 3.2). Subsequently, a **P-
labelled NTP was included in the PCR so that the display pattern could be visualised by
autoradiography. As expected, the sensitivity of **P was much greater than silver staining
but the band resolution did not improve (data not shown). The use of a **P-labelled dNTP in
place of *P was found to increase the resolution of the display patterns after gel

electrophoresis (see Figure 3.4).

3.3.1.2 DD-PCR reaction parameters
dNTP concentration

Once the detection method was finalised, the most robust fingerprinting conditions were
determined to improve the reproducibility of DD-PCR for analysing the fetal rat skin
wound-healing model. Several of the reaction parameters were examined and different
amounts of each DD-PCR reaction component were tested. Keeping all other reagents
constant, four dNTP concentrations of 20, 50, 100 and 200uM were considered. The
clearest pattern was seen when 200uM of dNTPs was used (data not shown). The lower

amounts of unlabelled dNTPs gave too dark a background, presumably as more *>P-dATP
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Figure 3.2 Silver-stained cDNA fragments detected after electrophoresis of differential

display reactions on a 6% denaturing polyacrylamide gel.

One microgram of wounded E17 and E19 total skin RNA was reverse transcribed and PCR amplified with the
(T);;XG and OPA-03 primers. The reactions were resolved by denaturing polyacrylamide gel electrophoresis
(PAGE) and silver staining was used to visualise the DNA products. Duplicate lanes are labelled according to
the tissue source of the mRNA as follows: E17, fetal E17 skin; E19, fetal E19 skin; W, wounded skin; U,
unwounded skin; M, DNA markers. In this particular experiment, all skins were cultured for 30 minutes in
DMEM + 10% FBS as described in section 2.2.3. However, in all subsequent experiments the skins were
either harvested immediately after wounding at time zero or after 24 hours in culture (see section 3.3.2).
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was incorporated into the amplified DNA. Increasing the ratio of unlabelled:labelled dATP

reduced this background and gave a clearer, better-resolved and distinct banding pattern.

Taq polymerase

Taq polymerase was tested at concentrations of 1.25 and 2.5 Units per reaction,
although no difference in banding pattern was found. Hence, 1.25U was used per reaction
due to expense. Different thermostable DNA polymerases tested in DD-PCR under the
same conditions and using the same cDNA templates produced variable banding patterns
(data not shown). This is consistent with previous reports (Haag and Raman, 1994) and
hence the same batch of polymerase was used for all samples to be compared using a given

primer pair.

Input RNA and cDNA

Slight variations in the quality and quantity of RNA were found to result in variability
in the banding pattern. To determine the amount of RNA needed to obtain the best results,
0.5 and 1pg of RNA template were used to produce first strand cDNA. One or 2uL of
cDNA template was then added to the DD-PCR. The display patterns appeared similar
regardless of the amount of input ¢cDNA, however, more bands were visualised on the
display gels when 1pug of total RNA was used in the RT (data not shown). A control RT
reaction without added reverse transcriptase was always performed on each RNA sample to
check for contaminating genomic DNA. Subsequent amplification using B-actin specific
primers did not result in the detection of B-actin DNA, confirming the RNA samples were
free from DNA and hence fingerprints generated in DD-PCR were RN A-dependent and not

due to contaminating genomic DNA.

118



Chapter 3

Thermal cycling conditions

To find the optimum thermal cycling conditions for this study, different annealing
temperatures (40°C - 48°C) were examined for all the different 5° and 3’ primer
combinations being used. Good banding patterns were observed in some primer
combinations at the higher temperatures, while other primers did not anneal to the template
(data not shown). Since all primers did anneal to the cDNA and amplify a banding pattern
at 40°C over 2 minutes, this was chosen as the optimum annealing condition to be used for

all reactions.

3 P-dATP concentration

Finally, different amounts of [0->>P]-dATP were evaluated to determine the optimal
signal. The most cDNA transcripts were amplified (~50-150 bands per lane) when 4uCi of
[o-PP]-dATP was used per reaction, less transcripts were amplified with 3uCi and even less
with 2uCi. The least background noise was also seen on the display when 4pCi of [o->*P]-

dATP was used, so this amount was added to all differential display reactions.

In summary, the optimised conditions for DD-PCR used 1ug total RNA for RT and 1uL
of cDNA as a template in PCR containing 200uM dNTPs, 1.25U Tag, 4uCi [0->2P]-dATP

and 40°C as the annealing temperature.

3.3.2 Controls to improve the reproducibility of differential display

Differential display reactions were performed using RNA from 4 different categories of
skin: E17 and E19 wounded skins at the time of wounding (t=0) and after 24 hours in culture
(t=24h). These time points were chosen for comparison because after 24 hours in culture
E17 wounds appear to be closing while E19 wounds remain open (see Chapter 2).
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Three skins were pooled before RNA extraction, as opposed to using RNA from one
skin sample, to minimise experimental variation (see Figure 3.3). Indeed, pooling skins
before RNA extraction resulted in more reproducible DD-PCR patterns between the samples
(data not shown).

Figure 3.4 is an example of a polyacrylamide gel showing duplicate DD-PCR reactions
of each RNA sample, obtained with the (T);;XG and OPA-03 primers. Candidate
transcripts were selected based on distinct upregulation or downregulation in a particular
tissue compared to the other 3 conditions. As short primers were used, a low annealing
temperature during PCR was required for priming. This low stringency PCR still created a
few spurious bands that were not reproducibly amplified, and might have been a source of
false positives. The selection of DNA bands for further analysis was, therefore, restricted to
those uniformly seen in duplicate patterns of each RN A sample.

Indicated in Figure 3.4 are 8 bands that may represent differentially expressed genes.
All candidate bands were given an identification number based on the corresponding primer
combination used to generate the band and its relative position on the gel (e.g. 3XGl
corresponds to anchor primer (T)1;XG and arbitrary primer OPA-03, and it is the highest
molecular weight band selected from the gel as being differentially expressed). Band 3XG1
appears to be switched on in E17 skin after 24 hours in culture post-wounding, as it is not
seen in the E17 time zero or the E19 samples. Band 3XG4 appears to be downregulated in
E17 skin at both time points and in E19 skin 24 hours post-wounding, as it is only seen in
E19 skin at time zero. The generally reproducible banding pattern and presence of candidate
differentially displayed products on the gel indicated that DD-PCR might indeed be the first
step towards identifying genes differentially expressed in response to wounding.

A banding pattern that differs to the RNA-directed fingerprints was observed in control

reactions that contained no cDNA template. Control amplifications using B-actin specific

primers, in the absence of reverse transcription, did not result in the detection of a B-actin
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Figure 3.3 Improving DD-PCR reproducibility by pooling fetal rat skins.

Pooling 3 skins for extraction gave greater reproducibility in DD-PCR patterns between identically treated
RNA preparations. Nine E17 and E19 skins were wounded and snap-frozen in liquid nitrogen at time zero and
9 skins of each age were wounded and cultured in serum-supplemented medium for 24 hours. From each
condition, 3 pools of 3 skins were made and the total RNA was extracted from each pool. The RNA samples
were reverse transcribed and then PCR amplified in duplicate to enhance reproducibility (see section 3.2.4).
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Figure 3.4 Polyacrylamide gel showing DD-PCR using optimised conditions.

One microgram of wounded E17 and E19 total skin RNA from t=0 and t=24 hours in culture was reverse
transcribed and PCR amplified with (T);;XG and OPA-03 using the optimised conditions (200pM dNTPs,
4pCi [a-"P]-dATP and 40°C as the annealing temperature, section 3.2.4). Duplicate lanes are labelled
according to the tissue source of the mRNA as follows: E17, fetal E17 skin; E19, fetal E19 skin; 0, t=0 hours in
culture; 24, t=24 hours in culture. Products that appear to be differentially expressed (designated 3XG1-8,
corresponding to the primer combination and the relative position of each band on the gel) are boxed and
indicated by arrows. The negative control reaction (-), which did not contain cDNA template, produced a
banding pattern different to that of the skin samples.
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transcript, excluding DNA contamination as the cause of banding. As an extra precaution,
PCR mixes were treated with UV irradiation directly before adding the primers or template
DNA, but this did not eliminate the spurious bands in the negative control. This indicated
that the negative display pattern was not due to contaminating DNA in the PCR reagents but
rather, self-extension and amplification of the arbitrary 10mer primers under the low
annealing conditions.

Each of the 20 different 5° arbitrary 10mers were combined with 3 different 3’ anchored
primers, (T);;XA, (T)1;XC and (T)1:XG, for a total of 60 DD-PCR reactions for each tissue
category being compared. Figure 3.5 is another example of a polyacrylamide gel showing
duplicate differential display reactions of each RNA sample, this time obtained with the
(T)11XC and OPA-02 primers. Bands that may represent differentially expressed genes are
indicated. Both Figure 3.4 and 3.5 are good examples of gels displaying 50 — 150 bands per
lane. From such gels, only the most clearly differentially expressed bands were selected for
further study. However, the reactions of some primer combinations displayed very low
signals with only a few bands per lane detected. Moreover, no differential expression
between samples was seen in many of these reactions. For example, the 5’arbitrary primers
OPA-05, -06, -07, and OPA-09 to —17, when combined with either of the 3’anchor primers,
did not result in the detection of any differentially expressed bands (data not shown). In
fact, of the 60 primer combinations that were tested in this differential display study, only 7
resulted in the detection of differentially expressed bands between samples. These primer
combinations were OPA-02 / (T);;XC, OPA-03 / (T);;XC, OPA-04 / (T);;XC, OPA-08 /
(T)11XC, OPA-18 / (T)11XC, OPA-03 / (T);;1XG and OPA-03 / (T);1XA. From these
reactions, a total of 52 candidate products were identified as being differentially expressed
in all triplicate RNA samples from the different tissue categories analysed (see Table 3.5).

These were subsequently excised from their gels for further analysis.
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Figure 3.5 Polyacrylamide gel showing DD-PCR using OPA-02 and (T);XC.
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One microgram of wounded E17 and E19 total skin RNA from t=0 and t=24 hours in culture was reverse
transcribed and PCR amplified with (T);;XC and OPA-02 using the optimised conditions (200pM dNTPs,
4uCi [0-P]-dATP and 40°C as the annealing temperature, section 3.2.4). Duplicate lanes are labelled
according to the tissue source of the mRNA as follows: E17, fetal E17 skin; E19, fetal E19 skin; 0, t=0 hours in
culture; 24, t=24 hours in culture. Products that appear to be differentially expressed (designated 2XC4-11,
corresponding to the primer combination and the relative position of each band on the gel) are boxed and
indicated by arrows. Note that the differentially expressed products 2XC1-3 were of a higher molecular weight

and are not shown.
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Table 3.5 Comparative distribution of banding patterns representing categories of

differential gene expression.

In each tissue column, “+” indicates a brighter band and “-” a dimmer band on the denaturing gel. A “+” thus
means that the gene in question is more strongly expressed compared with conditions where a “-” appears. For
instance, 13 transcripts appeared to be upregulated in fetal E17 skin 24 hours post-wounding compared with all
3 other conditions (fourth line from top).

Banding Patterns E19t=0 E19t=24h E17t=0 EI17t=24h No. of Bands
E19 t=0 upregulated + . - - 28

E19 t=24h upregulated - + - - 3

E17 t=0 upregulated - - + - 2

E17 t=24h upregulated - - - + 13
Both t=0 skin upregulated + - + - il

+
+
—

Both t=24h skin upregulated

E17 skin upregulated - - + + il
E19 t=0 downregulated - + + + 2
E17 t=24h downregulated + + + - 1
Total No. of Candidate Bands 52

3.3.3 Traditional method of recovery and reamplification of DD-PCR products

To recover the differentially expressed transcripts and identify the genes they represent,
cach band was excised and cluted from the gel in water (see section 3.2.6). In the present
study, the DD-PCR products obtained were difficult to reamplify from the dried gel slices.
Figure 3.6 shows an agarose gel of the eight 3XG bands that were excised from the
polyacrylamide gel (see Figure 3.4) and reamplified under the initial DD-PCR conditions.
Note that the negative control also produced a banding pattern on the denaturing gel but this
differed from all other lanes. On the DD-PCR polyacrylamide gel shown in Figure 3.4 the
3XG bands resolved to different sizes, so after reamplification these bands should still be

different lengths, with 3XG1 being the highest molecular weight and 3XG$ being the
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lowest. However, Figure 3.6 shows that the 400 bp band seen in the negative control was
also seen all lanes containing reamplified bands. This non-specific amplification was not
unique to the OPA-03 and (T);;XG primer, as products were also seen in negative control
reactions using other 5’ and 3’ DD-PCR primer combinations (see Figure 3.7). To
determine if a different banding pattern is scen when genomic DNA is used as a template,
Iug of genomic DNA was added to the reamplification reaction. Figure 3.7 also shows that
a different banding pattern was indeed seen when genomic DNA was included in the
reamplification reaction. This indicated that the majority of false positive PCR products
amplified in such negative controls do not appear in the reactions with added DNA template
or they are, at least, under-represented in the presence of the competing DNA. In summary,
this experiment implied that the short DD-PCR 10mers are self-priming, extending and
amplifying at the low annealing temperatures used during DD-PCR, and the low amount of
DNA eluted from a gel slice is not enough to compete with the extension of the 10mer

primers during reamplification.

3.3.4 Modifications to the traditional recovery and reamplification of products

3.3.4.1 Strategies to increase the yield of eluted DNA

Dilferent strategies were employed to reduce the primer extension effect observed
during reamplification of DD-PCR products. Initially, to improve the yield of DNA
recovered from the gel prior to reamplification, different clution and purification methods
were tested. Elution in water was attempted overnight at 4°C and 37°C, as well as at 95°C
for 15 minutes. Pooling many identical bands before and after elution was also performed to
increase the amount of DNA recovered. Finally, phenol/chloroform extraction prior to
ethanol precipitation was tested to increase DNA purity when pooling eluted products.

None of these modifications improved reamplification.
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Figure 3.6 Agarose gel showing DD-PCR reamplification reactions.

Candidate DNA products from the OPA-03 and (T);;XG DD-PCR of wounded E17 and E19 skins at t=0 and
t=24 hours post-wounding were excised from dried polyacrylamide gels, eluted in water and reamplified under
the initial DD-PCR conditions (see section 3.2.6). These bands were first identified in Figure 3.4 and were
designated 3XG1 to 3XG8 (as indicated above lanes). No DNA template was added to the negative control
reaction (-), but a band of about 400 bp was still amplified. The sizes of the Bochringer Mannheim Molecular
Weight Marker VIII (M) are indicated.
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Figure 3.7 Agarose gel showing DD-PCR using the OPA-01 to —20 and T;;XA primers
with either genomic DNA or no DNA template.

Lanes assigned a ‘“+’ contain 1pg DNA template, lanes assigned a ‘> do not. OPA primers used in each + and
- reaction are indicated above the corresponding lanes and were first shown in Table 3.2. All reactions were
cycled as described in section 3.2.4.3. Mispriming of the 10mer primers in some reactions not containing
DNA template generated banding artefacts (see reactions using primers OPA-2 to -4, OPA-9 and -10, and
OPA-13 to -19).
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3.3.4.2 Strategies to improve the specific reamplification of DD-PCR products

To increase the specificity of reamplification, two methods were examined. The first
method, hotstart PCR, is expected to be more specific than standard PCR as the Tagq
polymerase used (HotStar, Qiagen) is only activated after a 15-minute incubation at 95°C.
This should minimise any non-specific binding of the primers during PCR set-up. However,
when HotStar Tag polymerase was used with the original cycling conditions modified to
include the extra 15-minute incubation at 95°C, it provided no advantage over standard PCR
using the DD-PCR 10mer primers (data not shown).

Secondly, a gradient PCR was performed to determine if a higher annealing temperature
would increase the specificity of the DD-PCR primers to the template cDNA rather than
themselves. Eight different reactions were set up in which the annealing temperatures
varied between 42°C and 56°C and reactions either contained 1uL of cDNA template or no
c¢DNA at all. Figure 3.8 shows that the primer extension products were not generated when
the temperature was above 48°C, but neither were any template-derived products. Hence,
no annealing occurred at the higher annealing temperatures.

An attempt was made to ligate the eluted DD-PCR products directly into the pPGEM-T®
vector, so that reamplification could proceed with more specific primers rather than the non-
specific DD-PCR 10mer primers. The M13 sequencing primers anneal to flanking ends of
the MCS in the pGEM-T® vector. Using these primers, a PCR product of 236 bp,
corresponding to the MCS of the vector, is observed on agarose gels for clones lacking an
insert. Clones containing an insert within the vector produce bands larger than 236 bp.
Figure 3.9 shows the resulting agarose gel of the PCR. After an attempted ligation of an
eluted band directly into the pGEM-T® vector, only a band corresponding to the MCS of
the vector was amplified (lane marked ‘+’, Figure 3.9). This result was seen in all 16 white

transformants picked for screening, yet after a control insert (Qiagen) was ligated into the
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Figure 3.8 Agarose gel showing gradient DD-PCR using the OPA-03 and (T)uXG
primers.

Indicated above corresponding lanes are increasing annealing temperatures without added cDNA template, and

increasing annealing temperatures of reactions containing 1pL of ¢cDNA. The sizes of Molecular Weight
Marker VIII (M) are indicated.
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Figure 3.9 Agarose gel showing colony PCR screening of transformants.

DD-PCR products of interest were eluted from the gels (see section 3.2.6), directly ligated without prior
reamplification into the pGEM-T® cloning vector and recombinant transformants were screened for by
colony-PCR using the M13 primers (see section 3.2.8.2, 3.2.8.3 and 3.2.8.5 for cycling conditions). The lane
marked ‘+* contained the ligation of a DD-PCR product into pGEM-T®. The lane marked ‘-’ contained the
vector self-ligation. No products larger than 236 bp, the size of the self-ligated vector, were seen, indicating
ligation of the PCR product was not successful. The sizes of the Molecular Weight Marker VIII fragments (M)
are indicated.
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PGEM-T® vector, the appropriately sized fragment was amplified under the same
conditions (data not shown). This demonstrated that the pPGEM-T® vector and the cloning
technique was effective but suggested that the small amount of DNA eluted from a gel slice
was not enough for efficient ligation and transformation.

To try to increase the specificity of PCR amplification while reducing the inefficiency
of background transformation, it was postulated that a PCR performed on the direct ligation
using one M13 primer and one DD-PCR primer would increase the probability that only
vector containing the DD-PCR insert would be amplified. A sequence alignment revealed a
string of adenosine bases in the pGEM-T® vector that could anneal to the 3° DD-PCR
primers, (T);;XY, indicating that when paired with a M13 sequencing primer, these 3’
anchored primers could amplify a region in the pGEM-T® vector and not the desired insert.
Thus, the appropriate 5° DD-PCR primer had to be used instead. To test if the 5’ arbitrary
primer, OPA-03, could anneal to sites within the pGEM-T® vector, a PCR was performed
on self-ligated vector using OPA-03 with each of the M13 primers. Figure 3.10
demonstrates that PCR products are amplified with both M13/OPA-03 combinations, thus,
OPA-03 can anneal to a site(s) within the pGEM-T® vector. Clearly then, a PCR conducted
on the DD-PCR product/pGEM-T® ligation could not be done with either the MI13
sequencing or the DD-PCR primers.

To ensure the correct DD-PCR products were actually being reamplified during the
second round of PCR, two clones of different molecular weight (~150 and 400 bp) were
excised from a gel and eluted this time in 100pL of elution buffer instead of water. Two
microlitres of the clones were reamplified under the original DD-PCR conditions using [o-
3P]-dATP then run in parallel with the original PCR on a polyacrylamide gel, rather than an
agarose gel, for better resolution. Figure 3.11 shows the bands of interest are amplified
much more in the second round than in the original DD-PCR, however, non-specific,
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Figure 3.10- Agarose gel showing PCR amplification of pGEM-T® vector using USP
and RSP with OPA-03.

Self-ligated p-GEM-T® vector (25ng) was PCR amplified using the M13 primers; USP and RSP (lane 1), USP
and OPA-03 (lane 2) and RSP and OPA-03 (lane 3) using the initial DD-PCR eyeling conditions (see section

3.2.4.3): Products are seen in all lanes, indicating that OPA-03 anneals to a site within the pGEM-T® vector.
The sizes of the Molecular Weight Marker VIII fragments (M) are indicated.

133



Chapter 3

primer-generated bands are also scen. After a second gel elution and third round of PCR to
amplify the lower molecular weight band, many of these non-specific products have faded
out. Yet, many primer products are still present after a third round of amplifying the higher
molecular weight band. Therefore, several rounds of reamplification can not purify higher

molecular weight DD-PCR products (= 400 bp) for cloning.

3.3.4.3 Specific reamplification of DD-PCR products using priming adapters

In another attempt to specifically reamplify DD-PCR products, two complementary
adapter primers were synthesised that may be ligated to the 5° and 3’ ends of DD-PCR
products. One of the oligonucleotides was a 20mer with a phosphorylated 5’ end
(designated A20), while the other oligonucleotide was complementary to the 20mer but had
a dephosphorylated 5’ end and an extra thymine (T) as the 3’ ultimate base (designated
A21). Both oligonucleotides contained an internal Sal I (rare cutter) site for cloning. The
strategy for specific reamplification is outlined in Figure 3.12. The two complementary
primers were annealed together to form a duplex with a thymine overhang. The duplex can
then be ligated to both ends of a DD-PCR transcript containing an adenosine (A) overhang.
Self-ligation of the duplex should be inhibited as it is only phosphorylated at one end, at the
5” base opposite the thymine overhang. The ligation products can then be PCR amplified
using the 21mer and then cloned into a vector for further analysis.

To determine if the A20/A21 duplex could ligate onto the ends of a DNA insert, a 250
bp PCR product (human BarX2) was provided by Guy Sanders as a positive control insert
for the ligation reactions. Ligations using decreasing amounts of both hBarX2 insert and
adapter duplex, and decreasing insert:adapter molar ratios of the two, were set up to
determine the lowest amount of insert necessary for ligation to occur. Figure 3.13 shows

that the initial ligations were successful using 2ng of PCR product with just 160pg of
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Figure 3.11 Polyacrylamide gel showing DD-PCR products after consecutive gel elution

and reamplification.

The high molecular weight product, designated A, and lower molecular weight product, designated B, from the
OPA-03 and (T);; XA DD-PCR of wounded E19 skins at t=0 (boxed) were excised, eluted in elution buffer and
one fiftieth reamplified using the initial DD-PCR conditions (lanes marked R1, the first reamplification; see
section 3.2.6). The resulting bands were then eluted and reamplified again (Ilanes marked R2, the second
reamplification). The negative control reaction (-) did not contain eluted DNA template but a banding pattern
was still amplified.
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A21-T% —A
Adapter A20p5’ + A DD product

Ligate
v
A21-T ———A A20
A20,A———— T-A21

PCR with A21 primer

A21-T ~ 4 A2LT ——AA20
A20,A—T-A21  T-A21
Priming off bottom strand Priming off top strand

Figure 3:12 Flow diagram outlining specific reamplification of DD-PCR' transeripts
using priming adapters.

The top strand 21mer was synthesised with a dephosphorylated 5* end while the bottom 20mer oligonucleotide
was synthesised then phosphorylated (p) at its 5° end. The primers anneal together to form a duplex with a 3°
T-overhang to allow ligation to the 3> A-overhang of a PCR product. The ligated products can then be PCR
amplified with the 21-mer, which primes off both strands, as described in section 3.2.7.
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Figure 3.13 Agarose gel showing the PCR screening of human BarX2/adapter ligations.

Ligations of the hBarX2- PCR product to the A20/21 duplex and subsequent PCR- using the A2l
oligonucleotide - were: carried out as described in section 3.2.7.2- and 3.2.7.4, respectively. Lanes I and 2
contain the PCR amplified: ligation reactions-(2ng of hBarX2-combined with 160pg and: I.6ng of adapter,
respectively, which equates to- an insert:adapter molar-ratio of 1:1 and 1:10, respectively). Lane 3 contains the
purified 250 bp-hBarX2 PCR product only. The sizes of the Molecular Weight Marker VIII fragments (M) are
indicated.
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adapter duplex (insert:adapter molar ratio of 1:1). Therefore, smaller amounts of the human
BarX?2 transcript were ligated into the A20/A21 duplex. As demonstrated in Figure 3.14, as
little as 2pg of the DNA fragment and 1.6pg of the adapter was required for successful
ligation (lane 5). A smeared banding pattern was seen after PCR of the ligation without
added BarX?2 insert (lane 6), and correspondingly, there appeared to be some non-specific
amplification in the PCR when an excess of adapter was added to the BarX2 ligation
(insert:adapter molar ratio 1:10, lanes 1 and 3). This experiment indicated that although the
adapter itself was capable of undergoing self-ligation and being amplified in the subsequent
PCR, it was also capable of enabling the amplification of very small amounts of DNA.

As a result of this, an attempt was made to ligate the adapter duplex onto the ends of a
DD-PCR product and amplify it. Two DD-PCR bands, designated 3XGhigh and 3XGlow
(estimated sizes 500 bp and 200 bp, respectively) for their respective positions on the DD-
PCR display gel, were eluted and precipitated as described in section 3.2.6, resuspended in
10uL of water, then 6UL of each were ligated into A20/A21. As a control for a higher
molecular weight PCR product, a ligation was also set up combining the adapter with a 550
bp PCR product (pig collagen III, kindly donated by Nick Hatzriodas) as described in
section 3.2.7.2 and 3.2.7.4. The ensuing PCR products were electrophoresed on an agarose
gel as shown in Figure 3.15. The 550 bp collagen III product was amplified from both
ligations, but non-specific binding was also evident by the presence of smaller molecular
weight bands (lanes 5 and 6). The 200 bp and 300 bp bands amplified in the adapter self-
ligation reaction (lane 2) were different to the smear of bands between 200 and 300 bp that
were amplified in the same reaction in Figure 3.14 (lane 6). However, these two bands
amplified in the adapter self-ligation in Figure 3.15 were also seen in the ligations
containing the 3XG PCR products (compare lane 2 with lanes 3 and 4). Two products of

different sizes were expected to be amplified due to the different sizes of the two 3XG

138



Chapter 3

200 200 20 20 2 - 8ng BarX2 (pg)
160 16 16 16 1.6 16 - Adapter (pg)
kb M 1 2 3 4 5 6 7

=)

oo oo
= i Wk oo =

o &b

Figure 3.14 Agarose gel showing the PCR screening of ligations using decreasing

amounts of human BarX2 and adapter.

Ligations of the hBarX2 PCR product to the A20/21 duplex and subsequent PCR using the A2l
oligonucleotide were carried out as described in section 3.2.7.2 and 3.2.7.4. Lanes 1 to 5 contain the ligations
of decreasing amounts of BarX2 PCR product with the adapter duplex. Lane 1: 200pg of BarX2 and 160pg of
adapter (molar ratio 1:10); lane 2: 200pg BarX2 with 16pg adapter (molar ratio 1:1); lane 3: 20pg of BarX2
with 16pg adapter (molar ratio 1:10); lane 4: 20pg of BarX2 with 1.6pg of adapter (molar ratio 1:1); lane 5:
2pg of BarX2 with 1.6pg of adapter (molar ratio 1:10). Lane 6 is the resultant PCR of a ligation containing
16pg of the A20/A21 adapter only, and lane 7 contains 8ng of the purified 250 bp-hBarX2 PCR fragment only.
The sizes of the Molecular weight Marker VIII fragments (M) are indicated.
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Figure 3.15 Agarose gel showing the PCR screening of DD-PCR product/adapter

ligations.

Ligations of the 550 bp pig collagen III DNA fragment, the 3XGhigh DD-PCR product and the 3XGlow DD-
PCR product to the A20/21 duplex and subsequent PCR using the A21 oligonucleotide were carried out as
described in sections 3.2.7.2, 3.2.7.3 and 3.2.7.4, respectively. Lanes 2 to 6 contain the ligations of the
different PCR products with the adapter duplex. Lane 1: PCR negative control (no DNA added); lane 2: PCR
of a ligation containing 10pg of A20/A21 adapter only; lane 3: 3XGhigh product with 10pg adapter; lane 4:
3XGlow product with 10pg of adapter; lane 5: 1ng of collagen III with 330pg of adapter (insert:adapter molar
ratio of 1:10); lane 6: 100pg of collagen III with 33pg of adapter (molar ratio 1:10). Lane 7 contains 20ng of
the purified 550 bp-pig collagen III PCR fragment only. The sizes of the Molecular Weight Marker VIII
fragments (M) are indicated.
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bands. Failure to detect any specific amplified bands indicated that, as seen with the direct
ligation into the pPGEM-T® vector, there was insufficient eluted DD-PCR product to ligate

with the adapter to prevent it from self-ligating and achieve successful amplification of the

DD-PCR inserts.

3.3.5 Modified differential display using longer primers

The possibility that the lack of success in reamplification was due to the high number of
low stringency PCR cycles with short 10mer oligonucleotides was investigated by
modifying the primers and PCR conditions for DD-PCR based on the RNA arbitrarily
primed PCR fingerprinting method (Welsh et al., 1992). The long primers and high
annealing temperatures of conventional PCR provide high specificity relative to DD-PCR.
To allow for increased stringency, the 5’ ends of the original DD-PCR primers were
extended by ten nucleotides and a low annealing temperature (40°C) was used only for the
first 5 PCR cycles. For the following PCR cycles, the annealing temperature was raised
(55°C) so the longer length of the primers (20mers) would allow for more specific
replication of products synthesised in the initial cycles.

Typical results of such reactions are shown in Figure 3.16, in which fetal rat skins at the
time of wounding and after 24 hours of culture are compared using the 20mer primers. As
seen on the display gel, the reactions were repeated with three different RNA samples from
each group. The similar results obtained with the different RNA preparations indicate that
the process of RNA extraction was not a major source of variability and internal errors
between tubes were largely not evident. Another 5” primer, HindIIIOPA-03, was tested and
the results were consistent (Figure 3.17). Many bands were produced under the selected
PCR conditions with each pair of composite anchor and arbitrary primers. Although each

anchor and arbitrary primer has the same 5’ end, the banding pattern changed with different
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combinations of the primers, which indicates that each pair has its own priming specificity
(compare Figures 3.16 and 3.17). The negative control included for each primer
combination, which contained no cDNA template in the DD-PCR, did not generate an
artefactual banding pattern. This was evidence that the modified primers and cycling
conditions provided enhanced specificity.

Figure 3.16 and 3.17 also show that from these two differential display reaction sets
alone, a total of 11 candidate products were identified as being differentially expressed in all
triplicate RNA samples from the different tissue categories analysed (2VG1-4 and 3VG1-7,
see Table 3.6). These were subsequently excised from their gels for further verification.
Band 2VG2 was particularly strong, and was specifically and repeatedly seen in the E17
t=24 hour post-wounding samples. Consequently, it was reamplified in a 50uL PCR
mixture containing the corresponding HindIII primer pair with 40 high stringency cycles as
described in sections 3.2.4.3 and 3.2.6. The reaction was then run on both an acrylamide gel
and an agarose gel to check that the corresponding single band had amplified. Both gels
showed that the specificity of DD-PCR did improve with the modified method, as only a
single 300 bp band was reamplified (see Figure 3.16, lane ‘R’, band appears smeared
presumably due to overloading of the gel, and Figure 3.18, lane 4). Furthermore, no
spurious bands were produced in the negative control reaction (Figure 3.16 lane ‘-’ and
Figure 3.18 lane 2). This 300 bp band was chosen for further analysis of differential

expression as described in Chapter 4 and 5.
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Figure 3.16 Polyacrylamide gel showing DD-PCR wusing HindIIIOPA-02 and
HilldIIITuVG.

Total skin RNA from wounded E17 or E19 fetal rats at t=0 or t=24 hours in culture was reverse transcribed and
PCR amplified using Tag polymerase (Qiagen) with HindIII(T);;VG and HindIITOPA-02 under high
stringency conditions (section 3.2.4.3). Products that appear to be differentially expressed (designated 2VG1-
4, according to the primer combination and the relative position of each band on the gel) are boxed and
indicated by arrows. The DD-PCR product that was expressed in E17 skin at 24 hours post-wounding and
designated 2VG2 was excised, eluted and reamplified as described in section 3.2.6. A product corresponding
to the eluted 2VG2 band (300 bp) was amplified (R). The negative control reaction (-) did not contain cDNA
template.
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Figure 3.17 Polyacrylamide gel showing DD-PCR using HindIIIOPA-03 and

HilldIIIT] 1VG

Total skin RNA from wounded E17 or E19 fetal rats at t=0 or t=24 hours in culture was reverse transcribed and
PCR amplified using Taq polymerase (Qiagen) with HindIII(T);;VG and HindIIIOPA-03 under the high
stringency cycling conditions (section 3.2.4.3). Products that appear to be differentially expressed (3VG1-7)
are boxed and indicated by arrows. The negative control reaction (-) did not contain cDNA template.
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Table 3.6 Comparative distribution of banding patterns representing categories of

differential gene expression.

In each tissue column, “+” indicates a brighter band and “-” a dimmer band on the denaturing gel. A “+” thus
means that the gene in question is more strongly expressed compared with conditions where a “-” appears. For
instance, 2 transcripts appeared 1o be upregulated in fetal E17 skin 24 hours post-wounding compared with all
3 other conditions (second line from top).

Banding Patterns E19t=0 E19t=24h E17t=0 E17t=24h No. of Bands
E19 t=24h upregulated - + - . 1
E17 t=24h upregulated - - - + 2
Both t=0 skin upregulated + - + B 4
Both t=24h skin upregulated - + - + 1
E19 t=0 downregulated - + + + 3
Total No. of Candidate Bands 11
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Figure 3.18 Agarose gel showing reamplification of the 2VG2 transcript using

HindIIIOPA-02 and HindIIIT;VG.

The 2VG2 product from the HindIlI(T);;XG and HindIIIOPA-02 DD-PCR of wounded E17 skins at t=24
hours post-wounding (see Figure 3.16) was excised, eluted and reamplified as described in section 3.2.4.3 and
3.2.6 (lane 4). Lane 2 contains the same DD-PCR without added DNA template (negative control). Lane 3
contains the DD-PCR that originally produced the 2VG2 DNA band, using cDNA reverse transcribed from
E17 skin RNA as the template. Note that the DD-PCR banding pattern in lane 3 differs to the pattern seen on
the polyacrylamide gel in Figure 3.16, due to the greater resolution of PAGE. The sizes of the Molecular
Weight Marker VIII and the pBR322 Hae I digest (lanes 1 and 5, respectively) are indicated.
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3.4 DISCUSSION

The introduction of molecular biology techniques to study wound repair has allowed the
cellular events in healing wounds to be more sensitively quantified in relation to traditional
techniques. In situ hybridisation studies using recombinant DNA probes and quantitative
RT-PCR methods enable the mRNA levels of specific proteins, such as growth factors and
ECM components, to be measured. Immunohistochemistry using antibodies enables
expression of the various encoding proteins to also be qualitatively detected. The relatively
novel method of DD-PCR is powerful for identifying genes exhibiting different patterns of
expression between experimental samples. These differences may reflect developmental or
tissue-specific regulation, may be induced (e.g. drug treatment, dietary or environmental
changes) or they may be pre-determined by selection or genetic variation. In this study, the
technique of DD-PCR was used to detect differences in gene expression between the
processes of fetal E17 and E19 skin wound healing in the rat.

Although DD-PCR appears to be technically easy, the road from “band on a gel” to a
positive clone can be difficult. The criticisms it has received include:

e high variability

¢ high false positive rate

¢ aquestionable ability to identify both abundant and rare mRNAs (Ledakis et al., 1998)
e the coding regions are generally not cloned making gene identification laborious

e much time and large amounts of RNA are required for cDNA verification.

An intensive study by Wan et al. (1996) comparing DD-PCR, ES and SH found the
biggest disadvantage of DD-PCR to be the time consuming process of verifying a true
positive and obtaining its coding region. However, they found many advantages of DD-

PCR over ES and SH and listed these to be as followed:
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e It requires less RNA and the amplified RNA can be used for verification analyses such
as reverse Northern blot, further eliminating the need for large quantities of RNA

¢ It identifies both abundant and rare mRNAs in a sequence specific manner, as opposed
to ES and SH which depend on message abundance

e It simultaneously identifies both upregulated and downregulated mRNA (unlike SH)

e It is relatively inexpensive to set up and execute (unlike ES)

e It provides quick assessment of results with a few gels allowing early re-evaluation of
the experimental design

e The false positive rates are equal to or lower than those found with ES or SH

e The candidate genes corresponding to the 3’ untranslated regions isolated from most
DD-PCR experiments can be identified using DNA or EST databases.
In short, the authors concluded DD-PCR was the superior method for identifying

differentially expressed genes. For these reasons, DD-PCR was the technique chosen to

identify genes differentially expressed in wounded fetal rat skin.

3.4.1 Establishment of differential display sampling conditions

Since its initial description for screening mRNA differences between related cell
populations (Liang and Pardee, 1992), numerous refinements of the DD-PCR protocol have
been proposed. For RT in this study, only four 3’ degenerate primers were used instead of
all 12 possible primers (see Table 3.1). It is probable that the 12 possible 3” primers will
recognise one-twelfth of the total mRNA population because there are 12 possible
combinations of the last two 3’ bases, omitting T as the penultimate base. However, it has
been shown that the penultimate base from the 3’ end of the (T);; XY primer exhibits
considerable degeneracy during priming in the RT step (Liang et al., 1993). Primarily, it is

the last base from the 3’ end that provides most of the specificity. Therefore, instead of
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using all 12 possible 3> DD-PCR primers, only four degenerate primers that differ in the last
base were used for RT and DD-PCR. By combining equal amounts of the three primers that
differ in the penultimate base from the 3’ end, the following primers were obtained:
(MnuXA, (T)11XC, (T)11XG and (T)1; XT.

After RT and PCR, the DD-PCR products can be separated on agarose gels, denaturing
or non-denaturing polyacrylamide gels. Agarose gels do not resolve the banding pattern as
well as polyacrylamide gels and the sensitivity of ethidium bromide staining is quite low, so
they are rarely used (Sokolov and Prockop, 1994). Non-denaturing gels have been reported
to simplify the band complexity (Bauer et al, 1993), but double-stranded DNA,
incompletely annealed DNA and heteroduplexes for the same gene may be resolved as
different bands on a non-denaturing gel (Liang and Pardee, 1995). For this reason, DD-PCR
reactions were separated on denaturing polyacrylamide gels as described in the original
protocol (Liang and Pardee, 1992).

In order to detect amplification products after PAGE, silver staining was first used in
this study, according to the method of Doss (1996). This technique provides several
advantages over the versions of DD-PCR that require the use of radioactive dNTPs for
autoradiography, besides those relating to safety issues. Since radiolabelled compounds and
X-ray film are not used, it is much less expensive. It is also simpler and faster, with direct
detection of amplified fragments on the gel. In turn, the silver-stained bands can be excised
directly from the gel and no careful alignment of an autoradiograph with the gel is required.
Despite these previously described benefits, the silver staining method was not sensitive
enough, nor was the banding pattern resolved enough, to detect transcripts that may be
differentially expressed in wounded fetal rat skin.

To increase the sensitivity of detection, radioactive dNTPs were included in the PCR
and the banding pattern was visualised by autoradiography. When a *?P label was added to

the PCR, the sensitivity increased but band resolution was still quite low. The identification
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and isolation of a single cDNA, corresponding to a single differentially expressed gene, is
easiest to perform when the bands are sharply defined. Only one band should be cut out of
the gel, and not two bands that are similar in size and have not resolved well. The
subsequent use of **P improved the resolution of the banding pattern.

For this investigation, many excisional wounds were made in each E17 and E19 skin
biopsy to increase the wound response, and hence increase the chances of detecting
differentially expressed genes. Novel immediate-early response genes that are differentially
expressed after 30 minutes post-wounding were sought after first. However, culturing for
just 30 minutes gave inconsistent patterns between related samples. Because the fetuses
were on ice for different lengths of time after being removed from the uterus and prior to
dissection, this might have impacted on their response to wounding. Alternatively, the
weight of the rat fetuses, which correlates with stage of development, might have been
slightly different, although care was taken to include weight-matched fetuses. A comparison
of unwounded and wounded E17 and E19 skins fixed at 24 hours post-wounding was,
therefore, expected to yield more consistent differences in expression, because by this time
point E17 wounds are closing while E19 wounds remain open. Although differences in the
expression profiles of E17 and E19 skin were seen that were presumed to be development-
related, no major differences in gene expression were reproducibly detected between the
respective unwounded and wounded skin samples. It was postulated that unwounded and
wounded skins taken from a given aged fetus and cultured using the aforementioned model
were too similar, as both samples being compared were dissected from the back of the rat
fetuses and hence wounded to some extent. It was thought DD-PCR was not sensitive
enough to detect the small differences in expression between the explant harbouring
multiple excisional wounds and the explant that was left unwounded. Therefore, E17 skins
wounded with several excisions fixed at the time of wounding and after 24 hours of culture

were compared with wounded E19 skins at these time points.
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When comparing these skin types, DD-PCR was expected to detect genes expressed in
fetal rat skin to support normal housekeeping functions and embryonic development as well
as tissue repair. The fraction of expressed genes corresponding to each of these categories
should be different. Comparing the closely related mRNA combinations from E17 and E19
skin samples led to display gels with overall similar banding patterns. The mRNA species
governing housekeeping type functions produced identical banding across the different
samples analysed and these accounted for the majority of expressed genes. The differences
seen in banding pattern between samples corresponded to the differences in gene expression.
It was predicted that in addition to the expression of different genes in response to
wounding, developmental events between the E17 and E19 fetus would also require a
substantial subset of transcripts. Although an exhaustive screen of DD-PCR profiles was
not conducted in this study, only one band was identified as being specific to E17 skin,
indicative of a developmental difference (see Table 3.5). The other 62 differentially
expressed bands identified were specific to the E17 and E19 tissues either at the time of
wounding or after 24 hours of culture, and hence were all thought to be related to wounding
(see Tables 3.5 and 3.6). Within this group, those DNA bands seen only in E17 skin at 24
hours post-wounding (or in all categories except this) were the transcripts of interest that
were possibly related to the transition from scar-free to scar-forming wound repair. As
described in Chapter 2, all skins were transferred to tissue culture for 24 hours upon
wounding. Although E19 wounds do not heal at all using this model, the particular
procedures described here were followed to support previous work by others who
demonstrated the scar-free and scar-forming phenotypes after sufficient elapsed time in E17
and E19 fetal rat skin, respectively (Houghton et al., 1995; Ihara et al., 1990; Ihara and

Motobayashi, 1992; Soo et al., 2000).
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3.4.2 Modifications of differential display

Differential display gels are renowned for their potential variability and uncertainty in
interpretation. The procedural and experimental controls used in this study are emphasised
to ensure that the observed alterations in gene expression have a high probability of
representing true differences. This optimisation process was considered important as
irreproducible display patterns can result in the isolation of false positive cDNA. Numerous
experiments were also performed to achieve successful reamplification and cloning of DD-
PCR products. Firstly, elution and purification protocols were modified to increase the
amount of DNA recovered from gels. Secondly, different PCR and ligation conditions were
tested to increase the specificity of reamplification. Finally, successful reamplification and
cloning was only achieved after the original differential display primers were extended by
10 nucleotides and the cycling conditions were modified to increase the specificity of the
PCR. The following discussion aims to demonstrate the importance of quality control for all
parameters of DD-PCR and to highlight the difficulties inherent to DD-PCR that can be
avoided when using the modified method.

In this analysis, the RT and PCR steps for all DD-PCR experiments used identical
amounts of input RNA (lpg) and cDNA (1pL), respectively, to minimise spurious
variations in band intensity. Furthermore, a total of 4 specimen groups (E17 t=0, E17 t=24h
post-wounding, E19 t=0, E19 t=24h post-wounding) were compared, each divided into 3
sets of RNA samples. Three skins were pooled per RNA extraction to minimise sample
variation. The extracted RNA samples were reverse transcribed and PCR amplified in
duplicate, then electrophoresed in parallel lanes to avoid random errors. Efforts were also
made to keep the level of genomic DNA contamination as low as possible to prevent false
positive signals, as has been well documented in the past (Zhao et al., 1995). A comparison
of the overall pattern generated by DD-PCR illustrated the high reproducibility of the

technique in this project. Only the bands differentially expressed in all 3 replicates were
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selected for cloning and further analysis. The fact that such candidate bands were observed
in all 3 replicates further suggested that the experiment was reproducible and that the clones
identified are specifically upregulated or downregulated in the fetal wound healing process.
Results like this demonstrated that DD-PCR could be successfully applied to identify genes
differentially expressed in response to wounding.

When using the original DD-PCR protocol, artefact bands were amplified in negative
control reactions that did not contain cDNA template. Other users of DD-PCR have
reported similar observations of PCR products generated from non-reverse transcribed RNA
(Mou et al., 1994; Zhao et al., 1995). One study has shown that the non-reproducible bands
are not likely to be due to contaminating DNA as amplification using B-actin specific
primers, in the absence of RT, did not result in the detection of a B-actin product (Mou et al.,
1994). Furthermore, in Welsh et al. (1992), the addition of denatured genomic DNA to the
DD-PCR reaction almost completely abolished the RNA-dependent pattern and resulted in a
largely uniform background smear, presumably due to promiscuous priming under the low
stringency conditions used. In short, this banding artefact was found to be a common
phenomenon in negative controls of DD-PCR. It was indicated by control experiments in
this study to be the result of the non-specific self-priming and amplification of the arbitrary
10mers under the low annealing conditions of DD-PCR. These spurious bands hindered the
reamplification of DD-PCR products after gel elution. Reamplification is necessary for
further analysis of the bands, as the yield of DNA eluted from a single band is quite low. In
this study, the low amount of DNA eluted from the gel was not enough to compete with the
self-priming of the 10mer primers during reamplification.

Other researchers have also reported poor recovery of DD-PCR products from gels
(Bhattacharjec et al., 1997). Traditionally, a differentially expressed band is excised from
the denaturing gel and the DNA is eluted from the gel slice in water then alcohol

precipitated before reamplification (Liang ef al., 1993). However, Sanguinetti et al. (1994)
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found that the recovery of bands from polyacrylamide gels could not be achieved in water
but required the use of an elution buffer. Frost and Guggenheim (1999) followed this up to
show that elution of excised gel slices in water adversely affected the ability of the eluted
DNA to act as a template for PCR reamplification due to depurination. In contrast, when
eluted in a solvent designed to minimise depurination, the same DNA fragment was
reamplificd in high yield. Since no bands were recovered in the initial experiments by
eluting in water, elution of DNA from gel slices was done in an elution buffer (see section
3.2.6), but this was still not effective in enabling reamplification.

Previous studies have indicated that the urea in denaturing gels is a strong inhibitor of
PCR (Konecny and Redinbaugh, 1997). Although fixing polyacrylamide gels should
prevent urea contamination of the gel eluate, it was thought that further purification might
increase the concentration of candidate DNA bands and minimise the primer artefacts seen
after reamplification. Phenol/chloroform extraction before ethanol precipitation of the
eluted DNA did not encourage specific amplification of the DNA of interest, as the yield of
DNA recovered from the gel was further reduced. Elimination of the precipitation step and
direct amplification of eluted DNA has previously been possible using gene specific primers
at urea concentrations less than 0.35M (Raju et al., 1995). This bypasses the problem of
poor DNA recovery that is associated with precipitation and possible contamination due to
handling. When using non-specific DD-PCR primers to reamplify the eluted transcripts,
however, inadequate amounts of reamplified products were obtained under the conditions
described here. It was thought that the urea concentration may still be too high and hence
inhibitory to the second PCR, yet even when it was estimated that the concentration of urea
was diluted to approximately 0.014M, the eluted templates did not reamplify and the primer
self-extension products were still seen. This contrasts with the work of Bhattacharijee et al.

(1997), who successfully reamplified several DD-PCR templates at urea concentrations as
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high as 0.07M, and suggests that the reamplification efficiencies of DD-PCR products are
template-dependent so each reamplification needs to be optimised for urea.

To increase the specificity of DD-PCR using the DD-PCR 10mer primers, the two
different methods of hotstart PCR and gradient PCR were tested. Hotstart PCR, which was
expected to minimise the amplification of non-specific products, proved to have no
advantage over standard PCR using the DD-PCR 10mers. Gradient PCR was performed to
determine if a higher annealing temperature would increase the specificity of the DD-PCR
primers to the template cDNA rather than themselves. Others have previously reported that
raising the annealing temperature from 40°C to 48°C can eliminate the contaminating
background, thus resulting in the specific reamplification of a distinct cDNA product (Gery
and Lavi, 1997). In this study the primers could not anneal at the higher temperatures
needed to reduce background, so the DNA of interest could not be specifically reamplified.

To ensure the correct DD-PCR products were actually being reamplified during the
second round of PCR, two DD-PCR products of different molecular weight were
reamplified and run in parallel with the original PCR on a polyacrylamide gel, rather than an
agarose gel, for better resolution. Although the bands of interest were amplified in the
second round of DD-PCR, many non-specific bands were also seen as before. A second gel
elution and third round of PCR resulted in an increased yield of the lower molecular weight
band and most of the non-specific products did not reamplify. In contrast, after a third
round of PCR to amplify the higher molecular weight band, many primer-derived products
were still present. Higher molecular weight bands do not elute out of gels as readily as
lower molecular weight bands, meaning the recovery of DNA may be decreased.
Additionally, the higher molecular weight bands may not amplify as efficiently due to their
length and hence the increased likelihood of depurination during elution from the gel
Nevertheless, this result suggested it might be possible to clone low molecular weight bands

that are purified after several rounds of gel elution and reamplification.
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Reeves et al. (1995) reported similar problems when trying to reamplify gel-purified
cDNA. Like the current study, the authors made particular reference to the poor yields of
reamplified DNA and the generation of non-specific amplification products due to the use of
short arbitrary primers and high PCR cycle numbers. They described a novel technique,
ligation linked PCR, whereby cDNA extracted from a DD-PCR gel was first transiently
ligated into a TA cloning vector and then directly PCR-amplified using a poly (dT) primer
and a T7 promoter primer that anneals to the MCS of the vector. They demonstrated that
transient ligation into the TA vector and the use of specific primers for PCR resulted in
increased yield of the cDNA of interest. When this was attempted in the current study, the
small amount of DNA eluted from a gel slice, by all of the different methods tested above,
was not sufficient for ligation before reamplification. Furthermore, a similar ligation to
small oligonucleotide adapters, synthesised to specifically reamplify the cDNA of interest,
was not successful due to low yields after elution.

Since the inception of DD-PCR, numerous efforts have been made to improve primer
design in order to enhance the sampling of differentially expressed genes and to allow the
isolation of more relevant genes (Graf et al., 1997; Rohrwild et al., 1995). After failing to
successfully reamplify any candidate genes using the original protocol, the PCR conditions
were modified and longer primers were used instead of the 10mers to increase the specificity
and reproducibility of the method. It was postulated that when 20mers are used, a low
annealing temperature of 40°C is required only in the first few cycles to achieve arbitrary
priming. Under these conditions, the primers behave in a similar way to the short 10mers of
the original protocol, priming synthesis of sequences that are complementary to their 3’ ends
and allowing minor mispairing with the cDNA template. The resulting products of this first
step have the primer sequences introduced at both ends so subsequent high stringency PCR

cycles (55°C - 65°C for annealing) favour perfect matches with the longer primers.
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Such a strategy was first described by Welsh et al. (1992), who used just one arbitrary
20mer in both RT and the two-step PCR that was consequently termed Arbitrarily Primed
PCR. The method has since been modified to include a longer (T-rich)-3’-primer for the
first strand cDNA synthesis that is then coupled with the longer arbitrary primer for PCR.
Authors using this modified method have reported significant improvements in DD-PCR
reproducibility, specificity and sensitivity, as well as subsequent band reamplification and
sequencing (Linskens et al., 1995; Zhao et al., 1995).

The use of long sequence-specific primers, originally designed for RT-PCR analysis of
various genes, as a 5’ arbitrary primer in DD-PCR has also been published (Jurecic et al.,
1996). Alignment of the nucleotide sequences of these long primers and the resulting DD-
PCR clones showed that 8-10 nucleotides at the 3’ end of the primer were perfectly
matched, whereas the 5° end showed a high degree of degeneracy with 6-8 mismatches. The
authors found that amplification with the long, sequence-specific primers targeted genes
arbitrarily in their study, but they did not rule out the possibility that such primers carrying
common sequence motifs may target particular classes or families of genes when used for
DD-PCR.

The inclusion of restriction sites or other modifications such as biotinylated primers
could also be useful later in cloning and sequencing. The presence of a HindlIII restriction
site at the 5” end of the primer sequences designed in this thesis was to facilitate cloning of
the DD-PCR products. Brenz Verca et al. (1998) lengthened DD-PCR primers by adding
about half of the T7 and half of the Sp6 RNA polymerase promoter onto the 5’ terminus of
the traditional oligo-dT primer and arbitrary primer, respectively. They also designed
universal reamplification primers that harbour the complete cognate promoter sequences to
prime within these constant regions so that the reamplified cDNA contained functional

polymerase promoters. This in turn allowed direct generation of sense and antisense
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riboprobes for hybridisation analysis and direct sequencing of the reamplified cDNA
without prior cloning.

Inspired by these improvements, the primer strategy developed here aimed to facilitate
reamplification, analysis and cloning of the cDNA fragments. Differential gene expression
in the wounded skin of the E17 and E19 fetus was demonstrated using the longer arbitrary
primers, HindIIIOPA-2 and HindIIIOPA-3. Comparison of the overall band patterns
illustrates the high reproducibility of the DD-PCR results in the particular groups. Using a
particular primer combination, the higher annealing temperature also reduced the number of
PCR products seen per lane to about 100. These are representative of expressed genes in
normal and wounded tissues. It has been claimed that DD-PCR has the potential to visualise
almost all expressed genes in a cell by using multiple primer pair combinations (Bauer et al.,
1993). The main factor limiting the number of detectable expressed genes in this study was
the small number of primer combinations used, which was only two in the final protocol.
Nevertheless, it is unlikely that the entire mRNA population can be screened by DD-PCR, as
such a calculation is based on the assumption that individual bands equate to individual
genes and estimates of the number of genes screened are derived by multiplying the number
of bands per display gel by the number of gels (Ledakis et al., 1998). Furthermore, some
bands that appear to be single bands on a display gel may actually contain many different
transcripts of the same size, or on the other hand, two or more bands that are different sizes
may be different lengths of the same gene.

Using the two longer arbitrary primers, 13 transcripts showed reproducible differential
expression patterns among the different developmental stages and culture conditions in this
study. These were designated 2VG1-4 and 3VG1-7, after the primer combination used for
each DD-PCR. The utilisation of long primers and a higher annealing temperature in the
optimised protocol significantly improved not just the reproducibility and sensitivity of DD-

PCR in this study, but also facilitated the specific reamplification and isolation of candidate
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differentially expressed bands. To demonstrate this, one band, 2VG2, was chosen for
further analysis. Reamplification of this band revealed a single DNA transcript of the
expected size. These minor modifications made the method more powerful, reliable and
practical.

In summary, physiological research suggests that early fetal wounds contain intrinsic
factors that provide the organism with a mechanism for scar-free healing (Longaker et al.,
1994a; Lorenz et al., 1992; Morykwas et al., 1991b). The results shown here are consistent
with this hypothesis, given that an altered pattern of gene expression was detected in healing
E17 skin 24 hours post-wounding compared to E17 skin at the time of wounding and non-
healing E19 skin. The following chapter describes the isolation, sequencing and
identification of the 2VG2 gene that is differentially upregulated in healing E17 skin 24

hours post-wounding.
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4 Identification of the Differentially Expressed Gene in Fetal Wounds and its

Predicted Protein Product

4.1 INTRODUCTION

To better understand the molecular control of fetal wound healing, differential display
(DD) was used to identify new genes that may be up or down regulated during repair.
Martin et al. (1998) recently described the DD technique as being essentially bipartite,
consisting of

i) RT-PCR and electrophoresis, and
ii) Gene identification and verification

During DD-PCR, mRNA species present in one sample but not the other, or present at
different levels, should generate bands that vary in intensity between the samples. These
bands represent gene sequences that are only putative candidates for differential expression,
as the inherent vagaries of DD-PCR give a fairly high rate of false positives. The previous
chapter describes how improved primers and PCR conditions were employed to reduce the
likelihood of selecting false positive transcripts and facilitate the specific reamplification of
candidate bands. However, as Martin et al. (1998) suggested, DD-PCR products must be
screened to verify that expression differences do indeed exist.

Northern blot analysis, using the reamplified cDNA as a probe, is the standard
procedure for confirming that a cDNA band differentially expressed on a display gel does
represent a true difference. A common experience is to either obtain no signal, owing to the
low abundance of the gene, or to find a false positive due to the presence of more than one
cDNA species in the single gel band. Most DD-PCR products obtained after purification
from the polyacrylamide gel and reamplification contain a significant proportion of

contaminating DNA sequences, even after gel purification of the reamplified product. The
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major sources of contamination include DNA present in the total RNA used for cDNA
synthesis, undetectable bands present alongside candidate bands in display gels, and
accidental co-purification of neighbouring bands. The levels of non-specific cDNA can be
further increased during reamplification, and in some cases these co-migrating species may
even amplify with greater efficiency than the cDNA of interest. This phenomenon clearly
precludes the direct use of the reamplified product as a probe for either Northern blot
analysis or for the screening of libraries to obtain the full-length sequence.

Another problem inherent to DD-PCR analysis is the nature of the amplified cDNA
fragments. Differentially expressed bands typically range from about 100 bp to 500 bp in
length. Usually this DNA is in the 3’ untranslated region (UTR), giving no sequence
information about the nature of the respective protein. Traditionally, the full-length
transcript is obtained from cDNA libraries by hybridisation with radioisotope-labelled
probes. This is a relatively labour intensive and tedious procedure. In addition, the cDNA is
rarely full-length (Wang et al., 1997). Rapid amplification of cDNA ends (RACE), on the
other hand, is a PCR-based technique used to facilitate the cloning of full-length 5° and 3’
c¢DNA ends after the partial cDNA sequence has been obtained by other methods. Using
RACE, it is possible to obtain the full-length cDNA relatively quickly without constructing
and screening cDNA libraries.

In this project, DD-PCR was performed on RNA isolated from embryonic day 17 (E17)
and E19 wounded skins at the time of wounding (t=0) and at 24 hours after injury (t=24h).
One 300 nucleotide (nt) fragment, designated 2VG2, showed specific upregulation in E17
fetal rat skin 24 hours post-wounding by DD-PCR (see Chapter 3). The current chapter
describes how the steps of gene identification and verification were improved by applying
previously published techniques in a novel manner. In summary, the aims of the work

described in this chapter were:
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i) To use dot blot hybridisation to isolate the correct 300 bp 2VG2 ¢cDNA from the
different transcripts that may have reamplified from the DD-PCR gel slice and confirm its
differential expression in wounded E17 skin;

i) To determine the correct size of the 2VG2 transcript and its time of induction in
cultured E17 skin after wounding by using Northern blot analysis; and

iti) To identify the sequence of the full size 2VG2 ¢cDNA using 5° RACE.

By predicting the sequence of the corresponding 2VG2 protein, it may be possible to

draw conclusions as to the role of the 2VG2 gene product in fetal rat skin.
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4.2 MATERIALS AND METHODS

4.2.1 Molecular reagents

Unless otherwise stated, the general laboratory chemicals and molecular reagents used
were the same as those described in Chapter 3. Additionally, restriction endonucleases such
as HindIIl were obtained from GeneWorks Ltd. (Adelaide, SA, Australia) and Promega
(Sydney, NSW, Australia) and ELONGASE™ Enzyme Mix was purchased from Gibco BRL
Life Technologies Inc. (Grand Island, NY, USA). HyBond™-N nylon hybridisation transfer
membrane and Sephadex G50 spin columns were purchased from Amersham Pharmacia
Biotech (Castle Hill, NSW, Australia) and ULTRAhyb™ Ultrasensitive Hybridisation Buffer
was obtained from Ambion, Inc. (Austin, TX, USA). Kits used in this chapter included the
Strip-EZ™ DNA kit (Ambion, Inc.), the Plasmid Mini kit (Qiagen, Clifton Hill, VIC.,
Australia), the ThermoSequenase Radiolabelled Terminator Cycle Sequencing kit
(Amersham Pharmacia Biotech), the 5> RACE System Version 2.0 and 3° RACE System for
rapid amplification of cDNA ends and the Concert™ Rapid Gel Extraction system (Gibco

BRL Life Technologies).

4.2.2 Oligonucleotides

The RT-PCR primers were designed to hybridise to the 2VG2 DD-PCR clone just
inside of the anchor primer site at each end (see Table 4.1). The 5’ and 3° RACE gene
specific primers were designed to hybridise to either the original 300 bp DD product, 2VG2,
or to sequences arising from RACE reactions that extended this clone (see Tables 4.2 and
4.3, respectively). All primers were analysed for the absence of any obvious hairpin
structures and stable primer-dimers using the Oligo 4.0 software package (National

Biosciences, Inc., Plymouth, MN, USA) and then synthesised by Gibco BRL Life
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Technologies. The Abridged Anchor Primer (AAP), Abridged Universal Amplification
Primer (AUAP) and the Adapter Primer (AP) were purchased as part of the 5° RACE

System Version 2.0 and 3° RACE System Kkits.

4.2.3 Retrieval and cloning of the 300 bp 2VG2 differential display product

The DNA band designated 2VG2, which successfully reamplified after purification
from the DD-PCR gel (see Figure 3.18), was purified using the BresaSpin® purification kit
according to the manufacturer’s instructions. The purified 2VG2 insert was ligated into the
pGEM-T® cloning vector and colony PCR was employed to screen for insert-containing

transformants as described in section 3.2.8.

4.2.4 Dot blot hybridisation

Dot blot hybridisation was the method used to eliminate false positive DNA sequences
from the purified DD-PCR bands, so that only clones corresponding to the regulated genes
identified by differential display were selected. Sixteen clones were analysed from the
2VG2 / pGEM-T® ligation. Three microlitres of each colony PCR was mixed with 3uL
0.4M NaOH, incubated at 37°C for 15 minutes and placed on ice. Hybridisation arrays were
prepared by spotting duplicate HyBond™-N nylon membranes with 2uL of each denatured
colony PCR fragment in a 1cm x lem grid format. The DNA was cross-linked at 125mJ in a
GS Gene Linker™ UV Chamber (program C-L, Bio-Rad, Richmond, CA, USA).

Membrane arrays were dipped in milliQ water, then 5 x standard saline citrate (SSC) for
5 minutes (Sambrook et al., 1989). Membranes were incubated for 2 — 4 hours in roller
bottles containing 10mL of prehybridisation solution (5 x SSC / 5 x Denhardt’s / 0.5%
sodium dodecyl sulphate (SDS)) per 100cm® of membrane at 42°C in a rotating

hybridisation oven (Ratek Instruments, Boronia, VIC., Australia). Replicate arrays were
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hybridised in parallel with **P-labelled differential display reactions using template RNA
from either the E19 or E17 wounded t=24h skin specimens (see section 4.2.5). Briefly, the
purified radioactive PCR products were heat-denatured at 100°C for 5 minutes and quickly
snap-cooled on ice. Each denatured probe was then added to the prehybridisation solution.
The nylon membranes were incubated in the resulting hybridisation buffers at 42°C
overnight. After hybridisation, the membranes were washed twice for 15 minutes in 100mL
of 2 x SSC/0.1% SDS at room temperature. For more stringent conditions, the membranes
were washed twice more for 20 minutes at 42°C in 0.5 x SSC / 0.1% SDS, then for 20
minutes in 0.1 x SSC / 0.1% SDS first at 42°C then at 65°C. Blots were exposed to X-ray

XOMAT AR film overnight at -70°C with an intensifying screen.

4.2.5 Synthesis of DD-PCR probe

*?P-labelled DD-PCR probes for dot blot were prepared using the Hind[IIOPA-2 and
HindIII(T);; VG primers that were used in the original DD-PCR that gave rise to the DNA
band of interest, 2VG2. The reverse transcription reactions from E19 and E17 wounded
t=24h skin specimens were used as templates for the synthesis of each probe. Differential
display reactions were set up essentially as described in section 3.2.4.3 except 20uCi [0
?P]-dATP (3000Ci/mmol) was used instead of 4uCi [0->>P]-dATP.

One microlitre of each DD-PCR probe was added to 3mL of scintillation fluid for
counting before purification and the remainder was purified using the BresaSpin® kit
according to the manufacturer’s instructions. The purified probes were solubilised in 50uL
of TE (10mM Tris, ImM EDTA, pH 8). One microlitre of each probe was added to 3mL of
scintillation fluid for counting after purification, while the remainder was stored at -20°C
until required for dot blot hybridisation. The scintillation vials containing unpurified and

purified probes were counted on a 1900TR Liquid Scintillation Analyzer (Canberra-Packard
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Pty. Ltd., Mount Waverly, VIC., Australia), set for 1 minute of **P, in order to determine the
percentage incorporation of *?P into each probe and to ensure that the radioactive counts of

the E19 and E17 probes were comparable.

4.2.6 Rapid small scale preparation of DNA (Miniprep)

Plasmid DNA was prepared for both DNA sequencing and labelled DNA probe
generation (section 4.2.7 and 4.2.10). Briefly, 3mL of LB broth (1% bactotryptone / 0.5%
bacto yeast extract / 1% NaCl (w/v) pH 7) containing ampicillin (100pg/mL) was inoculated
with a single transformant colony and incubated at 37°C overnight with agitation. Cell
cultures were transferred to 1.5mL tubes and centrifuged at 13000g on a microfuge for 30
seconds. Plasmid DNA was then prepared from bacterial pellets using the Plasmid Mini kit
following the manufacturer’s protocol and resuspended in 10uL of TE. Insert sizes were
confirmed either by digestion with HindlIII restriction endonuclease or PCR using M13
primers (see Table 3.4) and electrophoresis on a 1.5% agarose gel. Miniprep DNA was

stored at -20°C until required.

4.2.7 2VG2 gene identification

DNA sequencing was performed first on 2VG2 clones that were confirmed to be
differentially expressed in E17 wounds by dot blot analysis (see section 4.2.4), and later on
RACE products to identify the full-length of the gene represented by 2VG2 (see sections
4.2.12 and 4.2.13). DNA sequencing was carried out by the dideoxynucleotide chain
termination method using the ThermoSequenase Radiolabelled Terminator Cycle
Sequencing kit, according to the manufacturer’s instructions. All clones were sequenced
bidirectionally using the M13 forward and reverse primers. Complete sequence contigs

were compiled by aligning overlapping regions of the forward and reverse sequences of each
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clone using the Basic Logical Alignment Search Tool (BLAST) algorithm via the world
wide web (www) and hence checking for sequence errors. The forward and reverse
sequences of every clone were less than 600 bp and completely overlapped. All sequences
obtained, including the final deduced 2VG2 sequence, were queried against the National
Centre for Biotechnology Information (NCBI) databases using BLAST server programs

(BlastN and BlastX versions 2.0.8, www.ncbi.nlm.nih.gov/BLAST/) (Altschul et al., 1990).

4.2.8 Verification of 2VG2 expression differences using RT-PCR

The 2VG2 sense and antisense primers (see Table 4.1) were used to determine if the
2VG2 gene fragment could be detected in both unwounded and wounded E17 and E19 skins
at t=0 and t=24h post-wounding by standard RT-PCR (8 skin categories in total). The RT
reaction was done essentially as described for DD-PCR but using oligo-d(T);; instead of the
anchored 3’ primer (see section 3.2.4.2). After cDNA synthesis, 1L of each RT was added
to a 19uL PCR mixture containing 1 x PCR buffer, 1 x Q-Solution (proprietary solution
supplied by Qiagen), 1.5mM MgCl,, 200uM dNTP mix, 1uM or 0.5uM 2VG2 sense and
antisense primers and 1.25 Units (U) Taqg DNA polymerase (Qiagen). The reactions were
cycled in a Corbett Research thermal cycler (model PC-960, Mortlake, NSW, Australia)
using the following parameters: 1 cycle of 94°C for 1 minute, 30 or 40 cycles of 94°C for 30
seconds, 62°C for 1 minute, 72°C for 1 minute, and then a final extension of 72°C for 5
minutes. To ensure that there was no DNA contamination in the original RNA preparations,
a RT-PCR without reverse transcriptase was performed. The RT-PCR products were

separated on 2% agarose/TBE gels stained with ethidium bromide as described in section

3.2.5.1.
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Table 4.1 Sequence of 2V G2-specific primers used for RT-PCR of fetal rat skin RNA

These primers correspond to the cDNA sequence of clone 2VG2 (expected product size 300bp). Both primers
are shown 5’ to 3.

2VG2-specific primers:

2VQG2 sense TTGGTGTTGTATGTTITGTTG

2VG2 antisense CTCCAGAAGTTTATTTAGGA

4.2.9 RNA gels for Northern blot analysis

For Northern blot analysis, samples of total RNA were resolved by electrophoresis on
1.5% agarose gels containing 2.2M formaldehyde and 1 x (N-morpholino) propanesulphonic
acid (MOPS) buffer. RNA samples (10pg/lane) from adult rat lung and fetal E17 and E19
skins (see section 3.2.4.1) were prepared for clectrophoresis as followed:

5.3uL RNA + DEPC-treated water

3.67uL formaldehyde (37%, pH 4.5)

10uL deionised formamide

1uL 10 x MOPS buffer (0.2M MOPS / 50mM sodium acetate / 10mM EDTA (pH 7))

RNA samples were incubated at 65°C for 15 minutes to denature and snap-cooled on
ice. Three microlitres of 10 x gel loading buffer (50% glycerol / 1mM EDTA (pH 8) /
0.25% bromophenol blue / 0.25% xylene cyanol FF) and 1pL of ethidium bromide
(10ug/uL) was added to RNA before loading onto gels. Northern gels were run at 60V in 1
x MOPS until the bromophenol blue dye had reached the bottom of the gel. Following
electrophoresis, the position of the ribosomal bands was established and the amount of RNA
for each preparation was roughly equivalent on the gel as judged by UV transillumination.
Prior to blotting, the gels were washed once in DEPC-treated water then twice in 20 x SSC,

each for 15 minutes with gentle agitation. RNA was blotted to HyBond™-N nylon
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membranes using downward transfer (Chomczynski, 1992) with 20 x SSC as the buffer,

then fixed at 30mJ in a GS Gene Linker™ UV Chamber.

4.2.10 Synthesis of 2VG2 DNA probe

A double-stranded DNA probe was synthesised for Northern blot analysis. The 2VG2
clone was radiolabelled to 2-8 x 107 cpm using the Strip-EZ™ DNA kit. Briefly, 9uL of
linearised DNA (25ng) was denatured at 95°C for 5 minutes then snap-frozen in liquid
nitrogen. The primer extension mix (1 x Decamer solution, 1 x Buffer — dATP/dCTP, 1 x
modified dCTP, 50uCi [0-**P]-dATP, 1U exonuclease-free Klenow) was prepared and
added to the denatured DNA in a final volume of 25uL. The reaction was allowed to
proceed at 37°C for 10 minutes then stopped by the addition of 1pL of 0.5M EDTA. After
diluting to 50uL with milliQ water, 1pL of the 2VG2 probe was added to 3mL of
scintillation fluid for counting before purification. A Sephadex G50 spin column was used
to separate incorporated from unincorporated radioactive nucleotide in the remaining probe
according to the manufacturer’s instructions. One microlitre of the purified probe was
added to 3mL of scintillation fluid and both scintillation vials containing unpurified and
purified probe were counted on a 1900TR Liquid Scintillation Analyser, set for 1 minute of
2P, in order to determine the percentage incorporation of *?P. The probe was stored at -

20°C for up to one week until required for Northern blot hybridisation.

4.2.11 Northern blot hybridisation

RNA membranes were pre-hybridised in roller bottles containing 10mL of
ULTRAhyb™ Buffer per 100cm® of membrane for 2 — 4 hours at 42°C in a rotating
hybridisation oven. Each membrane was hybridised with the **P-labelled 2VG2 clone (see
section 4.2.10), then equal RNA loading was controlled for by stripping each membrane
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using the Strip-EZ™ DNA kit and reprobing with a **P-labelled B-actin oligonucleotide.
Briefly, the probes were heat-denatured at 100°C for 5 minutes and quickly snap-cooled on
ice. Each denatured probe was added to the ULTRAhyb™ and the nylon membranes were
incubated in the resulting hybridisation buffer at 42°C overnight. The membranes were then
washed twice for 15 minutes in 100mL of 2 x SSC/ 0.1% SDS at room temperature and
twice for 20 minutes at 42°C in 0.5 x SSC/ 0.1% SDS. For more stringent conditions, the
membranes were washed twice more for 20 minutes at 42°C in 0.1 x SSC/ 0.1% SDS, then
once for 20 minutes at 65°C in 0.1 x SSC/ 0.1% SDS. Blots were exposed to X-ray
XOMAT AR film from 3 hours to 3 days at -70°C with an intensifying screen. All

experiments were performed three times with comparable results.

4.2.12 5’ Rapid amplification of cDNA ends (5’ RACE PCR)

5" RACE PCR was carried out using the 5 RACE System Version 2.0, according to the
manufacturer’s instructions. Briefly, first strand cDNA synthesis was performed with 1pug
of total RNA from E17 t=18h wounded skin specimens (see sections 2.2.3 and 3.2.4.1) using
0.1pM of a gene specific primer (one of the three different GSP-1, see Table 4.2). RNA was
degraded with an RNase mix and first strand cDNA was purified through a GlassMAX®
Spin Cartridge (Gibco BRL Life Technologies). A homopolymeric tail was then added to
the 3’ end of the cDNA using terminal deoxynucleotidyl transferase and dCTP. The dC-
tailed cDNA was PCR amplified with Tag polymerase (Qiagen) using AAP (see Table
4.2A) and 0.4uM of a nested gene specific primer (one of the three different GSP-2, see
Table 4.2) using the following cycling parameters: 94°C for 2 minutes, 35 cycles of 94°C
for 1 minute, 55-63°C for 30 seconds, 72°C for 2 minutes and 72°C final extension for 10

minutes.
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Table 4.2 Sequence of the 5’ RACE Primers

The two abridged primers supplied with the kit are shown in (A). The GSP-1 primers used in each first strand
cDNA synthesis, the GSP-2 primers used in each PCR of dC-tailed cDNA, and the GSP-3 primers used in each
nested amplification of three sequential 5° RACE experiments (B-D) are shown. All primers are read 5° to 3°
and I represents inosine.

(A) 5' RACE Abridged Primers:

AAP GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIG

AUAP GGCCACGCGTCGACTAGTAC

(B) Gene Specific Primers used in First 5' RACE:

1GSP-1 TCGCTGCTTTGCTGTTGGTC
1GSP-2 AGACCCCAGGCTTTCTCTTT

1GSP-3 CCCCTGAGATTGTCCATTGG

(C) Gene Specific Primers used in Second 5' RACE:

2GSP-1 AGCTTTTGAAATACTGAGTT
2GSPp-2 CCTATGGAAATACTTCTTGC

2GSP-3 TTAACCTTAAATACAGCGTG

(D) Gene Specific Primers used in Third 5' RACE:

3GSP-1 CCCTGGCACCTGAGGATCAC
3GSP-2 TCCTCGAGAACCCTGACCCA

3GSP-3 GGGTCTAGGTTCACCACAGC

If no product was amplified or, on the other hand, if many products were amplified in
the 5° RACE, the primary PCR product(s) was diluted and reamplified using AUAP (see

Table 4.2A) and 0.2UM of another nested gene specific primer (one of the three different
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GSP-3, see Table 4.2) using the cycling conditions above. An aliquot of each amplified
sample was analysed by 1.5% agarose gel electrophoresis with ethidium bromide staining
(see section 3.2.5.1). The 5° RACE products were then purified using BresaSpin® kit and
cloned into the pGEM-T® vector as described in sections 3.2.8.2 and 3.2.8.3. Positive
clones were identified by colony PCR (see section 3.2.8.5) and mini-prep DNA of 2-3
positive clones was prepared (see section 4.2.6) for DNA sequencing (see section 4.2.7).
After the third consecutive 5° RACE reaction yielded only small RACE products (< 25
bp) using this method, the protocol was modified to allow the synthesis of cDNA transcripts
with high GC content. It is known that poly (dC) tracks present in GC rich cDNA can serve
as effective priming sites for AAP, the deoxyinosine-containing primer. PCR of such a
template then results in truncated products. Therefore, the manufacturer’s alternative
protocol for 5 RACE of GC-rich cDNA was followed for 5 RACE with the 3GSP primers
(see Table 4.2D). In addition, the volume and temperature of the reverse transcription
reaction was increased to avoid problems with 5° RACE due to secondary structure of the
target mRNA and ELONGASE™ Enzyme Mix was used in the PCR to increase the chances
of amplifying longer products. The cycling conditions for this modified 5> RACE PCR

were: 94°C for 1 minute, 40 cycles of 94°C for 1 minute, 63°C for 30 seconds, 68°C for 2

minutes and 68°C final extension for 10 minutes.

4.2.13 3’ Rapid amplification of cDNA ends (3’ RACE PCR)

3’ RACE PCR was first attempted using the 3° RACE System for rapid amplification of
cDNA ends, according to the manufacturer’s instructions. Briefly, first strand cDNA
synthesis was performed with 1pg of total RNA from E17 t=18h wounded skin specimens
(see sections 2.2.3 and 3.2.4.1) using 0.5uM of the 3 RACE AP (see Table 4.3A). RNA

was degraded with RNase H and amplification was performed with Tag polymerase
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(Qiagen) using 0.2uM AUAP (see Table 4.3A) and 0.2uM of a gene specific primer (3’
GSP-1, see Table 4.3B) under the cycling conditions described for 5 RACE. In an attempt
to generate a specific amplification product, the primary PCR product(s) was diluted and
reamplified using 0.2UM of a second gene specific primer, (3° NEST-1, see Table 4.3B) and
AUAP. Since more than one product was still being amplified, a third nested GSP (3’
NEST-2, see Table 4.3B) was designed for the specific amplification of the diluted products.
The products from this final PCR were gel purified using the Concert™ Rapid Gel
Extraction system and cloned into the pGEM-T® vector as described in section 3.2.8.2 and
3.2.8.3. Positive clones were identified by colony PCR (see section 3.2.8.5) and mini-prep
DNA of 2-3 positive clones was prepared (see section 4.2.6) for DNA sequencing (see

section 4.2.7).

Table 4.3 Sequence of the 3’ RACE Primers

The two primers supplied with the kit are shown in (A). The GSP-1 primer used in the first amplification and
the nested primers used in each subsequent amplification are shown in (B). All primers are read 5’ to 3°.

(A) 3' RACE Primers:

AP GGCCACGCGTCGACTAGTACTTTTTTITITITITTTITT

AUAP GGCCACGCGTCGACTAGTAC

(B) Gene Specific Primers used in First 3' RACE:

3'GSP-1 TTTTACTCTTTCTCTGCCCC
3'NEST-1 GTCAGGGCAAAGCAGCAGCA
3'NEST-2 GTGATGACCCCTTTCTGTGC

Sequencing of these clones did not result in the identification of true 2VG2 extension

products and instead, unrelated transcripts had amplified in the 3° RACE reactions.
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Therefore, the temperature of the reverse transcription reaction was increased in case
secondary structure in the target mRNA was inhibiting its transcription and ELONGASE™
Enzyme Mix was used in the PCR to increase the chances of amplifying longer products.

The cycling parameters were as described above for the GC-rich cDNA 5” RACE protocol.

4.2.14 Primer extension analysis

To map the transcription initiation site of the 2VG2 mRNA, primer extension was
performed according to Sambrook et al. (1989), with minor modifications. Firstly, 50pmol
of the 3GSP-1 and 3GSP-3 primers were labelled with 10pmol (30uCi) [y->*P]-ATP using
20U of FPLCpure™ T4 polynucleotide kinase in 1 x One-Phor-All PLUS buffer. The
labelling reaction was incubated at 37°C for 30 minutes then 2.5uL of EDTA (0.5M) was
added to stop the reaction. Unincorporated [y-"P]-ATP was removed by standard
phenol/chloroform extraction and ethanol/sodium acetate precipitation and the pellets were
resuspended in 10pL of DEPC-treated water. Ten micrograms of total RNA, from either
E17 t=18h wounded skin or yeast as a control (Ambion Inc.), was added to each primer and
the mixtures were precipitated with ethanol/sodium acetate at -80°C for 30 minutes. After
drying, the pellets were resuspended in 10pL of 1 x First Strand Buffer (SuperScript™II kit,
Gibco BRL Life Technologies), heated at 85°C for 10 minutes, snap-cooled on ice for 2
minutes, then incubated at 42°C for 2 hours. A further 2uL each of DEPC-treated water, 5 x
First Strand Buffer and 0.1M DTT, and 1pL each of 10mM dNTPs and SuperScript™II
reverse transcriptase was added to the annealed primer/template mixtures and the reactions
were incubated for another hour at 37°C. The nucleic acids were again ethanol precipitated
and resuspended in SUL of formyl loading buffer (section 3.2.4.3). The DNA/RNA hybrids
were denatured by incubating at 95°C for 5 minutes then resolved on a 6% denaturing

polyacrylamide gel until the bromophenol blue had reached the bottom of the gel (see
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section 3.2.5.2). The gels were fixed, dried, taped down in autoradiographic cassettes with
intensifying screens and exposed to BioMax X-ray film overnight as described in section
3.2.4.3. Bromophenol blue and xylene cyanol dye migration were used as markers of

product sizes.
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4.3 RESULTS

4.3.1 Retrieval and cloning of the 2VG2 differential display product

The reamplified 2VG2 clone identified by DD-PCR in Chapter 3 was purified and
ligated into the pGEM-T® vector and transformed into E.coli cells. PCR screening of
colonies showed that one transformant had an insert of approximately 570 bp, but it was
later found to be a false positive in the ensuing dot blot analysis (Figure 4.1 lane 13 and
Figure 4.2 dot in second column and third row). All other white transformants selected
contained a gene insert 300 bp in length (see Figure 4.1), however, it was still not known if
all clones had the same nucleotide sequence.

To circumvent the isolation of unwanted sequences that are not differentially expressed,
duplicate dot blots of the colony PCR products were set up on nylon membranes in an
ordered grid. One blot was probed with a DD reaction using E17 RNA and the other with a
DD reaction using RNA from E19 skin, both cultured for 24 hours post-wounding. These
reactions employed the HindIIIOPA-2 and HindIII(T)1; VG primers that originally gave rise
to the 2VG2 product, and the reactions were labelled to high specific activity (see section
4.2.5). The dot blot hybridisations were performed using conditions that parallel Northern
blotting, in that hybridisation and washing buffers, incubation times and temperatures were
all the same. Figure 4.2 shows two clones, circled in red, that appear to be expressed in E17
skin after 24 hours post-wounding but not in E19 skin at this time point. The DNA from
each of these clones were sequenced, aligned to each other using BLAST (data not shown),
and found to be identical. Although the other clones displayed stronger signals on the E17
blot than the E19 blot, they were not expected to be as highly differentially expressed as the
clones circled in red. Indeed, the cDNA sequences of these clones differed to that of the
clones circled in red, hence, their specific expression was not studied further. The dot blot

data indicate that despite the high specificity of the reamplification protocol, more than one
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The reamplified 2VG2 product was cloned into pPGEM-T® and transformed into JM109 cells as described in
section 3.2.8.2 and 3.2.8.3. PCR confirmed that white colonies were positive transformants. Most bands
appear to be ~550 bp corresponding to the 300 bp 2VG2 insert plus the 236 bp sequence of the pGEM-T®
multiple cloning site (MCS, lanes 2-12). One band was approximately 800 bp, corresponding to an insert size
of 570 bp, and was later found to be a false positive transformant during the dot blot analysis. PCR performed
on blue colonies amplified only the 236 bp band corresponding to the MCS (lane 14). The sizes of the
Boehringer Mannheim Molecular Weight Marker VIIT and the pBR322 Hae I digest (lanes 1 and 15,

respectively) are indicated.
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Figure 4.2 Dot Blot of 2VG2 colony PCR products.

The two membranes shown are replicates loaded with equal amounts of identical PCR clones. The left
membrane was hybridised with a labelled DD reaction using RNA from E17 skin 24h post-wounding. The
right membrane was hybridised with a labelled DD reaction using RNA from E19 skin 24h post-wounding.
Clones circled in red represent cDNA transcripts differentially expressed in E17 but not E19 skin 24h post-
wounding. The negative control, a colony PCR product generated from a blue pGEM-T colony containing no
insert, is circled in blue on each blot. All other clones that generated signals on both blots were not studied
further.
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DNA population was reamplified from the DD-PCR gel slice as a 300 bp band.

The nucleotide sequence of the differentially expressed 2VG2 clone is shown in Figure
4.3. It was found to be flanked at both ends by the sequence of the 3’ anchor primer used,
HindlII(T);;VG. Therefore, the sequence contains a poly (A) track that was present in the
primer used to synthesise the first strand cDNA and this may represent a bonafide poly (A)
tail. In addition, the mRNA contains an internal poly (T) track that was also recognised by
the 3’ anchor oligonucleotide during DD-PCR to prime in the reverse orientation. A
canonical polyadenylation signal (AATAAA) was also located upstream of the putative poly
(A) tail, further suggesting that the 2VG2 fragment corresponds to the 3’ end of the mRNA.

NCBI database analysis of the rat 2VG2 cDNA fragment revealed it to have high
nucleotide identity with numerous rat expressed sequence tags (EST) from various organs.
Such organs included the ovary (99% identity with accession numbers AI176315 and
Al011757), lung (99% identity with accession number AI710030), embryo (99% identity
with accession number AW915223), ventricle (96% identity with accession number
BF420182), placenta (96% identity with accession number AI237852) and thalamus (92%

identity with accession number AW521135).

4.3.2 Confirmation of differential expression by RT-PCR

To confirm and extend the differential display and dot blot results on the relative
expression of the 2VG2 gene in fetal rat skin, a series of verification experiments were
performed. Firstly, the sequence information shown in Figure 4.3 was used to design two
2VG2-specific primers for RT-PCR. These primers were used to amplify 2VG2 gene
transcripts in RNA from the following 8 specimens: E17 and E19 wounded and unwounded
skin at the time of excision (t=0) and after 24 hours in culture (t=24h). Note that all of the
skin samples were excised from the back of the rat fetuses and are, therefore, wounded to

some degree. Thus, in this chapter wounded skin refers to skin that has been dissected from
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=
GAGCAAGCTTTTTTTTITTTITTGGTGTTGTATGTTTGTTGTTTGTTTGTCTCTCTC

CAATGGACAATCTCAGGGGAAAGAGAAAGCCTGGGGTCTTCCAGGACCAACAG
CAAAGCAGCGATGAGCACACAGCTGCCCTCCCAAGAAGCGATGCTTCAGAGTT

TTACTCTTTCTCTGCCCCAAACATTTTGTTGTCAGGGCAAAGCAGCAGCACCGA

<
CGTTGGGTGATGACCCCTTTCTGTGCTTAACAATTGTTCCTAAATAAACTTCTGG

AGAAAAGCGAAAAAAAAAAAAAGCTTGCTC

Figure 4.3 Nucleotide sequence of the 2VG2 DD-PCR clone.

The 300 bp sequence was obtained from DD-PCR as described above. The sequence of the 3° anchor primer
used, HindIII(T),, VG, is shown in bold type, while a canonical polyadenylation signal is underlined. The red
arrows indicate the binding sites of the 2VG2-specific primers shown in Table 4.1.
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the back of the rat and wounded several more times with a 19G needle, whereas unwounded
skin refers to skin that has been dissected from the rat but not wounded further. Reaction
conditions were as described in section 4.2.8 and enough RNA was present to support
amplification of a specific message.

Initially, 40 cycles of PCR were performed to allow for amplification of rare transcripts.
Using these primers, 2VG2 mRNA expression was observed in all fetal rat skin types (see
Figure 4.4A). None of the negative control reactions, in which the reverse transcriptase was
omitted, amplified a PCR product, indicating amplification was supported only by RNA and
not contaminating chromosomal DNA (data not shown). Thus, the 2VG2 band that was
observed in the DD-PCR experiments to be upregulated in fetal E17 skin at 24 hours post-
wounding is expressed in the other skin samples, but possibly at a lower abundance.

The concentration of primers was subsequently reduced from 1pM to 0.5uM and the
number of PCR cycles was reduced in order to try and observe an induction pattern of the
2VG2 product in the fetal rat skin samples. The minimum number of PCR cycles needed to
detect the 2VG2 product under these conditions was still relatively high at 30 (see Figure
4.4B), with a lower cycle number not supporting amplification of the 2VG2 product in any
of the samples and a higher cycle number showing a lower degree of 2VG2 induction (data
not shown). At 30 PCR cycles, amplification of the transcript was greatest only in the E17
t=24h samples, with fainter bands seen in the E19 t=24h samples and the rat lung RNA (see
Figure 4.4B). A control B-actin RT-PCR using identical conditions (30 cycles and 0.5uM
primers) showed uniform amplification, suggesting no significant change in expression of

this housekeeping gene in all samples (see Figure 4.4C).
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Figure 4.4 RT-PCR analysis of rat 2VG2 expression in fetal skin.

Specific 5° and 3’ primers were designed from the original 300nt rat 2VG2 fragment isolated from DD-PCR.
(A) 40-cycle RT-PCR was performed as described in section 4.2.8 using 1uM of each 2VG2-specific primer
and RNA isolated from rat lung (lane 2), unwounded and wounded E17 rat skin at t=0 (lanes 3 and 4) and at
t=24h (lanes S and 6), unwounded and wounded E19 skin at t=0 (lanes 7 and 8) and at t=24h (lanes 9 and 10),
respectively. (B) 30-cycle RT-PCR was performed as described in section 4.2.8 using 0.5uM of each 2VG2-
specific primer and RNA isolated from rat lung (lane 1), unwounded and wounded E19 skin at t=0 (lanes 2
and 3) and at t=24h (lanes 4 and 5), unwounded and wounded E17 skin at t=0 (lanes 6 and 7) and at t=24h
(lanes 8 and 9), respectively. Lane 10 contains the negative control, the RT-PCR without added template. (C)
30-cycle RT-PCR was performed as described in section 4.2.8 using 0.5uM of B-actin specific primers on
RNA isolated from unwounded and wounded E19 skin at t=0 (lanes 2 and 3) and at t=24h (lanes 4 and 5),
unwounded and wounded E17 skin at t=0 (lanes 6 and 7) and at t=24h (lanes 8 and 9), respectively. The sizes
of the Molecular Weight Marker VIII (lane 1 in A and C and lane 11 in B) are indicated.
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4.3.3 Confirmation of differential expression by Northern-blot analysis

Although the preliminary results in Figure 4.4 indicated that RT-PCR could be used to
demonstrate that the 2VG2 transcript is differentially expressed in fetal rat skin, there was
insufficient time to optimise the protocol for a more thorough investigation. Additionally,
RT-PCR does not enable the full size of the mRNA transcript to be determined. Therefore,
the validity of the DD-PCR and dot blot hybridisation results was confirmed by the more
established technique of Northern blotting. The 300bp 2VG2 DD-PCR fragment was
labelled with *P to high specific activity and used to probe Northern blots containing 10pg
total RNA from unwounded and wounded E17 and E19 skins at time zero and after 24 hours
in culture (see section 4.2.10 and 4.2.11). Lung tissuc was included as a positive control
since 2VG2 was found to have 99% homology to a rat lung EST (see section 4.3.1). Figure
4.5A shows that a single 3 kb transcript is detected in the lung RN A, in unwounded E17 skin
and more faintly in wounded E17 explants after 24 hours in culture. The 2VG2 transcript is
not seen in the time zero or in the E19 skin specimens. To control for RNA loading, the blot
was stripped and reprobed with a B-actin probe (see Figure 4.5B). This blot, together with
the original ethidium-stained gel (see Figure 4.5C), shows nearly uniform loading of RNA
across all lanes except lanes 9 and 10, which show that less RNA from the E19 t=24h skins
was loaded. Nevertheless, this experiment was repeated with triplicate RNA samples
(unwounded and wounded skins from three different E17 and E19 rat fetuses were cultured)
and all of the results support the DD-PCR observations that the gene corresponding to 2VG2
is upregulated in cultured E17 skin explants.

In order to determine if 2VG2 gene expression is specifically upregulated in cultured
E17 skin explants, the wounding experiments were repeated using whole cultured fetuses.
Briefly, multiple wounds (approximately 9-12 wounds) were made in the dorsal skin of E17
fetuses using a 19G needle and the whole fetuses were cultured in serum-supplemented

medium for up to 24 hours. The skin surrounding the wounds (approximately 1 x 1 cm) was
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Figure 4.5 Northern blot analysis of 2VG2 expression in fetal rat skin.

Each lane of a 1.5% agarose / 2.2M formaldehyde gel was loaded with 10ug of total RNA as follows: rat lung
(lane 2), unwounded and wounded E17 rat skin at t=0 (lanes 3 and 4), unwounded and wounded E17 rat skin
at t=24h (lanes 5 and 6), unwounded and wounded E19 skin at t=0 (lanes 7 and 8) and unwounded and
wounded E19 at t=24h (lanes 9 and 10). (A) The RNA was blotted onto a HyBond™ filter and hybridised to
the double-stranded 300bp 2VG2 fragment. The filter was washed at low stringency (20 minutes at 42°C in
0.5 x SSC/ 0.1% SDS) and then exposed to X-ray film for 3 days (see section 4.2.11). (B) The blot was
stripped, reprobed with a B-actin probe as an RNA loading control, washed at high stringency (20 minutes at
65°C in 0.1 x SSC/ 0.1% SDS) and then exposed to X-ray film for 3 hours (see section 4.2.11). (C) The
loading was also verified before transfer onto HyBond™ membrane by ethidium bromide staining. The sizes
of the RNA markers (Gibco BRL) in lane 1 are indicated to the left of the blots.
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not dissected from the fetuses until after the given time in culture, when it was transferred to
RNAlater™ (Ambion, Inc.) until RNA extraction. As a control, several unwounded fetuses
were cultured for the same times before a 1 x 1 cm section of skin was also dissected from
the back of each. No 2VG2 gene expression was detected in either unwounded or wounded
skin taken from cultured whole E17 fetuses by Northern analysis (data not shown), although
a low level basal expression can not be ruled out given the previous RT-PCR results shown
in Figure 4.4. In any case, this indicates that upregulation of 2VG2 gene expression is

restricted to cultured E17 skin explants.

4.3.4 Time course of induction

Figure 4.5A shows that a stronger signal for the 2VG2 transcript was seen in the
unwounded E17 skin compared to the wounded skin after 24 hours in culture. It was
thought that the E17 explant harbouring multiple punch wounds might have an intensified
wound response and upregulate the 2VG2 transcript at earlier time points compared to the
unwounded explant. In turn, gene expression might be returning to basal levels in the
wounded E17 specimen at around 24 hours post-wounding. Therefore, to determine the
time course of the induction of 2VG2 mRNA expression in E17 skin, RNA was isolated
from wounded and unwounded E17 skin explants cultured for various times. The resulting
Northern blots, probed with the original 300bp DD-PCR product, show that in wounded E17
skin the 3 kb 2VG2 mRNA is upregulated after just 4 hours, and expression levels appear to
fall after about 24 hours of culture (sece Figure 4.6A). However, less RNA from the
wounded t=24h sample was loaded on this gel (see Figure 4.6B and C). This analysis was
repeated with RNA from triplicate samples (skins from three different wounded E17 rat
fetuses were cultured for each time point) and all blots showed that a strong signal is still
observed at least 18 hours post-wounding but mRNA expression levels fall by 24 hours

(data not shown).
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Figure 4.6 Time course of 2VG2 gene expression in wounded E17 rat skin explants.

Each lane of a 1.5% agarose / 2.2M formaldehyde gel was loaded with 10pg of total RNA from wounded E17
skin cultured for the following time points: t=0 (lane 2), t=0.5h (lane 3), t=1h (lane 4), t=2h (lane 5), t=4h
(lane 6), t=6h (lane 7), t=12h (lane 8) and t=24h (lane 9). The RNA was blotted onto a HyBond™ filter and
hybridised to the double-stranded 300bp 2VG2 fragment (A). The blot was stripped and reprobed with a p-
actin probe as an RNA loading control (B). The loading was also verified before transfer onto HyBond™
membrane by ethidium bromide staining (C). The sizes of the RNA markers (Gibco BRL) in lane 1 are
indicated to the left of the blots.
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In unwounded E17 skin, that is, time-cultured explants that were not wounded further
with a 19G needle, the 2VG2 transcript is detectable from 12 hours onwards (Figure 4.7A).
Probing with the **P-labelled B-actin oligonucleotide and ethidium bromide staining of the
gel revealed that less RNA from the unwounded E17 explants at t=12, 18 and 24h was
loaded (see Figure 4.7B and C). Despite the reduced amount of RNA, the 2VG2 transcript
is only seen in these samples, indicating that it is not upregulated in unwounded E17
explants until after 12 hours of culture and expression is still seen after 24 hours (see Figure
4.7A). Taken together, the results in Figures 4.6 and 4.7 support the notion that maximising
the volume of wounded tissue accelerates 2VG2 gene induction.

Despite not detecting the 2VG2 transcript in the t=0 and t=24h skin samples taken from
the E19 rat fetus by Northern blot analysis, the same time course of 2VG2 mRNA
expression study was conducted on E19 skin to determine if it is induced at an earlier stage
of culture. However, the transcript was not observed on Northern blots using total RNA
from either unwounded or wounded E19 rat skin explants cultured for any of the other time

points tested (see Figure 4.8).

4.3.5 Full cloning and identification of the rat 2VG2 mRNA

As a first step toward determining the protein encoded by the 2VG2 gene, the 5’ end of
the rat 2VG2 ¢cDNA was cloned by three successive 5° RACE experiments performed on
E17 t=18h post-wounding RNA. RNA isolated from E17 rat skin at 18 hours post-
wounding was chosen for the RACE experiments because Northern blot analysis indicated
that the 2VG?2 transcript is expressed at the highest levels at this time point (data not shown).

The first 5 RACE, which consisted of the RT, first PCR and nested PCR using the
1GSP primers (see Table 4.2B), produced a distinct product 542 bp in length (see Figure
4.9A). This PCR product was purified, cloned and sequenced. When aligned and extended

onto the original 300 bp sequence of the DD-PCR clone, the sequence of 2VG2 was 842 nt
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Figure 4.7 Time course of 2VG2 gene expression in unwounded E17 rat skin explants.

The 1.5% agarose / 2.2M formaldehyde gel contains duplicate RNA preparations, that is, two unwounded
skins from different E17 fetuses processed separately at each time point. Each lane was loaded with 10pg of
total RNA from unwounded E17 skin explants cultured for the following time points: t=0 (lanes 2 and 3),
t=0.5h (lanes 4 and 5), t=1h (lanes 6 and 7), t=2h (lanes 8 and 9), t=4h (lanes 10 and 11), t=6h (lanes 12 and
13), t=12h (lanes 14 and 15), t=18h (lanes 16 and 17) and t=24h (lanes 18 and 19). The RNA was blotted onto
a HyBond™ filter and hybridised to the double-stranded 300bp 2VG2 fragment (A). The blot was stripped
and reprobed with a B-actin probe as an RNA loading control (B). The loading was also verified before
transfer onto HyBond™ membrane by ethidium bromide staining (C). The sizes of the RNA markers (Gibco
BRL) in lanes 1 and 20 are indicated to the left of the blots.
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Figure 4.8 Time course of 2VG2 gene expression in E19 rat skin explants.

Each lane of a 1.5% agarose / 2.2M formaldehyde gel was loaded with 10pg of total RNA from wounded and
unwounded E19 skin explants, respectively, cultured for the following time points: t=0 (lanes 2 and 3), t=0.5h
(lanes 4 and 5), t=1h (lanes 6 and 7), t=2h (lanes 8 and 9), t=4h (lanes 10 and 11), t=6h (lanes 12 and 13),
t=12h (lanes 14 and 15), t=18h (lanes 16 and 17) and t=24h (lanes 18 and 19). The RNA was blotted onto a
HyBond™ filter and hybridised to the double-stranded 300bp 2VG2 fragment (A). The blot was stripped and
reprobed with a B-actin probe as an RNA loading control (B). The loading was also verified before transfer
onto HyBond™ membrane by ethidium bromide staining (C). The sizes of the RNA markers (Gibco BRL) in
lanes 1 and 20 are indicated to the left of the blots.
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in length. Database analysis showed that this resulting sequence had 99% nucleotide
identity to a full-length EST identified in rat ovary (accession number AI011757.1, 683 nt in
length). This sequence also showed 95% nucleotide identity to part of a Sugano mouse liver
cDNA clone (accession number AI315857, 421 nt in length, aligned at position 344 to 405
nt). The 5’ region of the Sugano mouse liver clone in turn shows similarity to the cDNA
encoding human low affinity immunoglobulin gamma Fc receptor III-B (hIgG FcyRIII-B).

New gene-specific primers were designed to align with the 5° end of this longer clone
(2GSP, see Table 4.2C) and another 5° RACE was performed on RNA from E17 t=18h
wounded skin. A 550 bp PCR product was purified, cloned and sequenced (see Figure
4.9B). After alignment and extension to the previous sequences, the total length of the
2VG2 clone was then 1.153 kb. The 5’ end of this extended sequence showed 88%
nucleotide identity to the same Sugano mouse liver clone described above (aligned at
position 19 to 419 nt).

A third 5 RACE, using the 3GSP primers (see Table 4.2D), was performed to extend
the 2VG2 clone but only a product of about 200 bp was obtained, which equated to just 25
nt of new sequence information (see Figure 4.9C, lane 3). Since the 5’ end of the 2VG2
clone was not able to be extended any further using E17 t=18h post-wounding RNA as the
template, 5 RACE was repeated with rat lung RNA, because the original 2VG2 DD-PCR
product has high nucleotide sequence identity to a rat lung EST (see section 4.3.1).
However, a product of approximately the same size (~ 230 bp) was obtained from rat lung
RNA when using the 3GSP primers (see Figure 4.9C, lane 2), indicating that either the 5’
end of the message had been reached or that amplification of the full-length product was
being inhibited.

In order to try and amplify a longer 5° RACE product, the ELONGASE™ Enzyme Mix
was used for the PCR. In addition to the parent enzyme, this mix also contains a proof-

reading enzyme to enable it to amplify long DNA templates (Barnes, 1994; Cheng et al.,
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1994). However, a 200 bp product was amplified again (see Figure 4.9D). To ensure that
secondary structure within the target mRNA was not causing the amplification of truncated
5 RACE products, the volume and temperature of the RT reaction was increased.
Furthermore, an alternative 5’ RACE protocol that is suitable for the amplification of GC-
rich cDNA was also followed, in case this was inhibiting the amplification of full-length
products (5° RACE System Version 2.0; Frohman et al., 1988). Under these modified
conditions no 5° RACE products were amplified. Therefore, all of these different strategies
resulted in the amplification of the same 5> RACE PCR product, indicating that the 5’ end
had possibly been reached.

As a final confirmation, a primer extension assay was performed on E17 t=18h post-
wounding RNA to try to map the 2VG2 transcription initiation site. The first experiment
used the 3GSP-3 primer but resulted in too many background bands (< 200 bp) on the gel
image and it was difficult to determine specific cDNA products from background (data not
shown). Since this is usually due to the primer hybridising to other RNA species in the
sample or inefficient extension by reverse transcriptase, the experiment was repeated using
higher annealing and extension temperatures to reduce RNA secondary structure and
improve primer specificity. When this did not work another primer, 3GSP-1, was used and
yeast RNA (Ambion Inc.) was utilised as a negative control template. No bands were seen
in the yeast control, which confirmed the specificity of the primer, but many background
bands of up to about 200 bp in size were still seen in the E17 t=18h post-wounding RNA
sample (data not shown). It is possible that the length of the 5’ end of the 2VG2 clone
predicted from the 5° RACE experiments was correct, but despite several attempts at primer
extension this could not be confirmed.

As the resulting 2VG2 nucleotide sequence was still only 1.178 kb, approximately 1.8
kb of further sequence information was expected to be obtained by 3° RACE, based on the

transcript size of 3 kb (see Figures 4.5 — 4.7). The first attempt at 3> RACE resulted in the
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Figure 4.9 Agarose gels showing cDNA obtained by 5> RACE.

5’ RACE was performed on total RNA from E17 skin at t=18h post-wounding as described in section 4.2.12
with either Tag polymerase (Qiagen, gels A-C) or ELONGASE™ (Gibco BRL Life Technologies, gel D), and
the 1GSP primers (A), the 2GSP primers (B) or the 3GSP primers (C and D). Lane 1 of gels A-C contains
Molecular Weight Marker VIII and lane 1 of gel D contains the 1 kb DNA Ladder (Promega, sizes indicated at
the left of gels). Lane 2 of gel A contains the first 5> RACE product that extends from the original 2VG2 DD
product. Lane 2 of gel B contains the second 5’ RACE product, which extends from the first product. Lane 3
of gel C and lane 2 of gel D contain the third 5" RACE product, which extends from the second product. Lane
2 of gel C contains the 5° RACE product of the 3GSP primers using rat lung RNA as the template.
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amplification of a 700 bp product, yet after cloning and sequencing, none of the positive
transformants selected had overlapping sequence identity with the 2VG2 clone (data not
shown). Moreover, the 3> RACE products only contained the sequence of the adapter
primer (AP, see Table 4.3A) and not the nested GSPs (see Table 4.3B), indicating that they
were unrelated PCR products.

Like the modification to 5° RACE, the temperature for the RT step of 3° RACE was
increased to prevent the formation of possible secondary structure in the target mRNA that
may inhibit its specific amplification. After RT using the AP primer, the first PCR using the
AUAP and 3° GSP-1 primers, and then the nested PCR using AUAP and 3° NEST-1
primers, the reaction products generally appeared as a smear but distinct 1.5 kb and 750 bp
bands were also seen (Figure 4.10 lane 2). A seconded nested PCR reaction using the 3’
NEST-2 primer with AUAP again resulted in the amplification of the 1.5 kb and 750 bp
bands but the heterogeneous smear was not eliminated (Figure 4.10 lane 3). Despite not
being able to generate a single 3° RACE product, the products obtained were purified,
cloned and successfully sequenced. However, none of the 3° RACE products showed
overlapping sequence identity with the 2VG2 clone (data not shown). As before, all
products were found to have the AP and AUAP primer sequences at each end and not the
gene-specific or nested primers, hence they were the result of internal mispriming by the
supplied 3° RACE primers. Therefore, the AP primer could not be used for the
amplification of the 3’ end of the 2VG2 cDNA and the 3’ RACE procedure was halted.

The resulting 1.178 kb 2VG2 nucleotide sequence is shown in Figure 4.11. This region
contains a single long open reading frame (ORF) beginning with an ATG start codon at
nucleotide 30 and terminating with a TGA stop codon at nucleotide 777. The ORF predicts
a protein of 249 amino acids. Although only 398 bp of sequence information from the 3’
UTR has been obtained, Northern blot analysis data reveals a transcript size of about 3 kb

(see section 4.3.3), which together with the predicted coding region suggests that the 3° UTR
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0.75

0.5

0.25

Figure 4.10 Agarose gel showing cDNA obtained by 3’ RACE.

3’ RACE was performed on total RNA from E17 skin at t=18h post-wounding as described in section 4.2.13
with ELONGASE™ Enzyme Mix (Gibco BRL Life Technologies). In an attempt to generate a specific
amplification product, the primary PCR products were reamplified using the 3’ NEST-1 and AUAP primers
(lane 2). Since more than one product was still being amplified, a third PCR was performed on these products

using the 3° NEST-2 and AUAP primers (lane 3). Lane 1 contains the 1 kb DNA Ladder (Promega, sizes
indicated at the left of gel).
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1 GT TTT TTT TCT GTC TGC TGC TGC AGC AGC TGG TAC CTA CTA CTA CCA

51 ACG GCA CTG CTA CTT ACG GTT TCC TCT GGC GTT GGA GCT GGT CTC CAA AAG

< <
102 GCT GTG GTG AAC CTA GAC CCT GAA TGG GTC AGG GTT CTC GAG GAA GAC TGT
P —

153 GTG ATC CTC AGG TGC CAG GGC ACC TTC TCC CCC GAG GAC AAT TCT ACC AAA

204 TGG TTC CAT AAC BAA AGC CTC ATC TCG CAC CAG GAC GCC AAC TAT GTC ATC

255 CAA AGT GCC AGA GTT AAG GAC AGT GGA ATG TAC AGA TGC CAG ACA GCC TTC

306 TCC GCG CTC AGT GAC CCG GTG CAG CTA GAC GTC CAT GCA GAC TGG CTA TTG

357 CTT CAG ACC ACT AAG CGG CTG TTC CAG GAG GGG GAC CCC ATT CGT CTG AGA

408 TGC CAT AGC TGG CGA AAC ACG CCT GTA TTT AAG GTT ACC TAT TTA CAG AAT
< <
459 GGC AAA GGC AAG AAG TAT TTC CAT AGG AAT TCT GAA CTC AGT ATT TCA AAA

510 GCT ACG CAC GCC GAC AGT GGT TCC TAC TTC TGC AGA GGG ATC ATT GGA CGC

561 AAC AAC ATA TCT TCA GCA TCC TTG CAG ATA AGC ATA GGA GAT CCG ACG TCT
612 CCC TCC AGC TTT CTA CCG TGG CAT CAA ATC ACT TTC TGC CTG CTG ATA GGA
663 CTC TTG TTT GCA ATA GAC ACA GTG CTG TAT TTC TCG GTG CAG AGG AGT CTT
714 CAA AGT TCC GTG GCA GTC TAT GAG GAA CCC AAA CTT CAC TGG AGC AAG GAA
765 CCT CAG GAC AAG ﬁgﬂ GCC CTC GTC TCA TGG GAT GAG GAG AGC AAT AGC GTA
816 GAA TCT ATT AGC TTC CCT GTG GAC TTG CGA CCT CAC CAT CTG CAT CGG CAC

867 CAA GTT TGA GTG GCA GGA ATA ATA CAG AGG CCC CTC CcCC TAA CTT TTT TTT

<%
918 TTT TTG GTG TTG TAT GTT TGT TGT TTG TTT GTC TCT CTC CAA TGG ACA ATC

< <
9269 TCA GGG GAA AGA GAA AGC CTG GGG TCT TCC AGG ACC AAC AGC AAA GCA GCG

1020 ATG AGC ACA CAG CTG CCC TCC CAA GAA GCG ATG CTT CAG AGT TTT ACT CTT

1071 TCT CTG CCC CAA ACA TTT TGT TGT CAG GGC AAA GCA GCA GCA CCG ACG TTG

1122 GGT GAT GAC CCC TTT CTG TGC TTA ACA ATT GTT CCT AAA TAA ACT TCT GGA

1173 GAA AAG

Figure 4.11 Nucleotide sequence of the 2VG2 cDNA.

The 1.178 kb sequence was obtained from 5° RACE. Only the sense strand is shown and nucleotide
numbering is at the left. The potential start codon and stop codons are boxed. The 300 bp region representing
the original DD-PCR fragment is underlined to show its downstream location on the mRNA. The arrows
indicate the binding sites and directions of the gene specific primers designed for RACE. In ascending order,
red arrows indicate the sites of the primers used in the first 5> RACE, 1GSP-1, 1GSP-2 and 1GSP-3, blue
arrows indicate the sites of the primers used in the second 5° RACE, 2GSP-1, 2GSP-2 and 2GSP-3, while
green arrows indicate the sites of the primers used in the third 5° RACE, 3GSP-1, 3GSP-2 and 3GSP-3. In
descending order, the orange arrows indicate the sequence of the gene specific primers used in 3° RACE, 3’
GSP-1, 3° NEST-1 and 3° NEST-2.
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is about 1.8 kb in length.

NCBI database searches using BlastN and Gap alignments using WebAngis GCG
(www.angis.org) have revealed the final 2VG2 nucleotide sequence to have 70% and 69%
identity globally to the 887 bp cDNA for human IgG FcyRIII-A and RIII-B, respectively.
After gaps are introduced to optimise homology, 72% identity is observed between the
coding region of 2VG2 and both of the human low affinity Fcy receptors (sece Table 4.4),
while 39% and 42% identity is seen between the 3’ UTR of 2VG2 and human FcyRIII-A
and III-B, respectively. Interestingly, a family of at least eight IgG FcyRIII isoforms exist in
the rat (designated FcyRIIIA-H; Farber et al., 1993; Farber and Sears, 1991), but the full
length mRNA for 2VG2 only shows 52% global identity to the representative 1318 bp rat
FcyRIII-C mRNA, with 59% identity in the coding regions (see Table 4.4) and 41% identity
in the 3° UTR after gaps are introduced. The ORF for 2VG2 also shows 60%, 69% and 65%
nucleotide identity to murine, bovine and porcine FcyRIII mRNA, respectively. The 2VG2
mRNA shows less identity to the other human and rat Fc receptors (FcRs), namely IgG

FcyRII, RI and IgE FceRIa (see Table 4.4).

4.3.6 Structural features of the deduced amino acid sequence

The nucleotide sequence of 2VG2 was translated using the EditSeq™ program
(DNASTAR Inc., Madison, WI, USA) and found to encode a 249-amino acid polypeptide
(see Figure 4.12). The predicted protein is relatively rich in serine (11.2%), leucine (11.6%)
and valine (6.8%), as measured by frequency of amino acid residues, with a calculated
molecular mass of about 28.2 kDa and pI of 8.49 (ProtParam tool, ExXPASy molecular
biology www server, au.expasy.org/tools/protparam.html) (Appel et al., 1994). There are at
least 3 potential O-linked glycosylation sites (NetOGlyc 2.0 www server,
www.cbs.dtu.dk/services/NetOGlyc/) (Hansen et al., 1995, 1997 and 1998) and 3 possible

197



Chapter 4

N-linked glycosylation sites in the predicted protein (motif search using Prosite v99.07 www
server, au.expasy.org/prosite/) (Bairoch et al., 1997; Hofmann et al., 1999), which would
increase its mass to ~ 40 kDa after glycosylation if one assumes an additional 2.5 kDa per

site.

Table 4.4 2VG2 mRNA shows considerable nucleotide identity with FcR ¢cDNAs.

The coding region of the 2VG2 mRNA (nucleotide 30 — 777) was aligned with the cDNA sequence of each of
the following FcRs using the GAP algorithm (WebAngis GCG). Indicated are the European Molecular
Biology Laboratory (EMBL) database accession numbers for each receptor cDNA sequence, the length of the
FcR cDNA and the percent identity between the coding nucleotide sequence of 2VG2 and the given FcR.

Accession # Name of Receptor Length of % nt ID with coding
(EMBL) cDNA (bp) region of 2VG2
X52645 Human IgG FcyRIII-A 887 72
X16863 Human IgG FcyRIII-B 887 72
M64368 Rat IgG FcyRIII-C 1318 59
M31932 Human IgG FcyRII-A 2372 55
U87560 Human IgG FcyRII-B 930 54
X17652 Human IgG FcyRII-C 1433 54
X73371 Rat IgG FcyRII 1448 53
X14356 Human IgG FcyRI 1321 50
X06948 Human IgE FceRIow 1198 51
M17153 Rat IgE FceRIo form 1 1036 48
M21623 Rat IgE FceRIo form 2 983 46

Figure 4.13 shows the result of a hydropathy analysis of the predicted protein as
determined using the ProtScale Prediction algorithm (via the ExPASy www server,
au.expasy.org/cgi-bin/protscale.pl), according to the method of Kyte and Doolittle (1982).

Two stretches of very highly hydrophobic sequences are seen, with one at the NH,-terminus
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61

121

181

241

MWYLLLPTALLLTVSSGVGAGLQKAVVNLDPEWVRVLEEDCVILRCIQGTFSPEDNSTKWE
HNKSLISHQDANYVIQSARVKDSGMYRCIQTAFSALSDPVQLDVHADWLLLOTTKRLFQEG
DPIRLRCJHSWRNTPVFKVTYLONGKGKKY FHRNSELS I SKATHADSGSY FICRGT TGRNNT

SSASLQIgIGDPESP§SFLPWHQITFCLLIGLLFAIDTVLYFSVQRSLQSSVAVYEEPKL

HWSKEPQDK

Figure 4.12 Deduced amino acid sequence of the 2VG2 protein.

The predicted amino acid sequence of the ORF is shown is single letter code and amino acid numbering is at
the left. The putative signal sequence at the NH, terminus and the transmembrane domain near the COOH
terminus are double underlined (determined using the SMART v3.1 www server and the HMMTOP Prediction
v1.1 www server). The potential N-linked glycosylation sites (NXS/TX) and O-linked glycosylation sites (S
or T with a nearby P) are underlined and cysteine residues predicted to form disulfide bonds are boxed
(determined using the NetOGlyc 2.0 and Prosite v99.07 www servers).
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and the other at the COOH-terminus (also shown double underlined in Figure 4.12). The
first 18 residues of the predicted protein score higher than 2.0 on the hydropathy scale and
are expected to make up a signal sequence (SMART v3.1 www server, smart.embl-
heidelberg.de/) (Ponting et al., 1999; Schultz et al., 1998 and 2000). The signal cleavage
site is predicted to be between amino acid positions 20 and 21 (ValGlyAla — GlyLeu,
SignalP v2.0 www server, www.cbs.dtu.dk/services/SignalP-2.0/) (Nielsen et al., 1997).

Following the signal peptide in the predicted extracellular domain are two tandem
homology segments that exhibit sequence similarity to members of the IgG superfamily
(residues  39-90 and 120-173, Pfam database of alignments and HMMs,
www.sanger.ac.uk/Pfam/) (Williams and Barclay, 1988). As indicated in Figure 4.12, the
extracellular domain contains four cysteine residues that are most likely paired in
immunoglobulin-like disulfide bonds (Cys-46 with Cys-88 and Cys-127 with Cys-171), on
the basis of homology to other immunoglobulin (Ig) superfamily protein structures,
particularly the FcyRs (Peltz et al., 1989; Scallon et al., 1989; Simmons and Seed, 1988;
Zeger et al., 1990). In addition, other cysteine residues exist both in the extracellular and in
the transmembrane domains that could also form disulfide-bonds.

The hydrophobicity of the second region is higher than the NH,-terminal hydrophobic
region and is predicted to span amino acids 204 — 224 (predictions of transmembrane helices
in proteins performed using ExPASy proteomics tools (au.expasy.org/tools/) including
HMMTOP version 1.1 (Tusnady and Simon, 1998; von Heijne, 1992), TMHMM version 2.0
(Centre for Biological Sequence Analysis), the TMAP program (Persson and Argos, 1994
and 1996) and the TMpred algorithm (Hofmann and Stoffel, 1992) see Figure 4.13). This
hydrophobic region is flanked by two hydrophilic regions, an arrangement that is similar to
transmembrane domains of other known membrane proteins (Kyte and Doolittle, 1982;
Wang et al., 1996). Thus, the 25-amino acid hydrophilic region at the COOH-terminus of

the protein encoded by 2VG2 is predicted to be a cytoplasmic tail.
200



Score

Chapter 4

|
1

\ |

| |
Hphob. ~ Kyte & Doolittle ——
|

it |

1)

188

Position

158 208

Figure 4.13 Hydropathy plot of the predicted amino acid sequence of 2VG2.

Hydrophobic regions that tend to be buried inside the molecule or inside other hydrophobic environments such
as membranes appear above the centre-line, while values below the line denote hydrophilic regions that may
be exposed on the outside of the molecule. The plot was produced in ProtScale (using the www ExPASy
server) under a window of 9 amino acids according to the method of Kyte and Doolittle (1982). One
hydrophobic region (residues methionine 1 to alanine 20) resembles a typical signal peptide (SMART v3.1
and SignalP v2.0 www servers) and the other (residues phenylalanine 204 to phenylalanine 224) may function
as a transmembrane domain (HMMTOP v1.1; Tusnady and Simon, 1998; von Heijne, 1992).
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4.3.7 Comparison of the 2VG2 protein with rat and human FcRs

A SwissProt database (NCBI) search revealed that the 2VG2 protein had strong identity
to various FcR sequences. Table 4.5 summarises the amino acid identity between 2VG2 and
the human and rat FcR sequences in the SwissProt database. The predicted protein had 61%
amino acid identity globally with the 254 amino acid human low affinity IgG FcyRIII-A (or
CD16-A), found on natural killer (NK) cells and 60% identity with the 233 amino acid
human low affinity IgG FcyRIII-B (or CD16-B) found on polymorphonuclear leukocytes
(PMNs). In contrast to the two human class III receptors, rat FcyRIII is defined by a family
of highly homologous class III isoforms. Interestingly, all rat isoforms are homologues of
human FcyRIII-A and no rat homologues of human FcyRIII-B have been found (Farber and
Sears, 1991; Zeger et al., 1990). As seen above with the nucleotide sequences, the predicted
2VG2 protein shows less identity to the rat Fcy class III receptors, for example, the 267
amino acid rat low affinity IgG FcyRIII-C (46% global amino acid identity). Table 4.5 also
lists the amino acid identity between the signal sequences, the extracellular regions, the
transmembrane domains and the cytoplasmic regions of human and rat FcyRIII and those
predicted for 2VG2. Figure 4.14 shows the global alignment of the predicted 2VG2
sequence to human IgG FcyRIII-A and the representative rat counterpart. In addition to
FcyRIII, the predicted amino acid sequence of 2VG2 has considerable amino acid identity to
other human and rat FcRs (Table 4.5). Moreover, 2VG2 shares considerable amino acid
identity with mouse, bovine and porcine IgG FcyRIII, mouse, bovine and guinea pig RII and
mouse 1gG FcyRI and IgE FceRIa (data not shown).

Figure 4.15 shows a phylogenetic tree relating 2VG2 to the known human and rat
members of the IgG and IgE FcR family. The predicted 2VG2 protein groups close to the
human class III receptors but far from the other FcR members (<50% similarity). It seems

reasonable, therefore, to assume that the 2VG2 protein cloned here is a previously
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1 1 R e R WYLLLPTALLLTVS 2VG2

1 M- = - - - - - - - - e e - - WQLLLPTALLLLVS HumanFcyRIII-A
1 MTLETQMF QNAHSGSQWLLPPLTMLLLFAF RatFeyRII-C

16 SGV- GAGLQKAVVNLDPEWVRVLEEDCVI L 2VG2

16 AGMRTEDLPKAVVFLEPQWYRVLEKDS VTL Human FeyRIII-A
31 ADRQTANLPKAVVKRDPP W QVLKEDTVTL RatFeyRIII-C
45 RCQGTFSPEDNSTKWFHNKSLI SHQDANYV 2VGQ2

46 KCQGAYSPEDNSTQWFHNESLI SS QASSYF Human FeyRIII-A
61 TCEGTHNPGNS STQWFHNQSSTWGQVQASY RatFcyRII-C

75 I QSARVKDS GMYRCQTAF SALSDP VQLDVH 2VG2

76 I DAATVDDS GEYRCQTNLSTLSDP VQLEVH Human FeyRIII-A
91 TFKATVNDS GEYRCRMAHTSL SDP VHLEVI RatFeyRIII-C
105 ADWLLLQTTKRLFQEGDPIRLRCHSWRNTP 2VG2

106 I GWLLLQAPRWVFKEEDPI HLRCHS WKNTA Human FeyRIII-A
121 SDWLLLQTPQLVFEEGETI TLRCHS WKNKQ Rat FeyRHI-C
135 VFKVTYLQNGKGKKYFHRNSELSI SKATHA 2VG2

136 LHKVTYLQNGKGRKYFHHNSDFYI PKATL K Human FeyRIII-A
151 LTKVLLFQNGKPVRYYYQSSNFSI PKANHS RatFcyRIII-C
165 DSGSYFCRGII GRNNISSASLQI SIGD-- - 2VG2

166 DSGSYFCRGLFGSKNVSSETVNI TI TQGL A Human FeyRIIT-A
181 HSGNYYCKAYLGRTMHVS KPVTI TVQGSAT RatFeyRIII-C
192 -PTSPSSFLPWHQI TFCLLI GLLFAIDTVL 2VG2

196 VSTISSFFPPGYQVSFCLVMVLLF AVDTGL Human FeyRIII-A
211 ASTSS- --LVWFHAAFCLVMCLLF AVDTGL RatFeyRIII-C
221 YFSVQRSLQSS VAVYEEP - KLHWSKEP QDK 2VG2

226 YFS VKTNI RSSTRDWKDH- KF KWRKDP QDK  Human FeyRIII-A
238 YFECVRRNLQTS GEDWRKSLS VGKYKAP QDK Rat FeyRIII-C

Chapter 4

Figure 4.14 Sequence comparison of the predicted 2VG2 protein with rat and human

IgG FceyRIIL

Alignment performed using the Clustal method (Thompson et al, 1994) on the MegAlign™ program
(DNASTAR, Inc). The single letter amino acid code is used, amino acid numbering is at the left and residues
identical in at least two of the three sequences are shaded with solid bright yellow. Dashes signify the gaps
introduced to optimise identical amino acid alignment.
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Table 4.5 The predicted 2VG2 protein shows considerable amino acid identity with the

FcRs.

The predicted 249-amino acid sequence of 2VG2 was aligned with the protein sequence of each of the
following FcRs using the GAP algorithm (WebAngis GCG). Indicated are the SwissProt database accession
numbers for each receptor, the length of the FcR amino acid sequence and the percent identity between the
amino acid sequence of 2V(G2 and the given FcR. *The amino acid identity between the signal (or leader, L)
sequence, extracellular domain (EC), transmembrane domain (TM) and cytoplasmic region (C) of 2VG2 and
the class III receptors are given.

Accession # Name of Receptor Length of % aa identity with 2VG2 protein
(SwissProt) protein (aa)

POS637 HumanlIgG FyRIILA 254 L7 B 1;6T1M_ o e o
075015 HumanIgG FyRIL-B 233 L8 E 28 T -~
P27645  RatIgG FeyRII-C 267 T e g -G
P12318 Human IgG FcyRII-A 317 40

P31994 Human IgG FcyRII-B 310 38

P31995 Human IgG FcyRII-C 323 38

Q63203 Rat IgG FcyRII 285 40

P12314 Human IgG FcyRI 374 39

P12319 Human IgE FceRIo 257 38

P12371 Rat IgE FceRlIo form 1 245 37

P12840 Rat IgE FceRIo form 2 157 38

unreported member of the FcR family that diverged early during evolution from the FcyRIII

subfamily. Whether or not the sequence divergence is simply due to the species difference
is questionable. The phylogenetic analysis suggests that the predicted 2VG2 protein in rat is
more similar to the human forms of FcyRIII than the previously isolated rat FcyRIII
isoforms, which share on average 50% amino acid identity to human FcyRIII-A (GAP

comparison, WebAngis GCG). The representative rat FcYRIII-C isoform is positioned in the
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same group with rat FcyRII and by proceeding another node back it is seen that these rat
isoforms are grouped with the human class II receptors. This indicates that the rat class III
isoforms may not be truc homologues of human FcyRIII. However, the phylogenetic tree
shown in Figure 4.15 was constructed solely on the global amino acid identities between the
proteins, with no consideration given to the motifs that are conserved in the FcyRIII and
FceRIow subfamilies. Furthermore, protein expression and function studies must be
conducted before it can be determined if rat 2VG2 encodes a true and functional FeyRIII
protein.

Close comparison found that 2VG2 displays interesting homology to the
transmembrane domains of 8 FcRs: human, rat, mouse, bovine and porcine FcyRIII, and the
FceRIow subunit of human, rat and mouse high affinity IgE-binding receptors (see Figure
4.16A). The unique eight amino acid sequence, LFAVDTGL, is highly conserved in the
transmembrane domains of all of the Fcy class III receptors and Fce class I receptors. In the
protein encoded by 2VG2, the hydrophobic valine residue is conservatively replaced with
the similarly sized isoleucine, while the small glycine residue is replaced with valine.
Despite not being identical in the 2VG2 protein, the amino acid differences in the
transmembrane motif are relatively conservative and consistent with the predicted
hydrophobic nature of the transmembrane domain (see Figure 4.13). Additionally and
perhaps importantly, the charged aspartic acid residue conspicuously situated within the
membrane-spanning segment of FcyRIII and FeeRIa is conserved in the 2VG2 sequence.

The cytoplasmic sequence of 2VG2 also exhibits some identity to the corresponding
FcyRIII sequence from each of these species (Figure 4.16B). In particular, the four COOH-
terminal amino acids, PQDK, are conserved in the human, rat and mouse class III receptors
as well as 2VG2. The cytoplasmic domain of human FcyRIII-B is not included in this

comparison as it is only four amino acids long and bears the glycosyl phosphatidylinositol

205



Chapter 4

Human FcyRI

Rat 2VG2

‘ Human FcyRIII-A

Human FcyRIII-B

—  Rat FcyRII

— Rat FeyRIII-C

— Human FcyRII-B

Human FcyRII-A

Human FcyRII-C

Human FceRIa

| Rat FceRla type 1

Rat FceRla type 2

Figure 4.15 Phylogenetic tree relating the predicted 2VG2 protein to members of the

human and rat FcR family.

A distance-based phylogenetic tree (Swofford, 1999) was constructed by comparing the amino acid sequences
of the FcRs and the predicted 2VG2 protein using the neighbour-joining method in the TreeView program
(Saitou and Nei, 1987). The sequence of human FcyRI was used as an outgroup because it has the longest
uninterupted branch length and hence the greatest general dissimilarity to the other members. To determine
the number of amino acid differences (D) between any two proteins within the tree the equation [D =
(S/L)*10] is used, where S (mm) is defined as the sum of the horizontal lines joining the two proteins and L
(mm) the length of the 10 bar (Bar: 10 amino acid differences). The tree reveals four main groups of the
receptors that are more similar in amino acid sequence to each other than to members of other groups.
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phospholipid (GPI-PL) linkage that anchors FcyRIII-B to PMNs (Peltz et al., 1989;
Simmons and Seed, 1988). Since 2VG?2 is predicted to have a longer cytoplasmic domain
more similar to that of FCYRIII-A than FcyRIII-B, it is more likely to be anchored by means
of a polypeptide transmembrane domain.

Finally, the predicted cytoplasmic region of 2VG2 also contains a possible peptide-
binding Src homology 2 (SH2) domain in YEEP (see Figure 4.16B). The motif
phosphotyrosine-hydrophilic-hydrophilic-proline is reportedly recognised by SH2 domains

from the protein Abl (Songyang et al., 1993).
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2vg2

Human FcyRII-A
Human FcyRIII-B
Rat FcyRIII
Bovine FcyRIII
Mouse FcyRIIL
Pig FcyRIII
Human FceRlIa
Mouse FceRla
Rat FceRlIa

2VG2

Human FcyRIII-A
Rat FeyRIIT
Bovine FeyRIII
Mouse FcyRIII

SRDP ADKGG Pig FeyRIII

Figure 4.16 Amino acid comparison of the transmembrane (A) and cytoplasmic (B)

domains of rat 2VG2 with other FcRs.

The amino acid sequence of each FcyRIIl and FceRIa was aligned using the Clustal method on the
MegAlign™ program. The single letter amino acid code is used, amino acid numbering is at the left and
residues identical to the consensus sequences are shaded with solid bright yellow. The 8-amino acid motif that
is highly conserved in the FcyRIII and FeceRIa transmembrane domains from all species is boxed in red. The
amino acid residues of the predicted SH2 domain in the cytoplasmic region of 2VG?2 are coloured in red.
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4.4 DISCUSSION

4.4.1 Retrieval of the true differentially expressed 2VG2 ¢cDNA

Although differential display has appeared to represent a significant advance in
molecular biology methods, there have been numerous reports documenting problems with
the technique (see Chapter 3 for a discussion). An additional criticism has come from the
frequent inability to confirm the original gene expression profile seen by DD-PCR (Miele et
al., 1998). Clones derived from DD-PCR that fail to replicate the original displayed profile
are often not the original candidate transcript, but instead are contaminating, co-migrating
sequences. For this reason direct Northern blot analysis using impure probes, such as those
that result when DD bands are reamplified with the original DD primers and directly
labelled without prior cloning, should be avoided. Some groups have reported a
modification of the single-strand conformation polymorphism (SSCP) protocol to purify the
excised DD-PCR candidate from potential co-migrating c¢DNA species before
reamplification and cloning (Miele et al., 1998; Zhao et al., 1996). However, most
techniques that have been described for the efficient elimination of contaminating sequences
are, like the present study, based on the selection by hybridisation of the PCR product of
interest after cloning in a plasmid.

Callard er al. (1994) described the set up of a single dot blot containing several
independent plasmid clones that is hybridised to a probe made from the band originally
isolated from the gel. After autoradiography, the plasmid clones that contained the insert
corresponding to the differentially expressed band strongly hybridised to the probe whereas
negative clones containing inserts originating from the contaminating DNA did not give a
signal above background. Cloning the DNA of interest before applying it to the dot blot
removed RT-PCR-related false positive sequences that may have been produced during the

reamplification reaction. A drawback of this method is that it assumed that the probe itself
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contained just one cDNA species, the DD-PCR product of interest. It is quite possible that
the probe could be heterogeneous as co-migrating fragments of DNA may be excised from
the gel along with the candidate DD-PCR product. Such heterogeneous probes can lead to
the inaccurate classification of DD bands as false positives (Martin ez al., 1998).

Mou and co-workers (1994) also used dot blotting to simultaneously verify the
differential expression of many cDNA fragments recovered from DD-PCR. Similar to the
technique used in this study, duplicate dot blots containing many reamplified DD transcripts
were screened with cDNA probes made from the two RNA samples being compared.
However, in the investigation by Mou et al. (1994), each DNA fragment isolated from
differential display was reamplified and directly used for dot blot analysis without band
separation or prior cloning. Therefore, each clone may not have been homogeneous and
contaminating cDNA sequences were not completely eliminated.

In short, both of these previously published dot blot procedures may not always be
conclusive. Hence, the principles of both methods were combined and modified in this
study to produce a more accurate and sensitive approach. Briefly, probes made from the
original DD reactions being compared, using E17 and E19 skin RNA as the template, were
utilised here to screen duplicate blots consisting of the reamplified and cloned bands of
interest. The method presented here confirmed that the gene represented by the DD-PCR
product, 2VG2, is differentially expressed in E17 fetal rat skin at 24h post-wounding. The
dot blot screening also permitted the simultaneous analysis of all transformant clones
identified and, in doing so, efficiently eliminated contaminating sequences prior to the
execution of RNA studies. This improvement is likely to reduce the incidence of selecting
false positives, so they will no longer be thought of as inherent to the DD-PCR technique.
By accurately identifying positives from false positive clones, this assay provides clear
advantages over using Northern blot alone in terms of time, effort and amount of RNA

required per gene assayed. However, dot blot arrays do not provide information about
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transcript size that can be used to verify hybridisation to the correct mRNA, or quantify
relative RN A expression levels between the cell populations being compared (Martin et al.,
1998). Therefore, reduced cycle RT-PCR and Northern blot were used to further validate
the dot blot results.

The sensitive methods of reduced cycle RT-PCR (Soo et al., 1999) and limiting RNA-
dilution RT-PCR (Darden et al., 2000) are often used to verify and quantify differential gene
expression patterns between cell populations. One benefit of RT-PCR is that it uses less
RNA than is often readily available. Since only very low amounts of RN A can be extracted
from the small fetal rat skin explants, reduced cycle RT-PCR was initially performed in this
investigation.

The reduced cycle RT-PCR technique is based on the principle that if two samples of
RNA contain differing concentrations of a specific message, the sample with the higher
concentration will support amplification of that message over less PCR cycles. For each
sample, one can determine a discrete end-point, the lowest number of PCR cycles at which
amplification of the target RNA is detected. The differing cycle number end-points are
inversely proportional to the quantities of the specific message in the two samples, with the
higher concentration sample requiring less PCR cycles to amplify that message. The
process is dependent on the efficiency of amplification, thus, the samples must be amplified
in the same PCR machine, at the same time and under identical conditions. Preliminary RT-
PCR data in this study indicated relative upregulation of the 2VG2 gene in the E17 t=24h
post-wounding skin samples, however, protocol optimisation was proving to be quite time
consuming. Therefore, the more traditional method of Northern blot analysis was used
instead to confirm the DD-PCR results.

No 2VG2 mRNA expression could be detected in fetal rat skin immediately after
wounding (t=0), or in E19 skin over the 24-hour period after wounding, by Northern blot. In

contrast, elevated levels of the 3 kb 2VG2 mRNA were seen in E17 skin explants after 24
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hours in culture, which agreed with the DD-PCR and dot blot hybridisation result. Despite
seeing 2VG2 expression in both the unwounded and the wounded E17 skin explants after 24
hours in culture, no expression of 2VG2 mRNA was detected by Northern blot analysis in
unwounded or wounded E17 skin that was excised after the whole fetus was cultured for 24
hours. The fact that no 2VG2 expression was detected by Northern blot in fetal rat skin
when the whole fetus is cultured indicates that 2VG2 expression is only upregulated in
cultured E17 skin explants. This result was unexpected because it was thought that if 2VG2
is upregulated in wounded epidermal cells of the excised E17 skin, it should also be
upregulated in the wounded epidermis of the whole cultured fetus, especially since this cell
layer is still directly exposed to the surrounding serum-supplemented medium. However, it
is possible that when the skin is dissected off the back of the rat fetus, 2VG2 mRNA
expression might be stimulated in the wounded dermal and/or basal epidermal cells after a
given time in serum-supplemented culture. Therefore, it might not be upregulated in the
wounded skin of the whole fetus in culture because the underlying dermal and basal
epidermal cells are not wounded to the same extent as the explanted skin. Furthermore,
these deeper cell layers are not directly exposed to the rich culture medium environment,
hence, 2VG2 expression might also be dependent on the serum response of these cells.
Although the zero and 24 hour time-points chosen for the initial DD-PCR study were
somewhat arbitrary, it was predicted that they would show interesting differences in gene
expression that might lead to the histological and morphological differences observed
between E17 and E19 wounds during the healing process (see Chapter 2). The observation
of 2VG2 differential expression at these time-points by DD-PCR and subsequent
confirmation by Northern blot both support this prediction. However, instead of using DD-
PCR to further characterise 2VG2 gene expression over more frequent time intervals post-
wounding, only Northern blotting was used due to its greater accuracy and reliability. The

results showed that 2VG2 mRNA is not upregulated in E19 rat skin at any of the time points
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tested. In contrast, the 2VG2 transcript is induced in wounded E17 skin explants after just 4
hours of culture and expression levels fall after about 24 hours of culture. Interestingly, the
2VG2 transcript is not upregulated in unwounded E17 explants until after 12 hours of
culture and expression is still seen after 24 hours in culture. The fact that 2VG2 expression
is detected in both wounded and unwounded E17 skin explants by Northern blot analysis
supports the notion that 2VG2 is upregulated in cultured skin after dissection from the back
of the E17 rat fetus. The accelerated 2VG2 gene expression in wounded E17 skin explants
compared to unwounded explants supports the idea that maximising the volume of wounded
tissue quickens the wound response. Taken together, the Northern blot results presented in
this chapter provide preliminary evidence of 2VG2 involvement in the E17 fetal skin wound
response in vitro.

Differential display is widely recognised as being biased towards the 3’ end of the
message. This notion is supported in this study since DNA sequencing of the 300 bp 2VG2
clone that was identified by dot blot to be the true candidate revealed that the 3 anchored
primer, HindIII(T);; VG, was used for both sense and antisense cDNA synthesis. The
HindIIIOPA-02 primer sequence was not recognised in the 2VG2 clone and did not take part
in its amplification. Furthermore, a canonical polyadenylation signal was located within 30
bases upstream of the putative poly (A) tail in the 2VG2 clone, as is seen in most eukaryotic
mRNAs (Wickens, 1990). There was also limited 3’ sequence information available from
the database searches, as 2VG2 showed little homology to known genes but high nucleotide
identity to many ESTs of unknown function. Therefore, the full-length sequence of the gene
represented by 2VG2 had to be determined for its accurate identification.

The most common methods to obtain the full-length gene represented by a DD-PCR
product are cDNA library screening using the differential display product as a probe, cDNA
walking or RACE-PCR. The 2VG2 product recovered by differential display was extended

by 5 RACE because the other two methods were expected to be more time consuming,
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particularly if a fetal rat skin cDNA library was to be made. While the RACE technique is
theoretically simple, it does have some limitations. Important information on tissue-specific
changes in the 5° ends of mRNAs that arise from alternate splicing and promoter usage is
not readily obtained from the existing RACE methods. Additionally, the 5° ends mapped by
RACE often do not correspond to the actual transcription start sites, since premature
termination of reverse transcription results in size heterogeneity of the RACE products and
the shortest or most abundant DNA products are preferentially amplified. Secondary
structure present in the message, such as a hairpin-loop, is a common cause of premature
termination of reverse transcription resulting in truncated 5” or 3° RACE products. Indeed,
it is believed that the 1.178 kb cDNA obtained here by three independent and consecutive 5’
RACE experiments is not the full-length sequence for 2VG2. The Northern blot data
indicate that the transcript is approximately 3 kb in size, thus, secondary structure present
within the mRNA could have prevented its full recovery. Attempts to modify the 5” and 3’
RACE protocol to reduce the likelihood of secondary structure were unsuccessful in
retrieving additional sequence information for the 2VG2 transcript. However, sequencing of
the 1.178 kb cDNA revealed an ORF beginning with an ATG start codon at nucleotide 30
and terminating with a TGA stop codon at nucleotide 777. Since only 398 bp of sequence
information from the 3° UTR could be obtained, the discrepancy between the cDNA length
retrieved by RACE and the size identified by the Northern analyses is most likely due to a
strong secondary structure in the 3’ region of the mRNA. In turn, this implies that the poly
A signal found at nucleotide 1159 is internal and that another poly A signal(s) might also

exist further downstream.

4.4.2 Identification of the protein encoded by 2VG2
The predicted protein product of 2VG2 is 249 amino acids in length and contains

multiple motifs: a typical signal sequence of 20 amino acids at the NH,-terminus, a long
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extracellular domain with multiple potential glycosylation sites, a transmembrane domain
predicted to be at least 20 amino acids in length near the COOH-terminus and a 25-amino
acid cytoplasmic tail. There are also two tandem homology segments that are similar to Ig-
like domains within the extracellular region. These features suggest that the differentially
expressed gene encodes a membrane-bound glycoprotein involved in cellular interaction and
immune recognition.

Results from database searches and amino acid alignments indicate that the protein
encoded by 2VG2 may be a novel rat FcR. Receptors for the Fc portion of
immunoglobulins (FcRs) play an important role in immune defence. The FcRs are
differentially expressed on all leukocytes and bind immune complexes or antibody ligands
to initiate specific immune functions associated with tumour and viral immunity,
inflammation and allergy, depending on the receptor structure and the expressing cell type
(reviewed in Raghavan and Bjorkman (1996) and Ravetch and Kinet (1991)).

FcRs are defined by their specificity for Ig isotypes. The receptors for IgG (FcyR) have
been grouped into three major classes according to primary structure homology, cell-type
specific expression, ligand-binding affinity, and putative function (Raghavan and Bjorkman,
1996; Ravetch and Kinet, 1991). Class I receptors, or FcyRI, are high affinity receptors for
monomeric IgG expressed on activated monocytes, PMNs and macrophages. Class II
receptors, or FcyRII, are low affinity receptors expressed on lymphocytes, macrophages,
monocytes, PMNs, natural killer (NK) cells and non-haematopoietic cells such as epithelial
and endothelial cells (Groger et al., 1996; Lyden et al., 2001; Metes et al., 1998; Stuart et
al., 1989). Class III receptors, or FcyRIII, are also low affinity receptors for monomeric IgG
and are expressed on PMNs, NK cells, activated endothelial cells, placental trophoblasts and
glomerular mesangial cells (Farber et al., 1993; Morcos et al., 1994; Nishikiori et al., 1993;

Santiago et al., 1989; Tuijnman et al., 1992a). The receptor for IgE (FceR) shares similarity
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to FeyRIII in its transmembrane domain, is expressed primarily on mast cells and basophils
and mediates a variety of allergic and inflammatory responses.

The o chains, which are the Ig-binding portions of FcyRI, FcyRII, FeyRIII (also known
as CD64, CD32 and CD16 in humans, respectively) and FceRI are type I transmembrane
proteins containing, like the predicted protein encoded by 2VG2, an extracellular region
with two or more Ig-like domains arranged in tandem. The assignment of the FcRs to the Ig
gene superfamily was recently confirmed by Sondermann et al. (1999 and 2000). All FcR
Ig domains are speculated to have originated from a common ancestor, an ancient single-
domain receptor that acquired a second domain by gene duplication. Further divergent
development of the two-domain receptor resulted in the present diversity, including FcyRI,
which acquired a third domain (Qiu et al., 1990).

Genomic and cDNA clones have been characterised for all three classes of human and
mouse FcyRs, but the rat FcyRs have only just recently been characterised (Farber and Sears,
1991). Chromosome in situ hybridisation and analysis of mouse-human hybrids have placed
the genes for FcyRI, RII, RIII and FceRIa on the long arm of human chromosome 1, bands
q23-24 (Qiu et al., 1990). In particular, the FCYRIII genes are tightly linked to FcyRII and
each other (Peltz et al., 1989). This region of chromosome 1 is syntenic in the mouse for
these and other markers. Molecular cloning of the genes encoding the Fcy and the Fce
receptors has also revealed that the o subunits of many FcRs are found in multiple forms
(Brooks et al., 1989; Ravetch and Perussia, 1989). For instance, two FcyRIII genes,
FcyRIII-A and B, have been identified in humans. Both human FcyRIII isoforms are
polymorphic, with FcyRIII-A being biallelic and FcyRIII-B triallelic (Bux et al., 1997;
Koene et al., 1997 and 1998; Ravetch and Perussia, 1989).

Molecular characterisation of the human FcyRIII-A and B genes has revealed that the

promoter regions display distinct tissue-specific transcriptional activities (Gessner et al.,
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1995). FcyRIII-A is primarily found on NK cells, but it is also expressed on macrophages,
mast cells, placental trophoblasts (Nishikiori et al., 1993) and some non-haemopoietic cells
such as glomerular mesangial cells (Morcos et al., 1994; Santiago et al., 1989) and activated
endothelial cells (Tuijnman ez al., 1992a), while FcyRIII-B is mainly expressed on PMNs.
Therefore, they are commonly referred to as NK cell-FcyRIII and PMN-FcyRIII,
respectively. The FcyRIII-A isoform encodes a protein that is resistant to
phosphatidylinositol-specific phospholipase C (PI-PLC) digestion, whereas FcyRIII-B is
susceptible to PI-PLC treatment (Ravetch and Perussia, 1989; Scallon et al., 1989). A serine
is found at position 203 in FcyRIII-B, which determines the attachment of a GPI-anchor
structure, while in FCYRIII-A a phenylalanine is found at this position. A stop codon in
FcyRIII-B is converted to CGA in FcyRIII-A, which codes for arginine at position 234,
thereby creating an open reading frame for 21 amino acids that form the cytoplasmic domain
of FcyRIII-A.

Functionally, FcyRIII-A differs from FcyRIII-B by triggering the killing of antibody-
coated target cells. Although both isoforms bind IgG-coated cells, polypeptide-anchored
FcyRIII-A is also able to mediate phagocytosis of such target cells when it is co-expressed
with the FceRIy subunit. Under similar conditions FcyRIII-B is not able to induce antibody-
dependent cell-mediated cytotoxicity (ADCC) or phagocytosis (Nagarajan et al., 1995).
Instead, it has been postulated that GPI-linked FcyRIII may serve as a trap for immune
complexes that do not activate PMNs. Consistent with this is the observation that cross-
linking of FcyRIII-B with immune complexes does not induce a rise in intracellular calcium
and phosphoinositide hydrolysis, whereas cross-linking of FcyRIII-A on NK cells does

induce calcium immobilisation and hydrolysis of membrane phosphoinositides (Ravetch and

Kinet, 1991).
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The 2VG2 protein shares greatest overall amino acid identity with human IgG FcyRIII,
particularly with the A isoform as the predicted protein also contains a 25 amino acid-long
cytoplasmic tail. Phylogenetic analysis suggests early divergence of the 2VG2 protein from
the class III receptors. The sequence divergence is interesting since eight highly
homologous (94 - 99% global amino acid identity) class III receptor isoforms have been
previously reported in the rat (Farber et al., 1993; Farber and Sears, 1991; Zeger et al.,
1990), but 2VG2 shares only 46% global amino acid identity to the representative rat
FcyRIII-C. All of the rat isoforms contain the polypeptide membrane linkage and, to date,
no GPI-linked isoforms have been identified in the rat. Furthermore, the previously
identified rat IgG FcyRIII isoforms have even less global amino acid identity with human
FcYRIII-A (~ 50% global amino acid identity) than 2VG2 does, and the phylogenetic tree
analysis has positioned them in the same group as the rat and human class II receptors.
However, the phylogenetic tree was constructed solely on the global amino acid identities
between the proteins. The transmembrane motifs that are conserved in the FcyRIII and
FceRIo subfamilies, as well as potential motifs found only in 2VG2 but not in the class III
receptors, were not taken into account.

Interestingly, the 2VG2 mRNA was shown in this chapter to be about 3 kb in size. In
contrast, the FcyRIII transcripts recognised by Northern blot in the rat are between 1.4 and
1.6 kb in size, while mouse FcyRIII and human FcyRIII-A mRNA are 1.4 kb and 2.2 kb,
respectively (Peltz et al., 1989; Zeger et al., 1990). Moreover, only one 2VG2 transcript is
identified in fetal rat skin by Northern analysis. This is consistent with reports of one mouse
FcyRIII and human FcyRIII-A transcript, but contrasts the many FcyRIII transcripts
previously identified in the rat using a single FcyRIII probe (Farber et al., 1993; Farber and
Sears, 1991; Zeger et al., 1990). Therefore, the Northern blot data support the notion that

2VG2 is not another rat FcyRIII homologue but rather a novel member of the FcR family.
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Efficient cell surface expression of the FcyRIII isoforms in rodents and FcyRIII-A in
humans requires co-expression of the FceRIy chain or the homologous CD3( chain of the
human T cell receptor (TCR) complex (Farber and Sears, 1991; Hibbs et al., 1989; Lanier et
al., 1989). The transmembrane form of FcyRIII is non-covalently associated with the vy
chain in most species and the { chain in humans, thus forming a homo- or heterodimer
complex. In contrast, human FcyRIII-B is expressed on the cell surface without other
subunits (Ravetch and Kinet, 1991). The v chain and { chain share a common cytoplasmic
signal transduction motif termed ITAM (immunoreceptor tyrosine-based activation motif),
that consists of two YXXL boxes separated by seven amino acids (Lynch, 2000). No
tyrosine motifs are located in the cytoplasmic domain of NK cell-FcyRIII, therefore, the
association of the o chain of the receptor with the y chain of FceRI and/or the { chain of the
TCR-CD3 complex is necessary for signal transduction mediated by tyrosine kinases. For
example, the ADCC response occurs when transmembrane Fcy class III receptors on
effector cells are cross-linked by binding to the IgG molecules that are present on the
sensitised target cell, inducing activation of Src family protein tyrosine kinases (PTKs).
These PTKs phosphorylate tyrosine residues in the ITAMs located on the y or { chains,
causing their association with other PTKs and a biochemical cascade that results in effector
cell activation and release of the cytotoxic granules that mediate the ADCC reaction (Lynch,
2000; Raghavan and Bjorkman, 1996). Protein tyrosine phosphorylation is also likely to
play an important role in the phagocytic signal initiated by FcyRIII-associated subunits
(Nagarajan et al., 1995; Suzuki et al., 2000).

In contrast, the predicted cytoplasmic domain of 2VG2 contains a possible tyrosine-
containing SH2 domain (Tyr-Glu-Glu-Pro). Src homology 2 domains are found in a variety
of signalling proteins and bind phosphotyrosine-containing peptide sequences. As such they

provide tyrosine phosphorylation-dependent and sequence-specific contacts for assembly of
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receptor signalling complexes. This indicates that if the 2VG2 protein is, in fact, a
functional FcR, its association with other subunits containing the ITAM motif may not be
necessary for signal transduction, as it contains its own phosphotyrosine binding domain.
Site-directed mutagenesis of the tyrosine residue in the SH2 domain of the protein encoded
by 2VG2 could show whether it is essential to 2VG2 function. Similarly, human FcyRII-A
contains an ITAM motif within its cytoplasmic tail that is critically involved in the delivery
of its phagocytic signal (Van den Herik-Oudijk et al., 1995a and b). Furthermore, human
FcyRII-A does not require any subunits for cell surface expression. Therefore, cell surface
expression studies, such as COS cell transfection analysis and Ig-coated cell rosetting
assays, could be performed to determine firstly if the 2VG2 protein is expressed on the cell
surface and if so, if its expression is augmented by co-expression of other subunits. In turn,
this would indicate whether or not the 2VG2 protein associates with other subunits to form
heteroprotein complexes.

An eight-amino acid transmembrane motif that is evolutionarily conserved in the Fcy
class III receptors and FceRIo, Leu-Phe-Ala-Val-Asp-Thr-Gly-Leu, is thought to contribute
to the heteroprotein subunit interactions of these receptors (Farber and Sears, 1991).
Interestingly, this sequence is not completely conserved in 2VG2. However, the amino acid
differences between the two transmembrane motifs are conservative, suggesting that
interactions between 2VG2 and other subunits may still occur. Moreover, the aspartic acid
residue situated directly within the membrane-spanning segment of FcyRIII and FceRIo is
conserved in the 2VG2 sequence. This residue is believed to be involved in the interactions
that occur between the transmembrane regions of FcyRIIT and the FceRIy chain (Farber et
al., 1993; Farber and Sears, 1991). Similarly, the anomalous placement of the charged
aspartic acid residue in the predominantly hydrophobic transmembrane domain predicted for

2VG2 implies a possible interaction with an accessory molecule. Farber and Sears (1991)
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have described a model of the potential heteroprotein interactions between the
transmembrane regions of rat FCyRIII and rat FceRIy that predicts neutralising electrostatic
interactions occur between the following conserved negative and positive charged amino
acid pairs:

1) the carboxyl of Aspsz4 in FCyRIII and the e-amino of Lys,o in FceRIy; and

2) the imidazole of Hiszo in FcyRIII and the carboxyl of Aspy; in FceRly (see Figure
4.17, purple residues).

Given the conservation of these sequences, this model is predicted to apply to the
intramembrane heteroprotein complexes formed between FcyRIII (or FceRIoy) and FceRIy
polypeptides from all species. The exception is that in the human FcyRIII and rat 2VG2
sequences Hisyyo is replaced by glutamine (see Figure 4.17, purple residues), but this residue
could also make polar contacts with Asp;; in FceRIy. This further supports the idea that
interactions between 2VG2 and other subunits, such as FceRTy, may occur.

The predicted cytoplasmic sequence of 2VG2 also exhibits some identity to the amino
acid sequence of FcyRIIL In particular, the four COOH-terminal amino acids, Pro-Gln-Asp-
Lys, are conserved in the human, rat and mouse class III receptors as well as 2VG2. Since
these FcyRIII isoforms are mainly expressed on NK cells, this COOH-terminal sequence, as
well as the transmembrane motif discussed above, is believed to be directly involved in the
signal transducing mechanism that triggers antibody-dependent NK-cell-mediated
cytotoxicity and phagocytosis (Ravetch and Kinet, 1991; Zeger et al., 1990). Likewise, the
conservation of this sequence in the 2VG2 protein also suggests a possible involvement in
ADCC and the lysis of target cells. Finally, it must be noted that the number and
distribution of charged amino acids in human FcyRIII-A and the protein encoded by 2VG2
differ. However, further discussion of their significance to the structure, function and

interactions of the 2VG2 protein would be speculative at this stage.
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4.4.3 FcRs and their interactions with immunoglobulins: Evidence for 2VG2 being a
homologue receptor

A structure-based sequence alignment by Sondermann et al. (1999) has provided
support for a similar structure and Ig-like domain arrangement in all FcRs. Figure 4.17
shows the residues contributing with their side chains to interdomain contact in human
FcyRIII as coloured in blue, namely Asps;, Glnyqp, Hisype and Trpys;. The corresponding
amino acid residues in human FcyRI, FcyRIT and FeyRIa are all conserved, except Aspy; is
conservatively replaced with glutamic acid in FcyRI and FceRIo.. The conservation of these
amino acid residues in the protein encoded by 2VG2 suggests that they also contribute to
interdomain contact and hence, that 2VG2 has a similar domain arrangement to the FcRs.

In each of the FcRs, it is the second extracellular domain that is responsible for the
direct binding of Ig, with the first domain making an as yet undefined contribution to
maintain optimal binding affinity. Mutagenesis studies and the subsequent localisation of
Ig-binding regions in domain 2 of FceRI, FcyRII and FcyRIII have identified common
regions of these receptors that are involved in the interaction with their Ig ligands. The three
regions involved in the binding of IgG by FcyRII and FcyRIII and in the binding of IgE by
FceRI are the BC, C’E and FG loops between the B-strands of the second domain (see
Figure 4.18). The CC’ loop of FceRI and FcyRIII also contributes to Ig binding in both of
these receptors, however, it does not appear to be involved in FcyRII (Hulett et al., 1995 and
1999; Sondermann et al., 1999). The two NH,-terminal domains of FcyRI are closely
related to the FeyRII/III domains and probably bind similarly to the Fc fragment of IgG.
However, the third domain of FcyRI lacks the signature sequences conserved in the first two
domains and it still unclear exactly how it enhances the binding affinity of FcyRI to IgG

(Sondermann et al., 1999). The binding site on IgG for all the FcyRs involves the hinge
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DSGSYFCRGLFGSKNVSSETVNI TI TQGLA
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VSTISSFFPPGYQVSFCLVMVLLFAVDTGL
ASTSS--- LVWFHAAFCLVMCLLFAVDTGL

YFSVQRSLQSSVAVYEEP- KLHWSKEP QDK
YFSVKTNI RSSTRDWKDH- KF KWRKDP QDK
YFCVRRNLQTS GEDWRKSLS VGKYKAP QDK
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Figure 4.17 Sequence alignment indicating amino acids involved in interdomain

contact and complex formation.

The amino acid residues of FeyRIII and 2VG2 that are potentially involved in heteroprotein contacts with

FceRly are coloured purple.

The residues that may contribute to interdomain contact are coloured blue.

Residues in human FcyRIII that are conserved in 2VG2 and appear to be the primary amino acids involved in
complex formation with human Fcl are underlined. The green asparagine residue is a potential N-
glycosylation site located close to the binding region of the human FcyRIII-hFcl complex. Red residues are
those believed to bind the hinge peptide region of hFcl (Sondermann et al., 2000).
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Domain 1

hFeyRITI

C-terminus N-terminus

Figure 4.18 The overall structure of the soluble hFcyRIII-hFcl complex.

Stereo ribbon representation with the dimer axis of the human Fc fragment of IgG1 (hFcl, light blue and
green) orientated vertically. Figure was adapted from the hFcyRIII-hFcl complex in the Protein Data Bank
(accession code le4k). The B-strands of hFeyRIII are coloured yellow and those of domain 2 are labelled to
highlight the loop regions implicated in IgG binding (BC, CC’, C’E and FG).
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and the hinge-proximal portion of the Cy2 domain. The binding site for FceRIo is at an
analogous location on the IgE molecule, the Ce2-Ce3 interface. FcyRI, FcyRIII and FceRI
all have a 1:1 receptor-Ig stoichiometry (FcyRII has a 2:1 receptor-Ig stoichiometry), which
suggests asymmetry in the Fc regions of receptor-bound Igs, such that one receptor binding
site on the Fc homodimer is inaccessible (Raghavan and Bjorkman, 1996).

The elucidation of the molecular basis of FcR-Ig interactions is fundamental for
understanding the mechanisms by which these receptors mediate biological functions such
as activation of inflammatory cells, induction of cytokine release and destruction of
pathogens (Hulett et al., 1995). High-resolution crystal structures of the adhesion molecule-
like receptors in complex with their Fc ligands have provided a more complex understanding
of FcR-Ig interactions. From these crystal structure studies, a common model has recently
been proposed that can describe the principal FcR interactions within the various complexes
(Sondermann et al., 2000). The primary binding motif in all FcR-Ig complexes appears to
be the proline sandwich. In this arrangement, two tryptophans are conserved in all FcRs and
the proline occurs in all IgG forms and IgE. In human FcyRIIL, it is Trp;os and Trpys; that
tightly encage Pros;g of the human Fc fragment of IgG1 (hFcl, see Figure 4.17, conserved
residues are underlined). These tryptophan residues are conserved in the protein encoded by
2V(@2, suggesting that they may also contribute to formation of the proline sandwich motif
with Ig. Additional FcyRIII contact points that are also conserved in 2VG2 are the two
lysine residues and the threonine (at positions 138, 149 and 140 in human FcyRIII,
respectively, underlined in Figure 4.17) that interact with Aspass, Gluyo and the NAGI1
carbohydrate residue of human Fcl, respectively. Crystal structure studies have also
revealed that one potential N-glycosylation site in human FcyRIII, Asn,gg, is located close to
the binding region of the FcyRIII-hFcl complex (see Figure 4.17, green residue)
(Sondermann et al., 2000). This potential N-glycosylation site is also conserved in 2VG2.
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Although the asparagine side chain points away from the binding site, a larger carbohydrate
moiety in the FcyRIII is thought to influence the affinity to IgG.

The other central recognition site in FcR-Ig complexes is the hinge peptide of Ig. More
sequence variation exists in this contact region and this is thought to be the reason for the
differing affinities in the FcR-Ig pairs. For instance, Gly,3s and Gly,3; of the Cy2-B domain
hinge peptide are bound in the narrow channel between His;s7, Hisyss and Lys;sg in human
FcyYRIIT (see Figure 4.17, red residues). Lysiss is conserved in human FcyRII but Val;3; and
Leuyss replace the histidine residues (Sondermann et al., 2000). Likewise, lysine is
conserved in 2VG2 but the histidine residues are replaced by phenylalanine and arginine,
respectively (see Figure 4.17, red residues). One could postulate that the exchange of
histidine for phenylalanine could create a small hydrophobic patch that may allow a tighter
contact of receptor and hinge peptide. Yet, the substitution of the second histidine for the
larger arginine side chain may have the opposite effect and reduce the affinity of 2VG2 for
IgG. Nevertheless, the amino acid residues thought to be the primary sites of FcR-Ig contact
are generally conserved in the 2VG2 protein, indicating that it may interact with ligands

such as IgG.

4.4.4 Potential role of the 2VG2 gene product in fetal skin wound healing

The physiological function of the protein encoded by 2VG2 is not yet known, however,
the specific upregulation of its mRNA following E17 but not E19 fetal skin wounding
suggests that it is associated with wound closure in E17 skin. Another line of evidence
supporting this idea comes indirectly from what is known about the functions of the related
FcRs. Effector responses mediated by FcyRs include phagocytosis and endocytosis for
immune complex clearance, ADCC for antitumour and antibacterial immunity and the

release of cytokines for inflammation and immune regulation. For instance, FcyRIII-A
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cross-linking to IgG results in transcriptional activation and release of specific cytokines like
IL-6, IFN-y and TNF (Morcos et al., 1994; Ravetch and Kinet, 1991), that may be linked to
the inflammatory response during adult wound repair. However, 2VG2 expression is not
predicted to be linked to inflammation, as there is only a sparse inflammatory response
during fetal wound repair and, in any case, the organ culture model used in this wound
healing study eliminates the process of inflammation.

Instead, the FcR-related 2VG2 protein could be involved in the clearance of debris and
damaged cells in the fetal wound for efficient, scar-free healing. The PMNs responsible for
phagocytosis during early post-natal wound repair are largely absent from fetal wounds and
inflammatory cells are not expected to be present in the organ culture model. Therefore, the
2VG2 protein might be expressed on other cells of non-haematopoietic origin in the fetal
wound site that may be able to switch to a phagocytic state. The cellular localisation of
2VG2 has not yet been elucidated, but in situ hybridisation and immunohistochemical
analyses will determine if the cell types that express 2VG2 mRNA and protein are also those
known to be involved in wound healing, namely the cells of the epidermis and dermis.

As discussed in section 4.4.1, since 2VG2 upregulation appears to be restricted to
cultured E17 skin explants, it is more likely that dermal cells, which include endothelial
cells, fibroblasts and muscle cell precursors, are the candidate 2VG2-expressing cells.
Indeed, dermal microvascular endothelial cells of normal human skin express FcyRII-A
(Groger et al., 1996) and FcyRIII-A has been found on activated endothelial cells (Tuijnman
et al., 1992a) and glomerular mesangial cells (Morcos et al., 1994; Santiago et al., 1989). In
fact, expression of FcyRIII-A on human endothelial cells correlates with endothelial
activation found in immunopathological and inflammatory conditions (Tuijnman et al.,
1992a). Since the E17 dermis is still developing and the cells in healing E17 dermal tissue

may represent a more “activated cell type” as opposed to quiescent, unwounded dermal
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tissue, one might speculate that they are more amenable to revert to a phagocytic phenotype
and this change may require 2VG2 expression. This is supported by data showing that
certain endothelial cells are capable of receptor-mediated endocytosis and phagocytosis
(Dini et al., 1995 and 2000; Emura et al., 1992; Falasca et al., 1993; Hamill et al., 1986;
Knolle and Gerken, 2000; Matsumoto et al., 2000; Steffan ez al., 1986; van Velthuysen et
al., 1994; Vora and Karasek, 1994).

There are several indirect lines of evidence that support a participation of 2VG2 in
phagocytosis or receptor-mediated endocytosis. Firstly, the GPI-anchored FcyRIII-B does
not deliver a phagocytic signal whereas the polypeptide-anchored FcyRIII-A that is co-
expressed with the vy subunit can deliver a signal for phagocytosis (Nagarajan et al., 1995).
The predicted amino acid sequence of 2VG2 has more identity to human FcyRIII-A than
FcyRIII-B and like the former, contains a polypeptide anchor. Secondly, the polypeptide-
anchored FcyRIII requires co-expression of the ITAM-containing Yy subunit to mediate
phagocytosis, whereas FcyRII-A contains a functionally critical ITAM motif within its own
cytoplasmic domain that is believed to be directly involved in signalling phagocytosis (Van
den Herik-Oudijk et al., 1995a and b). Once the ITAM tyrosines are phosphorylated, the
ITAM creates sites for the assembly of Src homology 2 (SH2) domains. From this point, the
Src family of tyrosine kinases are differentially involved in FcyR signalling and certain
kinases are able to fully transduce phagocytic signalling (Suzuki et al., 2000). Although not
an ITAM motif, the cytoplasmic tail of 2VG2 does contain a possible phosphotyrosine-
binding SH2 domain that might also be capable of initiating a phagocytic signal. Thirdly, it
has previously been shown that when transfected into mouse fibroblasts, human FcyRII-A
mediates phagocytosis of sensitised erythrocytes (Tuijnman et al., 1992b). This indicates

that fibroblasts, including those that may be present in E17 dermis, possess the basic
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machinery for ingestion and are capable of phagocytosis, provided that they are equipped
with the appropriate receptor.

Other hints that the 2VG2 protein may be involved in the clearance of damaged cells
come from the finding that, in addition to its role in ADCC, the related human FcyRIII-A is
also directly involved in the killing of some virus-infected cells and tumour cells,
independent of antibody binding. The presence of a putative FcyRII-A ligand on
appropriate target cells was recently demonstrated by the use of a FcyRIII-A-Ig fusion
protein (Mandelboim et al., 1999). A similar ligand for the 2VG2 protein may also be
expressed on certain cells in response to stresses like wounding, to mediate their clearance
for scarless fetal repair. The relative absence of B lymphocytes in the fetal wound site
further supports the notion that the ligand for the predicted 2VG2 receptor is not an
antibody. The nature of such a ligand for 2VG2 remains unknown, but it may be one or
several of the known Ig superfamily members ubiquitously expressed on cells, since the
FcyRIII ligand in ADCC is the Fc portion of Ig.

It is also important to note that a single transcript of similar size (3 kb) was also
detected in rat lung by Northern analysis using the radiolabelled 300bp 2VG2 DD-PCR
fragment. Given that ESTs showing high identity to the original 2VG2 DD-PCR fragment
were identified in other tissues, it would be interesting to determine if these tissues also
express the 2VG2 transcript and if its expression is linked to other physiological or
developmental processes in the rat.

In summary, this study demonstrates the specific upregulation of the novel rat gene,
denoted 2VG2, in cultured E17 skin from 4 hours to 24 hours post-wounding. Only basal
levels of 2VG2 mRNA expression are seen in cultured E19 skin wounds. The differential
expression of the 3 kb 2VG2 transcript during the early phases of repair in the organ culture

model suggests that it is associated with wound closure in E17 fetal rat skin. Additionally,
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the 5’ sequence information of the gene represented by 2VG2 was obtained by 5 RACE.
NCBI database analysis revealed that this transcript and its predicted protein sequence share
the highest identity with the nucleotide and amino acid sequences of human FcyRIII-A,
respectively. Although 2VG2 may appear to be a rat homologue of human FcyRIII-A at the
overall amino acid level, it only shares about 46% amino acid identity with the previously
identified and highly homologous rat class III isoforms. Furthermore, the eight-amino acid
transmembrane motif characteristic of the FcyRIII and FceRIa subfamilies is not completely
conserved in the predicted 2VG2 protein. However, the amino acid residues that contribute
to the interdomain contacts in FcRs, as well as those residues believed to be involved in
FcR-Ig complex formation, are all conserved in the protein encoded by 2VG2. Therefore, it
is likely that the sequence cloned here encodes a novel rat protein related to the IgG FcyRIII
subfamily. Future protein expression and function studies would ultimately determine if rat

2V(G2 encodes a novel and functional Fey receptor involved in the E17 wound response.
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5 General Discussion

Tissue repair in the mammalian fetus is fundamentally different to that seen in the post-
natal animal. In the adult, wound repair is divided into the following well-characterised,
overlapping, phases: haemostasis, inflammation, cell proliferation and wound contraction,
and tissue remodeling (Clark, 1996b). This typically results in fibrosis and scar tissue
formation. Scarring is a clinical problem of major importance that affects all organ systems
through a multitude of diseases. This is because scar tissue never quite regains the strength
of normal tissue and can disrupt the function and growth of an organ, and with regard to
skin, its cosmetic appearance. Thus, the primary therapeutic objective of study in the area of
wound healing, particularly with respect to fibrotic diseases, is to decrease or prevent scar
formation. The most dramatic observation in modern wound healing research, therefore, is
that most mammalian fetal wounds up to a certain point in gestation heal rapidly, with no
acute inflammation, minimal cell proliferation and minimal or absent scar formation
(Adzick and Longaker, 1992; Burrington, 1971; Dostal and Gamelli, 1993; Harrison and
Adzick, 1991; Krummel et al., 1987; Nodder and Martin, 1997; Rowlatt, 1979; Siebert et
al., 1990).

So in evolutionary terms, it appears that adult wounds are optimised for speed of
healing under adverse, non-sterile conditions and the result is an excessive inflammatory
infiltrate. The potential fetal regenerative response in adult wounds may be overrun by an
inflammation-induced growth factor surplus leading to scar formation. Since the remarkable
ability of the fetus to heal without scarring remains poorly understood, fetal wound healing
studies are necessary to determine what accounts for scarring and how scar formation can be
prevented (Adzick and Lorenz, 1994). This may lead to new treatment modalities to correct
or prevent pathologic healing processes, like keloids, hypertrophic scars, burn contractures

and hepatic and pulmonary fibrosis in children and adults (Adzick and Longaker, 1992). On
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the other hand, defining the unique characteristics of fetal wound repair could also facilitate
attempts to solve the anticipated wound healing problems of human fetal surgery (Olutoye
and Cohen, 1996).

Many possible mechanisms associated with differential fetal wound healing have
already been extensively investigated. For instance, although the sterile, intrauterine fetal
environment may be a contributing factor to the final outcome, it is commonly recognised
now that the unique fetal healing properties are not linked to its environment, but are
intrinsic to the fetal tissue itself (Armstrong and Ferguson, 1995; Thara and Motobayashi,
1992; Longaker et al., 1994a; Martin and Lewis, 1992). Furthermore, fetal tissues and
wounds have distinct growth factor ratios and the composition of the extracellular matrix
(ECM) differs compared to adult wounds (Stern et al., 1992; Whitby and Ferguson, 1991a, b
and c¢). A transition from fetal to adult repair is also known to occur late in gestation
(Longaker et al., 1990b and 1992a; Longaker and Adzick, 1991; Lorenz et al., 1993b), yet
the intrinsic molecular factors that regulate this transition are far from fully determined.
Numerous studies have found the late gestation transition from scarless healing to healing
with scar formation correlates with gestational age-related changes in the growth factor
response to wounding (Coleman et al., 1998; Lin et al., 1995; Martin et al., 1993; Nath et
al., 1994a; Nodder and Martin, 1997; Soo et al., 2000; Sullivan et al., 1995b; Whitby and
Ferguson, 1991a), the composition of the ECM (Longaker et al., 1990b; Lovvorn, III et al.,
1999), the existence of myofibroblasts (Cass et al., 1997c; Estes et al., 1994) and the ability
of the fetus to generate an inflammatory response (Armstrong and Ferguson, 1995; Cowin et
al., 1998; McCallion and Ferguson, 1996). Despite these exciting results, the overall
clinical experience with growth factors and other mediators to improve post-natal wound
healing has been discouraging. This supports the notion that the interactions occurring

during fetal wound repair are more complex.
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Extensive work in certain amphibians has demonstrated that, in contrast to mammals,
they can almost flawlessly replace an amputated limb by substituting regeneration for repair
(D'Jamoos et al., 1998; Stocum, 1998). The developmental processes occurring during limb
regeneration, including cell division, migration and differentiation, also occur during limb
development of vertebrate embryos (Brockes, 1997; Tassava et al., 1996) and many of the
same ECM components are expressed, such as hyaluronate, fibronectin, laminin and
tenascin (Firench-Constant and Hynes, 1989; Tassava et al., 1996). Amphibian limb
regeneration is also marked by the induction of homeobox gene expression (Brockes, 1997;
Brown and Brockes, 1991; Reginelli et al., 1995). Similarly, high levels of homeobox
proteins, which are believed to be master developmental regulators, have been observed in
early fetal tissues (Mackenzie et al., 1991; Reginelli et al., 1995). Hence, the cellular and
molecular mechanisms functioning during limb regeneration very likely follow those
involved in embryonic limb formation. In turn, it is possible that the genes expressed during
amphibian limb regeneration are also expressed during regenerative fetal wound healing
(Stocum, 1998). Indeed, the involvement of differentially expressed homeobox transcription
factors has already been implicated in the control of mammalian scarless fetal wound repair
(Brockes, 1997; Stelnicki et al., 1998).

All in all, the studies discussed above led to the current hypothesis that novel proteins
exist in fetal tissues that play a regulatory role in the fetal wound healing process.
Therefore, the investigations reported in this project sought to identify other genes
specifically expressed in fetal skin in age- and time-dependent manners during wound
healing. Hence, the aims of the project were:

i) To establish a modified organ culture model based on that of Belford (1997) and
confirm that the healing of multiple wounds occurs in embryonic day 17 (E17) but not in
E19 rat skin;

ii) To quantify the healing of multiple wounds in E17 rat skin;
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ii) To set up the differential display polymerase chain reaction (DD-PCR) protocol
as a tool for comparing the gene expression profiles of E17 and E19 rat skin wounds; and

iv) To isolate, identify and characterise key genes that are differentially expressed
during the E17 to E19 transition in wound healing.

In the second chapter of this thesis, an organ culture model of fetal wound repair was
established. Multiple excisional wounds created in E17 fetal rat skins were shown to heal
by movement of the epidermis over the wound margins and dermal contraction, as
evidenced by histological analysis and wound area calculations, respectively. Although the
E17 and E19 skin explants were wounded to a similar extent, the epithelial and dermal
response to wounding that was mounted in E17 skin was not seen in E19 skin. This study
clearly showed a difference in the wound response of skin taken from the E17 and E19 fetus
and supports previous findings that a developmental transition in the mechanism of wound
reepithelialisation and wound contraction occurs late in gestation. The in vitro transition in
the wound response is also consistent with previous work that demonstrates the scar-free and
scar-forming phenotypes are seen upon wounding E17 and E19 fetal rat skin, respectively
(Houghton et al., 1995; Ihara et al., 1990; Ihara and Motobayashi, 1992; Soo et al., 2000).
Hence, the organ culture system provides a good model for investigating the transition in
fetal rat skin wound healing.

Although elucidating the repair mechanism of the multiple wounds created in E17 skin
was not an aim of this project, previous work in our laboratory has found actin
polymerisation and condensation occurs in the epithelium of E17 rat skin wounds, indicating
that it is causing the wounds to close (Allison Cowin, personal communication). This
supports the actin cable purse-string mechanism of wound closure observed in other species
including the fetal chick and mouse (Martin and Lewis, 1992; McCluskey et al., 1993;
McCluskey and Martin, 1995). No actin cables have been detected in the epithelial margins

of the non-closing E19 rat wounds, although actin filaments are seen at the dermal wound
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margin. These data suggest that a component of the fetal to adult transition in the
mechanism of repair is a loss in the ability of the fetal epidermal cell to respond to wounding
by migrating over the mesenchyme according to a substrate-independent purse-string
mechanism. Recent studies have demonstrated that wound healing in Drosophila also
involves actin recruitment to the wound margins and contraction of a newly-formed,
supracellular purse-string (Kiehart et al., 2000), which parallels observations in fetal
vertebrate tissues. Additionally, experimental wound healing in cichlid fish appears to be
fast and proceed centripetally from the wound margins (Quilhac and Sire, 1998 and 1999),
similar to embryonic wound healing in mammals (McCluskey and Martin, 1995). Both of
these observations have established Drosophila and cichlid fish as other candidate systems
for the investigation of fetal-like wound repair. Therefore, the purse-string mechanism of
wound closure in vitro fits the in vivo observations of wound healing in embryonic chick and
mouse, as well as Drosophila and cichlid fish, and hence, further validates the use of the
skin culture model for studying fetal excisional wound repair.

A major aim of the current study was to use DD-PCR to show that, in addition to their
distinct wound responses, E17 and E19 fetal rat skin wounds also have distinct gene
expression profiles. A common problem found by many researchers is that DD-PCR
fingerprint patterns are not reproducible between experiments. For this reason DD-PCR has
mainly been used to compare the regulation of genes in closely related cell populations, such
as isolated cell lines maintained in tissue culture. Only recently have workers successfully
used whole tissue systems comprising more than one major cell type in DD-PCR to study
the differential expression of genes (Chen et al., 1997; Darden et al., 2000; Keshav et al.,
1997; Malhotra et al., 1999; Soo et al., 1999; Suzuki et al., 1999; Utans et al., 1994; Wang
et al., 1996). A limitation of using complex tissue systems is that differences in total
expression levels of a certain gene could be the result of variation in cellular composition

rather than actually reflecting transcriptional or translational regulation. This is particularly
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true during wound repair due to the migration and proliferation of various cell types. As
only minor changes in the cellular composition of skin can occur in vitro, this was another
reason why an organ culture model was used to compare the E17 and E19 response to
wounding.

For the DD-PCR comparison in this study, skins were harvested from E17 and E19 rats
immediately after wounding or after 24 hours of culture. This time point was chosen
because multiple wounds in E17 rat skin begin to close after 24 hours in culture, whereas
wounds in E19 skin do not. Skin isolated in this way is primarily comprised of epidermal
and dermal cells, with the latter including fibroblasts, endothelial cells and muscle cell
precursors. Circulating inflammatory cells are not likely to be present, given that the dorsal
skin.explants are dissected off the fetuses and extensively washed in medium during the
wounding process, prior to culturing. When using DD-PCR as a tool for the analysis of
differential gene expression in such complex tissues and processes, the variety of mRNA
populations present might lead to an increased number of false positives, or alternatively, to
an under-representation of low abundance mRNA species within the PCR products. Chapter
3 of this thesis describes the numerous refinements made to the DD-PCR protocol to
circumvent these drawbacks. The most important modification was the use of longer
arbitrary primers and higher annealing temperatures during PCR compared to conventional
DD-PCR protocols. This increased the specificity of the primer-DNA interaction, which
resulted in a more reproducible banding pattern and greater success in the reamplification of
candidate cDNA bands. The results of these DD-PCR experiments were consistent with the
hypothesis that, in addition to their different responses to wounding, a different pattern of
gene expression is detected in E17 and E19 fetal rat skin wounds.

A shortcoming of the DD-PCR work described here is that only a relatively small
number of transcripts were identified by DD-PCR as being differentially expressed. This

was unexpected as the multiple developmental and wound healing processes occurring
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simultaneously in the skin culture model suggest the differential expression of numerous
genes. One limitation of the current study was that only a small number of primer
combinations were used, which would partly explain the low number of differentially
expressed bands. It is also possible that instead of being differentially expressed at the
transcriptional level, more genes could be regulated at the level of translation during wound
healing, with further regulation of their encoding proteins also markedly distinguishing the
E17 response to injury from the E19 response. Alternatively, it is possible that many
transcripts were not identified because they are so rare that they are below the threshold
sensitivity of DD-PCR. Indeed, Trenkle et al. (1998) reported the differential expression of
a rare gene on cDNA arrays probed with RNA arbitrarily primed PCR (RAP-PCR)
fingerprints, even though the gene was not abundant enough to be visualised on the original
RAP-PCR fingerprint gel.

The final goal of this project, which was to isolate key genes, confirm their differential
expression during the E17 to E19 transition in wound healing and then determine their
identity, was addressed in Chapter 4. The cDNA bands differentially expressed only in E17
skin samples at 24 hours post-wounding were the transcripts of particular interest, due to
their possible link to the scar-free fetal phenotype. Therefore, this project focussed on the
identification and characterisation of one such candidate band that was revealed by DD-PCR
to be strongly induced in E17 skin at 24 hours post-wounding but not in E19 skin. This gene
was designated 2VG?2 for the purpose of this study.

Ideally, the method for cloning specifically expressed transcripts should enable their
efficient isolation and then identification of their full-length sequences in the shortest time
and at the lowest cost possible (Wang et al., 1997). The modified approach for isolating
candidate clones outlined in this project is relatively simple, fast and applicable for use with
limited tissue resources. The use of dot blot hybridisation for the initial screening of

interesting bands makes it possible to evaluate large numbers of candidate clones
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simultaneously. The method that was developed here successfully identified the clone of
interest from other contaminating sequences. In doing so, the dot blot also confirmed the
preferential upregulation of the transcript in E17 and not E19 fetal skin wounds. Many more
animals and reagents would be required if this selection process used Northern blot alone.

A drawback of dot blot arrays is that they do not provide information about transcript
size or quantify relative RNA expression levels between the cell populations being
compared (Martin et al., 1998). Therefore, Northern blot analysis was used to further
analyse the expression of the gene represented by 2VG2. Consistent with the DD-PCR
results, no 2VG2 mRNA expression was detected in fetal rat skin immediately after
wounding (t=0) or in E19 skin over the 24 hour period after wounding by Northern blotting.
In contrast, elevated levels of the 3 kb 2VG2 mRNA were seen in wounded E17 skin
explants after just 4 hours of culture and expression levels were shown to fall after about 24
hours of culture. These successful verifications are evidence that carefully performed DD-
PCR experiments can yield accurate data. It is important to note that RT-PCR revealed
2VG2 to be present in E19 as well as E17 skin, indicating that basal expression of 2VG2
mRNA occurs in both skins but upregulation of the gene is specific to cultured E17 explants.

The upregulation of the 2VG2 transcript during the early phases of repair in the organ
culture model also provides preliminary evidence of a role for 2VG2 in the wound response
of E17 fetal rat skin. The expression profiles of 2VG2 at 24 hours or more post-wounding
were not assessed and it is possible that E19 skin wounds do upregulate this gene at later
time points. Importantly then, the results presented so far can only suggest that it is the
differential expression of the 2VG2 transcript, rather than its presence, that may be crucial to
the different wound responses seen in the E17 and E19 fetuses. This has previously been
demonstrated for many ECM components and growth factors, the most notable being
TGFp1, which is selectively upregulated in adult but not fetal wounds, and hence, believed

to contribute to fibrotic wound repair (Longaker et al., 1989b and 1990b; Sullivan et al.,
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1995b; Whitby et al., 1991; Whitby and Ferguson, 1991a, b and ¢). To determine if the role
of 2VG2 in healing is specifically associated with the wound closure observed in E17 skin in
vitro, antisense oligonucleotides targeted to 2VG2 could be tested to see if they can
effectively block the closure of excisional wounds in culture. Alternatively, since 2VG2 is
predicted to encode a transmembrane protein, antibody blockade could also be used to try to
inhibit excisional wound closure.

The use of 5° RACE to obtain potentially full-length cDNA transcripts clearly facilitates
the characterisation of identified DD-PCR clones. The 5° RACE and PCR-based cloning
strategy described here was carried out in considerably less time than it would take using
traditional methods, such as cDNA library construction and screening. Moreover, it allowed
the predicted full-length open reading frame of the 2VG2 transcript to be successfully
obtained. Conceptual translation of the 2VG2 transcript revealed a 249 amino acid protein
with multiple motifs characteristic of a membrane-bound glycoprotein. Database searches
and amino acid alignments indicate that the protein encoded by 2VG2 may be a novel rat
receptor for the Fc portion of immunoglobulins (FcRs).

In particular, rat 2VG2 has the most identity (61%) with human immunoglobulin G
(IgG) FcyRIII-A and only 46% amino acid identity to the rat FcYRIII isoforms. However, it
is not expected to be a true homologue of FcyRIII-A, as the eight-amino acid transmembrane
motif characteristic of the FCYRIII and FceRIo subfamilies is not completely conserved in
the predicted 2VG2 protein. The unique tissue distribution and inducibility of 2VG2 further
supports this notion. The 2VG2 transcript is expressed in fetal rat skin and its levels appear
to be increased in response to wounding. In contrast, the FcyRs are primarily expressed on
leukocytes, although some class II and III receptors have been found on non-haematopoietic
cells (Groger et al., 1996; Lyden et al., 2001; Morcos et al., 1994; Nishikiori et al., 1993;

Santiago et al., 1989; Stuart et al., 1989; Tuijnman et al., 1992a), and are involved in
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immune defence. They bind immune complexes or antibody ligands to initiate specific
immune functions associated with tumour and viral immunity, inflammation and allergy,
depending on the receptor structure and the expressing cell type (reviewed in Raghavan and
Bjorkman (1996) and Ravetch and Kinet (1991)). Nevertheless, the amino acid residues that
contribute to the interdomain contacts in FcRs, as well as those residues believed to be
involved in FcR-Ig complex formation, are all conserved in the protein encoded by 2VG2.
Therefore, it is likely that the sequence cloned here encodes a novel rat protein related to the
IgG FcyRII subfamily.

Future protein expression and function studies would ultimately determine if rat 2VG2
encodes a novel and functional FcyR. For instance, COS cell transfection analysis and Ig-
coated cell rosetting assays could be performed to determine firstly if the 2VG2 protein is
expressed on the cell surface and if so, if its expression is augmented by co-expression of
other subunits. Northern analyses could also be performed to determine if the wounded rat
tissue that express 2VG2 co-express other subunit transcripts such as FceRIy or CD3(.
Together, these data would indicate whether or not the 2VG2 protein associates with other
subunits to form heteroprotein complexes. To assay for the ligand binding specificity of
2VG2, transfectants could then be tested for their ability to bind and rosette sheep red blood
cells coated with monoclonal antibodies of different rat and human IgG subclasses.

If 2VG2 is confirmed to encode a new FcyRIII-related polypeptide, it will be necessary
to address its functional and physiological significance in the rat, as the other eight class IIT
isoforms that exist in the rat are far more highly conserved at the amino acid level. The rat
class III receptor isoforms are thought to have different IgG-binding specificities for
different rat IgG isotypes, so the expression of 2VG2 may increase the antibody-binding
capacity of FcyRIII-bearing cells in the rat even more. Additionally, the DNA database

searches conducted in this study have yielded many rat expressed sequence tags (ESTs) with
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very high identity to the rat 2VG2 DD-PCR product. These sequences are likely to code for
the same protein since the ESTs also share very high identity to each other. Judging from
the many different origins of the ESTs, it is possible that the 2VG2 gene is expressed in a
variety of organs. Future work should, therefore, focus on determining the cellular
localisation of the 2VG2 mRNA in the fetal wound site, and in other organs, by in situ
hybridisation. This would elucidate whether or not 2VG2 mRNA is expressed in cells
primarily of haematopoietic origin like the other known FcRs, or if it is expressed in non-
haematopoietic cells such as the epidermal and dermal cells known to be involved in fetal
wound healing.

Moreover, it is unknown whether or not the 2VG2 protein level or its post-translational
modification correlate with the changes that are seen in 2VG2 mRNA expression in E17
fetal rat skin wounds. This question could be addressed by raising an antiserum to
determine 2VG2 protein abundance in E17 fetal rat skin wounds and unwounded controls by
immunohistochemistry. The time course of mRNA expression could also be taken into
account to determine the time-dependent expression of the 2VG2 protein during wound
healing processes in the E17 fetus.

A specific role for the FcRs in wound healing has not yet been described, but
comparison of the known functions of some FcRs with facts known about fetal wound
healing allows a mechanism to be suggested by which FcyR-related 2VG2 may affect this
physiological process. Classically, the FcRs are key mediators of various immune response
processes, including phagocytosis and endocytosis for immune complex clearance,
antibody-dependent cell-mediated cytotoxicity (ADCC) for antitumour and antibacterial
immunity and the release of cytokines for inflammation and immune regulation that may
serve to regulate wound healing events. The expression of 2VG2 is not expected to be
linked to inflammation, as a key difference between scarless repair and scar formation is the

relative absence of inflammation and proinflammatory cytokines in fetal wound healing
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(Nodder and Martin, 1997). In any case, the organ culture model used in this wound healing
study eliminates the process of inflammation. Therefore, the 2VG2 protein is more likely to
be involved in the clearance of debris and damaged cells in the fetal wound for efficient,
scar-free healing. Evidence supporting this role for 2VG2 is indirect and speculative, but
nonetheless, still worthy of mention.

Briefly, it is already known that FcyRIII-A can be expressed on human endothelial cells,
and this expression correlates with endothelial activation found in immunopathological
conditions (Tuijnman et al., 1992a). Similarly, such activated cells in the developing E17
dermis might also be stimulated to express FcyR-related 2VG2 in response to wounding.
Since certain endothelial cells are capable of phagocytosis and receptor-mediated
endocytosis (Dini et al., 1995 and 2000; Emura et al., 1992; Falasca et al., 1993; Hamill et
al., 1986; Knolle and Gerken, 2000; Matsumoto et al., 2000; Steffan et al., 1986; van
Velthuysen et al., 1994; Vora and Karasek, 1994), the expression of 2VG2 might also
stimulate these activated E17 dermal cells to revert to a phagocytic phenotype, given the
absence of phagocytic polymorphonuclear leukocytes in the developing fetus. The presence
of the polypeptide anchor, particularly the four conserved COOH-terminal amino acids, Pro-
GIn-Asp-Lys, and the Src homology 2 phosphotyrosine-binding domain in the cytoplasmic
tail of 2VG2, further suggest that 2VG2 might be capable of initiating a phagocytic signal
(Ravetch and Kinet, 1991; Suzuki et al., 2000; Zeger et al., 1990). Once the ligand for
2VG2 has been discovered, a phagocytosis assay or the micropipette technique for observing
phagocytosis at the single cell level (Nagarajan et al., 1995) could be used to determine if
2VG2 is capable of mediating phagocytosis.

The relative absence of B lymphocytes in the fetal wound site, particularly in the organ
culture model used in this study, suggests that the ligand for the predicted 2VG2 receptor is

not an antibody. This is quite possible as, in addition to its role in ADCC, the related human
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FcyRIII-A is also directly involved in the lysis of some virus-infected cells and tumour cells
independent of antibody binding. Indeed, the presence of a putative FcyRIII-A ligand on
appropriate target cells was recently demonstrated by the use of a FcyRIII-A-Ig fusion
protein (Mandelboim et al., 1999). A similar ligand for the 2VG2 protein may also be
expressed on damaged cells to mediate their phagocytosis and clean up the fetal wound for
scarless repair. The nature of such a ligand for 2VG2 remains unknown, but it may be one
or several of the known Ig superfamily members ubiquitously expressed on cells, since the
FcyRIII-A ligand in ADCC is the Fc portion of Ig. In short, future studies on the expression
of 2VG2 during development and the wounding response, as well as functional studies on its
interactions with other protein subunits and ligands, should help clarify the question of its
role in fetal excisional wound closure. Confirmation of the hypothesis that the protein
encoded by 2VG2 is a novel FcyR involved in the clearance of debris and damaged cells
during scarless wound repair could lead to novel strategies for more efficient healing of
post-natal wounds.

It is in no way claimed in this study that 2VG2 is the primary factor involved in E17
wound closure. The process is complex and the interaction of many gene products is
expected to contribute to the effect. Greater knowledge of gene regulation in fetal skin
wounds is important for understanding the molecular basis of scarless wound healing. The
future of research in this area lies partly in the development of more sensitive techniques for
detecting differential expression. At the commencement of this project, subtractive
hybridisation, electronic subtraction and DD-PCR were all common methods for identifying
differentially expressed genes, but DD-PCR was considered to be the more superior
technique (Wan et al., 1996). Despite its wide application in studying differential gene
expression in various disease states and biological systems, there were no other fetal wound

healing studies reporting the use of DD-PCR at this time. In fact, only recently has DD-
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PCR been used to identify new genes that are differentially expressed during post-natal
wound repair.

In the first instance, this technique was used to isolate genes regulated by TGFBI1 in
cultured keratinocytes, in order to gain insight into the mechanisms of TGFB1 action in skin
(Munz et al., 1997; Werner et al., 2000). TGFB1 was chosen because of its strong induction
during adult wound repair (Frank et al., 1996). Together, the results of these studies led to
the hypothesis that wound-derived growth factors like TGFB1 induce the expression of pl1,
but suppress keratin 15, after skin injury. Hence, both of these studies identified potential
repair-related peptides not previously known to be involved in post-natal wound healing.

DD-PCR has also been directly performed on wounds in the post-natal mouse and rat to
search for genes that are regulated by skin injury (Munz et al., 1999; Soo et al., 1999). Both
of these studies identified a gene that is significantly upregulated at 12 hours post-wounding.
Additionally, immunohistochemistry showed significant induction of their cognate protein
products during wound healing. Evidence suggested that the differentially expressed gene
identified in the mouse, skeletal muscle nascent polypeptide-associated complex, is involved
in modulating muscular repair processes after wounding (Munz et al., 1999). In contrast,
the gene identified in the rat was novel and, therefore, it was predicted to be associated with
fibroblast proliferation during wound healing, as its marked upregulation correlates with the
inflammatory and early granulation tissue phases of repair (Soo et al., 1999).

Only very recently have other reports been published on the study of scarless fetal
wound repair by DD-PCR (Darden et al., 2000; Li et al., 2000). In contrast to the present in
vitro rat model that compared the healing of excisional wounds, both of these studies used
an in vivo model that compared the healing of incisional wounds between E21 fetal and
adult rabbits. It is likely that the authors looked at incisional wounds because they are

known to heal without scarring in the early fetal rabbit, unlike excisional wounds that do not
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close in this species in utero (Haynes et al., 1989; Krummel et al., 1989; Somasundaram and
Prathap, 1970). Unwounded and wounded skin from the fetal and adult rabbit was harvested
at 12 hours post-wounding for the DD-PCR comparison. The differentially expressed genes
identified in the first study included a chaperonin-like transcript that was downregulated in
fetal wounds, and a glycophorin-like transcript, 28S rRNA and four other unknown
sequences that were all upregulated in fetal wounds (Darden et al., 2000). The second study
identified the E-prostanoid (EP4) receptor for prostaglandin E, (PGE,;) as being
preferentially induced in wounded fetal rabbit skin. Like the project described in this thesis,
only the differential expression of genes during fetal and adult wound healing was
investigated in both of these studies. The expression of the proteins encoded by the
identified genes, or their putative function during wound healing, was not determined.
However, both authors postulated on the possible roles of these proteins during wound
healing. For instance, as chaperonins mediate the folding of denatured proteins such as actin
to their functional state, the authors hypothesised that the chaperonin-like transcript isolated
in the first study might help fold o-smooth muscle actin to form stress fibres during
myofibroblast formation in scarring wounds. Therefore, the downregulation of the
chaperonin-like transcript seen in fetal rabbit skin wounds was speculated to inhibit
myofibroblast formation, which is consistent with the absence of myofibroblasts in scar-free
wound healing. The authors of the second study suggested that PGE, might be involved in
the differential cellular responses and in the regulation of intracellular signal transduction
during fetal wound repair, through its binding to the upregulated EP4 receptor. Although
both of these functional postulations are conjecture, the DD-PCR investigations did identify
potential repair-related genes that were not previously known to play a role in fetal wound
healing. The studies also support the idea that fetal wound healing is complex, with still

many unknown genetic and biochemical mechanisms contributing to the result.
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Complementary DNA microarray technology is another RNA fingerprinting method
representing a new generation of approaches to isolate and characterise differentially
expressed genes. Although classical DD-PCR remains a powerful technique for studying
altered gene expression, arrays containing thousands of cDNA clones from various tissues,
stages of development and disease states are now available that permit the simultaneous
evaluation of both up- and down-regulated genes in control and treated samples (Alizadeh
and Staudt, 2000; Bowtell, 1999; Pennie, 2000; Trenkle et al., 1998). Although some cDNA
microarray analyses have been conducted on cultured fibroblasts (Iyer et al., 1999; Shelton
et al., 1999) and skin wounds (Tsou et al., 2000) to investigate differential gene expression
during post-natal repair processes, no fetal wound healing studies using microarrays have
been reported to date. This technology is currently underway in our laboratory to improve
on the work done here with DD-PCR so that, when combined with other novel proteomic
tools, a more complete picture of the differences occurring during the E17 to E19 transition

in wound healing will emerge.

In conclusion, this study describes the successful isolation and identification of a novel
rat gene. The gene was demonstrated to be differentially expressed in E17 fetal rat skin
explants using an in vitro model of excisional wound closure and DD-PCR. Northern blot
analysis confirmed the specific upregulation of the gene in E17 rat skin in response to
wounding. In contrast, the gene was not upregulated in E19 rat skin, indicating that its
function may assist E17 fetal skin wound closure. The full-length open reading frame of the
gene was obtained by 5 RACE and database analysis revealed the translated protein product
to have high identity to human FcyRIII-A, but to be distinct from all known rat FcyRIII

isoforms. To date, no other FcyR has been implicated in fetal wound healing but their role

in immune defence suggests that the FcyRIII-related gene may be involved in clearing the
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fetal wound for efficient, scarless repair. Finally, these results demonstrate that RNA
fingerprinting methods like DD-PCR can provide powerful insight into the molecular
mechanisms of fetal wound healing by both large-scale gene screening and identification of
novel genes associated with repair. Information so obtained on gene regulation during fetal
skin wound repair could allow us to orchestrate the expression of a variety of genes that
control the wound cellular milieu. In this way, we might be able to modulate the normal
scar-forming response currently seen in post-natal wounds to the scar-free response seen in

fetal wounds.
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Addendum

Acknowledgements

Page xv — Third paragraph, ninth line “Dr. Grant Brooker” should read “Dr. Grant Booker”.

Chapter 1
Page 6 — Third paragraph, third line “indifferent” should read “undifferentiated”.
Page 38 — First paragraph, first line “in that of their constituent glycosaminoglycans” should read “in the synthesis of
their constituent glycosaminoglycans”.
- Second line “correlates” should read “correlate”.

Page 59 — Fifth line “occurs” should read “occur”.

Chapter 3

Page 116 - In section 3.3.1.1, Figure 3.4 incorrectly follows Figure 3.2 and is, therefore, referenced out of sequence.
Page 157 — Third paragraph, second sentence explains that the HindIII restriction sites were originally included in
the primers used in this thesis to facilitate cloning of the DD-PCR products. However, these sites did not need to be
utilised as the DD-PCR product of interest could be easily cloned using the pGEM-T vector system.

Page 158 — Last paragraph, first line “13” should read “11”’.

Chapter 4

The discussion suggests that differential expression of the 2VG2 gene is directly related to the functional differences
between E17 and E19 skin. However, it is acknowledged that the upregulation of the 2VG2 gene in E17 skin may
be a downstream result of another differentially expressed gene that may be involved in fetal wound repair. This is
supported to some degree by the fact that another 52 differentially expressed candidates were observed in the

original DD-PCR experiments, with 10 more detected in the modified protocol.

References
Page 254 — Third reference “alfa” should read “alpha”.
Page 263 — Fourth reference “additons” should read “additions”.

Page 279 — Third reference “fcgamma” should read “Fc gamma”.





